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Summary. Attenuated total reflection infrared spec-
troscopy has been used to determine the equilibrium
distribution of the peptide antibiotic alamethicin
R;30 between dipalmitoyl phosphatidylcholine bi-
layers and the aqueous environment, The distribution
coeflicient K =cZZ/ce1‘g turned out to be concentration
dependent, pointing to alamethicin association in the
membrane with increasing concentration in the aque-
ous phase (). This concentration was varied within
28 and 310nM, ie., in a range typical for black film
experiments. Furthermore, diffusion coefficients of
alamethicin in the hydrophobic phase of the mem-
brane (D,,) and across the membrane/water interface

(D;) have been estimated from the time course of the.

equilibration process. It was found that the diffusion
rate of the uncharged analogue R,50 is about 10
times higher than that of the R;30 component,
exhibiting one negative charge at the C-terminus.
The time constants for transmembrane diffusion of
alamethicin Ry 30 varied between 2.2 hr at low con-
centration and 3.2hr at higher concentration. The
corresponding low concentration value of the R, 50
component was found to be 0.25 hr.

Alamethicin (ALA) is an antibiotic isolated from
Trichoderma viride. When ALA is added to lipid
bilayer membranes in nano- to micromolar concen-
trations, pore formation is observed under the influ-
ence of a properly applied electric potential across
the membrane. The reader is referred to Boheim and
Kolb (1978) for a review of electrical and kinetic
phenomena. The peptide is linear and consists of 19
amino acids (Gisin, Kobayashi & Hall, 1977), where-
as 16 of them are hydrophobic. Concerning the mo-
lecular mechanism of pore formation, most models
presented so far are based on the assumption that
ALA is adsorbed at the membrane/water interface.

Insertion of ALA into the membrane is reported to
occur under the influence of an electric field (Boheim
& Kolb, 1978). This molecular mechanism was de-
rived predominantly from kinetic data of membrane
conductance measurements, i.e., from imformation on
a macroscopic level. Alternatively, Fringeli and Frin-
geli (1979) have recently shown by means of at-
tenuated total reflection (ATR) infrared (IR) spec-
troscopy that in the absence of an electric field ALA
is already located predominantly in the hydrophobic
phase of the bilayer membrane and not adsorbed at
its interface. Therefore, in equilibrated membranes
field-induced pore formation cannot be initiated by
insertion of peptide molecules from the hydrophilic
surface into the interior of the membrane, as com-
monly was assumed. This paper investigates the simi-
larities between the experimental conditions used in
ATR-IR studies of ALA interaction with dipalmitoyl
phosphatidylcholine (DPPC) bilayers and those com-
monly used with black lipid membranes. For that pur-
pose the equilibrium distribution of ALA between
the bilayer membrane and the surrounding aqueous
phase as well as the diffusion coefficients of ALA in
DPPC double layers and across the DPPC/water
interface were determined. The former results in typi-
cal ALA equilibrium concentrations in the aqueous
phase and in the membrane. From the latter it can be
estimated whether the black lipid membrane has al-
ready reached ALA equilibrium concentration dur-
ing the performance of conductance experiments.
Concerning membrane fluidity, it should be noted
that black film experiments are generally performed
with lipids, whose gel-to-liquid crystalline phase tran-
sition is below 25°C. This is not the case for DPPC,
whose transition temperature is at ~41°C. However,
incorporation of ALA into DPPC bilayers leads to a
significant reduction of hydrocarbon chain ordering
in aqueous environment, i.e., enhancement of mem-
brane fluidity with respect to pure DPPC (Fringeli &
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Fringeli, 1979). There is good evidence that the data
reported in this paper may approximately be applied
to black lipid membranes, too (¢f. Conclusions).

Materials and Methods

L-o-dipalmitoyl phosphatidylcholine (DPPC) was obtained from
R.Berchtold, Biochemical Laboratory, Mattenhofstrasse 34, CH-3007
Bern. Alamethicin  R;30 (ALAF30) and alamethicin R, 50
(ALA F50) were kindly provided by Dr. G.B. Whitfield, Upjohn
Co., Kalamazoo, Mich., and Prof. G. Jung, University of Tiibingen,
D-7400 Tiibingen, respectively. The internal reflection plates were
obtained from Harrick Scientific Corp., Croton Dam Road, Ossin-
ing, N.Y. 10562. Concerning attenuated total reflection infrared
(ATR-IR) spectroscopy, the reader is referred to Harrick (1967)
and to Fringeli (1977).

For membrane formation, some drops of the stock solution in
chloroform (DPPC: 1072—-107%M; molar ratio npppe/fis; = 50)
were homogeneously spread by means of a glass bar on one or on
both sides of a zinc selenide ATR plate (50 x 10 x 1 mm, trapezoid,
§,=45°). Multibilayers were formed by evaporation of the solvent
while the bar was slowly moved along the surface of the plate. This
technique resulted in oriented layers with domains of uniform
interference colors, ie., uniform thickness, of about 1 cm?, depend-
ing on the amount of substance used for membrane formation. The
actual area of the membrane was 2.8 or 5.6 cm? depending on
whether it was attached to one or both sides of the ATR plate.
DPPC and DPPC/ALA model membranes have turned out to be
stable over periods of observation much longer than those typical
for this work, i.e., there occurred no structural rearrangements as
observed, e.g., with oriented layers of tripalmitin (Kopp et al.,, 1975,
1976) and some phospholipid analogues (Fringeli, 1977). However,
it should be noted that both evaporation of solvent without
spreading by a glass bar and fast evaporation of the solvent lead to
layers with inhomogeneous thickness and crystallization, respec-
tively. Such layers are opaque and therefore have not been used as
model membranes.

A prerequisite for the incorporation of ALA into the lipid
membrane is its exposure to liquid water (Fringeli & Fringeli,
1979). Incorporation can be achieved to a considerable extent by
overlaying the membrane with a thin film of water (~20 pl/cm?)
for about 1 hr followed by drying with a clean air stream (~70%;
rel. humidity at 25°C). After this treatment the ATR plate was
mounted in the cell holder. The amounts of ALA and DPPC were
determined by means of the integrated intensity (—j In T(V)dv:
interval of integration 1600-1700 cm~') of the amide I band, and
by the peak intensity (e, = —In T.;,) of the «-CH ,-bending vibra-
tion (6(x-CH,)) of DPPC hydrocarbon chains at 1420 cm~?, re-
spectively. The latter band was selected because its intensity re-
mains practically unaffected by conformational changes of the
hydrocarbon chains. Concerning the amide I band, the use of
integrated intensities turned out to be more adequate because
shape and position of the band critically depend on the degree of
ALA incorporation into the DPPC bilayers (Fringeli & Fringel,
1979). The transition dipole moment of amide I, however, was
found to remain unaltered within the experimental error. The
sample was heated up to 50°C for intensity measurements in order
to avoid disturbance of the amide I band intensity by the OH-
bending vibrations of water. Furthermore, the base line of amide [
was determined by comparison with ATR-IR spectra of pure
DPPC measured under the same conditions (50°C, dry N,). The
determination of the surface concentrations of ALA and DPPC
was performed by means of Egs. (1) and (2). Afterwards the
temperature was decreased to 25°C and a given volume (2-10 mi)
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Fig.1. Typical series of ATR-IR spectra scanned during the
equilibration process. The amounts of ALA and DPPC have been
determined by means of the amide I band (1660 cm~') and the -
methylene bending vibration of hydrocarbon chains (1418 cm™1),
respectively. The membrane has been dried after each period of
liquid water exposure at 25°C and heated uyp to 50°C for the
measurement (dry N, stream, parallel polarized incident light).
Data evaluated from this series are presented in Fig. 2

of pure water was pumped in a close cycle through the ATR-cell
by means of a peristaltic pump (1 ml/min; flow rate in the cell:
0.7 cm/sec) for a given period. Then the cell was poured out
completely. A wet nitrogen flow (~90% rel. humidity at 25°C)
was fed to the ATR cell while it was heated up again to 50°C. The
sample was kept at 50 °C for another 30 min in the wet atmosphere
before complete drying was performed in a dry nitrogen flow. This
procedure enabled reformation of the ALA helix typical for dry
membranes from the extended, membrane spanning conformation,
typical in aqueous environment (Fringeli & Fringeli, 1979). After
scanning the polarized ATR-IR spectra, the same volume of water
(now already containing ALA dissolved from the membrane) was
reused for circulation. The whole procedure was continued until
the equilibrium distribution was reached. Typical examples are
shown in Figs. 1 and 2.

Finally it should be noted that 2.8 x10-1% or 4.7x 107*°
moles of ALA were found to adsorb to the walls of the ATR cell
(Teflon and glass) and/or to the walls of the tubes (silicon and
Teflon), depending on the set-up used. This effect could be avoided
when wall adsorption was saturated by a short circulation of about
50nM ALA before starting the experiment. Cleaning of the set-up
with alcohol reactivated the walls for AL A adsorption.
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Fig.2. Typical plot of ALA surface concentration I' as
determined by Egs.(1) and (2) against the time of liquid water
exposure at 25°C. The fast decrease during the first two hours
results from ALA F50 exhibiting a diffusion rate about 10 times
higher than that of ALA F30. The solid line is obtained by a least
squares fit according to Eq.(13). It levels off at the equilibrium
surface concentration I}. Mean thickness of the membrane: 5.8
bilayers

The ATR-IR spectra were digitized by means of a Sum-
magraphics Mod. ID-2-CTR-17 digitizer interfaced to a WANG
2200 MVP computer.

Theory
Determination of Surface Concentrations

Because the IR field strength in the rarer medium is
anisotropic, ie., E.+E +E, and decreases exponen-
tially with the distance from the surface of the ATR
plate (Harrick, 1967; Fringeli, 1977), the determi-
nation of concentrations becomes somewhat more
complicated than in conventional transmission tech-
nique. Equations (1) and (2) have been derived under
the following conditions:

1) Weak absorption per internal reflection

if) Microcrystalline ultrastructure

iif) Homogeneous layer thickness ¢ and homo-
geneous concentration distribution within the layer
iv) Layer thickness ¢ small compared with the pene-
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tration depth d,. The exponential decay of the field
strength E(z)=E, exp(—z/d,) may be approximated
by E(z)=E,-(1-z/d).

Conditions i-iv are adequately fulfilled by the model
membranes used in this work. More details concern-
ing the derivation of Egs. (1) and (2) as well as of
corresponding expressions applicable to layers with
liquid crystalline ultrastructures will be published
elsewhere.

For parallel (|) polarized incident light one obtains

_ Z(XH .[2dp/(2dp_/)]2
p2-N,-v-R-{E2 [ST(1—2SG)+SG]+
+2E2 [CT(1—35G)+18GT}

FM

(1)

and for perpendicular (L) polarized incident light

20, [2d,/2d,~ )]

=
u3-N,-v-R-EZ [ST(L—35G)+ 5G]

2

where

I'™ =Surface concentration (moles/cm?).

o, =Absorption of ||- and Ll-polarized light, re-
spectively. (a=—InT,,, or o=—{InT()dv, when
peak absorptions (x,,,,) or integrated absorptions are
used for concentration determination, respectively.)
p2 =Normalized absorption coefficient per reflection,
per functional group and per area (refl.~!-funct.
group™!-cm™?).
N, = Avogadro’s
mole.
v=Number of equivalent functional groups per mol-
ecule.

R =Number of internal reflections in the ATR plate.
£ =Mean thickness of the total membrane layer.

d,= Penetration depth of the electric field with wave-
length A into the rarer medium:
d,=(A/n,)/[2n(ST—(ny/n, )]

n; ;=Refractive indices of the reflection plate (1) and
the bulk rarer medium (3), respectively.

ST =sin*60; @=angle of incidence of the IR beam
with respect to the ATR plate.

CT=cos20; cf. ST.

SG =sin’®y,; y,=angle between transition dipole mo-
ment and the normal (z-axis) of the ATR plate.
E,.E,, E, =x-, y- and z-components of the electric
field strength at the surface of the ATR plate (rarer
medium, weak absorption, ¢f. Harrick, 1967; Frin-
geli, 1977).

number=6.02 x 10?®  molecules/

Determination of Diffusion Coefficients

(i) Ultrastructural Model. First, multibilayers at-
tached to the ATR plate are assumed to have homo-
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geneous thickness. This assumption is fulfilled for
domains with an area up to 1 cm? (see above), where-
as in our experiments the total surface was 2.8 or
5.6 cm? The variance of the mean thickness of the
multilayer membrane is estimated to be in the order
of 109, as concluded from the reproducibility of the
kinetics of ALA dissolution from the initial DP-
PC/ALA membrane during the cquilibration pro-
cedure (Fig. 2).

Second, the multibilayer membrane system used
in this work may be described by a model of suc-
cesive parallel plates, MWMW... MWB, where M, W
and B denote lipid bilayer membrane, aqueous layer
between successive lipid bilayers, and bulk aqueous
phase, respectively. Diffusion of substance 4 across
these parallel plates may be described by 3 diffusion
coefficients D,;, D, and Dy, denoting diffusion in the
interior of the bilayer membrane (hydrophobic re-
gion), diffusion across the membrane/water interface,
and diffusion in the aqueous phase, respectively.

(ii) Simplified Model for Solution of Diffusion Prob-
lem. The ultrastructural model MWMW... MWMB
described in section (i) above consisting of n lipid
bilayers (M) and n—1 water layer (W) may be sim-
plified to a two-plate model M’ B, where M’ denotes
a plate with n times the thickness of M, and B
denotes the bulk aqueous phase. This approximation
is adequate under the assumption of a local equilib-
rium between ALA in the water layer i and ALA
incorporated from this layer into the lipid bilayers i
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easily supplied by the lipid bilayer i and i+ [ because,
on the one hand, the volume of a water layer W is
small, ie., comparable to that of a lipid bilayer M,
and, on the other hand, the distribution coefficient K
=cl/cM =107 (for ¢ =30nm). No ALA transfer
across the bilayers is required to establish this
equilibrium. Consequently, one may assume that the
ALA concentrations in the facing membrane surfaces
i and i+1 (ie, the number of ALA molecules per
area, incorporated from aqueous phase i) are approx-
imately the same. In this case, however, the water
layer W in the ultrastructural model
MWMW... MWMB may be neglected, resulting in a
simplified model M’ B. It should be noted that there
is some experimental evidence for approximate local
equilibrium between membranes i/i+1 and the water
layer i, at least during an initial period of the experi-
ment. Equilibration experiments described below
show that the AL A flux into the bulk water phase (B)
decreases exponentially with time (Fig. 2). The time
constant t of this process is directly proportional to
the mean number @ of lipid double layers, ie., t
=7i-1,, where 1, denotes the time constant for ALA
transfer across a single bilayer membrane (¢f. Ta-
ble 1). Now, if water is added to a dry, equilibrated
membrane (ALA only dissolved in M, ¢f. Fringeli &
Fringeli, 1979) two ALA fluxes must be considered,
first the flux across the surface of the n-th membrane
into the bulk water phase (B), given by

» 1 Z? _L Z? -
and' .z+.1. The amount of.ALA required to regch JE(l =0, =" (M =My e T=2 (M oMy (3)
equilibrium concentration in the aqueous layer i is T T,
Table 1. ALA distribution and diffusion in DPPC bilayers: Aqueous environment at 25°C*
Substance  I2° Ke ¢ e =1/l Dy/D® Dyt D, Ty
(moles/cm?) (hr) (bilayers)  (hr) (cm) {cm?/sec) (cm/sec) (hr)
ALA F30 84x107!'2 417x10°% 488 15.65 3.12 >2.09x10"12 ;3.0><10’1j <14x 10’? =12
ALA F30 7.7x1071'2  395x10°5 909 28.63 3.18 >198x10-12 >30x10717  £15x107° <12
ALAF30 11x107'* 976x10"° 88 3.38 2.60 2488x10712  236x10717  <74x107° <095
ALAF30 7.6x10-1%  103x10-° 129 5.76 2.24 >5.15x 10712 >42x10"'7 <82« 10’? <0.83
ALA F50 1.7x10-1'2 ~10-° 1.67 6.83 0.245 =5 x10-12 >38x1071%  <76x107° <0.091
(5.5 min)

“  The statistical error of all data is <10%. However, there could be a shift up to 20 % resulting from systematic errors of u? and of EZ
respectively (¢f. Eqs.(1) and (2))

EZ, E?

oy? “oz>

ALA surface concentration per monolayer (¢f. Fig. 3).

¢ Distribution coefficient (¢f. Eq.(17)).

¢ Time constant for ALA diffusion across 7 DPPC bilayers (c¢f. Eq.(13)). .
¢ Mean number of DPPC bilayers determined by means of §(=-CH,) and Egs. (1), (2), and {14)-(16) (weighted mean, taking DPPC loss
during the experiment into account).

f

neglected, i.e. 1, =1/7
¢ Dy/D;=K -/, (cf Eq.(10)).
" Diffusion coefficient of ALA across the hydrophobic region of the bilayer (¢f. Eqs.(9) and (11)).
j

Film diffusion coefficient of ALA at the membrane water interface (ALA incorporation) related to D"

Mean transfer time for ALA diffusion across the hydrocarbon chain region of the bilayer membrane (cf. Eq.(12)).

ox>

Time constant for ALA diffusion across one bilayer. ALA diffusion along the water layer between successive DPPC bilayers can be
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and second, the flux of ALA from the i-th and (i+ 1)-th
bilayer into the water layer i (W) between them,
approximated by

2t
IV (¢, t);f—"(cM(ifo, —c¥(i-¢, t)-e T 4)
where ¢ and 7, denote the total thickness of the
multilayer membrane, and the thickness of one bi-
layer, respectively, ¢y’ and cl are the initial and
equilibrium concentrations of ALA in the multilayer
membrane. Concerning Eq. (4), M(i-Z,,t) and
ct(i-£,,1) denote the mean ALA concentration in
the i-th bilayer and the corresponding equilibrium
concentration with respect to ALA dissolution into
water layers i and i— 1. On the other hand, Eq. (4) is
also an approximate description of the ALA flux
from membranes i and i+1 into the water layer i
Because ¢M(i-/,,t) decreases with time constant
n-1,(Eq. (3)), one should assume that an approximate
local equilibrium between membranes i/i+ 1 and the
water layer i is adequate. This process has a time
constant of ~1t,/2, at least during the initial period of
the experiment (Eq. (4)). However, one may assume
that local equilibrium is approximately maintained
for the whole period of observation; ie., the sim-
plified diffusion model M’'B consisting of a hydro-
phobic plate M’, exhibiting a hydrophilic surface in
contact with an aqueous plate B, may be used ten-
tatively. The more adequate model MWMW...
MWMB, taking the multilayered membrane ultra-
structure into account, will be discussed elsewhere.
Finally, it should be mentioned that lateral diffusion
of ALA in the water layer can be neglected in these
experiments, because of the experimental finding
t=17-1, (¢f. Eq. (3) and Table 1).

(iii) Boundary Conditions and Solution of Diffusion
Problem. Diffusion of ALA is considered to be per-
pendicular to the membrane surface (z-axis of coor-
dinate system). The membrane M’ has a thickness /
=n-/,(£,=thickness of onc bilayer, i=mean number
of bilayers). The inner surface of M’ attached to the
ATR plate is impermeable. The bulk water phase B is
well stirred in order to obtain homogeneous distribu-
tion of ALA concentration. Denoting ¢™(z,t) and
cB(t) as the ALA concentrations in the membrane M’
and the aqueous phase, respectively, the following
boundary conditions may be stated:

cM(z,0) =cM, O<z</
B(z,0) =cB(t=0)=0, 2>
M(z, 0)=cl, 0<z<?
Bz, 0) =cP(0)=cZ,, z>1.

The Nernst distribution coefficient is given by
K=cl/ck.

The ALA flux through the membrane/water interface
is then given by

ocM(z, 1)
JB(¢ o0, t)= — \>
(Z—o,t) D, ( PR -

=D (Bt)—K-M(l—0,1)). &)

A considerable number of solutions of differential
equations dealing with heat conduction problems is
reported by Carslaw and Jaeger (1959). The mathe-
matical solutions for slabs with a radiation boundary
condition can easily be transformed to the corres-
ponding problems of mass diffusion with Nernst dis-
tribution. Concerning Eq. (5), the solution of the
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special case cB(r)=0, ie, the ATR cell is rinsed out
with water saturated by DPPC, is found to be

2y D, K ( z)
My @ D, cos o | seca dbu
& =L 5K/ DK e ! ©)
0o k=1 / I (/ I _’_1)_’_0‘%
DM

M

where o, denotes the k-th positive root of the trans-
cendental equation

D;-K
o-tgo=7,- L (7)
Dy,

Because on the one hand ¢ <€Az(4g =infrared wave-
length), and on the other hand ¢(¢) is too small for
IR spectroscopic detection (0 <c¢®<300nm), ATR-IR
experiments reveal direct information on the average
ALA concentration in the membrane. Averaging
Eq. {6) results in

canlD)
cg'
D,-K\?
0 2(f II) ) auz'DM
=2 ¥ e @)
D,K { D; K
"=loc,%[/~ ! (f ! +1)+a,§]
DM DM

Experimental results (Fig.4) show that ¢)i(f) may be

fitted by a single exponential decay within the experi-
mental error, ie., the eigenvalue «,; is dominant, and
one obtains from Eq.(8)

D,-K\?
o 2(/ ! ) 2 )
Canll) Dy @J‘l{%.t o)
Mo ‘K : )
‘o g2 [/D’ (/D’ K+1)+a§]
DM DM

Furthermore, the dominance of o, leads to the in-
equalities (Carslaw & Jaeger, 1959)

D, K

¢ <1 10
D, = (10)

and

o, £0.86. (11)

Equations (9)-(11) may now be used to estimate D,,
and D,, ie., the ALA diffusion coefficient across the
hydrophobic part of the membrane, and the film
diffusion coefficient, respectively. Finally, if D, is
known, the mean time t,, required for ALA transfer
across the hydrophobic region of a bilayer membrane
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Fig.4. Time course of ALA F50 dissolution from a DPPC/ALA
F50 model membrane by pure, DPPC saturated water. 25°C,
mean thickness of the membrane: 6.8 bilayers

with thickness 7, can be calculated by means of the
Einstein-Smoluchowsky relation D =z2/2t. Thus

Ty =V2Dy. (12)

Results and Discussion
(i) Equilibrium Distribution and Equilibration Kinetics

Figure I shows parallel polarized ATR-IR spectra
scanned during the equilibration process described in
a previous section. The spectra are normalized with a
base line determined from a corresponding spectrum
of pure DPPC in order to obtain amide I bands
(~1660cm™!, free of overlapping by the intense car-
bonyl stretching mode (W(C=0)) of DPPC near
1740 cm~*. The surface concentrations of ALA and
DPPC have been determined by means of Egs.(1)
and (2). Integrated normalized absorption coefficients
have been used with the amide I band (p3(amide I,
1600-1700cm ™,  50°C)=(1.0£0.1)x 10~ *°-func-
tional group ! -reflection™'-cm™?), and normalized
peak absorption coefficients have been used with the
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a-methylene bending mode of the fatty acid chains
of DPPC (u3(5(2-CH,), 50 °C)=(2.75+0.10) x 107 *°-
functional group ' -reflection” '-cm ™ %), respectively
(¢f. Materials and Methods). Figure 1 demonstrates
also that the mass loss of DPPC due to membrane
detachment during water circulation is small (gener-
ally <10% over a period of 50-100 hr). Nevertheless,
the surface concentrations of ALA plotted against the
time of water exposure (Fig. 2) have been corrected
with respect to DPPC mass loss.

The results presented in Figs.1 and 2 were ob-
tained from a DPPC/ALA F30 membrane with an
initial molar ratio of 47.8:1 and a mean thickness of
5.8 bilayers. Figure2 can be used to determine the
equilibrium surface concentration (1) of ALA, and
the corresponding ALA concentration in the aqueous
phase, provided that the membrane surface and the
volume of the bulk water phase are known. Figure 2
can furthermore be used to estimate the bulk mem-
brane diffusion coefficient, D,,, and the film diffusion
coefficient, D, (see above). However, if Egs. (6), (8) or
(9) should be applied, Fig.2 has to be adapted to the
case, where the ALA concentration in the bulk water
phase B is zero (c(r)=0). Alternatively, Egs.(6), (8)
and (9) can directly be applied to experimental data
as presented in Fig.4. In this case, ¢B(t) was set at
zero by rinsing out the ATR cell with a continuous,
DPPC-saturated flow of water (see below).

The solid curve in Fig.2 is obtained by a least
squares analysis of experimental data with

()= +(IMO0)— IY)e . (13)

Evidently, the calculated curve fits well for ¢ >2hr.
There are two possible explanations for the fast decay
observed for t<2hr. Firstly, in the mathematical
solution of the diffusion problem, Egs. (6) and (8), one
has also to consider higher-order terms, e.g., the 2nd
positive root o, of Eq.(7) («, is always>ua,). Sec-
ondly, the ALA F30 sample was not pure, but
contained about 50 % wt. of a second peptide. If the
latter interpretation is true, it should easily be possi-
ble to separate the two peptides because their dif-
fusion coefficients differ by a factor of about 10.
Separation of the components was indeed possible, if
the ATR cell, containing a freshly prepared ALA
F30/DPPC membrane, was rinsed out for an ade-
quate time (at least 2hr for a sample corresponding
to Fig.2). After this procedure a single exponential
decrease of ALA concentration in the membrane is
found during the equilibration process (cf. Fig.4).
This experiment proves that only the first positive
root of Eq.(7) is dominant. Exchange of Glu!® in
ALA F30 by GIn'® results in the analogue ALA F50.
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Fig. 5. Comparison of the ATR-IR spectra of ALA F30 and ALA
F50 in the 2000—1000cm™"' region. The exchange of Glu!® by
GIn'® leads to a disappearance of the carbonyl stretching absorp-
tion band at 1730cm~", and to a weak broadening of the amide I
band due to — CONH, absorption (ALA F50)

This peptide antibiotic is also produced by Tricho-
derma viride (Irmscher & Jung, 1977). ALA F50 also
shows a single exponential decay curve in the dif-
fusion experiment, however, with a striking decrecase
of the time constant 7 (¢f. Eqgs.(3), (4), (13) and Fig.4).
7 was found to be about 10 times smaller than for
ALA F30. On the other hand, if the ATR-IR spectra
of ALA F30 and ALA F50 are compared (Fig. 54, b),
there are only weak differences in the 1700cm™!
region (v(COOH)) and in the shape of the amide I
band (1650 cm~!). Both effects result from the ex-
change of Glu'® by GIn'® mentioned above. There-
fore one has to conclude, that ~50wt.%, impurity
detected in ALA F30 used in this work must result
from its analogue ALA F50. Otherwise the close
similarity of the IR spectra presented in Fig. 5 could
not be explained. Fig. 3 shows a plot of the logarithm
of ALA equilibrium surface concentration calculated
per DPPC monolayer (In I;7) against the logarithm of
the corresponding ALA concentration in the aqueous
phase (Incg). It should be noted that ¢2, determined
from I'™(0), I}/, the membrane surface and the vol-
ume of the aqueous phase has to be corrected for
ALA adsorption in the ATR-cell and in the tubes,
unless these walls have been saturated before starting
the experiment (¢f. Materials and Methods). In the
case of Fig.2, wall adsorption had to be taken into
account with 4.7 x 10~ moles.

The initial slope of the In I Y vs.In ¢}, curve (Fig. 3)
is 1. It increases with increasing ALA concentration
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in the bulk aqueous phase and reaches a maximum
value of 3-6 at 110nM. Above this concentration
there is sudden saturation of the membrane. The
increase of the slope at low ALA concentrations may
be explained by the formation of dimers and mul-
timers in the membrane, a process that is favored by
increasing surface concentration of ALA. In a variety
of earlier work, it has been reported that membrane
conductivity increases with a higher power (up to
14.4) of ALA concentration in the aqueous phase.
This effect was also explained with the formation of
multimers (for a review ¢f. Boheim & Kolb {1978)
and Boheim, Irmscher & Jung (1978)). However,
when the latter results are compared with those re-
ported in this paper, one should be aware that here
the surface concentration has been considered instead
of the membrane conductance. Furthermore, black
film experiments generally require lipid membranes
consisting of a considerable amount of unsaturated
hydrocarbon chains and an aqueous environment
with electrolyte concentrations between 0.1 and 1.0 M.
However, the experiments reported here have been
performed with saturated hydrocarbon chains
(DPPC) and without any salt in the aqueous phase.

Finally, it should be noted that the molar ratio
DPPC/ALA at equilibrium varied from 555:1 at ¢g,
=28nM to 52:1 at 310 nm.

(ii) Estimation of Diffusion Coefficients

Kinetic data obtained from different model mem-
branes resulted in time constants t of the equili-
bration process (¢f- Eq.(13)). Division of t by the
corresponding weighted mean number of bilayers 7
resulted in the time constant 7, =1/7, typical for ALA
diffusion across one bilayer (¢f. Determination of Dif-
fusion Coefficients, Section (ii)). 71 is given by Eq.(14)
ﬁ:FE—PPQ (14)
2l—igPPC

Fpec denotes the mean DPPC surface concentration
with respect to the experimental period and [Fppc is
the corresponding surface concentration per mem-
brane monolayer. Taking the mean area requirements
of ALA into account, one obtains

o0 _ FDPPC 15
foree NA(FDPPC'FDPPC"‘FALA'FALA) ()
where N,, Fyppes Fapa and I, denote the
Avogadro’s number, the area per DPPC and per
ALA molecule, and the mean ALA surface con-
centration, respectively. Mean surface concentrations
are calculated by means of Eq.(16)
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1 1n
TR USRS ) (16)

n denotes the number of measurements performed
during the equilibration process, and ¢; is the time
related to the surface concentration I.

If 7, has been determined for a given membrane,
the determination of the diffusion coefficients D, and
D,, as well as of t,,, the mean transfer time for ALA
diffusing across the hydrophobic part of the bilayer
membrane, is straightforward (¢f. Eqgs.(9)-(12}). The
corresponding distribution coefficient K may be de-
termined by means of Eq.(17) and Fig. 3.

K= /ceq Lof2 Iog (17)

3‘1

where &, ¢M, /, and I denote the ALA con-
centrations in the water phase (B) and the membrane
(M), the thickness of a bilayer membrane, and the
ALA surface concentration at equilibrium with re-
spect to one monolayer, respectively. The results are
presented in Tablel. They reveal three interesting
facts. Firstly, the diffusion rate of ALA F50 across
the membrane/water interface as well as across the
hydrophobic phase of the membrane is about 10
times faster than that of its charged analogue ALA
F30. Secondly, the comparison of 7,, and 7, (Table 1)
shows that the membrane/water interface must be
considered as a significant barrier for ALA diffusion.
One may tentatively relate the film diffusion coef-
ficient D, with the transport process of ALA from the
aqueous phase into the membrane (or vice versa),
whereas D,; could be related to the transport of ALA
(including C-terminus) across the hydrophobic part
of the membrane. Thirdly, there is a significant in-
crease of t, with increasing ALA concentration paral-
leled by a corresponding decrease of the diffusion
coefficient D,, and an increase of the film diffusion
coefficient D,. Equivalently, transmembrane diffusion
is impeded on the one hand, and diffusion across the
membrane/water interface is facilitated on the other
hand. Both effects may be explained by the formation
of dimers and multimers at elevated ALA concen-
trations. Finally, it should be mentioned that Jung et
al. (1979) have reported data on erythrocyte he-
molysis by a number of ALA analogues. They have
found that ALA analogues without negative charge
at the C-terminus (e.g, ALA F50, methylester of
Trichotoxin A-40) result in hemolysis at a concen-
tration about 10 times lower than their charged ana-
logues. In the view of our results, one should assume
that enhanced incorporation and/or transmembrane
diffusion of uncharged AL A analogues are respon-
sible for this effect.
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Conclusions

Determination of the equilibrium distribution of
ALA between membrane and aqueous phase has
shown that the concentration range of ALA, typical
for ATR-IR experiments, is between 25 and 300nuM in
the aqueous phase.

This range is also typical for single-pore experi-
ments with black lipid membranes (Boheim et al.,
1978). Consequently, the ATR-IR finding that ALA
is predominantly incorporated into the bilayer mem-
brane (Fringeli & Fringeli, 1979) and not adsorbed at
the membrane surface (Boheim & Kolb, 1978) can be
transferred to equilibrated black lipid membranes. On
the other hand, the measurement of the time course
of the equilibration process of a DPPC/ALA model
membrane enabled the determination of the transfer
time constant 7, for ALA diffusion across a bilayer
membrane as well as estimations of the diffusion
coefficients of ALA for transfer of the membrane/
water interface (D)) and transfer of the hydrocar-
bon chain region (D,,). It turned out that the film
diffusion effect is significant, i.e., the time required for
ALA incorporation from the aqueous phase into the
membrane is expected to be of the same order of
magnitude as the mean transfer time 7, for ALA
diffusion across the hydrocarbon chain region of the
bilayer membrane. The time constant for ALA dif-
fusion across one bilayer membrane (r,) depends
significantly on the electric charge on the ALA mol-
ecule. Uncharged ALA FS50 resulted in t°
=0.245hr, and ALA F30 with the negative charge at
the C-terminus resulted in t2°=2.24hr (¢f. Table1).
In the view of this finding, one shouid assume that in
many conductance experiments nonequilibrated
black films have been used, especially when ALA has
been added only to one compartment of the set-up.
Furthermore, Table! reveals a significant depen-
dence of the diffusion flux on the ALA concentration
in the membrane. Reduction of D,,; and enhancement
of D; at elevated ALA concentration point to an
interaction between the ALA transmembrane dif-
fusion flux with the process of ALA multimer for-
mation in the membrane.

Concerning the transfer of our data to black lipid
membranes, one should discuss two further differ-
ences in experimental conditions. Firstly, the en-
hanced membrane fluidity of black lipid membranes
resulting from lipids with unsaturated hydrocarbon
chains, and secondly, the use of 0.1-1 M aqueous salt
solutions instead of pure water. However, the follow-
ing arguments should show that a significant influ-
ence on our principal conclusions is unlikely.

(i) Membrane fluidity: Saturated hydrocarbon chains
of DPPC are significantly disordered upon incorpo-
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ration of ALA in aqueous environment (Fringeli &
Fringeli, 1979), ie., the membrane fluidity is en-
hanced with respect to pute DPPC bilayers under the
same conditions. This fact has also been recognized
in earlier Raman studies by Knoll (1978) who has
found that DPPC/ALA/H,O dispersions do not
exhibit the first-order phase transition at 41 °C, which
1s characteristic for DPPC/H,O dispersions.

Instead of that, continuous melting of the hy-
drocarbon chains was observed with increasing tem-
perature already below 41 °C. Thus, there is rather a
gradual and not a discontinuous difference in mem-
brane fluidity between the membranes used in this
work and those commonly used for black lipid mem-
brane experiments. Furthermore, membrane fluidity
was found to have no significant influence on the
structure of AILLA, as revealed by recent infrared-
ATR measurements of ALA incorporated into L-a-
dipalmitoleoyl phosphatidylcholine (to be published).

Further evidence for the similarity of our mem-
brane system with corresponding black lipid mem-
branes is obtained via the observation of transmem-
brane diffusion. In a recent paper, Schindler (1979)
has studied the autocatalytic transport of the peptide
antibiotics suzukacillin A (an ALA analogue) and
ALA Rg30 across black lipid membranes. The anti-
biotic was added to the compartment with the nega-
tive pole of the applied electric potential; ie., the
membrane was initially in the nonconductive state.
Nevertheless, channel formation could be observed a
certain period after addition of the antibiotic. This
fact, however, involves peptide diffusion across the
membrane, because channel opening occurs only by
aggregates incorporated into the membrane from the
positive side. The transmembrane diffusion time of
suzukacillin was reported to be in the order of a few
minutes, whereas the time for ALA R;30 diffusion
was several times longer. This finding is in agreement
with our results presented in Table 1. Furthermore,
there is some evidence that suzukacillin A is an
uncharged ALA analogue because its diffusion be-
havior is similar to that of ALA R;50. As mentioned
above, there is also a qualitative agreement of our
diffusion data with results of a study of the hemolytic
properties of a number of charged and uncharged
AIA analogues by Jung et al. (1979).

(ii) Influence of ionic strength: Gordon and Haydon
(1975) have shown by film balance experiments that
the surface concentration of ALA in a spread lipid
monolayer depends on the ionic strength in the sub-
phase. It was found to be enhanced by a factor =<2
when the ionic strength was increased from 0.2 to
2.0M. Since our data are obtained in the absence of
electrolyte, the surface concentrations reported above
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may be slightly influenced upon addition of 0.1-{.0m
KCl ({typical condition for black lipid membrane
experiments with ALA and ALA analogues (Boheim
et al., 1978). On the other hand, recent infrared-ATR
experiments reveal that the molecular structure of
ALA is not affected upon addition of 1 M KCI (1o be
published).

Therefore, one should conclude from (i) and (ii)
that the conclusions drawn from the experimental
data presented in this paper also hold for black lipid
membrane experiments. Concerning the experimental
technique used in this paper, it was demonstrated
that ATR-IR spectroscopy offers a new and direct
approach to the determination of equilibrium distri-
butions and transmembrane diffusion time constants
in biomembranes. Corresponding diffusion constants
can be derived in the framework of the model de-
scribed above. Application of ATR-IR technique for
the determination of diffusion coefficients of liquids
penetrating into a polymer film has earlier been
reported by Trifonov et al. (1975).
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