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Polarized infrared spectra of melittin incorporated into macroscopically oriented lipid membranes are 
reported. From the linear dicbroism of the amide I and amide 11 vibrational bands, the spatial orientation of 
the melittin helices was determined as being preferentially parallel to the membrane normal, under our 
experimental condition of low water content and an ordered lipid phase. Considering the various models for 
the orientation of melittin in lipid membranes proposed in the literature, we conclude that our data are in 
accord with an arrangement whereby the hydrophobic part of the polypeptide either spans the bilayer in the 
form of two bent helix segments, or is folded back within one monolayer in the form of a wedge. 

Introduction 

The amphiphatic polypeptide, melittin, has been 
widely used as a simple model compound for the 
study of the interaction of proteins with lipid 
membranes (for a short review see Ref. 1). The 
effect of melittin on lipid order has been estab- 
lished by using different experimental techniques 
[2 5]. To date, however, the spatial arrangement 
of melittin within the lipid bilayer has not been 
unambiguously determined. 

The sequence of melittin contains a largely hy- 
drophobic segment of amino acids 1-20 and a 
hydrophilic region of amino acids 21-26, carrying 
four positive charges (H2N-Gly-Ile-Gly-Ala-Val- 
Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu- 

* To whom correspondence should be addressed. 
Abbreviations: DMPC, 1,2-dimyristoyl-sn-glycero-3-phos- 
phocholine; DTPC, 1,2-ditetradecyl-sn-glycero-3-phosphocho- 
line. 

Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln-N H 2 ). 
Using the hydrophobicity index (HI) of Segrest 
and Feldmann [2] with an assumed HI = - 2  for 
the lysine-7, we calculate a value of HI = 2.2 for 
the hydrophobic segment 1 20 of melittin. This is 
fairly high, and comparable to the intramembra- 
neous domains of typical membrane proteins such 
as glycophorin (HI = 2.8, residue 37-59), the fd 
phage coat protein (HI = 2.6, residue 27-39) and 
cytochrome b 5 (HI = 2.0, residue 91-130). 

In dilute aqueous solution melittin adopts a 
monomeric highly flexible extended chain with 7% 
a-helix content, whereas the membrane bound 
polypeptide consists of 70% a-helical regions as 
determined by circular dichroism measurements. 
The average conformation is the same, indepen- 
dent of whether different lipid membranes or 
micelles are used [7,8]. A similar conformational 
change is observed due to self-association in aque- 
ous solution if the polypeptide concentration or 
ionic strength is increased [8-10]. It therefore ap- 
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pears that the a-helical form of melittin results 
from a hydrophobic environment, which may be 
the hydrocarbon phase of the lipid membrane or 
the hydrophobic side-chains of neighboring 
peptides in the self-aggregated form. 

Recently, the molecular structure of crystalline 
melittin has been reported at a resolution of 2 
[11]. The molecules are arranged in tetramers. 
Residues 1-10 and 13-26 form two a-helices, with 
an angle of 120 ° between the helix axes, giving the 
molecule the form of a bent rod. The helix content 
of this structure (90%) is higher than in the lipid 
membrane (70%), because the hydrophilic segment 
21 26 adopts different conformations in the crystal 
and ill the lipid bilayer. From very recent N M R  
experiments a structure of detergent bound melit- 
tin was deduced, where at least the 16-20 residue 
segment adopts a helix-like conformation and the 
hydrophilic 21 26 residue part is located in the 
water phase without defined conformation [12]. 
Since in the case of lipid bilayers the hydrophilic 
part is also located in the water phase, it again 
should adopt a disordered conformation, leading 
to the a-helix content of 70% which is attributed to 
residue 1-20. 

The three-dimensional structure of melittin was 
calculated from its amino acid sequence by two 
different groups. In a first report [13] the 
Chou-Fasman analysis was applied, resulting in a 
conformation with two helical segments 2-11 and 
15 20, which is 65% of the peptide, a hinge region 
12 14 and a random part 21-26. In a second 
publication [14], only the structure of the 1 20 
segment of melittin was evaluated, and two very 
similar low-energy conformations with a helical 
content of 73-65% for the 26 amino acid residue 
peptide were found. In one structure the regions 
1-12 and 14-20 are a-helical, in the other struc- 
ture the a-helices range from 1 10 and 14-20. 
Again a bent region was present before proline-14. 
Thus, the structure of the hydrophobic segment 
1 20 derived theoretically and that determined 
from X-ray diffraction are in good agreement. As 
there is the same a-helix content of segment 1 20 
in the crystal, in the tetramer in aqueous solution, 
in micelles and in lipid bilayers, it is reasonable to 
postulate a common bent rod conformation for all 
these cases. This is supported by the fact that the 
~H-NMR spectrum of tetrameric melittin in aque- 

ous solution is largely identical with the spectra of 
melittin bound to various detergent micelles [15] 
(see Table I for a summary of the structural data 
on melittin). 

Given the conformation of melittin in the hi- 
layer, the question of its spatial arrangement is a 
matter of the orientation of the bent rod in the 
bilayer. This could range from a situation where 
the helical segments of the molecule are oriented 
preferentially in the membrane plane to the case 
where they are oriented perpendicular to this plane. 
In the present work, we have undertaken polarized 
infrared spectroscopy of melittin bound to macro- 
scopically oriented multilamellar membranes in 
order to determine the orientation of the a-helical 
segments in the lipid bilayer. 

This method has previously been applied to 
study the orientation of a-helix segments of 
bacteriorhodopsin in purple membranes [16], of 
rhodopsin in photoreceptor membranes [17], of 
intrinsic proteins in photosynthetic membranes [ 18] 
and of gramicidin A incorporated into DMPC 
membranes [ 19]. 

Materials and Methods 

Sample preparation 
DTPC was synthesized according to the method 

described in Ref. 20. DMPC was purchased from 
Fluka. Thin-layer chromatography in different 
solvent systems showed that the samples were 
homogeneous. Phospholipase-free melittin was 
prepared as described previously [7]. Regarding 
the interaction with melittin, DTPC shows behav- 
ior similar to that of DMPC. Melittin binds 
strongly to an aqueous dispersion of DTPC mem- 
branes; at a molar ratio DTPC/mel i t t in  greater 
than 50, the mean conformation of the poly- 
peptide is about 70% helix as in the case of DMPC 
(Vogel, H., unpublished data). 

Lipid-melittin membranes for the infrared ex- 
periments were prepared in  the following way. 
Distilled water was added to the dry lipid powder 
to give a 2. 10 2 M lipid dispersion which was 
stored for 1 h at 35°C, i.e., at a temperature above 
the ordered ~ fluid phase transition, followed by a 
1 min vortex mixing. Equal volumes of melittin 
solutions in water and lipid dispersions were mixed 
to give a molar l ipid/meli t t in ratio of 70 in the 



case of DTPC and of 100 in the case of DMPC. 
After storing the lipid-melittin mixtures for l h at 
35°C, the samples were centrifuged at room tem- 
perature for 1 h at 300000 × g. The supernatant 
was discarded, in order to remove non- 
membrane-associated melittin. The pellets were re- 
suspended in water to give a lipid concentration of 
2 • 10 2 M. 100-500 p.1 of a membrane suspension 
was loaded to an Irtran-4 plate and dried in a 
vacuum desiccator over silica-gel at room tempera- 
ture. 

This method resulted in a preferential orienta- 
tion of the membrane fragments in the plane of 
the plate. After drying, the samples were equi- 
librated for 2 h over a saturated aqueous solution 
of LiC1 at 60°C, giving lipid membranes of about 
6% (w/w) water content, which corresponds to 
2-3  water molecules per lipid molecule. Under 
these conditions, the membranes of DTPC and 
DMPC are in the ordered state at room tempera- 
ture. For a specific density of the membranes of 
about 1 g/ml,  the thickness of the ordered multi- 
lamellar membrane films was calculated to range 
from 3 to 13 p.m. 

Spectroscopic measurements 
Infrared absorption spectra were obtained with 

a Perkin-Elmer 180 double-beam spectrometer, 
equipped with polarizers in the sample and in the 
reference beam. Polarization was either parallel or 
perpendicular to the plane defined by the direction 
of the incoming beam and the membrane normal 
(Fig. 1A). In the case of DTPC-melittin mem- 
branes, the angle of incidence of light, a 0, was 
varied between 0 and 60 ° in steps of 15°; for 
DMPC-melittin membranes, only a 0 = 0 ° and 60 ° 
was employed. A blank Irtran-4 plate of identical 
geometry was placed in the reference beam. To 
correct for lipid and water absorption, spectra of 
the corresponding lipid films without melittin were 
recorded. As a further control, the membrane film 
was washed off from an Irtran-4 plate with 
methanol and the washed plate measured in the 
sample beam. No difference was observed com- 
pared to a blank plate, indicating that no lipid or 
melittin was irreversibly dissolved in the Irtran-4 
plate in a non-bilayer form. The spectral resolu- 
tion was 2 -4  cm-~, all measurements were made 
at room temperature. 
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Analysis of infrared measurements 
From the absorption spectrum of a lipid-melit- 

tin membrane, the absorption spectrum of the 
corresponding pure lipid membrane is subtracted 
using the lipid bands at 1468 and 1378 cm i as 
internal standards. The resulting spectrum of pure 
melittin contains non-dichroic components which 
arise mainly from the random-coil segments of 
membrane-bound melittin (Table I). These can be 
eliminated from the experimental intensities for 
parallel (Aii) and perpendicular (A ±) polarization 
in the following way [18] to yield the components 
of the helical segments alone: 

A~ = AII - ( 1  - f ) , ) (A '1 +2A • ) /3 

Aft u =A ± - ( l - f h ) ( A  11+2A ±) /3  

with fh denoting the fraction of helical content. 
Here the assumption was made that the helical 
and random coil components have identical ex- 
tinction coefficients, as was observed for poly- 
lysine [21]. From the final intensities of the amide 
I (1657-1658 cm 1) and amide II (1542 cm - I )  
bands, the dichroic ratio follows as R =A~/A~ .  
Band heights were used for evaluation, but use of 
band areas gave the same results within experi- 
mental error. 

From the dichroic ratio R, the orientational 
order parameter, S, of the amide transition dipoles 
is derived via the relation 

R = l + ~ s i n 2 a  (1) 

The angle, a, between the direction of the incom- 
ing light in the membrane and the membrane 
normal is calculated from Snell's law, sin a 0 = 
n sin a, with the refractive index of the membrane 
n = 1.55 [22]. This order parameter can further be 
expressed as the product of three order parameters 

s= s,s~sm (2) 

S t refers to the orientation of the transition mo- 
ment with respect to the a-helix axis, Sh describes 
the average orientation of the a-helix axis with 
respect to the membrane normal, and S m takes 
account for the mosaic spread of the sample. (For 
a detailed discussion see Ref. 16.) Eqn. 2 holds 
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TABLE I 

SUMMARY OF STRUCTURAL DATA OF MELITTIN FROM THE LITERATURE 

The percentages or the residue numbers of the corresponding conformational regions are presented. 

System Method o~-Helix Bent Random Ref. 
region region region 

Melittin/lipid membranes 

CD 70% 309[ 7,8 
Melittin/detergent 

Melittin tetramer, aq. soln. CD 70% 309; 8,9,1O 

Melittin/detergenta IH_NMR 16 20 20 24 12 

Melittin tetramer, crystal X-ray 1 10 11-12 11 
13 26 

Melittin, hydrophobicenvironment calculation 2 11 12 14 22 26 13 
from sequence 15 21 

b 1 12 13 14 
14 20 

h 1-10 II 13 14 
14 20 

" Only the structure of the segment 16 24 was investigated. 
h Only the structure of the segment 1 20 was calculated. 

when the helices are symmetr ica l ly  d is t r ibuted  
a round  the membrane  normal ,  leading to a uniaxial  
symmet ry  of  the or iented membrane  stack. For  
ideal ly or iented mul t i lamel la r  membrane  stacks 
S m = 1. The mosaic  spread of a i r -dr ied or iented  
l ipid membranes  has been measured  recently by 
neutron scat ter ing to be approx.  15 ° [23]. Because 
our  samples are p repared  in a similar  way, we 
assume S m = 0.9. Fo r  the amide  I vibrat ion,  S t = 
0.41 and for the amide  II vibrat ion,  St = - 0 . 4 0  
[16,18]. Wi th  known S m and $1, the average orien- 
ta t ional  order,  S h, for meli t t in can be de te rmined  
from the measured  order  pa ramete r  S. Two inde- 
penden t  values of  S h are ob ta ined  f rom amide  I 
and amide  II bands.  The or ienta t ional  order  
pa rame te r  S h is cor re la ted  to the average or ienta-  
t ion according to 

3 c o s Z 0  - 1 , 
s,, = ( 2 ) (3) 

0 is the angle between the prefer red  axis, the 
bi layer  normal ,  and  the helix axis. The angular  
brackets  denote  the average over  the d is t r ibu t ion  
of  helices in the membrane .  

Results 

Based on C D  measurements ,  we have recently 
shown that  only a l imited amoun t  of meli t t in can 
be bound  to l ipid membranes  [7]. In the case of 
D M P C ,  about  50-100  l ipid molecules are neces- 
sary to b ind  one meli t t in  molecule.  All  our experi-  

ments  were therefore per formed  at low concentra-  
t ion of meli t t in within the membrane  in o rder  to 
be sure that  all molecules of the po lypep t ide  are 
bound  to the membrane .  Unfor tunate ly ,  the use of 
membranes  of d iacy lphospho l ip ids  with low melit- 
tin concent ra t ion  causes difficult ies in de te rmin ing  
the exact l inear d ichro ism of the amide  I vibra-  
t ional  band,  because the very s trong lipid C z O  
stretching band  at 1738 cm ~ over laps  the weak 
pep t ide  v ibra t ional  band  a round  1658 cm ~. Our  
s t rategy was therefore  first to. use l ipid membranes  
of  DTPC,  where the l ipid hydroca rbon  chains are 
l inked via an ether  bond  to the glycerol  backbone  
of  the po la r  group. D T P C  shows no strong vibra-  
t ional  bands  in the spectral  range of the amide  I 
region. In a second exper iment ,  meli t t in  was bound  
to or iented membranes  of D M P C  to investigate 
whether  the differences in the glycerol  region of 
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Fig. 1. Polar ized  in f r a r ed  spec t r a  of  o r ien ted  mul t i l ame l l a r  

m e m b r a n e s  wi th  a m o l a r  ra t io  D T P C / m e l i t t i n  of  at least  70 at 

r o o m  t empera tu re .  (A)  The  ang le  be tween  i n c o m i n g  l ight  a n d  

the  m e m b r a n e  no rma l ,  ~, was  a 0 = 60 °. The  po la r i za t ion  was  

para l le l  (A II) or  p e r p e n d i c u l a r  ( A ' )  to the p lane  be tween  

i n c o m i n g  b e a m  a n d  m e m b r a n e  no rma l ,  as ind ica ted  b y  the 

s cheme  at  the top.  The  s t r o n g  b a n d  at  1468 c m -  ] results  f rom 

C H 2 - b e n d i n g  v ib ra t ions  of the l ipid h y d r o c a r b o n  chains .  The  

uni t s  of  the a b s o r b a n c e  axes are  0.2 a b s o r b a n c e  uni ts  . (B) 

C o n d i t i o n s  as in (A) bu t  wi th  a 5-fold  h igher  fi lm thickness .  

T h e  do t t ed  l ines c o r r e s p o n d  to spec t r a  of  a D T P C  m e m b r a n e  

fi lm p r e p a r e d  a n d  m e a s u r e d  u n d e r  cond i t i ons  ident ical  to those  

of  the D T P C - m e l i t t i n  sample .  The  spec t r a  of  the D T P C  mem-  

b r a n e  film were  mul t ip l i ed  b y  a f ac to r  such  tha t  the intensi t ies ,  

A Ip a n d  A ±, of  the 1378 cm l C H  3 b e n d i n g  m o d e  of the l ipid 

cha in s  co inc ide  wi th  those  of  the D T P C - m e l i t t i n  sample .  

the lipids influence the orientational order of  the 
peptide chain. 

Fig. 1 shows infrared spectra of DTPC-meli t t in 
membranes  in the range between 1800 cm ~ and 
1400 cm -~ with parallel and perpendicular  

1.4 

1.2 

1.0, 

0.8 

.--+---- 

0 .6 1  I I I 
0 0.1 0 .2  0 .3  0 . 4  

s in  2 0~ 

Fig. 2. The d ichro ic  rat io, R = A l l / A  ± , o f  the amide I (circles) 

a n d  a m i d e  It ( t r iangles)  v ib ra t iona l  b a n d s  of  mel i t t in  in D T P C  

m e m b r a n e s  ( m o l a r  ra t io  D T P C / m e l i t t i n  > /70)  as a func t ion  of  

sin2(~. D a t a  of  two d i f fe ren t  samples  are  shown.  

polarized light at % = 60 °. T w o  samples  with dif- 
ferent film thickness were prepared in order to 
demonstrate  the effect of  melitt in on  the lipid 
bands and furthermore to show the amide bands 
with a sufficiently high intensity. The band at 1468 
cm - ~ arises from a CH 2 bending m o d e  of  the lipid 
hydrocarbon chains and shows a dichroic ratio of  
R = 0.79_+ 0.02 with and without  melittin (Fig. 
1A). These data are in good  agreement with those 
published for other lipid films, and correspond to 
a tilt angle of  22°C between the lipid chains and 
the disk normal  (Ref. 19, and references therein). 
Since the tilt angle between the lipid chains and 
the membrane  normal  is expected to be 15 ° for 
phosphat idylchol ines  at the given water content  
[24], we conclude that the lipid chains are correctly 

T A B L E  II 

E V A L U A T I O N  O F  T H E  A V E R A G E  O R I E N T A T I O N  O F  M E L I T T I N  ,~ -HELICES F R O M  L I N E A R  D I C H R O I S M  

A m i d e  I A m i d e  II 

f h  = 1 f h  = 0.7 f h  = 1 fh  = 0.7 

S m = I a m = 0.9 S m = 1 S m = 0.9 

D T P C / m e l i t t i n  > /70  S h 0.39 0.59 0.48 0.78 

0 40 ° 32 ° 36 ° 23 ° 

D M P C / m e l i t t i n  >~ 100 R ( ao  = 60°)  1.3 + 0.1 0.86 + 0.04 

S h 0.60 0.87 0.44 0.73 
0 31 ° 17 ° 38 ° 25 ° 
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or iented within the membranes  and the mem- 
branes are or iented paral lel  to the disk plane.  
Because no effect of  meli t t in on the d ichroism of 
the l ipid bands  was observed,  the use of a pure  
l ipid spec t rum as the basel ine in a l ip id-mel i t t in  
spec t rum is just if ied.  

The wavenumbers  of the amide  I (1658 cm i) 
and  amide  II (1542 cm i) bands  indicate  a mainly  
a-hel ical  meli t t in conformat ion  [25], in agreement  

with the C D  da ta  [7]. The result ing dichroic  ratios, 
R, of the amide  I and amide  II bands  measured  at 
various angles a 0 show a l inear dependence  on 
sin20 (Fig. 2), as expected from Eqn. 1. F rom the 
s lope of the curves the order  parameter ,  S, is 
de termined.  Wi thou t  any correct ion,  i.e., under  the 
assumpt ion  of  a 100% helical po lypep t ide  (f~, = 1) 
and a perfect  m e m b r a n e  or ienta t ion  (S  m = 1) we 
obta in  from Eqn. 2 a lower limit for the or ienta-  
t ional  order  parameter :  S h = 0.39 from amide  1 
and S h = 0.48 from amide  II. A more realistic 
value for S h is ob ta ined  by taking into account  
that  70% of  the meli t t in conformat ion  is helical, 
whereas 30% is r andom (Table  I), and that  the 
mosaic  spread  leads to a value of S m = 0.9 (see 

Mater ia ls  and  Methods) .  We then calculate  S h = 

1738 

0 . 2  

1467 

, i L i I L+iO 
1 8 0 0  i 6 0 0  0 

WAVE;NUMBER [cm-'] 

Fig. 3. Polarized infrared spectra of oriented multilamellar 
membranes of DMPC/melitt in > 100 at room temperature. 
The amide I bands are shown expanded in the upper part of the 
figure. 

0.59 for amide  I and S h = 0.78 for amide  I1 (Table  
1I). 

In the case of DMPC-me l i t t i n  membranes  at 
a 0 = 60 ° the l inear  d ichroism of  the CH 2 bending  
mode  at 1467 cm i of the l ipid chains yields 
R = 0.79 + 0.02 and that  of the C z O  stretching 
mode  at 1738 cm ~ of the l ipid carboxyl  groups  
R = 0.78 + 0.02. These values again demons t ra te  
that  the l ipid chains are well or iented [19]. As in 
the case of DTPC,  no difference was observed in 
the d ichroism of the l ipid bands  in D M P C  mem- 
branes  with and without  melit t in.  The l inear di- 
chro ism of the amide  I and  amide  II bands  (Fig. 3) 
leads to values of S h = 0.60 and 0.44 as a lower 
l imit  and to S h = 0 . 8 7  and 0.73, respectively, 
apply ing  the descr ibed correct ions  (Table  II). Here 
the d ichroism of the amide  I band  cannot  be as 
accura te ly  de te rmined  as that  of  the amide  II band  
because of the very intense 1738 c m -  t band  of the 
l ipid carboxyl  group. Nevertheless,  the evaluat ion 
of  R for the two amino  bands  leads to similar  S h 
values. The near ly  identical  S h deduced  from the 

a m i d e  II d ichro i sm in DTPC and D M P C  
membranes  implies  that  there is no difference in 
the mean or ienta t ion  of the meli t t in helices in the 
two membranes .  

Our  results are at variance with a former s tudy 
of  the in teract ion of meli t t in  with egg-phosphat i -  
dylchol ine  and phospha t idy le thano lamine  multi-  
layers [26], where no d ichroism of the amide  I and 
amide  II bands  was observed with or iented mem- 
brane  prepara t ions .  We believe that these f indings 
are  due to the authors '  use of a very high 
concent ra t ion  of meli t t in,  giving p repara t ions  
where a cons iderable  par t  of the po lypep t ide  was 
not  bound  to the l ipid membranes .  F rom a 
compar i son  of the intensit ies of the amide  II mode  
and  the l ipid CH 2 bending  mode,  we es t imate  a 
total  molar  l i p i d / m e l i t t i n  ratio of 10-20 (Figs. IB 
and 2E in Ref. 26). Accord ing  to the descr ibed 
sample  p repa ra t ion  - first the l ipid film was de- 
pos i ted  on an AgCI plate  which was then soaked 
with an aqueous solut ion of meli t t in it is not 
cer ta in  that  all l ipid bi layers are equally well 
accessible to meli t t in during this procedure.  The 
local l i p i d / m e l i t t i n  rat io  therefore may be even 
lower than 10-20. This implies that  not  all meli t t in 
molecules are incorpora ted  in the lipid mem- 
branes,  since 50 100 l ipid molecules were found to 
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be necessary for b ind ing  one molecule of melit t in 

[7]. 

Discussion 

The conclusion drawn from our results is that 
the ~-helices of membrane -bound  melit t in are pre- 
dominan t ly  oriented perpendicular  to the mem- 
brane  plane, as can be seen from the order param- 

eter S h = 0.69 in DTPC (average of the order 
parameter  determined from amide bands)  and S~1 
= 0.73 in D M P C  membranes  (from amide II 

band).  For a further interpretat ion of Sh we pro- 
ceed in a manne r  analogous to the t reatment  of the 

order parameter  of the lipid chains in membranes.  
The orientat ional  order parameter,  as determined 

by, for example, N M R  measurements,  was char- 
acterized as a product  of two order parameters,  

one describing the rigid-body order and the other 
the conformat ional  order of the lipid chains [27,28]. 

In the case of a helical polypeptide in a lipid 
membrane  this leads to 

S h = S~ igid. S~ °nf (4) 

where S~ igia and o h¢'°nf define the rigid-body and 

the conformat ional  order of a helix, respectively. 
S~.Onf is influenced by the static molecular con- h 

formation and the intramolecular  flexibility. Not  

much is known about  the internal  flexibility of 
membrane  proteins at present. Recent N M R  mea- 

surements  with specifically deuterated bacteriorho- 

dops in  in the purple membrane  demonstrate  that 

the f l-CD 2 groups of the amino  acid side-chains 
are immobil ized as in a crystal, implying the ab- 

sence of internal  flexibility and rigid-body mot ion  
of the helical segments [29]. A bigger effect on 

S~ °'lr in the case of meli t t in may arise from con- 
formational  flexibility within the hinge region. As 
ment ioned  already, Pincus et al. [14] have calcu- 
lated that two stable conformat ions  of comparable  
energy exist, differing in the hinge region. 

If we assume that the conformat ion  of melit t in 
is a bent  rod oriented along the membrane  normal  
with the same angle, 0, between the two helix 
segments and the membrane  normal,  and exclud- 
ing any flexibility or r igid-body motion,  we obta in  

3 C O S 2 0  - -  1 
Sh = S~ ° "  2 (5) 

',, 0 1 ~ 0 2  I I "\ 0 1  I I 01 ~ i ~ . ~ / / /  
\~\ \\\ \ \ \  I[ /// 

\ I / 

A B C 

Fig. 4. Models for the spatial arrangement of a melittin mole- 
cule in a lipid bilayer, the hydrocarbon part of which is 
assumed to be 30 A. Melittin is composed of two helices, 
represented by the two rectangles with a diameter of 10 ,~ and 
a rise of 1.5 A per residue. Helix 1 (residues 1-11) and helix 2 
(residues 14-20) are connected by a bent region (residues 
12 13). 01 and 02 are the angles between the axis of helix 1 and 
helix 2 and the membrane normal. One positive charge at the 
N-terminus and the four positive charges in the hydrophilic 
part (amino acid 21-26) of the molecule are shown, but the 
positive charge of Lys-7 is omitted, because this side-group 
may be decharged when inserted into the membrane. (A) 
Melittin traverses the hydrophobic part of the bilayer, 01 = 0 2 ,  

with an angle, 0 b, of approx. 120 ° between the helix axes. The 
orientation of the average helix axis is the membrane normal. 
(B) A model proposed by Terwilliger et al. [11]. Helix 1 is 
directed to the hydrophobic lipid region with 01 = 30 °, whereas 
helix 2 lies in the membrane plane with 02 = 90 ° and O h = 120 °. 
(C) Melittin dips only into one half of the bilayer. The average 
helix axis is oriented preferentially parallel to the membrane 
normal with 01 = 02 = 20-30 ° and 0 b = 40-60 °. 

F rom 0, the angle, 0 b, between the two helix axes 
is calculated as 0 b = ~r - 20. The measured values 

of S h yield 0 = 2 7  ° for DTPC and 0 = 2 1  ° for 

DMPC,  or 0 b = 126 ° and 138 °, respectively. These 

values for 0 b are in good agreement with the 

crystallographic result of 0 b =  120 °. Thus, the 
model of a bent  rod oriented along the membrane  
normal,  as shown in Fig. 4A, is compatible  with 
our  experimental  results. In this model, the confor- 
mat ion  of meli t t in is the same as that derived from 
X-ray diffraction [11] and theoretical calculations 
[14]. As pointed out in Ref. 11 the bent-rod 
conformat ion  is consistent  with the molecule span- 
ningothe hydrophobic  part  of the membrane  (about  
30 A). Within  this model, the observed order 
parameter,  S h, does not  permit  in t ramolecular  
flexibility nor  r igid-body motion. Internal  flexibil- 
ity and r igid-body mot ion  would indeed be ex- 
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pected to be small for a peptide in the ordered 
phase of a lipid bilayer, as in our case. 

Our experimental result excludes several other 
models proposed for the orientation of melittin in 
the membrane, although various arrangements 
are still possible. Terwilliger et al. [11] favored the 
hypotehsis that melittin binds to membranes with 
its helix axes lying mainly parallel to the bilayer 
plane (Fig. 4B). The measured order parameter, 
Sh, is an average value between the order parame- 
ter of the eleven-residue N-terminal helix Sh~ and 
the seven-residue C-terminal helix St, e with S h = 
(11S~,~ + 7St,:)/18. Using this relation and Eqn. 5 
with 0~ = 30 ° and 0, = 90 ° from the model B, we 
obtain Sh =0.19, in total disagreement with our 
experimental finding. 

Terwilliger et al. [11] supposed an insertion of 
the polypeptide as in Fig. 4A to be unlikely, 
because in this case the relatively hydrophilic 
amino acids Lys-7, Thr-10, Thr-11, Ser-18 would 
be placed in the hydrophobic membrane portion. 
On the other hand, when the helices are inserted as 
in Fig. 4B, all the hydrophilic side-chains, which 
are segregated to one side of the bent rod, can be 
located at the l ipid/water interface. Several argu- 
ments can be put forward, however, in favor of 
model A. First, within the ~-helical segment, the 
polar side-chain of Lys-7 could easily form a hy- 
drogen bond to the hydroxylic group of Thr- l l ,  
thereby partly reducing the energetic cost for in- 
serting this side chain into the hydrophobic lipid 
region. Engelman and Seitz [30] have estimated the 
transfer free energy of a lysine side-chain from an 
aqueous to a non-polar environment to be approx. 
10 kcal/mol.  This value will be reduced to approx. 
5 kcal /mol  by the formation of hydrogen bonds 
in the c~-helix. Furthermore, the OH-groups of 
Thr-10 and Ser-18 may be involved in hydrogen 
bonds to Leu-6 and Pro-14, respectively [14]. 

Second, there exists the possibility that several 
melittin molecules aggregate within the membrane 
in such a way that the hydrophilic sides of the 
mainly hydrophobic o~-helical segments face one 
another. Preliminary fluorescence energy transfer 
studies between suitably labeled melittin molecules 
indicate that oligomers of the peptide are present 
in the membrane both below and above T, (Vogel, 
H., unpublished data). Overall, the energy gained 
from incorporating the whole of the hydrophobic 

helical regions of melittin into the apolar mem- 
brane milieu more than compensates for the few 
kcal /mol  necessary for insertion of the polar 
residues into the membrane [31]. 

Another model is that of a wedge as shown in 
Fig. 4C. An extreme form of this model with 
0] = 90 ° and 02 = 30 ° was proposed by Dawson et 
al. [13], but this leads to St, = 0 and thus is again 
in contradiction to our experimental findings. 
Schoch and Sargent [32] have interpreted their 
experimental results as evidence for this model. 
Using black lipid membranes of egg phosphati- 
dylcholine, they showed that after binding of 
melittin to the cis side of the membrane, no charge 
could be detected on the tran.s' side. This observa- 
tion, however, does not exclude other models in 
which either the charge of the amino terminus is 
embedded in the bilayer, or the amino terminus is 
uncharged. 

A wedge-like model, which is not excluded by 
our experiments, is that of Fig. 4C with 01 = & 
20 30 ° . The average orientation of the helical 
segments in this case is still predominantly per- 
pendicular to the membrane plane with an angle 
between the two helical segments of 40 60 ° . In 
order to obtain this structure, the conformation of 
the bent region between amino acids 12 13 has to 
be changed considerably in comparison to that 
obtained from X-ray diffraction [11] and theoreti- 
cal calculations [14]. 

Brown et al. [12] favor model C for the mem- 
brane-bound melittin because of NMR experi- 
ments performed with the peptide bound to deter- 
gent micelles. A structure was suggested from their 
results in which melittin penetrates only 6 8 A 
into the hydrophobic interior of the micelle, in this 
context, it should be noted that Stoffel et al. [33] 
used 18-azidolinoleic acid as a photoreactive probe 
in phosphatidylcholine-melittin membranes, show- 
ing that melittin at least traverses half the lipid 
bilayer. A possible explanation for these diverse 
results may be a different orientation of melittin in 
a micelle and in a lipid bilayer, inspite of identical 
conformation, because of the small volume of the 
micelle and the curvature of its surface. 

Finally, Kempf et al. [34] proposed a model 
similar to that of Fig. 4C. It was suggested that, 
under the influence of a transmembrane potential, 
the polypeptide goes reversibly from state C to 



s ta te  A. T h e  m o d e l  o f  this v o l t a g e - d e p e n d e n t  

t r ansb i l aye r  o r i e n t a t i o n  o f  mel i t t in  was es tab l i shed  

in o rde r  to exp la in  three  e x p e r i m e n t a l  obse rva -  

t ions.  (i) A d d i t i o n  of  mel i t t in  to the cis side of  a 

b l ack  l ipid m e m b r a n e  induced  an a s y m m e t r i  volt-  

a g e - d e p e n d e n t  revers ib le  c o n d u c t a n c e  increase,  

w h e n  the po t en t i a l  was t rans -nega t i ve .  (ii) A d d i -  

t ion  of  p ronase  to the t rans  side abo l i shed  the 

c o n d u c t a n c e  on ly  unde r  the in f luence  of  a trans-  

nega t ive  po ten t i a l .  (iii) T ryps in  abo l i shed  the con-  

d u c t i n g  s ta te  of  me l i t t i n  only  when  added  to the 

cis side. T h e  m o d e l  of  a p o t e n t i a l - i n d u c e d  m o v e -  

m e n t  of  the  N - t e r m i n u s  across  the l ipid b i layer  is 

c o n s o n a n t  wi th  the  e x p e r i m e n t a l  obse rva t ions  in 

Ref .  34. Neve r the l e s s ,  we wish to po in t  ou t  that  

the e x p e r i m e n t a l  f ind ing  is a p o t e n t i a l - d e p e n d e n t  

m o v e m e n t  of  the  N - t e r m i n a l  s egmen t  toward  the 

t rans  side of  the m e m b r a n e ,  m a k i n g  it access ible  

for p r o n a s e  d iges t ion .  This  does  no t  necessar i ly  

imply  that  the N - t e r m i n u s  is loca ted  at the cis 

m e m b r a n e  side in the absence  of  an  e lectr ic  field. 

T h e  e x p e r i m e n t s  of  Ref.  34 are  also in a g r e e m e n t  

wi th  mode l  A,  if a t rans  bi layer  po ten t i a l  causes  a 

smal l  ver t ica l  d i s p l a c e m e n t  of  the whole  poly-  

p e p t i d e  a n d / o r  a c h a n g e  in the  c o n f o r m a t i o n  of  

the  ben t  reg ion  l ead ing  to a m o r e  s t re tched  mel i t -  

t in molecu le ,  t he reby  m a k i n g  the N - t e r m i n u s  

access ib le  to e n z y m a t i c  a t tack.  

All  our  da t a  are  based  on mel i t t in  in the o rde r ed  

l ipid b i layer  at low wa te r  con ten t .  F u r t h e r  exper i -  

m e n t s  have  to be  p e r f o r m e d  in o r d e r  to show 

w h e t h e r  m o d e l  A or  C represen t s  the ac tual  or ien-  

t a t ion  of  me l i t t i n  in a l ipid m e m b r a n e  and,  more -  

over ,  if full h y d r a t i o n  or  the phys ica l  s tate o f  the 

m e m b r a n e  m a y  in f luence  the o r i en t a t i on  of  the 

p o l y p e p t i d e .  
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