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Introduction clearly defined binding sites, which would be saturated

Melittin, the main constituent of bee venom, is a
peptide of 26 amino-acid residues (M, = 2840) [1). The
20 residues on the N-terminal side are largely hydro-
phobic, whereas the other 6 at the C-terminus are polar.
Owing to its amphipathic nature, melittin is easily solu-
ble in aqueous mcdia, but also associates strongly with
d and phospholipid bil 12]. These

at high peptide/lipid concentrations. Instead, the lipid
bilayer must be seen to fun:tion as a two-dimensional
solvent. This implies favorable solvation effects of the
lipid towards the peptide. Accordingly, we prefer to
describe the association on the basis of a partitioning of
melittin between aqueous and I|p|d phases. Such an

pproach has been p ly for another

have made melmln a popular model with which to

protein.
gale pi

Upon with a at least some of
the hydrophobic part of the peptide p the

L active sub: the antibiotic peptide
alamethicin [8-10).

In the present article we report on analogous work

with melittin and unilamellar vesicles made of DOPC.

apolar moiety of the lipid molecules. Greater or lesser

insertion in the core of the bilayer can be inferred from

pic data [3,4), voltage-d dent pore forma-

tlon [5], lytic effects [6] and hpld monolayer experi-
ments [7].

We ider the app P mode of

association inappropriate for a quantitative discussion

Circular-dichroism ct upon titration and
fluorescence signals after rapid mixing are evaluated to
gwe quantitative mformauon about the extenl and the
inetics of the rocess, . In ad-
dition, the aggregational state of the assoclated peptide
is probed by means of fluorescence energy transfer
measurements.
Our results provnde insight into the basic physical

h

in terms of a binding process. There is no indication of

‘Abbreviations: DOPC, 1.2-dioleoylphosphatidylcholine; DMPC, di-
i i ine; PBA, 1 ic acid.

Ce. G. Schwarz, Abteil; Chaemie,

Bic sentrum der Universitit, I(Imgelberg,slrass: 70, CH-4056 Basel,
Switzerland.

y of meli with a lipid bilayer in
the ﬂuxd state. Under the given conditions, a rather
simple quantitative picture can be established. The
peptide ‘dissolves’ as a monomer in the lipid moiety,
where electrostatic solute-solute repulsion gives rise to
thermodynamically non-ideal effects. Melittin molecules
from the outside may enter the bilayer by diffusion and
then und a rate-limiting change of dary struc-
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ture. The average lifetime inside the bilayer is of the
order of 100 ms.

Materials and Methods

Melittin was purchased from Mack Chemical (Iller-
tissen, F.R.G.). In order to remove possible remnants of
phospholipase A, (M, = 19000 [11]) an aqueous solu-
tion of the originally brown pprox. 10 mg/ml)
was purified by pressure filtration using Diaflo YM 10

onls ble to molecules having an M,
below about 10000 After freeze-drying, we obtained a
white cotton-like sut Having i d this
punfed melmm forl day wn.h a dxspersmn of DMPC,
dicated no sign of decom-
posmon products. Moreover, we always added 1 mM
EDTA to the buffer used in the association experi-
ments. This would fully inactivate the enzyme by re-
moving the Ca®* in the active site [11]. Electrophoresis
of the purified material showed, aside from the main
peptide component, only a trace of the formylated
species (less than 5%). This is expected not to impair
our experiments to any significant degree. The peptide
concentration was determined from ultraviolet absorp-
tion recorded on a Varian Techtron 634, applying a
molar optical absorption coefficient of 5570 M ™" - cm ™!
at 280 nm [i2].

Some of the melittin was chemically modified by
reaction of its Trp residue with 2-hydroxy-5-nitrobenzyl
bromide (from Serva, Heidelberg, F.R.G.). For details
see Ref. 13.

Unilamellar vesicles of DOPC from Avanti Polar
Lipids (Birmingham, AL, U.S.A.) were prepared as
follows. A lipid dispersion (approx. 3 mg/ml) in buffer
(10 mM Tris-HCI (pH 7.1)/1 mM EDTA) was soni-
cated under a nitrogen atmosphere for 40 min (at
10°C). Metal debris from the titanium tip was removed
by centrifugation.

Fluorescence spectra were recorded with a Schoeffel
RRS 1000 sp fh at 280 nm
with 2 nm bandwidth, emission of unmodified Trp in
the range of 300—400 nm with 3.5 nm bandwidth).

The circul were per-
formed with a Cary 61 instrument, which had been
calibrated using D( +)-10-camphor sulfonic acid.

The kmcuc measurements were done in a thermo-

il lled Durrum stopped-fl
(dead -time, 2.8 ms) with two mcrochromalors and a

d system as developed in this de-

{14}. The fl was excited at 282 nm
(7 nm bandwidth). All the solutions were carefully
degassed.
In our we always maintained a

ture of 18°C and a pH of 7.1 (10 mM Tris-HCI), except
for the fluorescence energy transfer study, where the pH
was 5 (using 10 mM phosphate buffer). Inner filter
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effects in the fluorescence measurements becamc negli-
gible t of the low meli

Results

Association isotherms
At concentrations below approx. 0.1 mM, at neutral
pH and with a little extra electroly(e added melittin in
lution exists as with a
low degree of secondary structure [12,15). Accordmgly.
it a ly weak ci
spectrum around 220 nm. This spectrum becomes more
and more pronounced, however, if unilamellar lipid
vesicle preparations are added [16]. The effect is ap-
parently caused by an increase of helical structure when
the peptide somehow associates with the lipid bilayer.
Changes of the circular-dichroism signal depending on
the total I|p1d-lo-pephde ratio can therefore be used to
determine q ly the iation iso-
therm, i.e., the amount of associated peptide per |Ipld as
a function of the free aq peptide
{8.9].

In the present work, a fresh solution was prepared
for each data point. Equal volumes of appropriate lipid
vesicle and melittin concentrations were mixed a few
minutes before the measurement. No kinetic effects
could be observed under these circumstances. In order
to avoid interference by scattered light we used cuvettes
of different optical pathlengths dependmg on the vesicle

So we d ined ¢ = —[0]55, i.c., the
negative ellipticity per residue at 222 nm. Thc value, %0»
for a lipid-free sol b H

is then ing in
F = ¢ — ¢, which is a measure of the fraction of associ-
ated peptide. Naturally there is an upper boundary
value, F,, corresponding to the case where all the
peptide is in the associated state. This implies that

F=Fgr(c/cp) m

where r stands for tke associated peptide-to-lipid ravio
and ¢, and ¢p are the totaf lipid and peptide concentra-
tions, respectively.

We have plotted experimental values of F vs. ¢ /cp
at fixed cp (see for example, Fig. 1). If £, is known, r
can readily be calculated by means of Eqn. 1. Subse-
quently, the relation of niass conservation

cp=roc, te (€3]

is used to determine ¢, the free aqueous peptide con-
centration.

The quantity F, may be concentration dependent.
However, the values of F,,, 7 and ¢, can be shown to be
constant under conditions where Q = F+(cp/ey ) is con-
served. in the diagram of Fig. 1, this applies to straight
lines through the origin. Any such straight line may
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Fig. 1. Increase of negative ellipticity per residue of total melittin at 222 nm, F, vs. the overall lipid-to-peptide ratio. The data have been obtained

at 18°C (pH 7.1) (10 mM Tlis-HCl/l mM EDTA) with no extra salt for three melittin concentrations: cp (2M)=2(X), 5 (®) and 15 (0). On

straight lines through the origin, 0 = F- c,, /¢y is constant. This implies constant values of r and < (see text). The exzmpla given (dashed) refer to
S 4

Q=231 and 160 deg-cm®-dmol ~

intersect two or more experimental curves. The respec-
tive cp and ¢, must then be linearly related to each
other according to Eqn. 2 with common values of r and
¢; [10]. For the system of Fig. 1 (no extra salt added) we

! respectively. The quantity F,, stands for th

melittin.

lipticity increase per
have executed this procedure with up to four curves
(including also data for c¢p=20 pM, which are not
presented in Fig. 1), covering values of (0 between
about 130 and 220 deg - cm® - dmol~". The value of r so
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Fig. 2. A h r(ie. i melittin per lipid) vs. the concentration of free aqueous peptide, ¢;. The three sets of data points

refer to the same temperature and buffer condition as in Fig. 1, but different concentrations of added NaCl: 0 M (0), 6.1 M (X) and 0.22 M (@).

‘The solid curves have been calculated with Eqns. 6 and 7 as discussed in the text. These fits involve the following values of the parameters » and I

(in 164 M™"): 1.8/15 (no saki). 1.85/3.0 (0.1 M NaCl) and 2.05/3.2 (0.22 M NaC). Uncertainties are estimated to be about 5% for » and +20%
for I.



determined led to a practically constant F,_ = 18000
(£3%) dep.-cm®-dmol™' when Eqn. 1 was applied.
This £, has been used to calculate r and ¢, also under
conditions wherc only data from a single curve were
available. The results are plotted in Fig. 2.

Adding salt gave rise to an apparent increase of the
amount of associated peptide at a given aqueous con-
centration (except for the range of very low ¢). At 0.22
M NaCl (where aq littin is still ic), a
value of F, =213000 (4:3%) deg-cm®-dmol ™' could
be evaluated from the data for two values of cp (§ ard
10 pM). The resulting r values as a function of ¢ are
also presented in Fig. 2. In addition, there are a few
points obtained with 0.1 M NaCl (F,, = 20500 deg - cm®
-dmol; ¢p=>5 and 10 pM).

Fluorescence energy transfer
We modified Trp by 2-hydroxy-5-nitrobenzyl
bromide so that a non-ﬂuorescem melittin species was
formed. This A-melittin can function as an :ptor of
fluorescence energy from the Trp in the unmodified
peptide, D-melittin. Both melittin species have been
shown to be equwalent as far as the formation of
in is d [13]. We
could verify this with our material. In order to achieve a
sufficient overlap of the absorption spectrum of the
ptor with the fl of the donor, a
pH of 5 had to be chosen. Lnder these condiv.ons, the
pertinent spectral overlap integral [17) becomes J =
216-107% em®-M™! in the lipid-associated state

(Vogel, H., 1| The d of
50% energy transfer bem*en donor and acceptor groups
may be calcul g to dard rules [13],

resulting in Ry =325 A

We have prepared a solution of 10 pM (normal)
D-melittin together with vesicles formed of 2mM DOPC
Then there is ically fuli i to
the circular-dichroism data. When (modified) A-melittin
is added, we observe substantial encrgy transfer as
shown in Fig. 3. Such an effect should be expected, even
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Fig. 3. Energy: fe i E, of vesicl mehlun ao

#M normal D-melittin/2 mM DOPC) plotted vs. (a) cp. the con-

centration of added modified A-melittin (in the absence of extra salt),

where the solid curve is -:alcnlalnd adopting the theory of Fung and

Su-yer (see text) with Ry =33 A and a minimum approach distance of

10 A, which is, however, not critical {18] and (b) the concentration of
added NaCl (cp = 6 uM).

ent fluorescence change of the Trp group could not be
used as a monitoring signal. In order to avoid inter-
ferenc: with scattered light in the excitation range
(280-290 nm), emission below about 335 nm had to be
cut off. Above that wavelength, however, the overall

if no aggregation of the associated peptide occurs. The
density of monomers on the vesicle surface would be
large enough to reduce the distances between donor and
acceptor so that energy transfer can actually take place.
‘The problem has been dealt with i in detaxl by Fung and
Stryer [18). Adopting their th , we can

of the aq and iated peptide is
almost the same. Therefore‘ we employed a more suita-
ble method involving PBA. This sub
into the bilayer and absorbs light in the ermssnon range
of the lipid-associated melittin. The latter can accord-
mgly transfer energy to PBA, which then exhibits

fit our data exeellemly with Ry=33 A (see Fxg 3a)
assuming association with the outer leaflet of the bi-
layer, which comprises half of the total lipid (see Dls-
cussion). This result agrees very well with our calcul

d fluorescence in the range above 370 nm (see
Fig. 4).

In our experimental work, rapid mixing has been
carried out with aqueous melittin and a vesicle prepara-

R,. No significant change could be observed by varying
the NaCl concentration from 0 to 1 M (see Fig. 3b).

Kinetic experiments

We have pted to the rate of

tion including 1 PBA molecule per 200 lipid molecules
A filter was used to the fl
above 360 nm. This provided a good signal to follow the
association reaction.

ln the presence of 0.1 M NaCl, the time-course of the

ina d-fl It d that the inher-

PP PP

change could be well fitted by a smgle
exponentlal function (see Fig. 5a). The relaxation time,
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Fig. 4. emission (asbitrary units, at 285 nm,

standard buffer) of 10 pM aqueous melittin (a), 5 pM PBA in 1 mM

DOPC vesicles (b) and 10 pM melittin added to 5 M PBA in 1 mM
DOPC vesicles (c).

q

=, was found to be independent of ¢p but d at
increasing ¢, , according to the linear relation
1/r=ky oy + kg €]

(see Fig. 5b). This is consistent with the basic phenome-
nological rate scheme

LS
P +Le—=P, (O]
ko

(¥, free peptide; L, lipid; P,,, lipid-associated peptide)
formally described in terms of the appropriate rate
constants k. (second order) for the association and & 4;,
(first order) for the dissociation {10). In a given experi-
ment, ¢, remains constant so that the association is
actually a pseudo-first-order reaction. We note that the
equilibrium condition implies

Koo/ ks =F/C=Topp 3)

where the bars indicate the appropriate equilibrium

values and I, is the apparent pavtition coefficient.
From the data of Fig. 5Sb we obtain

ko =1.4-10" M~%5s7% and kg, =14s~"

This implies an average life-time of the associated state
of 70 ms (= 1/k ;). However, k. (being the i

fluorescence

t

a) . .
[ 20 40 60
- e
2} 1 -
Ll0%s '] . /'
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b) . . .
05 1 15

Fig. 5. (a) Fluorescence increase after rapid mixing of melittin with
DOPC vesicles (holding 1:200 PBA per lipid) for cp=6 gM. ¢, =06
mM in 0.1 M NaCl and standard buffer. The record is fitted by an
exponential time function with a relaxation time 7 =11 ms. (b) Plot of
reciprocal relaxation times vs. lipid concentration (0.1 M NaCl;
cp=6 M at ¢, =06 and 10 mM, cp=10 pM at ¢, =10 and 14
mM). It should be emphasized that, under the given conditions,
practically no PBA is in the aqueous medium. Therefore, our fluores-
cence records certainly do not involve appreciable contributions of
PBA exchange {this was also directly checked by experiments without
melittin) or possibly of :nelittin-PBA binding. In addition, we note
that any of these reaction types is expected to exhibit a
concentration-dependence contrary to the one actually observed.

Analogous experiments without added salt exhibited
a more complicated picture. Only for a comparatively
low melittin concentration could a single exponential
time function be iecorded. This was the case, for
instance, with cp=4 pM and ¢, =0.9 mM, where a
7=9.5 ms has been detesmined. For larger cp, such as
10 and 13 pM (at the same ¢, ), the rate curves were
found to slow down appreciably in the course of the

on the 1/7 axis) appears to be less certain than &, (i.e.,
the slope of 1/7 vs. c¢.). Applying Eqn. 5, one finds
kg=9 s7! based on I,,,=16-10° M™', which is

luated from the isotherm of Fig. 2 (¢;
values are between 0.3 and 0.7 uM, whereas the final
degrees of association lie in the range from 90 to 96%).

iation process. We attrit this to the build-up of
3! ic repulsion by the ch: of already associ-
ated peptide. In fact, the initial part of the rate curves
can be fitted by exponential functions of nearly the
same relaxation times, 7= 8.5 (£1.0) ms (as long as ¢;
is not changed). This is equivalent to a rate of

k. =12(£0.2)-10° M~ - s~ ', under conditions where




the repulsive i ions are negligibl Iculated on
the basis of Eqns. 3 and 5 with I,,,=10* M~' as
gathered from the appropriate equilibrium data of Fig.
2).

We may lude that el ic i i in-
fluence more intensely the dissociation rate than the
rate of association. The present kinetic results seem to
suggest an intrinsic association rate constant of approx.
1.3-16° M™'-s", which is little affected by the elec-
trolyte concentration or the peptide-to-lipid ratio. The
observed changes of I, would therefore reflect effects
on kg, More quantitutively, the mean life-time of the
associated peptide amounts to about 100 ms at lower r
(about 0.01) and tends to decrease at lug,her pepude-lo-
lipid ratios, p bly due to el of
neighboring peptide molecules This tendency can be
moderated by adding an electrolyte.

Discussion

We recall that no special molecular model has been
assumed in order to evaluate from the measured results
the data points of Fig. 2. For a quantitative interpreta-
tion, however, one must introduce a basic idea of the
nature of the underlying association process. It appears
most oppropriate to choose a partitioning approach
which implies the peptide becomes ‘dissolved’ in the
lipid bilayer due to favorable scivation effects exerted
by the lipid.

The unilamellar vesicles prepared in the present work
are fairly small, having an approximate diameter of 300
A [9]. Accordingly, we estimate that scme 60% of the
lipid is concentrated in the outer leaflet of the bilayer,
to which initially the peptide can associate. However,
the interaction with melittin is known to (ransforrn
small vesicles into much larger ones (more than 1300 A
di; ) {6,19,20]. N hels still occurs
only on the outer surface of the bilayer [4,13,21). There-
fore, an outer leaflet including only about 50% of the
total lipid is considered in the discussion of our equi-
librium studies.

The partition equilibrium

87

In the case of negligible solule-solute mleracuons‘
where a, =1, Eqs. 6 predicts the
1o be a straight line \hrongh the origin. The fact that we
observe a pronounced curvature with gradually decreas-
ing values of I, = r/c; suggests the existence of repul-
sive interactions between the associated peptide mono-
mers (attractive forces in the aqueous phase could actu-
ally cause the same effect, but this is disregarded here
because of the very low c¢). We attribute these interac-
tions primarily to electrostauc repulsions of the posi-
tively ct d les. Their ge dis-
tances on the water/ lipid interface indeed become suf-
ficiently reduced when d with the aq) solu-
tion state. Taking advantage of the Gouy-Chapman
model approach for charged surfaces, the appropriate
activity coefficient is found to be expressed according to

In ay = 2v-sinh~ ' (vbr) (U]

where the parameter » stands for the effective number
of charges per peptide chain and b is a dimensionless
quantity depending on the salt content in the aqueous
phase. A detailed discussion is given in the Appendix.

Under our present experimental conditions, we ob-
tain b=389 (no NaCl), 11.5 (0.1 M NaCl) and 8.1
022 M NaCl) by application of Eqn. ASc (with 4, =
0.70 nm® [9), =05, c=81 and a contribution of
buffer to the total salt taken as 0.01 M). Then Eqn. 6
involves only two adj I and », in
order to attempt a fit of our data. Such fits can indeed
be very well achieved, as demonstrated in Fig. 2, where
the appropriate values of I, and v are given in the
legend.

The apparent value of » of around 2 turns out to be
substantially smaller than that value between 5 and 6
which is expected for the actual charge of a melittin
molecule at the given pH. A similar discrepancy has
been observed before and can be readily attributed to
the existence of discrete charges in contrast to the

of a i charge-density in the
Gouy-Chapman model {22]. Another contribution to-
wards that reduced » could result from a partial neu-
tralization by counterions (see Appendix). The obvious

Let us isage purely ic in the
aqueous as well as in the bilayer phase. The partiiion
equilibrium is then described by

r=(/ay)-¢ [(3)
involving a ( i d dent) partition coef-
ficient, I‘,‘ which is determmed by the free-energy dif-
ference of the substrate between the two media, and an

d of the partition coefficient at higher ionic
strength is easily explained on the basis of an enhanced
solubility of the highly charged peptide in the aqueous
phase, due to the ble effect of ionic-cloud forma-
tion.

The question of melittin aggregation in the bilayer
We have investigated in some detail a possible te-
process. In such a case, one obtains the

activity coefﬁclem s whlch reﬂects ibl

lut 1 so that «; —1 at
r—0). This can be generally derived from thermody-
namic principles [8] (see also Appendix).

following relati (see App

dix, Eqn. Al1)

rare[l+@2n/r*y] withn = (L /a) o
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where a, is determined by the total r as specified by
Eqn. 7 and r* stands for the critical value of r corre-
sponding to 50% aggregation. Recalling the curves in
Fig. 2, we note that r* > 0.1 implies that practically no
aggregation occurs within our range of concentrations.
Then, for instance, the 0.22 M salt data are fitted with
»=205 and I, =32-10* M~". However, if we arbi-
trarily set r* = 0.02 (equivalent to a pronounced degree
of tetramerization), an equally good fit car be obtained

where k; stands for the diffusici-controlled rate con-
stant of the P; conformation peneltatmg the b|layer, k,
is the rate of the fe

(P, —P,,) in the b d state, v’

the ordinary partition coefficient (molar conoemralion
basis) of the structurally unchanged P, form and g=
d/2R (d is the thickness of the bilayer) is the volume
rauo of the bllayr'r and encounter spaces. Fol]owmg

just by raising » from 2.05 to 2.5 without changing F,.
Actually all our present data are found to be

g [10], we k210" s™'. Thus,
ln view of lhe above expcnmema] value of k., the

ible with any chosen tendency of tetramerization, if
only the parameters » and 1", are properly adjusted.
Th the ion isotherms do mot
rule out the possibility of aggregation of the
membrane-associated peptide. Nevertheless, evidence
that, in fact, no such aggregation occurs can be gathered
from our fluorescence energy transfer experiments. They
have merely shown the effect of associated monomers.
Although these experiments were carried out at pH 5,
we expect no essentially different situation at our other-

upon
to be rate-determining, so that Eqn. 14 becom

ke=qv'k,

The value of ¥’ is not known. At any rate. however, it
should be much smaller than the expenmental partmon
coefficient which includes the conf

to the final P, state, ie., vy <y=I/V, (V.=08
dn’ - mol ™" [9] being the panial molar volume of the
lipid). This implies £, <10? s~ whuch appears to be a

wise higher pH of 7, at which vaiue the repulsi
charges are largely retained. Indeed, lack of aggregation
in the bilayer is supported by recent reports [23-25] as
far as the conditions (approx. 0.2 M NaCl or less, pH 7)
in the present partitioning and kinetic studies are con-
cerned.

Kinetics of the partitioning
We note that the phenomenological rate scheme 4
may be resolved as

ky K
Py +L===P,,=—=F, ®)
k_g

rate for a
change of secondary structure. It is of the same order of
de as found ly with alamethicin [10].

So far, these considerations have Cisregarded electro-
static repulsion effects due to the accumulation of posi-
tive charge in the course of the association reaction. As
has been observed in our experiments, such repulsion is
negligible at higher salt concentrations, or below a
cenam concentration of assoc-ated peptide. Under other

di ap d sl g down of the reaction
occurs. In order to descnhe this quanmauvely. a more
i pproach is needed, which will

not be attempted in the present article.

Al 104,

where P, denotes the intermediate steady-state
ter complex, ie., the peptide in the (disordered) P,
conformation when it touches the bilayer surface. The
rate constants %, and k_,4 are controlled by diffusion
in the aqueous medium. k. and k__ then describe the
forward and reverse rates of converlmg P.,. to the final
P,,. involving incorporation in the bilayer and a simul-
taneous change of conformation. Based on the detailed
t of this problem given elsewh [10,26], we
calculate for the present system

kg=42:10°M""s"! andk_,=8.3-10°s"!

using an aqueous diffusion coefficient D,=~2.5-10"°¢
cm’ - s~' [15] and a corresponding Stokes radius R, = 10
A. In view of the theoretical relation Al4a, our experi-
mental k,, then results in k.= 3-10° s7'.

A more detailed analysis of the ion P, = P,y
(see Appendix) yields the ion A16, namely

P

ke =17k, /(qV' ks + k)] k,

This work was supported by Grant No. 3.285.85
from the Swiss National Science Foundation. We are
grateful to Dr. H. Vogel for helpful discussions and
advice.

Appendix

Chemical petentials of associated molecules

Let us assume that a substrate can associate with an
electrically neutral lipid bilayer as aggregates of any
number, i, of charged monomers. In the first step, we
consider the association when there is no charge on
these monomers. The Gibbs free energy of the bilayer
phase as a whole may then be written

G’ =ny-pL+Zn, p (Al

where p7 and g} stand for the appropriate chemical
potentials of the lipid and individual associated aggre-



gates, respectively (n, and n, denote the mole numbers).
In the second step, the charge is imagined to be added
gradually. This requires an amount of work, w. The
final free energy of the charged system becomes G=G’
+w. dingly, the
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It must be emphasized that the present approach
suffers from certain shortcomings. These imply appre-
ciably too large values of ¢(Q) and therefore also of a;
if Voo | the actual number of charges per monomer on the

1 p ial of the charged is idered when specifying the

aggregate state, :. can be derived as theoretical parameter, ». One senous pomt concerns the
p ofa ion in the inter-

=g+ (dw/n,) (A2) face between the lipid and aqueous phases. In reality,
we deal, h . with a d ion of di: charges

holding constant p, T and all mole numbers except n,.
Barically, we have

w =f‘""¢lg,‘4g (A3)
0

involving the electric potential ¢ on the bilayer surface
when the total charge is Q. The final charge will be

o= veg Narr-ny. (A%)

with » being the number of charges per monomer (e, is
the elementary charge, N, is Avogadro’s number). On
the condition that Q is uniformly distributed over the
interface between the outer leaflet of the bilayer and the
electrolyte, we can express ¢(Q) by applying the
Gouy-Chapman model theory {27]. This eventually re-
sults in

w= (Mo /6)- [T dy (Asa)
$(5) = (2kT/zeq)-sinh ™' (vbr) (ASb)
b=(eo/AL-B)-(Be£RTc,) ™ (ASc)

provided the electrolyte is a salt which dissociates com-
pletely in z-valent ions (c, is the concentration of salt,
A, the area per lipid on the outer surface, B the
ﬁ-acuon of lipid making up the outer leaflet, k is
’s T the absol R

the gas €, the permittivity of
the dielectric constant of the aqueous phase).
At a lower degree of association, effects other than

and ¢

ic may be di: ded, so that
=1 +RTInv, (A6)
(r,=n; /n,_) with an appropriate dard chemical

potential, p? [8]. Recalling the Eqns. A2 and A5 we
then obtain

#;=p®+ RTIna,-r,) (A7a)
where
a, =exp[(2i/z)-p-sinh ™' (vbr)] (A7b)

is the adequate activity coefficient describing non-ideal-
ity due to electrostatic repulsions between aggregates.

which, in addition, may even be located some distance
from the interface. Thls dlscrete charge effect alone
could cause a sub ion of the app:
value of v compared with », [22]. Another point to be
taken into account arises from the fact that, in practice,
the iated sut cannot be charged without also
introducing, the countercharges. Depending on their
final mean distance from the bilayer (relative to the
extension of the ionic atmosphere), the effective work
will so be smaller than that calculated above. This

harge effect is equi to a partial neuirali-
zation of substrate charge.

Association isotherms

The partitioning of charged substrate between an
aqueous phase and the bilayer may be described analo-
gously as pointed out in some detail previously with the
uncharged peptide alamethicin [8,9]. The free (i.e., non-
associated) aqueous state of the substrate is supposed to
be purely monomeric and sufficiently dilute so that its
chemical potential can be written in the ideal form

= pF + RT-In ¢ (A®)

(u7 being the standard value related to infinite dilu-
tion). Under equilibrium condnmns. this must be equal
to py, the chemical p ial of bilay

monomers (see Eqn. A7 for i=1). Amordungly, we
derive the relation

n=/m) o (A92)

which involves the partition coefficient of monomers,
namely

Iy=exp(—Ap}/RT) (A9b)

as determined by the difference of standard free en-
ergies, ApS = p§ — u?, between the two media.

Not all of the associated substrate may exist as
monomers, owing (o aggregation. For the sake of sim-
plicity, we shall discuss here only the possible case of
tetramerization (in the bilayer phase). The mass-action
law apparently reads

= Kar(ar)/as = Koori} (A10)

(K, is the thermodynamic equilibrium constant; note



L]

that Eqn. A7b implies a, = af). Having defined a criti-
cal value r* = (2/K,)"/°, the total associated substrate-
to-lipid ratio becomes

r=n+dr=rnfl+@n/r*y] (AlD)

At r=r*, just 50% of the available substrate is aggre-
gated (i.e., 4r,/r="0.5).

Provided the aggregation parameter r* is given, the
association isotherm may be calculated as follows. Start-
ing from a certain r, the value of r, is evaluated by
means of Eqn. All. Then, because of Eqns. A9 and
ATb, we have

¢¢=(r,/I})-exp[27 sinh~'(vbr}] (A12)
where I} and » are adjustable in order to fit experimen-

tal data (b is fixed by known properties of the system,
see Eqn. AS5c).

of the iation rate
Basically, the mechanism of association may be de-
scribed as a series of three steps, two being controlled
by diffusion (in the aqueous and bilayer media) and a
third which p the inh ition of sec-
ondary structure. We represent this by the scheme

kg &, I'N
P +L==P, =P =P, (A13)
'™ k., k-
as already iriioduced above. A detailed and rather
general discussion can be found elsewhere [10,25). Here
we shall glve only a hnef comment on the approach to
express the p | rate ks in terms
of the intermediate rate constants of scheme A13

The states P,,. and P,; refer to the substrate molecule
in the P; conformation when it has reached a position
on the bilayer surface or at the site of association,
respectively. Both states can be assumed to have a
population much smaller than that of P; and/or P,
Therefore, those intermediate states must be subject to
steady-state equilibria, implying that the overall reac-
tion P+ L — P, can be described by a second-order
rate constant

ky =k /(k_g+ k)] kg (Alda)
involving a first-order rate constant
ke=[ky/(k_, + k)] k, (A14b)

which applies to the conversion P, — P,.. We prefer,
however, to eliminate explicit use of k_;, taking ad-
vantage of the relation

k ko =0y /Nac=q1 (A15)

where n,, and n,,. stand for the respective mole num-
bers under equilibrium conditions. The ordinary parti-
tion coefficient (volume concentration basis) of the

- 1t h 1 b is d dy', wh
q is the ratio of the vol ilable for the iated
and encounter states. The value of vy’ is determined by
the free-energy difference of the P; conformation be-
tween the bilayer and aqueous media. Naturally, we
except that y’ is much less than v, the value applicable
to the final P,, conformation.
Considering qy’k_, = k,, Eqn. A14b then becomes

k. =[qY'k/(qY'k,+k))-k, (A16)

In the case where the whole bilayer volume is accessible
to the associated substrate, g~ d/2R, (d is the thick-
nﬁs of the bilayer, 2R0 the effective diameter of the

lecule in its aq form). Note that
previously, [10}, the factor g was inadvertently omitted.
Such omission does, however, not cause serious harm,
since g is usually a number close to unity.
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