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Abstract 

Template-assembled  proteins  (TASPs)  comprising 4 peptide  blocks,  each of either  the  natural melittin sequence 
(melittin-TASP) or of a truncated  melittin  sequence  (amino  acids 6-26, melittin,_,,-TASP), C-terminally  linked 
to a (linear or cyclic) 10-amino  acid temp1at.e were synthesized  and  characterized,  structurally by CD, by fluores- 
cence spectroscopy,  and by monolayer  experiments,  and  functionally, by electrical conductance  measurements 
on planar bilayers and release  experiments on dye-loaded vesicles. Melittin-TASP and  the  truncated  analogue  pref- 
erentially  adopt  a-helical  structures in methanol (56% and  52%, respectively) as  in lipid membranes.  Unlike in 
methanol,  the  melittin-TASP self-aggregates in  water.  On  an  air-water  interface,  the  differently sized  molecules 
can  be self-assembled and  compressed  to a compact  structure  with a molecular  area  of  around 600 A', compati- 
ble  with a  4-helix bundle  preferentially  oriented  perpendicular to the  interface.  The  proteins reveal a strong 
affinity  for lipid membranes. A partition  coefficient  of 1.5 X lo9 M" was evaluated  from  changes  of  the  Trp 
fluorescence  spectra  of  the  TASP in water  and  in  the lipid  bilayer. In planar lipid bilayers,  TASP molecules are 
able  to  form  defined  ion  channels,  exhibiting a small single-channel conductance of 7 pS (in 1 M NaC1). With 
increasing  protein  concentration  in  the lipid bilayer,  additional,  larger  conductance  states  of  up  to 1 nS were 
observed.  These  states  are likely to  be  formed by aggregated TASP  structures  as  inferred  from a strongly voltage- 
dependent  channet  activity OR membranes of large  area.  In  this  respect,  melittin-TASP reveals channel  features 
of the  native  peptide,  but  with a considerably  lower  variation in the size  of the  channel  states.  Compared  to  the 
free  peptide,  template-assembled  melittin  has a much  higher  membrane activity: it is about 1 0 0  times  more  effec- 
tive  in channel  formation  and  20  times  more  effective in  releasing dye molecules from lipid vesicles. This  demon- 
strates  that  the lytic properties  are  not solely related to  channel  formation. 
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ethanolamine;  DTPC, 1,2-ditetradecyl-sn-glycero-3-phosphocholine; 
EDT, ethanedithiole;  Fmoc, 9-fluorenylmethyloxycarbonyl; HOBt, 
1-hydroxybenzotriazole; L:P, lipid to protein  molar  ratio;  MBHA, 
methylbenzhydrylamine; Mob, 4-methoxybenzyl; Mtr, 4-methoxy-2,3,6- 
trimethylbenzenesulfonyl; POPC, I-palmitoyl-2-0leoyl-sn-glycero-3- 
phosphocholine;  RP-HPLC, reverse-phase high-performance liquid 
chromatography; SUV, LUV, small, large unilamellar vesicle(s); TASP, 
template-assembled synthetic  protein;  tBu,  tert-butyl  ether;  TFA,  tri- 
fluoroacetic acid; TFMSA, trifluoromethanesulfonic acid; Tris, Tris(hy- 
droxymethy1)arninomethane; Trt, trityl. 

Channel-forming  membrane  proteins play a central  role in bio- 
logical signal-transduction processes (Hille, 1992). In spite of tre- 
mendous  efforts, only a single class of channel  proteins  has been 
structurally  elucidated  at  the  atomic level- the  porins  of  the 
outer  membrane  of  bacteria.  These  proteins are folded to form 
a closed P-barrel  in which the  amphipathic &strands  create  a hy- 
drophilic  pore, leaving the protein's outer  surface  hydrophobic 
for  inserting  and  traversing  the  apolar  part  of a lipid  bilayer 
(Weiss et  al., 1991; Cowan  et  al., 1992). In  the  case of ligand- 
and voltage-gated ion channels, no high-resolution  protein  struc- 
ture is available  yet.  There is an  ongoing  debate  as  to  whether 
the  channel-forming  part  in  these  proteins  might  be  formed 
by amphipathic  or  hydrophobic,  bilayer-spanning  a-helices 
and/or  &strands  (Akabas  et al., 1992; Changeux  et  al., 1992; 
Durell SL Guy, 1992; Miller, 1993; Unwin,  1993a,  1993b; Gorne- 
Tschelnokow et al., 1994). 

1788 



Template-assembled melittin 

An  important concept for investigating the structure-function 
relationship  of  protein  channels is the design of  artificial  chan- 
nels either  by  genetic  engineering  of  mutant  proteins  (Imoto 
et  al., 1988; Numa, 1989) or by chemical  synthesis  of  short 
peptides  of  about 20-30 amino  acids  of simplified sequences 
(Menestrina  et al., 1986; Lear  et  al., 1988; Vogel et al., 1993) 
and  of  sequence  stretches  of  authentic  proteins  (Montal, 1990 
and  references  therein).  The  studies with mutant  proteins  have 
yielded substantial  information  on which part  of  the  protein 
sequence  might  be involved  in channel  formation.  In  addition, 
the  work  with  synthetic  peptides  showed  that  certain  sequence 
motifs  might  be  responsible  for  the  channel  formation.  In  par- 
ticular,  peptides  that  may  traverse  the lipid  bilayer as  amphi- 
pathic a-helix bundles are candidates to be involved in  a  channel 
structure  (Montal, 1990; Akerfeldt et al., 1993). Other  channel- 
structure  motifs  are flexible elements  such as bends in membrane- 
traversing  a-helices (Vogel et al., 1993). Certain  naturally  oc- 
curring  peptides, like alamethicin,  melittin, or magainins,  show 
similarities  in  their  structural  and  channel-forming  properties 
(Boheim & Kolb, 1978; Tosteson & Tosteson, 1981; Hanke 
et al., 1983; Vogel, 1987; Duclohier et al., 1989). Functional  ion 
channels  of these short  and  amphiphilic peptides are  thought  to 
be  formed  not by single molecules, but by membrane-spanning 
homo-oligomers  including a spectrum  of  different  stoichiom- 
etries. The channels can be activated upon application of a trans- 
membrane electric  field, thus involving structural  transitions of 
the  individual  peptide molecules within  the lipid membrane. 
Changes of  peptide orientation,  conformation,  and aggregation 
have to  be considered  (Sansom, 1991; Chung et al., 1992; Hille, 
1992), but even in  such  apparently  simple cases,  it has  not been 
possible till now  to  determine experimentally the  channel  struc- 
ture or the  gating process. In principle, the  structural  transitions 
of  the  polypeptides in the  process  of  channel  activation  might 
also  occur in natural  proteins,  but it  has not yet been established 
to  what  extent  these processes are biologically relevant. 

To more closely model  natural  channel  proteins,  template- 
assembled  synthetic  proteins  have been created, comprising bun- 
dles  of  individual  channel-forming  polypeptides  attached to  a 
hydrophilic  template.  This  mode of attachment  reduces  the 
translational,  rotational,  and  internal degrees  of freedom  of  the 
individual  peptides, which therefore might adopt a  different  con- 
formation  compared  to  the  free,  monomeric, or autoaggregated 
state.  The  main  goal  of  the  TASP-approach is that  the  template 
serves to  induce  and direct the  intramolecular folding of  the  am- 
phiphilic  peptide  blocks  into an  a-helix-bundle  topology.  This 
topology  might  enable a single TASP-molecule to  form  an  ion- 
channel  structure. In several examples, it has been shown  that 
TASPs  with selected amino  acid  sequences  of  natural  protein 
channels,  as well as with  designed sequences,  can  reconstitute 
channel  activity  in  planar lipid  bilayers. This  fact  could be 
explained  in  the  framework of the  above-mentioned  concept 
(Montal  et  al., 1990; Akerfeldt et al., 1992; Grove et al., 1993a, 
1993b). However, a detailed structural investigation of channel- 
forming  TASPs  and,  more  importantly,  the way  in which a cer- 
tain  structure is correlated  to a particular  channel  state have not 
yet  been performed. 

Here we present a detailed investigation of this kind. As  model 
compounds, we have  constructed  4a-helix-bundle  TASPs corn- 
prising  either the sequence of native  melittin  (melittin-TASP) or 
shorter  melittin  fragments  (amino  acids 6-26, melittin6_26- 
TASP) (Fig. 1). Melittin  itself, a 26-amino  acid  peptide from bee 
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Fig. 1. A sequence  representation of melittin-TASP. Four blocks of me- 
littin are C-terminally  linked to  the  t-NH2  groups of the lysine (K) side 
chains  of  a  10-amino  acid  template.  The  template  could be cyclized via 
S-S bond  formation of the 2 cysteines (C). The  amino  acid  sequence of 
melittin is shown  in  1-letter  code  starting  with  the  N-terminal  glycine 
(G). The  electrical  charges of the  amino  acid  side  chains  and  the 
N-terminus at neutral pH  are indicated. The N-terminus of melittin cor- 
responds  to  N. 

venom,  induces  channel activity  in lipid bilayers that is thought 
to  be  dominated by the  formation of tetrameric  a-helix  bundles 
(Tosteson & Tosteson, 1981; Pawlak et al., 1991). Both  the elec- 
trical  properties of the  polypeptide  channels  and  the  structural 
characteristics  of  melittin  have been the  subject  of  intensive re- 
search during  the last 15 years (for a review, see Dempsey, 1990). 
Most  importantly,  the  3-dimensional  structure  of  melittin is 
known  to high resolution, derived from crystals grown  in  aque- 
ous environment.  According to the  X-ray  diffraction  analysis 
(Terwilliger & Eisenberg, 1982; Terwilliger et al., 1982), the pep- 
tide  forms a bent  a-helix with a proline-induced  kink between 
amino  acids 10-1 1 (see Fig. 1 for  the  peptide sequence). The he- 
lix from  amino  acids 1 to  20 is amphipathic,  with a polar  con- 
vex surface  and an apolar concave surface.  This  structural motif 
of the peptide is mainly preserved in the tetrameric state in aque- 
ous solutions,  in  monomers in organic  solutions,  and  bound  to 
lipid micelles or bilayers (Vogel & Jahnig, 1986; Vogel, 1987; 
Bazzo et al., 1988; Inagaki et al., 1989). In this  respect,  melittin- 
TASP is an  attractive  example  to test the  TASP  concept  in gen- 
eral,  and  the  structure-function  relationship  of  one  of  the best 
characterized  channel-forming  peptides in particular. 

Melittin-TASP  and  its  shorter  peptide  fragment  analogue 
meIittin,_,,-TASP were prepared by stepwise solid-phase  pep- 
tide  synthesis,  starting with a 10-amino  acid  template Ac-C_K 
A_KPG_KA_KC-NH2 to which the 4 peptide  blocks were coupled 
via their  C-terminal  ends  to  the  t-amino  groups  of  the  under- 
lined lysines (Dhanapal et al., 1993). Both a linear and a cyclized 
(disulfide-bridged at  both Cys) template were  used to  construct 
melittin-TASPs.  The  template was  designed to  adopt 2 anti- 
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parallel KAK 0-strands  connected by a 0-turn  to locate the 
amphiphilic  peptide blocks on 1 side. This concept offers  the 
possibility of folding into a  4a-helix  bundle  topology as shown 
schematically in Figure 1 (Mutter & Vuilleumier, 1989; Mutter 
et al., 1992). The  structures of melittin-TASP in different sol- 
vents  as well as in  lipid  bilayers  were  investigated by optical spec- 
troscopy.  CD was applied to measure the ensemble-averaged 
polypeptide conformation.  For  the reconstitution of functional 
ion channels in  lipid bilayers, a reasonably strong interaction of 
the particular  proteins with the membrane is required. There- 
fore, the  affinity of melittin-TASP to lipid membranes was 
derived quantitatively by evaluating the changes of the  Trp flu- 
orescence at different concentrations of lipid. Pressure-area iso- 
therms of melittin-TASP monolayers on  the water surface of a 
Langmuir  trough were studied in order  to obtain information 
on the  orientation of protein molecules under  conditions com- 
parable to a membrane-water interface. The channel formation 
characteristics and  the overall membrane activity of melittin- 
TASP were investigated in planar lipid bilayers and dye-loaded 
lipid  vesicles. Different reconstitution protocols were tested for 
their influence on the  final  channel activity and  to relate the 
functional changes to the  structural preconditions in the differ- 
ent solvent systems. In addition, a number of modified TASP 
molecules  were  synthesized  in order to investigate  whether struc- 
tural  and/or channel-forming properties were changed com- 
pared to melittin-TASP: (1) melittin-TASP comprising a cyclized 
template, (2) acetylated melittin-TASP,  where the positive  charges 
of the melittin segments are blocked by acetylation, and (3) a 
truncated form melittin,_,,-TASP. A preliminary part of this 
work has already been presented (Dhanapal et al., 1993; Meseth 
et al., 1993). 

Results3 

CD studies 

The solubility of melittin-TASP was  high  in methanol,  but con- 
siderably lower in more polar (water) or less polar (ethanol) en- 
vironments. It was nearly insoluble in isopropanol. We first 
measured the  CD of the melittin-TASP in methanol.  The spec- 
trum is typical of a preferential a-helical conformation, as shown 
in Figure 2. The mean residue ellipticity at 222 nm, char- 
acteristic of the a-helix content, was -15,200 deg cmz dmol" 
(Table I). From this we can estimate an a-helix content of 56% 
for the TASP-molecule in methanol, which corresponds to 14-15 
amino acid residues per melittin segment in an a-helix confor- 
m a t i ~ n . ~  The linear and cyclic variants of the protein showed 

_____ ___~ ~ _ _  

If not otherwise indicated, the results correspond to the noncyclized 
melittin-TASP and ~nelittin,_~,-TASP  (no Cys-Cys disulfide bonds). 
Experiments performed with the cyclized TASP are indicated explicitly. 

We are aware of the fact that  the  absolute percentage of  helix con- 
tent depends on several parameters that  are more or less defined, such 
as protein concentration (uncertainty * 5 % ) ,  chosen reference state of 
100% helix, or chosen method of evaluation of the secondary structure 
from  CD spectra (see Vogel, 1987), as well as conformational  fluctua- 
tions of the polypeptides (Vogel et al., 1988). The helical parts of the 
TASP were assumed to be located exclusively in the melittin peptide 
blocks because the template should adopt only a  p-strand/p-turn struc- 
ture (Mutter et al., 1992). In the present context, the average percen- 
tage of helix content is used as  a measure to compare  the  structures of 
different peptides  within the same framework of CD results  (see Table 1). 
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Fig. 2. CD spectra showing the mean residue ellipticities of melittin- 
TASP in methanol (-) and in 10 rnM Tris-HCI, pH 7.4 (---). The 
protein concentrations were 21 pM  in methanol (optical pathlength = 
1 mm) and 0.7 pM in aqueous buffer (optical pathlength = 10 mm). In 
aqueous buffer, spectra were recorded 1 min after protein addition from 
a concentrated protein solution in methanol. For a comparison, the spec- 
trum of the  shorter  analog melit t i~~~_~,-TASP (-----) in methanol is 
shown (protein concentration = 60 pM, optical pathlength = 1 mm). The 
temperature was always maintained at 25 "C. 

comparable signals. The  conformation of the TASP was stable, 
i.e., CD  spectra could be reproducibly recorded over a time 
range of 2 h. 

CD spectra in aqueous  solution were obtained after adding 
small aliquots of a  concentrated  protein  solution in methanol 
to a cuvette containing 10 mM Tris-HCl, pH 7.4. The samples 
were always well stirred. A typical a-helix spectrum was  still ob- 
tained (Fig. 2), but with a  concentration-dependent lower mean 
ellipticity per residue (Table 1). At 0.7 p M  melittin-TASP, an a- 
helix content of 33% was observed. The spectra, however, were 
not stable: after the  protein was added to  the  buffer, the ellip- 
ticity decreased continuously by between 10% and 20% of the 
initial signal, reaching an  apparent stationary value after 1 h. 
Simultaneous measurements of the  UV-absorption  spectra re- 
vealed an increase of scattered light with comparable kinetics. 
Furthermore, the time-dependent spectral changes were more 
pronounced in the presence of 100 mM NaCI, where the solu- 
tion became highly turbid  after some time. Such a behavior in- 
dicates strong  protein aggregation in solution. 

Protein aggregation, like protein structure, critically depends 
on the environmental solvent. For this reason, CD spectra of 
the melittin-TASP were measured over a wide range of concen- 
trations, in methanol and in aqueous 10 mM  Tris-HC1, pH 7.4. 
Figure 3 shows the concentration dependence of values. 
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Table 1. Mean  residue ellipticities of melittin-TASP, 
melittin6-26-TASP, and melittin at 222 nm, [8]222, 
under different experimental conditionsa 

[e1222 % Helix 
(deg . cm2 . Signal 
dmol")b stability 

content 
(n,)' 

Melittin-TASP 
In methanol -15,200 Stable 56  (14-15) 
In methanoVPOPC -15,300 Stable 56  (14-15) 
In water -9,100 Decreasing 33  (8-9) 
In water/POPC 

In water/POPC 
(sUV or L u V ) ~  -7,200e Decreasing 

(methanol injection)' -15,600 Slightly decreasing 57 (15) 

In methanol -14,000 Stable 52  (10-11) 

In  water/DTPC 

Melittin6.26-TASP 

Melittin 

(Vogel,  1987) -23,200 Stable 77 (20) 

a Protein  concentration was  0.7  pM for melittin-TASP (optical path- 
length = 10 mm) and 60 pM for melittin6-26-TASP (optical pathlength = 
1 mm). Ellipticities were measured 1 min after  the  addition of protein 
and/or lipid. Signals are baseline-corrected for  the  contribution of the 
lipid vesicles.  Water corresponds to 10 mM Tris-HCI, pH 7.4. Temper- 
ature was kept at 25 "C. 

+5%. 
Percentage of a-helix  content and n,, average number of amino 

acid residues per peptide block in an a-helical  conformation;  the heli- 
cal part was assumed to be located exclusively in the melittin peptide 
blocks because the  template should only adopt a 0-turn structure (see 
footnote 4). 

SUV or LUV of POPC were added to a freshly prepared  protein 
solution in aqueous  buffer (L:P = 800). 

e Lipid was added I O  min after protein addition; the subsequent mea- 
surement did not show a change in ellipticity. 

'Small amounts of a  concentrated  solution of lipid and protein 
(L:P = 800) in methanol were injected into aqueous  buffer. 

Because the signals changed with time, spectra in aqueous buffer 
were always taken 1 min after protein addition. remained 
constant in methanol, which is indicative of a  stable  confor- 
mation in that solvent. In water, however, the ellipticity was 
strongly  dependent on  the final  protein  concentration: the  ab- 
solute signal increased with the  amount of protein added. We 
therefore  conclude that  the TASP adopts a  stable  monomeric 
state in methanol but has a  strong tendency to aggregate in an 
aqueous environment. Aggregation is greatly promoted by in- 
creasing protein  concentration and salt content. 

CD spectra of melittin-TASP were also measured in the pres- 
ence of lipid. The  addition  of 1 mg/mL POPC  to methanol did 
not change the ellipticity of the protein when compared with 
pure methanol (Table 1). Addition of POPC vesicles  (SUV or 
LUV) to a freshly prepared  protein solution (0.7 pM) in 10 mM 
Tris-HCI, pH 7.4, up to final 1ipid:protein ratios of L:P = 1,OOO 
had virtually no influence on the  CD signal (Table 1). Either no 
protein associated with the lipid vesicles under these conditions, 
or  no  conformational change  of the protein upon lipid asso- 
ciation  could be observed. We therefore  applied  a  different 
method for membrane insertion of the TASP: small aliquots of 
a solution  of  a defined L:P composition in methanol were di- 
luted by injection into  the aqueous buffer, reaching the same 
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Fig. 3. Concentration dependence of the mean residue ellipticities at 
222 nm, [t3]222, for melittin-TASP in methanol (0) and in  10 mM Tris- 
HCI, pH 7.4 (0). Error bars correspond to standard deviations from 
different experiments ( n  = 3). Signals were stable in methanol (the dot- 
ted line corresponds to the averaged value -15,200 deg cm2 dmol"). 
In aqueous  buffer,  the  absolute signal decreased by 10-20% over 1 h. 
The values in  10 mM Tris-HCI are therefore recorded 1 min after  pro- 
tein addition.  The temperature was kept at 25 "C. 

final protein  concentration as before. The observed values of 
of this preparation were comparable  to  the values of 

melittin-TASP in pure  methanol.  Clearly,  the  protein was able 
to associate with the lipid membrane stabilizing its secondary 
structure because the kinetics of the CD spectral changes were 
much slower. Due to  the small change in secondary structure 
upon lipid association, however, the  CD signal is not  suitable 
for quantification of the  affinity of template-assembled melit- 
tin to lipid membranes.  In  this respect, melittin-TASP behaves 
differently from native melittin. For the  latter,  a  dramatic  con- 
formational  change was observed from  a  nonregular  state in 
aqueous  solution  (at low peptide  concentration  and  ionic 
strength) to a preferential a-helical structure in lipid membranes 
(Vogel, 1981). 

Finally,  melittin6_26-TASP was characterized by CD. The 
52% helix content determined corresponds to an average of 
about 11 amino acid  residues  per peptide block, distinctly lower 
than  that  found in melittin-TASP.4 

Fluorescence  measurements 

Melittin-TASP in methanol, excited at 280 nm, showed a Trp 
emission spectrum with a maximum at 348 nm. After  a small, 
initial decrease of intensity shortly after protein  dilution into 
a freshly cleaned quartz cuvette, the fluorescence signal re- 
mained stable. The initial signal  decrease could be repeatedly ob- 
served after transferring the previously measured sample to a 
freshly cleaned cuvette. From this observation, we conclude that 
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melittin-TASP has a  tendency to  adsorb  on  quartz surfaces. Af- 
ter  adding  the  protein  to  aqueous 10 mM Tris-HC1, pH 7.4,  the 
fluorescence revealed a  strongly  time-dependent  behavior:  it lost 
about 30% of  its intensity  within the first minutes (Fig.  4, trace 
a).  The kinetics  of the fluorescence  signal hardly  changed  upon 
titration  of lipid vesicles (SUV of  POPC)  to  the  cuvette.  In  ac- 
cordance with the CD measurements, the fluorescence signal was 
stable  on  injection  of  small  amounts of a 1ipid:protein solution 
in methanol  into  the  aqueous  buffer (Fig. 4, trace b). The signal 
intensity  increased  but was rather insensitive to  the  lipid-to- 
protein  ratio.  However,  the wavelength of  maximum  fluores- 
cence, A,,,, was stable in time,  with  and  without  lipid,  and 
revealed a continuous blue  shift with increasing 1ipid:protein ra- 
tio  from A(0) = 356.2 2 0.5 nm  (L:P = 0, equal  to  pure  protein 
in  solution) t o  A(-) = 350.2 2 0.5 nrn (estimated  from a value 
taken  at  L:P = 1,000). Figure  5A  shows  the  variation  of A,,, 
with  increasing 1ipid:protein ratio.  The values of A,,, were de- 
termined from Gaussian  fits to corresponding fluorescence spec- 
tra  around  their  maxima. 

Lipid  affinity 

Wavelength shifts  of  the  maximum  fluorescence  have  already 
been shown  in  the  literature to describe the  monomer-tetramer 
association  and  the  lipid  partitioning  of  native  melittin 
(Dufourcq & Faucon, 1977; Vogel, 1981; Quay & Condie, 1983; 
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Schwarz & Beschiaschvili, 1988). Here,  the  blue  shift of A,,, 
(Fig.  5A)  was used to  evaluate  the lipid affinity  of  melittin- 
TASP. We assume  that,  at  the  moment of  sample injection, only 
1 state  of  the protein (monomeric or aggregated)  equilibrates be- 
tween the  aqueous  and  the lipid bilayer.  Protein molecules  in 
water  may  further  self-aggregate or adsorb  to  the glass  walls, 
resulting in changes of fluorescence intensity,  as  observed. How- 
ever,  these  postinjection processes apparently do  not influence 
A,,,. Therefore, all TASP molecules that  are  not lipid  associ- 
ated will be included in a term called “free”  protein  concentra- 
tion, cf. 

The  association of polypeptides to  lipid membranes  has been 
quantitatively  evaluated  in  the  literature in terms  of a partition 
equilibrium between the  aqueous  and  the lipid bilayer phase  for 
melittin  (Schwarz  et al., 1986; Schwarz & Beschiaschvili, 1989; 
Beschiaschvili & Seelig, 1990) and  for  other  pore-forming  pep- 
tides  (Rapoport & Shai, 1991;  Peled & Shai, 1993; Schwarz & 
Blochmann, 1993). Here we apply  this  concept to melittin-TASP 
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Fig. 4. Trp fluorescence of melittin-TASP upon injecting small and 
identical amounts (a) of a concentrated proteinhnethanol solution and 
(b) of a concentrated  proteindipid (POPC) solution in methanol into 
aqueous 10 mM Tris-HCI, pH 7.4 (excitation 280 nm, emission 350 nm). 
The final protein  concentration was 0.5 pM, L:P = 240. The signal in- 
creased and was greatly stabilized in the presence of lipid. 
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Fig. 5. A: Shift of the wavelength at maximum fluorescence, X,,,, of 
melittin-TASP at increasing ratios of L:P (protein  concentration = 
0.5 FM), diluted from a concentrated methanol solution into 10 mM Tris- 
HCl, pH 7.4. The lipid was POPC. The  dotted line indicates h(w) = 
350.2 nm, estimated from X,,, measured at L:P = 1,000. B: Associa- 
tion isotherm showing r = c,,/c, versus the “free” protein concentration 
CJ (the last 2 points at high cr were omitted because of the large errors 
in calculating r ) .  The solid curve is a fit  using the lipid affinity r = 
1.5 x lo9 M” and  an effective charge number zeff = 5.2 (cf.  Equations 
1, 4). 
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using the  formalism  of  Schwarz  et al. (1986).  A partition  coef- 
ficient r is defined  according to’ 

with r = C,,/C/ being the  molar  ratio  of  lipid-associated  protein 
molecules  per lipid molecule. f( r ) ,  the  activity  coefficient  as a 
function  of r, may  describe  deviations  from  ideal  partition- 
ing (f = 1)  due  to  protein-protein  interaction  at  the  water- 
membrane  interface.  The  mole  fractions of  lipid-associated  per 
total  melittin-TASP, c,,/c,,, were taken  from  the  individual 
shifts of maximum wavelength, X,,,, of  Figure SA by applying 

and by using mass  conservation, 

the  association  isotherm of r versus the  free  protein  concentra- 
tion c, (Equation 1) was constructed  as  shown in Figure 5B. A 
strong  bending of the  isotherm  at  increasing  free  protein  con- 
centrations is evident and indicates  repulsive forces between the 
individual  TASP molecules. As  has been shown  for  net  charged 
peptides  such  as  melittin,  the repulsive forces  can be well de- 
scribed by electrostatic  interaction if an effective  electric charge 
zei / -e   (e  = elementary electric charge) is attributed t o  each  pro- 
tein molecule  (Schwarz & Beschiaschvili,  1989;  Beschiaschvili 
& Baeuerle, 1991; Schwarz & Blochmann, 1993). The  associa- 
tion  of charged proteins to the  membrane  interface generates an 
electrical surface  potential  and  further  partitioning is restricted 
by the  electrostatic  repulsion  between  the  free  and  already 
membrane-associated molecules. Applying the  Gouy-Chapman 
approach  (Hiemenz, 1986) to  uniformly charged surfaces,  the ac- 

The  thermodynamic  principle of a  partition  equilibrium of solute 
polypeptides  between  an  aqueous  and  a  lipid bilayer phase is equivalent 
to  the concept developed by Tanford  to describe the  partitioning of small 
molecules  (alkanes,  amino  acids,  amphiphiles) between water  and  non- 
polar  solvents  such  as  hydrocarbons,  aliphatic  alcohols, or lipid  bilay- 
ers  in  particular  (Tanford, 1980). These basic thermodynamic principles 
were  shown  later  to  be  applicable  to  the  quantification of polypeptide 
insertion  into  lipid  bilayers,  for  example,  the  insertion of amphipathic 
apolipoproteins (reviewed by Massey & Pownall, 1986) or pore-forming 
peptides. In  the  latter  cases,  the  physicochemical  states of the  polypep- 
tides  in  water ( w )  or lipid ( I )  were  defined  by  their  thermodynamic 
chemical  potentials 

p w  = p$ + RT.In(c/co) 

pi = p y  + RT.ln(f-r)  

where c/co denotes  the  concentration of the  polypeptides  in  water  as 
the  molar  ratio  per  unit  concentration (cg = 1 M), r the  molar  ratio  of 
lipid-associated molecules per lipid, andf  an activity  coefficient  describ- 
ing the  peptide-peptide  interactions  at  the  interface. p$ and p: are  the 
standard  molar  free energies of the molecule a t  infinite  dilution.  At equi- 
librium ( p ,  = p/ ) ,  the  ratio  of  solute  molecules  associated  with  the 
lipid and in the  water  phase is determined by the  partition  coefficient 
r, defined  as r = I/co.exp( - A G z / R T )  (unit: M”) with AG; = 
py - p $ ,  the  difference  between  the  standard  chemical  free  energies of 
the 2 phases. 

tivity coefficient/( r )  can be described as developed by Schwarz 
and Beschiaschvili (1989) 

with zeff being  the  effective  charge  number  per  protein  mol- 
ecule. b is an inherent  parameter, which mainly  depends on  the 
salt  content. A value of b = 38.9  corresponds  to  the present con- 
ditions  of 10 mM  ionic  strength.  Including  the  electrostatic ex- 
pansion,  the  association  isotherm  of  the  TASP is now  defined 
by 2 parameters:  the  partition  coefficient, I’, for  the  slope  and 
the electric charge  number, zeJ/, for  the bending of  the  isotherm. 

A least-square  fit of the  isotherm (solid  line of Fig. SB) re- 
sulted  in  the  following  parameters: 

I’ = 1.5 1.0 X lo9  M” (6.0 k 1.0 X lo4 M ” )  

ze// = 5.2 k 0.4 (1.9 k 0.1). 

Published values for  native  melittin  are  shown in parentheses 
(Beschiaschvili & Seelig, 1990; Beschiaschvili & Baeuerle, 1991). 
Within our experimental  errors,  the value of r rather gives an 
estimation  of  the  order  of  magnitude,  whereas  the  curve  bend- 
ing was  more critically dependent on zeff. It should  be  noted 
that zeff as  an  effective  charge  always  remains below the  phys- 
ical valency z of the molecule (see Discussion). The values dem- 
onstrate 2  main  characteristics  of  melittin-TASP when compared 
with  free,  monomeric  melittin:  firstly, a high,  intrinsic  affinity 
for lipid  bilayers due  to  hydrophobic  effects,  and  secondly, a 
strong intermolecular  electrostatic  repulsion  perpendicular to  the 
water-membrane  interface that limits r to less than 1 bound mol- 
ecule  per  100  lipids. This is evident if one bears in  mind  that  the 
TASP-protein  has 4 positive charges  at  each of the  C-terminal 
ends of the  peptide blocks on  the  template side  facing the  aque- 
ous  environment.  The 2 opposing  effects  may  explain why the 
partitioning  remains  rather insensitive to L:P. 

Monolayer experiments 

Small  amounts  of a concentrated  melittin-TASP  solution  in 
methanol were spread  on  the  air-water  interface (ca. 30 cm2) 
of a Langmuir  trough.6  The  aqueous  subphase  was 10 mM 
Tris-HC1 at  pH 7.4. After  waiting 1  h to  allow the system to 
equilibrate,  the  TASP  monolayer  on  the water surface was com- 
pressed and  isotherms  of  surface  pressure versus area  per  mol- 
ecule were recorded.  At a critical  area  of A ,  = 1,200 A2 per 
molecule, a surface pressure  was  established and increased con- 
tinuously  up  to  almost 40 mN/m.  The  pressure  remained  sta- 
ble at  any fixed area, which indicates  that  the  TASP molecules 
favor  the  air-water  interface  rather  than  diffusing  into  the bulk 
solution.  Upon  enlarging  the  surface  area  again,  the  monolayer 
pressure  relaxed somewhat  more slowly, leading to hysteresis of 
the  isotherms. By allowing the system to relax for a sufficient 
time  (about 1 h),  the  isotherms  could  be  reproducibly  observed. 
At a bilayer-monolayer equivalent  pressure  of 32 mN/m (Israel- 
achvili et  al., 1980), the  area  per molecule corresponded  to 
620 2 60 A’. Pressure-area  isotherms of the  truncated  analog 

‘ The design of the  Langmuir  trough is described  by  Lang  et  al. 
(1994).  Experimental  details will be  published  elsewhere. 
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melittin6-26-TASP showed comparable  behavior, and  the area 
per molecule at 32 mN/m was only slightly reduced (590 k 60 A2). 

Planar  bilayer experiments 

Macroscopic current-voltage curves 
Small amounts of a  melittin-TASP  solution in methanol 

were added in close proximity to 1 side of preformed, large 
BLMs of DOPC. The  final  protein  concentrations in solution 
were in the  nanomolar range. Stationary current-voltage curves 
(I-V curves) were recorded 1 h after protein  addition (Fig. 6). 
As for native melittin, the voltage and concentration dependence 
of the protein-induced membrane  conductance, G,  can be de- 
scribed according to  Latorre  and Alvarez (1981) 

A I [ n A ] t 4 0  
3.2 1.6 0.8 nM 

l l  

B 

M. Pawlak et al. 

This expression includes a power law dependence of the protein 
concentration cp, with m being the mean aggregation number, 
i.e., the mean number of molecules within a channel aggregate. 
The exponential voltage dependence includes the characteristic 
number of gating charges CY (or equivalent dipole contributions) 
being moved across the membrane  during  channel  activation. 
kT/e denotes the thermal energy per electric elementary charge 
e (kT298K/e = 26 mV). go is an inherent parameter  dependent 
on the ionic strength, pH, etc. The evaluated parameters m and 
a of melittin-TASP are listed in Table 2 and compared to val- 
ues  of the native peptide  under identical conditions  (Pawlak 
et al., 1991). 

Interestingly, the I-V curves showed different behavior when 
using a  more (Fig. 6A) or less (Fig. 6B) concentrated protein 
stock solution. In the  former case, the I-V curves were strongly 
concentration  dependent ( m  = 6-8) and strongly  voltage- 
dependent ( a  = 5.2), but fully asymmetric concerning their 
voltage-induced activity: only positive voltages on the cis side 
could  induce  a  current. In the  latter case, the  concentration de- 
pendence was almost linear ( m  = l), with a  moderate voltage 
dependence ( a  = 1.4). Membrane conductance could also be in- 
duced at negative voltages with only a slight asymmetry of ac- 
tivity. A  comparable voltage dependence (a  = 1.3) and a small 
asymmetry in channel activity was also observed for the natu- 
ral peptide (Pawlak et al., 1991). At higher concentrations of 
melittin-TASP only,  a voltage-independent conductance ap- 
peared, clearly damaging  the  membrane by surface-active ef- 
fects, but it  was much less pronounced than  for the free peptide. 
Most importantly, the total concentration of melittin-TASP in 
the aqueous phase (some nM), necessary to induce  a  particular 
channel  conductance, was about 100 times less than for native 

v [mVI 
melittin (Pawlak et al., 1991). 

Single-channel  measurements 
Melittin-TASP. In order to reveal the single-channel char- 

acteristics of melittin-TASP, electrical current measurements 
with a high current  resolution were performed on small, “vir- 
tually”  solvent-free lipid bilayers of D0PE:DOPC (4:l) at 
the tips of glass pipettes (tip diameters were around 1 pm). Sin- 
gle transitions  into distinct open states of different amplitudes, 
as well as multiple transitions resulting from mixtures of chan- 
nel states,  could be observed in different experiments or in one 
and the same experiment at different times  of the current record- 
ings. Figure 7 shows typical sections of current recordings of 
single and multiple transitions into  the 3  predominant  states 
(Fig. 7A,B,C). The channel characteristics were almost symmet- v [mVI 

Fig. 6 .  Stationary current-voltage curves induced by melittin-TASP in 
1 M NaCl, 10 mM Tris-HCI, pH 7.4, on large, decane-containing BLMs 
of DOPC, recorded upon  application of linear voltage ramps (100 
mV/min). The curves were recorded - 1  h  after  adding  the protein from 
a (A) high (15 pM) or (B) low (1.5 pM) concentrated stock solution in 
methanol to the electrolyte of 1 side of the bilayer membrane (cis). Pos- 
itive  voltage corresponds to the cis side (tram being grounded). The char- 
acteristic number of gating charges 01 (corresponding to the voltage per 
e-fold  conductance increase, Equation 5 )  were a = 5.2 for A and 1.4 
for B. Curves at increasing final protein concentrations (indicated) fol- 
lowed a power  law (Equation 5 )  dependence  with  mean aggregation num- 
bers m = 6-8 (A) and m = 1 (B). 

Table 2. Voltage  and concentration dependence of 
stationary, macroscopic membrane conductancea 

01 m 
~. ~~ 

Melittin-TASP (Fig. 6A) 5.2 k 0.5 6-8 
Melittin-TASP (Fig. 6B) 1.4 k 0.2 -1 
Melittin (Pawlak et al., 1991) 1.3 k 0.1 4 

by melittin-TASP and melittin in large BLM  of DOPC (1 M NaC1, 
a The stationary, macroscopic membrane  conductance was induced 

10 mM Tris-HCI, pH 7.4). Fitted from curves as shown in Figure 5 ac- 
cording to Equation 6. 
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- c  Fig. 7. Single-channel  activity of melittin- 

50 msec DOPC (4:l) in  symmetric 1 M NaCI, 10 mM 
TASP  on small  patch  membranes of DOPE: 

Tris-HCI, pH 7.4, showing typical segments of 
current  recordings  of  the  3  dominating  chan- 
nel states O1 (600 pS), O2 (935 pS), and O3 
(1,250  pS)  and  their  frequency of occurrence- 
current  histograms:  (A)  single  transitions of 
0,; (B) single  transitions  of 0,; and (C) mul- 
tiple  transitions of 0, , 02, and 03. Closed and 
open  states  are  indicated  by C and 0, respec- 
tively. The  membranes  were  assembled  from 
monolayers  that  had  been  spread  from  a  lipid: 
protein  solution  (L:P = 1,000) in  chloroform. 
The  applied  voltage  was 50 mV. 

B 

- c  v 
oo I 

0.5 sec 0 

rical for different polarities of the applied voltages. In  general, 
increasing the voltage activated more channels and also  chan- 
nels  with larger current amplitudes. Thus, current traces at high 
voltages (>120 mV) became complex and difficult to evaluate. 

The  current  amplitudes, ( I ) ,  of the individual single-channel 
states of melittin-TASP were evaluated from Gaussian fits to 
current histograms at different voltages, comprising single and 
multiple transitions ( n  = 18). The results of the different exper- 
iments are summarized in Figure 8. Three  different  channel 
states (called 0, , 02, 0,) can be clearly distinguished. They all 
reveal a small but significant voltage dependence of (Z). To a 
first approximation, these voltage dependencies could be de- 
scribed exponentially with an e-fold increase every  110 f 10 mV 
(Fig. 8, dotted lines). The single-channel conductances of these 
states were (0,) = 600 f 30 pS, (02) = 935 f 70 pS, and 
(03) = 1,250 f 130 pS (all at 50 mV). (03) is about twice 
( O , ) ,  but  double openings into or double closings from O3 
could  not be detected and  the kinetics of 0, and  O3  are mark- 
edly different (Fig. 7A,C; Table 3). In  a few cases, channels of 
a smaller conductance (below 100  pS) have been observed with 
a low open  probability. 

Information on the gating kinetics  of the melittin-TASP chan- 
nels  was derived by measuring the mean lifetimes ( T ~ ~ ~ , , ,  T ~ , ~ ~ ~ ~ )  

100 I[pA] 

for the  open and closed states of the individual current states 
at different voltages. The data were obtained from monoexpo- 
nential fits to lifetime histograms of current segments contain- 
ing a large number of  single transitions (N > 200- 1 ,OOO, n = 7). 
The values of the exponential decay constants, T~~~ and Tclosed, 

are summarized in Table 3 and were  typically  in the range of  10- 
100 ms. T~~~~ showed a tendency for longer times with increas- 
ing voltages, whereas Tclosed remained more or less constant. 

Acetylated melittin-TASP Single-channel measurements were 
performed with acetylated melittin-TASP ( n  = 3). At neutral 
pH, this TASP molecule has a drastically reduced net electric 
charge because positive charges of the free N-termini, Lys 7, 
Lys 21, and Lys  23 are removed. Thus, less repulsive forces are 
expected  within a TASP bundle. With this  TASP analogue, first- 
channel activity appeared  only 15-30 min after membrane for- 
mation (Fig. 9, trace  A).  Current  transitions occurred only to 
a long-lasting channel state, O* ( T ~ ~ ~ ~  5 seconds), of 1 distinct 
amplitude.  The  channel  conductance was small, (O*)  = 45 f 
5 pS, and ohmic (0* in Fig. 10). With time, channels of larger 
conductance  appeared, similar to 0,  , 02, and O3 of the  unmod- 
ified melittin-TASP (600-1,000 pS). After 1 h, 2 main channel 
states were established, Oy and OF (Fig. 9B,C), with con- 
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Fig. 8. Current-voltage  characteristics  of single-channel 
states  formed by melittin-TASP  on  patch  membranes 
of  D0PE:DOPC (4:l) in 1 M  NaCI, 10 mM Tris-HC1, 
pH 7.4. Open  markers represent mean single-channel cur- 
rents  evaluated  from  Gaussian  fits  to  current  histograms 
of  channel  trace  sections, which contained  at  least 400 
events  per  point (n  = 7). The  voltage  dependence  of  the 

pression: ( I )  = (Io).exp[(V/V') - 1 1 ,  with acharacter- 
istic  voltage V' = 110 mV and ( I o )  = 50 pA (O,, 0), 

- 1  00 1 00 V [  m v ]  channel  currents  could be described by an exponential ex- 

ll..l- &..A conductances  at 50 mV were 600 f 30 pS (O,), 935 f 

,.e1,' @'. 

I . ,  
88 pA (02, A), and 120 pA (03, 0). The single-channel 

-1  00" 70  pS (02), and 1,250 f 130 pS ( 0 3 ) .  Smaller  current . 
states  (below 100 pS)  were  observed  with  a  lower  fre- 
quency  of  openings (e, N 5 50). 
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Fig. 9. Single-channel  activity  of  acetylated 
melittin-TASP. The traces  A, B, and C  are  typ- 
ical  sections  from  current  recordings  on  small 
patch  membranes (as described in Fig. 7), show- 
ing channel  state O* (45 pS) 25 min  after  mem- 
brane  formation (A) and OgC (620 pS) and OF 
(1,000 pS)  after 2 1 h (B,C) and  the  respective 
current  histograms.  The  applied  voltages  were 
125 mV in A,  100 mV in B and  the  upper  trace 
of C, and 50 mV  in  the  lower  trace C (note  the 
voltage  dependence  of  the  open  times  in  the 2 
traces of C). The  arrow  in  the lower trace C in- 
dicates  closing  of  the  infrequent  channel 0** 
(100 pS).  Trace D shows  sections  of the 7-pS 
channel,  measured  in  large  Montal-Mueller bi- 
layers  of  D0PE:DOPC (4:l) with  protein 
added only to 1 side of  the  membrane  at  almost 
I O  times  lower  concentration.  The  channel  ac- 
tivates  with  both  polarities (*lo0 mV). 

1 sec 



Template-assembled  melittin 

200 

150 

100 

50 

a c  / o* 

Fig. 10. Current-voltage  characteristics  of single-channel states  formed 
by acetylated melittin-TASP  on  patch  membranes  of  D0PE:DOPC  (4:l) 
in 1 M  NaCI, 10 mM  Tris-HCI, pH 7.4. Channel  currents  were  symmet- 
rical  with  respect to voltage  polarity.  Open  markers  denote  the  maxima 
of multigaussian  fits to  current  histograms of trace  sections  containing 
N s 500 events (n = 3). Full  markers  indicate  single-channel  currents 
from  segments  containing  fewer  events ( N  5 50). Dotted  lines  are  ex- 
ponential  fits  (cf.  Fig. 8 caption)  with  a  characteristic  voltage V' = 
105 mV and ( lo)  = 41 pA (Of', 0) and 58 pA (Oy, A). The single- 
channel  conductances  (at 100 mV) were 45 * 5 pS (O*, +), 1 0 0  * 10 pS 
(O**, A), 620 L 40 pS (Oy, 0), and 1,000 * 50 pS (Oy, A). O* oc- 
curred 15-30 min  after  membrane  formation,  the  larger  channels  ap- 
peared  simultaneously  after s l  h. 0** appeared  only  in  the  presence 
of the  large  channels  with  openings  in  the  second  range.  Open  circles 
(0) indicate  channels  from  trace  segments  with  current  amplitudes  that 
do  not  fit  the  predominant  states OF and Oy. 

ductances  of (OF) = 620 f 40 pS  and (OY) = 1,000 f 50 pS 
(Fig. 10). The  conductances  exhibited a similar  voltage  depen- 
dence  to  those  of  the  unmodified  protein with an e-fold  increase 
of  conductance every 105 k 5 mV. Interestingly, within the es- 
tablished  channel  activity of OF and O r ,  a small, new state, 
O**, similar to 0*, appeared occasionally (Fig. 9,  arrow  at lower 
trace C). It showed slow kinetics with T~~~~ and 'Tclosed in the sec- 
ond  range  and a channel  conductance  of (O**) = 100 k 10 pS, 
slightly larger  than  that  of O*. Generally,  the  channel  states  of 
the  acetylated  analogue were better  defined  compared  to  those 
of  the  unmodified  melittin-TASP,  as  inferred  from  narrower 
Gaussian  distributions in the  channel  current  histograms,  i.e., 
a decreased current noise of  the open  channel  states. In addition, 
the  channels  could  be  reproducibly  observed  up to  9  h after 
membrane  formation, which indicates the absence of  membrane- 
damaging  effects. 

The  gating  kinetics  of O$ and 0;' were  clearly regulated by 
voltage as  demonstrated in  Figure 9C, in  the  upper (50 mV) and 
in the lower ( 1 0 0  mV)  trace. The mean open times increased with 
increasing  voltages,  whereas  the  mean  lifetime  of  the closed 
states  remained  more or less constant.  The  transitions  of  the 
small  channels  of  acetylated  melittin-TASP, O* (Fig.  9A),  had 
longer lifetimes of around 0.5 s, as estimated from 2 experiments 
( N  2 50). A critical  voltage  seems to  be necessary for  channel 
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activation,  as is already  evident from  the macroscopic I-V curves 
(Fig. 6). Generally,  the voltage  dependencies  of the  channel  con- 
ductances  and  the kinetics  seemed to  be  more  pronounced  for 
the  larger  conductance  states. 

If the  channels  consist  of  aggregates of TASP  molecules, 
channel  activity  should  strongly  depend on  the  protein  concen- 
tration  (Equation 5 ) .  In bilayers comprising less protein  mol- 
ecules,  the  number  of  channels  formed by TASP  aggregates 
should be diminished relative to  the  number of channels  formed 
by TASP  monomers.  Indeed,  the  formation of bilayers  from 
lipid solutions  containing less protein  (L:P > 1,000) drastically 
reduced the probability of observing a reasonable number of sin- 
gle channels within the given membrane  area.  Under these con- 
ditions,  the use  of  small tip glass pipettes is unsuitable.  Instead, 
larger  membranes  allow  the  use  of less protein (larger L:P  ra- 
tios)  for  the  detection  of  single-channel  events in a reasonable 
period  of  time  and  number  of  experiments.  Therefore, single- 
channel activity was also  measured on  planar bilayers with larger 
membrane  areas  (diameter = 100 pm)  under  otherwise  identi- 
cal  experimental  conditions.  Unfortunately,  the  current resolu- 
tion is reduced. Acetylated melittin-TASP was  chosen  because, 
due  to its  reduced number of positive electrical charges,  it  might 
show a tendency to  form  the better  defined and smaller channels. 

Very small and  ohmic single-channel current  states with a con- 
ductance  of 7 1 pS were  observed after  the  membrane  forma- 
tion (Fig. 9D). Although the protein was incorporated only from 
1 side of the  bilayer,  the  channel activity  was established sym- 
metrically at positive and negative  voltages. Mean  times  of  the 
open  and closed states were  in the IO-ms range. 

The  cyclized and the truncated (melittin,_,,)- TASP 
Cyclized rnelittin-TASP. Here  the  potential  structural flexi- 

bility of  the  template was reduced by cyclization  in order  to  in- 
vestigate whether  this  conformational  restriction  might  create 
some new properties of channel  behavior  of melittin-TASP. 
However,  the  channel  conductances  and  the  openingklosing ki- 
netics  were  in a similar  range to  those of the noncyclic TASP, 
except  that  there was a higher  tendency to  stabilize  the  smaller 
channel  states  as revealed by the  state  probabilities of the  cur- 
rent  histograms (see also  Dhanapal et al., 1993). 

Melittin6-26-TASP. This  truncated  melittin-TASP  was syn- 
thesized  in order  to test whether  the  first 5 amino  acid  residues 
of  the  N-terminal  segments  of  the  melittin  chains play a signif- 
icant  role in the  channel  formation  of  the  TASP.  Compared 
to  melittin-TASP,  no  significant  changes  of  the  single-channel 
properties  of  this  TASP  form  have been observed. 

Native melittin 
For comparison,  the  channel activity  of natural,  monomeric 

melittin was measured  under  the  same  experimental  conditions 
as used for  TASP  melittins  on  patch  pipettes.  Additional  data 
of the channel  characteristics  of melittin in pure  DOPC  are taken 
from  the  literature  (Pawlak, 1991; Pawlak et al., 1991). The 
membrane activity of melittin as revealed by electrical measure- 
ments  can  be  characterized by 3 typical  effects,  shown in  Fig- 
ure 11. At low peptide  concentrations, small and defined  single 
channels  could be observed (Fig. 1 IA).  The channel  conductance 
was 18 k 3 pS  and  ohmic.  Mean  times  for  the  open  and closed 
states were in the second range, considerably  longer than  for  the 
TASP molecules. Upon increasing the  peptide  concentration 
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Table 3. Mean  times of the open (rOpen) and closed states increased  upon  increasing  the  applied voltages and rclosed re- 
( T ~ , ~ ~ ~ )  of different sized single-channel states of mained  constant  (Table 3; Pawlak, 1991). 
melittin-TASP (including the acetylated analogue) 
in small patch  tip membranesa 

Melittin-TASP 
- 

Channel 0,  (600 pS) 

Voltage Tclose Tope" 
(mv) (ms) (ms) 
~ . _ _ _ _ _ _ _ _ _  

50 1 4 k 5   1 2 f 5  
80 16 t 5 7 k 5  

120 7 k 5 140 f 40 

Acetylated melittin-TASP 
Channel Op (620 pS) 

____ 

Voltage ~ c l o s c  Topen 

(mV) (ms) (ms) 
~~ ~ 

70 200f 50 8 f 5 
100 100 k 20 31 f 5 
120 80 f 20 44 f 10 

Melittin 
An "intermediate" channelb 

- -~ ~~ ~____ 

Voltage ropcn Tclo5c 

(mV) (ms)  (ms) 
~~ ~- ~" ~ 

50  62 f 10 102 f 15 
60 78 f I O  93 f 15 
70 I64 k 15 105 k 25 
80 217 k 60 99 f 15 
90 278 f 60 97 k 15 

~. ~ " . ~- 

____ 

Channel O3 (1,250 pS) 

Voltage T , ~ ~ ~ ~  Tope" 

(mv) (ms) (ms) 

30 23 f 5 23 f 5 
50 22 * 5 40 f 5 
70 18 k 5 56 k 10 

~~ 

50 50 f 20 12 k 5 
70 35 k 20 35 k 10 
90 40 f 20 80 f 20 

100 4 0 k  20 2 3 0 k  50 

a In small patch tip membranes of D0PE:DOPC (4:l) bathed in 1 M 
NaCI, 10 mM Tris-HCI, pH 7.4. Data were obtained from current seg- 
ments containing single transitions (N z 200-1 ,OOO, n = 7). Data for nat- 
ural melittin are included. 

rapen and rclose correspond to melittin channels of an intermediate 
conductance of 110 pS (in 1.8 M NaCI, BLMs of DOPC) that were sta- 
tionary over long time periods (N> 250, n = 2). The values are  taken 
from Pawlak (1991). 

and/or  applied  voltage,  channel  activity  rose  dramatically. 
Channels of  larger conductances (175-300 pS) with  a  large  vari- 
ability  in  amplitudes  appeared (Fig. 11B). They  are still defined 
as  sharp  transitions,  but  fluctuate  much  faster, in the  range of 
50 ms.  In  addition, a continuously  variable  and  apparently 
voltage-independent membrane  conductance was superimposed 
on  the  discrete  channel  activity (Fig. 11B). This  feature  may 
reflect the  membrane-damaging  effects of melittin, which in- 
creased  the  probability  of  membrane  rupture  at  high  peptide 
concentrations  and voltage. Another typical feature is shown  in 
Figure 11C: apparently  stationary single-channel traces were in- 
terrupted by burstlike, largely fluctuating  sections,  sometimes 
reaching  conductances of 1-2 nS.  The opening/closing  kinetics 
of a distinct  channel of intermediate  conductance (60 pS  at 1 M 
NaCI) were observed  over  long  periods  of  time. Under these  con- 
ditions, a  voltage  dependence of the  gating kinetics could  be  ob- 
served that stabilizes the  open  state  of  the  channel.  Thus, rope" 

Dye release experiments 

Melittin-TASP  and  native  melittin were compared by measur- 
ing their  overall efficiency for dye release from lipid vesicles. Fig- 
ure 12 shows  the  characteristic  curves  normalized to  the signal 
of  100% release after  addition  of  detergent.  The kinetics of dye 
release induced by melittin-TASP were  similar to  those  induced 
by natural melittin,  but comparable signal intensities had already 
been reached  at  protein  concentrations  about 20 times lower 
than  for  natural melittin. The final methanol  content (maximum 
1070) had  no  influence  on  the  dye release. 

Discussion 

Structural measurements 

The  CD  measurements  show conclusively that  the  structural 
properties of  the melittin-TASP  in  solvents as well as in lipid bi- 
layers differ  to  some  extent  from  those  of  natural  melittin. 
Firstly,  in aqueous  solution, even at low peptide  concentration, 
low ionic strength,  and  neutral  pH, melittin-TASP  exhibits a rel- 
atively  high helix content,  although  under  comparable  condi- 
tions  natural  melittin  remains in  a random coil state  (Talbot 
et al., 1979). The  melittin-TASP  shows a strong  tendency  to 
form  large  aggregates in an  aqueous  environment.  Clearly,  the 
template  induces  the  peptide  blocks  to  fold  into helices, which 
will necessarily be amphipathic because  they are long enough  to 
be  located  at least partly on  the  hydrophobic segment of  amino 
acids 1-20. In aqueous  solution,  the  amphipathic helices of nat- 
ural  melittin  assemble  as  tetramers  shielding  the  hydrophobic 
areas by intermolecular  contacts  and yielding an overall hydro- 
philic surface of the peptide  aggregate (Terwilliger & Eisenberg, 
1982). In  this  respect,  the  tetramerization  of  natural  melittin 
resembles the folding process of globular  proteins (Goto & Hagi- 
hara, 1992; Hagihara et al., 1992). However, in  melittin-TASP, 
the  conformational  constraints  of  the  template  prevent  the  in- 
dividual helix blocks  from  arranging like the  free,  tetrameric 
melittin,  i.e.,  as 2 pairs of antiparallel  oriented  dimers (see 
Terwilliger & Eisenberg, 1982). Consequently, nonshielded hy- 
drophobic  areas  of  the  peptide  blocks,  comprising helical or 
nonhelical  structures,  can  interact with equivalent  partners of 
neighboring  TASP molecules to  form  inter-TASP  aggregates. 
In  contrast,  melittin-TASP  remains  molecularly dissolved  in 
methanol with an  increased helix content.  The  average  second- 
ary  structure  of  nearly 60% a-helix  content  of  melittin-TASP 
is identical  in  methanol  and in  lipid bilayers.  Natural  melittin 
exhibits 90% a-helical structure in methanol (Bazzo  et al., 1988) 
and  around  75%  a-helix in the lipid membrane (Vogel, 1987). 
The  quite  notable  difference  in  the  helix  content  between 
melittin-TASP  and  free melittin  in  lipid  bilayers corresponds to  
an average structural difference  of about 5 amino  acids per indi- 
vidual  melittin  chain (see Table 1). In  the  case  of melittin,_,,- 
TASP, the  CD  data indicate about 11 amino acids  per truncated 
melittin  chain  in a helical conformation.  Even if we take  into 
account  the  uncertainty of such  an  absolute  structural  interpre- 
tation  of  the  CD  data,  the average helix content of  this time  and 
ensemble  averaged  protein  structure seems to  be  too low to be 
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Fig. 11. Single-channel  activity of natural 
melittin measured on patch bilayers (DOPE: 
DOPC [4:1]  in I M NaCI, 1 0  mM Tris-HCI, 
pH 7.4). Melittin (in water) was added to the 
lipid monolayers before membrane formation 
(L:P 5 200 might be a [theoretical] upper limit 
of all peptide molecules captured in the lipid 
monolayers). The 3 traces show schematically 
the typical characteristics of melittin's channel 
activity (from n = 5) under these conditions: 

40 8o '[PA] of 15 pS conductance (recorded at 150 mV); 
(A) formation of small, defined  single channels 

(B) channels of larger conductances (175-300 
pS) and large variability of amplitudes at con- 
stant voltage  (120  mV),  superimposed on a con- 
tinuously varying current contribution; (C) (at 
150 mV) discrete channel formation  (about 50 
pS) mixed with sections of a  burstlike  charac- 
ter, revealing ill-defined and quickly fluctuat- 
ing conductances (here 300-600 pS). 

c- 
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Time after  protein  addition [SI 
Fig. 12. 6-CF release from dye-loaded POPC vesicles  with mean diam- 
eter 500 A, induced by (a) 290 nM melittin and (b) 15 nM melittin-TASP. 
Experimental conditions were: lipid concentration = 80 FM, aqueous 
buffer = 100 mM NaCI, 10 mM Tris-HCI, pH 7.4. 

arranged  as  uniformly  membrane-spanning a-helices.  Neverthe- 
less, the  truncated  TASP  forms  ion  channels. 

The fluorescence  spectra also indicate  differences between the 
structures of melittin-TASP  and  natural  melittin.  Only a slight 
difference  of  the emission spectrum  of  the  tryptophan was ob- 
served in  the  case  of  the  TASP  compound  under  the  different 
solvent  and  membrane  conditions (Ah,,, 2 6 nm),  in  contrast 
to  natural  melittin,  where a large  shift of the  tryptophan emis- 
sion wavelength (Ah,,, = 17-19 nm)  occurs when transferring 
the  peptide  from  an  aqueous  solution to a lipid-bound  state 
(Dufourcq & Faucon, 1977; Vogel, 1981). This indicates that  the 
tryptophan is probing a different  environment in  melittin-TASP 
than in natural  melittin. 

The  affinity  of  melittin-TASP  for lipid  bilayers is high and 
orders  of  magnitude  larger  than  for  the  natural  peptide.  This 
is  indicative of  the increased hydrophobic  nature  of  the  protein. 
However,  due  to  the molecule's higher  hydrophobicity,  deter- 
mination of the lipid partitioning is largely dependent  on  the ex- 
perimental  system.  Adding  melittin-TASP  into  an  aqueous 
solution  of lipid vesicles (as is done  for  the well water-soluble, 
natural peptide) apparently reduces the  spontaneous  membrane 
association.  This  effect  might be due  to  protein  aggregation in 
aqueous  solution  and  to membrane-inactive protein aggregates. 
On  the  other  hand,  the  strong  affinity  of  the  TASPs  for lipid 
bilayers, when reconstituted  from a  lipid environment, is lim- 
ited by repulsive protein-protein  interactions  at  the  membrane 
interface  due  to  the  large  number  of positive charges  exposed 
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Fig. 13. Schematic side view of a melittin-TASP mol- 
ecule in a self-assembled protein monolayer on  an air- 
water interface. An area of  620 +. 60 A 2  was measured 
after establishment of a bilayer-monolayer equivalent 
surface pressure of 32 mN/m, suggesting that  all 4 pep- 
tide chains are preferentially oriented perpendicular to 
the interface. Assuming that 13 peptide bonds per me- 
littin block form an a-helical structure (according to the 
CD measurements) comprising the  hydrophobic  residues 
6-20 with a kink of an angle of 120” around the posi- 
tion of residue I2 (according to the crystal structure of 
Terwilliger & Eisenberg [ 19821) and a helix diameter of 
10 A, an  area of 30 x 20 A’ = 600 A ?  was  estimated  per 
molecule. This value fits well  with  the  observed area. The 
hydrophilic  template  and  the  strongly  charged  C-terminal 
segments of the  melittin blocks (indicated by C Z l )  are 
assumed to extend into the water subphase. 

to  the  aqueous  solution.  From  the  Gouy-Chapman  approach, 
the  effective  charge  of  the  melittin-TASP  was  derived  as 
z$rAsp = 5.2. This  number  is,  firstly,  much less than  the ex- 
pected formal  protein  charge,  as  already  demonstrated  for  the 
natural  melittin (z$ = 1.9), and,  secondly, less than 4 times 
the  effective  charge  of 1 melittin chain (4 x z$ = 7.6). This 
is  in line with a predicted  reduction of the physical  valency, z ,  
of  larger  proteins,  where  the  finite size of  the molecule and  the 
discreteness  of  the  protein  charge were  explicitly considered 
(Stankowski, 1991). In this extended treatment,  the “effective” 
reduction  of z was  theoretically  shown to be  more  prominent 
with  increasing protein size and increasing  physical valency z of 
the molecule. Here,  this  trend is confirmed  experimentally  for 
melittin-TASP. 

A  central  question  regarding the functioning of melittin-TASP 
as  a channel is whether  the  individual  TASP molecules fold  as 
helix bundles or as flat structures with the helices extending  away 
from  the  template. In this  context,  the  Langmuir  experiments 
reveal some  important aspects. Melittin-TASPs  have a pro- 
nounced  affinity  for  the air-water interface, which resembles  a 
water-membrane  interface.  They  can  pack densely as a mono- 
layer of high and  stable  surface  pressure  on  the  water  surface, 
i.e.. without loss of  protein molecules into  the  aqueous  sub- 
phase.  This  finding is quite  remarkable  and  demonstrates  for 
the  first  time  that  particular  proteins  comprise  self-organizing 
properties.  This  has previously only been observed  for lipid or  
lipidlike compounds  (Roberts, 1990). The  area  of 620 A’ per 
TASP  molecule  at  the  bilayer-monolayer  equivalent  surface 
pressure,  and  the  nearly  identical  area  of 590 A’ of  the  trun- 
cated melittin,-2,-TASP, fit well with a conformation in  which 
4 kinked peptide helices of IO-A diameter align perpendicularly 

to  the  air-water  interface (see Fig. 13 for a model).  For a par- 
allel alignment  of the peptide  segments on  the water surface,  one 
would expect a considerably  larger  area  difference between the 
2 differently sized molecules. The  stable  monolayer  behavior 
might be  due  to  the  strong  amphipathic  nature  of  the  protein 
in 2 respects: firstly, within the  plane  of  the  interface, it segre- 
gates hydrophobic  and hydrophilic  surfaces of neighboring pep- 
tide  chains along  the a-helical  axes, and secondly,  perpendicular 
to  the  interface, it segregates the  strongly  charged  C-terminal 
peptide  ends linked to  the  template  and  the  more  hydrophobic 
segments  of  amino  acids 1-20. Additional  infrared  spectra  of 
TASP  monolayers,  transferred  to  germanium  substrates, re- 
vealed the  amide I and I1 vibrational  bands at wave numbers typ- 
ical for  an  a-helical  conformation  (unpubl. results). 

Functional measurements 

The  electrical  measurements  demonstrate  the  capability  of 
melittin-TASP  to  function  as  defined  ion  channels in lipid bi- 
layers. However, the  channel activity was differently established 
depending on  the reconstitution  protocol.  According to  the mac- 
roscopic  measurements, the  channels  are predominantly formed 
by either individual or  by aggregated structures. Single-channel 
measurements  of  the  various  TASPs  did  not reveal one  distinct 
channel  state,  but several differently sized channels with con- 
ductances  of  up  to 1 nS. In the case of acetylated melittin-TASP 
at  suitably low protein  concentrations,  channels with conduc- 
tances  as low as 7 pS  have been observed,  which, however, 
change  to  higher  conductance levels slowly with time. It is rea- 
sonable  to  assume  that  the lowest conductance  channels were 
formed by individual  TASP molecules. Conductances  of  this 
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range have also been  observed  with other  TASP molecules com- 
prising  authentic  sequences  of  large,  natural  ion  channel  pro- 
teins (Montal  et  al., 1990; Grove et al., 1991). The  change  from 
channels  of low conductance  into  channels  of  larger  conduc- 
tances is slow enough  to  be  experimentally  observed in the  case 
of  acetylated  melittin-TASP. It may  be  interpreted  as  the  inter- 
molecular  aggregation  of single TASP molecules into  larger 
structures within the lipid bilayer.  Larger  channel currents might 
be  induced  either by structures  where  parts  of several TASPs 
contribute  to a large  channel  or  by  the  cooperative  opening of 
several  small channels within  a  cluster  of TASP molecules. Such 
a cooperative  process  has been proposed  for  the  channel  open- 
ings of the  bacterial  outer  membrane  porins  (Dargent et al., 
1986) and also for  the differently sized conductance levels of  ala- 
methicin  pores  (Bezrukov & Vodyanoy, 1993). 

Once  the large channels had been established, the initial,  small 
channels  disappeared completely and a new,  but still small chan- 
nel appeared  occasionally (see O* [45 pS] and 0** [ I O 0  pS]  in 
Fig. 9C).  These  small  states  may  be recognized as  channels  of 
the  same  origin  but revealing different  characteristics. 

Native melittin forms defined  ion  channels in the  conductance 
range  of 18-300 pS  and,  in  addition, less defined  states  of  up 
to  1-2 nS. They all show a considerably  larger  variability  in am- 
plitude than  the  TASP channels. The observed  conductances are 
in line with results of melittin in different bilayer systems (Toste- 
son & Tosteson, 1981; Hanke et al., 1983; Tosteson  et al., 1985a) 
and  of  other  small  pore-forming  peptides  like  the  more  hydro- 
phobic,  uncharged  peptides  of  the  alamethicin  type  (Gordon & 
Haydon, 1972; Menestrina  et  al., 1986; Vogel et al., 1993) and 
the  charged  peptides  related  to  melittin, like mastoparans (Mel- 
lor & Sansom, 1990), &toxin  (Mellor et al., 1988), and  magai- 
nins  (Duclohier et al., 1989). In  addition  to  distinct  channel 
formation, a voltage-independent conductance is superimposed, 
which  clearly damages  the  membrane.  This activity may  be 
caused by molecules  being associated with the  membrane sur- 
face  and  not involved  in channel  formation.  The  attachment  of 
4  melittin chains  to a template  constrains  the  TASP  channels  to 
a  few defined  states, in contrast  to  the  complexity  of  free  me- 
littin channels, which form multiple  oligomeric  states rather  than 
a unique  channel  structure. A considerable  contribution  to  the 
complexity  of  channel activity of  the  free  peptide  might result 
from  the  formation  of  channel  aggregates  where  the  individual 
monomers  involved  may be oriented  parallel or antiparallel 
along  the bilayer normal  (Boheim  et  al., 1983; Furois-Corbin 
& Pullman, 1986; Guy & Ragunathan, 1988). 

Template-assembled  melittin can  reproduce  some typical  fea- 
tures of the  natural  peptide,  despite a reduced  variability of 
channel  states.  Such  features  are  formation  of single channels 
in a similar range of conductances  and a comparable voltage  de- 
pendence  of  the  macroscopic  membrane  conductance  as ex- 
pressed  in terms  of a gating  charge  number of around 1.3. The 
concentration  dependence  of  channel  formation  of m = 4 for 
melittin decreased under certain  conditions to m = 1 for melittin- 
TASP,  consistent with the idea that  the  membrane  conductance 
of melittin is induced by predominantly tetrameric  channel  struc- 
tures.  In  addition,  the  propensity  for  aggregation seems to  be 
characteristic  of all melittin-TASPs  tested.  In  all  cases investi- 
gated,  the  distribution  of  conductance levels and  the  gating ki- 
netics  were more  or less conserved,  independently of whether 
the  molecule  was cyclized at  the  template,  N-terminally  trun- 
cated, or made even more  hydrophobic by acetylation.  In  con- 

trast,  large  changes  of  the  channel  properties were observed 
upon acetylation  of the  natural peptide  (Stankowski  et al., 1991): 
greatly prolonged lifetimes of  the  open  channel states and  an in- 
crease of the  mean  aggregation  number  from m = 4 to  m = 8. 
These  results  demonstrate  that  the  template stabilizes particu- 
lar  conformations of the TASP. Whether these are 4-helix bun- 
dle  structures  cannot yet be  decided. 

Both  for  melittin  and  for melittin-TASP, the  open  states of 
the  channels  are stabilized with respect to  the closed states  upon 
increasing  voltages (see especially trace C of Fig. 9). Sensing of 
the  transmembrane electric  field by the  pore in the  open  state 
may  also  be  inferred  from  the  fact  that  the single-channel con- 
ductances revealed  a small,  but perceptible  voltage dependence 
(Fig. 10). Such a behavior is contrary  to  measurements with 
more  hydrophobic  and  uncharged  peptides,  alamethicin,  and 
synthetically designed model  peptides  (Boheim, 1974; Lear et al., 
1988; Akerfeldt et al., 1993). In  the  latter  examples, voltage- 
dependent  channel  activation  apparently results from  an exclu- 
sive increase  of  the  frequency of opening,  i.e., a decreasing 
lifetime of  the closed state.  The increase of the opening rate was 
explained  by  models  that  concentrate  on  voltage-induced 
changes  of  the  peptide helix orientations  within  the  membrane 
(see Sansom [1991] for a  review). These  differences  may  indi- 
cate  different processes of  voltage  gating  for  the  charged  and 
for  the  uncharged,  hydrophobic  peptides. 

For a structural  interpretation of the voltage-gating process, 
the following findings  are  important: (1) the  rather low voltage 
dependence of the  conductance of the  TASP implies that  only 
about a quarter of  a gating  charge per  melittin chain is moved 
across  the  full bilayer thickness, (2) the  open  state of the  chan- 
nel is stabilized with increasing  voltage, and (3) the  channels  can 
be activated symmetrically upon application  of positive and neg- 
ative  voltages when the  protein is added  only  to 1 side of  the 
membrane.  This  means  that all 4 C-terminal  ends of the melittin 
blocks  may  be  exposed on 1 side of the  bilayer.  These  observa- 
tions  imply  that  the  process of voltage  gating is not  the  reori- 
entation  of peptide helices across the lipid bilayer resulting from 
the  action  of  the electric  field on  the helix dipole  moments.  The 
monolayer  experiments  also  indicate that  the melittin helices may 
be  oriented  perpendicular  to  the  air-water  interface. Voltage 
activation  of  the  channels  may  then  be  performed by voltage- 
induced,  intramolecular  structural  transitions of a membrane- 
embedded,  “pre-pore”  conformation  of  melittin-TASP,  as 
already  proposed  for  the  channel  formation of natural melittin 
(Pawlak et al., 1991). In  this  model,  the  gating  process  would 
resemble the  voltage  activation  of  large,  membrane-anchored 
channel  proteins.  Template  association of the  peptides  may 
therefore be regarded  as  catalyzing the  “pre-pore”  state  and  may 
drastically  increase  the  number of membrane-associated  mol- 
ecules directly involved in channel formation.  The reduced spon- 
taneous,  and therefore  voltage-independent, contributions  to  the 
membrane  conductance  may be a good  indication of  a  strongly 
diminished pool of  surface-associated molecules that  do  not pen- 
etrate  the bilayer membrane (I-V curves of Fig. 6; Figs. 7 ,9 ,  11). 

Because of its surface activity and channel-forming  properties, 
melittin is a strong  hemolytic  and  antibiotic  peptide  (DeGrado 
et  al., 1982; Tosteson et al., 1985b;  Wade  et al., 1990, 1992). 
Functional  assays  that  directly  compare  melittin  and  melittin- 
TASP  under  the  same  experimental  conditions reveal the  influ- 
ence of the  template  on  the  overall toxicity of  the  polypeptides. 
Compared  to  the  free  peptide,  melittin-TASP is around 100 
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times  more active with respect to  channel  formation  and  about Synthesis and purification  of  melittin-TASP 
20 times more efficient in releasing dye molecules from lipid ves- 
icles. The  clear  distinction between these 2 numbers  indicates 
that  the lytic properties are  not exclusively related to channel for- 
mation but may also  include  surface-active  effects.  Accordingly, 

The melittin-TASP  molecules  were  assembled  using a combina- 
tion of Boc  and  Fmoc  strategies  on a p-MBHA resin (Mutter 
et  al., 1992; Tuchscherer  et  al., 1992). A  high  accessibility/low 
loading  of  the resin (0.3 mmol/g) was used in order  to maximize the  effects  that  damage  the  integrity Of the membrane coupling  efficiencies in the assembly of the helices. The  synthe- are less pronounced for the TAsp molecules than the sis of the template molecule was performed  manually, using Na-  ral  peptide. Boc-protected amino acids, with Mob  for Cys and  Fmoc  for Lys 

Conclusion 

The  TASP  approach is a  versatile tool  for  constructing new syn- 
thetic  polypeptides  with  specific  properties. We have  dem- 
onstrated  that  melittin-TASP  can  adopt  preferential helical 
conformations in water,  organic  solvent,  and lipid  bilayer en- 
vironments. The proteins  show a large  tendency to self-aggregate 
with  increasing protein  concentration  both in water  and in lipid 
membranes.  When  reconstituted in planar bilayer membranes 
(at low concentrations), single melittin-TASP  molecules,  with 
unidirectionally  oriented  peptide  chains, reveal ion  channel 
activity with certain  characteristics comparable  to  the native pep- 
tide  (channel  conductance,  voltage  activation,  voltage  depen- 
dence,  and  gating  kinetics).  However,  the results presented 
also  indicate  an  important  difference between free melittin and 
melittin-TASP; the  attachment of  4 melittin chains to a template 
considerably  reduces  the  complexity  of  the  channel  properties 
of  free  melittin  to  only a few defined  channel  states.  The  chan- 
nel activity of the  TASP was about 100 times more  pronounced. 
Generally,  the  TASP  approach may be a convenient tool  to  am- 
plify structural  and  functional  features  of  polypeptides  known 
from  their  free  monomeric  states.  It  might be useful for  the  de- 
sign of  new,  more  powerful  and specific antibiotics or the  de- 
sign of  channel  toxins with linked, specific recognition sites that 
may allow the  regulation of the  channel  function by external 
triggers. The ability to  form stable  monolayers  of  melittin-TASP 
at  air-water  interfaces  opens up the possibility of studying  the 
self-assembly of pure  protein layers at  interfaces  as well as a 
structural  and  functional investigation  of the protein embedded 
in supported  mono- or multilayers of  lipid. 

Materials and  methods 

Chemicals 

DOPC,  DOPE,  and POPC were purchased  from  Avanti  Polar 
Lipids (Birmingham, Alabama). All  salts were from  Fluka (Swit- 
zerland)  and  of  grade MicroSelect. Methanol,  ethanol,  isopro- 
panol,  chloroform,  hexane,  decane,  and  hexadecane (all of 
UV-spectroscopy  quality) were obtained  from Merck (Germany). 
6-CF  was  purchased  from  Molecular  Probes  (Eugene,  Oregon) 
and used without  further  purification.  For  the synthesis, all the 
amino  acids  Boc-Lys-(Fmoc),  Boc-Ala-OH,  Boc-Cys-(Mob), 
Fmoc-Gly-OH,  Fmoc-Ala-OH, Fmoc-Val-OH, Fmoc-Pro-OH, 
Fmoc-Ile-OH,  Fmoc-Leu-OH,  Fmoc-Gln-(Trt)-OH, Fmoc-Lys- 
(Boc)-OH,  Fmoc-Arg-(Mtr)-OH,  Fmoc-Trp-OH,  Fmoc-Thr- 
O H ,  Fmoc-Ser-OH,  the  dipeptide  Boc-Pro-Gly-OH,  and  the 
coupling reagents BOP,  PyBOP, and  the  MBHA resin were from 
Bachem or Novabiochem  (Switzerland), and  the dansyl  chloride, 
DMF,  DCM,  TFA,  DIC,  and  HOBt  from  Fluka  (Switzerland). 

Natural  melittin was purchased  from  Mack  (Germany)  and 
purified  as  described by Vogel (1987). 

side-chain protection.  Boc-Pro-Gly-OH was introduced  as a di- 
peptide using BOP  reagent. All the  other  couplings were per- 
formed in  a  2  M solution with  3 equivalents of DIC/HOBt  or 
BOP/HOBt  in  the presence of DIPEA.  The  N-terminus  of  the 
template  was  acetylated using acetic  anhydride  and pyridine. 

For  the  construction of the melittin helices, Ne-Fmoc  groups 
were removed by treatment with 50% piperidine in DCM.  The 
number of moles of resulting  free  N-termini was then  calculated 
by spectrophotometric  determination  of  the  liberated  diben- 
zofulvene.  Side  chains  of  trifunctional  amino  acids were pro- 
tected as  follows:  Gln (Trt),  Arg  (Mtr), Lys (Boc), Ser (tBu), and 
Thr (tBu). The  parallel  assembly of the  peptide  blocks was car- 
ried out  semiautomatically  and  was followed by the  quantita- 
tive ninhydrin  test. Repetitive coupling was carried out  to ensure 
the high coupling yields for each step  and, in the case of incom- 
plete coupling reactions, acetylation was subsequently performed. 

The  TASP molecules were cleaved from  the resin by treatment 
with  TFMSA/TFA/DMS/EDT/H20  (Dhanapal et al., 1993) 
and  then  subjected  to  multiple  purification  steps by RP-HPLC 
on  C4  (Vydac,  California)  and C2 (Macherey-Nagel,  Germany) 
columns.  This  method allowed the isolation  of  milligram quan- 
tities of purified TASP molecules but in low yields (2-5%). Acet- 
ylated  melittin-TASP  was  obtained by the  reaction  of  purified 
linear melittin-TASP  (4  mg), dissolved  in 500 pL of  distilled 
DMF, 250 pL  pyridine,  and 250 pL of acetic anhydride  for 24 h 
at  room  temperature.  The  homogeneity of the  protein  after  pu- 
rification was confirmed by RP-HPLC.  Amino  acid  analysis 
revealed the expected composition. Laser desorption  ioniza- 
tion  mass  spectrum  analysis (Fig. 14) confirmed  the expected 
molecular weight (MW = 12,374). Melittin-TASP was cyclized 
according to a method  described by Tuchscherer  et al. (1992) and 
purified by preparative  RP-HPLC.  Representative  chromato- 
grams  are  published elsewhere (Dhanapal  et  al., 1993). 

The  concentration  of  melittin-TASP in solution was deter- 
mined by UV spectroscopy using  4 times  the  absorption  coeffi- 
cient of tryptophan  at 280 nm, e = 4 X 5,570 M" cm" = 
22,280 M" cm" (Wetlaufer, 1962) and by amino  acid  analy- 
sis (Chang & Knecht, 1986). The  protein  solutions  for  the ex- 
periments  were  routinely prepared  from  stock  solutions of -0.5 
mg/mL melittin-TASP in methanol.  The  protein  solutions were 
diluted by adding small aliquots of the stock  solution (while stir- 
ring) into  the selected solvent. The final methanol  concentration 
never  exceeded 3%. 

CD and fluorescence measurements 

CD  measurements were performed in quartz  cuvettes  on  an 
AVIV 62 DS spectropolarimeter (Aviv, Lakewood, New Jersey), 
calibrated with d(+)-10-camphorsulfonic  acid. The optical path- 
lengths of the  cuvettes were 1 mm or 10 mm,  as  indicated in 
the  figures.  For  each wavelength scan  (data were sampled 3 s 
for every nm),  the  absorption  of  the  sample was  simultaneously 
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Fig. 14. Laser  desorption  ionization  mass  spectrum  of  melittin-TASP 
after  final,  extensive  purification  with  RP-HPLC,  using  sinapinic  acid 
as a  matrix.  The  mass  spectrum  confirmed  the expected molecular weight 

et al. (1992). 
(MW = 12,374). Measurements were performed  as  described by Dorner 

recorded  as a control  for  scattered  light.  The  sample  cuvettes 
were continuously  stirred  during  the  measurements. [ e ]  repre- 
sents  the  mean ellipticity  per residue in deg cm2 dmol". For 
each  reported CD spectrum,  at least 3 separate scans were taken, 
averaged,  and  corrected  for  the baseline and  the baseline drift 
at 260 nm.  The  actual  concentrations of the  sample  solutions 
were determined by amino  acid  analysis.  The  percentage  of 
a-helix was evaluated by fitting  the  particular  experimental  CD 
spectrum by a set of  reference  proteins  as  described elsewhere 
(Vogel, 1987). The values of the  protein helix content,  fitted to 
whole spectra,  corresponded within +2%  to  the values obtained 
when  using only  the  measured  and -30,000 deg.cm2. 
dmol"  as a base  for 100% a-helix per residue of the  peptide 
blocks  (Chen et al., 1974). 

Fluorescence  measurements were performed in 1-cm x I-cm 
quartz cells using  a  Spex fluorimeter  model 1681. The  Trp  flu- 
orescence of  the  protein was excited at 280 nm (slit width I mm) 
and  detected between 285 nm  and 450 nm (slit width 5 mm). 
Spectra were baseline corrected using samples  without TASP un- 
der  otherwise  identical  experimental  conditions.  Aqueous solu- 
tions were buffered with 10 mM Tris-HC1, pH 7.4. The solutions 
had been carefully  degassed.  In all experiments,  the  tempera- 
ture was maintained  at 25 ? 0.2  "C. 

Conductance measurements on planar lipid bilayers 

Measurements of single-channel  conductances with a high  cur- 
rent  resolution were performed  on  planar lipid  bilayers on the 
tips  of  patch  pipettes  as  described by Coronado  and  Latorre 
(1983). Borosilicate glass capillaries (innerlouter diameter = 0.8/ 
1.5  mm, Science Products,  Germany) were pulled using  a 3-step 
heating  protocol (see Hamill  et  al., 1981) on a Flaming/Brown 
micropipette  puller,  model  P-87  (Sutter  Co.,  USA)  and used 
without  further  treatment.  The  patch  pipettes  had  tip  diameters 
of 1-2 pm,  as  estimated  from  the  open  tip resistances and  from 
scanning  electron  microscopy  pictures.  The  protein was recon- 
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stituted by adding  small  amounts  of  the  protein  stock  solution 
in methanol  to a 1-mg/mL  D0PE:DOPC  (4:l)  solution in  chlo- 
roform,  reaching  final 1ipid:protein ratios between 1,000 and 
5,000.  Bilayers  were formed by apposition  of  lipid-protein 
monolayers that  had been spread from  the organic L:P solutions 
on the air-water interface of  Teflon cups  (surface  area  of 8 cm2). 
The  cups  contained 5 mL of buffer.  In  most of the experiments, 
single-channel  activity was established  just a few minutes  after 
the  membrane  formation,  but  only if the  membrane  had been 
initialized  with a high  voltage (150-250 mV).  Seal  resistances of 
the  membranes were  in the  range  of 2-20 GO. 

Alternatively, bilayers  of the  same lipid composition were 
formed  across a hole  (diameter 100 pm) in  a thin  Teflon  septum 
according to  Montal  and Mueller (1972). This method  allows the 
formation of bilayers that  contain  protein  only  on 1 side. In ad- 
dition, a  lower  protein:lipid ratio  can  be used for single-channel 
recording because  of the  larger  membrane  area (8 X mm2). 

Macroscopic  membrane  conductance,  induced by a statisti- 
cally significant  number  of  channels, was studied on decane- 
containing  BLMs (Mueller  et al., 1962) with  large  membrane 
areas  (0.4 mm2). The bilayers  were formed  from  DOPC  as  de- 
scribed by Pawlak et al. (1991). The  membranes  separated 2 
compartments (each  of 10 mL  of  volume) in order  to minimize 
protein adsorption  to  the walls. After  protein addition,  the com- 
partments were well stirred  for several minutes  and  membrane 
conductance was subsequently  recorded  upon  application  of 
voltage  ramps (0 to  -t200 mV, slope = 100 mV/min).  The 
current-voltage curves became  stationary  after  about 1 h. 

Routinely,  all  experiments were performed  at  room  temper- 
ature (22-25 "C) in 1 M NaC1, 10 mM Tris-HC1, pH 7.4, unless 
otherwise  stated. 

The  electronic  set-up  has been described recently (Pawlak 
et al., 1994). The  current  signals were measured via  a pair  of 
Ag/AgCl  electrodes, using the  amplifiers RK-300 for patch 
clamp  and BLM-120 for  BLM  measurements  (both Biologic, 
France).  The  headstages  contained 10' R and 10" R feedback 
resistances. Voltage polarity  corresponds to  the side of the work- 
ing electrode (inside the  patch  pipette),  the  reference  electrode 
in the  bath being grounded.  For  the  BLM  measurements,  posi- 
tive voltage corresponds  to  the side of  protein addition (cis). The 
current signals  were filtered with  a  5-pole cut-off  frequency  of 
1 kHz  and  recorded  on a digital  tape  recorder.  Segments of the 
current  recordings were sampled  at a rate  of 0.5 ms per point 
to a computer  hard  disk. Single-channel conductances were de- 
rived from multigaussian  fits to current  histograms.  Mean  open 
and closed state times were evaluated from monoexponential fits 
to  segments  of single transitions  (at least  200-1,000  events). N 
denotes  the  number  of  events  per  current  trace  segment  and n 
the  number  of  experiments.  The  indexation of the  different 
channels by numbers was chosen with  respect to  similarities in 
channel  conductances  and  gating kinetics. 

Preparation of the lipid samples 

SUV were prepared  from  POPC by sonification of 0.3-mL dis- 
persions  of 1 mg/mL lipid  in aqueous  buffer.  Alternatively, 
small  unilamellar vesicles were  produced by adding  small 
amounts  of a concentrated stock solution in methanol of the de- 
sired 1ipid:protein ratio  to  the  sample  compartments in the ex- 
periments,  similarly  as  described  for  pure lipids by  Szoka  and 
Papahadjopoulos (1980). For measurements at  different  pro- 
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tein:lipid ratios, the volume of methanol  added was kept con- 
stant  and did not exceed 1% of the sample volume. LUV of 
POPC were prepared by extruding a lipid dispersion of 5 mg/mL 
of POPC repeatedly through  polycarbonate  filters with pore 
sizes  of either 500 A or 1 ,OOO A (as indicated) until turbidity dis- 
appeared and remained constant as revealed by  UV absorption 
spectra. For the dye release experiments (see below), the lipid 
dispersion was  freeze-thawed 3 times before extrusion to achieve 
a  good  spatial  distribution of the dye. Aqueous  buffer was 
10  mM Tris-HC1, pH 7.4, at room  temperature (22-25 "C), if 
not otherwise stated. 

Dye-release experiments 

Dye-loaded unilamellar lipid vesicles with a mean diameter of 
500 A were prepared by extrusion in the presence of 6-CF dye 
at a self-quenching concentration: 10 mg/mL POPC, 50 mM 
6-CF, 135 mM NaOH, 10 mM Tris-HC1, pH 7.4. Untrapped dye 
was  removed by passing the vesicle solutions over PD-IO Sepha- 
dex G-25 columns (Pharmacia, Sweden) using 100 mM  NaC1, 
1 mM EDTA, 10 mM Tris-NaC1, pH 7.4, as eluent. 

For the experiment, small amounts of freshly prepared, dye- 
loaded vesicle solution were added, with stirring, to I .5 mL of 
aqueous melittin or melittin-TASP solutions, which  were diluted 
from concentrated protein solutions in methanol (containing the 
same molar amounts of protein for  the 2 cases). The time of ad- 
dition is indicated by time 0. The release of dye molecules was 
followed spectroscopically by the increase of the 6-CF sample 
fluorescence (excitation at 495 nm, emission at 5 15 nm). The fi- 
nal signal, F(oo), corresponds to a 100% release determined af- 
ter addition of a small amount of detergent (30 pL of a 10% 
Triton X-100 solution).  The fluorescence curves were normal- 
ized to the values of F@) (for  the  method, see also Schwarz & 
Robert [ 199O1). Aqueous buffer was 100 mM NaCl, 1 mM EDTA, 
10 mM Tris-HC1, pH 7.4, at room  temperature (22-25 "C). 
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