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Previous work {(Veiro and Cullis (1990) Biochim, Biophys. Acta 1025, 109-115) has shown that Ca?* can be accurulated into
large unilamellar vesicles (LUVs) in the presence of a iransmembrane pH gradient {inside acidic) and the Ca**-ionophore
A23187. Here, *he ability of A23187 to mediate the uptake of ivon and barium into LUVs has been investigated. It is shown that
under appropriate conditions of 1emperature and A23187 concentration, iron (in the form of Fe?t) can be accumulated into
EPC and DSPC/cholesterol (55:45; mol /mol} LUVs with an acidic interior. This uptake is dependent on the internal buffer
concentration, with aximum levels of uptake in the range of 300 nmol of cation per pmol lipid, The DSPC-cholesterol LUV
systeras exhibit superior retention propertics compared to the EPC systems. It is demonstrated that Ba** can also be loaded by
similur methods, It is also shown that the maximally loaded Fe?*- and Ba®*-containing LUVs exhibit incicased densities. This is
expressed by enhanced gravimetric propertics, as an increased proportion of the loaded LUVs can be pelleied by low speed
centrifugalion, and by cnhanced clectron densities, in that the Ba®*-loaded systems can be directly visualized cmpioying

cryo-electron microscopy.

Introduction

Previous work from this laboratory has shown thac
rapid and efficient accumulation of Ca®* into iarge
unilamellar vesiclzs (LUVs) in response ta transmem-
brane pH gradients (pH inside acidic) ¢an be achieved
in the presence of the Ca’*-ionophore A23187 [1]. The
uptake of Ca%* was shown ta be dependent upon the
buffering capacity of the internal citrate buffer, indicat-
ing a Ca**-2ZH* exchange process mediated by the
ionophore {1}, Among other applications this prace-
dure offers interesting possibilities for increasing the
density of LUVs by exchanging protons for cations of
much higher atomic or molecular weight, i the pre-
sent work we have investigated the potential of the
A23187-mediated ApH foading technique to accumu-
late iron and barium into LUV systems. It is shown
that loading of Fe?* and Ba?* to high internal concen-
trations can be achicved by this method, The resulting
systems display properties consistent with increased
densities, as evidenced by their pelleting properties
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after low-speed centrifupation and visualization by
electron microscopy. These systems may be of utility in
procedures requiring separation of LUVs from ague-
ous media and visualization in vitro or in vivo.

Materials and Methods

Egg phosphatidylcholine (EPC) and distearoyiphos-
phatidylcholine (DSPC) were obtained from Avanti
Polar Lipids (Birminghan, AL). ["*CIMethylamine was
purchased from New England Nuclear, The Ca**-iono-
phare A23187 was obtained from Calbiochem (Calgary).
All other chemicals used were purchased from Sigma
(St. Louis, MO).

To produce EPC vesicles, multilamellar vesicles
{MLVs)} were first produced by hydrating 50 mg EPC
in 1 ml of 300 mM citrate buffer (pH 4.0). The MLVs
were frozen in liguid nitrogen and thawed in warm
walet for five freeze-thaw cycles. This treatment in-
creases the trapped volume of the vesicles and pro-
motes an equilibrium solute distribution [2]. Extrusion
of the frozen and thawed MLVS (FATMLVs) through
twa stacked polycarbonate filters (Nuclepore) (160 nm
or 200 nm pore size} was petformed ten times using an
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extrusion device obtained from Lipex Biomembranes
{Vancouver, Canada). In accordance with previous re-
sults [3} the resuiting large unilamellar vesicles (LUVs)
were 108 nm (100 nm pore size) or 214 nm (200 pm
pore size) in diameter. as measuted by quasielastic
light scattering techniques employing a NICOMP par-
ticle sizer.

DSPC /cholesterol (55:45, mol/mol) vesicles were
made by dissolving appropriate amounts of both cam-
pounds in chloroform. The chloroform was then re-
moved under a strcam of nitrogen and by subsequent
incubation under reduced pressure. After hydration, as
above, to form MLVs, the DSPC /cholesterol disper-
sion was extruded at 65°C.

In order to cstablish a transmembrane pH gradient,
the LUVs in pH 4.0 buffer were passed down a 10 cm
Sephadex G-50 (50-150) column previously equili-
brated with 150 mM Na(l, 20 mM Hepes (pH 7.5)
{Hepes-buffered saline, HBS). The A23187 was dis-
pensed from a stock chloroform solution of 2.5 mg/mi
in chloroform/ ethanol (4 : 1). The chloroform was sub-
sequently removed under a stream of nitrogen and 1.1
ml of buffer (pH 7.5) containing 150 mM NaCl, 20 mM
Hepes (and 10 mM ascorbate for the Fe®* uptake
experimenis) was added. To this, 0.15 ml of cither 10
mM FeSO, or 10 mM BaSO, was added. Uptake was
initiated by the addition of 0.25 mi of LUVs prepared
as indicated above (pH 7.5 outside, pH 4.0 inside) to
this mixture. To assay uptake, 0.1-mi aliquots were
removed at appropriate times by passage down 1.0 ml
Sephadex G-50 columns {pre-spun). These columns
were spun for one min at 2500 rpm in a clinical
centrifuge 1o remove untrapped iron or barium. All
experiments were conducted at 23°C unless stated oth-
erwisc. The final phospholipid coneentrations of the
reaction mixtures were generally in the range of 3-5
mM.

In order to establish which oxidation state of iron
(Fe?* or Fe**) was transported, conditions appropti-
ate to 2 particular oxidation state were employed. Fe**
solutions were maintained in the reduced state by the
addition of ascorbate (10 mM) to the buffers used as
indicated above and by passing of the buffers with N,
gas 10 minimize oxidation. Fe'* containing solutions
were obtained from FeCl,.

The magnitude of the pH gradients present were
measured using [“Clmethylaminc at a concentration of
1 uCi/ml. The amount of this probe imported into the
LUVs in response to ApH (inside acidic) was deter-
mined via liquid scintillation couniing after separating
untrapped material employing a spin column proce-
dure {4]. The Lransmembrane pH gradient was calcu-
lated using the relationship ApH = log(imethyl-
amine),,/ [methylamine),,,), assuming a trapped vol-
ume of 1.5 I/mel for the systems extruded through the
100-nm pore size filters [1.

Centrifugation (15000 X g) of the iron or barium-
loaded liposomes was performed at 4°C using an Ep-
pendor{ micro-centrifuge. Barium content of the lipo-
somes was determined by using ICP-Mass Spec-
troscopy. Iron was assayed spectrophotometrically us-
ing bathophenanthrofine sulfanate [6]. In this assay
0.25 ml of 3.3 M sodium acctate (pH 4.7), 0.1 ml of
50% Triton X-100, 005 ml of 02% (w/v)
bathophenanthroline sulfonate in 1.0% thioglycolic acid
and 0.55 ml of water were added to 0.05 ml of the
sample to be assaved (total volume L4t ml). The reac-
lion was allowed to proceed for at least 15 min before
the absorbance was measured at 535 nm using a Shi-
madzu UV-160 spectrophotometer.

Phospholipid concentrations were calcufated by a
modification of the method of Fiske and SubbaRow
7). Alt data are means + S.E. {n =3).

Electron dense liposomes containing Ba®® were
prepared using a modification of the above techniques.
A dried DSPC/cholesterol (55:45, mol /mol) film was
hydrated in 60 mM citrase adjusted to ;H 34 with
arginine at a concentration of 25 mg lipid /ml buffer.
LUVs were then prepared as described above, A 500
i aliguot of the resulting 100-nm vesicles was added
to a Sephadex G-25 column (O mi bed volume) and the
external buffer was exchanged by elution with 150 mM
NaCl, 20 mM Hepes, adjusted to pH 7.4 {0 result in a
transmembrane pH gradient where pH; = 3.0 and pH,,
= 7.4, Barium chloride (BaCl,) (24 ul of a 500 mM
stock in H,0) was added to the ionophore (12 pg of
A23187) and vortexed, and 1 ml of vesicles was then
added resulting in an (initial) exterior Ba®™* concentra-
tion of 12 mM. The suspension was vorioxed vigorously
and incubated at 6*C for 2.5 h. The Ba?* loaded
liposomes were stored ai 4°C until observed by cryo-
electron microscopy,

For cryo-electron microscopy, a thin film was formed
by applying a drop of the vesicie suspension to a 700
mesh gold grid with a pasteur pipet fallowed by blot-
ting from behind with Whatman No. 50 filter paper.
The thin films were then vitrified by plunging the grids
into liguid ethane ccoled with liquid nitrogen in a
Reichart Jung Universal Cryo Fixation system. The
gric was removed from the ethane in a liquid
nitrogen-chilled environment and blotted from the edge
with filter paper to remove any excess ethane which
may have been left on the grid. The grid was kept in
liquid nitrogen within the fixation unit until the cry-
otransier device was in place. The grid was immedi-
ately transferred to a specimen holder within the cry-
otransfer uait. At no time was the grid exposed to
ambient temperatures and care was taken to dry and
ool all tools before handling the grid [14].

The grid was transferred to a Zeiss 10C STEM
clectron microscope equipped with a Gatan 126 cold
stage. The stage and anticontaminator were kept at 120



K and 110-119 K, respectively, with liguid nitrogen.
Regions of thin vitrcous ice were observed with an
acceleration voltage of 60-80 kV. Care was taken not
to damage the sample with high beam intensities. The
vesicles were readily observed in the vitreous layer [14),

Resulis

The first set of experiments was designed to demon-
strate the ability of A23187 to mediate the uptake of
iron into EPC LUVs in response to a pH gradient
(inside acidic) and to determine the specificity for the
Fe?* o ¥e'* species. As shown in Fig. 1, iron pre-
scnted as FeSO,, and maintained in the ferrous state
by the presence of ascorbate (10 mM), was readily
accumuiated by the LUVs to achieve high interior
concentrations of apprax. 250 nmol/umol phospho-
lipid under the experimental conditions employed. As-
suming an interior trapped volwne of 1.5 1/mof phos-
pholipid, this corresponds to an interior Fe** concen-
tration of 167 mM, as compared ta the (nitial} exterior
Fe?* concentration of 2 mM. As also shown in Fig. 1,
Fe* (presented as FeCl,} was not accumulated, indi-
cating that A23187 was effectively unable to transport
the ferric form.

In order to determine the appropriate concentration
of A23187 for Fe** transpori, a variety of A23187
conccntrations were employed and uptake monitored
as shown in Fig. 2. A convenient lime course far
uptake was observed at 2.5 ug/ml A23187, corre-
sponding to an initial rate of Fe?* transport of 30
nmol /min per pgmol phospholipid. This may be com-
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Fig. 1. Time-coursz of the accumulation of Fe2* (o) and Fe'* (o)
imo EPC LUVs (100 nm diameter} experiencing a transmembrane
pH gradient, inside acidic (pH; = 4.0; pH = 7.5) in the presence of
AJNET (10 pg/ml). The initial external iron conceniration was 2
mM. The EPC LUVs {3 mM) werz prapated in 300 mM citrale
buffer (pH 4.0) and the untrapped (extesior} buffer exchanged for
150 mM NaC), 20 mM Hepes (pH 7.5). The ferrous (Fe®* ) species
was pravided as FeS0, and was maintained in the reduced state by
the presence of ascorbate (10 mM). Control vesicles exhibit no pH
gradient pH, = pH ;= 7.5(a ) and pH, = pH,=4.0(DQ).
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Fig. 2. Influenee of the A23187 concentration on the accumulation of
Fe®* into EPC LUVs (100 nm diameter) experiencing a transmems
trane pH gradient, inside acidic (pH, = 4.4; pH,, = 75). The Fe*
was kept in the reduced state by the presence of ascorbate (10 mM).
For other conditions see Fig. 1. uad Methods. The AZ3187 concen.
irations employed were 0.5 pp/m! (0); 10 ug/mi(a); 25 pgsm
{0k 2 ug/m (210 2 /mi o),

pared to a rate of approx. 4 nmol Ca*/min per pmol
phospholipid in the presence of 0.1 mg/mi A23187
observed under the same experimental conditions [1},
and reflects the less efficient transport of Fe?* by the
Ca** ionophore.

As indicated in the Introduction one of the objee-
tives of this investigation was to achieve high encapsu-
lation levels of a cation such as iron, resulting in LUV
systems which, due to their higher gravimetric density
could be readily pelleted by centrifugation, or due to
their higher electron density could be more readily
visualized by electron microscapy techniques, It is likely
that Fe?* uptake proceeds via a Fe?*-2H* exchange,
and thus higher internal buffer concentrations should
result in higher levels of accumulated Fe?*, Entrap-
ment Jevels were therefore monitored for internal cit-
rate concentrations up to 1 M for a variety of external
Fe* concentrations. As shown in Fig. 3A, the amount
of accumulated Fe®* increases as the concentration of
entrapped citrate is increased until a plateau region is
reached, which is dependent on the (initial) exterior
Fe* concentration. As indicated in Fig. 3B, the point
at which the plateauing effect is observed coincides
with trapping efficiencies of 80% or morc, and thus
reflects the lack of available exterior Fe?* to import.
The maximum uptake levels achicved (250 nmol /umol
phospholipid) were chserved for | M entrapped citrate
and 10 mM Cinitial) exterior Fe* concentrations,

As shown elsewhere [3) the trapped volume of LUYs
generated by extrusion increases sipnificantly as the
vesicle size increases. Increased uptake fon an
iran/phospholipid basis) could therefore be expected
for larger systems, due 1o an increased buffering capac-
ity. This effect is shown in Tablc [. The small increase
in accumulated Fe2* per pmol lipid observed for di-
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Fig. 3. {A) Effect of varying the external iron conceniration and
internal citrate concentration on the amount of Fe?* accumulated
into 100 nm EPC vesicles with an acidic interior (pH; = 4.0, pH =
7.5). Iron cancentrations of | (©),2(4), 5{0} and 10 (v ) mM were
used. The concentration of A23187 used was § pp/ml and the
temperature was 23°C. (B} Effect of varying external iton concentra-
tions and imernal citrate concentrations on the trapping efficiency of
Fe'* uptake into 100 nm EPC vesicles.

ameters above 200 nm is primarily due to the increas-
ingly multilamellar character of such liposomes [3]. The
gravimetric properties of the 100-nm and 200-nm diam-
eter systemns, as reflected by pelleting properties on
centrifugation (15000 X g, 20 rain} are summarized in

TABLE 1

Effect of lip
The mean vesicle diameter was determined after loading vesicles
containing 300 mM citrate with Fe** (2 mM initial external concen-
tration) for 2 h at 23°C in the presence of 10 pg/ml AZNET (12 = 3).

size on iron

Filter pore Liposome iron uptake

size diameter {nmol Fe?*/

(nm) {nm) il phospholipid}
50 B+ 176+ 4

100 93+31 18t 4 2

200 16472 M7+15

400 2144197 Wt 2

TABLE Tl
Gravimerric properiies of EPC LUVs loaded with iran

Uptake conditions: initia) interior citrate cancentration 1.0 M.; initial
external iron conceniration 10 mM; accumulation time 2 b a¢ 3°C
A23187 concentration 10 pg/ml The results presented are the
means of three separate experiments, SPN indicates supernatant;
PLT indicates pellet formed following centrifugation at |5 000X g
for 20 min (a = 3). n.d., not determined.

Filier  Lipid Iron fron 10
pore (%) (%) lipid ratio
size (nmol Fe**/
(nm) umal lipid)
SPN 100 973430 082+35 2M450
PLT 100 27310 18106 48780
SPN (contrat)  RKf 100 ad. -
PLT (control} 100 1 nd. -
SPN 200 535459 Ja6+36  630+30
PLT 200 465453 654173 1370185
SPN {control) 200 850436 =nd. -
PLT {contsol) 200 150426 ad -

‘Table 11. Tt may be ohserved that the increased densi-
ties of the 100-nm Fe?*-loaded sysiems are not suffi-
cient to result in significantly increased pelleting on
low speed centrifugation, howevet, the 200-rm diame-
ter Fel*loaded systems do exhibit significantly in-
creased proportions in the pellet following centrifuga-
tion. It may also be noted that the iron-to-lipid ratios
in the pelleted fraction are significantly greater than
for the LUVs remaining in the supernatant, indicating
a heterogeneity in Fe?* accumulation.

The 200-nm diameter EPC LUVs loaded with
Fe®*identified in Table 11 constitute a significant step
towards satisfying one of the inittal aims of this mvesti-
gation, namely to prepar¢ LUV systems which can be
readily isolated by low-speed centrifugation. It is of
interest, however, to extend these studies to elements
of higher atomic weight, which could exhibit improved
density characteristics. In this regard, it was found that
A23187-mediated, pH gradient dependent loading of
barium into EPC LUVs could be readily achicved
(results not shown). The larger atomic weight of bar-
jum (£37.3) compared to iron (55.8) would be expected
10 result in more dense LUVSs, assumiiig comparable
levels of loading. This was observed, as shown in Table
Ml for the 100-nm diameter EPC system, as Ba®*-
loaded LUVs exhibit improved pelleting properties
upon low speed centrifugation in comparison to the
100 nm diameter Fe?*-foaded systems (Table IE).

A final area of investigation concerned the influence
af acummulated Fe?* or Ba®* on the electron density
of LUV systems as visualized by cryo-electron mir-
coscopy. The stability of the LUVs containing Fe?* or
Ba®* was of concern in these experiments. siven possi-
ble lytic events that could occur prior to or during the
vitrification process. In this regard, the presence of



TABLE {1l

Gravimetric propenties of EPC LUV loaded with barium (100-nm pare
size)

Ba®* uptake conditions: 2 h a1 60°C with 20 mM external barium, 50
pe/ml AZ3187 (n = 3),

Supernatant Peliet
Lipid-(controls) 038+ 2.2% 62+ 046%
Lipid WA+ 51% 206+ 38%
Barium .1+ 5.1% 389+ 13.1%
nmol Ba/pmol lipid 4G +60 984 1344
Vesicle piameter (nm) 1o+ 130 + 3%

" 100-nm vesicles thal contained no barivm.

long chain saturated phospholipids and cholesteral is
well known to increase the stability and decrease leak-
age from liposomal systems. This is illustrated in Fig. 4
for entrapped Fe?* and Ba?*. As shown in Fig. 4A
over a 24 h time course {23°C), considerable leakage of
entrapped Fel*, following the rapid initia! uptake, is
observed for EPC LUVs, In vontrast, little leakage is
observed over a 24 h time course at 65°C following
uptake of Fe?* into DSPC/cholesterol (55: 45,
mol/mol) LUVs (Fig 4B). Similar stability is also ob-
served for DSPC/cholesterol LUVS loaded with Ba®*,
as illustrated in Fig 4C. Crye-clectron microscapy stud-
ies on the Fe?*-loaded systems revealed slightly im-
proved contrast resulting from a uniform darkening of
the LUV interior (results not shown). However, the
Ba®*loaded systems exhibited remarkably improved
contrast as illustrated in Fig. 5. It is likely that the
electron dense particles observed entrapped within the
LUVs correspond to crystalline barium citrate precipi-
tates.

Discussion

The studies repored here establish the ability of
AZ3187 to meciate 4pH dependent loading of Fe?*
and Ba?* into LUVs with an acidic interior. Features
of interast concern the mechanism of the A23187 load-
ing process, the physical state of the loaded Fe?* and
Ba®* and the utility of the dense liposomes that can be
thus gencrated. With respect to the ability of A23187
to mediate the transhilaver transport of iron, it was
first reported by Youngz et al. [8] that A23187 could
facilitate the transbilayer transport of iron in model
(liposome) membranes and red blood cells, The results
presented here show that A23187 transports the fer-
rous form and that cxtremely high levels of Fel*
entrapment {170 mM) can be achieved employing the
pH gradient approach. The ability of A23187 to bind
Ba®* has been reported previously, where the affinity
of A23187 for Ba®* is at least 100-fold less than that
observed for Ca?* [13]. This corresponds to the re-

7

duced ability of A23187 to transport Ba?* as compared
to Fe?* (Fig, 4). Even though the alfinity of A23187
for Ba®* is small, substantia' amounts can be loaded
into liposomes (330 mM intcrior concentration) with a
transmembrane pH gradient {inside acidic).

With repard to mechanism, it is likely that the
A23187 mediated process involves the exchange of
Fe* and Ba?* for two H* ions, as observed for Ca®*
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Fig. 4. Loading and retention of Fe?* in {A) EPC LUVx and (B)
DSPC/cholesteral (55:45, mol/mol} LUVs. The LUVs were pre-
naved by extrusion through filters with 100 nm pore size and exhib-
iled a pH gradient {pH; = 4.0; pH,, =7.5). The internal buffer was
300 mM citrale and the initial externat iron (Fe?*) concentration
was 2.0 mM. The experimental temperature was 65°C for the
DSPC/chotesterol LUVs and 23°C for the EPC LUVs. Part (C)
lustrates the retention of Ba®* following loading into iUD nm
DSPC/cholesteral {55:45, mol/mol) vesicles (65°C). The internal
buffer voncentration was 1.0 M citrate and the eXterna; batium
concentration was 10 mM.
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Fip. 5. Cryo-electron micrograph of 100 nm DSPC /cholesterol (55:45; mo! /mol) vesicles containing barium which was loaded using A23187 and

a transmenibrane pH gradient {pH, = 3.0; pH,, = 7.4) a1 60FC for 2.5 h {see Methadis). The inlernal buffer was 60 mM citrate and the (initialy

external basium concentration was 12 mM. The barium was visualized by intensity contrast, while the membranes were visualized by phase
contrast. The scale bar 1epresents SO0 nm. The entrapped barium cancentration was 212 nmol Ba®* per ymol phasphnlipid.

[1]. What is less clear is the form of the accumulated
matcrial. The observatior of electron dense regiens in
the Ba®*-loaded systcms suggests the formulation of
barium citrate precipitates.

LUVs with cnhanced densities as evidenced by
gravim:tric propertics and higher clectron densitics
giving risc to greater contrast by electron microscopy
have a variety of important potential uses. The ability
to isolate LUVs from serem components in vitro, for
example, would be of considerable utility in identifying
serum proteins which associate strongly with liposomes
and which may play a rolc in clearance processes in
vivo [12]. Alternatively, enhanced EM cuntrast could
allow the dircet detection of extracellular and intra-
celllar LUVs in vitro and in vivo, Such an ability
would be of considerable utility in assaying the target-
ing of liposomes, as well as determining their integrity
and metabolic fate.

In summary, the results of this work establish the
A23187-mediated loading procedure into LUVs with
an acidic interior as a relatively general method of
exchanping protans entrapped in LUVs for cations of
considerably higher atomic weight. The enhanced
gravimetric densitics of these systems result in poten-
tial applications in LUV isolation from complex media,

whereas the enhanced electran densities can result in
dircet visualization of LUVs emploving electron mi-
CTOSCOpY.
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