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ABSTRACT A model system to observe and investigate the transfer of Na* ions between different internal compartments in a suspension
of liposomes was developed, and the exchange was followed by nuclear magnetic resonance spectroscopy. The experiments were
performed under conditions of a Donnan equilibrium. Quantitative analysis of this three-site transmembrane exchange system allowed
us to distinguish between direct and indirect exchange between liposomes. It also disclosed a "“‘confining” effect on the exchange
between the two populations of liposomes. This confining effect may have been due to an electrostatic field in the presence of a
membrane potential. Donnan potentials and ionic compositions at equilibrium for the three-compartment system were calculated
numerically. The model system may be used to explore further the effects of membrane potentials, surface potentials, and ionic
mobiiities on ion transport in biological (model) systems in general.

INTRODUCTION

Vectorial ion transport and the maintenance of ionic
gradients are essential to all living systems (1). There
have been numerous studies on the maintenance and
build-up of membrane potentials and pH gradients in
cellular (2) and reconstituted systems (3, 4), as well as
investigations into electrically silent phenomena (5).
Physical phenomena, such as membrane surface poten-
tials and unstirred layer (USL) effects, have been and
still are extensively studied (6, 7). Theoretical studies of
potential profiles in salt solutions bordered by a (biologi-
cal) membrane, in the absence (8) and presence (9, 10)
of a membrane potential, have been presented.

A number of physical phenomena exert an effect on
solute concentrations in general, and ion concentrations
in particular, in the vicinity of a (biological) membrane.
First, in the presence of a membrane potential, one ex-
pects the electrical attractive forces acting on a cation
and an anion to keep them in the vicinity of the mem-
brane surface. On the other hand, both ions will tend to
equilibrate with the adjacent bulk solutions. Second, sur-
face potentials may significantly alter the “local” ion
concentration at the membrane surface (6). Third, in
the presence of a membrane impermeable ion, the per-
meable ions may redistribute so as to satisfy electroneu-
trality and equilibrium across the membrane, resulting
in a Donnan equilibrium (11-13). Fourth, USL may
cause the solute concentration adjacent to a membrane
to differ from its bulk-solution value (7).

Nuclear magnetic resonance (NMR) is a useful tool
for measuring the rate of transmembrane equilibrium
exchange processes (14). A range of magnetization-
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transfer techniques have been successfully applied to the
study of the transport of solutes, such as bicarbonate
(15) and 3-fluoro-3-deoxy-D-glucose (16, 17) in human
erythrocytes. Others have used NMR to monitor iono-
phore-mediated transmembrane exchange (18-20) and
channel-mediated transport kinetics (21, 22) of various
alkali-metal ions in model lipid vesicles.

In this study we aimed to verify whether solutes in
general, and Na* ions in particular, are transported be-
tween different internal compartments in a suspension.
To study this physical exchange, we chose a model sys-
tem consisting of two populations of liposomes. We used
the aqueous hyperfine shift reagents DyPPP,’~ and
TmPPP,’~ (23, 24) and the ionophore M 139603 (18) to
set up a three-site physical exchange system, which may
serve as a model of a cell suspension with two different
populations of cells.

We observed qualitatively, and characterized quantita-
tively, the equilibrium exchange of Na* ions among the
three sites. This was done using two-dimensional ex-
change spectroscopy (2D EXSY) (25-28), and one-di-
mensional “overdetermined” NMR exchange analysis
(1D EXSY) (29), respectively. Experimental 2D EXSY
spectra, together with theoretically predicted 2D EXSY
spectra, allowed preliminary investigation into the possi-
ble factors involved in the transmembrane exchange of
Na* ions in our system.

MATERIALS AND METHODS

Materials

L-a-phosphatidylcholine (PC) from fresh egg yolk was obtained from
Sigma Chemical Co. (St. Louis, MO) as a chloroform solution. The
ionophore M139603 (a Na*/H™* -antiporter) was supplied by Pitman
Moore Australia, Ltd. (Bringelly, NSW, Australia). D,0O was obtained
from The Australian Institute for Nuclear Science and Technology
(Lucas Heights, NSW, Australia). All other chemicals used were of
analytical reagent grade. All solutions were prepared with reverse os-
mosis water and filtered through 0.2-um cellulose acetate filters (Sar-
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torius GmbH, Gottingen, Germany ) to remove any aggregates of para-
magnetic ions. Cellulose acetate dialysis tubing, mol wt cutoff 12,000
14,000, was obtained from Spectrum Medical Industries Inc. (Los An-
geles, CA). The shift reagents (SR) DyPPP,’~ and TmPPP,”~ were
prepared from the lanthanide (III) chloride- and pentasodium tripoly-
phosphate complexes, in situ, as described previously (23). These SR
induce a low- and high-frequency shift, respectively, to the NMR sig-
nals of the sodium ions with which they are in contact (23, 24). Stan-
dard polycarbonate membranes, used to filter and extrude the lipo-
somes, were obtained from Poretics Co. (Livermore, CA). The bath
sonicator used in the vesicle preparations was an ultrasonic cleaner
(type B-220; Branson Cleaning Equipment Co., Sheiton, CT).

Model system

Two populations of liposomes were prepared with different SR; one
population contained ~4.7 mM TmPPP,’~, present in the external
compartment only (Sample 1); the other population (Sample 2) con-
tained 2.5 mM DyPPP,’~ within the liposomes, and the same concen-
tration of TmPPP,’~ in the external medium (see Appendix 1B).
“Fully relaxed” spectra of these samples are shown in Figs. 5 4 and 4,
respectively. Magnetization-transfer experiments were performed on
these two-site exchange samples to evaluate the transmembrane influx
and efflux rate constants. The two two-site exchange samples were then
mixed to produce a three-site exchange system, comprised of two dif
ferent internal—and one external—compartments (see Fig. 2).

The rationale behind performing NMR exchange experiments on
not just a three-site exchange system, but also on each of the two-site
exchange systems from which it was constructed, was to verify whether
the experimentally observed amount of magnetization transferred be-
tween the three sites corresponded to that predicted from the amount of
magnetization transfer that took place in the two two-site samples. A
possible difference between the Na* concentration near the membrane
surface and the bulk solution (see Fig. 1) might manifest itself in the
magnitude of the cross-peaks in the 2D EXSY spectrum (see Fig. 3),
which represent the amount of Na* exchange between the externat and
the two internal compartments ( three-site exchange ) during the “mix-
ing time” of the experiment. To verify if such an effect was present or
not, the experimental 2D EXSY spectrum was compared to a simu-
lated 2D EXSY spectrum, which indicates the amount of Na* which
has been exchanged among the three sites during the mixing time,
predicted from the amount of magnetization transferred in the two
two-site exchange systems. Conversely, a difference in the magnitude
of the crosspeaks in the predicted and experimental 2D EXSY spec-
trum, representing transmembrane exchange, implies a difference in
the values of particular exchange rate constants in the two- and three-
site exchange samples.

Sample preparation

Solutions containing SR were prepared in a 1:2.5 lanthanide (III) to
tripolyphosphate ratio, and were adjusted to pH 7.2. All solutions were
adjusted to contain ~ 100 mM Na* (see Appendix 1B for exact com-
positions).

Large unilamellar vesicles (LUV) were made by the reverse-phase
evaporation technique (30, 31). Briefly, 250 mg PC was dried down, as
a thin lipid film, in a 250-ml round-bottom flask to which 24 ml diethyl-
ether, and subsequently 6 ml degassed buffer, was added. This mixture
was bath-sonicated at ~4°C under argon until homogeneous; the pro-
cess usually took ~ 15 min. The ether was then evaporated at reduced
pressure at 30-35°C, until a semisolid gel was formed; this was vor-
texed and the organic phase was removed completely, resulting in a
translucent aqueous suspension of liposomes. The suspension was fil-
tered through a 3-um polycarbonate membrane to remove any minor
contamination of lipid aggregates. This method produces mainly uni-
and some oligolamellar vesicles, with the bulk of the liposomes in the
size range 200-500 nm in diameter (30, 31). Electron micrographs of a
typical preparation revealed a predominantly unilamellar population

of vesicles. The size range was estimated to be ~ 50-600 nm, with a rare
structure exceeding 600 nm. LUV prepared without entrapped SR
were stored overnight at 4°C. The suspension of LUV containing
DyPPP,’~ was dialyzed overnight with one buffer change, against 2
liter of degassed buffer containing 95 mM NaCl and 5 mM NaP, pH
7.2, while bubbled with nitrogen. Both suspensions were diluted 1:1
(vol/vol) in the TmPPP,’~ solution and left to equilibrate for 1 h at
room temperature. The ionophore M139603 was added in a molar
ratio to lipid of ~ 1:125, and the liposomes were collected by centrifuga-
tion at 30,000 g at 15-20°C for 1 h. For samples on which intrinsic T,
experiments were performed, no ionophore was added to the suspen-
sions. The percentage encapsulated aqueous volume was adjusted by
addition of extraliposomal medium to the suspensions, and estimated
by integrating the intra- and extraliposomal sodium resonances, as de-
scribed previously (19, 21). These samples were used for NMR investi-
gations.

Two similar experiments were run on 400- and 600-MHz NMR
spectrometers tuned to *Na at 105.84 and 158.74 MHz, respectively.
The higher frequency instrument was used to obtain better chemical
shift dispersion. The samples run at 105.84 MHz (Figs. 3 and 4) were
extruded through 0.6-um polycarbonate membranes at 100 kPa under
nitrogen at room temperature (after being filtered through a 3-um
membrane) to remove the largest liposomes. The samples run at
158.74 MHz (Fig. 5) were prepared as described above, except with
half the amount of buffer, ether, and PC.

Experiments on the two-site exchange samples were carried out on a
1.5-ml suspension added to 10-mm NMR tubes for study at 105.84
MHz, or on 0.5-ml samples added to 5-mm NMR tubes for study at
158.74 MHz. The samples for study at 105.84 MHz were field-fre-
quency locked on a 5-mm NMR tube containing pure D,0. The sam-
ples run at 158.74 MHz were locked on 15% D,O in the suspension.
The three-site exchange sample run at 105.84 MHz was locked on a
2-mm o.d. coaxial capillary containing D,0. All the samples were tem-
perature equilibrated for at least 30 min before spectroscopic measure-
ment. Temperature control on both spectrometers was better
than 1°C.

NMR methods

23Na spectra were recorded on a wide-bore spectrometer (AMX 400;
Bruker Instruments, Inc., Karlsruhe, Germany) and a spectrometer
(AMX 600; Bruker Instruments, Inc.), both operating in the Fourier
transform mode with quadrature detection. The 90° radio frequency
pulse was 16-17 us, using 4 dB attenuation at 158.74 MHz, for all
experiments. The temperatures used are given in the figure legends.

Fully relaxed 1D spectra were acquired using 128 free induction
decays (FID) with a repetition time of 150 ms (=5 T,), covering a
spectral width of 8,000 Hz using 1K datapoints. Spectral deconvolu-
tion was used to obtain the peak integrals in the spectrum obtained
from the LUV without entrapped SR, run at 105.84 MHz.

ID EXSY experiments were performed using a standard Nuclear
Overhauser Effect Spectroscopy (NOESY) pulse sequence (26, 29).
Each spectrum was derived from 128 transients, of 1K datapoints over
a spectral width of 8,000 Hz; the repetition time was 150 ms. The
mixing times (Z,,) used are given with Figs. 4 and 5. Peak integrals were
determined from nonapodized spectra.

Longitudinal relaxation times ( 7,) ( Table 1) were measured using
the composite-pulse T, program (32) and calculated using nonlinear
least-squares regression (33) on a computer (model 9121; Hewlett-
Packard Co., Palo Alto, CA). Sixteen delay times ranging from 50 us to
300 ms or 50 us to 400 ms were used to measure T, values in the
presence of exchange and intrinsic 7', values, respectively. Spectra were
averaged over 128 transients.

Two-dimensional spectra (2D EXSY') were also obtained using the
standard NOESY pulse sequence; (¢, — /2 —t, — x/2 — t — x/2 —
I)a, With a repetition time greater than 4T, and averaged over 512
transients. The acquisition parameters are given in the caption of Fig.
3. Cross-peak volumes were determined from a matrix of 512 X 512
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TABLE 1 Longitudinal relaxation times* in the absence and
presence of exchange

Two Sites Three Sites
Site + Exchange — Exchange  + Exchange
Na;,,* 28.0%0.7 63.3+19 29322
Na,,t 227+07% 19.3+03% 24608 21.3+04
Na;,," 19.2 £ 0.7 239+ 04 23603
* T, = SD (ms).

+ T, of external Na* in LUV without entrapped SR.
§ T, of external Na* in LUV with entrapped SR(DyPPP,”").

datapoints, Fourier transformed after a shifted sinebell (SSB) apodiza-
tion function (with 8 = 90°) in both time domains had been applied to
the data.

BACKGROUND THEORY

The analysis of the 2D EXSY experiments (25-27) will
be discussed here, as it is relevant to the prediction of the
peak volumes of a simulated 2D EXSY spectrum repre-
sented in matrix form. The analysis of the 1D EXSY
experiment is based on the 2D EXSY experiment and
has been described elsewhere (29). The 2D EXSY spec-
trum may be viewed as the solution of the Bloch—-Mc-
Connell differential equations, expressed in matrix form,
that describe relaxation and magnetization exchange in
a system. This solution is given by

A = exp—(Riy,), (1)

where A is the matrix of normalized 2D spectral peak
volumes (M/M,), consisting of M, whose elements are
the peak volumes of the 2D EXSY spectrum, and M,,
which is the diagonal matrix representing the 2D EXSY
spectrum acquired with a mixing time (¢,,) of zero sec-
onds. R is the matrix of relaxation rate constants (in the
diagonal elements) and the exchange rate constants (in
the diagonal and off-diagonal elements), and has units
(s™"). In the case of a linear three-site exchange scheme,
such as was shown to apply to the present system, the
reactions are:

ky k2
Nainl+ = I\Iaoul+ = Nain2+ (2)
I P ,
and R is given by:
/T g + &, 0
_kl l/Twl,ou! + k—l + k2 K2 . (3)
O —k2 l/Tl’mz + k_z

By backtransformation of matrix A, matrix R is found,
and it contains the values of the exchange rate constants
in the off-diagonal elements (25, 27):

R=—-1/t,InA=—-1/t,U(In A)U™! 4

where A is a diagonal eigenvalue matrix; U and U~! are
the associated eigenvector matrices, such that UAU ™! =

A; A has diagonal elements (};); and In A = diag (In A,).
We chose to quantitatively analyze our data using the 1D
equivalent (1D EXSY) of this analysis, because of the
relatively small cross-peak intensities in the 2D EXSY
spectra. Also, because of the “overdetermined’ nature of
the experiment, greater accuracy is obtained in estimates
of the values of the unitary rate constants per se (29).

Simulation of 2D EXSY spectra

Simulated 2D EXSY spectra were obtained by transfor-
mation of a matrix of exchange- and relaxation-rate con-
stants, resulting in a NOESY matrix (A) of peak vol-
umes:

A = exp—(Rt,) = U(expA)U~!, (5)

where all symbols have the same meaning as mentioned
above. A now has diagonal elements — (At ). The lead-
ing diagonal of the NOESY matrix ran from top left to
bottom right as in the standard representation of a ma-
trix, but this was converted to a 2D EXSY “spectrum”
(as shown in Fig. 3), which conventionally runs from
bottom left to top right.

The exchange matrix (R) was set up using the values
for the exchange-rate constants obtained from 1D EXSY
experiments, on the two-site exchange samples, together
with intrinsic 7', values obtained from 7', experiments
on a different three-site exchange sample without the ion
carrier incorporated into the membranes. The format of
matrix (R) was as given in Eq. 3; k; and k_; (see Fig. 6)
were assigned the value zero. The mixing time (7,,) en-
tered in the simulation program was the one used in the
2D EXSY experiment. M, was entered as a diagonal
matrix of mole ratios obtained from a fully relaxed 1D
spectrum (27).

Numerical procedures

1D EXSY and 2D EXSY data were analyzed on a com-
puter (27, 29) (model 9121; Hewlett-Packard Co.). De-
convolution of equilibrium magnetization spectra was
carried out with standard software (uxnmr version
911101.2; Bruker Instruments, Inc.).

Ionic compositions at equilibrium of each of the three
compartments in the suspension of LUV were evaluated
using the software package Mathematica on an Apple
Maclntosh FX computer. The implicit quadratic expres-
sion obtained (see Appendix 1A) was solved using the
command FindRoot (34).

RESULTS

Exchange model

Fig. 1 depicts the model of the three-site physical equilib-
rium exchange system that was postulated to apply to the
transfer of sodium ions between two different popula-
tions of liposomes. Note that in reality the unitary first-
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FIGURE | Schematic representation of the ionophore-mediated equi-
librium exchange of sodium ions between different internal compart-
ments in a suspension of two populations of liposomes, containing
NaCl, NaP;, Na,PPP;, Na,DyPPP,, and Na,TmPPP,. é represents a
USL or “screening” of the membrane by sodium ions, causing the
sodium ion concentration adjacent to the membrane surface to differ
from its value in the “bulk” solution. An internal layer 4 may also exist,
but it was omitted in the interest of clarity. Na;, ,* and Na;, ,* denote
sodium ions within the encapsulated aqueous volume of each of the
two liposome populations; Na,,,* denotes sodium ions in the external
medium. The k; are unitary rate constants that characterize the ex-
change processes, and DyPPP,”~ and TmPPP,’~ are the reagents that
shift the Na NMR signal of Na* to low and high frequency, respec-
tively.

order rate constants are in fact composite rate constants
composed of a formation constant (k. ), a diffusion con-
stant (k4q), and a dissociation constant (k;) (18, 35).
Dynamic linebroadening due to transmembrane ex-
change is evident in Fig. 2, as was also observed in the
two-compartment systems (18, 19, 22). This result sug-
gested that it would be possible to observe the transfer of
magnetization between the NMR signals corresponding
to sodium nuclei in the internal and external compart-
ments in a magnetization-transfer experiment. In fact,
the overall exchange was rapid enough to observe mag-
netization being transferred from the sodium nuclei en-
capsulated in one of the populations of LUV, via the
external medium, to the other population of LUV. Note
in Fig. 2, that the high- (out) and low-frequency (in,2)
ZNa* NMR resonances were broadened relative to the
center resonance (in,1). The low-frequency *Na* NMR
resonance corresponding to sodium ions encapsulated
by liposomes with entrapped DyPPP,”~ was broader
than the high-frequency resonance corresponding to so-
dium ions in the external medium, even though the con-
centration of SR (TmPPP,’~) was higher in the latter;
this difference was presumably caused by variations in
the extent of entrapment of solutes by the LUV. Bulk
magnetic susceptibility differences between compart-
ments would have been present in the system due to the
different concentrations of the (different) paramagnetic
SR in the three compartments, and would have led to
(differential) line-broadening (36, 37).

Verification of exchange between two
internal compartments in suspensions
of LUV

2D EXSY elegantly identifies multisolute chemical ex-
change networks by the presence of off-diagonal peaks

between the exchanging partners (25-28). It has also
been used to demonstrate transmembrane cation trans-
port in two-site physical exchange systems (19, 21). Fig.
3 provides unequivocal evidence for Na*-exchange be-
tween the two populations of LUV, by showing cross-
peaks not only between the external and each of the in-
ternal magnetic environments, but also between each of
the “internal” sodium resonances themselves. This was
observed in a total of six samples prepared on separate
occasions, in a similar manner. A control experiment on
the same system, without ionophore incorporated into
the membranes, did not exhibit crosspeaks between any
of the resonances. A 2D EXSY experiment, performed
under conditions virtually identical to those shown in
Fig. 3, showed no cross-peaks between the two internal
Na* resonances when the mixing time was decreased
to 2 ms (cf. 6.5 ms). Cross-peaks between the external
Na* resonance and each of the internal resonances
were still evident (results not shown).

Kinetic characterization of the
exchange system

Experimental determination of the unitary rate con-
stants that characterize the exchange processes was
carried out by means of 1D EXSY experiments, such as
shown in Figs. 4 and 5. Fig. 4 shows the 1D EXSY exper-
iment performed on one of the two-site exchange sam-
ples (extruded LUV), which was then used to obtain the
2D EXSY spectrum depicted in Fig. 3. Analysis of the
spectra in Fig. 4, and of the other two-site exchange sam-

out

in,2

Do,

ppm 10 0 -10

FIGURE 2 105.84 MHz #*Na NMR spectra of a suspension of LUV
containing two different internal compartments with the ionophore
M 139603 incorporated into the membranes at the different tempera-
tures: 4, 298K; B, 308K; C, 313K. The percentage encapsulated
aqueous volume of each of the internal compartments was ~20%.
Dynamic linebroadening was caused by the increase in transmembrane
exchange rate with increasing temperature. A linebroadening factor of
S Hz was applied to all fully relaxed spectra.
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FIGURE 3 Contour plot from a 105.84 MHz 2Na NMR 2D EXSY
experiment on a suspension of liposomes containing two different in-
ternal compartments under equilibrium exchange conditions at 308 K.
LUV with entrapped DyPPP,”~, which made up half of the sample,
were the same as used for Fig. 4. The percentage encapsulated aqueous
volume of each of the LUV was ~15%. The acquisition parameters for
the 2D EXSY spectrum were: ¢, = 79 ms; ¢, = 100 usto 12.8 ms; ¢, =
6.5 ms; ¢, = 51.2 ms; and n = 512. The spectral width was 6,000 Hz,
with 512 datapoints. An SSB apodization function (with # = 90°) was
used on the summed FID in both frequency domains prior to Fourier
transformation. Other NMR parameters and procedures are as given in
Materials and Methods.

ple (without entrapped DyPPP,""), yielded the rate con-
stant values (s ') k; = 1299+ 0.4, k_, =55.2+0.1,k, =
49.2 + 0.1, and k, = 97.4 + 0.3; the errors were calcu-
lated as described previously (29). There was some de-
gree of spectral overlap between the resonances from the
“internal” sodium that was not in contact with SR and
that of the “external” sodium; this overlap might have
led to an erroneous result. However, a value of 1.06 for
the ratio of the rates of flux in each direction, when in
reality it must be 1.00, was deemed to be satisfactory.
To circumvent the problem of spectral overlap, the
same experiments were carried out on similar (nonex-
truded) samples using the 600 MHz spectrometer (see
Materials and Methods). The two-site exchange sample,
without entrapped DyPPP,””, and the three-site ex-
change sample yielded the spectra depicted in Fig. 5, 4
and B, respectively. The exchange-rate constants ob-
tained from these experiments are given in Table 2.
Analysis of the 1D EXSY spectra shown in Fig. 5 B
produced the exchange matrix (R) in Fig. 6 B. The corre-
sponding putative exchange scheme is given in Fig. 6 A.
Matrix R is of the same form as given in Eq. 3, but with
non-zero values for k; (top right) and k_; (bottom left),
which suggests direct exchange between the two popula-

. /\
J in2 G i

tions of LUV, as depicted in the cyclic model given in
Fig. 6 A. However, these non-zero values most probably
originate from “‘noise” generated in the analysis, and we
took them to be not significantly different from zero be-
cause of their low values and relatively large standard
deviations. Values of the order of 1 s™! are below the
expected sensitivity (detectibility ) of the method, when
the T, values are of the order of 10 ms.

Experimental and simulated 2D EXSY
spectra

Although any apodization function may influence the
values of peak integrals, it was found that an SSB func-
tion had a negligibie effect on these values, compared
with peak integrals of the same 2D EXSY spectrum de-
termined with no apodization. This is because an SSB
can be made to match the T, decay quite closely. There-
fore an SSB (with # = 90° ) apodization was used prior to
Fourier transformation, because of the superior signal-

out

WWT\”W )

FIGURE 4 7 of the 17 2Na 105.84 MHz NMR spectra obtained from
the overdetermined 1D EXSY of extruded LUV with entrapped
DyPPP,’~. An exponential multiplication factor of 15 Hz was applied
to the FID prior to Fourier transformation. The fully relaxed equilib-
rium magnetization spectrum is . The percentage encapsulated
aqueous volume was ~30%. Spectra b-d are 1D EXSY experiments
(see Materials and Methods). Spectra (i) and (i) were obtained using
mixing times of 0 and 5 ms, respectively. The evolution times used in
this experiment varied from 3 gs in steps of % to % X (%Av), where Av
was the chemical shift difference (in Hz ) between the extra- and intrali-
posomal resonances, from species in direct contact with DyPPP,”",
The evolution times for spectra b, ¢, and d were 3, 240.4, and 336.5 us,
respectively.
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FIGURES 7 ofthe 172NaNMR 1D EXSY spectra acquired at 158.74
MHz at 311 K. A line-broadening factor of 10 Hz was applied to all
spectra. { A ) Two-site exchange sample without entrapped SR. The line-
widths for the intra- and extraliposomal resonances were 69 and 126
Hz, respectively, and the chemical shift separation ( Av) was 9.45 ppm.
The equilibrium magnetization spectrum is a. The percentage encap-
sulated aqueous volume was ~40%. Spectra (/) and (/i) were obtained
using mixing times of 0 and 6 ms, respectively. The evolution times
used in this experiment varied from 3 us in steps of %X to 7 X (%Av).
The evolution times for spectra b, ¢, and d were 3, 187.5, and 375.0 us,
respectively. (B) Three-site exchange sample. The linewidths of the
external sodium resonance, internal sodium resonance without en-
trapped SR, and internal sodium resonance with entrapped SR were
122, 73, and 240 Hz, respectively; the chemical shift separation be-
tween the two internal sodium resonances was 8.73 ppm; and the sepa-
ration between the external and internal sodium resonance with en-
trapped SR was 17.81 ppm. The equilibrium magnetization spectrum
is a. The percentage encapsulated aqueous volume of each of the LUV
samples was ~20%. Spectra (/) and (ii) were obtained using mixing
times of 0 and 6.5 ms, respectively. The evolution times used in this
experiment varied from 3 us in steps of Y& to % X (3%Av). The evolution
times for spectra b, ¢, and d were 3, 99.6, and 199.2 us, respectively.

1

to-noise ratio that emerged in the spectra. The peak vol-
umes of the experimental 2D EXSY spectrum (run at
158.74 MHz) are given in Fig. 7 4. Note that the diago-
nal elements (lower left to upper right) do not accurately
describe the percentage encapsulated aqueous volume of
the relevant compartments. This was caused by the spec-
tral overlap of the large “wings” of the 2*Na* resonances
in the diagonal of the spectrum.

The peak volumes of the simulated 2D EXSY spec-
trum are shown in Fig. 7 B. Peak volumes of both the
experimental and the predicted NOESY spectrum were
normalized to give the lower left-hand peak (Na,,,*) the
value 10.00. Although the simulated 2D EXSY spec-
trum in Fig. 7 B appears “unbalanced” (asymmetrical ),
it is clear that the cross-peak intensities are greater, rela-

tive to the diagonal peak intensities, when compared
with the experimental 2D EXSY spectrum (Fig. 7 4).
The unbalanced nature of the simulated 2D EXSY spec-
trum was caused by the sensitivity to the input data of
the analysis in the simulation program; it became more
balanced when k; and k_; were given the values of 7.2
(s™") and 4.4 (s7'), respectively, that were obtained
from the corresponding 1D EXSY analysis.

DISCUSSION

In cell suspensions, an intracellular solute, which is trans-
ported across the membrane of one cell, is expected to
enter another cell by means of diffusion through the ex-
tracellular medium. It may be translocated into the other
cell via a transport protein or channel. It was sodium ion
transport under equilibrium exchange conditions, be-
tween two populations of internal compartments in a
suspension of liposomes, that we aimed to “visualize”
experimentally. In this study we showed that:

{a) The exchange of sodium ions between two differ-
ent populations of liposomes can be monitored by
NMR. Any possible degradation of the sample during
the experiment was checked by measuring the line-
widths, chemical shifts, and integrals of the acquired
spectra, before and after the experiments. The 2D EXSY
spectra (e.g., Fig. 3) were acquired in ~170 min. The
chemical shift of each of the three >*Na* resonances var-
ied by no more than 6 Hz, and the linewidths by no more
than 3 Hz at either 105.84 or 158.74 MHz. The peak
integral values remained constant. Net sodium transport
during the timecourse of the experiment, release of SR
from the vesicles, and/or vesicle fusion, would be ex-
pected to have altered the chemical shifts and linewidths.
Therefore, the system was taken to be at equilibrium and
stable during the experiments. The LUV were prepared
at pH 7.2 instead of pH 8.0-8.1 as in previous studies
(18-22, 35). The homogeneous entrapment of SR was
found not to be reproducible at pH 8.0, but it was at the
lower pH. Protons interact with phospholipid head-
groups (38), and therefore this interaction may affect
the homogeneous entrapment of SR.

A potential problem with the analysis of the data ob-
tained from the vesicles is that the “internal” Na* ions
could be trapped between lamellae of a small fraction of
multilameliar vesicles; LUV prepared by the reverse-
phase evaporation technique routinely contain ~90%

TABLE 2 Exchange rate constants in two-site and three-site exchange systems*

(s7) k, k_, k_, ky k_;
two-site* 100.9 £ 0.2 56.6 = 0.1 80.7 £ 0.1 111.4+0.3
three-site$ 95.7+0.8 25.3+0.1 22.7+0.1 92.0 +0.5 7.2+0.6 44+09

* Determined using the |D “overdetermined” exchange analysis (1D EXSY).

* Parts of the scheme of Fig. 1.
§ The whole scheme of Fig. 1.
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FIGURE 6 (A) Cyclic three-site scheme for the equilibrium exchange
of sodium ions between two internal compartments in a suspension of
LUV. (B) Exchange matrix R obtained from the data shown in Fig. 5
B.

unilamellar vesicles (30). In the former case, the cross-
peaks between the “internal” sodium resonances in the
2D EXSY spectrum (Fig. 3) could have arisen from the
exchange of Na* ions, which were in contact with SR
encapsulated by one lamella, and Na* ions not in con-
tact with SR, encapsulated by an adjacent lamella of the
same muitilamellar vesicle. However, preliminary ex-
periments using frozen and thawed multilamellar vesi-
cles (FATMLYV) (39), resulted in spectra with a very
broad and asymmetrical “internal” >*Na* NMR reso-
nance, when the SR was added between freeze and thaw
cycles (results not shown). In this procedure, at least
part of the entrapped SR was probably present in the
aqueous volume between lamellae of the putative multi-
lamellar vesicles.

(b) Direct exchange of sodium ions between two
LUV, as depicted in the scheme in Fig. 7 A4, did not occur
to any significant extent, as evidenced by the very low
estimates of k; and k_, in the kinetic matrix (Fig. 6 B).
Direct exchange might have been caused by exchange of
an jonophore-sodium complex between vesicles; the so-
dium ion would then not become solvated by the water
molecules in the bulk phase, but would be transported
through two consecutive bilayers of adjacent vesicles.
Since diffusion through the lipid bilayer (k4 ) was found
not to be the rate-limiting step in the “‘overall” trans-
membrane exchange of ion carriers, such as M139603
(18), and monensin (20), this direct exchange between
two LUV, if it occurs, should also be rapid. Therefore we
concluded that a significant amount of slow transport
was unlikely. Although direct exchange of Na* ions be-
tween adjacent liposomes was not manifest in the pres-
ent systems, with a combined percentage encapsulated
aqueous volume of both internal magnetic environ-
ments of 30-40%, it is possible that this could take place
with a higher packing density.

(c¢) The discrepancy between the experimental (Fig. 7
A) and the simulated (Fig. 7 B) data suggests that there is
a physical phenomenon that leads to a reduced rate of
exchange in the three-site site system, a phenomenon
that does not manifest itself in each two-site system
when studied separately. All the cross-peak intensities in
the experimental 2D EXSY spectrum (Fig. 7 4) are of

lesser intensity, relative to the corresponding diagonal
peak intensities, than in the simulated 2D EXSY spec-
trum (Fig. 7 B). This implies lower values of the influx
rate constants, k_, and k, (see Table 2). Comparison of a
NOESY matrix (2D EXSY spectrum) simulated from
the exchange matrix in Fig. 6 B (obtained from 1D
EXSY analysis at 158.74 MHz), with the simulated
NOESY matrix in Fig. 7 B, demonstrated a similar
trend. Simulated and experimental data from the experi-
ments run at 105.84 MHz also showed a similar result. A
possible explanation for the observed effect is that there
is a USL (4, in Fig. 1) and that in the two-site case ions
pass into and out of this layer when exchanging across
the membrane, with fewer actually entering the bulk
phase.

Also, a Donnan equilibrium would have existed in the
two- and three-site exchange systems, because of the pres-
ence of the membrane-impermeable SR and phosphate
ions. At equilibrium, this non-permeability would have
caused a higher Na*, and a lower Cl~ concentration, in
the compartment with SR or a relatively high concentra-
tion of SR (see Appendix 1B). No active ion-transport
system was present in the vesicles, and since M 139603
only exchanges cations, the (Donnan) equilibrium
would not have changed over time. Peak integrals corre-
sponding to each of the “internal” >*Na* resonances in
the three-site sample were measured ( within experimen-
tal error) to be half of their values in the corresponding
two-site samples, which indicated that the combined per-
centage encapsulated aqueous volume remained essen-
tially unchanged.

Note, however, that because of the Donnan equilib-
rium, the peak integrals are not an exact measure of the
percentage encapsulated aqueous volume, as described
previously (19, 21), because at equilibrium the sodium
ion concentrations in the different compartments will no
longer be the initial ones. This effect would not have
been large in the present system (nor in previous stud-
ies), because the Donnan effect is essentially obscured
by a high NaCl concentration (11) (see also Appendix

A B
0.66 0.07 1.95 532 0.69 3.24
L06 2.84 0.08 431 3.67 0.53
10.00 110 0.81 10.00 2.34 2.34

FIGURE 7 Matrices of normalized peak volumes of 2D EXSY spectra;
the lower left-hand corner peak (Na,,,* ) was set to the value 10.00.(A4)
Experimentally obtained matrix from the 2D EXSY spectrum ob-
tained at 158.74 MHz (not shown) processed with an SSB function
(with 8 = 90°) in both dimensions. (B) Simulated matrix obtained by
transformation of the exchange matrix obtained from 1D EXSY exper-
iments, e.g., Fig. 5 4, and measurements of the intrinsic 7, values in
the two-site exchange samples.
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1B), but it does lead to a systematic overestimation of
the relative volume of the compartment, corresponding
to Na* ions in contact with the SR.

This redistribution of ions across the membrane re-
sults in a membrane potential, negative outside relative
to inside, for each of the two-site systems and for the
three-site system. Even in the presence of a small mem-
brane potential of a few millivolts, as was the case for our
system (see Appendix), the electrical field across the
membrane, and therefore the coulombic force acting on
a sodium ion, may be substantial. A positive Na* ion
entering the external phase would be subject to electro-
static repulsion, which may retard its diffusion into the
bulk phase.

This retardation, or reduced rate of 1ons entering the
bulk phase, in the presence of a membrane potential has
been observed previously (10, and references therein).
When an electrical potential difference exists between
solutions on either side of a membrane partition, a space
charge layer is built up in the vicinity of the membrane
(9). In their treatment of a membrane bordered by ho-
mogeneous salt solutions, Laiiger et al. (9) showed that,
in the presence of a membrane potential, a small number
of ions would accumulate near the membrane within a
layer of which the thickness approximates the “Debye—
Hiickel length.” Kamp et al. (10) demonstrated that this
effect, as observed for protons, could be explained by the
effects of electrostatic fields in the presence of immobile
proteins, which are abundant in energy-transducing
membranes, and/or mobile buffers. Previous work has
shown that screening of PC-bilayers by NaCl solutions is
negligible (40), and therefore a surface potential could
not have caused our observed effect. However, a high
diffusional resistance for Na™* ions in the putative USL,
due to a high membrane permeability (7) for Na* in the
presence of an ionophore, may also have been present.

In conclusion, this study is to our knowledge the first
NMR demonstration of rapid exchange of a solute be-
tween internal compartments in a cell or vesicle suspen-
sion. Multisite chemical exchange systems have been
characterized kinetically by NMR (25-28), but no study
of a multisite physical exchange system has been re-
ported previously. Completely resealing cells to low mo-
lecular weight solutes, such as SR, after permeabilization
is troublesome (41); our attempts to entrap SR in hu-
man erythrocytes were unsuccessful. Therefore we chose
to use lipsomes. Studies reporting the use of low- and
high-frequency SR, in combination, and their use in
three-compartment systems have been scarce (24, 42).
Apart from the potential use in epithelial tissue, already
mentioned by Chu et al. (24) in 1984, this study shows
the relevance to artificial lipid bilayer systems. The pres-
ent three-site exchange model may provide a means of
further substantiating the “confining” effect by alter-
ation of the Donnan potential. This may be done by
variation of the relative concentrations of SR and/or use
of non-chelating impermeant ions in each compart-

ment. The present model system might also be extended
to investigate the effect of a surface potential on the iono-
phore-mediated sodium and lithium exchange between
two different populations of LUV containing phosphati-
dylserine (PS). Riddell and co-workers (18, 35) demon-
strated a kinetic effect on the monensin-mediated lith-
lum transport in PC/PS-liposomes at 5% PS loading
(35). Thermodynamic effects, such as cation “‘screen-
ing” of and binding to PS-headgroups, operate in these
experiments; lithium displays “hard” interactions with
PS (35, 38). A decrease of the “lateral” diffusion coeffi-
cient (adjacent to a surface) of Li*, and to some extent
Na*, was observed in anionic surfactant systems (43,
44). These effects can be expected to exert an effect on
the exchange of these ions between two different popula-
tions of LUV containing negatively charged phospho-
lipids. The effect of different ionic mobilities may be
studied using the chloride salts of Na*, Li*, and Cs*,
since these nuclei all possess good NMR receptivity and
vary considerably in ionic mobilities.

Finally, there appear to be many possible applications
of the present three-site system in exploring factors that
affect ion transport between liposomes and cells.

APPENDIX

1A. Donnan equilibrium in a
three-compartment system

Only the derivation of the implicit quadratic expression, obtained by
using the conditions of conservation of mass, electroneutrality, and
equilibrium of permeable ions across the membrane, for a three-site
system, is given here. For each of the rwo-site systems, the ionic compo-
sitions at equilibrium and the Donnan potentials were calculated using
the conservation and equilibrium conditions (see below) relevant to
two compartments, as described previously (11-13).

In these calculations we assumed a) that the LUV are rigid compart-
ments; e.g., the peak integrals corresponding to “internal” Na* re-
mained unchanged upon mixing (see Discussion); b) that we could
ignore H* buffering of P;, since P; concentrations were low, and H*
concentrations at equilibrium in the respective compartments would
have remained negligible compared with the salt concentrations.

Permeant ions: Na* and Cl~.
Impermeant ions: HPO,*~(P;*"), HPO, (P;'"),

PPP,*", TmPPP,’~, DyPPP,’".

Conservation of mass for Na* and Cl ' given in molar concentrations
(the superscript m denotes moles):

Natolal+m = Nain.l+Vin,l + Naout+V + Nain,2+ Vin‘Z (Al )

out
Cligw™" = Clin, Viay + Clow Voue + Cliny Vi (A2)

out

At equilibrium the free energy of the exchangeable ions is the same in
each compartment, therefore:

Naj,, "Clini™ = Nagy,"Clow = Najy,"Clip,™. (A3)
Electroneutrality (at equilibrium) requires that:
Na;,," =Cl,,” + 2Pia...|2_ + Pim'_ (A4)
Nagy' = Cloy™ + 2P, 7 + P, "~
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+ 5PPP, > + 7TmPPP, '~ (A5)
Nag,* = Cly, + 2P, 7 +P, '~

lin,2

+ 5PPP,_’" + TDyPPP,. ). (A6)

Using Egs. A2, A4, and A5, we obtain for the first equality of Eq. A3:

(Clyy,™ + 2Pii,,,,2_ + Piin',l_)CIin,l_
= (Clloml_m _ Clin,l_Vin,l _ Clin,Z_Vin,Z)
Vout Vou( Vout
Cl toml_m Clin l_ I/in 1 Cl in, 2_ I/in 2 2—
X — Zhint Tinl_ in2 Pin2 4 p,
( Vout Vout Vom ot
+ P, "+ 7TmPPP, '~ + SPPPW"). (A7)
We now define:
Clin,l_ =X
Clin,2_ =Y
2Piin.12— + Piin.ll— =a
Cllotal_m - b,
Vout
2P, > +P, '~ + 7TmPPP, '~ + SPPP,_5 = c;
2P, +P,_ '+ 7DyPPP, '~ + SPPP_% = d
and obtain:
Vin I/in2 ‘/inl I/inl 2 2
(x+a)x=b2——"bx——’by——’bx+( L) x
Voul Vout Vout Vom
VinlI/inZ Vin2 Vinll/inz
Vgut Vout V(th
Vin 2 )2 2 I/in 1 I/in2
+l==) yitbe— = ox——"=cy. (A8)
( Vout Voul Voul

This is equal to:

V. 2 V. V. .\ V. V.
2 in,1 in,1 in,1 ” in2 in, 1
PR a1 + +22 ph -2 Mo, M
X ( 1 ( - ) ) x(a 2 2 3 y C)

out out out

2
+(2@by+%cy_bz_(@) yZ-bc)=o. (A9)

Vout out Vout
We define:
(- ()«
Vout ’
Vi Vil Vi Vi
+ 2 in,1 _ 2 in,1 7 in,2 + in,1 - B
(a out b Vﬁut Y Voul ¢ ’

V. V. V.

out out out

2
(2 Vina by + Vin2 cy —b? - (@) y:— bc) =C.

The solution to the quadratic expression (Eq. A9) in x (=Cl,, ,7) is:

-B+\B*—44C
X = .

24 (A10)
Substituting Eqs. A4 and A6 into Eq. A3 yields:
(Cli,™ + a)Cly,,” = (Clyp, + d)Clin,2_~ (All)

We thus obtain an (implicit) quadratic expression for Cl;,,” in terms
of Cliny~:

(A+a)A—Cly,” —Cly,, d=0

with x=A=A(Cl,,"). (Al2)

Cl,,,~ was obtained by numerically solving Eq. A12 for its real positive
root; for this we used Mathematica (34). Having obtained Cl;,,~, we
then obtained Cl,,,” from Eq. A10, Na,,,* from Eq. A4, Na,,,* from

Eq. A6, Na,,,* from Eq. Al, and Cl,,,” from Eq. A3.

1B. Results

Donnan ratios, Donnan potentials, and ionic
compositions at equilibrium

LUV were prepared at ~42 mg/ml lipid, which resulted in a percent-
age encapsulated aqueous volume of ~30%, as estimated from the
BNa* spectral integrals of an LUV sample that was not concentrated
by centrifugation. The samples, which were extruded through 0.6-um
membranes, demonstrated a similar percentage encapsulated aqueous
volume. Therefore, in the calculations the (initial) fractional internal
and external volumes were taken to be 0.3 V,,,, and 0.7 V,,,, respec-
tively, and the suspensions were always mixed in a 1:1 (vol/vol) ratio.
The solution compositions at equilibrium are valid for the samples run
at 105.84 and 158.74 MHz. LUV were mixed, but not diluted, at the
greater percentage encapsulated aqueous volume (V;, = 0.4V ,;
158.74 MHz samples). The preequilibrium solution composition of
the LUV with entrapped DyPPP,’~ (Sample 2) after dialysis was taken
to be the “IN1” solution composition, and the “final”” Donnan equilib-
rium for this sample was calculated after the dilution of this sample,
with its solution composition determined by the “initial” Donnan equi-
librium (after dialysis), into external (OUT) solution. The Donnan
potentials given here were calculated for 7 = 308 K (105.84 MHz);
potentials at 311 K (158.74 MHz) were identical within one significant
figure.

——1/Original suspension media used in the
preparation of LUV and dilution of
suspensions of LUV:

Ion IN1 ouUT IN2
Na* 104.50 100.0 102.025
cr 95.45 24.0 73.75
H,PO,” 0.95 0.475
HPO,> 4.05 2.025
PPPS~ 40 1.25
DyPPP,’- 25
TmPPP,”~ 8.0

——2/Sample 1, two-site system: TmPPP,’~
present externally only; system at equilibrium.

Ion IN1 OUT | Donnsn Ve, mV
Na* 86.67 109.64 1.265 6.3
cr 77.62 61.51
H,PO,” 0.95 0.39
HPO,>~ 4.05 1.67
PPP;*~ 2.3
DyPPP,"~
TmPPP,’~ 4.700
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——3/Sample 2, two-site system: DyPPP,’~
present internally, and TmPPP,’™ present
externally; system at equilibrium.

Ion IN2 OuUT 2 YDonnan Vi, mV
Na* 94.775 107.21 1.131 33
ClI” 66.5 58.83
H,PO,~ 0.475 0.39
HPO,>” 2.025 1.67
PPP* 1.25 2.35
DyPPP,’” 25
TmPPP,’~ 47

——4/Three-site system: system at
equilibrium; composition calculated using the
theory in Appendix 1A.

Ion IN1 OUT  IN2 rIpognant Toonmanz VmismV Vi, mV
Na* 85.405 108.408 96.119 1.269  1.128 6.3 3.2
(o 76.355 60.153 67.844
H,PO,~ 0.95 0.39 0475
HPO,~ 4.05 1.67 2025
PPP?*- 2.325  1.25
DyPPP,’~ 2.5
TmPPP,"”” 4.700
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