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In this and the following three papers we examine the kinetics of action of pig pancreatic phospholipase A ,
on vesicles of anionic phospholipids without any additives. The results provide the first unequivocal
demonstration of interfacial catalysis in intravesicle scooting mode. In this paper we describe the conditions
in which the action of pig pancreatic phospholipase A, on DMPMe (ester) vesicles in the absence of any
additive commences without a latency. Under these conditions the free monomer substrate concentration is
insignificant; the bilayer enclosed vesicle organization remains intact even when all the substrate in the outer
monolayer has been hydrolyzed; the rate of intervesicle exchange and the rate of transbilayer movement
(flip-flop) of molecules is negligibly slow; and the rate of fusion of vesicles is insignificant. Thus an enzyme
molecule bound to one vesicle hydrolyzes all the DMPMe molecules in the outer monolayer of the vesicle by
a first-order process with a rate constant of 0.6 per min at 30°C; or viewed another way, one enzyme
molecule in a DMPMe vesicle can hydrolyze all the available substrate molecules at the rate of 3000 per
min. At low anion concentrations excess substrate vesicles are not hydrolyzed unless the rate of intervesicle
exchange of the bound enzyme is stimulated by anions in the aqueous phase. Higher calcium concentrations
promote not only homofusion of DMPMe vesicles but also heterofusion of DMPMe and DMPC vesicles. It
is proposed that calcium-induced isothermal lateral phase separation in DMPMe vesicles induces defects in
the bilayer organization, and such defects are the sites for phospholipase A, binding and for heterofusion
with DMPC (ester) vesicles which do not have such sites.

Introduction phospholipids is probably one of the best char-
acterized examples of interfacial catalysis [1-5]. A
general scheme of interfacial catalysis that ade-
quately accounts for the major features of the

action of the enzyme (E) in the aqueous phase on

Action of phospholipase A, on the aggregated
form of its substrate, 1,2-diacyl-sn-3-glycero-

* To whom correspondence should be addressed.
Abbreviations: DHPMe (ether), 1,2-dihexylphosphatidyl-
methanol; DMPMe (ester), 1,2-dimyristoylphosphatidyl-
methanol; DTPMe (ether), 1,2-ditetradecylphosphatidyl-
methanol; DMPC (ester), 1,2-dimyristoylphosphatidylcholine;
DTPC (ether), ditetradecylphosphatidylcholine; Hepes, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid.

the substrate interface consists of the steps pre-
sented in Scheme 1.

According to this Scheme, the catalysis occurs
on the substrate interface, and the enzyme re-
mains bound to the interface during several cata-
lytic turnover cycles as represented by the cyclic
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Scheme 1. Scheme of interfacial catalysis.

reaction sequence in the box. E* is the enzyme
bound to the interface, E*S is the Michaelis-
Menten complex in the interface, which gives rise
to E* and the products of hydrolysis. Scheme I
was developed and tested for the action of pig
pancreatic phospholipase A, on monolayers of
medium chain phospholipids [1,6,7]. Due to intrin-
sic limitations of the monolayer system it is not
possible to examine some of the key implications
of Scheme 1.

Implicit in Scheme I are two possibilities which
have significantly different kinetic consequences.
For example, after each or a few catalytic turnover
cycles in the interface, E* could leave the interface
and return to another site on the interface via the
aqueous phase; that is, the intervesicle exchange
of the enzyme is rapid and the enzyme in effect
‘hops’ from one interface to the other via the
aqueous phase. The other extreme case would be
that E* ‘scoots’ from one substrate molecule to
the other without leaving the interface during
several thousand catalytic turnover cycles [8,9]. In
order to distinguish hopping from scooting it is
necessary to have an understanding of the kinetics
of the intervesicle exchange of the bound enzyme,
E*. Two kinetically distinct steps leading to hop-
ping may be considered: (a) the rate of desorption
of E* in the interface of the pure substrate as
determined by the rate constant k_, and (b) the
rate of desorption of the enzyme bound to the
bilayer containing the products as determined by
the rate constant k. The on-rate constants for
both of these interfacial binding equilibria should
also be considered; these rate constants are found
to be relatively large (> 65 per s) under all the
conditions we have examined (unpublished ob-
servations), and therefore essentially ignored from
the present discussion. According to these consid-
erations, in the intravesicle ‘scooting’ mode of
catalysis, both k_ and k, would be significantly

smaller than the integrated rate constant for the
hydrolysis of all the substrate in the interface, k.
However, in the ‘hopping’ mode of catalysis, &,
and k, would be of the same magnitude as the
catalytic turnover rate constant.

The major goal of the studies reported in this
and the next three papers [10-12] is to char-
acterize the phenomenology and the experimental
boundary conditions which determine the kinetics
of intravesicle scooting and of intervesicle ex-
change of phospholipase A,. In this paper we
show that both &, and k are at least 10000-fold
smaller than the turnover number of over 3000 per
min in the scooting mode of interfacial catalysis.
Further implications of the scooting mode of hy-
drolysis by phospholipase A, will be examined in
the accompanying papers where we have shown
that the binding of phospholipase A, and its
semisynthetic analogs to the interface occurs via
an anion binding site, which is probably located in
the interfacial recognition region (IRR) including
the N-terminus of the enzyme [10]. It is also
shown that vesicles of a variety of anionic phos-
pholipids are hydrolyzed by scooting mode of
catalysis [11], although the hopping mode becomes
significant for bilayers of phospholipids with zwit-
terionic or larger anionic head groups. Inhibition
of interfacial catalysis by nonhydrolyzable analogs
suggests that the rate constant for the decomposi-
tion of E*S to E* + P (k,) is larger than that for
E*S to E* + S, k_, [12]. A general discussion of
the results in the broader context of interfacial
catalysis is also given in the last paper of this
series [12].

Materials and Methods

Phospholipase A, from pig pancreas was iso-
lated as described elsewhere [13], and was kindly
provided by Professor DeHaas (Utrecht). All the
procedures used in this study have been described
in detail elsewhere [2,3,8,14,15]. For example, ac-
tion of phospholipase A, was monitored by auto-
matic pH-stat titration (Radiometer pH-stat with
Servograph REC61, ABU-13, PHM-62, TTT60,
TTA60) with 3 mM NaOH under a stream of
nitrogen in 4 ml aqueous phase containing, unless
stated otherwise, 0.3 mM CaCl, at 30°C and pH
8.0. Whenever convenient, the reaction was ini-



tiated by adding the stock solution of the enzyme
in water, and the pH-shift from the enzyme was
negligible. Also under all the conditions the back-
ground drift was less than 5 nmol protons per
min, that is less than 1% of the measured rates.
The titration efficiency of the released fatty acid
was calibrated with externally added fatty acids to
vesicles of several zwitterionic and anionic phos-
pholipid vesicles.

All kinetic studies reported in this paper were
done on vesicles of DMPMe prepared by disper-
sing the dry sodium salt in distilled water in a
bath type sonicator (Sonicor). Sonicated vesicles
were stored at 56°C and an aliquot was added to
the reaction mixture with a thermally equilibrated
syringe. Vesicles prepared and stored in this
manner do not exhibit any detectable degradation
for well over 10 h, and their sizes remain un-
changed as judged by centrifugation at 100000 X g
or by gelfiltration on Sepharose 2B. In the
probe-containing vesicles the probe to phospholi-
pid molar ratio was 8:92.

Gel-filtration of vesicles was carried out on
Sepharose 2B (Pharmacia, exclusion limit 40 mil-
lion) column (diameter 1 cm, void volume 10 ml)
in 100 mM KCl and 3 mM Hepes at pH 8.0 and
25°C. Typically, a 0.15 ml lipid sample containing
fluorescent labelled lipid or carboxyfluorescein was
applied, and 1 ml fractions collected. The lipid
eluted from the column was detected fluorimetri-
cally in 0.1% Triton X-100 solution. Vesicles of
DMPC, egg phosphatidylcholine, and DMPMe, as
well as the products of homo- and heterofusion
were gel-filtered to determine their size. The soni-
cated vesicles of these lipids eluted at 2.1-times
void volume, whereas the products of fusion eluted
in the void volume.

Kinetics of fusion were monitored by the
method described by Hoekstra et al. [17] in which
self-quenched octadecylrhodamine B (probe) con-
taining vesicles were fused with probe free vesicles.
Dequenching of the fluorescence of the probe
occurs as the surface density of the probe de-
creases by mixing of lipid molecules during fusion.
Typically, probe free vesicles (0.1 mM lipid) were
mixed with probe containing vesicles in 20: 1 ratio
in a stirred thermostated cuvette containing 2 mi
of 0.1 M KCl, 3 mM Hepes at pH 8.0, 30°C and
calcium concentration as indicted in the text. Fu-
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sion was always initiated by adding the probe free
vesicles to preequilibrated buffer. In some pre-
liminary experiments fusion was also followed by
tirbidimetry [16]. Qualitatively the results are simi-
lar to those obtained from the fluorescence de-
quenching method.

Steady-state fluorescence measurements were
done on an SLM 48008 interfaced to an Apple Ile
computer. Excitation was set at 560 nm and emis-
sion at 590 nm, and slitwidths 2 nm for both.
Differential scanning calorimetry of lipid disper-
sions was done on Mettlar 2000B [2,18]. Typically,
4 pmol lipid in 35 pl buffer (100 mM KCi, 100
mM Hepes at pH 8.0) was scanned at the rate of 1
or 2 Cdeg/min, and a small correction for the
scanning rate has been made in the reported val-
ues of T,. The lipid dispersions were prepared by
suspending a dry film or powder of lipid and then
equilibrating it in sealed aluminum pan at 60 to
80°C for about 30 min. None of these samples
were annealed at low temperatures to induce sub-
trasitions.

DMPMe was prepared from 1,2-dimyristoyl-
sn-glycerol (8.2 nmol) and 2-chloro-4,5-dimethyl-
2-0x0-1,3,2-dioxaphosphole (8.2 nmol) in anhy-
drous diethyl ether containing triethylamine (8.2
nmol) by the general procedure already described
[19]. The condensation of the 1,2-diacyl-sn-glyceryl
cyclic enediol phosphotriester with methanol (2
mol equivalents) was carried out in anhydrous
tetrahydrofuran, in the presence of triethylamine
(2 mol equivalents; 24 h, 25°C). Deprotection of
the 1,2-diacyl-sn-glyceryl ((methyl) 3-oxo-
2-butyl)phosphate, and conversion to the sodium
salt of DMPMe was performed by the standard
procedure [19].

[a]p=+6.8 (¢=5, CHCI;, 25°C)

Calcd. for C;,H(,NaO,P (628.8): C, 61.12; H,

9.94; Na, 3.66

Found: C, 60.85; H, 10.10; Na, 3.50

DTPMe and DHPMe were prepared from the
corresponding 1,2-dialkylglycerols.

Results

Eibl and co-workers [20,21] have described
synthesis and properties of the aqueous disper-
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sions of DMPMe. We have further characterized
the vesicles of DMPMe and DTPMe, as well as
the micelles of DHPMe. In aqueous dispersions
DTPMe and DMPMe form lamellar bilayers as
seen by wide-angle X-ray diffraction, freeze-frac-
ture electron microscopy, and *'P-NMR. The bi-
layer organization of these dispersions does not
change in the dispersions of Ca- DMPMe (1:2)
salt, although the chain melting endothermic tran-
sition temperature, Tm increases from 29°C for
DMPMe (enthalpy 6.4 kcal/mol) and 31°C for
DTPMe (6.8 kcal/mol) to 49 (7 kcal/mol) and
53°C (7.7 kcal/ mol), respectively, for the
stoichiometric sodium and calcium salts. Thus the
properties of the aqueous dispersions of DTPMe
and DMPMe analogs are very similar, as is the
case for phosphatidylcholines [2,15,22].

Interfacial catalysis in intravesicle scooting mode
From the perspective of the present studies, one
of the most interesting properties of DMPMe
vesicles and liposomes is that in the absence of
additives they are readily hydrolyzed by phos-
pholipase A, without any latency. The high affin-
ity of phospholipase A, for bilayers of DMPMe
and other anionic lipids [11] contrasts with the
behavior of vesicles of zwitterionic lipids like
DMPC [2,15,23,25], and DPPC [8,24], which ex-
hibit complex reaction progress curves in the ab-
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Fig. 1. Reaction progress curves for the hydrolysis of (a)
DMPMe (ester) (M, 0.08 mM) and (b) DMPC (PC, 0.06 mM)
vesicles by phospholipase A, (E) in 4 ml aqueous mixture at
pH 8.0 and 30°C. Reaction was initiated by adding phos-
pholipase A, to the stirred suspension of vesicles (stored at
57°C). The reaction mixture for DMPMe contained 0.3 mM
CaCl, and 04 pg E, and that for DMPC contained 10 mM
CaCl, and 1 pg E. For further details on the kinetics of the
latency phase of DMPC vesicles see Ref. 15. The amplitude of
hydrolysis ( 4) was obtained directly from the reaction progress
curves.

sence of additives. As shown in Fig. 1, under
certain conditions the reaction progress curve for
hydrolysis of DMPMe vesicles is first order, and it
can be completely described in terms of the in-
travesicle scooting mode of interfacial catalysis.
We will also show that during the hydrolysis of
DMPMe vesicles the complications due to the
product induced binding of the enzyme, flip-flop,
intervesicle exchange, fusion, and hydrolysis of
monomeric substrate can be essentially eliminated
by a judicious choice of the experimental condi-
tions. These studies are extended in the accompa-
nying papers [10-12]. The results show that the
complexity of the reaction progress curves under a
variety of conditions arises primarily due to inter-
vesicle transfer of the bound enzyme promoted by
anions and by fusion of vesicles.

The reaction progress curve for the hydrolysis
of DMPMe vesicles at low salt concentration (less
than 1 mM chloride) is first order (Fig. 1 curve a),
and therefore can be completely described by two
constants: A, the amplitude or the extent of hy-
drolysis, and k;, the first-order rate constant ob-
tained from a semilog plot. Such a behavior is
normally expected for a reaction progress curve
obtained at the substrate concentrations consider-
ably below K. For the phospholipase A, +
DMPMe vesicle system it can be readily shown

2r
5 Fo
<
E 'l o
- L © —O—U—O__O_Q_o
-
ok
zl'/
L]
O.l
S .
£ L
LS
< =
L | | ed— 11
40 80 150 450

DMMe (uM)

Fig. 2. Dependence of A and k; on DMPMe ester (DMMe)
concentration. Data were obtained by reaction progress curves
of type shown in Fig. 1 (curve a); The first-order rate constant
k; was obtained from semi-log plots. Reaction is initiated by
0.4 ug (30 pmol) phospholipase A ,. Other conditions as in Fig.
1.



that k, does not change noticeably even when the
substrate and enzyme concentrations are altered
several-fold either by dilution of the reaction mix-
ture or by the addition of more substrate. Further-
more, as shown in Fig. 2, by changing the sub-
strate concentration the amplitude of hydrolysis
increases and reaches a maximum, also the rate
constant k,; reaches a constant minimum value at
higher substrate concentrations. Thus, in the pres-
ence of a high concentration of substrate vesicles
and a constant enzyme concentration, only a con-
stant amount of the substrate is hydrolyzed with a
single first-order rate constant. Under a variety of
conditions we have found that a maximum of
4300 mol of DMPMe in the form of sonicated
vesicles can be hydrolyzed by each mole of phos-
pholipase A,, even when a 10-fold excess of the
substrate vesicles is present.

The excess unhydrolyzed substrate at the end
of the reaction progress curve can be hydrolyzed
by adding more enzyme. The accessibility of the
excess substrate vesicles to the enzyme in the
reaction mixture is essentially the same whether
the excess substrate is added at the beginning or
at the end of the first-order reaction progress
curve. The possibility that the initially added en-
zyme has been inhibited by the products or some-
how inactivated during the first part of the reac-
tion progress curve can be readily ruled out by the
experiments described later, where it is shown that
the hydrolysis of excess substrate vesicles can be
reinitiated by added salts {10], or by inducing
fusion of vesicles. These and other experiments
[10-12] show that even in the presence of excess
substrate vesicles hydrolysis ceases because the
enzyme added initially is bound to vesicles, and
that the bound enzyme does not exchange with
excess substrate vesicles.

In the presence of excess substrate vesicles, the
amplitude of hydrolysis also increases with the
enzyme concentration. As shown in Fig. 3, the
extent of hydrolysis changes with the enzyme con-
centration, and k; remains constant as long as the
substrate to enzyme mole ratio is more than 6000.
These observations can be readily rationalized by
the assumption that under the reaction conditions
used in these experiments, there is little, if any,
free enzyme in the aqueous phase, and that the
enzyme bound to the substrate or to the product-
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Fig. 3. Dependence of A and k; on phospholipase A, (PLA)
concentration. Data were obtained from the reaction progress
curves of type shown in Fig. 1. Reaction mixture contained
0.32 pmol DMPMe (ester) as sonicated dispersions in 4 ml of
0.3 mM CaCl,. Other conditions as in Fig. 1. At high enzyme
concentrations the reaction progress curves were fitted to two
simultaneous first-order constants.

containing vesicles (at the end of the reaction
progress curve) is not readily exchangeable with
excess substrate vesicles. Thus, for a given enzyme
concentration the amplitude of hydrolysis will re-
ach a maximum when the enzyme to vesicle
stoichiometry falls below an integral number, n,
that would reflect the number of enzyme
monomers in a catalytically active aggregate form
in the interface. The k; values remain constant as
long as the substrate to enzyme mole ratio is
larger than 6000, which suggests that there are at
least n enzyme molecules per vesicle under these
conditions. The k; values increase above the
standard deviation when the substrate to enzyme
mole ratio is less than 5000, which would be
expected if there are more than n enzyme mole-
cules per vesicle. At these lower substrate to en-
zyme mole ratios, the reaction progress curve is
better described by two simultaneous first-order
rate constants, 0.6 and 1.2 per min; the fraction of
the substrate hydrolyzed by the slower process
decreases when the substrate to enzyme ratio de-
creases below 6000, and it reaches zero at about
3500. This doubling of k, will be expected if
under these conditions the stoichiometry of the
enzyme molecules per vesicle is n in some vesicles
and 2n in other. Under, most of the conditions
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used in this and the accompanying papers we have
maintained the total substrate to the enzyme mole
ratio more than 6000 so that the vesicle to enzyme
ratio exceeds n, which as shown below is found to
be one.

The value of n can be computed from the
maximum number of moles of the substrate hy-
drolyzed by a mole of the enzyme. In a variety of
experiments we have found that in the presence of
excess sonicated vesicles, an enzyme molecule hy-
drolyzes a maximum of about 4300 substrate
molecules at the end of the first-order reaction
progress curve. Since only the substrate in the
outer monolayer can be hydrolyzed with a large
excess of the enzyme, it is reasonable to assume
that there are 4300 substrate molecules in the
outer monolayer of the vesicles to which one en-
zyme molecule is bound, and that the rate of
transbilayer movement (flip-flop) of the substrate
from the inner monolayer of the vesicle is negligi-
bly slow on the time-scale of the reaction progress
curves under consideration. Based on these. as-
sumptions it can be calculated that a vesicle con-
taining 4300 DMPMe molecules of estimated
cross-section area of 45 }’xz, will have a diameter of
200-250 A, which is the same as the diameter of
sonicated egg phosphatidylcholine or DMPC
vesicles. If there are two enzyme molecules per
vesicle, the calculated diameter of DMPMe vesicles
would be about 190 A. Indeed, the elution volume
for DMPMe vesicles on Sepharose 2B is the same
as the elution volume for phosphatidylcholine
vesicles. These observations are consistent with
n =1 in the catalytically active state.

Evidence for a negligibly slow intervesicle ex-
change of the bound enzyme is obtained from the
reaction progress curves shown in Fig. 4. When
the enzyme is added to DTPMe vesicles (curve a),
the enzyme is no longer accessible to the DMPMe
vesicles added subsequently. If, however, the en-
zyme is added to a mixture of the vesicles of
DTPMe and DMPMe (curve b), only a fraction of
the total DMPMe is hydrolyzed by a first-order
process with the same k, as observed with DMPMe
vesicles alone. On the other hand, if the enzyme is
added to the vesicles of premixed DMPMe and
DTPMe (curve c), all the accessible DMPMe is
hydrolyzed with a considerably smaller first order
rate constant. Note that a 10-fold excess of the

a

Fig. 4. Reaction progress curves for the hydrolysis of 0.32
pmol DMPMe (ester) (indicated by M) by 0.8 pg phospholi-
pase A, (E) in the presence of 0.32 pmol DTPMe (ether) (T)
or 1.2 pmol DTPC (ether) added in the sequence indicated.
For example, for curve b the vesicles of DTPMe were mixed
with vesicles of DMPMe, and the reaction was initiated by 0.8
rg E. On the other hand for curve ¢, vesicles were prepared by
mixing DTPMe with DMPMe (1:1) and the reaction was
initiated with 8 ug phospholipase A,. Other conditions as in
Fig. 1, and see text for further details.

enzyme is added in these experiments, significance
of which is described later [12]. It is also relevant
to compare curve a with curve d where it is shown
that all the enzyme added to DTPC vesicles re-
mains accessible to DMPMe vesicles that are ad-
ded subsequently. By their very design the experi-
ments summarized in Fig. 4 provide the strongest
proof yet that the enzyme bound to DTPMe
vesicles is not exchangeable. Moreover, the en-
zyme does not bind to DTPC as shown by the
direct binding experiments [2,3]. It is also possible
that the enzyme bound to DTPC ether vesicles is
readily exchangeable, and such a binding is not
catalytically meaningful (see also Refs. 3 and 15).

Inrervesicle exchange in the presence of KCl
Intervesicle transfer of the bound enzyme is
also promoted in the presence of anions. As shown
in Fig. 4 (curve a) the rate of transfer of the
enzyme from DTPMe vesicles to DMPMe vesicles
is negligible. However, as shown in Fig. SA, in the
presence of 0.1 M KCI the hydrolysis of excess
substrate by the enzyme bound to DTPMe vesicles
(curve b) or by the enzyme bound to the
product-containing vesicles (curve a) can be at-



tained with a short latency phase. From the latency
periods in curves a and b, it can be shown that in
the presence of 0.1 M KCl the k, and k, values
are smaller than 0.75 and 0.34 per min, respec-
tively. It may also be noted that, as shown in Fig.
5B, k., does not depend significantly upon the
enzyme concentration, whereas the steady-state
rate of hydrolysis after the exchange increases

SS rate {(nmole/min)

1.0 2.0
E{mg/4ml)

Fig. 5. (A) Curve a, reaction progress curve for the hydrolysis
of 0.4 mM DMPMe (ester) (M) added to premixed 80 uM
DTPMe (ether) (T) and 0.4 ug phospholipase A, (E). Curve b,
reaction progress curve for hydrolysis of 0.4 mM DMPMe
(ester) added to a mixture of 0.08 mM DMPMe and 04 ug
phospholipase A, in which the hydrolysis has already ceased.
Reaction mixture contained 0.1 M KCl and 0.3 mM CaCl,,
pH 8 at 30°C. The latency period was measured by extrapolat-
ing the steady-state phase of hydrolysis to the base-line, and
the rate constants k, and k, are defined as reciprocal of the
latency period. (B) Effect of the enzyme concentration on the
(top) latency period and (bottom) on the steady-state rate of
hydrolysis. Data were obtained from the reaction progress
curves of type shown in Fig. 5A.
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linearly with the enzyme concentration. Such a
behavior would be expected if the bound enzyme
had equilibrated between the two vesicle popula-
tions. The results in Fig. 4 (curve a) show that the
residence time of the enzyme on DTPMe vesicles
is more than 20 min in the absence of salt, and as
shown in Fig. 5A (curve b) the average residence
time (reciprocal of the rate constant k) decreases
to about 3 min in the presence of 0.1 M KCl.
Similarly, the average residence time of the en-
zyme in the vesicles with all the substrate mole-
cules hydrolyzed in the outer monolayer (recipro-
cal of k) is about 1 min. The significance of these
residence times in terms of the k, values will be
elaborated on in the Discussion.

The apparent specific activity of the enzyme in
the steady-state phase of the reaction progress
curves (shown in Fig. SA, and summarized in Fig.
5B) is 55 IU, compared to about 300 IU, if the
apparent zero-order initial rates were measured
with DMPMe vesicles alone in the presence of 0.1
M KCIl. As discussed later [12] one of the reasons
for this could be that the apparent affinity of the
enzyme for DTPMe ether vesicles, K, is about
6-fold higher than K for DMPMe ester vesicles.

Homo- and heterofusion of vesicles

Formation of larger vesicles on fusion of
DMPMe vesicles with themselves or with DMPC
vesicles in the presence of calcium is indicated by
gel filtration on Sepharose 2B and by the octade-
cylthodamine B probe method [17]. Under condi-
tions outlined in the Methods, sonicated vesicles
of egg phosphatidylcholine, DMPMe and DMPC
elute at 2.1-times the void volume in calcium-free
buffer. This suggests that these vesicles have the
same size, within the limits of resolution of this
technique. In the presence of calcium, DMPMe
vesicles fuse to form larger particles which elute in
the void volume. According to these criteria
DMPMe vesicles fuse not only with other DMPMe
vesicles but also with DMPC vesicles in the pres-
ence of calcium. These conclusions are in accord
with the results of fluorescence dequenching (see
below) and turbidimetric measurements [16].

Yet another qualitative demonstration of in-
creased size of fused vesicles is based on the
observation that under certain conditions (cf. Fig.
4, curve d) an increase in the extent of hydrolysis
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F(3min)

50 nmol

Co (6mM}

Fig. 6. Reaction progress curves for the hydrolysis of DMPMe
(ester) vesicles: (bottom) DMPMe (0.32 mM) vesicles with 0.4
pg phospholipase A, in 0.3 mM CaCl,;: fusion is induced by
adding 6 mM CaCl, at the end of the first-order reaction
progress curve. (top) DMPMe (0.32 mM) vesicles that had
been allowed to fuse for 3 or for 1 min in 1.5 mM CaCl, are
then treated with EGTA to bring Ca concentration to 0.3 mM,
and then treated with 0.4 pg phospholipase A,. Higher pro-
portion of the substrate is hydrolyzed when the fusion with
calcium is allowed to proceed for a longer period of time or
when higher concentrations of calcium are used. At calcium
chloride concentrations greater than 6 mM the proportion of
substrate accessible to phospholipase A , decreases well below
20%.

is observed during the first-order intravesicle
scooting of phospholipase A,. This is due to an
increase in the average size of fused vesicles. As
shown in Fig. 6, when the vesicle to enzyme ratio
is about 5, only about 20% of the total accessible
substrate is hydrolyzed before the reaction ceases.
However, if the vesicles are allowed to fuse, a
higher proportion of the accessible substrate is
hydrolyzed, and ultimately that the proportion of
the accessible lipid reaches 0.5 of the total lipid
present in the reaction mixture. This behavior is
expected if large unilamellar vesicles are formed in
which the proportion of lipid in the inner and
outer monolayers is equal. In these experiments
the total amount of the accessible substrate is
monitored by adding an excess of the enzyme so
that each vesicle has at least one enzyme molecule.
For sonicated vesicles the proportion of the acces-
sible lipid is 0.63 of the total lipid present, and
this proportion can be maintained for well over 10
h by keeping the vesicles at 57°C, under condi-
tions precluding fusion.

When fusion is allowed to continue for long
periods of time (more than 2 h at 1.5 mM calcium
chloride) or when fusion is induced by higher
concentrations of calcium chloride (more than 6
mM), the proportion of the accessible phospholi-
pid decreases to a point far below 0.5 as if multi-
lamellar liposomes are formed when the vesicles
precipitate out. As expected, this change in the
proportion of accessible phospholipid is not read-
ily detectable by the fluorescence dequenching
technique. The proportion of the total lipid acces-
sible to phospholipase A, remains at or above 0.5
under all the conditions when fusion has occurred
without any detectable precipitation. Experiments
with phospholipase A, also suggest that the fused
vesicles are not leaky enough to permit the trans-
bilayer passage of phospholipase A ,, and that the
inner monolayer of the vesicle is not exposed to
the enzyme even when the enzyme is present dur-
ing fusion.

Kinetics of fusion by dequenching of octadecyl-
rhodamine B containing vesicles

The qualitative evidence for fusion of vesicles
summarized in the preceeding section is substanti-
ated by the fluorescence dequenching method [17].
As shown in Fig. 7, in 20: 1 ratio DMPMe vesicles
+ DMPMe(rh) vesicles (the octadecylrhodamine-
containing vesicles are represented as DMPMe
(rh)), exhibit an increase in the fluorescence inten-
sity in the presence of calcium ions. The total
increase in the fluorescence intensity at the end of
the fusion profile is typically about 7-fold, as
expected on the basis of the self-quenching curve
obtained by Hoekstra et al. [17]. The increase in
the fluorescence of the probe stops almost instan-
taneously at any point along the fusion profile on
addition of EGTA, however the increase in the
intensity that has preceded the addition of EGTA
is not reversed. Formation of larger vesicles dur-
ing the course of the fusion profile of type shown
in Fig. 7 is also indicated by an increase in turbid-
ity, however, the time-course is somewhat differ-
ent. Such a behavior is due to the fact that the
dequenching and the turbidity change have differ-
ent responses as a function of the underlying
fusion events.

Fusion profiles of the type shown in Fig. 7 are
a complex function of several parallel and sequen-



Fig. 7. Increase in fluorescence intensity of octadecylrhoda-
mine B in DMPMe (ester) vesicles, DMPMe(rh) after mixing
with probe-free DMPMe vesicles (0.15 mM) in the presence of
3.18 mM CaCl, at 30°C and pH 80. Addition of EGTA
inhibits the increase, whereas addition of more calcium promo-
tes the increase in the fluorescence intensity. When the calcium
concentration is about 10 mM the maximum increase in fluo-
rescence intensity is achieved faster, and then a decrease in
fluorescence is accompanied by the appearance of precipitate.

tial events, and as such cannot be adequately
described by a set of simple parameters. However,
a relatively simple parameter can be devised to
describe the initial fusion event on the basis of the
following considerations. The increase in the fluo-
rescence intensity of octadecylrhodamine contain-
ing vesicles on fusion is due to the mixing of lipid
molecules from the probe-containing and the
probe-free vesicles.

Self-quenched probe molecules are diluted, re-
sulting in a linear increase in the fluorescence
intensity. In this system, quenching or a decrease
in the fluorescence intensity is a linear function of
the concentration of the probe in the vesicle [17].
Under all of the conditions employed in this study
the proportion of the probe free vesicles is 20-fold
higher than that of the probe-containing vesicles.
Therefore by design, the fusion profiles measure
fusion only between a probe free and a probe-con-
taining vesicle. Since the proportion of the probe-
free vesicles is initially very large, substantially all
of the fusion events involving the probe-con-
taining vesicles will be with the probe-free vesicles.
As fusion progresses, the probe-containing vesicles
will encounter other probe-containing vesicles
more often, thus kinetic complexities arise.

The fluorescence dequenching is not due to
intervesicle exchange of phospholipid molecules,

443

kf(min")

1.5 3 6 9
DMMe (mM)

kg (min=")

[Co]mM

Flg. 8. (A) Dependence of k; on DMPMe (DMMe) concentra-
tion. Conditions: 100 mM KCl, 1.8 mM CaCl,, 10 mM Hepes,
pH 8.0, 30°C; homofusion was initiated with DMPMe vesicles.
The line is drawn to slope = 2. (B) Dependence of k; on Ca
concentration for 0.15 mM DMPMe (@) and DMPC (O)
vesicles.

because as shown in the following papers the
fraction of the available substrate does not change
appreciably with the time of incubation. Similarly,
spontaneous intervesicle exchange of the probe
can be ruled out by the fact that the rate of
dequenching depends upon the calcium as well as
the vesicle concentration. As shown in Fig. 8A, the
rate of fusion shows a second order dependence
on the vesicle concentration when the ratio of the
probe-free and of the probe-containing vesicles is
kept constant at 20. This is consistent with the
assumption that the initial fusion event involves
two vesicles. On the other hand dependence of k;
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on calcium concentration shows a threshold effect
(Fig. 8B), whéfeby the rate of fusion increases
abruptly at concentrations greater than 1.5 mM
CaCl,.

The extent of fusion and k; were found to be
essentially identical in 0.3 M KCI and in ?H,O.
Fusion profiles for DTPMe and DMPMe vesicles
are also identical. This absence of any difference
in the rate of fusions serves as a very useful
control for the experiments described in this series
of papers in which it 1s assumed that deuterated
water, anions, and ether linkage of the lipid to not
appreciably perturb the interface. Similarly, &, at
3 mM calcium is 1.5 per min, and less than 0.02
per min at 0.3 mM calcium, which means that
under the conditions used for the kinetic measure-
ments in this series of papers, the complications
due to fusion are negligible.

Heterofusion or fusion of two different types of
vesicles

Curve d in Fig. 4 shows that DMPC vesicles
fuse with DMPMe vesicles at high Ca’" con-
centrations. Heterofusion of DMPC vesicles with
DTPMe vesicles containing phospholipase A, can
be readily demonstrated by adding 6 mM CaCl,,
whereby a rapid hydrolysis of DMPC is observed.
This is possible only in fused vesicles where

Intensity (rel)

L(rh)

Fig. 9. Increase in fluorescence intensity vs. time. Vesicles 0.15
mM lipid containing 8 mol% octadecylrhodamine B were ad-
ded at L(rh) to a buffer containing 0.1 M KCl, 3.18 mM
CaCl,, 3 mM Hepes at pH 8.0 and 30°C. After 1 min vesicles
of appropriate lipid (0.32 mM) were added. Only a part of the
overall increase in the fluorescence is shown here. Curve a for
DMPC(rh) + DMPMe, curve b for DMPMe+ DMPMe(rh),
curve ¢ for DMPMe(rh) + DMPC, and curve d for DMPC(rh)
+ DMPC.

DTPMe acts as an ‘activator’ in the mixed lipid
vesicles by promoting interfacial binding phos-
pholipase A ;. Intervesicle exchange of the enzyme
from DTPMe vesicles to DMPC vesicles could not
account for this hydrolysis, because DMPC vesicles
are not hydrolyzed without an activator. This is
also confirmed by the probe method. The fusion
profiles of four different combinations of vesicle
populations are shown in Fig. 9. Under identical
conditions, the k, for calcium induced fusion are
in the order DMPMe + DMPMe(rh) 1.5 per min,
DMPMe + DMPC(rh) 1.5 per min, DMPMe(rh)
+ DMPC 0.7 per min, DMPC(rh) + DMPC less
than 0.05 per min at 3.18 mM calcium chloride.
These results show that not only do the DMPMe
vesicles fuse with other DMPMe vesicles but also
with DMPC vesicles in the presence of calcium
ions. Such heterofusion is not observed in the
absence of calcium ions. The absolute rates for the
first three combinations of vesicles are signifi-
cantly higher because of the experimental design
whereby only the fusion-mediated dilution of the
probe in fused doublet vesicles 1s measured. In the
first three cases formation of larger particles on
fusion could also be demonstrated by gel filtra-
tion.

Discussion

Results in the preceding section show that the
hydrolysis of DMPMe vesicles by phospholipase
A, occurs by a first-order process under the con-
ditions where intervesicle exchange of the bound
enzyme, fusion of vesicles, and the rate of transbi-
layer movement of the lipid molecules in the bi-
layer are negligibly slow. These results are best
interpreted by the postulate that the hydrolysis
occurs in the intravesicle scooting mode. Several
implications of this working hypothesis, within the
framework of Scheme I, are elaborated on in this
section and in the accompanying papers [10-12].

The catalytic turnover in the intravesicle scoot-
ing mode is rapid. As pointed out in the preceding
section, whenever the vesicle to the enzyme ratio
exceeds one, a maximum of 4300 substrate mole-
cules are hydrolyzed by each molecule of phos-
pholipase A,. Since the first-order rate constant
(k) for the hydrolysis of 4300 molecules in the
outer monolayer of a vesicle containing one en-



zyme molecule is 0.6 per min, the catalytic turnover
number in the intravesicle scooting mode of hy-
drolysis would be about 3000 per min. This is only
a lower-limit estimate of the true catalytic turnover
number of the enzyme molecule in the interface
because the pseudo zero-order steady-state rate of
hydrolysis is never attained. In a first order reac-
tion progress curve resulting from catalysis in the
scooting mode, the apparent rate decreases lin-
early with the decreasing mole fraction or interfa-
cial concentration of the substrate. This could
mean that the apparent affinity of the bound
enzyme for the products in the bilayer is the same
as it is for the substrate. Other possibilities are
discussed in the last paper of this series [12].

The average catalytic turnover number of 3000
per min gives a lower-limit estimate of the interfa-
cial rate constants k; or k,, as > 3000 per min.
Since k; and k, are considerably less than 0.5 per
min, it is reasonable to surmise that far more than
6000 substrate molecules can be hydrolyzed dur-
ing the residence time of the enzyme on the ves-
icle. These lower-limit values for the turnover
numbers under different conditions are meaning-
ful because they suggest that during the residence
time of about 2 min in the presence of 0.1 M KCl,
a single phospholipase A, molecule is capable of
hydrolyzing a significant fraction of the phos-
pholipid molecules in the monolayer half of a cell
membrane.

As shown in this and the accompanying papers,
the residence time of the enzyme on the bilayer
interface decreases in the presence of anions in the
aqueous phase. Similarly, anionic charge and
organizational defects (instabilities) in the inter-
face increase the catalytic turnover presumably by
increasing the residence time of the enzyme. With
long residence times, corresponding to a high af-
finity of the enzyme for the substrate interface, it
will be virtually impossible to obtain pseudo-zero
order initial rates of hydrolysis because the en-
zyme remains in the product-free environment for
only a few turnover cycles.

With DMPMe vesicles essentially 98% of the
reaction progress curve can be fitted to a single
first order rate constant. However, it is likely that
in large unilamellar vesicles or cell membranes
where there are more than 50000 substrate mole-
cules in a monolayer half, the bound enzyme
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could be exposed to a substantially product-free
environment (say less than 20 mol% product) for a
few minutes, and therefore a pseudo-zero-order
rate of scooting could be attained. Under certain
conditions (cf. curve c, Fig. 4) with large fused
vesicles we have indeed obtained initial rates of
hydrolysis corresponding to a turnover number of
well over 10000 per min; however, the reaction
progress curves remain first order.

On the other hand very short residence times
resulting from large &  or k, corresponding to a
lower affinity for interface, probably describes the
initial portions of the reaction progress curves for
DMPC vesicles as shown in Fig. 1. Under these
conditions the apparent catalytic turnover number
is less than 10 per min; similarly, DTPC vesicles
do not bind phospholipase A, in the absence of
any additive [2]. It may also be pointed out that
once a critical mole fraction of the product is
formed in the vesicles, the binding affinity and
therefore the residence time increases, and the
average catalytic turnover number exceeds several
thousand per min {2,3].

Obviously, a pseudo-zero-order initial rate of
hydrolysis of a large number of vesicles by phos-
pholipase A, will be achieved under conditions
where intervesicle exchange occurs, but it is slow
enough so that the residence time is large enough
to hydrolyze a substantial proportion of the sub-
strate molecules in a vesicle, say about 15%. An
exact proportion will depend upon actual values
of the various rate constants as well as the vesicle
to enzyme ratio. But the residence time should be
short enough so that the bound enzyme is on the
average transferred to another vesicle before the
reduced mole fraction of the substrate in the inter-
face begins to retard the rate of hydrolysis. The
residence time of the enzyme in a micellar form of
the substrate is considerably reduced, however the
rate of transfer of the enzyme from one particle to
the other is also in effect substantially facilitated
by a short life-time of micelles, where essentially
all the monomers in most micelles are exchanged
in less than 0.1 s. The concept of average resi-
dence time of the enzyme on the substrate inter-
face could thus account, at least in part, for one of
the most perplexing aspects of the interfacial
catalysis, i.e., the same enzyme can exhibit over a
100-fold change in the rate of hydrolysis of the
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same substrate depending upon the quality of the
interface in which it is present (see Refs. 1-5 for
several other examples).

The concept of the average residence time and
of the intravesicle scooting of the enzyme are quite
significant in evaluating the assay procedures and
specific activity data for purification of intracellu-
lar phospholipase A,. In crude biological materi-
als, for example, the phospholipase A, activity is
generally not detectable unless significant purifi-
cation has been achieved [26-29]. This is probably
because the enzyme bound to a lipid interface is
not readily transferred to the externally added
substrate interface. Moreover, membranes and
other lipid constituents of serum and plasma could
modulate the phase properties of the optimally
activated externally added substrate vesicles. Thus
the specific activity obtained with external sub-
strate interface can not be used as a true measure
of the degree of purification, unless it is assured
that the enzyme has been completely transferred
from the native interface to the added substrate.
Several reports on intrinsic activators and inhibi-
tors [30-32] of phospholipase A, in tissues are
probably artifacts arising from the peculiar bind-
ing and exchange behavior of phospholipase A,
with phospholipid interfaces. This situation would
be particularly acute with detergent-free or non-
micellar assay systems, where the rate of inter-
vesicle transfer of the bound enzyme, the sequence
of addition of the substrate, enzyme, and calcium,
as well as the time for the intervesicle exchange of
the enzyme directly or by fusion of vesicles could
give substantially different specific activities.
Several intracellular phospholipase A, [33] appear
to have little tendency for intervesicle exchange
even in the presence of anions. In micellar systems
interparticle exchange times would be consider-
ably faster, and therefore these complications may
be minimal.

The original goal of the fusion studies de-
scribed in this paper was to establish the condi-
tions under which the kinetics of action of phos-
pholipase A, can be studied without complica-
tions from intervesicle transfer of the bound phos-
pholipase A , by fusion of vesicles. The value of k;
is less than 0.02 per min for DMPMe vesicles in
0.3 mM Ca. Additional control experiments re-
ported here also show that the rate of fusion does

not depend upon deuterated water, anions and the
enter analog of phospholipid. These results sug-
gest that the bilayer interface is not appreciably
modified under these conditions.

By default, as much as by design, our initial
fusion studies led us to characterize a novel phe-
nomenon of heterofusion. The results reported in
this paper show that the fusion characteristics of
DMPMe + DMPMe and of DMPMe + DMPC
vesicles are essentially identical. This observation
rules out a role of intervesicle bridging by calcium
as the rate hmiting step for the fusion process.
Similarly, if precipitation of vesicles is taken as an
indication of intervesicle Ca-bridging and conse-
quent interlamellar dehydration, it should be pos-
sible to dissociate the fusion events from other
effects of calcium on anionic vesicles. Unfor-
tunately, at this stage there is no convenient
method to quantitatively monitor changes related
to precipitation of vesicles at low lipid concentra-
tions. However, by monitoring the proportion of
the total substrate accessible to phospholipase A,
we have been able to show that during precipita-
tion of vesicles with less than 5 mM CaCl,, the
proportion of the accessible substrate decrease
drastically, and multilamellar structures are prob-
ably formed.

The whole range of observations described in
this paper can be readily explained by the hy-
pothesis that calcium induced isothermal phase
separation in anionic phospholipids could gener-
ate organizational defects at which the hydro-
phobic region of the bilayer is somehow exposed
enough to permit, not only the binding of phos-
pholipase A, and other proteins [16,34,35], but
also intrusion of complementary molecular fea-
tures of the fusing vesicles. Thus, the kinetics of
heterofusion process offers a unique opportunity
to test the assumptions underlying theories of
fusion. Qur observations, for example, are not in
accord with the suggestion that intervesicle bridg-
ing by calcium 1s a precondition for fusion [36].
Similarly, removal of water of hydration at the
interface [37-39] can not be the reate-limiting step
because the rate of hetero- and homodiffusion are
essentially identical. Nachliel and Gutman [40]
have also found that the water at the interface
does not nociteably influence the rate-limiting step
for interfacial transfer of protons. The activation



energies for desolvation of solutes at the bilayer
interface is rather small, typically less than 3
kcal/mol [41]. On the other hand, the activation
energies for homo- and heterofusion, about 25
kcal/ mol (unpublished observations), suggest that
the rate-limiting step involves the hydrophobic
region of the bilayer. We believe that defects or
regions of mismatch [42,43] in which hydrophobic
regions are exposed to the aqueous phase act as
sites for fusion as well as for incorporation of
proteins [44]. Exposure of such hydrophobic re-
gions could also destabilize the hydration layer,
and thus intervesicle calcium bridging will not be
necessary for dehydration.

Acknowledgements

We gratefully acknowledge several very stimu-
lating and useful discussions with Professor G.H.
DeHaas and Karl Koehler. Some very useful
suggestions were also made by the referees. We
would also like to thank dr. Anibal DiSalvo for
the gel-filtration experiments. This work was sup-
ported by PHS (GM29703 to M.K.J., and
HL23126 to F.R.) and a travel grant from NATO.

References

1 Verger, R. and DeHaas, G.H. (1977) Annu. Rev. Biophys.
Bioeng. 5, 77-117

2 Jain, M.K., Egmond, M.R., Verheij, H.M., Apitz-Castro,
R.J., Dijkman, R. and DeHaas, G.H. (1982) Biochim. Bio-
phys. Acta 688, 341-348

3 Jain, M.K. and Jahagirdar, D.V. (1985) Biochim. Biophys.
Acta 814, 313-318

4 Slotboom, a.J., Verheij, H.M. and DeHaas, G.H. (1982) in
Phospholipids, Vol. 4 (Hawthorne, J.N. and Ansell, G.B.,
eds.), pp. 359-434, Elsevier Biomedical Press, Amsterdam

5 Dennis, E.A. (1983) Enzymes 16, 307-353

6 Pattus, F., Slotboom, A.J. and DeHaas, G.H. (1979) Bio-
chemistry 18, 2691-2697

7 Pattus, F., Slotboom, A.J. and DeHaas, G.H. (1979) Bio-
chemistry 18, 2698-2707

8 Upreti, G.C. and Jain, M.K. (1980) J. Membrane Biol. 55,

113-123

Tinker, D.O. and Wei, J. (1979) Can. J. Biochem. 57,

97-107

10 Jain, M.K., Maliwal, B., DeHaas, G.H. and Slotboom, A.J.
(1986) Biochim. Biophys. Acta 860, 448-461

11 Jain, M.K., Rogers, J., Marecek, J.F., Ramirez, F. and Eibl,
H. (1986) Biochim. Biophys. Acta 860, 462-474

12 Jain, M.K., DeHaas, G.H., Marecek, J.F. and Ramirez, F.
(1986) Biochim. Biophys. Acta 860, 475-483

N~}

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

36

37

38

29
40

41
42
43

447

Nieuwenhuizen, W., Kunze, H. and DeHaas, G.H. (1974)
methods Enzymol. 32B, 147-154

Upreti, G.C. and Jain, M.K. (1978) Arch. Biochem. Bio-
phys. 188, 364-375

Apitz-Castro, RJ., Jain, M.K. and DeHaas, G.H. (1982)
Biochim. Biophys. Acta 688, 349-356

Jain, M.K.. Streb, M., Rogers, I. and DeHaas, G.H. (1984)
Biochem. Pharm. 33, 25412551

Hoekstra, D., DeBoer, T., Klappe, K. an Wilschut, J. (1984)
Biochemistry 23, 5675-5681

Jain, M.K. and Wu, N.M. (1977) J. Membrane Biol. 34,
157-201

Ramirez, F., loannou, P.V. and Marecek, J.F. (1977)
Synthesis, 673-675

Eibl, H. and Woolley, P. (1979) Biophys. Chem. 10, 261-271
Eibl, H. (1984) Membrane Fluid. Biol. 2, 217-236
Bittman, R., Clejan, S., Jain, M.K., Deroo, P.W. and
Rosenthal, A F. (1981) Biochemistry 20, 2790-2795

Jain, M.K. and Apitz-Castro, R.J. (1978) J. Biol. Chem.
253, 7005-7010

Menashe, M., Lichtenberg, D., Gutierrez-Merino, C. and
Biltonen, R. (1981) J. Biol. Chem. 256, 4541-4543

Jain, M.K. and DeHaas, G.H. (1983) Biochim. Biophys.
Acta 736, 157-162

Flower, R.J. and Blackwell, G.J. (1976) Biochem. Pharm.
25, 285-291

Bell, R.L., Kennerly, D.A., Stanford, N. and Majerus, P.W.
(1979) Proc. Natl. Acad. Sci. USA 76, 3238-3241
Apitz-Castro, R.J., Cruz, M.R., Mas, M.A. and Jain, M.K.
(1981) Thromb. Res. 23, 347-353

Apitz-Castro, R.J., Mas, M.A,, Cruz, M.R. and Jain, M.K.
(1979) Biochem. Biophys. Res. Commun. 91, 63-71
Ballou, L.R. and Cheung, W.Y. (1983) Proc. Natl. Acad.
Sci. USA 80, 5203-5207

Dawson, R.M.C., Hemmington, N.L. and Irvine, R.F.
(1983) Biochem. Biophys. Res. Commun. 117, 176-201
Ballou, L.R. and Cheung (1985) Proc. Natl. Acad. Sci. USA
82, 371-375

Van den Bosch, H. (1980) Biochim. Biophys. Acta 604,
191-246

Eytan, G.D. (1982) Biochim. Biophys. Acta 694, 185-202
Scotto, A.w. and Zakim, D. (1982) Biochemistry 24,
4066-4075

Papahadjopoulos, D., Portis, A. and Pangborn, W. (1978)
Ann. N.Y. Acad. Sci. 308, 50-66

Rand, R.P. and Parsegian, V.A. (1984) Can. J. Biochem.
Cell. Biol. 62, 752-759

Gibson, S.M. and Strauss, G. (1984) Biochim. Biophys.
Acta 769, 531-547

Fisher, L.R. and Parker, N.S. (1984) Biophys. J. 46, 253-258
Nachliel, E. and Gutman, M. (1984) Eur. J. Biochem. 143,
83-88

Cohen, B.E. (1975) J. Membrane Biol. 20, 205-234

Jain, M.K. (1983) Membrane Fluid. Biol. 1, 1-27

Stewart, T.P., Hui, S.W., Portis, A.R. and Papahadjopou-
los, D. (1979) Biochim. Biophys. Acta 556, 1-16

Jain, M.K. and Zakim, D. (1986) Biochim. Biophys. Acta,
in the press



