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ABSTRACT 

The interaction of alamethicin, an extracellular macrocyclic • 

polypeptide found in the fungus Trichoderma viride, with lipid bilayer 

systems in both unsonicated multilayer and sonicated bilayer vesicle 

states was investigated with nuclear magnetic resonance spectroscopy 

and electron microscopy techniques. We found that alamethicin is a 

surface active agent, which interacts primarily with the polar choline 

head groups of the lecithin. In its interaction with small sonicated 

bilayer vesicles (~300~ in diameter), alamethicin greatly facilitates 

the aggregation and subsequent fusion of these vesicles. Using 

europium ion, a lanthanide shift reagent, to probe the detail of this 

fusion process we found that during the alamethicin-mediated fusion 

some of the antibiotic molecules became translocated from the extra­

vesicular aqueous medium into the intravesicular space. Alamethicin 

entrapped in this manner affects the choline methyl proton signals only 

from the inner half of the bilayer. No evidence was obtained for 

transmembrane coupling of the two halves of the bilayer or for effects 

of the incorporation of alamethicin molecules into the hydrophobic 

core of the bilayer in the absence of a transmembrane potential. In 

the presence of a potential difference across the bilayer, however, 

alamethicin is capable of forming ion-conducting channels. Such chan­

nels were found to be unidirectional for europium ions at least. A 

model for the voltage-induced formation of alamethicin pores in lipid 

bilayers is proposed and this model is discussed in the light of pre­

viously reported results of electrical studies on alamethicin-modified 

black lipid membranes. 
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Chapter I 

I NTRODU CT ION 

The functioning of natural excitable membranes has long been 

thought to be due to some kind of voltage-dependent permeability 

changes in the membrane for certain ions (Hodgkin and Huxley, 1952). 

The propagation of the action potential in the nerve, for example, de­

pends on the successive "turning-on and -off" of sodium and potassium 

ion conductances in the nerve membrane. The molecular mechanism of 

this voltage-induced change in permeability is not known, however. 

Indirect evidence has suggested that the increase in ion-conductance 

results from the opening of certain pores in the membrane (Hille, 1970). 

In recent years several small molecules such as alamethicin (Meyer and 

Reusser, 1967; Reusser, 1967), excitability-inducing material or EIM 

(Mueller and Rudin, 1963; Bean et al., 1969; Bea.n, 1972; Ehrenstein et 

_tl., 1970), gramicidin A (Sarges and Witkop, 1964; Hladky and Haydon, 

1970,1972), and monazomycin (Mueller and Rudin, 1967; Muller and 

Finkelstein, 1972; Mauro et al., 1972) are known to induce, in black 

lipid membranes, voltage-dependent excitability not unlike that observed 

in certain biological membranes. 

This thesis concerns an investigation of the interaction of ala­

methicin with lipid bilayer membranes. Alamethicin was chosen for this 

study because, unlike EIM, it is well-characterized. Its primary struc­

ture is known (Payne et al., 1970). Since this small molecule mimics 

many properties that are usually presumed for membrane proteins, its 

mechanism of action in lipid bilayers may serve as a useful model for 
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voltage-induced ion-transport in biological membrane systems. It is 

with this in mind that we undertook the studies described in this 

thesis. 

1.1 Primary Structure of Alamethicin 

Alamethicin (antibiotic U-22324) is an extracellular peptide 

produced by the fungus Trichoderma viride. Its primary structure has 

been determined to be a macrocyclic polypeptide consisting of 18 

amino-acid residues, including seven 2-methylalanines, two alanines, 

two pralines, two valines, two glutamines, a_ leucine, a glycine and a 

glutamic acid residue which carries a free carboxylic group. The 

molecular weight of the antibiotic according to this structure is 

1771. The average diameter of the alamethicin ring is approximately 

2sE. The ring is rather flexible, in contrast to many ion-carrier 

molecules which have relatively rigid conformations. When compressed 

alamethicin may assume an elongated conformation of about 36E in 

length (Baumann and Mueller, 1974). The primary structure by Payne 

et al.* (Fig. 1) probably represents the structure of the major com­

ponent of alamethicin which was later shown to be a mixture of three 

speci es separable by thin layer chromatography (Melling and McMullen, 

1974) . The structures of the two minor components have not yet been 

determined, but sedimentation analysis (McMullen and Stirrup, 1971) 

gives only one peak, indicating that the molecular weights of these 

three components must be reasonably close to one another. Probably 

Martin and Williams recently proposed another version of alamethicin's 

primary structure, see Chapter VII. 
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FIGURE l 

Primary structure of alamethicin (after Payne, Jakes 

and Hartley {1970), Biochem. J. 117, 757) 
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the two minor components have similar, though not identical amino-

acid content or sequence. Most of the research to date was performed 

with the unseparated mixture, and the so-called alamethicin pore in 

black lipid membranes is probably formed collectively by all three 

species rather than by just one of the three. 

1.2 Electrical Properties of Alamethicin-Treated Membranes 

Pressman (1968) showed that alamethicin is capable of inducing 

ion movement across certain biological membranes. Mueller and Rudin 

(1968) discovered that it can induce electrical excitability in lipid 

bilayers. The voltage-dependent gating phenomenon displays the char­

acteristics observed in natural excitable cells. Gordon and Haydon 

(1972) showed that alamethicin aggregates form ion-conducting channels 

in black lipid films with discrete conductance states. Each conduc­

tance state has a typical lifetime of several milliseconds and typical 

conductance on the order of ,o-10mho. Both the lifetime and conduc­

tance depends on the type of lipid used to form the bilayer. 

In a detailed study on the properties of the alamethicin pore, 

Eisenberg, Hall and Mead (1973) found, using bacterial phosphatidyl­

ethanolamine-decane membranes, that alamethicin aggregates are capable 

of forming ion-conducting pores in the membrane only if they are 

situated on the positive side of the bilayer. The so-called 11 charac­

teristic voltage 11 (i.e., the voltage at which the membrane conductance 

reaches a certain pre-defined value, as defined by Eisenberg et al.) is 

dependent on the concentrations of both alamethicin and salt in the 

bulk solution, according to the following equations: 
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V = - V tn 
ca 

(Eq. l , Eisenberg et al., 1973) 
C a co 

V = -V salt in 
cs alt 

(Eq . 2, Ei senber:-g et a 1. , 19 73) 
C co 

where Va and Vsalt were experimentally determined by these workers 

to be 36 ± 3 mV and 16 ± 1. 5 mV respectively. and c 1 are two em­
o 

pirical constants. These four constants are actually products of 

several parameters such as membrane thickness, membrane conductance, 

temperature, etc. 

At a voltage less than the characteristic voltage, Ve, the 

membrane conductance is indistinguishable from that of a bare membrane 

(bare membrane conductivity is ~,o-8mho-cm-2). Beyond Ve an abrupt 

rise in conductivity is observed. Typical voltage-current curves of an 

alamethicin-treated membrane is shown in Fig. 2. When the concentra­

tion of alamethicin in the bulk solution is very high, the characteris­

tic voltage may become negative, and the current-voltage curve exhibits 

a region of negative resistance (Fig. 3). 

The macroscopic conductance ft of an al amethi ci n-modi fi ed mem­

brane increases exponentially with applied voltage: 

(Eq. 4, Eisenberg et al., 1973) 

where V
0 

is experimentally found to be 3.94 ±0.05 mV, and is inde­

pendent of the electrolyte used. The mechanism of pore-formation is 

voltage-gated, and the higher conductance of the membrane beyond the 

characteristic voltage merely reflects an increase in the number of open 
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FIGURE 2 

Family of current-voltage curves in synmetric 0.1 M NaCl 

solution with different alamethicin concentrations: 

(a) 5xl0-8g/ml, (b) l0- 7g/ml, (c) 2xl0-7g/ml, (d) 5xl0-7 

g/ml, (e) 10-6g/ml and (f) 1.5 x l0-6g/ml. Rate of voltage­

sweep: 12 mV/sec. The baseline current is the sum of the 

capacitive current and the current through the bare mem­

brane. (Reproduced from Eisenberg et al., J. Membrane 

Biol., 14, 143 (1973) by permission of the authors ) 



5 

-4 <{ 

0 
I 
0 

C 

~ 3 

-8-

/ 
/ b 

/ 
/ 

/ C 
/ 

/ 

~ / d 
~ / 
a:: ::, e 
u 2 

/ 

/ 
/ 

0 50 100 150 

VOLTAGE (mV) 

/ 

/ a 
/ 

/ 
/ 

200 



-9-

FIGURE 3 

Voltage-current curve of a PE-decane membrane, 

0.5 x l0-2cm2 in area with 1.0 M NaCl on both sides 

and l0-5g/ml alamethicin added to one side only. 

(Reproduced from Eisenberg et al., J. Membrane Biol. 

14, 143 (1973) by permission of the authors) 
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pores at a given time. The conductance of each individual pore is 

ohmic; the current through a pore increases (approximately) linearly 

with voltage. Each alamethicin pore can have five most probable, dis­

crete conductance levels with many intermediate and higher conductance 

levels that are simply sums of two or more of these five states. These 

five basic states are not simple multiples or sums of one another~ 

however, implying that all five states are intrinsically associated 

with a single physical entity called a pore. 

Alamethicin adsorbs reversibly to the membrane surface. 

Eisenberg et al. (1973) determined that the conductance at a fixed 

voltage depends on the ninth power of alamethicin concentration and 

on the fourth power of salt concentration in the aqueous phase. These 

values are in contrast to a sixth power dependency on both alamethicin 

and salt concentrations observed by Mueller and Rudin (1968). The 

discrepancy probably lies in the difference in the most probable pore­

forming aggregate in their respective experiments. Eisenberg et al. 

used bacterial phosphatidylethanolamine (PE)-decane membrane at 23°C, 

whereas Mueller and Rudin used sphingomyelin-tocopherol membrane at 

35°C. We believe this difference is enough to account for the dis­

crepancy between the two sets of results. 

Unlike most ion-carriers such as valinomycin and nonactin which 

are highly ion-selective, alamethicin pores are quite cation-nonspecific 

although they do show different conductance values for different cat­

ions and have a preference of cations over anions. 



-12-

1.3 Conformational Studies on Alamethicin 

McMullen, Marlborough and Bayley (1971) have examined the con­

formational properties of alalmethicin by optical rotary dispersion 

and circular dichroism in a variety of solvents. No effect of mono­

valent cations on the spectra was observed, but the spectra were shown 

to be strongly solvent dependent. For example, in aqueous solvent 

containing 10% ethanol the spectra indicated a less ordered structure 

than found in pure ethanol. It appears that the conformation of ala­

methicin becomes more ordered in more hydrophobic solvents. Jung, 

Dubischar and Leibfritz (1975) found, using CD and 13c nmr techniques, 

that alamethicin has a highly stabilized non-polar a-helical part. 

Concentration dependence of the CD-spectrum of alamethicin revealed 

aggregation phenomena (we shall again describe this aspect in Chapter 

VII when we discuss the solution properties of the polypeptide). These 

workers claimed that four different conformations can be characterized 

by CD spectra depending on the solvent used. Such confonnation changes 

in media of different dielectric constants may have some implications 

on the mechanism of pore-fonnation, which we shall take up in Chapter 

VIII. 

Theoretical calculations on alamethicin conformation was per­

fanned by Burgess and Leach (1973) who determined that three of the 

seven 2-methylalanines occur in a six-residue a-helix and three others 

at the chain reversals. Johnson (1973) proposed that the minimal energy 

confonnation of alamethicin consists of an a-helix from residues 1 

through 9, a bend at 10 and 11, and a stretched out chain from 11 to 



-13-
the end, rejoining residue l at residue 17. Neither of these confor-

mations suggests any strong cation-antibiotic complex or cation­

specificity. That such complexes and specificities are absent may be 

correlated to the nmr results presented in Chapter VII (vide infra). 

X-ray crystallographic determination of the secondary and higher 

order structures of alamethicin has not yet been successful. 

1.4 Partition of Alamethicin between Aqueous and Lipid Phases 

Chelack and Petkau (1971) reported a partition ratio of 17:l 

for alamethicin between lipid and aqueous media. However, in view of 

the strong tendency of the rnigopeptide to promote vesicle fusion (see 

Chapters IV and V), we believe that their result can be better inter­

preted as the ratio of alamethicin entrapped inside the vesicles as a 

result of fusion to those left in the extravesicular medium. Assuming 

that their measurements were accurate, this would mean that, at equil­

ibrium, about 95% of the alamethicin molecules become translocated 

into the intravesicular space. The dissipation of the high surface 

energy of the vesicles probably accounts for the free-energy required 

for such a massive translocation. 

1.5 General Purpose of Thesis Work and Thesis Outline 

A knowledge of the mode of interaction of alamethicin with 

phospholipid bilayer systems is essential for understanding the action 

of this antibiotic, and for correlating data obtained from black lipid 

film experiments with the properties of alamethicin in free solutions. 

Among the various techniques which might be employed in this study, 
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such as X-ray diffraction and differential scanning calorimetry (Chapman 

et al., 1969; Levine et al., 1973), electron spin resonance spectroscopy 

(Finer et al., 1969; Levine et al., 1973), circular dichroism and fluo r ­

escence techniques (Case et al . , 1974), unique advantages are offered by 

nuclear magnetic resonance spectroscopy by virtue of its sensitivity to 

structural details and environmental changes. This sensitivi ty has been 

exploited in many nmr investigations of the structural and dynamic prop­

erties of l ecithin bilayers (see, for example, Penkett et al ., 1968; 

Chan et al., 1971; Lee et al., 1972,1973; Horwitz et al . , 1972 ; Le vi ne 

et al., 1972; Michaelson et al., 1973; Feigenson and Chan, 1974; Se i ter 

and Chan, 1973; Seelig and Seelig, 1974a,b; Fujiwara et al, 1974 ; Gent 

and Prestegard, 1974). More recently, proton magnetic resonance (pmr ) 

spectroscopy has also been used to monitor the interaction of various 

oligopeptides with lipid multilayers and sonicated bilayers (Hauser et 

~-, 1970; Hsu and Chan, 1973; Chang and Chan, 1974; Yu et al., 1974; 

Kumar et al., 1975). 

This thesis describes a pmr study of the interaction of alameth­

icin with dipalmitoyl lecithin bilayers in both the unsonicated multi-

1amellar (Bangham and Horne, 1964) and sonicated bilayer vesicle states 

(Huang, 1969). That both bilayer systems must be investigated in order to 

correlate the results with the data from black lipid membrane experiments 

is evident from the fact that the unsonicated liposomes and sonicated 

vesicles offer two different, albeit interrelated, model membrane sys­

tems, each with some unique advantages in membrane studies. In terms of 

bilayer structure, these two model systems differ primarily in their 

surface curvatures (Sheetz and Chan, 1972) . Unsonicated multilayers, with 

a small surface curvature, bear the greater resemblance to biological 
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cell membranes and artificial black lipid films, Vesicle curvature can 

have a profound influence on the molecular packing of the phospholipid 

molecules in a bilayer (Seiter and Chan, 1973; Chan et al., 1973; 

Lichtenberg et al., 1975). More specifically, it has been argued that the 

packing arrangements of these molecules in multilayers is nore regular 

than in bilayer vesicles about 3002 in diameter. This difference in the 

molecular packing of the lipid molecules is reflected most dramatically 

in the segmental motions of the fatty acid chains. Whereas the segmen­

tal motion of the hydrocarbon chain is relatively restricted in the case 

of flat bilayers, their motion is much freer in small bilayer vesicles. 

The state of motion of the hydrocarbon region in sonicated vesicles is 

thought to very nearly resemble that of a hydrocarbon liquid. In view of 

this pronounced effect of vesicle curvature on bilayer structure, a com­

parative study of the interaction of alamethicin with both sonicated 

and unsonicated lecithin bilayers appeared necessary. 

By virtue of their large surface curvature, small bilayer ves­

icles are expected to be intrinsically less stable thermodynamically than 

their unsonicated multilamellar counterpart. In fact, evidence is ac­

cumulating to indicate that small bi layer vesicles do tend to undergo 

vesicle-vesicle fusion (Prestegard and Fellmeth, 1974) although the 

rate of such fusion can be somewhat controlled by appropriate choices of 

experimental conditions such as temperature and ionic strength. In the 

presence of a surface-active agent such as alamethicin this process of 

vesicle fusion becomes more probable. My investigation of alamethicin­

promoted vesicle fusion will be described in detail in Chapter V. 
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Despite the fact that sonicated bilayer vesicles are thermo­

dynamically much less stable than unsonicated multilayers, they offer 

a unique advantage as a model membrane system in having well-defined 

inner and outer media--this property is completely lacking in multi­

layers. This makes sonicated vesicles especially suitable for studies 

of membrane-related ion-transport phenomena. In Chapter VI we shall 

discuss the possibility of pore formation by alamethicin in bilayer 

vesicles when a transmembrane potential difference is present. 

The general solution properties of alamethicin will be dis-

cussed in Chapter VII. In that chapter we shall investigate the phenom­

enon of aggregation of alamethicin in solutions of different ionic 

strengths. 

Chapter VIII is the culmination of all the preceding chapters. 

Based on the information obtained in earlier chapters, a molecular model 

of alamethicin pore formation is presented. The model will be analyzed 

in light of the data reported earlier on black lipid film experiments 

(Eisenberg et al., 1973). 
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Chapter II 

MATERIALS AND METHODS 

2.1. l Fourier Transform and Delayed Fourier Transform NMR Spec-

troscopy: A General Description. An important characteristic of con -

ventional nmr spectrometers is that they scan the spectra by sweeping 

either the field or the frequency through the region of nmr absorption . 

With this mode of operation, only a very narrow band of frequencies con ­

tributes to the spectrum at a given time. The disadvantages of this 

method are obvious: the spectral quality is sweep-rate dependent, and 

has a low signal-to-noise ratio. For samples with low spin concentra­

tions the spectra may be completely obscured by random noise, making 

their quantitative analysis impossible. This problem may be somewhat 

alleviated by the method of multichannel excitation and detection. The 

computer-averaged-transient method (the CAT method) uses multiple scan­

ning of a given spectroscopic frequency range to improve the spectrum's 

signal-to-noise quality. The result of each scan is stored in a multi­

channel analyzer, and when the results of N scans are added, the spec­

trum improves by a factor of N112 . However, with very dilute samples, 

notably those used in natural abundance 13c nmr experiments, an impos­

sibly large number of scans would be required for a decent spectrum. 

The Fourier transform method, on the other hand, accomplishes essenti­

ally the same thing as the CAT method, only in a more satisfactory man­

ner, and is used widely in modern nmr instrumentation. 
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In a Fourier transform experiment, a strong radiofrequency pulse 

excites the entire range of precession frequencies of the chosen nuclear 

species, and, after the radiofrequency pulse is turned off, each of 

these excited species begins to lose its magnetization. The rate of the 

free induction decay is determined by magnet inhomogeneity and by vari­

ous relaxation mechanisms within the system; the decay signal is 

detected by the receiver. It has long been known (Lowe and Norberg, 

1957) that under certain easily satisfiable conditions, the Fourier 

transform of this free induction decay is identical to the steady-state 

slow-passage absorption spectrum. The transform process thus plays the 

role of the multichannel analyzer in the CAT method, but saves the use 

of a large number of narrow band filters and detectors. 

The advantage of Fourier transform method lies in the much 

shorter time needed to achieve a signal-to-noise ratio comparable to 

that observed with a CAT. Each sequence of radiofrequency pulse and 

free induction decay normally requires a time on the order of seconds 

whereas a slow-passage scan takes 100-1000 seconds. Since the improve­

ment in sensitivity increases as the square root of the number of 

scans, multiple scanning takes at least 100 times longer to achieve a 

sensitivity comparable to that achieved by Fourier transform. Experi­

ments which take days or weeks to do otherwise may be accomplished in 

only minutes or hours with the Fourier transform method. This advan­

tage is even greater when samples which change with time are used. 

The Fourier transform method offers more than just an improvement 

in experiment time. For example, with a normal pulse nmr spectrometer, 
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the free induction decay signal is the sum of the signals from all 

species present in the sample. With the Fourier transform, separate de­

termination of relaxation rates of individual species becomes possible. 

A variation of this Fourier transform technique permits the fil­

tering of certain huge, broad resonances which may otherwise obscure 

the analysis of sharper signals from the transformed spectrum. This is 

accomplished by the delayed Fourier transform technique (Seiter et al., 

1972). This technique is based on the fact that the broad resonances 

have much shorter spin-spin relaxation times (T2) than narrower ones. 

After a radiofrequency pulse is applied and subsequently turned off, 

each component of the transient signal begins to decrease in magnitude; 

the rate of decrease is inversely related to its spin-spin relaxation 

time. After a certain time, T, the magnetization of each component 

species will have decayed to exp(-T/T2) of its initial value, according 

to the equation 

Thus, after a time T = 5 units, say, a signal with T2 equal to l time 

unit would only have about 1% of its original value remaining, whereas a 

signal with a T2 equal to 100 units still retains 95% of its initial 

magnetization. Thus if an acquisition delay time of 5 units is intro­

duced between the end of the radiofrequency pulse and the start of data 

accumulation, much of the broader signal (T2 = l) is filtered out, while 

the sharper resonance (T2 = 100) is only minimally affected. 
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This technique is especially useful in nmr studies of unsoni­

cated multilayer systems. Typical nmr spectra of unsonicated lecithin 

multi layers have an exceedingly broad and intense (half-width ~3000 Hz, 

intensity ~80% of total protons present) signal due chiefly to the 

methylene chain protons, with two narrower (half-widths ~100-300 Hz) 

signals from the choline and terminal methyl protons superimposed on 

the broad resonance. The delayed Fourier transform technique permits 

filtering out the broad methylene resonance while retaining the two 

methyl resonances for quantitative analysis. The advantage of the OFT 

method is exploited in Chapter III, where we study the interaction of 

alamethicin with unsonicated dipalmitoyllecithin multilayers. 

2.1.2 NMR Instrumentation. Continuous wave pmr spectra, re­

corded at 220 MHz, were obtained on a Varian HR-220 spectrophotometer 

with a superconducting magnet equipped with a variable temperature ac­

cessory, operating in the field sweep mode. 

Fourier transform (FT) nmr spectra were obtained either on a 

Varian HR-220 or a Varian XL-100 spectrometer, equipped with Fourier 

transform accessories and interfaced to a Varian 620i computer. 

Pulse nmr measurements were made on a system consisting of a 

Model BA Pulse Programmer, Model BK Superhet Interface and Model BR 

250 watt transmitter, all purchased from Tomlinson Research Instruments 

Corp., with an electromagnet operating at 54 MHz for protons (12.7 kilo~ 

gauss). Probes for this system were of homemade construction by Dr. 

G. W. Feigenson. Detailed description of probe construction and basic 

circuitry can be referred to elsewhere (Feigenson, 1974). Spin-spin 
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relaxation times were recorded by photographing the oscilloscope traces 

of the phase-detected free induction decay. 

In all experiments sample temperature was controlled with a 

Varian 4540 variable temperature controller and was determined from the 

spectrum of a standard ethylene glycol sample . Intensities of the pmr 

signals were calibrated against a standard chloroform capillary treated 

with the free radical 2,2-diphenyl-l-picrylhydrazyl (DPPH), which was 

in turn calibrated against a standard solution of tetramethylammonium 

bromide. Chemical shifts were measured against an external tetra­

methylsilane (TMS) capillary without correction for changes in the bulk 

magnetic susceptibility. 

For the sake of clarity, procedures for nmr sample preparation 

will be described separately in each appropriate chapter. 

2.1.3 Negative Staining Electron Microscopy. Electron micros­

copy involves the production of images of adequate contrast with the 

background at a magnification sufficient to reveal the relevant details 

of the object under investigation. 

Image formation involves diffraction, the scattering of light or 

electromagnetic radiation by the object, and the focusing of the scat­

tered light into an image. Thus the object must modify the electron 

beam to a sufficiently different degree than the background does in 

order to be observable under an electron microscope. In many cases the 

interactions of the object and background with the electron beam are 

not sufficiently different to produce observable effects. In that 

event, either the object or the background must be systematically 
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modified to yield useful information about the object--a process called 

11 staining 11
• 

Positive staining involves the combination of an electron-dense 

material with the object of interest so that the object appears dark in 

the electron micrograph against a light background. With positive 

staining one runs the risk of modifying the object of interest with the 

staining reagent. On the other hand, if the staining involves combining 

the electron-dense material with the background but not with the object, 

the opposite situation is observed. The negatively stained object ap­

pears transparent in the micrograph against a dark background (see Figs. 

9 and 20 for illustration). Negative staining is advantageous in that 

the staining reagent interacts mainly with the background material, and 

the object under examination remains more or less unmodified; the image 

produced in this way corresponds more closely to the true picture. 

In our experiments we have used the negative staining technique 

to see the vesicle sizes and state of aggregation. Parlodion film was 

employed as the supporting background material because it has an excel­

lent wetting property. The sensitivity of the parlodion film to 

destruction by the electron beam was overcome by coating the film with 

an extremely thin layer of carbon (~ 10E). Since carbon is transparent 

to electron beams, no alteration of background diffraction is produced 

by its presence. Resolution of the specimen is only minimally affected 

since the layer of carbon is thin. Parlodion film prepared in this way 

is more susceptible to phosphotungstic acid (the staining reagent) than 

are the lecithin vesicles. When spread on a sheet of parlodion dotted 
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with vesicles, the phosphotungstic acid forms a continuous matrix of 

electron-opaque background, leaving the area occupied by the vesicles 

electron-transparent. 

2. 1.4 Preparation of Specimens for Electron Microscopy. Imne­

diately before and after each nmr experiment, a portion of the vesicle 

solution was diluted to 1-5 mg in lecithin per ml o2o. In cases where 

alamethicin concentration in the solution was high, further dilution 

was often necessary to disperse the vesicles so that they became more 

easily observed under the electron microscope. A drop of this diluted 

vesicle solution was then applied to a 200-mesh copper grid coated 

with parlodion sprayed with a thin film of carbon. After ~30 seconds 

the excess liquid was blotted out, and the grid was washed successively 

by three drops of the staining solution, 2% phosphotungstic acid (PTA) 

at pH 7.4, with the grid tilted at an angle of approximately 60° to the 

horizontal. With the grid held horizontal, an additional drop of the 

PTA solution was then applied for 30 seconds. The excess liquid was 

blotted off by a piece of fine filter paper and the grid allowed to dry 

prior to observation under the electron microscope. 

Grids prepared according to the above procedure were observed on 

a Philips 201 electron microscope operating at 60 kilovolts at mag 

levels 11 or 12 (actual magnification on screen 70000 or 100000, and on 

camera 20600 or 29600 respectively). 

Vesicle size distributions were determined by sizing approxi­

mately 500 vesicles from the electron micrographs. Polystyrene beads 

of average diameter 1000 ±50~ were used to calibrate the electron micro­

graphs. 
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2.2 Materials 

Alamethicin was obtained as a gift from Dr. G. B. Whitfield, Jr., 

of the Upjohn Company, Kalamazoo, Michigan (Samples No. U-22324.8831-

CEM-93.l and 93.3) and was used without further purification. 

L-a-Dipalmitoyllecithin was purchased from General Biochemicals. 

It was purified with silicic acid column chromatography (Robles and Van 

den Berg, 1969). One hundred grams of silicic acid was used per gram 

of lecithin. A 2.5 x50 cm column was used, and the lecithin was eluted 

with 400 ml of CHC1 3, followed by 400 ml of CH 30H-CHC1 3 mixture in a 

1:9 ratio, and finally with 1500 ml of CH 30H-CHC1 3 (9:1). The lecithin 

came out in the last eluent. After rotary evaporation of the eluting 

solvent a white product was obtained, and thin layer chromatography of 

it gave a single spot. 

Deuterium oxides (100% 2H and 99.8% 2H), used without further 

purification in the preparations of unsonicated multilayer and sonicated 

bilayer vesicles, respectively, were purchased from Stohler Isotope 

Chemicals. Chloroform and methanol were Matheson Coleman and Bell spec­

trograde products. Europium and lanthanum nitrates were from Research 

Organic/Inorganic Chemical Corp. Valinomycin, A-grade, from Calbiochem 

was also used without further purification. Phosphotungstic acid 

(P2o5,24 wo 3.xH2o, used as an EM staining reagent) was from Mallinckrodt 

Chemical Works. Potassium nitrate and sodium chloride were Baker 

analyzed reagent grade products. 
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Chapter III 

INTERACTION OF ALAMETHICIN WITH UNSONICATED LECITHIN MULTILAYERS 

3.1 Introduction 

We have monitored the effect of alamethicin on unsonicated leci­

thin bilayers using two nmr techniques: conventional pulse nmr and the 

recently developed delayed Fourier Transform (OFT) nmr method. The 

continuous wave pmr spectrum of unsonicated lecithin bilayers above the 

thermal phase transition consists of two relatively sharp (100-200 Hz 

halfwidths) signals arising from the choline methyl and terminal methyl 

protons superimposed on a significantly broader(~ 3000 Hz) resonance. 

Analysis of the sharper signals is obscured by this latter broad reson­

ance which was recently shown to be a sum of three broad lines due to 

some of the choline and terminal methyl protons and all of the methylene 

protons in the fatty acid chains (Feigenson and Chan, 1974). This has 

hampered nmr studies with unsonicated lecithin bilayers in the past. 

This problem can be circumvented by the use of the delayed Fourier 

Transform method. In OFT nmr spectroscopy one exploits the significantly 

shorter transverse relaxation time of a very broad signal compared with 

those for sharper resonances. Thus if a suitably chosen receiver dead­

time is introduced between the end of the applied radiofrequency pulse 

and the start of data collection, much of the broader resonance can be 

filtered out after Fourier Transform of the truncated free induction 

decay (See Chapter II for a general description of the OFT method). 

When applied to an unsonicated lecithin multilayer system, this method 

in essence isolates the narrower methyl signals and permits accurate 
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intensity and linewidth measurements on them (Fig. 4). Two nuclear 

spin probes, located in quite different regions of the bilayer, thus 

become available to explore the structural and dynamical properties of 

the surface and interior of the lecithin bilayer. To augment these 

measurements, the chain methylene protons, which account for about 80% 

of the total protons in the system, are readily monitored by conven­

tional pulse nmr. The utility of these techniques in bilayer nmr work 

has been adequately documented (Chan et al., 1971 ,1973; Hsu and Chan, 

l 973) . 

3.2 Sample Preparation 

A known amount of the purified lecithin was weighed into an nmr 

tube with an attached vacuum ground glass joint. About 0.1 -0.2 ml of 

spectrograde chloroform was then added to dissolve the lecithin. For 

samples containing alamethicin, the polypeptide was added prior to the 

addition of chloroform. The sample was then mixed by vortexing and 

let stand overnight to equilibrate. After capillaries containing res­

pectively CHC1 3 doped with the free-radical 2,2-diphenyl-l-picrylhy­

drazyl (intensity standard), silanor C (chemical shift reference) and 

ethylene glycol (temperature standard) were added to the sample, the 

lecithin-chloroform solution was vacuum-pumped for 48 hours to remove 

the solvent. Warming the sample to 50-60° during evacuation was found 

to be necessary to drive off the last traces of chloroform and methanol 

used in the chromotography purification. Deuterium oxide (100% 2H) was 

then transferred into the sample to obtain an approximately 25% (w/v) 
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FIGURE 4 

Typical pmr spectra (220 MHz) of unsonicated multi­

layers in o2o. (A) Continuous wave spectrum of a 

dipalmitoyllecithin multilayer sample at 48°. 

(B) Delayed Fourier transformed spectrum of the 

same sample. Receiver dead time= 346 µseconds. 
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lecithin suspension. After the tube was sealed under nitrogen at 

slightly less than atmosphere pressure, it was heated in a water bath 

to about 60°, and the suspension contained in it was homogenized by 

extensive agitation with a vortex mixer. 

3.3 PMR Instrumentation 

The delayed Fourier transform spectra of these multilayer samples 

were obtained with an HR-220 nmr spectrometer. A data collection delay 

time of 346 µsec was introduced in order to filter out the broad methy­

lene component in the pmr spectrum. The intensities of the choline 

methyl and terminal methyl proton resonances were measured against an 

external chloroform-DPPH intensity standard, and were corrected for the 

loss due to receiver dead time introduced into the spectrometer. 

Spin-spin relaxation times were measured with a 54 MHz pulse nmr 

spectrometer as mentioned in the last chapter. 

3.4 Results and Discussion 

The effect of alamethicin on the crystalline~ liquid crystalline 

phase transition of dipalmitoyllecithin bilayers has been followed 

using the OFT nmr method by monitoring the intensities of the two methyl 

signals as a function of temperature. Figure 5 summarizes the intensi­

ties of the choline and terminal methyl proton signals as a function of 

temperature for lecithin multilayers containing zero and 1% alamethicin. 

Below the thermal phase transition, the molecular motions of the phos­

pholipid molecules are slow and seriously restricted, and as a conse­

quence no high-resolution features appear in the OFT pmr spectrum. In 
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FIGURE 5 

Variations of the intensities of choline and ter­

minal methyl proton signals of unsonicated 

dipalmitoyllecithin multilayers with temperature: 

(A) choline methyl protons without alamethicin; 

(B) choline methyl protons in the presence of 1% 

al ame th i c i n ; ( C) terminal methyl protons without 

alamethicin; ( D) terminal methyl protons in the 

presence of 1% alamethicin. 
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the liquid crystalline phase, however, considerable molecular motion 

is present and the methyl resonances emerge, their intensities deter­

mined by the degree of motional restriction. It was noted that the 

addition of 1% alamethicin does not produce significant changes in the 

phase transition temperature, except that the temperature range of the 

transition becomes somewhat broadened. The addition of alamethicin 

does affect the choline methyl signal intensity, however. In the 

presence of 1% alamethicin, the intensity of the choline signal becomes 

30-35% of the total expected intensity as compared to only 20-25% in 

the absence of the polypeptide. By contrast, upon addition of 1% ala­

methicin, the terminal methyl proton resonance exhibits no noticeable 

change in either intensity or line width. 

The effect of alamethicin on the transverse relaxation time (T2) 

of the bulk nmr signal is summarized in Fig. 6. Below the phase tran­

sition, the bulk nmr signal is characterized by a T2 of less than 

30 µsec; above the phase transition temperature this relaxation time 

is increased to 110 µsec or more. Addition of 1% alamethicin reveals 

no not i ceable effect on the apparent T2 above the thermal phase tran­

sition. The alamethicin was found to broaden the transition tempera­

ture range by some 1-2° in accordance with the OFT observation reported 

earlier in this chapter. 

The above observations strongly suggest that alamethicin inter­

acts with dipalmitoyl lecithin bilayer membranes principally at or near 

the bilayer-water interface. Although our experiments do not allow us 

to ascertain the various degrees to which the mobility of each individual 
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FIGURE 6 

Temperature dependence of the spin-spin 

relaxation time of the bulk nmr signal 

from dipalmitoyllecithin multilayers in 

the absence and presence of alamethicin: 

solid line, no alamethicin; dashed line, 

with 1% alamethicin. 
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TABLE I. Effect of Alamethicin on the Transverse Relaxation 

Time of the Bulk NMR Signal of Dipalmitoyllecithin 

Bilayers at Various Temperatures 

T2 µsec 
Sample Containing Sample Containing 

Temperature oc no Alamethicin 1% Alamethicin 

30 28 26 

39 34 30 

40 36 32 

42 106 80 

45 107 94 

47 108 106 

56 124 124 

60 124 126 

67 138 141 

70 140 144 



-37-

Chapter IV 

INTERACTIONS OF ALAMETHICIN WITH SMALL SONICATED LECITHIN 

BILAYER VESICLES 

4.1 Introduction 

The effect of alamethicin on sonicated bilayer vesicles has been 

studied using conventional Fourier transform and continuous wave nmr 

techniques. A typical pmr spectrum of small sonicated vesicles con­

sists of two partially resolved choline signals located at about 3.21 

ppm, a somewhat broader fatty acid chain signal centered at 1.2 ppm 

and a terminal methyl proton signal superimposed on the latter. The 

spectral features of these resonances differ from those of unsonicated 

multilayers in both intensity and linewidth. Unlike the broad multi­

layer signals which usually have linewidths of 100 Hz (choline methyl 

signal) to over 3000 Hz (methylene chain signal), small vesicle pmr 

linewidths are much narrower(~ 5 Hz for choline methyl protons and 

~ 30 Hz for methylene chain protons). The intensities of these ~harp 

resonances normally account for 80% or more of the stoichiometric 

amount of protons present in the sample, in contrast to the situation 

in multilayers in which only about 25% (choline methyl signal) and 

50% (terminal methyl signal) of the total expected intensities are 

observable. Apparently the large surface curvature of small soni­

cated vesicles makes for significantly looser packing of the phospho­

lipid molecules; this accounts for these strikingly different pmr 

spectral characteristics of sonicated and unsonicated bilayer systems. 
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Even the difference in surface curvatures on the outer and inner 

halves of the bilayer vesicle results in different magnetic environ­

ment for the choline methyl protons. 

As explained in Chapter I, small bilayer vesicles, being 

thermodynamically less stable than multilayers, have a tendency to 

undergo vesicle-vesicle fusion in order to minimize their free 

energy. This tendency is more apparent when a surface active species 

such as alamethicin is present in the system as a nucleation center, 

as we observed in the present work by negative staining electron 

microscopy experiments. 

4.2 Sample Preparation 

Sonicated bilayer vesicles were prepared using a Branson soni­

fier equipped with a microtip. A known quantity of purified lecithin 

was weighed into a centrifuge tube, to which o2o (99.8% 2H) contain­

ing 2mM phosphate (sodium salt) at p0 7.4 was added to give a sus­

pension of about 50 mg of lecithin per ml o2o. Sonication at level 4 

for about 15 minutes produced a nearly transparent, colorless solu­

tion. This was centrifuged at 12,000 rpm in a Superspeed RC-2 

centrifuge for 40 minutes to remove residual multilayers and large 

vesicles from the smaller vesicles suspended in the supernatant. The 

latter was used in all subsequent nmr and EM experiments. 

In order to avoid possible degradation of the alamethicin, the 

antibiotic was never sonicated together with the lecithin in our ex­

periments. Instead, it was first weighed out in al ml volumetric 

flask, dissolved in o2o containing 2 mM phosphate at p0 7.4, and a 
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known volume of this solution was added to a sonicated preparation of 

lecithin vesicles. This resultant mixture was then equilibrated using 

a vortex mixer for less than a minute and nmr and EM experiments on 

this solution were undertaken immediately. 

Since sonication results in some change in the lecithin con­

centrations, final calibrations of the lecithin concentrations in 

small vesicles were performed using the dry weight method. After the 

addition of alamethicin, lecithin and alamethicin contrations in the 

final mixture were calculated assuming that their partial molal vol­

umes were not changed upon mixing. This is a reasonable assumption 

in our work, since the volumes of alamethicin solutions used were 

usually only on the order of a few hundredths of a millimeter vs a 

total volume of 4 ml and the concentration of alamethicin was low 

("' ,a-4M). 

4.3 Results and Discussion 

Freshly prepared solutions of small sonicated vesicles are 

colorless, nearly transparent and homogeneous. Upon the addition of 

alamethicin, however, cloudiness developed in the sample in 10-15 

minutes, depending on temperature and the relative amounts of leci­

thin and alamethicin in the solution. This change in the turbidity 

immediately suggests some alteration in the state of aggregation 

and/or size distribution of the bilayer vesicles. This conclusion is 

indeed substantiated in this piece of work. 

Representative pmr spectra of sonicated vesicles in the ab­

sence and presence of alamethicin are shown in Fig. 7. It is 
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FIGURE 7 

PMR spectra (220 MHz) of sonicated dipalm­

itoyllecithin bilayer vesicles at 48°. 

Spectrum A is for a sample containing no 

alamethicin and spectrum Bis for a sample 

containing 0.3% alamethicin. Note that 

the choline signal is also shown in ex­

panded scale in both spectra. Asterisks 

denote spinning side bands associated with 

the HOD signal. 
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evident that alamethicin produces line broadening as well as intensity 

reduction of the entire pmr spectrum. This variation in the intensi­

ties of the fatty acid chain and choline methyl proton signals upon 

the addition of alamethicin is explicitly depicted as a function of 

temperature in Fig . 8. It is interesting to note that the observed 

temperature variation of the intensities for these pmr signals very 

nearly resemble those previously reported by Sheetz and Chan (1972) 
0 

for bilayer vesicles of diameter 1000A. 

Electron microscopy studies confinned that the size distribu­

tion of the vesicles has indeed been altered with addition of ala­

methicin. Figure 9 shows representative electron micrographs of 

lecithin vesicle preparations with and without the addition of ala­

methicin. The variation of the size distribution of lecithin vesicles 

by weight in various diameter ranges as a function of alamethicin con­

centration is summarized in Table II and also graphically presented 

in Fig. 10. From these results it is obvious that the addition of 

alamethicin has promoted fusion of vesicles. The shape of the size 

distribution function is alamethicin-concentration-dependent as ex­

pected. Although 0.01 % of alamethicin affects the size distribution 

only minimally, 0.4% alamethicin significantly broadens out the size 

distribution. These electron microscopic results closely parallel 

the nmr results cited earlier. The nmr experiments showed that al­

though the intensities of the various proton signals are stil1 around 

90% of their expected intensities in the presence of 0.01% alamethi­

cin, these pmr intensities are reduced by some 50% when 0.4% alameth­

icin is present (Fig. 11). 
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FIGURE 8 

Temperature dependence of the choline methyl and 

fatty acid chain proton signal intensities for 

sonicated lecithin vesicles and vesicles incu­

bated with 0.3% alamethicin: (A) choline methyl 

protons; (B) fatty acid protons. In both A and 

B, the solid lines give the temperature depend­

ence in the absence of alamethicin and the dashed 

lines refer to the results obtained in the pres­

ence of 0.3% alamethicin. 
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FIGURE 9 

Representative micrographs for lecithin ves­

icle preparations. 
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FIGURE 10 

Cumulative frequency function of vesicle 

sizes: (A) sample containing no alamethi ­

cin; (B) (dashed line) 0.01 % alamethicin; 

(C) 0.4% alamethicin. 
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FIGURE 11 

Effect of alamethicin concentration on 

the pmr signal intensities of sonicated 

lecithin ve~icles: (A) choline methyl 

protons; (B) fatty acid chain protons. 
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A comparison of the temperature dependencies of the choline 

methyl proton intensities of vesicles containing alamethicin (Fig. 

SA) with that of 1000~ vesicles does reveal an important difference. 

In normal large vesicles 1000g in diameter, the intensity of the 

choline methyl signal was previously reported (Sheetz and Chan, 1972) 

to approach 100% of the stoichiometric proton concentration when the 

temperature is above 40°. In the alamethicin-treated vesicle samples 

only about 80% of the expected choline methyl pmr intensity was ob­

served even at 48°. This difference suggests that there exist speci­

fic interactions of the antibiotic molecule with the lecithin bilayer 

and that these interactions result in immobilization of some of the 

choline methyl groups at or near the vicinity of the adsorbed oligo­

peptide. This ill111obilization of the polar head groups in the case of 

single wall bilayer vesicles can be contrasted to the loosening up of 

the structure near the polar head group region in the case of flat 

multilayers . This important difference between the behavior of 

curved and flat bilayers to the effect of alamethicin is not unex­

pected in view of the difference in the molecular packing between 

these two types of bilayers. 

The above findings on alamethicin mediated fusion of vesicles 

constitute further support for the notion that this antibiotic is 

highly surface active. Presumably when this antibiotic is adsorbed on 

the surface of a bilayer vesicle it can act as a nucleating center for 

further coagulation and subsequent fusion of the vesicles. In the next 

chapter we shall investigate the nature of this fusion process in great 

detail with the help of europium (III) ions as an nmr shift reagent. 
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Chapter V 

ALAMETHICIN-MEDIATED FUSION OF LECITHIN VESICLES 

5. l Introduction 

The nmr and EM results reported in the last chapter can readily 

be accounted for by the alamethicin-induced fusion, as well as by in­

teractions of the polypeptide with the bilayer in the vicinity of the 

water-bilayer interface. The observed increase in average vesicle size 

cannot be explained in terms of alamethicin incorporated into the hydro­

phobic core of the bilayer membrane, since, in the absence of vesicle 

fusion, this process could only lead to an increase of vesicle volume 

of no more than 1% at the highest concentration of alamethicin used in 

this work. 

As explained previously, because small vesicles possess high 

surface free energy by virtue of their large curvature, they would 

undergo rearrangements in their molecular packing to attain a state of 

greater stability once this opportunity is present. In this chapter we 

shall first put forward a model for this process of surfactant-induced 

vesicle fusion, and then describe a series of experiments which indeed 

establishes the validity of this model. 

5.2 Model for Alamethicin-Induced Vesicle Fusion 

Vesicles can fuse when, as a result of thermal motion, they ap­

proach each other sufficiently closely to overcome the repulsive 

interactions between their electrical double layer potentials. Van der 

Waals interaction between the polar head groups of the phospholipid 
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molecules from different vesicles can cause transient rearrangements in 

the local structure with the resultant formation of an inverted micelle. 

That this latter event must occur is evident from the fact that translo­

cation of phospholipid molecules must accompany the fusion of two or 

more 300~ diameter vesicles. Simple arithmetic shows that about 12% of 

the phospholipid molecules on the outer half of the bilayer vesicle must 

be transferred to the inner half during the fusion of several 300~ ves­

icles to form an 800~ vesicle. Rothman and Dawidowicz (1975) have recently 

shown, in their study of lecithin exchange using red blood cell ghost and 
3H-labelled phospholipid bilayer vesicles, that no detectable phospho­

lipid flip-flop was observed even in five days. The half life of a flip­

flop was estimated to be longer than 11 days. Such a slow rate of lipid 

transit between inside and outside (if any occurs at all) definitely can­

not account for the rather rapid transfer of lipid molecules (~12% in less 

than half an hour) in the presence of alamethicin-induced fusion. 

A surface active molecule sue~ as alamethicin might be expected 

to serve as a catalyst for such fusion. Fusion can be initiated, for 

example, by clusters of alamethicin molecules located on the vesicles' 

surfaces. As such clusters readily penetrate the thickness of the 

electrical double layer of these vesicles, they can serve as nuclea­

tion centers for micell e formation. In other words, the clusters act 

as a detergent. A possible sequence of alamethicin-mediated vesicle 

fusion is schematically represented in Fig. 12. Tennination of this 

process occurs when the alamethicin concentration in the extravesicu­

lar aqueous medium has been reduced to a sufficiently low level as a 

result of this endocytosis process, and/or when the vesicles have 

grown to a sufficiently large· size that further fusion results in no 
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FIGURE 12 

Schematic representation of the sequence of events 

for the alamethicin-mediated fusion of vesicles. 

A= alamethicin aggregate (not to scale). 
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substantial gain in stability. As one might expect, after fusion the 

alamethicin cluster may find itself trapped within the fused vesicle. 

The fact that the total choline pmr signal intensity approaches zero 

as the alamethicin concentration is increased (Fig. ll) appears to 

provide the first piece of evidence in support of this model, for it 

is unlikely that total annihilation of choline signal could occur 

without some kind of physical interaction of the alamethicin with the 

polar head groups on the inner half of the bilayer. In the mind of 

the critics, of course, the possibility of strong coupling between the 

two halves of the bilayer remains. In the following section we shall 

describe a series of experiments which provides confirming evidence for 

the incorporation of alamethicin inside the intravesicular space as a 

result of vesicle fusion, and rules out the possibility of transmem­

brane coupling. 

5.3 The Use of Paramagnetic Shift Reagents 

Our rationale for this work was that the translocation of ala­

methicin into the intravesicular solution could be ascertained by 

studying the effect of externally added alamethicin on the choline head 

groups located on the inner and outer halves of the bilayer separately. 

In the pmr spectrum of lecithin bilayer vesicles, the choline methyl 

protons give rise to two partially resolved signals at~ 3.2 ppm due to 

the different surface curvatures of the outside and inside surface of 

the bilayer unit. Although the small chemical shift difference between 

these two overlapping signals (~ 5 Hz at 51.7 kgauss depending on 

temperature) does complicate the analysis of the spectral data, complete 
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resolution of these choline signals is possible when the experiments 

are carried out with certain paramagnetic shift reagents in the extra­

vesicular medium as demonstrated by Bystrov and co-workers(Bystrov et 

al., 1971; Shapiro et al., 1975). More recently, Levine et al. (1973) 

and Kostelnik and Castellano (1972) showed that by using appropriate 

quantities of europium (III) ions, it is, in fact, possible to resolve 

the two choline methyl signals completely without significantly alter­

ing their linewidths. We used this technique in our work. 

5.4 Sample Preparation 

Soni cated bilayer vesicles ( average diameter 250-300~) were pre­

pared using a Branson sonifier. A known quantity of purified lecithin 

was weighed into a centrifuge tube, to which o2o containing 2 mM phos­

phate (sodium salt), 0.1 M NaCl and 0.05 M La(N0 3)3 at pD 7.4 was ~dded 

to give a suspension of about 50 mg lecithin per ml solvent. The mix­

ture was sonicated and centrifuged as described in Chapter IV. 

Alamethicin was weighed into a 1 ml volumetric flask, dissolved 

in appropriate amount of D20 containing 2 mM phosphate, 0.1 M NaCl and 

0.05 M La(N03)3 at pD 7.4. Europium nitrate and sodium chloride were 

weighed into a 25 ml volumetric flask, to which D20 containing 2 mM 

phosphate at pD 7.4 was added so that the resulting solution was iso­

tonic with the vesicle solution. 

Three sets of experiments were performed. In one series, known 

quantities of alamethicin and vesicle solutions were mixed and incu­

bated at 70° for 20 minutes. To the incubated mixture a measured 

amount of the europium nitrate-sodium chloride solution was added. The 
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nmr and EM experiments followed immediately. 

In another series of experiments, the europium nitrate-sodium 

chloride solution was mixed with the sonicated vesicle solution before 

the addition of alamethicin. After alamethicin was added, the time 

course of the pmr spectrum of the inner and outer choline groups was 

followed using FT-nmr spectroscopy. 

Finally, the effect of alamethicin on a lecithin vesicle suspen­

sion sonicated in the presence of europium (III) ions was also studied. 

To the sonicated mixture a small quantity of alamethicin (~0.01%) was 

added. After fusion had subsided, the mixture was dialysed at room 

temperature against an isotonic NaCl-la(N03)3 solution for four hours. 

NMR and EM experiments were then performed on the dialysed mixture. 

5.5 Results and Discussion 

5.5. l Determination of Relative Lipid Concentrations on the Two 

Halves of a Bilayer Vesicle. It has been established that the surface 

curvature of a vesicle has a profound effect on the molecular packing 

of a small bilayer vesicle (Sheetz and Chan, 1972). A vesicle of diam­

eter 300~, for example, has approximately 100~, 125E and 15oE as radii 

of curvature for its inner, median, and outer surfaces respectively 

(see Fig. 13 for definitions of these surfaces). Since the difference 

between them is rather substantial, arrangement of the lipid molecules 

would be expected to be non-identical for the two halves of the bilayer 

vesicle. Do these monolayers partition the lipid molecules according 

to the ratio of their surface areas or to the ratio of their respective 

volumes? This question must be answered before any meaningful 
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detennination of pmr signal intensities can be performed in this chap-

ter. We have prepared DPL vesicles of different sizes by varying the 

sonifying power and length of sonication time. Europium (III) ions 

were added to the external solution to resolve the two choline methyl 

signals. Relative intensities of these two signals were detennined as 

a function of average vesicle size (vesicle size detennined by nega­

tive staining electron microscopy). The results are depicted in Figs. 

13 and 14. Theoretical curves for ratios of outer/inner surface areas, 

median/inner surface areas and outer/inner lipid volumes were computed 

and are present in the same figure for comparison. It is obvious that 

the relative amount of lipid in the two halves of a vesicle may be 

represented either by curve B or curve C, these two curves being not 

substantially different from each other. Curve A is significantly dif­

ferent from the experimental results. Therefore in the following sec­

tion we shall calculate the expected lipid concentrations of the inner 

and outer halves of the bilayer vesicle according to the ratio of their 

respective volumes. 

5.5.2 Effect of Alamethicin-Induced Fusion on the Inner and Outer 

Choline Head Groups. The effect of alamethicin-induced fusion of 

vesicles on the inner and outer choline methyl groups can be ascertained 

separately if appropriate amounts of europium (III) ions are added to 

the solution after fusion has taken place. The added europium (III) 

ions shift the outer choline methyl signal to higher fieids in the pmr 

spectrum, thus permitting the two choline signals to be monitored 

separately. 
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FIGURE 13 

Variation of the ratio of outer:inner lipid concen­

trations as a function of vesicle diameter. Curve 

A: outer surface area vs inner surface area. Curve 

8: median surface area vs inner surface area. 

Curve C: outer lipid volume vs inner lipid volume . 

Curve D (solid line): experimentally determined 

values. 
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FIGURE 14 

Size distributions of vesicles for the four 

data points in Curve D of Fig. 13. 
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The effect of alamethicin and its associated induced-fusion 

on the intensities and linewidths of the inner and outer choline 

signals are summarized in Table III. The observed variation of 

the signal intensities with alamethicin concentrations is also 

graphically presented in Fig. 15. Since variations in the size 

distribution of the vesicles during the fusion process change the 

stoichiometric proportions of lipid molecules in the two halves of 

the bilayer, proper interpretation of this intensity data can only 

be made after transfer of lipid from the outer to the inner half 

of the bilayer has been taken into account. Accordingly, these 

intensities are expressed in terms of the percentage of lipid ex­

pected for each half of the bilayer for the size distribution of 

bilayer vesicles determined (by electron microscopy) at the time 

the nmr measurements were performed. Both the inner and the outer 

choline signals exhibit a decrease in intensity as the alamethicin 

concentration in the sample increases, in accordance with results 

reported earlier (Hauser et al., 1970; Lau and Chan, 1974; also 

see Chapter IV of this thesis). We note, however, that despite 

their location supposedly shielded from the external solution, 

the choline methyl protons from the inner half of the bilayer ac­

tually manifest a somewhat greater reduction in their pmr signal 

intensity. This provides evidence that some of the antibiotic 

molecules become incorporated into the intravesicular space during 
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TABLE III. Variations in intensity and linewidth of the inner 

and outer choline signals in the presence of ala -

* methicin 

Outer choline Inner choline 

Alamethicin Linewidth Intensity Linewidth Intensity 
(molar %) (Hz) (%) (Hz) ( %) 

No alamethicin 5.6 100 4.6 100 

* 

0.02 6.4 88 5.4 84 

0. 06 7.0 83 6.0 75 

o. 11 8.6 77 7.8 71 

0. 16 'v9 73 'vl 0 66 

0.22 'vlO 68 'vlQ.5 61 

Europium (III) ions (7 mM) added to the extravesicular solution 
only. The vesicles were fused for 20 min at 70°. Intensities are 
expressed in terms of lipid concentrations expected for each half 
of the bilayer for the size distribution of vesicles determined at 
the time the NMR experiments were perfonned. 
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FIGURE 15 

Variations of the intensities of the inner and outer choline 

methyl signals of sonicated dipalmitoyllecithin bilayer vesi­

cles as a function of alamethicin concentration. Solid line 

is for choline signal from the outer half of the bilayer vesicle 

and dashed line is for the inner choline signal. Data have 

been corrected for changes in the stoichiometric lipid concen­

trations as a result of vesicle fusion. Alamethicin concentra­

tion is expressed as molar percentage of the phospholipid in 

the dispersion. 
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the fusion process. 

There are two possible reasons for the choline signals' 

intensity loss when alamethicin is added to these lecithin vesicle 

solutions. First, the alamethicin-induced fusion increases the 

average vesicle size, resulting in slower rotational tumbling of 

the bilayer units as well as less effective averaging of the di­

polar broadening by surface diffusion and molecular tumbling of 

the lipid molecules. Secondly, alamethicin interacts physi­

cally with the polar head group region of the lecithin bilayer, 

with a resultant decrease in the flexibility and mobility of the 

choline head groups. In the present experiment, both factors 

contribute to the apparent intensity anomaly, since it has been 

shown that the motion of these choline head groups is essentially 

unrestricted and rapid even for large vesicles approximately 

l oooR in diameter at temperatures over 40° (Li ch ten berg et al., 

1975). 

5.5.3 Translocation of Paramagnetic Ions across the Bilayer 

Membrane during Alamethicin-Mediated Vesicle Fusion. In the pre-

vious section we have presented evidence for the entrapment of 

alamethicin molecules into the intravesicular volume in consequence 

of the antibiotic-mediated fusion. Since alamethicin is negatively 

charged we expect, as a corollary, that counterions will be trans­

located as well. This point could be ascertained if, for example, 
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europium (III) ions were present in the extravesicular medium prior 

to the onset of fusion. A series of experiments was therefore 

carried out under these conditions. 

The results of this study are summarized in Fig. 16, where 

the choline spectrum is displayed as a function of time after the 

addition of alamethicin to the solution. These data show a con­

tinuous upfield shift of the inner choline signal relative to the 

outer choline resonance accompanied by a concomitant intensity re­

duction of both signals as the fusion process progresses until it 

finally merges completely with the outer choline signal some 50 

minutes after the addition of alamethicin. Since the intravesic­

ular solution contained no europium (III) ion originally, the ob­

served upfield shift of the inner choline signal must arise either 

from the translocation of europium (III) ions during fusion, or 

must be the result of europium ion transportation through alameth­

icin pores formed in the bilayer membrane, or must be the result 

of passive permeation of europium (III) ions through the bilayer. 

The last possibility can be readily dismissed, since in a separ-

ate experiment (A. Lau, unpublished experiment) we have shown that 

lecithin bilayers are impermeable to europium (III) ions in the 

absence of alamethicin even after incubation of the vesicles at 70° 

for over three hours. In the next section, we shall also rule out 

the possibility of alamethicin pores. Hence the rapid transloca­

tion of europium (III) ions must be associated with the fusion 
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FIGURE 16 

Time evolution of the 100 MHz pmr spectra of the choline 

methyl protons when the alamethicin mediated fusion of 

vesicles is carried out in the presence of 7 x ,a-3M 

europium (III) ions in the extravesicular solution. The 

antibiotic is added at O minute. Incubation temperature 

is 70°. Alamethicin concentration in the sample is 0.2%. 

Chemical shifts are measured downfield from an external 

TMS signal without making bulk magnetic susceptibility 

corrections. The broad resonance at 3.4 ppm is due to the 

Me3N-CH2 protons. 
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process. 

5.5.4 Entrapment of Alamethicin in Small Sonicated Bilayer 

Vesicles. Alamethicin could be trapped inside small vesicles when 

the antibiotic-induced fusion is carried out at low antibiotic con­

centrations (~ 0.01 %) followed by removal of the external ala­

methicin and ions by dialysis. Under these conditions, only a few 

fusion steps on the average could have occurred for each of the ini­

tial vesicles, so that the sizes of the resultant fused vesicles are 

still rather small. The concentration of alamethicin trapped within 

the intravesicular space may be quite high since the surface-to­

volume ratio of the enclosed solution remains high. When vesicles 

are prepared by sonication in the presence of europium (III) ions, 

followed by subsequent fusion and dialysis of the external medium, 

a europium (III) ion gradient and an alamethicin gradient are estab~ 

lished across the bilayer membrane. These asymmetrical bilayer 

vesicles can therefore be used to ascertain whether there is trans­

membrane coupling between the two halves of the bilayer, and whether 

enough alamethicin pores are present within the bilayer membrane to 

permit appreciable leakage of entrapped europium (III) ions under 

these condi tions. 

The results of such an experiment are summarized in Fig. 17. 

Because of the trapped europium (III) ions, the pmr spectrum of these 
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FIGURE 17 

100 MHz pmr spectra of the choline methyl protons 

of lecithin vesicles after fusion by 0.01% ala­

methicin in the presence of 1. 1 x l0-2M europium 

(III) ions in both the intra- and extravesicular 

media (A); and after entrapment of alamethicin and 

europium ions in the intravesicular solution (B 

and C). Spectrum (B) was obtained after dialysis 

of the solution for (A) against NaCl-La(N0 3)3 solu­

tion for four hours. Spectrum (C) was obtained 

after incubation of the solution for (B) at 70° for 

an additional two hours. 
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vesicles gives two separate choline resonances with the inner choline 

methyl proton signal appearing at higher field. The inner choline 

signal was found to be roughly twice as broad as the outer choline 

signal. Its integrated intensity was significantly less than ex­

pected. Electron microscopy revealed that the average diameter of 

these vesicles was about 3ooE to 35oE, and thus the ratio of the outer 

vs inner lipid concentration should be about 1.6, but the observed in­

tensity ratio was in fact 1.9. This intensity result, together with 

the observed broadening of the inner choline resonance, indicates that 

there is a reduction in the flexibility and mobility of these polar 

head groups as a result of the ~lamethicin-lipid interactions. Since 

no significant broadening or intensity loss of the outer choline sig­

nal was observed, we may conclude that any interactions of alamethicin 

with the bilayer at the inner lipid-aqueous interface are not trans­

mitted to the outer half of the bilayer. 

These spectral results confirm our model of alamethicin-induced 

fusion of vesicles, in which the antibiotics are translocated into the 

intravesicular solution during fusion. Any interaction of alamethicin 

with lecithin bilayers is confined principally to the aqueous-bilayer 

interface. Any appreciable incorporation of the polypeptide within 

the hydrophobic core of the bilayer would presumably lead to transmem­

brane coupling between the two halves of the bilayer. Our experiments 

show that the pmr spectrum of these choline head groups in alamethicin­

containing vesicles is essentially unchanged both in chemical shifts 

and relative intensities even after an incubation period of about two 
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hours at 70°C. This result indicates that there is no appreciable 

leakage of the entrapped alamethicin or europium (III) ions into the 

extravesicular solution, suggesting that there is no extensive ala­

methicin pore formation under conditions of these experiments. 

5.6 Conclusion 

In this chapter we have investigated the mechanism of vesicle­

vesicle fusion and have demonstrated how an asymmetrical bilayer 

vesicle can be prepared and be used as a model membrane system. In 

the next chapter we shall describe an investigation into the pore­

forming ability of alamethicin-containing vesicles in the presence of 

a transmembrane potential difference using these asymmetrical bilayer 

vesicles. 



6. l Introduction 

-78-

Chapter VI 

VOLTAGE-INDUCED FORMATION OF 

ALAMETHICIN PORES IN LECITHIN BILAYERS 

In the last three chapters we have described various nuclear 

magnetic resonance studies on the interactions of alamethicin with 

lecithin bilayer systems. We have shown that the antibiotic is a 

surface-active agent, interacting with lipid bilayers predominantly 

in the polar choline region of the bilayer. Such interaction has only 

minor, if any, perturbation on the molecular packing or motional free­

dom of the hydrophobic core. This conclusion is substantiated by the 

results obtained with sonicated bilayer vesicles. In the latter 

system, which is thermodynam,ically less stable than the flat multi­

layers, vesicles readily undergo fusion in the presence of alamethicin 

which serves as a nucleating agent. In Chapter V we detailed the 

mechanisms of this fusion process and concluded that some alamethicin 

molecules actually become translocated from the external solution 

into the intravesicular space as a result of this alamethicin-induced 

fusion. Asymmetrical bilayer vesicles can be prepared by this method, 

followed by extensive dialysis to purge the antibiotic molecules re­

maining on the outside. In the absence of a transmembrane potential, 

no evidence was obtained for transmembrane coupling between the two 

halves of the bilayer or for incorporation of alamethicin into the 

lipophilic core of the asymmetrical bilayer. 
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The study of the interaction of alamethicin with phospholipid 

bilayers would be incomplete without an investigation into the effect 

of alamethicin on lecithin bilayers when a potential difference is 

imposed across the bilayer. Since previous electrical studies on ala­

methicin properties in black lipid films (Gordon and Haydon, 1972; 

Eisenberg et al, 1973) have established that the ion-conducting chan­

nels of alamethicin only function in the presence of a transmembrane 

potential difference and only if the antibiotic is located on the pos­

itive side of the membrane, simulation of this situation in bilayer 

system would appear necessary in order to correlate the infonnation 

obtained in the previous chapters with those obtained by electrical 

measurements. 

Sonicated bilayer vesicles offer the advantage of having dis­

tinct inner and outer media, and thus a transmembrane potential could 

be simulated by imposing an ionic gradient across the bilayer. However, 

the situation here is somewhat complicated by the fact that alamethicin 

is capable of inducing vesicle fusion if the alamethicin is added ex­

ternally; any ion-transport via alamethicin pores would be completely 

obscured by ion-translocation accompanying the predominant process of 

vesicle fusion. This difficulty may be circumvented, however, if the 

transmembrane potential is set up on vesicles having alamethicin mole­

cules located inside the enclosed aqueous space only. Preparation of 

such asymmetrical vesicles is possible, as demonstrated in Chapter V. 

Bilayer vesicles so prepared are stable. In this chapter we shall re­

port the use of such asynmetrical bilayer vesicles to study the effect 

of a transmembrane potential difference on the action of alamethicin 
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on lipid bilayers. 

6.2 Sample Preparation 

Sonicated DPL bilayer vesicles of average diameter 300~ were pre­

pared using a Branson sonifier equipped with a microtip. A known 

quantity of purified DPL was weighed into a centrifuge tube, to which 

o2o containing 2 mM potassium phosphate, 7 mM europium nitrate at 

pD 7.4 was added to give a suspension of about 30 mg lecithin per ml 

D20. Sonication with high power at level 4 for about 15 minutes gave 

a nearly transparent, colorless solution. This was centrifuged for 

40 minutes at 12,000 rpm in a superspeed RC-2 centrifuge to remove 

metallic particles and residual multilayers from the small vesicles 

suspended in the supernatant. The latter was used in all subsequent 

experiments. 

Asymmetrical DPL bilayer vesicles containing alamethicin trapped 

in the intravesicular medium were prepared by the following procedure: 

Measured quantities of alamethicin were weighed into al ml volumetric 

flask, and dissolved in an appropriate amount of o2o containing 2 mM 

potassium phosphate, 7 mM europium (III) nitrate at pD 7.4. Known 

quantities of alamethicin and DPL vesicle solutions were then mixed 

and incubated at 70° for about 2 hours. The incubated mixture was 

dialysed successively against three 100 ml solutions of 7 mM lanthanum 

(III) nitrate buffered at pD 7.4 with 2 mM potassium phosphate, for a 

total of not less than three hours. NMR and EM experiments were per­

formed with the dialysate. An ionic gradient was then created across 

the bilayer by adding to the external solution a sufficient amount of 
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a l M potassium nitrate solution containing 2 x ,o-4M valinomycin at 

pD 7.4 so that the final solution in the extravesicular medium was 

0.25 Min potassium nitrate. NMR and EM experiments were performed 

on this solution immediately afterwards. 

6.3 NMR Instrumentation and Electron Microscopy 

The Fourier transformed proton magnetic resonance spectra of 

sonicated lecithin vesicles were obtained with a Varian HR-220 nmr 

spectrometer operating at 220 MHz for protons, as described in Chapter 

II. Specimens for electron microscopy were prepared as previously 

described and were observed on a Philips 201 electron microscope op­

erating at 60 kilovolts. 

6.4 Results and Discussion 

6.4. l Preparation of Asymmetrical Bilayer Vesicles and Creation 

of a Potential Difference across the Bilayer. Sonicated bilayer 

vesicles are well suited for studies on membrane transport phenomena 

because they have distinct inner and outer media. In addition, a 

potential difference can be created across the bilayer membrane by 

setting up an ionic gradient in the presence of a coupling agent. 

In view of the strong tendency of externally added alamethicin 

to induce vesicle-vesicle fusion and the fact that ion-translocation 

accompanies this fusion process, any ion-transport via alamethicin 

pores formed concomitantly is completely masked by the predominant 

phenomenon of vesicle fusion. This difficulty can be circumvented if 

the alamethicin can be introduced into the intravesicular space of the 

bilayer vesicle. This can be conveniently accomplished, as we showed 
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previously, by alamethicin-induced fusion, as the alamethicin becomes 

translocated into the intravesicular space during this process. Asym­

metrical vesicles can then be prepared by purging the alamethicin 

molecules remaining in the extravesicular medium by dialysis after the 

fusion has subsided. Alamethicin molecules or aggregates thus trapped 

have been shown not to leak through the bilayer membrane and thus can­

not induce further vesicle fusion. These asymmetrical vesicles are 

also stable as long as there exists no major imbalance of ion concen­

tration between the two aqueous media. 

When a potassium ion gradient is applied across the bilayer, a 

potential difference 61/J is created, which may be calculated from the 

Nern st equation: 
+ 

RT [K Jin 
= - nf in + 

[K ]out 
( 1) 

where + + [K Jin and [K ]out are concentrations of potassium ions in the 

inside and outside solutions of the bilayer, R is the universal gas 

constant, T the temperature, F the Faraday constant (=96487 coulomb­

mole-1) and n = l for the charge on a potassium ion. It is well known 

that an ion-gradient results in a potential difference across the mem-

brane barrier only if the membrane is permeable to the cation or the 

anion but not to both. In our present experiment valinomycin was added 

to the medium so that the membrane is permeable to potassium ions only. 

Valinomycin is an ion-carrier capable of transporting monovalent cations, 

particularly potassium ions, across the bilayer. At electrochemical 
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equilibrium, an electrical potential difference exists across the 

membrane, as given by Eq. l. We have kept the outer solution more 

concentrated in potassium ions than the inner solution, so that the 

electrical potential inside is more positive. The sign of the elec­

trical potential is an important factor in our experiments, since 

alamethicin was found to fonn ion-conducting channels in black lipid 

films only if the antibiotic is located on the positive side of the 

membrane. 

In our experiments the concentration of potassium ions in the 

outer solution was 0.25 M. Since there were about 6 mM potassium ions 

in the inner solution (introduced as potassium phosphate buffer), the 

potential difference across the bilayer is calculated to be about 

100 mV. The actual voltage may have been somewhat lower, as the ionic 

gradient causes the collapse of some small vesicles (vide infra) and 

results in some dilution of the outside salt concentration. However, 

in view of the rather small percentage of vesicles collapsed and the 

small intravesicular to extravesicular volume ratio, we believe this 

was not a serious problem in our experiments. This transmembrane poten­

tial should be sufficient to trigger alamethicin pore formation, since 

in analogous black lipid film experiments the gating potential is only 

about 50 mV at an alamethicin concentration of l0-6M, and the apparent 

alamethicin concentration used in our experiments was on the order of 

l0-3M. 

We have used nitrate ion as the counterion in our experiments 

even though chloride is the most commonly employed anion in black lipid 

film work. Nitrate was selected because chloride is known to have a 
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FIGURE 18 

Schematic representation of the effect of ion-coupler 

in the creation of a transmembrane potential. Valino­

mycin transports K+ inward, establishing a potential 

difference which triggers the formation of alamethi­

cin pores to allow outward diffusion of Eu3+. 

V = valinomycin; A= alamethicin. 



La
3

+
 

K+
 

-
N

03
 

V
 ( 

K+
 

A
 

-
N

03
 

K+
 

V
-K

+ 
C

O
M

P
LE

X
 

IN
 

Eu
3

+
 N
0- 3 

V
 

N
03

 I V
 A

LA
M

E
T

H
IC

IN
 

P
O

R
E

 

La
3

+
 

N
O

- 3 
K+

 

I (X
) 

C
J7

 
I 



-86-

silent flux across lipid bilayers, which would complicate the inter­

pretation of our experimental results. 

6.4.2 Spectroscopic Indicator for Pore Fonnation. The forma­

tion of alamethicin pores in bilayer vesicles may be ascertained by 

the effect of a shift reagent such as europium (III) ions on the inner 

and outer choline methyl signals in the lipid pmr spectrum. The pres­

ence of europium (III) ions on one side of the bilayer membrane 

shifts the resonance of the choline methyl protons on that side up­

field, without affecting the resonance due to choline head groups in 

the other monolayer (Bystrov et al., 1971; Kostelnik and Castellano, 

1972; Levine et al., 1973). Thus if europium (III) ions are ori­

ginally present only in the intravesicular medium prior to the crea­

tion of the ionic gradient the spectral position of the inner choline 

signal could be used to indicate the leakage of europium ions and 

hence provide evidence for pore-formation. Alamethicin pores, unlike 

many strongly selective ion-carriers, are rather cation nonspecific, 

although they do have somewhat varied conductances for different 

cations (Eisenberg et al., 1973). Previous experiments showed that 

the pores are even permeable to large ions such as tetraethylammonium, 

tetrabutylammonium and chromium ions (J. E. Hall, private communica­

tion, and A. Lau, unpublished experiment). We, therefore, expect 

them to be permeable to europium ions also. 

In our experiments, we have put europium (III) ions initially 

on both sides of the bilayer vesicle by sonicating dipalmitoyl­

lecithin in aqueous solution with europium nitrate. After 
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alamethicin-induced fusion has subsided, the extravesicular europium 

(III) ions and any alamethicin left outside were replaced by an equi­

molar amount of lanthanum (III) ions by dialysis. Since lanthanum 

(III) ions have no shift effect on the lecithin pmr resonances, only 

the inner choline proton signal remains upfield. Also, because there 

is practically no europium ion in the outer solution, the free-energy 

difference for europium between the two media is almost infinite, 

i . e. , 

RT tn - nF1}.I « 0 (2) 

and the extravesicular solution acts as an almost 11 infinite sink11 for 

the europium ions. Thus, upon the formation of alamethicin pores, 

europium (Ill) ions would pass into the extravesicular solution, re­

sulting in a downfield shift of the inner choline proton resonance. 

6.4.3 Alamethicin Pores in Bilayer Vesicles. The effect of 

a 100 mV transmembrane potential on bilayer vesicles with entrapped 

alamethicin and europium ions is su1T1Tiarized in Figure 19. These data 

show that when a 0.25 M potassium ion concentration is present outside, 

europium ions do leak outwards, causing the inner choline pmr signal 

to shift downfield and to merge completely with the outer choline sig­

nal. 

In this connection it should be mentioned that the time course 

of this downfield shift of the inner choline pmr signal is not observ­

able by nmr spectroscopy, since at 7 mM rare earth ion concentration 
0 

each vesicle of average diameter 400A contains only 600 or so europium 
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FIGURE 19 

PMR spectra (220 MHz) of asymmetrical bilayer vesi­

cles in o2o at pD 7.4 (A): DPL vesicles mixed with 

0. 1% externally added alamethicin, fused for two 

h 7 M E 3+ • t • b th • d ours . m u 1 s pres en 1 n o 1 n n er an 

outer media. (B): Same sample as in (A) but after 

dialysis against 7 mM La{N03)3 solution. (C): Same 
-5 sample as in (B) but after 0.25 M KN0 3 and 5x 10 M 

valinomycin added to the external solution. All 

spectra taken at temperature 70°. 
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ions, which would leak out in much less than a millisecond (judging 

from the magnitude of alamethicin pore conductance in black lipid mem­

branes), once an alamethicin pore is open. This time scale is much too 

short for our method to follow. 

Electron microscopy revealed that some of the smaller vesicles 

collapsed upon the addition of 0.25 M of potassium nitrate to the ex­

vesicular solution. Figure 20 shows the representative micrographs 

for sonicated vesicles before (A) and after (B) the alamethicin-induced 

fusion, and after the establishment of an ionic gradient (C). The 

rice-shaped particles in Figure 3C represent collapsed vesicles. The 

fact that these collapsed particles are only observed in Figure 3C in­

dicates that the vesicles are collapsed by the osmotic pressure created 

by the concentration gradient. Most of the larger vesicles of diameter 

400-500~ survived, however. This probably also explains why the fatty 

acid chain proton signal was somewhat broadened upon the addition of 

potassium nitrate. 

6.4.4 The Role of Valinomycin. The importance of valinomycin 

as a charge coupler was demonstrated by repeating the experiment with­

out valinomycin. No significant shift of the inner choline pmr signal 

was observed in the presence of the ion-gradient. 

Since valinomycin was used as a charge-coupler in the above ex­

periments, we had to rule out the possibility of europium ions being 

transported by valinomycin alone. As a control we therefore duplicated 

the previous experiment omitting the step of alamethicin addition. We 

found that the splitting between the inner and outer choline signals 

caused by europium ions in the inside remained essentially unchanged 
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FIGURE 20 

Representative micrographs for lecithin vesicle 

preparations: (A) Sonicated DPL vesicles in o2o 
containing 7 mM Eu(N0 3)3 in both inner and outer 

solutions. (B) DPL vesicles after fusion with 

0.1 % alamethicin and dialyzed against 7 mM 

La(N0 3)3. (C) Same sample .as in (B) but after 

0.25 M KN0 3 added. to the external solution. 
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over a period of more than half-an-hour after the addition of 0.25 M 

of potassium nitrate to the extravesicular medium. These results are 

depicted in Fig. 21. Some vesicle collapse was also observed with 

electron microscopy. Since no alamethicin was present, very little 

fusion occurred; hence, most of the uncollapsed vesicles were still 

sufficiently small (250-300~) to give a practically unaltered fatty 

acid proton signal linewidth after the addition of the salt. Thus, 

valinomycin does not transport europium ions across lipid bilayers. 

Being an ion-carrier (Stark and Benz, 1971; Benz et al., 1973) rather 

than a pore-former, valinomycin is expected to be highly selective 

with respect to the size of ions it is capable of complexing. The 

cavity of valinomycin is too small to accommodate a europium ion even 

in its unhydrated state. 

6.4.5 Unidirectionality of the Alamethicin Pore. Once the 

alamethicin pores are formed upon the application of a transmembrane 

potential of the appropriate polarity, we can demonstrate that the 

alamethicin pore is unidirectional, at least for europium ions. This 

question of the unidirectionality of the alamethicin pore can be as­

certained by switching the europium and lanthanum ions between the 

two compartments in the above experiment. We expect the lanthanum 

ions to leak outward into the extravesicular solution under these cir­

cumstances, but this should have essentially no effect on the spectral 

features of the choline signals. On the other hand, our method would 

be particularly sensitive to the inward diffusion of the shift reagent, 

europium ions, through the alamethicin pores, should this occur, as 



-94-

FIGURE 21 

PMR spectra (220 MHz) of lecithin bilayer vesicles 

in o2o at pD 7.4. (A) Vesicles prepared by soni­

cating DPL in a solution with 7 mM Eu(N03)3. 

(B) Same sample as in (A) but after dialysis 

against 7 mM La(N03)3 solution. (C) The dialyzed 

sample after 5 x ,o-5M valinomycin and 0.25 M 

KN03 were added to the external medium. (D) Same 

sample as in (C) but 30 min after the addition of 
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less than 1000 ions need to be translocated to bring the europium con­

centration in the inner compartment to the level of that in the outer 

solution. In this connection we should point out that in this experi­

ment the driving force is very much in favor of the translocation 

(6G < 0) and any unidirectionality of the alamethicin pore must be 

associated with a high potential barrier toward diffusion across the 

pore. 

We therefore repeated the experiment by carrying out the soni­

cation and alamethicin-mediated fusion in the presence of lanthanum 

and the dialysis against europium nitrate solutions. After dialysis 

we have then europium ions in the external medium and lanthanum ions 

inside the vesicles. The pmr spectra of these vesicles have the outer 

choline signal shifted upfield, but the inner choline signal position 

is unaffected. When a potential difference was imposed by the potas­

sium ion gradient, no significant upfield shift of the inner choline 

signal was observed. Thus, if the europium is located on the negative 

side of the bilayer, it cannot pass into the positive region even when 

an alamethicin pore is open. This result suggests that the highly 

charged (+3) europium ions encounter a very high potential barrier when 

they enter the pore in the reverse direction (Fig. 22). 

6.5 Conclusion 

We have successfully created ion-channels in alamethicin-contain­

ing bilayer vesicles by imposing an electrical potential across the 

bilayer membrane. Asymmetrical vesicles containing alamethicin and 
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FIGURE 22 

PMR spectra (220 MHz) of lecithin bilayer 

vesicles. (A) Vesicles prepared by soni­

cating DPL in o2o with 7 mM La(N03)3 and 

fused with 0.1% alamethicin for 2 hours. 

(B) Same sample as in (A) but after 

dialysis against 7 mM Eu(N0 3)3 solution. 

(C) The dialyzed sample after 5 x l0- 5M 

valinomycin and 0.25 M KN0 3 added to the 

external solution. 
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europium (III) ions in the intravesicular compartment were prepared 

by alamethicin-induced fusion followed by dialysis of the residual 

alamethicin and ions from the external medium. Subsequent applica­

tion of a potassium ion-gradient in the presence of an ion-coupler 

triggers the formation of ion-conducting channe 1 s with outward di ffu­

s ion of europium (III) ions, provided that the polarity is of the 

correct sign and magnitude . Alamethicin pores so formed were shown 

to be unidirectional at least for europium; the cation used to indi­

cate membrane permeability changes in this work. 

Apart from some broadening of the aliphatic methylene signal, 

which we have attributed to the collapse of some vesicles due to 

osmotic pressure created by the ion-gradient, we have obtained no 

evidence for major perturbation of the bilayer, particularly disrup­

tion of the hydrocarbon interior upon the formation of ion channels. 

That is not to say, however, that the alamethicin aggregates have not 

in some way inserted into the hydrocarbon region of the bilayer, as 

the collapse of the splitting between the inner and outer choline 

methyl signal upon the onset of the pore-formation provides evidence 

for some transbilayer coupling, at least for the brief duration when 

the pores are open . That we have detected no effect is not totally 

surprising, perhaps, when we consider the total number of alamethicin 

molecules which might have been incorporated into the membrane under 

the condition of our experiments. If we assume that the partitioning 

of the oligopeptide is totally in favor of the bilayer as opposed to 

the bulk solution, either on the bilayer aqueous interface or in the 

hydrocarbon interior, we estimate that no more than 30 or so 
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alamethicin molecules are associated with each vesicle in our experi­

ment. Since the number of lipid molecules per bilayer vesicle of 

diameter 400~ is on the order of 2 x 104, we do not expect major ef­

fects on the observed methylene 1 inewi dth, as any perturbati.on on a 

few lipid molecules, even if large enough to be detected in some ex­

periments, becomes averaged out over the large number of lipid mole­

cules in a typical vesicle as a consequence of the long timescale of 

observation in an nmr experiment. The observed voltage-induced 

formation of the alam~thicin ion channels should therefore be consid­

ered as an impurity effect. Only one or t~rn channels with a lifetime 

of a fraction of a millisecond need to be formed in each vesicle to 

account for the results we have observed here. 
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Chapter VII 

PROPERTIES OF ALAMETHICIN IN SOLUTION 

We have discussed the interaction of alamethicin with lipid 

bilayers in the last few chapters. Alamethicin is reversibly adsorbed 

to the bilayer surface. In a typical black lipid membrane experiment, 

alamethicin exists in equilibrium among three states: free, adsorbed 

(pre-pore), and pore. A study of the properties of alamethicin in 

free aqueous solutions would provide further insight into the subject. 

Furthermore, alamethicin aggregates extensively in solution; this 

property has strong implications about its pore-formation mechanism. 

In this chapter we shall study the pmr spectral characteristics of 

alamethicin in aqueous media and its aggregation properties. 

7. 1 PMR Spectra of Alamethicin 

The high resolution proton magnetic resonance spectrum of ala­

methicin in o2o (99.8% 2H) at 220 MHz is shown in Fig. 23. We have 

tested, in addition to the two samples from Upjohn Company, a third 

sample from Microbiological Research Establishment (gift from Dr. G. 

Christoph, California Institute of Technology). Their Fourier trans­

formed spectra (after 10,000 transients) did reveal minor differences 

in the spectral region around 1.7 ppm downfield from TMS, probably due 

to minor variations in the compositions of the polypeptide in the dif­

ferent samples. 

The solubility of the antibiotic in aqueous media increases 

with pH, but pH appears to have no detectable influence on the 
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FIGURE 23 

Fourier transfonned pmr spectrum (220 MHz) 

of alamethicin in o2o. The immense signal 

from HOD at 4-5 ppm is omitted. Chemical 

shifts are measured downfield from an ex­

ternal TMS signal without correction for 

change in bulk magnetic susceptibility. 

Region around 1.7 ppm is also shown in ex­

panded scale to illustrate variations in 

spectral features observed for different 

batches of alamethicin. Note also the sharp 

resonance at about 7.4 ppm. 
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polypepti de 's spectral characteristics. The pmr spectrum of ala-

methicin in o2o containing 10 mM Na00 reveals no significant signal 

broadening. This contrasts with a somewhat different observation 

made by Hauser et al. (1970), who reported broadening of the pmr sig­

nals under these conditions. We do not know what caused their result, 

but it cannot have been pH. 

We have also observed a rather sharp signal at about 7.4 ppm 

downfield from TMS, which Hauser et al. (1970) have assigned to the 

amide protons. However, the fact that this signal persists and remains 

• undiminished even after the sample has been kept in o2o for over two 

weeks casts doubt on their assignment. This signal might be due to 

aromatic residues present in the minor components of alamethicin. 

Indeed, the recent 13c nmr study by Jung et al. (1975) suggests the 

existence of phenylalanine or L-phenylalaninol in some components of 

alamethicin. Their finding was independently confirmed by Martin and 

Williams (1975). Further studies will be required to resolve this 

point. 

The pmr spectrum of alamethicin in o2o is essentially unchanged 

upon addition of potassium or sodium ions, in contrast to the situation 

with such ionophores as nonactin and valinomycin (Prestegard and Chan, 

1969,1970; Haynes et al., 1969). The cations are probably too weakly 

complexed with the alamethicin to perturb the local magnetic environ­

ment of the amino-acid residues significantly; this result agrees with 

theoretical calculations on alamethicin conformation. 
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7.2 The Aggregation of Alamethicin in Aqueous Solutions 

Alamethicin is reasonably soluble in low dielectric solvents such 

as alcohols and chloroform. It is less soluble in water, but a concentra­

tion of approximately 1 mg/ml can be obtained. The amphipathic nature 

of alamethicin ensures that it is highly surface-active and aggregates 

in solutions. Interfacial tension data and ultracentrifugation analysis 

of alamethicin in aqueous solutions (McMullen and Stirrup, 1971) suggest 

that some form of aggregation of the antibiotic molecules do indeed take 

place. In this light, we undertook a study of the effect of ionic 

strength and pH on this aggregation. The signal due to alanine-methyl­

alanine methyl protons is the most intense in the alamethicin pmr spec­

trum, and was used by us to determine the amount of non-aggregated 

polypeptide. We have assumed that the signal intensity is due to the 

monomers, and that due to higher aggregates are unobservably broad. 

This alanine-methylalanine signal intensity is measured against a stand­

ard hexamethyldisiloxane capillary with varying alamethicin and salt 

concentrati ans. 

7.2. 1 Sample Preparation. An initial alamethicin solution was 

prepared by dissolving a known quantity of the antibiotic in o2o with 

the final volume of solution adjusted to 1 ml. This alamethicin solu­

tion was diluted stepwise with neat or saline o2o as required, and the 

Fourier transformed spectrum was recorded after each dilution. In ex­

periments where the signal intensity was examined as a function of salt 

concentration, NaCl was added. The solution pH was modified with Na00 

or 0Cl. 
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The alamethicin solutions had to be stirred constantly for more 

than a day to dissolve the polypeptide completely. Increasing the pH 

expedited solution of the alamethicin. 

In the pmr experiments, a capillary containing approximately 

10-4M hexamethyldisiloxane (HMDSO) in cc1 4 was used as an external in­

tensity standard. The HMDSO concentration was calibrated against a 

standard chloroform solution treated with the free radical DPPH. 

7.2.2 Results and Discussion. The intensity of the alanine­

methylalanine methyl signal of 1-5 x l0-5M alamethicin in aqueous 

solutions without salt accounts for only about 30-40% (depending on 

antibiotic concentration) of the value expected on the basis of the 

stoichiometric amount present. This intensity depended strongly on 

ionic strength. For example, in aqueous solutions containing 1 M 

sodium chloride, only 3-6% of the Ala-MeAla signal was observed. We 

believe that the reduced intensity is due to aggregation of the anti­

biotic, and we assume that the observed high resolution pmr signal 

intensities are due to alamethicin monomers alone. Higher aggregates 

are expected to undergo slower molecular tumbling and hence may not 

be observable by high resolution nmr. 

That the loss in intensity of the Ala-MeAla signal is due to 

aggregation and not to adsorption of the antibiotic on the glass wall 

of the nmr tube can be established by filtering the polypeptide solu­

tion through finely powdered glass (grain size ~o.l mm) and then 

rechecking the intensity of the pmr signal in the filtrate. It was 

found that five repeated filterings led to no appreciable reduction 
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of the signal intensity. 

Changes in the pH of the solution did not appear to have much 

effect on the extent of aggregation, even though there was indication 

of somewhat more extensive aggregation at lower pH's. The inherent 

limitation in the sensitivity of our method, however, prevented us 

from making a more conclusive statement on this point. 

These pmr results indicated that alamethicin undergoes exten­

sive aggregation in aqueous media. The pronounced intensity loss 

observed at high ionic strength indicates enhanced aggregation under 

these conditions. A more direct comparison of our results with those 

previously reported by McMullen and Stirrup is not feasible, however, 

since different methods have been used and these methods are sensitive 

to different ranges of molecular weight; in addition the concentration 

ranges employed in the two studies are different. 

The extent of alamethicin aggregation in aqueous solutions can 

be estimated on the basis of the observed variation of pmr signal in­

tensity with stoichiometric antibiotic concentration using simplifying 

assumptions. We invoke stepwise association equilibria of the fonn 

A1 + A1 t A2 
A2 + A1 t A3 

A l + A1 t A n- n 

and assume equal equilibrium constants for all steps. Analysis of the 

pmr data in terms of this model yields stepwise association constants 

of 6 x 103 and 2 x 105 in the limit of zero ionic strength and at ionic 
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strength = l, respectively. 

By assuming a stepwise association constant of about 2 x 105 

for the aggregation of alamethicin, we calculate that with the stoichio­

metric alamethicin concentration of ,o-7-,o-6M (typical concentrations 

in a black lipid membrane experiment) the decamer concentration varies 

approximately as the ninth power of the stoichiometric concentration. 

7.3 Conclusion 

We believe that this finding on the effect of salt on the aggre­

gation of alamethicin has implications on the properties of alamethicin­

treated lipid bilayer membranes. It is generally agreed that the so­

called alamethicin pores are due to some form of aggregate of the 

antibiotic. The decrease of characteristic voltage (Eisenberg et al., 

1973; Eisenberg, 1973) with increase of alamethicin and/or salt concen­

tration may be explained in terms of an increase in the number of 

potential pore-forming aggregates as a result of more extensive aggre­

gation of high salt and antibiotic concentrations. We have shown that 

the decamer concentration varies approximately as the ninth power of 

stoichiometric concentration. To relate the number of n-mers on the 

membrane surface ns to concentration of alamethicin in solution, we 

invoke a general relationship 

= 

where K is a constant determined by the type of salt in solution, type 

of lipid in the membrane, and the membrane surface area; and C s 
are the concentrations of alamethicin and salt in the solution. We see 
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that decamer is the most probable pore-fonner in a PE-decane membrane 

used by Eisenberg et al., who found that the number of pores varies 

with the ninth power of antibiotic concentration. This of course does 

not rule out aggregates of other sizes as potential pore-formers, but 

only suggests that the decamer is the most probable. By the same 

reasoning, the most probable pore-fonner in a sphingamyelin-tocopherol 

membrane is either the hexamer or heptamer. In the next chapter we 

shall present a model of alamethicin pore-fonnation in lipid bilayer 

membranes. 
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Chapter VI II 

MODEL FOR ALAMETHICIN PORE FORMATION IN LECITHIN BILAYERS 

In Chapter VI we demonstrated that alamethicin forms pores in 

the presence of a transmembrane potential. Since alamethicin is not 

incorporated into the hydrophobic interior of the bilayer to any sig­

nificant extent in the absence of a potential difference, its observed 

pore-forming ability must be in some way associated with the applied 

potential. Even though the very small number of alamethicin molecules 

inside a vesicle renders the usual thermodynamic argument inapplicable 

in this case, we believe that the experiments in previous chapters 

provided us with insight into the role of the transmembrane potential 

in pore-formation. We propose here that the pore is due to aggre­

gates of alamethicin which become imbedded in the bilayer interior as 

a result of the transmembrane potential. In other words, the electric 

field is the driving force that pushes the alamethicin aggregate into 

the bilayer core, disrupting the molecular arrangement of the bilayer 

and opening up a pore. In this chapter we shall describe a model of 

alamethicin pore formation in the lipid bilayer system and shall 

analyze the model in the light of previously reported results from 

electrical studies of alamethicin-modified black lipid membranes to 

show that our model is consistent with the results of the other workers. 

8.1 Formation of Alamethicin Pores 

Our model of pore-formation is based on a few assumptions. We 

assume that, when alamethicin molecules (and aggregates) in solution 
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come into contact with the lipid bilayer, most of the molecules and 

aggregates are adsorbed onto the bilayer-water interface because of 

the antibiotic's high surface activity: 

nA(solution) ~ An(solution) ~ A (adsorbed) n. 
( l) 

The adsorption process is reversible with a time constant on the order 

of minutes. Since the process of pore-fonnation requires only mi lli­

seconds or less, it is safe for all practical purposes to assume that 

the adsorbed species remains on the bilayer surface. Each alamethicin 

molecule carries a negative charge on its Glu-17 residue, thus an 

alamethicin dipole may be formed if it ion-pairs with a positively 

* charged species . The positive ion is stabilized by the electronega-

tive carbonyl groups of alamethicin. Assuming a 1:1 pairing scheme, 

the moment µ of this dipole is given by 

µ = qd (2) 

where q is the effective charge of the dipole, and d is the length 

of the dipole. Several of these alamethicin-cation complexes may group 

together to form an aggregate and, when adsorbed, may form a two-

* Very recently Martin and Williams (1975) presented evidence that ala-
methicin is in fact a linear polypeptide carrying a negative and a 
positive charge near either end. With their structure the ion-pairing 
scheme is unnecessary. Alamethicin would be an electric dipole by 
itself. Since we have assumed no specific structural detail of the 
dipole, their results do not invalidate our model. Only in this case 
is the dipole length longer than in the case of a cyclic alamethicin. 
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dimensional array on the surface of the bilayer. Either the aggregate 

forms in solution and is adsorbed en bloc onto the lipid-water inter­

face, or individual adsorbed molecules (and small aggregates) group 

together by surface diffusion to form a large aggregate. 

Up to this point we have assumed no specific orientation of the 

individual dipoles within the aggregate. Since the free-energy dif­

ferences between the aggregates on the bilayer surface and those within 

the hydrocarbon interior is about 20-30 kcal/mole (vide infra), most of 

the aggregates remain on the bilayer surface. 

In the presence of a field, alamethicin aggregates are converted 

from the pre-pore state to the pore state. 

(3) 

The equilibrium shifts to the right in an electric field. Conforma-

. tional changes are expected when the aggregate is driven from an 

aqueous-like environment (in the pre-pore state) into a medium of low 

dielectric constant (in the pore state) (Jung et al., 1975). 

What causes the alamethicin aggregate to transit from the pre-

pore state on the bilayer surface to the pore state inside the bilayer 

core? We believe it is the increased stabilization of an electric dipole 

in a region of low dielectric constant in the presence of an electric 

field . We analyze the situation as follows: 

In the presence of an electric field E, the potential energy 

of the dipole is changed by an amount tU given by 

+ + 
tU = - µ • E (4) 
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We assume that, in the presence of the field, all component di pol es of 

the alamethicin aggregate become oriented. Each alamethicin molecule 

assumes the configuration of an elongated loop. If the transmembrane 

potential is V and the membrane thickness is o , the electric field 

within the bilayer region is 

E = V/o (5) 

since practically all the voltage-drop occurs within the bilayer region. 

The field in the aqueous region is zero or very nearly so; thus the 

dipole energy is not lowered in the aqueous medium. Within the bilayer 

region, however, the drop in potential energy of the dipole aggregate 

is 

~u = µV/o (6) 

For dipalmitoyllecithin, for example, the bilayer thickness is 

about 46~. If the transmembrane potential is 30 mV, the electric field 

4 -1 • l h is calculated to be 6.5 x 10 volt-cm . The d1po e moment as a mag-

nitude on the order of 5 x lo- 25coul-cm.* Thus the lowering in potential 

energy of the dipole is 

L'IU = -3.3 x 10-20 joules/aggregate 

= -4.6 kcal/mole of aggregate 

Similarly if V is 100 mV, L'IU can be calculated to be about -15.5 

kcal/mole. 

An internal check of this value is possible, see below. 



-114-

This lowering of dipole energy stabilizes alamethicin dipole 

within the bilayer interior. Thus in the presence of an electric 

field (with the side on which alamethicin is located being positive) 

alamethicin is driven into the hydrophobic core of the bilayer, dis­

rupting the bilayer's molecular arrangement to create an entity called 

a pore (Fig. 24). 

8.2 Structure of the Alamethicin Pore 

According to this model, the structure of the pore resembles an 

open-end barrel, bridging the two aqueous regions through the bilayer, 

with component molecules lining the 11 wall 11 of the barrel. The positive 

end of each individual dipole is expected to penetrate the membrane 

interior more deeply because of electrostatic forces. 

We have assumed that the interior of the alamethicin pores is 

filled with water. This may be justified by the good agreement of the 

conductivity and viscosity of the bulk solution and of the contents of 

the pores. The cross-sectional area of the pore must be large enough 

for the simultaneous passage of more than one ion (judging from the 

conductance data and the cation mobilities); hence alamethicin pores 

have relatively low ion-specificity compared to highly selective ion­

carriers such as valinomycin and nonactin. Nevertheless a potential 

barrier to the passage of ions must exist within the pore. This barrier 

may be due to one or several sources. The double layer potential near 

the pore entrance may restrain ions from passing through. The specific 

interactions of ions with functional groups of alamethicin molecules 

lining the wall of the pore and a hydrocarbon-like environment within 
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FIGURE 24 

Schematic representation of the action of an elec­

tric field on the formation of alamethicin pores in 

bilayer membranes. In (A) no electric field is 

present, most of the alamethicin aggregates lie ran­

domly oriented on the bilayer surface. In (B) when 

a voltage is applied across the bilayer, alamethicin 

aggregates are driven into the bilayer interior to 

create a pore. (C) and (D) are the corresponding 

variations in voltage in (A) and (B) respectively. 
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the pore also act as energy barriers to the ions. The hydrocarbon­

like environment is a result of the strong electric field which fully 

orients the solvent molecules inside the pore (Smejtek, 1974). The 

somewhat different conductance values obtained for the various cations 

by Eisenberg et al. probably reflect the different degree of influence 

on the ions by the potential barrier caused by these factors. 

Alamethicin aggregates are capable of pore-formation only if 

the side on which the antibiotic is situated is electrically positive. 

This reflects the specificity of the response of the dipole to the 

electric field. We assume that only the positive end of the dipole is 

driven into the deep interior of the bilayer by an electric field to 

open up a pore. Electrostatic forces keep the negative end of the 

dipole near the bilayer surface. The negative end acts as an anchor, 

preventing the entire aggregate from drifting through the bilayer mem­

brane. This is supported by the fact that alamethicin does not diffuse 

across the bilayer at any appreciable rate, but the methyl ester of 

alamethicin does (Lau and Hall, experiments to be published). Moreover, 

negative charges near the pore entrance lower the potential barrier to 

cations. Although it is not known how much this contributes to the 

pore's cation-selectivity, it is expected to be a modifying factor. 

The methyl ester is less cation-selective, and the corresponding con­

ductivity levels of its pores are lower than those of normal alamethi­

cin pores. Apparently the negative charge on the Glu-17 residue is 

not vital in pore formation, but it does modify the properties of the 

pore. 
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Both Mueller and Rudin (1968) and Eisenberg et al. (1973) reported 

discrete conductance states of a single alamethicin pore. These are 

probably due to fluctuations in the cross-sectional area of the pore. 

A rearrangement of the pore structure resulting in the increase or de­

crease of the number of alamethicin molecules around the pore would 

effectively alter the size of the pore's cross-sectional area. We have 

been discussing this view with Hall and Eisenberg (J. E. Hall and M. 

Eisenberg, private communications) for some time; this view resembles 

that of Boheim (1974). Single pore kinetics are beyond the scope of 

this work, however, We shall be concerned with the mechanism of pore 

formation in the bilayer only. 

8.3 Properties and Predictions of the Model 

Eisenberg et al. (1973) have presented a wealth of experimental 

data on the properties of ion-conducting alamethicin pores. Their study 

is the most extensive on this subject to date. We shall explain their 

observations in terms of our model to show the excellent agreement be­

tween the two. 

Let us define the following parameters: 

Ve= characteristic voltage as defined by Eisenberg et al. 

nc = number of pores at the characteristic voltage 

n = number of potential pore-formers on the bilayer surface 

Ac= macroscopic conductance of the membrane at the characteristic 
voltage 

A = average conductance of a single pore 
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Since the pore is due to aggregates bf alamethicin dipoles driven deep 

into the interior of the bilayer, we see that 

( 7) 

where 6G0 is the molar free-energy difference between the alamethi­

cin aggregates imbedded inside the bilayer core and those adsorbed on 

the lipid-water interface in the absence of an electric field. (6G0 

is essentially a constant.) 6U is the change of potential energy per 

mole of aggregate in the presence of an electric field. Obviously 

n < n c-

If we let r denote the quantity exp(-6G0 /RT), we may write 

( 8) 

Now Ac= ncA. Substituting, we have 

A = nA r exp(µV /okT) 
C C 

(9) 

To relate n to the concentrations of alamethicin (stoichiometric) Ca 

and of salt Cs in solution, we assume a general expression 

( 10) 

where K is a constant which depends on the type of salt in the solu­

tion. Hence we have 
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A = K cm 
C a 

Ct A 
s r exp(µV /okT) ( 11 ) 

or 
in A = in(K cm Ct A r) + (µV/okT) 

C a s ( 12) 

From equation 12 we can derive an expression relating the characteris­

tic voltage Ve and the stoichiometric concentration of alamethicin 

ca: 

(V -V 1 )= 
C C 

mokT ( 13) 

We see that this equation is identical to 

(Eq. l, Eisenberg et al., 1973) 

with 
V = mokT 
a µ 

( 14) 

and 
Ac ) l /m 

C - (-- (15) 
O - K Ci AI' 

s 

Similarly, an expression relating Ve and the concentration of salt 

Cs can be derived from eq. 12: 

Again, this equation is identical to 

cs 
V = -Vs alt in F (Eq. 2, Eisenberg et al., 1973) 

C 0 

( 16) 
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with 

,Q,okT 
(17) 

and 
A 

C'=( c )1/,Q, 
O KC~ Af 

( 18) 

These two expressions (Eqs. 13 and 16) may be combined to yield an 

equation for the number of pores (npore) at any voltage V larger 

than the characteristic voltage. 

From this we obtain 

We let C = C = 1 th en K = n 
a s ' 

( 19) 

where Vi is the characteristic voltage at unit concentrations of 

alamethicin and salt. 

given by 

Hence the number of pores at any V > V. - , is 

(20) 

Eisenberg et al. (1973) have determined a ninth power and a fourth 

power dependency of the number of pores on the concentrations of ala­

methicin and salt, respectively. Therefore, substituting m = 9 and 

,Q, = 4, we obtain 

(21) 

This equation is exactly the same as Equation 24 in Eisenberg et al. 

(1973), if we make the substitution 



okT 
µ 

-122-

3.94 mV (22) 

In equation 22 V
0 

is a constant independent of the type of salt in 

the electrolyte. 

Eisenberg et al. have obtained numerical values for three con­

stants, V
0

, Va and Vsalt. We have derived the expressions relating 

these three constants to the dipole moment µ and membrane thickness 

o We shall use Eisenberg 1 s value for V
0 

to evaluate µ from 

which we can detennine values for Va and Vsalt. We shall see that 

our model 1 s predictions are consistent with the experimental values. 

The expression for V
0 

is given in equation 25. Assuming a mem­

brane thickness of 46~, we calculate µ to be 

- okT 4.8 x ,o-25 coul/cm µ - 3.94 = 

This value for µ is reasonable for an aggregate consisting of 

10 monomers with a dipole length of about 30~ (3oi is the approximate 

length of an alamethicin molecule from the carboxylic group to the 

farthest carbonyls in the configuration of an elongated loop). 

We have shown that Va= mokT/µ (Eq. 14). If we let m = 9, 

we obtain 

mokT = 35.4 mV 

This value of Va corresponds very well with 36± 4 mV, the value ex­

perimentally determined by Eisenberg, Hall and Mead (1973). 

Similarly, Vsalt may be calculated from Eq. 17 by putting i = 4 
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V = MkT = 15. 8 mV salt µ 

Again, we see that this value is well within the error limit of Vsalt = 

16±1.5 mV obtained by Eisenberg et al. (1973). 

8.4 Current-Voltage Characteristics According to this Model 

Finally, we tested the current-voltage characteristics in our 

model. We generalize Eq. 11 to get an expression relating A, the 

conductance of an alamethicin-doped membrane, with the applied voltage 

V : 

A = K c: c; Af exp( µV /okT) (23) 

Since the current, I , is given by I= AV, we multiply both sides by 

V to get: 

I =Kc~ c; Af V exp(µV/okT) (24) 

This is the expression relating the current through the pores to the 

applied voltage. We note that are merely a 

group of parameters which modify the magnitude of the current I at a 

given voltage V but do not change the shape of the current voltage 

curves. High concentrations of alamethicin and salt correspond to 

large values of the product of Kc: c; Af and vice versa. Setting 

okT/µ = 3.94 mV and assuming various values for Kc: c; Af we ob­

tained theoretical current-voltage curves shown in Figs. 25 and 26. 

Small values for KC~ c; Af are assumed for the curves in Fig. 25. 

In this case the current increases exponentially with voltage, 
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FIGURE 25 

Theoretically predicted current-potential 

curves of alamethicin-treated bilayer mem­

branes. Equation used: 

I= Kc: c! \f exp(~~T) V 

Values of KC: c; \f assumed for the three 

curves are: (A) 1 x ,o-3; (B) 1 x ,o-2; 

(C) 1 x 10-l. 
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FIGURE 26 

Theoretically predicted current-potential 

curve of alamethicin-treated bilayer mem­

branes. Equation used: 

m R- (µV) I= K ca cs Af exp okT V 

Value assumed for K c: c! \f = l x 103. 
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resembling the experimental results shown in Fig. 2. If the concen­

tration of alamethicin is large (therefore large K c: c: >..r ), the 

characteristic voltage becomes negative (Fig. 26), and the current­

voltage curve exhibits a region of negative resistance similar to that 

shown in Fig. 3. In fact, if we let 

we find that the curve shown in Fig. 26 agrees quantitatively with that 

of Fig. 3. 

The minimum of the I-V curve in Fig. 26 deserves addit i onal 

comment. If we differentiate Eq. 24 with respect to V and set 

dI/dV = 0, we see that the current minimum occurs at a voltage V min 

V . = okT/ µ = 3.94 mV mm 

This value agrees with that obtained by Eisenberg et al. (1973) (Fig. 

3) to within experimental error. This minimum does not show up in 

Fig. 25 because of the small values for K c: c; Af at low alamethic i n 

concentrations. 

From this we may proceed to estimate the value of Li G0 in Eq. 

7. We substitute ca 
-6 and let 9 and = 5.65 x 10 M, cs = l M, m = 

Q, = 4 ( these are the conditions for Fig. 3). We obtain 

KAI'= 5. 17 X 1040 

Since A , the average conductance per pore, has a magnitude on the 

9 49 order of 10- mho, Kf = 5. 17 x 10 . We cannot yet explicitly determine 
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the value for K , but it is expected to lie somewhere from 1065 

(100 pre-pores per l0- 7M of alamethicin in solution) to 1070 (107 

pre-pores per 10-7M alamethicin). Thus 6G 0 has a value of 25 ±5 

kcal/mole. This large 6G 0 is in fact consistent with the high 

surface-activity of the antibiotic. 

8.5 Conclusion 

We have presented and analyzed a model for the voltage-induced 

formation of alamethicin pores in bilayer membranes. This model suc­

cessfully accounts for the macroscopic current-voltage behavior of 

alamethicin-doped membranes. Although ours is based on a dipole model , 

we have assumed no specific detail of the structure of this dipole. 

Either a cyclic structure of alamethicin as proposed by Payne et al. 

(1970) or a linear structure by Martin and Williams (1975) fits into 

the model equally well. X-ray crystallographic determination of the 

structure of this polypeptide would be necessary before any structured 

detail of the dipole may be proposed. 
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Proposition l 

FREEZE-FRACTURE ELECTRON MICROSCOPY STUDIES OF LEAKY VESICLES 

A new phenomenon in vesicle preparation has recently been observed 

in this laboratory (Lawaczeck et al., 1975). It was observed that if 

dipalmitoyllecithin is sonicated at a temperature below that of its 

phase-transition, and a rare-earth shift reagent such as europium (III) 

is then added, an anomalous intensity ratio of the two europium-resolved 

choline pmr signals always results. Negative staining electron micros­

copy, a technique of established value in visualizing the sizes and 

shapes of lecithin vesicles (Sheetz and Chan, 1972; Godici and Landsber­

ger, 1974; Lau and Chan, 1974; Papahadjopoulos et al., 1974), yields no 

meaningful results with these lipid preparations (Hu, V. and Lau, A.L.Y., 

unpublished experiments). However, if the lecithin is sonicated at a 

temperature higher than that of its phase-transition, or if the sonicated 

lecithin preparation is incubated at a temperature much higher than its 

phase-transition before europium ions are added, the observed choline 

pmr signals' intensity-ratio correlates well with the average vesicle 

size (as visualized by electron microscopy). 

Further research into this abnonnal behavior of vesicle prepara­

tions has led to the concept of 11 structural defects" in lecithin bilayer 

vesicles. It has been suggested that under abnormal sonicating condi­

tions, lipid molecules group together in different regions of a vesicle, 

forming 11 patches 11
• Such patches of lipid bilayers do not match up well 

at the boundaries, resulting in a phenomenon analogous to phase­

separation. This surface inhomogeneity gives rise to cracks along the 
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vesicular surface; the cracks are large enough for europium ions to 

pass through. Negative staining electron microscopy does not give 

meaningful observations presumably because such cracks also allow phos­

photungstic acid (the staining reagent)to leak through, destroying the 

contrast between the vesicle and its surrounding background. Incuba­

tion at a high temperature leads to thermal agitation and spatial re­

arrangement of the lipid molecules, sealing the leaks in the vesicle. 

This conclusion is reasonable in view of the ability of some ad­

ditives to induce phase-separation or related phenomena in bilayer ves­

icles. Sonication of dipalmitoyllecithin contaminated with more than 

1% palmitic acid usually results in vesicles with imperfect structure 

(viz., abnormal intensity-ratio of the outside to inside choline pmr 

signals is observed when europium ion is used to resolve them) (Lau, 

A.L.Y., unpublished experiments). 

We propose that freeze-fracture electron microscopy be used to 

study this phenomenon. The freeze-fracturing technique has been used 

to observe lipid-lipid interface features of vesicles, such as lipid­

protein and cholesterol-lipid interactions (Verkleij et al., 1974). 

For example, a normal lecithin vesicle has a smooth fractured surface, 

whereas one containing lipophilic membrane proteins has a fractured 

surface dotted with protein particles (Vail et al., 1974). A crack in 

the structure of the vesicle must traverse the entire thickness of the 

bilayer, and should be observable in freeze-fractured vesicle speci­

mens. Indeed, according to some preliminary results (Hu, V., private 

communication), fault-lines were observed in some fractured vesicle 
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surfaces. Although the origin of these lines is still obscure, they 

may well be due to surface defects. Further research into this prob-

lem with freeze-fracture electron microscopy technique could establish 

this supposition and give additional insight into the structural aspects 

of the leaky vesicles. 
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Proposition 2 

ASYMMETRICAL BILAYERS AS A MODEL TO STUDY 

TRANSMEMBRANE EFFECTS 

Since the matrix of a biological membrane is a bilayer of phos­

pholipid molecules, lipid bilayer systems have been used as models for 

biological membranes. The thermodynamical properties of lipid bilayers 

have been extensively studied using many physiochemical techniques 

and such investigations have yielded valuable insight into the struc­

tural and functional aspects of membranes (Kornberg and McConnell, 

1971; Levine and Wilkins, 1971; Eddidin, 1974; Godici and Landsberger, 

1974; Lee et al., 1974; Prestegard and Fel lmeth, 1974; Sackmann, 1974; 

Seelig and Seelig, 1974). The interactions of bilayer systems with 

various drugs, antibiotics and anesthetics were also investigated and 

the resuJts of these studies have been fruitful (see, e.g., Hsu and 

Chan, 1973; Chang and Chan, 1974; Lau and Chan, 1974,1975; Yu et al., 

1974; Yu et al., 1975). 

Biological membranes have, generally speaking, a bilayer back­

bone consisting of more than one type of lipid. From studies of 

bilayer using lipids of different head groups and/or chain lengths it 

has been established that many properties of membrane-bound proteins 

and antibiotics are influenced by the types of lipid present. For 

this reason bilayer systems containing mixed lipids are receiving in­

creasing attention from research workers. 
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Optical density measurement and differential thermal analysis 

have shown that lipid vesicles containing mixed lipids have only one 

thermal phase transition at approximately the weighed average of the 

various lipids' transition temperatures (Lawaczeck, R., personal com­

munication). That is to say, for example, if dipalmitoyl and dimyris­

toyl lecithins are well mixed at a l:l molar ratio and then sonified, 

the observed thermal phase transition of the sonified preparation 

would be around 31-33°, about the average of 42° and 23° which are the 

phase transition temperatures of these two lipids in their pure state. 

Hence when lipids are present side by side in a vesicle, their thermo­

dynamic properties are greatly influenced by their neighbors. Rapid 

lateral diffusion of lipid molecules on the surface of the vesicle ap­

parently can prevent phase separation. On the other hand, if the lipids 

are sonified separately and then mixed, the mixture exhibits separate 

thermal transition steps for each lipid present. This indicates that 

inter-vesicular communication other than vesicle-vesicle fusion is very 

minimal. 

An interesting situation exists when two different lipids are 

present in the same vesicle, but with each lipid exclusively on only 

one side of the bilayer. Such asymmetrical bilayer vesicles can indeed 

be synthesized with the help of lipid exchange proteins, as demonstrated 

recently by Rothman and Dawidowicz (1975), and have been shown to be 

stable. 

Many interesting experiments can be performed with this asymmet­

rical vesicle system. For example, it would be worthwhile to determine 

whether, and to what extent if so, lipids on one side of the bilayer can 
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modify the properties of lipid molecules on the other side. Since it 

has been determined that lipid movement traversing the thickness of 

the bilayer is an extremely slow process, transmembrane communication 

via a flip-flop mechanism is unlikely (Rothman and Dawidowicz, 1975). 

If these asymmetrical vesicles display only one thermal phase transi­

tion, it would be interesting to find out by what mechanism this can 

be accomplished. Conversely, if the vesicles show a two-step phase­

transition, we would have a situation in which one-half of the bilayer 

is in a more or less fluid state, while the other half is still in a 

crystalline phase. This situation, which could arise at temperatures 

in between the two transitions, is rather difficult to comprehend at 

this stage. Thus either way the problem is interesting for intellec­

tual thinking. 

Other areas of research interest which might utilize these asym­

metrical vesicles include the problem of bilayer coupling when the 

vesicle is acted on by foreign particles. A surface active agent such 

as alamethicin has been shown not to induce bilayer coupling as long as 

there exists no major ionic imbalance across the bilayer (Lau and Chan, 

1975). Many amphipathic proteins, however, may induce differential 

response to additives (Sheetz and Singer, 1974). This may be understood 

from the point of view of bilayer structural disruption caused by these 

foreign particles. We shall mention one possible experiment as an il­

lustration of how these vesicles may be used in studies of this type. 

Valinomycin has been shown to interact quite differently with 

bilayers of different lipids (Hsu and Chan, 1973). With dipalmitoyl­

lecithin, the action of this antibiotic is essentially confined to the 
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polar head group region of the bilayer, whereas with dimyristoyllethi­

cin, valinomycin appears to be able to penetrate and break down the 

bilayer structure. How valinomycin interacts with a vesicle made up 

of, say dipalmitoyllecithin inside and dimyristoyllecithin outside (or 

vice versa) would be an intriguing piece of work. 
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Proposition 3 

ELECTRON MICROSCOPY STUDIES ON VACCINIA VIRUS DNA 

The vaccinia virus genome is a double-stranded roolecule with a 

molecular weight on the order of 108 (Allision and Burke, 1962~ Berns 

and Rose, 1970; Easterbrook, 1967; McCrea and Lipman, 1967; Sarov and 

Becker, 1968). After denaturation this DNA appears in the electron mic­

rographs as a full-length circle with a total length twice that of the 

natural double-stranded species (Geshelin and Berns, 1974). This sug­

gests that either the complementary strands are joined to each other by 

short segments of single-stranded DNA, or the two complementary strands 

are covalently linked by some unknown structure at or very near the 

strands' termini. These linking structures, if they exist, must be 

strong enough to withstand denaturation cleavage (see Fig. 27a,b). 

Vaccinia virus cores are known to synthesize high molecular 

weight messenger RNA with a long polyriboadenylic acid (poly A) sequence 

at or near one of its ends. This poly A sequence has an average length 

of about 200 residues (Kates, 1970; Kates and Beeson, 1970). It is be­

lieved that the poly A is synthesized by a transcription from poly dT 

sites on the vaccinia virus DNA molecule. 

We propose to map the sites of the poly dT sequence on this vac­

cinia virus genome by glyoxal selective blocking technique and electron 

microscopy. Since poly A is the end sequence of each mRNA, locating the 

poly JT sites would be equivalent to the mapping of the mRNA coding sites. 

The proposed experiments and their reasoning are as follows: It 

has been known that glyoxal (CHOCHO) can complex with adenosine and 
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cytidine rapidly and reversibly, but much more slowly with guanosine 

residues (Hsu et al., 1973). However, the low dissociation constant of 

the guanosine-glyoxal complex (Broude and Budowsky, 1971) makes glyoxal 

an ideal blocking agent for G-sites on DNA molecules (Blick and Thomas, 

1975). The reason for the irreversibility of the guanosine-glyoxal com­

plexation reaction probably lies in the fonnation of a stable five­

member ring (Hsu et al., 1973). Denaturation of the vaccinia virus DNA 

by methyl-mercuric hydroxide, a strong base-pair disrupting reagent 

(Gruenwedel and Davidson, 1966; Kung et al., 1975), is expected to yield 

a circular single-stranded structure. Reaction of this CH 3HgOH-denatured 

DNA with glyoxal results in the complexation of glyoxal to essentially 

all of the dA, dT and dG residues. Only the adduct of guanosine with 

glyoxal is stable, however. Other glyoxal-nucleotide complexes are 

readily destroyed by extensive dialysis. Subsequent renaturation of the 

DNA after dialysis would result in the reassociation of all poly dT sites 

with their complementary poly dA sequences on the other half of the 

single-stranded circle. The guanosine residues, however, are irrever­

sibly blocked by glyoxal and thus cannot reassociate with their comple­

mentary sequences. Short dA:dT base-pairs would not be stable enough 

to reassociate, but long poly dA:poly dT pairs would be stable. Thus if 

such partially renatured DNA molecules are spread from an appropriate 

formamide-Tris solution and observed under an electron microscope, each 

molecule would appear as a many-looped chain. The reassociated poly 

dT:poly dA base-pairs would be observed as the nodes in the chain (Fig. 

27d schematically represents these reassociated sequences as short 

double-stranded threads but in reality, because of the resolution of the 
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electron microscope involved, they would appear merely as nodes in the 

chain.) 
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FIGURE 27 

Schematic representation of the structure of 

vaccinia virus DNA under different conditions: 

(a) In the natural form, the DNA is double­

stranded with complementary strands intercon­

nected. (b) In the denatured form it appears 

circular. (c) After treatment with glyoxa1, 

G-residues are permanently blocked. 

(d) Renaturation results in the formation of a 

many - looped chain. 
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Proposition 4 

SYNTHESIS OF SPECIFICALLY LABELED LIPID MOLECULES 

Lipid bilayer systems have been receiving much attention in bio­

physical research in recent years. It is thought that lipid bilayers 

represent the structural skeleton of biological membranes (Levine and 

Wilkins, 1971; Kuhn and Mobius, 1971). For this reason much effort was 

made to investigate the theYlllodynamic properties of bilayer systems, es­

pecially the state of motion of component molecules of the bilayer mem­

brane under various experimental conditions. Nuclear magnetic resonance 

spectroscopy, by virtue of its sensitivity to structural details and 

environmental changes, has been one of the most widely used techniques 

in studying lipid bilayer systems (see, for example, Chan et al., 1971, 

1973; Henderson et al., 1974; Horwitz et al., 1972; Lee et al., 1972; 

Lichtenberg et al., 1975). 

In nmr studies of lipid bilayers, the hydrocarbon chain region 

has usually been treated as a single unit, despite the fact that this 

region occupies some 70% or more of the entire bilayer thickness. Because 

of the motional sluggishness of the chain protons and the magnetic aniso­

tropy within the region (Kaufmann et al., 1970) it has not been possible 

to resolve the broad hydrocarbon chain nmr signal into various compon­

ents. For example, existing data on multilayer systems show only a 

single longitudinal relaxation time for all methylene protons, even 

though it is generally accepted that protons at different chain positions 

should experience different magnetic environment and thus should have 

different relaxation times. 
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We propose that specifically 13c-labeled lipids be synthesized 

and utilized to study the nature of the hydrophobic interior of the bi­

layers and its interaction with intrinsic membrane proteins, ionophores, 

etc. 13c-labeled lipid bilayer is advantageous in having the region 

under investigation well defined. This labeling technique is superior 

to other methods in that the bilayer structure remains essentially unal­

tered. Other labeling methods such as 19 F substitution for protons 

(Gent et al., 1975), or addition of covalently linked nitrosyl radicals 

(i.e., electron spin resonance method) are with the inherent uncertainty 

of having the bilayer structure disturbed by these additives or substi­

tutions. Even perdeuterated lipids have substantially different phase­

transition temperatures (Petersen et al., 1975). 

The main difficulty in the synthesis of labeled lipids is in the 

synthesis of the corresponding fatty acids. The addition of the fatty 

acid to the glycerophosphorylcholine to form the lipid is relatively 

straightforward. We propose the following routes of synthesis: 

(A) Synthesis of fatty acids with the 13C-label near the carboxyl group: 

CH 3(CH 2)nOH + 48% HBr ~ CH 3(CH 2)nBr + H20 

CH 3(cH2)nBr + Mg/Ether ~ CH 3(CH 2)nMgBr 

CH 3(CH 2)nMgBr + *CH 20 ~ CH 3(CH 2)n *CH 20H 

(1) 

(2) 

( 3) 

CH 3(CH 2)n*CH20H can undergo the Grignard synthesis once more to give 

CH 3(cH 2)n*CH 2CH 20H which on oxidation by chromic acid gives the fatty 

acid CH 3(CH2)n*CH 2COOH. 
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Alternate route from step 2: 

(4) 

which puts the labeled carbon on the carboxylic group. 

(B) Synthesis of fatty acids with the 13C-label near the terminal methyl 

group: 

Ozonization will break the double bond to give the aldehyde *CH 3(cH2)nCHO 

which is readily oxidized to give the desired product, *CH3(cH2)nCOOH. 

(C) Synthesis of the 13c-labeled lipid: 

After the labeled fatty acid is synthesized, the corresponding 

monoacid lecithin can readily be prepared by reacylation of sn-glycero-

3-phosphorylcholine (GPC): 

0 + II 

R3N -CH2-cH2-0-f~O-CH2-c
6

H-CH20H + *RCOOH 
0 H 

0 0 + 11 II 

R3N -CH 2-CH2-0-~-0-CH2-CH-0-C-R* (7) 
o- I 

CH 2-0-~-R* 
0 

GPC is obtained from deacylation of purified egg-lecithin (Kroon, 1975). 



-153-

References 

Chan, S. I., Feigenson, G. W., and Seiter, C.H.A. (1971), Nature, ?JJ, 
110. 

Chan, S. I., Sheetz, M. P., Seiter, C.H.A., Feigenson, G. W., Hsu, M. C., 

Lau, A.L.Y., and Yau, A. (1973), Ann. N. Y. Acad. Sci., 222, 499. 

Gent, M.P.N., Armitage, I. M., and Prestegard, J. H. (1975), J. Amer. 

Chem. Soc., (in press). 

Henderson, T. 0., Glonek, T., and Myers, T. C. (1974), Biochemistry, 13, 

623. 

Horwitz, A. F., Horsley, W. J., and Klein, M. P. (1972), Proc. Nat. Acad. 

Sci., §~, 590. 

Kaufmann, S., Stein, J. M., and Gibbs, J. H. (1970), Nature, ?.§.§, 744. 

Kuhn, H. and Mobius, D. (1971), Angewandte Chemie Int. Ed., JQ, 620. 

Kroon, P. A. (1975), Ph.D. thesis, California Institute of Technology, 

Pasadena, California. 

Lee, A. G., Birdsall, r~.J.M., Levine, Y. K., and Metcalfe, J.C. (1972), 

Biochim. Biophys. Acta, ?22, 43. 

Levine, Y. K. and ~~ilkins, M.H.F. (1971), Nature New Biology, 230, 69. 

Lichtenberg, D., Petersen, N. 0., Girardet, J.-L, Kainosho, M., Kroon, 

P.A., Seiter, C.H.A., Feigenson, G. W., and Chan, S. I. (1975), 

Biochim. Biophys. Acta, 382, 10. 

Petersen, N. 0., Kroon, P. A., Kainosho, M., and Chan, S. I. (1975), Chem. 

Phys. Lipids, 14, 343. 

Organic Synthesis General References: 

Buehler, C. A. and Pearson, D. E. (1970), Survey of Organic Synthesis (Wiley). 



-154-

Monson, R. S. (1971), Adv. Organic Synthesis (Academic Press). 

Vogel, Textbook of Organic Synthesis. 



-155-

Proposition 5 

CRYSTAL STRUCTURES OF A23187-METAL COMPLEXES 

The ionophore A23187 has been shown to transport divalent cations 

across biological membranes (Reed, 1972; Caswell and Pressman, 1972; 

Scarpa et al., 1972; Wong et al., 1973). It can also uncouple oxidative 

phosphorylation and inhibit ATPase in rate liver mitochondria (Reed and 

Lardy, 1972; Wong et al, 1973). The molecular composition of this iono­

phore has been determined to be c29 H36N3o6 (Chaney et al., 1974). 

Titration and fluorescence studies have indicated that the ionophore com­

plexes with divalent cations in a 2:1 ratio in nonpolar solvents (Puskin 

and Gunter, 1975). 

Ionophore A23187 is unique in the aspect that it is specific for 

divalent cations. The complexation reactions of it with transition metal 

ions such as cu2+ and Mn 2+ have been studied by electron spin resonance 

spectroscopy (Puskin and Gunter, 1975). It is shown that the coordina­

tion between the metal ion and the ionophore is predominantly ionic in 

character. Since the anionic form of A23187 carries a negative charge, 

it is believed that it is this neutral 2:1 (ionophore/cation) complex 

that is responsible for the transit of divalent cations across the lipid 

membrane phase. The crystal structure of this antibiotic has not yet 

been determined, but indirect methods such as mass spectroscopy and nmr 

spectroscopy indicated that its structure is probably similar to that of 

the polyethers. 

It is proposed that the crystal structure of this ionophore in its 

complexed form in solvents of different dielectric constants be deter-
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mined. Membrane-bound antibiotics are expected to exhibit different 

conformational characteristics in aqueous solutions and in solutions 

of lower dielectric constants and higher viscosities. For example, 

alamethicin (another antibiotic which is a pore-former) was shown to 

exist in different forms in water as compared to in more hydrocarbon­

like solvents (Jung et al., 1975). For ion carriers, such as valino­

mycin and nonactin, the complexed forms of these antibiotics are known 

to give different nmr spectral characteristics than their free forms 

(Haynes et al., 1969; Prestegard and Chan, 1969,1970). Conformational 

changes in different solvents is especially possible in the case of 

A23187 since it has been suggested that the transport process of this 

ionophore involves first the formation of a 1:1 complex in the polar 

aqueous region followed by binding of a second A23187 molecule near the 

polar bilayer surface to form a 2:1 complex. The neutral 2:1 complex 

is then extracted into the nonpolar membrane interior (Puskin and Gunter, 

1975). It is expected that different conformations of this ion-carrier 

exist in different solvents. In aqueous solutions, where a 1:1 complex 

is more probable, the structure of this ionophore is expected to be dif­

ferent from that in a more hydrocarbon-like solvent such as chloroform 

or 1-octanol. Investigation on the structural aspect of A23187-divalent 

cation complexes in various solvents should provide us with insight in 

the ion-transport properties of this antibiotic. 
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