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We have investigated the permeabilization of POPC unilamellar vesicle bilayers upon the addition of melittin. This process was
measured in an carly time range of a few minutes by means of monitoring the release of an entrapped marker, the self-quenching
fluorescent dye carboxyfluorescein. Pore formation is indicaicd by an apparent “all-or-none’ efflux out of individual vesicles and a
higher than linear dependence on melittin concentration. Applying a recently developed cvaluation procedure, the data arc
readily converted into the gross number of pores per vesicle formed within the elapsed ineasuring time ¢. The results can be
generally described in terms of a fast initial rate of porc formation that slows down to a much lower value after a period of about
1 to 2 minutes, following a single exponential time course. The three rate parameters involved are shown to be power functions
of the concentration of melittin that is actually associated with the vesicle membranc. These ‘indings are in excellent
quantitiative agreement with a proposed scheme of reaction steps where the formation of lipid associated peptide dimers
becomes rate determining once an initial fast deposit is exhausted.

Introduction

Melittin, the main constituent of oee venom, is an
amphipathic peptide of 26 amino acid residues [1]. It
has aroused considerable interest because of its actions
on membranes as recently reviewed [2). In particular,
voltage-dependent pore formation in planar lipid bilay-
ers, reflected by non-ohmic electric conductance ef-
fects, had been shown to occur below micromolar
peptide concentrations [3-8]. The underlying molecu-
lar mechanism is so far unknown. Possible elucidation
of the physico-chemical features of reaction steps in-
volved in the over-all process are considered to be of
fundamental significance regarding peptide (protein)
incorporation and translocation in biological mem-
branes.

In a previous publication from this laboratory some
results of pertinent conductance experiments have been
reported that concern planar bilayers made of pure
dioleoylphosphatidylcholine (DOPC), an electrically
neutral (i.e., zwitterionic) phospholipid species [9]. The
observed pores exhibited a most simple opening kinet-
ics in contrast to the somewhat complex time course of
aciivation and inactivation phases in the case of
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asolectin bilayers (a mixture of charged and uncharged
lipid) [4].

In addition to volitage-gated pore formation in pla-
nar lipid bilayers melittin has been shown to induce
hemolysis of erythrocyte membranes. De Grado et al.
[10] find that surface bound peptide produces transient
openings throngh which hemoglobin molecules can es-
cape following a biphasic time course. Tosteson et al.
[11] have basically confirmed this phenomencn under
somewhat different salt and temperature conditions
but in contrast to the former work observe an ‘all-or-
none’ lysis of the cells. They propose a colloid osmotic
mechanism where the release of hemoglobin is sec-
ondary to the formation of relatively small ion perme-
atie lesions in the membrane. In a more recent paper
Portlock et al. [12] compare hemolysis with the melittin
induced leakage of an internal marker from large lipid
vesicles. These authors argue that the underlying
mechanism in the erythrocyte membrane apparently
involves the integral protein components and accord-
ingly becomes much more complex than the cne occur-
ring in a pure lipid bilayer. In fact, this notion is
supported by substantial disparities between the re-
spective responses to various additional agents.

Under such circumstances a quantitative analysis of
the effects observed with a quite simple liposome sys-
tem appears to be most useful. In the present article
we describe and discuss the melittin induced pore
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formation kinetics in small unilamellar vesicle mem-
branes of a phosphatidylcholine similar to DOPC. Our
experimental approach takes advantage of pore-media-
ted release of carboxyfluorescein as monitored by the
fluorescence signal arising from the relief of self-
quenching [13]. The recorded data can be quantita-
tively evaluated in terms of the rate law applicable to
the forward reactirn of pore formation [14]. This is
analysed in the light of results which we have recently
obtained with regard to the basic thermodynamics and
kinetics of the association of melittin with DOPC or
other phosphatidylcholine vesicles [15,16]). Taken to-
gether we establish a definite relationship between the
pore formation ratc and the concentration of melittin
that is actually associated with the vesicles. It reveals
an interesting new insight into the molecular cvents
underlying the membranc modifying action of melittin,

Materials and Methods

Melittin (research grade) was purchased from Serva
Feinbiochemica (Heidelberg, Germany). Melittin stock
solutions were made in 1| mg/ml of aqueous solution,
the concentration being determined by UV spec-
troscopy using an absorption coefficient of 5570
M~'cm~! at 280 nm [17). An appropriate small vol-
ume of stock was diluted to prepate a fresh peptide
solution for cach experiment. Therc was no apparent
effect of possible phospholipase contamination. Nei-
ther purification by pressure filtration using Diaflo YM
10 membranes [15] nor adding 1 mM EDTA to inacti-
vate the enzyme [18] resulted in significant changes of
the measured data.

The fluorescent dye 5,6-carboxyfluorescein (CF) (M,
=376, 99% pure by HPLC) was a product of Sigma
(St. Louis, MO). in order to dissolve the substance in
aqueous solution and to set a pH of 7.4 its two acidic
groups have been neutralized by adding the stoichio-
metric amount of 1 M NaOH.

Palmitoyloleoylphosphatidylcholine (POPC) as ob-
tained from Avanti Polar Lipids (Birmingham, AL,
USA) was used without further purification. Small
unilamellar vesicles (SUV) were made by ultrasonic
irradiation [19]. We carried out 30 min sonification of a
1 ml lipid dispersion (10 mg POPC, 10 mM Tris buffer,
100 mM NaCl. 46 mM CF (pH 7.4)) at 10°C under N,
flow, foliowed by 10 min centrifugation to remove
titanium. The resulting solution was passed over a
Sephadex G-50 column (Pharmacia, Upsala, Sweden)
with our standard buffer solution (10 mM Tris, 100
mM NaCl (pH 7.4)) in order to separate the loaded
vesicles from untrapped dye. The lipid concentration of
the final stock solution was determined by phosphate
analysis [20,21]. The size of vesicles can be charac-
terized by the volume of their internal aqueous com-
partments {22]. The final overall concentration of dye,

c,, is determined from a fluorescence emission calibra-
tion curve after having broken up the liposomes by
adding detergent and set in relation to the originally
entrapped concentration. c,,. This leads to an internal
trapped volume per mol lipid: V, =(c,/c,)/c, under
the condition of a given lipid concentration ¢, .

Fluorescence emission of CF was recorded at 520
nm (excitation at 490 nm) with a Series 8000 spectro-
fluorometer (SLM Instruments, Urbana-Champaign,
IL) equipped for individual sample cell stirring and
temperature control. In a typical marker release c¢xper-
iment we started with a 2 ml peptide solution (staridard
buffer, 20°C) in a stirred fluorescence cuvette. Each
run was initiated by adding a certain small volume (in
the range of 5-80 wl) of vesicle stock solutior (it is not
advisable to do it the otiier way around because of
artefacts caused by transient spots of highly concen-
trated peptide [14]). Then we followed continuously the
fluorescence signal F as it increased in the course of
time (see inset of Fig. 1). The starting signal F, (at
t:me t =0 where no marker is yet released) was mea-
sured in a blank experiment without melittin. The final
signal F, (all dyc released at r — x) has been deter-
mined after the addition of 50 ul of a 10% Triton
X-100 solution (so that the vesicles are decomposed by
the detergent) and having corrected for the dilution
effect.

We have measured the quenching factor Q = F, /F,
under the condition of carefully removed external dye
and no added melittin. This resulted in Q =
0.12(£0.01) for ¢, =50 mM CF (Q = 0.13 for 46 mM
CF) in excellent agreement with earlier reports in the
literature [23). These experiments were repeated with
vesicle solutions after about 50% efflux of entrapped
dye was eventually attained owing to the action of
added melittin. Once the released dye had been re-
moved the quenching factor proved to be practically
the same as measured before the addition of melittin
indicating that melittin-induced dye release of individ-
ual vesicles is an ‘all-or-none’ event [23]). In other
words, vesicles are either fully depleted of the marker
or have nothing of it lost at all. This clearly suggests
formation of pores insiead of a permeability iiicrease
of the whole bilayer.

Theoretical basis

The formation of a pore P in a membrane by an
agent A added to the external aqueous medium natu-
rally involves at least two fundamental steps. These are
(I) association of A with the lipid bilayer and (1I)
conversion of lipid associated A into a pore. The
appropriate kinetic scheme may be formulated as

MAg+L=A,, (dDhmA, ->P )]



where A, A, stand for agueous (i.e., frec) and lipid-
associated monomeric A, espectively, and L is the
lipid. This assumes that a pore is composed of m (> 1)
A-moncmers. The first stage actually describes the
pariitioning of single A-molecules between the lipid
and aqueous phases.

A detailed discussion of the partitioning with regard
to monomeric melittin can be found elsewhere [15]. We
note that ry, i.e., the associated monomeric peptide to
lipid ratio (mol per mol), can generally be related to
the free (aqueous) concentration of monomeric pep-
tide, ¢,, by the equation

ri=(l' /a)) ¢ (2)

with a (concentration-independent) partition coeffi-
cient I'; and a pertinent thermodynan:ic activity coeffi-
cient «, taking into account the possible interaction
between associated melittin molecules (mainly due to
electrostatic repulsion of the inherent positive charges).
Under our present conditions appreciable aggregation
can be ruled out in both environements (sec Discus-
sion). Then we have

Ina, =2usinh " 'wobor)) 3

(v, cffeciive charge number; b, a dimensionless pa-
rameter determined by the ionic strength in the aque-
ous medium) as derived from a Gouy-Chapman model
approach [15). Eqn. 2 may be used to express r, in
terms of the over-all concentiations of melittin aiid
lipid. ¢\, and ¢, respectively. We find that

r="reeg/tap+eep) )

when mass conservation is taken into account.

From a kinetic point of view naturally the question
arises how fast the partitioning equilibrium will be
established after having mixed the peptide and vesicle
solutions. In the ideal case of sufficiently low r, (so
that a, = 1) a single-exponential relaxation process can
be expected with a relaxation time 7 according to the
relation -

I/T = kus'(:l. + kdi\ (5)

where k. stands for the second-order rate constant of
A;+L—- A, and kg, denotes thc first-order rate
constant of the reverse reaction. Experimental data
with DOPC have resulted in k,, =10° M~'s™' and
k4. = 10 s~ ' [15]. These orders of magnitude appear to
be applicable to our POPC system as well. Therefore
equilibration of the partitioning is very likely reached
in a time definitely much below one second. This
should even hold true if there is some slowing down
effect due to electrostatic repulsion (reflected by
slightly lifted values of a,).
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Turning to the second stage in the kinetic scheme 1
the rate of m A, — P may be defined as ¢, = vdr /d¢
(r,, molar ratio of pores per lipid; v, number of lipid
molecules per vesicle). The average number of pores
per vesicle, p, opened sometime between r =0 and a
measuring time ¢ > 0 will then be obtained as

n(l)=j;:rp~dt 6)

This function p{t) can be determined directly from ¢
experimental release data expressed in terms of
normalized efflux function

Eq)=(F, - F)y/(F. - F)) (7a)
It has been shown that
p)y=~In E(1) (Tb)

provided one deals with an *all-or-none’ case of release
wheie a vesicle is fully depleted through the first pore
being formed [14]. This basic condition has indeed
been 2xperimentally confirmed for the present system
as pointed out above. Thus the values of E(t) recorded
in the release experiments are readily converted to a
plot of p versus time. The slope of this curve will then
be equal to v,

Results

The present experiments primarily focus on the pore
formation rate under the condition of varying the

0.5’- /@

— t [min]

Fig. 1. A typical dye release experiment with 0.306 uM melittin (cyy)
and vesicles of 38 M POPC (¢ ). The original fluorescence signal F
(arbitrary units) after the mixing is shown in the inset on the
right-hand side. The average number of pores per vesicle. p (cor-
rected to a uniform size of the vesicles) formed in the course of time
(evaluated from F as pointed out in the text) is presented on the left.
The solid curve was calculated according to Eqn. 8b employing the
kinetic parameters tp,=3.5-107% 571, rpi=275-10"" 57, and
k =425-10"2 s~ !. The dashed straight lines reflect the initial and
intermediate rates (see text).
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mualittin and lipid concentrations. An example of origi-
na. data is shown in the inset of Fig. 1. The measured
fluorescence signal F apparently increases quite fast
during the initial phase and then slows down substan-
tially after about 1 min. It appears that the signal even
comes to a virtual stop clearly below F, at compara-
tively long times (> 30 min) as was also observed by
other authors with melittin [24] and similar agents
[25,26]. In this report we shall confine ourselves to tie
time course within the first few minutes after having
started the release experiment. By means of the Eqne.
7a,b the recorded F are converted to raw values of
p(t). These are corrected for spontancous release of
dye and in addition for the effect of vesicle size distri-
bution (each acting in opposite direction). The former
point was quantitatively examined in a series of appro-
priate control experiments without melittin, During the
initial 90 s or so this interfering factor proved to be
perfectly negligible. Afterwards we observed about 1%
efflux within an additional period of 3 min. The inher-
ent moderate degree of multidispersity of the vesicles
has been taken into account by application of the
procedure described previously [14]. This implies that
the resulting p values refer to a defined uniform
vesicle size. Appreciable corrections (> 10% increase)
are, however, applicable only at p > 1. An example of
the accordingly refined pore numbers per vesicle in the
course of time is presented in Fig. 1.

As demonstrated by the slope of the typical p(t) vs.
t plot of Fig. 1 we generally observe that v, decreases
from an initial fast rate v, to a substantially smaller
intermediate value v,. This could be expressed by a
single-exponential time function involving a time con-
stant k& according to

l‘p = I‘N +(l‘n° - l‘pi) [ -k (83)
so that application of Eqn. 6 leads to
P(E) =ttt + (g = ) [(1—€~*) /K] (8b)

With properly chosen values of v,,, t,;, and k such a
function can very well be fitted to our corrected p-data
as displayed in Fig. 1. The initial slope is equal to v,
(reflected by the steep dashed line) while v,; can be
determined from the slope of the straight part of the
cuive which extrapolates to an intercept of (v, - v,;)/k
on the ordinate axis.

In Fig. 2 we present some data of the initial rate Vpo
taken at variable melittin concentration, ¢, but con-
stant lipid concentration, ¢; (32 and 38 pM, respec-
tively). As can be seen there is a rather well pro-
rounced third power dependence. This suggests a pos-
sible third order rate law of Uy, With respect to the
lipid associated peptide concentration, r,, when con-
sidering Eqn. 4. Since the partitioning equilibrium is
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Fig. 2. Double-logarithmic plots of the initial rate of pore formation.

Upe (in units of 10~2 pores per vesicle per second), as a function of

the melittin concentration, ¢y, at constant lipid (vesicle) concentra-

tion ¢, = 38 uM (circles) and 32 pM (triangles), respectively. The
straight iines have a slope of 3.

expected to be established comparatively fast (see
above), ¢y would be porportional to r, provided a,
does not change. Actually the latter point is not rigor-
ously satisfied but may be neglected in a first approxi-
mation (see the reconsideration given below).

We thus come to a putative rate law v, =kp-r;’
(with a pertinent rate constant k) that is to be exam-
ined more closely. In particular, the effect of changing
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Fig. 3. Plot of (1/v,,,)'/? versus the lipid concentration at a constant
melittin concentration of cy; = 0.245 pM. The solid curve (which is
not a straight line) gives a best fit according to Eqn. 9 with I'; =7- 104
M~! and taking into account non-ideal peptide /lipid association
described by a variable activity coefficient a;. The dashed curve
(shown for comparison) has been calculated with I',=5:10* M~



¢, at constant ¢y will be of some quantitative signifi-
cance. Because of Eqn. 4 we expect the data of Fig. 3
to be described by the relation

(1/v90)""* = B(ay + Ncy) 9)

(B being a constant). In a first approximation a,
may bz taken as another constant so that a plot of
(1/v,0)" 3 versus ¢, would follow a straight line whose
slope divided by the ordinate intercept results in I', /a,.
Such a fit to the data is indeed possible yielding a quite
reasonable value of I',/a, =3.4-10* M~'. We prefer,
however, to make proper allowance for a variable «,
according to Eqn. 3. Under our conditions we have
b =115 and set v, = 1.85 as determined previously for
similar DOPC vesicles [15].

Then we find that I', = 7-10* M~ provides a very
satisfactory best fit of Eqn. 9 to the data of Fig. 3. This
value of I}, on the other hand, is just of the order of
magnitude determined for melittin interacting with
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Fig. 4. Double-logarithmic plot of the initial pore formation rate as a

function of the lipid associated melittin concentration r; (given on

the abscissa in units of 1073, i.e., mmol peptid per mol lipid). The
solid straight line has a slope of 3.
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other phosphatidylcholines, namely I',=3-10* M~!
in the case of DOPC [15] and I', = 15-10* M~ with
DMPC (dimyristoylphosphatidilcholine) [16]. Just re-
cently the authors of an independent study (with the
same kind of POPC vesicles) reported v, =1.9 and
Iy =6(+1)-10* M~![27], in excellent agreement with
our choice of these parameters. We have accordingly
calculated for all our experimental sets of ¢y, ¢, the
respective values of r, (by means of Eqn. 4) and then
plotted all three kinetic parameters ¢, v, and k as
functlons of r, {which varies from about 2:10* up to
8- 107* with corresponding e, in the range of approx.
1.2 to 1.8). Double-logarithmic presentations are given
in the Figs. 4 and 5. Within the scope of the inherent
uncertainty of measurements v, in fact conforms quite
well to a third power dependence. In contrast, v,
appears to follow a second-order rate law whercas &
increases only in direct proportion to r,.

So far the rate v, has been expressed in terms of
pores per vesicle. For a more general discussion it
appears appropriate to convert it into the number of
pores per lipid. This calls for knowledge of the relevani
geometric characteristics of the vesicles. The number
of lipid molecules in the outer and the inner leaflets,
respectively, can be derived as

=4m(R+d)/ 4}, v'=4m R/ A} (10a.b)
where A} and Aj: areas per lipid molecule, R: inner
vesicle radius, d: thickness of the bilayer. The trapped
volume inside the vesicles then becomes

Po=(NpAi /3) R /[14(A7 /A1) /0 + d/RY] (Ha)

As gathered from the hterature [28] we_ have A} =74
A Al =61 A2, d =37 A. For R >80 A this yields in
good approximation

V.=6.64:10"R-RIM™'/A (R,=30A) (11b)

We have measured ¥, =0.51(4:0.03) M™' so that
the average mner radlus turns out to be equal to
=107( +£5) A. This result agrees quite well with the
lmear average of R in a recent study of the vesicle size
distribution by means of an electron microscope [14].
In our corrections of the original raw p-data the
vesicle size distribution has been filtered out leading to
plotted p which refer to a uniform vesicle size with an
inner radius R = 149 A [14). In fact, the number of
pores in a vesicle is expected to increase parallel to its
membrane surface area (provided the rate per lipid is
independent of the curvature). Larger vesicles then
would contribute to v, much more than in linear
proportion to the radlus With the given R the corre-
sponding number of lipid molecuies per vesicle will be
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Fig. 5. Double-logarithmic plots of (A) the intermediate pore forma-

tion rate and (B) the time constant characterizing the slowing down

of the rate versus the lipid associated melittin concentration. The
solid straight lines have a slope of 2 and 1, respectively,

v= 10600 (a fraction B =v'/r =0.56 making up the
outer surface area). In order to convert pore numbers
per vesicle into pore numbers per lipid we therefore
simply divide p by this value of v.

The results so far reported have been obtained
under certain special conditions such as temperature,
salt, pH, ctc. as well as lipid composition and vesicle
size. Naturally one should also investigate the cffects of
changes in these circumstances. Actually we can al-
ready present some relevant findings of intcrest from a
number of preliminary experiments. On the one hand,
it turned out that increasing the salt concentration (in
steps of 0.1 M between 0.1 to 0.4 M NaCl) leads to a
substantial speeding up of the pore formation. In an-
other test we applied a transmembrane electric poten-
tial of around -100 mV (negative inside the vesicle)
being established by adding valinomycin to an appro-
priate K* gradient. This resulted in a three times
higher rate of channel activation than without such a
potential (when no valinomycin was added) demon-
strating that the underlying reaction pathway is defi-

nitely voltage-dependent. Finally we note some perti-
nent data observed with larger unilamellar vesicles
having an approximatc diameter of 100 nm (made by
means of the extrusion technique). The number of
pores formed per lipid there proved to fall much (i.e.,
by a factor of about 4) below the one measured with
our sm2! vesicles. Thus the inherent curvature of the
bilayer membrane also appears to be a significant
parameter of the relevant molccular mechanism.

Discussion

Naturally the melittin induced release of trapped
marker must depend on the amount of peptide that is
actually associated with the vesicle membrane. Under
the present conditions practically only monomeric
molecules exist in the aqucous [17,29] as well as lipid
[15,30] environments, respectively. In addition, we have
already presented evidence that the partitioning equi-
librium is established in a time range substantially
below onc sccond. Since the overall release process
takes much longer, we conclude that the pore forma-
tion rate should be a function of the equilibrium value
of the ratio of associated melittin monomers per lipid.
This proposition has in fact been verified by our above
experimental results.

As pointed out in detail we have observed a transi-
tion from a third-order to a sccond-order dependence
of v, on ry in the course of time. Accordingly trimeric
and dimeric aggregates of lipid associated melittin ap-
pear to play a significant role in the permeabilization
process of the vesicle bilayer. This suggests that we
deal with a formation of aggregates capable of func-
tioning as water-filles pores in the membrancs. They
m.cd not be particularly large. An inner diameter > 10
A would do (as estimated from the molecular weight of
the dye). Melittin induced hemolytic pores in crythro-
cyte membranes naturally must be much larger (diame-
ter >55 A). Interestingly, the time ccurse of hemolysis
[10—12] looks quitc similar to that of the marker re-
lease from lipid vesicles [24-26] including our present
results. Such a resemblance. however, does not neces-
sarily imply the same posssibly complex pathway, for
instance a colloid osmotic mechanism. In hemolysis an
initial melittin induced formation of smaller ion per-
meable pores may well lead to osmotically caused
critical swelling of the cells and subsequent bursts as
proposed [11]. Such a swelling of the vesicles under
consideration here appears rather unlikely in view of
the same salt concentration inside and outside.

We propose a simple kinetic mechanism of the pore
formation being quantitatively consistent with all our
present data. It implies aggregation steps starting from
the monomeric state A, and eventually leading to the
pore structure P (composed of a so far indefinite



number of monomers). This may be formulated by the
scheme

Ai A
W ==A— A= P (12)
a! A| le A|

where relevant rate constants are indicated. The aggre-
gate states A,, A;...P are mecant to involve only
negligible amounts of the lipid associated peptide. In
aadition, all aggregation steps beyond the dimer are
assumed to be practically irreversible. In this scheme
the amount of dimer per lipid, r,, changes according to
the rate equation

dr:/dl=k|3r|:—(k:l-i-/\'nr,)‘r: (lqnl)

Taking into account that the cquilibrium value of r,
is cstablished comparatively fast and then remains
practically constant, one readily obtains

Py= Pyt (Pag = ry)e M . (13b)

where & = k. + karp and rs changes from an initial
vaiuc r,, to a steady-state level of ry = (k,/k) - r{.
Since the pore formation rate per lipid is equal to
dr,/dt =dry/dt = kyyrry, it immediately foliows that

Ca=tpi Hpa — ) e ke (14)

with ¢, = vkyriry. Uy =vkyrry. This is formally
the same expression used to fit our data (see Eqn. 8a).
In order to reconcile the observed dependences on r,
with the present model mechanism we only have to put
kyy < kayry, ra=Kori. Then vy, =vkyuK i v, =
vk ,ri, k =kar, involving the following numerical
values k1, =80s" ", k;,=108-10 7 s (v = 10600),
K,=3.67 and k,y <4-10" s\,

Accordingly the measured rate of the melittin-in-
duced pore formation is very well described by the
proposed kinetic scheme 12. Dimerization of lipid as-
sociated peptide monomers will eventually become the
rate-limiting step. One can readily verify that the dimers
always comprise a negligible amount of the total nep-
tide 2r,/r, <2K,r, <5:107?). The same would ap-
ply to the higher aggregates including pore states. Thus
r, is practically constant as dctcrmined by the fast
monomer-monomer partitioning.

A peculiar point in the present rate model is the
observed fast initial rate 1, exhibiting a third-order
dependence or. r, according to 7,y = K,r{. It implies
the occurrence of a rapidly formed dimer deposit that
is gradually used up by the trimerization step. The
origin of such a deposit, however, is not casily under-
standable. The appropriate rate must be very much
faster than the one which can be expected from the
above specified value of k. As a tentative explanation
we envisage a fast change of the relevant physical
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properties of the bilayer structure being set off by the
association of the peptide and resulting in a substantial
drop of the dimer related rate constants within a time
interval of about a second or icss.

We must of course admit thai the time scale of our
experiments so far does not ailow us to present the
above modcl mechanisr as a final one with regard to
all its details. In order to resolve the individual reac-
tion steps more conclusively the kinetic measurements
must be extended to not only later times but particu-
larly into the fast range well below a second. We have
accordingly started pertinent work in this laboratory.

Acknowledgment

This work was supported by grant No. 31.25230.88
from the Swiss National Science Foundation.

References

I Habermann, E. and Jentsch, J. (19607) Hoppe-Seyler Z. Physiol.

Chem. 348, 37-50).

Dempsey, C.E. (1990) Biochim. Biophys. Acta 1031, 143-161.

Tosteson, M. T. and Tosteson, D.C. (1981) Biophys. 1. 36, 109116,

Tosteson, M.T. and Tosteson, D.C. (1984) Biophys. 1. 45, 112-114.

Tosteson, M. T.. Alvarez, O. and Tosteson, D.C. (1985} Regul.

Pept. 8 (Suppl. 4), 39-45,

Tosteson, M.T., Levy, 1d., Caporale, L.H.. Rosenblatt, M. and

Tosteson, D.C. (1987) Biochemistry 26, 6627-6631.

7 Kempf, Th.. Klausner, R.D.. Weinstein, J.N., Renswoude. 1.V..
Pincus, M. and Blumenthal, R. (1982) J. Biol. Chem. 257, Y469~
2476.

8 Hanke, W., Methfessel, Ch., Wilmsen, H.-U., Katz, E.. Jung, G.
and Boheim, G. (1983) Biochim. Biophys. Acta 727, 108-114,

9 Pawlak, M., Stankowski. S. and S-hwarz, G. (1991) Biochim.

Biophys. Acta 1062, 94-102,

DeGrado, W.F., Musso, G.F.. Licher. M., Kaiser, E.T, and Kézdy.

F.J. (1982) Biophys, 1. 37, 329-338,

11 Tosteson, M.T.. Holmes. 8.J.. Razin, M. and Tosteson, D.C.
(1985) J. Membrane Biol. 87, 35-44.

12 Portlock. S.H.. Clague. M.J. and Cherry, R.J. (1990) Biochim.
Biophys. Acta 1030, 1-10.

13 Weinstein, J.N., Yoshikami, S., Henkart, P.. Blumenthal, R. and
Hagins, W.A. (1977) Science 195, 489-492,

14 Schwarz, G. and Robert, C.H. (1990) Biophys. J. 58, 577-583.

15 Schwarz. G. and Beschiaschvili, G. (1989) Biochim. Biophys. Acta

979, 82-90).

Stankowski, S. and Schwarz, G. (1990) Biochim. Biophys. Acta

1025, 164-172.

17 Quay. S.C. and Condie, C.C. (1983) Biochemistry 22, 695-70018.

18 Shipolini. R.A., Gallewaert, G.L.. Cottrell. R.C.. Doonan, S..

Vernon. C.A. and Banks, B.E.C. (1971) Eur. J. Biochem. 20,
459-4068.
1Y Huang, C. (1969) Biochemistry 8, 344-351.
20 Ames, B.N. and Dubin, D.T. (1960) J. Biol. Chem. 235, 764-775,
21 Béticher, C.J.F., Van Gent, CM. and Fries, C. (1961) Anal.
Chim. Acta 24, 203-204.

22 Roseman, M.A., Lentz, B.R., Sears, B., Gibbes, D. and Thomp-
son. T.E. (1978) Chem. Phys. Lipids 21, 205-222,

23 Weinstein, J.N., Klausner. R.D.. Inncrarity, T.. Ralston. E. and
Blumenthal, R. (1981) Biochim. Biophys. Acta 647, 270284,

24 Portlock. S.H.. Clague, M.J. and Cherry, R.J. (1990) Biochim.
Biophys. Acta 1030, 1-10.

REV I S |

o

=]

16

<



104

25 Matsuzaki, K., Harada, M., Hanada, T., Funakoshi, S., Fujii, N., 28 Huang, C. and Mason, J.T. (1978) Proc. Natl. Acad. Sci. USA 75,

Yajima, H. and Miyajima, K. (1989) Biochim. Biophys. Acta 981, 308-310.
29 Schwarz, G. and Beschiaschvili, G. (1988) Biochemistry 27, 7826-

130-134.
26 Menestrina, G., Forti, S. and Gambale, F. (1989) Biophys. J. 55, 7831.
393-405. 30 Altenbach, Ch. and Hubbell, W.L. (1988) Proteins Struct. Funct.

27 Beschiaschvili, G. and Baeuerle, H.D. (1991) Biochim. Biophys. Genet. 3, 230-242.
Acta 1068, 195-200.



