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ABSTRACT: The initial kinetics of divalent cation (Ca?*, Ba?*, Sr?*) induced fusion of phosphatidylserine
(PS) liposomes, LUV, is examined to obtain the fusion rate constant, f};, for two apposed llposomes as a
function of bound divalent cation. The aggregatlon of dimers is rendered very rapid by having Mg?*

the electrolyte, so that their subsequent fusion is rate limiting to the overall reaction. In this way the fu51on
kinetics are observed directly. The bound Mg?*, which by itself is unable to induce the PS LUV to fuse,
is shown to affect only the aggregation kinetics when the other divalent cations are present. There is a
threshold amount of bound divalent cation below which the fusion rate constant £}, is small and above which
it rapidly increases with bound divalent cation. These threshold amounts increase in the sequence Ca?*
< Ba2* < Sr2*, which is the same as found previously for sonicated PS liposomes, SUV. While Mg?* cannot
induce fusion of the LUV and much more bound Sr?* is required to reach the fusion threshold, for Ca?*
and Ba?* the threshold is the same for PS SUV and LUV. The fusion rate constant for PS liposomes clearly
depends upon the amount and identity of bound divalent cation and the size of the liposomes. However,
for Ca?* and Ba?*, this size dependence manifests itself only in the rate of increase of f;; with bound divalent
cation, rather than in any greater intrinsic instability of the PS SUV. The destabilization of PS LUV by

Mn?* and Ni?* is shown to be qualitatively distinct from that induced by the alkaline earth metals.

Recent studies on the fusion of phosphatidylserine (PS)!
liposomes induced by divalent cations have elucidated the basic
criteria that any proposed molecular mechanism must satisfy
[for reviews, see Nir et al. (1983a) and Diizgiines & Papa-
hadjopoulos (1983)]. Basic to any study of liposome fusion
is recognizing that the first step of the overall fusion process
is given by the mass action reaction:

I
V+V]:V2J»F2 (1)

where V, denotes the liposome, V, denotes the dimer aggre-
gate, and F, denotes the fused doublet, i.e., when the bilayers
have merged and the encapsulated contents of the liposomes
have mixed.
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Thus, to evaluate the effect of environmental parameters
on the fusion rate constant, f,, it is necessary to monitor fusion
at early times so that higher order aggregates do not interfere
and, of equal importance, to know that the rate-limiting step
for the overall reaction is the fusion reaction itself. Recently,
we have established the theoretical and experimental metho-
dology necessary to obtain these rate constants (Wilschut et
al., 1980, 1981; Nir et al., 1980b, 1982, 1983b; Bentz et al.,
1983a,b, 1985). However, we have also developed a simple
method for accelerating the aggregation rate and slowing down
the fusion rate, so that we can observe the value of f}; directly.
In Bentz et al. (1983b), we used PS SUV with high Na* and
Li* concentrations (300-500 mM) to accelerate aggregation
(Bentz & Nir, 1981a,b; Nir et al., 1981) and to keep the
amounts of bound divalent cation low by direct competition
of the divalent and monovalent cations for binding to the PS

! Abbreviations: DPA, dipicolinic acid; EDTA, ethylenediamine-
tetraacetate; CF, carboxyfluorescein; LUV, large unilamellar vesicle,
diameter ~150 nm; MLV, multilamellar vesicle; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PS, phosphatidylserine; SUV,
small unilamellar vesicle, diameter ~ 30 nm.

© 1985 American Chemical Society
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head groups (Nir et al., 1978, 1983b; Newton et al., 1978;
Portis et al. 1979; Diizgiines et al., 1981a; McLaughlin et al.,
1981; Ohki & Kurland, 1981). We found that f}; increases
sharply with bound divalent cation once the amount exceeds
a threshold level specific for each cation. For a given amount
of bound divalent cation, the value of f;, decreases in the
sequence Ca?* > Ba?* > Sr?* > Mg?*, which is defined as
the fusogenic capacity of the divalent cations.

These results established that any molecular mechanism for
fusion of SUV (PS) must account for the intrinsic differences
in the capacities of the divalent cations to induce fusion, i.e.,
the amounts of bound divalent cation necessary for fusion to
occur. This value was found to be ~0.15 Ca(bound) per PS
when the fusion step was rate limiting, e.g., in the presence
of 500 mM Na*. With 20-100 mM Na™*, however, 0.3-0.4
Ca(bound) per PS was necessary to observe fusion, since the
liposomes could not aggregate at lower Ca(bound) per PS
values; i.e., C;; was too small (Bentz et al., 1983a,b).

In this study we have discovered how the ability of divalent
cations (Ca?*, Ba?*, Sr?*, and Mg?*) to induce the fusion of
PS liposomes depends upon the size of the liposomes. Spe-
cifically, we have determined that the value of the fusion rate
constant, f};, (see eq 1) depends upon the amount and type
of divalent cation bound to the PS head groups. These data
have been compared with similar studies using PS SUV (Bentz
et al., 1983b), thereby providing the liposome radial depen-
dence of f;;. For both PS LUV and SUYV, the fusogenic
capacities of the divalent cations, i.e., the value of £}, for a given
amount of bound divalent cation, decrease in the sequence
Ca?* > Ba?* > Sr?* > Mg?*. In fact, Mg?* cannot fuse the
LUV, and Sr?* has lost much of its fusogenic capacity relative
to the SUV. On the other hand, at the threshold for fusion,
the fusogenic capacities for Ca®* and Ba?* are the same for
SUYV and LUYV. For these cations, the radial dependence of
fi; is manifested as the more rapid rate of increase of f}; vs.
bound divalent cation for the SUV. Finally, the transition
metal divalent cations Mn?* and Ni** are shown to exhibit
different interactions with the PS LUYV relative to the alkaline
earth metals. A preliminary report of our results has been
published (Diizgiines et al., 1983a).

MATERIALS AND METHODS

Phosphatidylserine from bovine brain was purchased from
Avanti Polar Lipids (Birmingham, AL) and stored as a
chloroform solution under argon at 40 °C. TbCl; was ob-
tained from Alfa (Danvers, MA); dipicolinic acid (DPA,
pyridine-2,6-dicarboxylic acid), 2-[[tris(hydroxymethyl)-
methyl]amino]ethanesulfonic acid (TES), L-histidine, and LiCl
were from Sigma; NaCl was from Mallinckrodt (Paris, KY);
CaCl,, BaCl,, SrCl,, NiCl,, MnCl,, and MgCl, were from
Fisher. Cholate (Calbiochem) was recrystallized twice.
Carboxyfluorescein (CF; Eastman Kodak, Rochester, NY) was
purified by chromatography on Sephadex LH-20 (Ralston et
al., 1981). Water was distilled twice, the second time in an
all-glass apparatus, and further purified in a Barnstead Na-
nopure filtration system.

Large unilamellar liposomes were prepared by reverse-phase
evaporation as described previously (Wilschut et al., 1980;
Diizgiineg et al., 1983b) and contained either (i) 2.5 mM TbCl,
and 50 mM sodium citrate, (ii) 50 mM DPA (sodium salt)
and 20 mM NaCl, or (iii) 1.25 mM TbCl,, 25 mM sodium
citrate, 25 mM DPA, and 10 mM NaCl. All solutions were
buffered with 2 mM TES and 2 mM L-histidine, pH 7.4.
Unencapsulated material was eliminated by gel filtration on
Sephadex G-75 (Pharmacia) with 100 mM NaCl, 2 mM TES,
2 mM L-histidine, pH 7.4 (NaCl buffer), and 1 mM ethy-
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lenediaminetetraacetate (EDTA) as elution buffer. For cal-
ibration of the fusion assay, a portion of the Tb-liposomes
(type i above) was passed through another Sephadex G-75
column equilibrated with NaCl buffer (containing no EDTA).
Liposome concentrations were determined by phosphate
analysis (Bartlett, 1959).

The Tb fluorescence scale was calibrated by lysing 25 uM
of the Tb-liposomes (freed of EDTA) with 0.5% (w/v) sodium
cholate in the presence of 20 uM free DPA and sonicating for
5 min under argon in a bath-type sonicator. The fluorescence
value obtained was set to 100%. Fluorescence and 90° light
scattering measurements were made in an SLM-4000 fluo-
rometer, which allows simultaneous monitoring of fluorescence
(excitation at 276 nm and emission at 545 nm, with a Corning
3-68 cut-off filter to eliminate contribution to the signal from
light scattering, which was always less than 1.5% of the
maximal Tb fluorescence intensity) and light scattering (using
a Corning 7-54 band-pass filter). The output of the fluorom-
eter was recorded on an Omniscribe chart recorder, at fast
chart speeds when necessary. Additional details of the fusion
assay have been described elsewhere (Wilschut et al., 1980,
1983; Diizgiineg et al., 1981b; Bentz et al., 1983b, 1985).

The chelation of Tb by DPA is prevented outside the lipo-
somes by the presence of the divalent cations and EDTA. Ba?*
and Sr?* are very effective in quenching Tb fluorescence in
the presence of 0.1 mM EDTA (Bentz et al., 1983b). The
Tb/DPA complex that forms during the fusion of Tb- and
DPA-liposomes will then be completely dissociated if it is
released into the medium containing divalent cations and
EDTA or if the medium enters the liposome interior. The
dissociation was measured directly by encapsulating the
Tb/DPA complex and following the decrease in fluorescence
(initially set at 100%) when fusion was induced by divalent
cations.

The fusion experiment starts with 25 uM each of the Tb—
liposomes (type i above) and DPA-liposomes (type ii above)
and measures the fluorescence kinetics of mixing of the vesicles’
contents during fusion. The dissociation experiment starts
with 50 uM Tb/DPA-liposomes (type iii above) and measures
the kinetics of the dissociation of the Tb/DPA complex due
to its leakage and the influx of divalent cations and EDTA
into the liposomes during fusion. In fact, the fluorescence
intensity measured at any time (either in the fusion experiment
or the dissociation experiment) equals the percentage of the
total amount of Tb that is complexed with DPA at that time.
With both types of experiments, 0.1 mL of the liposome stock
(0.5 pmol of lipid/mL) was suspended into 0.9 mL of the NaCl
buffer (0.1 mM final EDTA concentration) in a quartz cuvette
of 1-cm path length and stirred continuously at 25 °C. Di-
valent cations were introduced by adding an aliquot of a
concentrated solution with a Hamilton syringe.

Release of liposome contents into the medium was measured
by the relief of self-quenching of CF (Weinstein et al., 1977,
Portis et al., 1979) encapsulated at a concentration of 50 mM
(with 2 mM TES and 2 mM L-histidine). CF fluorescence
was detected at wavelengths above 530 nm by means of the
3-68 filter, with an excitation wavelength of 430 nm.

RESULTS

It is known that the alkaline earth metals Ba2*, Ca2*, and
Sr?* will induce the fusion of PS LUV (Diizgiines et al., 1984;
Bentz et al., 1985), while Mg?* will induce only aggregation,
at least below 30 °C (Wilschut et al., 1981, 1985). In this
study we have used Mg?* to accelerate the rate of aggregation
s0 as to observe the effect of the other divalent cations on the
fusion reaction per se. In Figure 1 we show the 90° light
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FIGURE 1: Aggregation over time of the PS LUV in 100 mM Na*,
5 mM Mg?*, and the indicated concentration of Ba?* (mM) is shown
by 90° light scattering (276 nm). Before addition of Ba?* and Mg?*
(at ¢ = 0), the vesicles are dispersed, and the light scattering intensity
is normalized to 1. The light scattered or absorbed by the salt solutions
alone is negligible on the scale shown.

scattering signal for PS LUV in 100 mM Na* buffer, 5 mM
Mg?*, and various Ba?* concentrations, noted as millimolar
values at the side of each curve. It is clear that S mM Mg?*
alone, i.c., 0 mM Ba?*, will induce substantial aggregation and
even including 2 mM Ba?* does not change the light scattering
signal, up to 2 min. Higher Ba?* concentrations cause the light
scattering signal to increase after shorter periods of time. This
is indicative of the collapse of the fusing liposomes (Wilschut
et al., 1980; Diizgiineg et al., 1981b). For all experiments
described here, the divalent cations are injected into the stirred
cuvette containing the liposomes in 100 mM Na* buffer. The
cause of the initial increase in scattered light intensity is not
known, although changes in lipid refractive index following
cation binding are the most likely source.

Figure 2 shows the fusion (denoted F) and dissociation
(denoted D) signals for various Ca?*, Ba**, and Sr?* con-
centrations in the presence of 5 (upper set) and 10 mM Mg?*
(lower set). The fusion signal equals the percent of encap-
sulated Tb** that has been chelated by DPA within the fused
liposomes. The dissociation signal equals the fraction of
preencapsulated Tb/DPA complex that has been dissociated
due to EDTA and divalent cation interaction, which arises
either because the Tb/DPA complex leaks into the medium
or because the medium enters the Tb/DPA-containing lipo-
somes during fusion. The curves denoted F_ are the sum of
the fusion curve plus half the dissociation curve? (F, = F +
0.5D). As explained before, this corrected curve initially equals
the total amount of aqueous contents mixing that would be
observed if there were no dissociation of Tb/DPA complex
due to either leakage or influx of medium (Bentz et al.,
1983a,b, 1989).

The fusion curve for 5 mM Mg?* plus 4 mM Ba?* (Figure
2) reaches a maximum at about 30 s. This is the time point
after which the dissociation of Tb/DPA complex formed is
greater than the additional formation of Tb/DPA complex due
to the continued fusion of the liposomes. Roughly speaking,
one can take the maximum of the fusion curve to demark the
end of the initial phase of liposome fusion, after which the

2 More refined corrections are made when the fusion kinetics are
analyzed (Nir et al., 1980b; Bentz et al., 1983a, 1985). When we denote
the fusion signal corrected for complex dissociation by F,, then the ob-
served fusion signal, F, and the observed dissociation symbol, D, rigor-
ously yield F, = F + 6D, where the value § depends upon the primary
rate constants. Initially, 6 = 0.5 as explained in Bentz et al. (1983b) and
in time 0.5 < § < 1.0. However, for all practical purposes, since we only
deal with the initial kinetics, taking § = 0.5 does not entail any serious
error.
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FIGURE 2: Fusion of PS LUV induced by each of the divalent cations
in the presence of 100 mM Na™* and the indicated Mg?* concentration,
either 5 or 10 mM. The fusion curve F is obtained from the mixing
of Tb and DPA from separate PS LUV populations (25 uM each)
and shows the percentage of encapsulated Tb that is complexed to
DPA. The dissociation curve D is obtained from 50 uM of PS LUV
containing the Tb/DPA complex and shows the percentage of Tb/
DPA complex that has dissociated due to the leakage from and entry
of medium into the liposomes. The contribution to the observed
fluorescence levels from scattered light is always less than 1.5%. See
Materials and Methods for further details. The line denoted F, is
the fusion corrected for the loss of fluorescence due to dissociation
as estimated by the sum of F + 0.5D (see footnote 2). The dashed
line (—-) gives the initial slope of the fusion curves.

formation of higher order fusion products and their collapse
(Bentz et al., 1985) dominate the observed fluorescence curves
(see Figure 1 for the correlation with the increase in scattered
light intensity).

The most compelling evidence that the overall kinetics are
rate limited by the fusion step under these ionic conditions is
obtained by comparing the curves for each divalent cation in
5vs. 10 mM Mg?*. For example, the curves for 4 mM Ca?*
and 5 mM Mg?* initially overlay the curves for 6 mM Ca?*
and 10 Mg?*. Below, we will see that the amount of Ca bound
per PS head group, calculated from binding constants, is es-
sentially the same in both cases, although there is more Mg?*
bound in the latter case. If aggregation were involved in the
observed kinetics, then substantially faster fusion should be
seen for the larger Ca®* and Mg?* concentrations, since the
rate of aggregation increases with divalent cation concentration
(Nir & Bentz, 1978; Nir et al., 1980a; Bentz & Nir, 1981a,b;
Ohki et al., 1982). Likewise, if Mg?* were contributing di-
rectly to the fusion reaction, then again the curves with higher
Mg?* concentrations should be much faster. Hence, initially
the bound Mg?*, like the bound Na*¥, affects the fusion rate
constant only via competing with the other divalent cations
for binding. On the other hand, over time it is clear that the
upper and lower curves diverge. The importance of focusing
on the initial events is evident. The later differences mostly
arise from large aggregates, and their relevance to the
mechanism of fusion between two liposomes is questionable.

As described in the introduction, we are concerned with the
initial events of the dimerization and fusion of two liposomes.
Figure 2 clearly shows that the initial slope of the fusion curve
gives the initial kinetics of this event, since the dissociation
curve is insignificant initially. The dashed lines on the indi-
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FIGURE 3: Calculated amount of Ca bound per PS is shown as a
function of the bulk Ca?* concentration with 100 mM Na* and the
indicated bulk concentrations of Mg?*. The calculations pertain to
isolated PS LUV, i.e., before aggregation and fusion have begun. The
binding constants of McLaughlin et al. (1981) were used: K(Na)
= 0.6 M1, K(Mg) = 8 M7, and K(Ca) = 12 M™! with Ca binding
to a single PS head group. The other details of the calculations are
described in footnote 3. The reduced Ca binding with increasing Mg?*
concentrations is due to the direct binding competition between Mg?*
and Ca?* and to the reduction of the Ca?* concentration near the
liposomes’ surface due to the increased ionic strength that reduces
the surface potential of the liposome (Bentz, 1981).

vidual figures show the initial slopes of these fusion curves.
As explained in Bentz et al. (1983b), under conditions of rapid
aggregation, where the fusion reaction per se is rate limiting
to the overall process, the initial slope of the fusion curve is
directly related to the fusion rate constant f;, (see eq 1). For
the PS LUV, initial slopes are always somewhat less than the
maximum slopes of each curve, which is not the case with PS
SUYV (Bentz et al., 1983b) and may be related to the size
distribution of the LUV. That is, the larger of the LUV may
have significantly smaller fusion rate constants than the smaller
of the LUV (Bentz et al., 1985). This is likely not the case
with the SUV. Using the initial rates eliminates the contri-
bution of the dissociation of the complex and is consistent with
our stress on the importance of the initial events in studying
fusion. However, the conclusions we reach below would also
follow if maximum rates were used.

We now relate these initial fusion rates to the amount of
bound divalent cation. Using cation binding constants to PS
in liposomes, obtained with a variety of methods,? we solve

3 The values of bound cation per PS are obtained from the binding
constants and equations described in Bentz (1981, 1982) and Bentz et
al. (1983b). The most important point to recognize for these calculations
is that they are valid only for isolated (unaggregated) liposomes. When
the liposomes aggregate, the amount of bound divalent cation will in-
crease by 20-30% simply due to the close approach of the charged sur-
faces (Bentz, 1982). In addition, there is substantial evidence that during
and/or after fusion there is a new, stronger binding complex between (at
least) Ca®* and PS (Ekerdt & Papahadjopoulos, 1982; Nir, 1984).
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Divalent Cation(bound)/PS

FIGURE 4: Initial rates of fusion (% max F/min, from the initial slope
of the F curves as in Figure 2) are plotted against the bound divalent
cation per PS head group for Ca?* (m), Ba* (@), and Sr?* (A) with
100 mM Na* and either 5 mM (--) or 10 mM Mg?* (—) in the
medium, as indicated. In all cases, at the concentrations where the
curves intersect the ordinate (zero initial fusion), there is substantial
aggregation and no measurable fusion or dissociation (<1% max F
or D) for at least 2 min. The calculated amounts of divalent cation
bound per PS for LUV are calculated as described in Figure 3. The
binding constants of McLaughlin et al. (1981) are used: K(Ba) =
20 M1, K(Sr) = 14 M7}, K(Ca) = 12 M7}, and K(Mg) = 8 M\,
These binding constants were obtained by assuming that each of the
cations can bind only to a single PS head group. Likewise, these
calculations pertain only to the liposomes before aggregation and fusion
have begun (see footnote 3).

the Poisson—Boltzmann equation for spherical surfaces and
calculate the amounts of bound cations (Bentz, 1981, 1982).
Once the liposomes begin to aggregate and fuse, the amounts
of bound cations will change due to close apposition of charged
surfaces (Bentz, 1982) and, more important, the emergence
of new binding complexes (Portis et al., 1979; Rehfeld et al,,
1981; Ekerdt & Papahadjopoulos, 1982; Bentz et al., 1983b;
Nir, 1984).

In Figure 3 we show the calculated amounts of Ca?* bound
per PS head group on the exterior surface (since the calculation
assumes no aggregation of fusion) vs. the bulk Ca?* concen-
tration. The remaining electrolyte contains 100 mM Na* and
varying concentrations of Mg?*, as denoted to the right of each
curve. For our calculations, we use the binding constants
obtained by McLaughlin et al. (1981), which assumes a 1:1
binding complex between the PS head group and the divalent
cation. In Bentz et al. (1983b), we showed that other studies
(Portis et al., 1979; Nir et al., 1978; Ohki & Kurland, 1981;
Diizgiines et al., 1981a) that assume a 2:1 binding complex
(i.e., the divalent cation binding to two adjacent head groups)
give essentially identical predictions for the amounts of bound
divalent cation. Qur calculations also assume that all of the
cations compete for the same binding site on the PS head
group. If Na* and Ca™ bind to different sites, the calculated
amounts of bound Ca?* for the experimentally relevant elec-
trolyte concentrations are not affected appreciably (Bentz et
al., 1983b).

The amount of bound Mg?* per PS head group, denoted
RB(Mg), can be easily obtained from the amount of bound
Ca, RB(Ca), from (Bentz & Nir, 1980)

K(Mg)[Mg?*]
RB(Mg) = #[CagﬂlRB(Ca) 2)
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Table I: Divalent Cation Concentrations and Divalent Cation Bound
per PS at an Initial Fusion Rate of 10% Maximum Fluorescence per
Minute for PS LUV and SUV?

(A) PS LUV
Mg** concn (mM)
3 5 10 15
bulk concn (mM)
Ca 3.0 35 43 5.0
Ba 2.25 2.75 4.5
Sr 13.0 15.0 17.3
bound per PS
Ca 0.23 0.20 0.16 0.15
Ba 0.26 0.23 0.23
Sr 0.38 0.37 0.34
(B) PS SUV
300 mM 500 mM
Na* Lit Na* Lit
bound per PS
Ca 0.22 0.20 0.16 0.16
Ba 0.25 0.23 0.21 0.20
Sr 0.28 0.27 0.24 0.22
Mg 0.31 0.29 0.26 0.24

9The bulk concentration of divalent cation at the fusion threshold
(defined as an initial rate of fusion of 10% max F/min) is obtained
directly from Figure 3. The data for the PS SUV are taken from
Bentz et al. (1983b). The calculated amounts of divalent cation bound
per PS are obtained from the binding constants of Eisenberg et al.
(1979) and McLaughlin et al. (1981) as described in Bentz et al.
(1983b). The experimental uncertainties in the values of these binding
constants produce an uncertainty of about £0.01 in these calculated
values. These values pertain only to the vesicles before the fusion pro-
cess begins; see footnote 3.

where [Mg?*] and [Ca?*] are the bulk electrolyte concen-
trations. K(Mg) = 8 M! and K(Ca) = 12 M are the 1:1
binding constants (McLaughlin et al., 1981; see the legend to
Figure 4 for the other divalent cation binding constants). For
the previously cited case of 5 mM Mg?* and 4 mM Ca?*,
RB(Ca) = 0.22, and by eq (2) RB(Mg) = 0.18.

In Figure 4, we combine these data to show the initial rate
of fusion, taken from curves like those shown in Figure 2, as
a function of the amount of bound divalent cation, calculated
as described in Figure 3. There are curves for Ca2*, Ba?*, and
Sr?* in the presence of 5 and 10 mM Mg?*. Just as we found
for PS SUV (Bentz et al., 1983b), the order in fusogenic
capacities of the cations is Ca2* > Ba2* > Sr?*; i.e., for a fixed
amount of bound divalent cation, the fusion rate constant is
greatest for Ca?*, followed by Ba?*, and then Sr2*. For the
PS SUV, Mg?* fell behind Sr?*. The error bars on the initial
rates are ~1%/min; hence, for Ca?* and Sr?* there is
somewhat faster fusion with 10 mM Mg?* for the same
amount of bound divalent cation, whereas for Ba2* the curves
are essentially identical.

In all cases it is clear how the fusion rate constant increases
rapidly with bound divalent cation once a threshold value is
exceeded. As a matter of convenience, we previously defined
the value of 10% max F/min to demark this kinetic threshold
(Bentz et al., 1983b). This value is a compromise between
having enough fusion to reliably measure and still being able
to examine the threshold for fusion. In Table I, we have
assembled these data and that previously reported for PS SUV
(Bentz et al., 1983b) to show how the fusion threshold depends
on cations and liposome size. Part A of the table contains the
data for the PS LUV described here, and part B gives the
bound amounts of divalent cations at the fusion threshold for
PS SUV in 300 and 500 mM Na™* and Li*, i.e., the monovalent
cation concentrations used to effect rapid aggregation of the
PS SUV.

For the PS LUV, as the Mg?* concentrations are increased,
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FIGURE 5: Destabilization of PS LUV by 5 mM Ca?* (left pair of
curves) and by 4.5 mM Ca?* plus 10 mM Mg?* (right pair of curves)
is monitored by dissociation of preencapsulated Tb/DPA complex
(D, —) or the relief of self-quenching of carboxyfluorescein (CF, —--)
due to leakage. The difference between dissociation and carboxy-
fluorescein leakage, i.e., D ~ CF, gives a measure of the influx of
medium into the fusing liposomes.

the threshold value of bound divalent cation decreases to some
minimum value, ¢.g., 0.23 Ba(bound) per PS head group.
With enough Mg?* present, the fusion reaction is completely
rate limiting to the overall process. The same behavior is noted
for PS SUV with increasing Na* or Li* concentrations. It
is worth noting here that high Na* or Li* concentrations were
not used to aggregate the PS LUV because of unknown con-
tributions from osmotic stress (Cohen et al., 1982; Ohki, 1984).
Likewise, Mg?* could not be used with PS SUV since it fuses
these liposomes by itself.

When we compare the threshold values of bound divalent
cation for PS LUV in 10 mM Mg?* and for PS SUV in 500
mM Na* or Li*, which are the minimal values, we find a
startling result. For Ca?*, the threshold is the same, ~0.16
Ca(bound) per PS, and for Ba?*, the threshold for the LUV
is only slightly higher. For Ca?* and Ba?*, the fusion threshold
is not sensitive to liposome size. For Sr2*, there has been a
substantial loss of fusogenic capacity with the LUV, and Mg?*
has lost all of its fusogenic capacity. We will return to this
issue under Discussion.

Since the relationship between f;; and bound divalent cation
is the issue of this and previous works, we wanted to expand
the divalent cations studied to include some transition metals,
notably Ni** and Mn?*, which are known to bind to PS li-
posomes (McLaughlin et al., 1981). The result of this study
was that there is a substantial difference between the way in
which the alkaline earth metals (Ca2*, Ba?*, Mg?*, and Sr?*)
interact with PS and the interactions of these transition metals.

By way of identifying this difference, we show in Figure 5
both the dissociation of the preencapsulated Tb/DPA complex
and the leakage of CF, encapsulated at a self-quenching
concentration. The experiment was performed in 5 mM Ca?*,
the two curves on the left, and in 4.5 mM Ca?* plus 10 mM
Mg?*, the two curves on the right. It is clear that dissociation
is more rapid than CF release in both electrolytes. This makes
sense in that the dissociation reaction depends upon leakage
and the influx of medium. The biggest difference between the
two assays is early on, indicating that initially dissociation is
due to the influx of medium followed, somewhat later, by
collapse of the fused structures (Bentz et al., 1985). If two
fused liposomes relax back into a spherical shape, then the
encapsulated volume is 50% greater than the sum of the en-
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FIGURE 6: Effect of transition metals Mn?* (3 mM) and Ni?* (4 mM),
with 100 mM Na* buffer, on the Tb/DPA fusion signal (lower pair
of curves) and the dissociation signal (upper pair of curves) is shown.
It is evident that both cations readily dissociate the Tb/DPA complex.
The very small fusion signals imply either that there is very little mixing
of contents or that a rapid influx of Ni** of Mn?* into the fusing
liposomes prevents the Tb/DPA chelation.

capsulated volumes of the two primary liposomes, assuming
an initial exterior radius of 500 A and a bilayer thickness of
50 A. Thus, an initial phase of influx of divalent cations and
EDTA in the medium causing Tb/DPA dissociation is easily
understood.

In Figure 6, we show the fusion and dissociation curves for
PS LUV in the presence of 3 mM Mn?* and of 4 mM Ni?*,
The fusion signals are essentially nonexistent, With Mn?* the
dissociation signal is faster than that for 5 mM Ca?*, whereas,
with 4 mM Ni?*, the dissociation is slower than that for 5 mM
Ca?* (see Figure 5). Having Mg?* also in the medium gave
qualitatively the same results. It is clear that these transition
metal cations can destabilize the liposomes, but the events
following destablization are distinct from those produced by
the alkaline earth metals.

We can envisage two possible explanations for these data.
First, Mn?* and Ni** induce a very rapid collapse of the
liposomes that prevents the formation of the Tb/DPA complex
within the liposomes. However, with Ni%* the dissociation
signal is slower than that seen with 5 mM Ca?*, which gives
a substantial fusion signal. The second explanation is that
these transition metal cations do not promote resealing of the
destabilized bilayers, enhancing the influx of medium into the
liposomes, thereby preventing the formation of the Tb/DPA
complex. Establishing whether Ni?* and Mn?* promote fusion
with the mixing of aqueous contents will require the use of
another fusion assay that is not influenced by the influx of
these ions.

DiIsSCUSSION

The basic conclusions to be drawn from this work are
straightforward. Amongst the other factors that determine
the fusion rate constant for PS liposomes, e.g., temperature
(Bentz et al.,, 1985; Ohki, 1984; Wilschut et al., 1985), the
amount of bound divalent cation and the radius of the lipo-
somes are of prime importance. Previous studies have shown
that when the amounts of bound divalent cation are large, i.e.,
~0.35-0.40 for Ca?*, which occur in 100 mM Na* and >2
mM Ca?* (see Figure 3), then the fusion rate constant for the
SUYV is 10-100 times larger than that for the LUV (Nir et
al., 1982; Bentz et al., 1983a, 1985). These results and other
more qualitative studies (Wilschut et al., 1980, 1981, 1985;
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Ohki, 1984) revealed that the high curvature of the SUV made
them more fusogenic. A conclusion similar to that was found
for pure PC liposomes (Lichtenberg et al., 1981; Wong et al.,
1982).

Now we find that the story is far more interesting for the
PS liposomes, because at the threshold for fusion, where f;;
begins its rapid increase as a function of bound divalent cation,
each divalent cation provides a unique radial dependence
(Table I). Somewhere between SUV and these LUV, i.e.,
average diameters of 30-150 nm, Mg?* loses its fusogenic
capacity completely (although a slight recovery is possible
above 40 °C; J. Wilschut, N. Diizgiines, and D. Papahadjo-
poulos, unpublished data), and Sr?* has lost much of its fu-
sogenic capacity. On the other hand, Ca?* and Ba?* are
essentially insensitive to liposome size—at and near the
threshold. Ohki (1984) has observed Ca?*-induced fusion of
very large PS liposomes, ~1000-nm average diameter. It
would be interesting to extend these studies to liposomes of
such large size to determine if Ca?* and Ba?* eventually lose
some of their fusogenic capacity.

We have emphasized here and elsewhere (Bentz et al.,
1983b, 1985) the importance of knowing whether the overall
fusion kinetics are rate limited by the aggregation step or the
fusion step. The parameter K = f,/(C;,X,), where Xj is the
liposome concentration, prescribes which step is rate limiting.
When K > 100, then the aggregation step is essentially com-
pletely rate limiting, and when K < 1, the fusion step is rate
limiting (Bentz et al., 1983a). For intermediate values of K,
both steps contribute to the overall kinetics. Under aggregation
rate-limiting conditions (100 mM Na* buffer and 1-5 mM
divalent cation), we have found that the fusion signal is greater
for Ba?* than for Ca?*, but this is because BaZ* has a greater
binding constant to PS than Ca?* and so Ba?* could induce
more rapid aggregation (Bentz et al. 1985). This, of course,
says nothing about the mechanism of fusion.

Knowing the fusogenic sequence of the divalent cations can
explain much about how the addition of other lipids to PS
affects the aggregation and/or fusion rate constants. For
example, we can deduce that adding PC to PS liposomes
decreases the fusion rate constant f;;. When PS/PC (3:1)
LUY are mixed with these divalent cations in 100 mM Na*
buffer, the overall fusion kinetics decrease in the sequence Ca?*
> Ba?* > Sr?* (Diizgiines et al., 1983a), and this is in terms
of bulk concentrations. For pure PS, the value of X is large,
and the observed kinetics reflect only the values of the ag-
gregation rate constants. Adding PC to the bilayers, under
otherwise identical conditions, obviously decreases the value
of K until the divalent cation fusogenic capacities emerge. A
decrease in the value of X, for identical liposome concentra-
tions, requires that f}, decreases and/or Cj, increases. It is
very unlikely that adding PC to the PS would increase Cj;
substantially; therefore, it must be that the addition of PC
strongly reduces the fusion rate constant, f;;. This is quite
consistent with the observation that PS/PC (1:1) LUV ag-
gregate but do not fuse on a time scale of minutes in the
presence of Ca?* (Diizgiines et al., 1981b) and that pure PC
SUYV require days to weeks to show significant membrane
fusion (Wong et al., 1982).

The divalent transition metals Mn?* and Ni?* interact with
PS in a fundamentally different way than the alkaline earth
metals. They have large binding constants to isolated PS
liposomes (McLaughlin et al., 1981). But rather large con-
centrations of these metals are required to induce aggregation
and destabilization of the PS liposomes. Even if Mn?* and
Ni?* are promoting mixing of aqueous contents, but are de-
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feating the Tb/DPA assay by a rapid influx of ions, it is clear
that this influx is very rapid compared with that found for
Ca?*. It is possible that these transition metal ions are capable
of forming an intramolecular chelation complex between the
amine (with the release of a proton) and carboxyl groups of
PS (Hendrickson & Fullington, 1965). It is unlikely that the
alkaline earth metals could form complexes of this type (Sigel
& Martin, 1982). Differences in the structure of the divalent
cation—PS binding complex of this type are likely to sub-
stantially alter the subsequent destabilization of the liposomes.

The results of this study, together with previous work (Bentz
et al., 1983a, 1985; Nir et al., 1983b), have established that
the fusion rate constant, f};, for PS liposomes is a smooth
increasing function of the amount of bound divalent cation,
temperature, and decreasing liposome size. This curve is
shifted according to the fusogenic capacity of the various
divalent cations. It is thought that membrane fusion proceeds
via point defects in molecular packing (Papahadjopoulos et
al., 1977; Hui et al,, 1981; Diizgiines et al., 1984). It now
seems evident that the mechanism for fusion involves a critical
density of bound divalent cation within the region of close
apposition where the initial defect will form. Clearly, the
defect area is within the area of close apposition; otherwise,
no intermixing of aqueous contents would be observed. The
value of this critical density may lie anywhere between the
threshold values found here, e.g., 0.15 Ca?* per PS or 0.2 Ba?*
per PS, up to the equilibrium (saturation) values found in
cochleates, e.g., 0.5 Ca® per PS (Newton et al., 1978; Portis
et al., 1979; Ekerdt & Papahadjopoulos, 1982). In any event,
if an accumulation of bound divalent cation into the contact
area is required to achieve the critical density, then the kinetics
of this lateral movement or phase separation would become
part of the fusion rate constant. Furthermore, the initial
condition for this lateral phase separation is just the bound
cation densities we calculate for the isolated liposomes.

The most important question that any molecular description
of the fusion event must confront is explaining why the fusion
rate constant increases with the amount of bound divalent
cation. Our experiments have shown that by reducing the
amount of bound divalent cation the fusion rate constant can
be lowered to a level where the rate-limiting step of all the
molecular events involved in membrane fusion is independent
of liposome size. The data indicate that the effect of liposome
size, and hence bilayer curvature, on divalent cation induced
fusion is more subtle than previously suspected. It appears
that point defects that lead to fusion occur at a threshold level
of bound divalent cation regardless of the initial packing of
the phospholipids in liposomes of different sizes.

ADDED IN PROOF

We have found that Mn?* and Ni?* induce mixing of
aqueous contents using a recently developed assay (Ellens et
al., 1985). Thus, it is evident that a rapid transport of these
transition metals into the liposome interiors is responsible for
the lack of the Tb/DPA fusion signal.
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Kinetics of Hemoprotein Reduction and Interprotein Heme Transfer!
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ABSTRACT: The transfer of hemin from one protein to another is an event biologically important for the
conservation of heme iron. Hemin entering the circulation (or added to serum) is mainly bound by albumin
and then transferred to hemopexin [Morgan, W. T., Liem, H. H., Sutor, R. P., & Muller-Eberhard, U.
(1976) Biochim. Biophys. Acta 444, 435-445], and we are now investigating which mechanisms may be
operative in enhancing this process. The presence of imidazole has been demonstrated to accelerate hemin
transfer from albumin to hemopexin [Pasternack, R. F., Gibbs, E. J., Hoeflin, E., Kosar, W. P,, Kubera,
G., Skowronek, C. A., Wong, N. M., & Muller-Eberhard, U. (1983) Biochemistry 22, 1753-1758]. The
present work is an examination of the effect of the reduction of albumin-bound hemin on the rate of its
transfer to hemopexin. Hemin (Hm'!; ferriprotoporphyrin IX) was reduced to Hm!! (ferroprotoporphyrin
IX) by the addition of sodium dithionite under argon. The reduction kinetics of Hm!"! to Hm!! were studied
separately in the two complexes: with human serum albumin (HSA), which binds up to 20 mol of heme/mol
(the first mole with K =~ 108), and with hemopexin (HHx), which binds heme equimolarly (K =~ 10'3).
The rate of reduction of Hm! to Hm! on HSA was first order over several half-lives and linearly dependent
on [S,0,7]"/2% At [HSA]y/[Hm!"] = 3, the kg was (5 X 1073) + 0.75[S,0,7]'/2, and with [HSA]/[Hm'!]
~ 25, the kgpsq Was (2 X 107%) + 0.25[S,0,%7]"/2. The reduction of Hm'' to Hm™ on human hemopexin
(HHXx) is much more rapid with kg, = (2.5 X 10*)[S,0,27]'/2. The transfer of Hm!' from HSA to HHx
was studied by adding dithionite to Hm"'.HSA and mixing this with HHx. The transfer was biphasic,
consisting of two first-order processes, k; and k,, independent of [Hm""HSA],, [HSA],, and [HHx],, but
with a slight dependence on pH and ionic strength. The transfer of Hm!! from HSA involves two steps
that may be due to HSA existing as two noninterconverting conformers [Moehring, G. A., Chu, A. H.,
Kurlansik, L., & Williams, T. J. (1983) Biochemistry 22, 3381-3386]. Since the overall rate of the “redox”
transfer pathway of Hm'! from HSA to HHx is as efficient as the pathway catalyzed by the presence of
50 mM imidazole, a catalyst much more effective than this nitrogen base would have to be present in vivo
to enhance the transfer of heme from HSA to HHx.

’EC transfer of small substrate molecules between macro-
molecules such as proteins and nucleic acids is a step of con-
siderable importance in many biological processes. An ex-

t This research has been supported by grants from the National In-
stitutes of Health to R.F.P. (GM-17574) and to U.M.-E. (AM-30203)
and an MRC of Canada grant to A.G.M.

tSwarthmore College.

§ Department of Chemistry, Goucher College, Towson, MD 21204,

I Department of Biochemistry, University of British Columbia, Van-
couver, British Columbia, Canada V6T 1WS5,

+ New York Hospital/Cornell University Medical College.

0006-2960/85/0424-5443%01.50/0

ample is the conservation of the iron of circulating hemin
during hemolytic events through a pathway that involves the
passage of the metalloporphyrin moiety from human albumin
(HSA)! to hemopexin (HHx) (Muller-Eberhard, 1978).
Hemopexin, which is present in the serum at 1.5-2% of the
concentration of albumin, binds hemin (Hm!; ferriproto-

! Abbreviations: HSA, human serum albumin; HHx, human hemo-
pexin; Hm', ferriprotoporphyrin IX; Hm!,, ferroprotoporphyrin IX;
Me,SO, dimethyl sulfoxide; ESR, electron spin resonance; NHE, normal
hydrogen electrode; emf, electromotive force.
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