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ABSTRACT
The interaction of alamethicin, an extracellular macrocyclic

polypeptide found in the fungus Trichoderma viride, with 1ipid 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 ('v3OOR 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 a]amethicfn;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. 1In
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 a]amethicin 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 1ipid membranes.
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Chapter I
INTRODUCTION

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; Bean, 1972; Ehrenstein et
al., 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
1ipid membranes, voltage-dependent excitability not unlike that observed
in certain biological membranes.

This thesis concerns an investigation of the interaction of ala-
methicin with Tipid 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 prolines, 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
258. 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 36R in
Tength (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
species 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.



FIGURE 1

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 Tipid 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 1ipid
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 10_10mho. Both the Tifetime 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 "charac-
teristic voltage" (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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C
VC = - Va 2n Eé- (Eq. 1, Eisenberg et al., 1973)
0
Csalt
¥, = ‘Vsa1t m —o— (Eq. 2, Eisenberg et al., 1973)
)

where Va and Vsalt were experimentally determined by these workers
to be 36 £+3 mV and 16 +1.5 mV respectively. o and cé are two em-
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, V_, the

o
membrane conductance is indistinguishable from that of a bare membrane
(bare membrane conductivity is‘”]O—gmho-cm-z). Beyond V_ 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 A of an alamethicin-modified mem-

brane increases exponentially with applied voltage:

A=A exp(V/VO) (Eq. 4, Eisenberg et al., 1973)

where V0 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



FIGURE 2

Family of current-voltage curves in symmetric 0.1 M NaCl
solution with different alamethicin concentrations:

(a) 5x10 8g/ml, (b) 107 7g/m, (c) 2x10 7g/m1, (d) 5x1077
g/ml, (e) 10°0g/ml and (f) 1.5x107%g/m. 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 )
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FIGURE 3

Voltage-current curve of a PE-decane membrane,
0.5 x 10_2cm2 in area with 1.0 M NaCl on both sides
and 10'5g/m1 alamethicin added to one side only.

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

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



CURRENT (in 107'94)

| | 1 S

-60 -30 30 60
VOLTAGE (mV)




=T
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 probab]e, 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 Ties 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.
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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 13

C 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 conformation changes
in media of different dielectric constants may have some implications
on the mechanism of pore-formation, which we shall take up in Chapter
VIII.

Theoretical calculations on alamethicin conformation was per-
formed 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

conformation 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
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the end, rejoining residue 1 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 17:1
for alamethicin between 1lipid and aqueous media. However, in view of
the strong tendency of the ol igopeptide 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 1ipid
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 scénning calorimetry (Chapman
et al., 1969; Levine et al., 1973), electron spin resonance spectroscopy
(Finer et al., 1969; Levine et al., 1973), circular dichroism and fluor-
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 sensitivity has been
exploited in many nmr investigations of the structural and dynamic prop-
erties of lecithin bilayers (see, for example, Penkett et al., 1968;
Chan et al., 1971; Lee et al., 1972,1973; Horwitz et al., 1972; Levine
et al., 1972; Michaelson et al., 1973; Feigenson and Chan, 1974; Seiter
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 1ipid multilayers and sonicated bilayers (Hauser et
al.,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-
lamellar (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 ffom black 1ipid membrane experiments
is evident from the fact that the unsonicated 1iposomes 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 1ipid 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 speciffca]]y, it has been argued that the
packing arrangements of these molecules in multilayers is more reqular
than in bilayer vesicles about BOOR in diameter. This difference in the
molecular packing of the 1lipid 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 bilayer 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 fhe
presence of a surface-aétive agent such as alamethicin this process of -
vesicle fusion beéomes 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 Tight of the data reported earlier on black 1ipid film experiments

(Eisenberg et al., 1973).
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Chapter II
MATERIALS AND METHODS

2.1 Techniques

2.1.1 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 Tow 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 N]/z.

However, with very dilute samples,
notably those used in natural abundance ]3C 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, bfoad resonances which may otherwisé obscure
the ana]ysfs 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 (Tz) 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/Tz) of its initial value, according

to the equation

M(t) = .8 exp(-t/TZ)

Thus, after a time T = 5 units, say, a signal with T2 equal to 1 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 = 1) 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
multilayers have an exceedingly broad and intense (half-width v3000 Hz,
intensity v80% 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 DFT
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 spectrophotomefer
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 620 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-1-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 1ight 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
"staining".

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 1ight 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 i]]ustration). 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 Tayer of carbon (m,1oR). 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, Teaving the area occupied by the vesicles

electron-transparent.,

2.1.4 Preparation of Specimens for Electron Microscopy. Imme-

diately before and after each nmr experiment, a portion of the vesicle
solution was diluted to 1-5 mg in Tecithin per ml D20. 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 1liquid 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
Tevels 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 1508 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-93.1 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 2.5x50 cm column was used, and the lecithin was eluted
with 400 ml of CHC13, followed by 400 ml of CH3OH-CHC13 mixture in a

1:9 ratio, and finally with 1500 m1 of CH 0H—CHCl3 (9:1). The lecithin

3
came out in the Tast eluent. After rotary evaporation of the eluting
solvent a white product was obtained, and thin Tayer 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
(P205-24 WO,-xH,0, 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 (DFT) 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 1lines 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 Tecithin bilayers in the past.
This problem can be circumvented by the use of the delayed Fourier
Transform method. In DFT nmr spectroscopy one exploits the significant]y
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 DFT 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 EE;El°’ 1971,1973; Hsu and Chan,
1973).

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 CHC]3 doped with the free-radical 2,2-diphenyl-1-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 DZO‘ (A) Continuous wave spectrum of a
dipalmitoyllecithin multilayer sample at 48°.

(B) Delayed Fourier transformed spectrum of the

same sample. Receiver dead time = 346 useconds.
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Tecithin suspension. After the tube was sealed under nitrogen at
slightly Tess 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 usec 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 Tast chapter.

3.4 Results and Discussion

The effect of alamethicin on the crystalline Z Tiquid crystalline
phase transition of dipalmitoyllecithin bilayers has been followed
using the DFT 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 DFT 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%
alamethicin; (C) terminal methyl protons without
alamethicin; (D) terminal methyl protons in the

presence of 1% alamethicin.
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the Tiquid 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 additfon 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 (TZ)
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 Tless than
30 uysec; above the phase transition temperature this relaxation time
is increased to 110 psec or more. Addition of 1% alamethicin reveals
no noticeable 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 DFT observation reported
earlier in this chapter.

The above observations strongly suggest that alamethicin inter-
acts with dipalmitoyl Tecithin 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 dependehce 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 1line,

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

T, usec
Sample Containing Sample Containing
Temperature °C 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
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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 Tlinewidth. 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
Tinewidths are much narrower (v~ 5 Hz for choline methyl protons and
~ 30 Hz for methylene chain protons). The intensities of these sharp
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 methy] 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 D20 (99.8% 2H) contain-
ing 2mM phosphate (sodium salt) at pD 7.4 was added to give a sus-
pension of about 50 mg of lecithin per ml D20. 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 a T ml volumetric

flask, dissolved in D20 containing 2 mM phosphate at pD 7.4, and a



-39-

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 Tow

(v 107%).

4.3 Results and Discussion

Freshly prepared solutions of small sonicated vesicles are
colorless, nearly transparent and hdmogeneous. 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 B is 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 1ine 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)
for bilayer vesicles of diameter 10003.

Electron microscopy studies confirmed 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 still 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 1nbu-
bated with 0.3% alamethicin: (A) choline methy]l
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.



-44-

0]¢;

D saaibap ul ainjpsadwa |

o soalbap ul

a4njoiadwa |

St O G¢  of oS S oy g  oOf
. : : 0 " : . ™ . 0
Amv 102 A <v \\\ﬁ 10¢
{ov lot
\
\
109 b 109
\D 0 ] Ow o : Om
lool — D J0o0l

sjoubis uoinjosas ybiy Buiab suojoid <%



A5

FIGURE 9

Representative micrographs for lecithin ves-

icle preparations.



— 0GZ = UDIYBUWD[D /Uiyl jybiy
yOO0l POPPD UPDIYOWDID ON 43T

SATOISAA NIHLIOFT 40 SHAVHOOHOIN  IAILVLINISTIHd3Y




-48-

FIGURE 10

Cumulative frequency function of vesicle
sizes: (A) sample containing no alamethi-

cin; (B) (dashed 1ine) 0.01% alamethicin;
(C) 0.4% alamethicin.



-49-

600 700
Diameter of Vesicles in Angstroms

S00

300

200

&)
m
_
lllllll in |
m
T
u =k |
m
€ 3¢ 3 3¢ 3 3¢ 3 ; :
o o o o o o o o wum m
o o @ ~ © 0 < ) Y =

abojuaoiad anypjnWND

900

800

400



-50-

FIGURE 11

Effect of alamethicin concentration on
the pmr signal intensities of sonicated
lecithin vesicles: (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.
8A) with that of TOOOR vesicles does reveal an important difference.
In normal large vesicles 10008 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 inter<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>