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23Na-NMR spectroscopy has been applied to study the transport of Na* ions across unilameliar vesicle
membranes mediated by ionophores. The ionophores used were amphotericin B and nystatin. Also, monensin,
lasalocid A and gramicidin D were included for the sake of comparison since the transport processes of these
ionophores are well characterized as carrier-, carrier- and channel-types, respectively. The 2*Na-NMR techniques
employed were 2D-EXSY (exchange spectroscopy) and the 1D time-course monitoring techniques, and the
measurement exchange rates. These techniques were also applied at different temperatures, and the activation
parameters were determined for the ionophore-mediated Na™ exchange. These activation parameters disclosed
an unusual behavior of amphotericin B and nystatin. That is, cation transport through the membrane is decreased
on increasing the temperature of measurement, resulting in negative values for the apparent enthalpy of activation.
Such unusual behavior is related to the fluidity of the model membrane and to intermolecular interactions in

the membrane.
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The antibiotics that belong to the ionophores act on
biological membranes and increase the selective permea-
tion of cations.!*? The ionophores can be divided into
two types depending on the mechanism of transport:
carrier- and channel-types. Carrier-type ionophores are
molecules that bind with ions to form lipid-soluble com-
plexes, and they can diffuse easily in membranes. The
channel-type ionophores are believed to transport ions by
forming channels across membranes. Clarification of such
mechanisms provides a clue to the factors that govern the
passive transport of ions through biological membranes
and to the generation and transmission of nerve im-
pulses.?

To date, many studies have been performed to in-
vestigate the mechanism of ionophore-mediated cation
transport by using liquid, planar lipid bilayer membranes
and artificial vesicles.?”* Among the ionophores, poly-
ether antibiotics such as lasalocid A and monensin have
been widely accepted as typical carrier-type ionophores.
These ionophores can form complexes with di- as well
as monovalent cations and transport the ions through
the membrane as a mobile-carrier. Gramicidin, the most
accepted channel-type ionophore, is considered to di-
merize itself in the membrane and form a channel to
transport monovalent cations. Thus, the cation transport
mechanism of these ionophores has been well charac-
terized by abundant experimental data.

On the other hand, antifungal polyene antibiotics such
as amphotericin B and nystatin (Fig. 1) have been much
less studied as ionophores, and the exact mechanism of
action for these antibiotics remains unresolved in many
respects. The most accepted model of action for these
antibiotics is based on the formation of channels with the
cooperation of sterol in the biological membrane.® Re-
cently, however, an alternative membrane defect model
has been proposed.® In the latter model, amphotericin B
forms stable complexes with phospholipids”® and

* To whom correspondence should be addressed.

aggregates to form pores in the membrane.” Then, the
complexes are organized into a channel form with the aid
of sterol molecules. In addition, it has been reported that
amphotericin B and nystatin form transport pathways
different from those of other channel-type ionophores;
that is, they form two types of channels (or pores) de-
pending on whether they are added from one side or both
sides of planar membranes or vesicles.'®!?) Therefore, it
is of interest to study the ion-transport process of these
antibiotics and to compare the process with that of the
well characterized ionophores of the carrier- or channel-
types.

Nuclear magnetic resonance (NMR) enables us to study
the dynamics of the transmembrane cation exchange.
Here, determining lanthanide shift reagents'?!® which
resolve resonances of the intra- and extra-cellular cations
has often been utilized as a basic method of investigation.
By the use of such shift reagents, dynamic NMR has be
come applicable, and cation transport processes have
been successfully investigated for metal ions such as Li™,
Na*, K* or Ca?*. Riddel et al. have demonstrated that
the 7Li magnetization-transfer method can be effectively
used to determine the rate constants of an ionophore-
mediated transmembrane exchange of Li*.!% More re-
cently, Shungu and co-workers successfully used the
23Na inversion-transfer method to study the transport of
ion-carrier monensin'>-'® using unilamellar phospholipid
membrane vesicles. These NMR techniques can be applied
in situ. The techniques, however, have not been applied
widely because the range of exchange rate is so widely
distributed that any one special technique is insufficient
to cover the wide range of rates exhibited by different
ionophores.

In the present study, different NMR techniques were
utilized together, and the rate constants of Na™ trans-
membrane exchange were measured under the influence
of polyene antibiotics. Furthermore, activation parameters
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nystatin

Fig. 1. Chemical Structures of Amphotericin B and Nystatin

were determined for the exchange process and compared
with the results of monensin, lasalocid A and gramicidin
D.

Experimental

Materials Cholesterol was purchased from Wako Pure Chemical
Industry, Ltd. and recrystallized from methanol. The egg lecithin (Merck
Chemical Co.) was ascertained to give only a single spot on a Silicagel
60 plate in thin-layer chromatography. Benzyl alcohol (Wako Pure
Chemical Ind., Ltd.) was distilled twice. Other chemicals of analytical
grade were used without further purification: monensin sodium salt,
amphotericin B, nystatin, sodium tripolyphosphate and dysprosium
chloride (Wako Pure Chemical Ind., Ltd.); lasalocid A and gramicidin
D (Sigma Chemical Co.).

Preparation of Na* -Entrapped Large Unilamellar Vesicles and Samples
for NMR Measurement Na™ ions were entrapped in large unilamellar
vesicles (LUV) by the reverse-phase evaporation method developed by
Szoka and Papahadjopoulos.!” Egg yolk phosphatidylcholine (100 mg)
was dissolved in 6ml of diethyl ether distilled immediately prior to
use. Then, a 2ml solution of 100mm NaCl buffered at pH 7.6 (10 mm
phosphate buffer) was added to the lipid/ether mixture. The resulting
two-phase suspension was sonicated at 0 °C in a bath-type sonicator for
5—10min to form a homogeneous emulsion. Finally, the phase of ethyl
ether was slowly removed by rotary evaporation at room temperature,
leaving a translucent aqueous suspension of vesicles. LUV, containing
20% cholesterol by weight, was prepared if necessary (to measure Na™*
exchange rates mediated by the polyene antibiotics). The size homo-
geneity of the vesicles was checked by the dynamic light scattering
using a PLS-700 spectrometer (Otsuka Electron Co.), and the average
diameter was obtained at 203nm. For 23Na-NMR 1D time-course
measurement (see Results and Discussion) the NaCl-containing LUV
was further dialyzed twice against 21 of 100mm KCl and 10 mM phos-
phate buffer for 6—10h to replace external Na* with K*, while the
dialysis was unnecessary for *Na 2D-EXSY (exchange spectroscopy)
measurement.

An 8 mM solution of bis(tripolyphosphate) dysprosium ion, Dy(PPP)] -
7Na*, and shift reagent was prepared according to the method described
by Gupta ef al.'? For 1D time-course measurement, an alternative
solution of Dy(PPP)] ™ -7K* was prepared.!® An NMR sample was
made by mixing 0.2ml of deuterium oxide, 0.9 ml of Dy(PPP)]~ and

0.9ml of the vesicle solution.

Monensin, lasalocid A and gramicidin D were dissolved in methanol
and the polyene antibiotics, nystatin and amphotericin B, were dissolved
in dimethyl sulfoxide (DMSO). These solutions were volumetrically
added to an NMR sample, using a microsyringe, on the measurement
of exchange rate constants, so that the sample included 0.2mM of the
ionophore except amphotericin B (0.2 um). The measurement of the Na*
exchange rate constant was repeated more than twice using different
batches of the sample.

NMR Measurement 2*Na-NMR spectra were recorded at 52.9 MHz
on a Varian VXR-200 spectrometer. The condition of 1D 23Na-NMR
measurement was typically: 90° pulse width = 11.0 us; pulse cycle =0.1s;
accumulation times =64—256 scans.

2D-EXSY 23Na-NMR spectra were measured using the NOESY
pulse sequence, PD-90°-1,-90°-£,,-90°-1,, where ¢, is the mixing time
during which spin transfer occurs as a result of the exchange process,
causing cross peaks to appear between diagonal peaks in the 2D spectral
map. The mixing time, ¢,,, was typically set to 10—20 ms.'> The measure-
ment was made with States-Haberkorn data collection.'® Data sets with
F, and F, dimensions of 256 and 1024, respectively, were collected. The
data were multiplied by a Gaussian window function in both the F, and
F, dimensions.

Results and Discussion

Measurement of Na* Exchange Rates by Time-Course
Analysis of 2°Na 1D-NMR Spectra Figure 2 illustrates
the 2*Na-NMR spectrum of a dispersion of LUV prepar-
ed from egg lecithin: in the NMR tube, 100 mm NaCl was
included inside the vesicles and the aqueous phase outside
the vesicles contained 100mM KCl, <0.5mM NaCl and
3.6 mM Dy(PPP); ~. Figure 2a shows the spectrum observ-
ed without ionophore, which indicates clearly that the
resonances of intra- and extravesicle Na* ions were
resolved by the addition of Dy(PPP);] ™ shift reagent. The
larger and smaller peaks were assigned to Na™* inside and
outside the vesicles, respectively, since Dy(PPP);~ is
known to cause an upfield shift of 2>Na* resonance.!®
The very small peak of 2*Na™ outside the vesicles in Fig.
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at 25°C

a) The spectrum was obtained in the absence of nystatin. In the sample, the
concentrations were: ca. 27 mM LUV; 100 mMm NaCl inside the vesicles; 100 mm KCl1
and 3.6mM Dy(PPP)]~ outside the vesicles. b—d) Spectra are labeled with the
minutes elapsed after nystatin (0.2 mM) was added to the sample.

23Na-NMR Spectra of Sodium Ions Inside and Outside Vesicles

2 supports a successful dialysis, when compared with a
previously reported result.?® This sample was subjected
to the measurement of transmembrane exchange rates.

Immediately after the observation of Fig. 2a, nystatin
dissolved in DMSO was added so that the sample included
0.2 mm of the ionophore. Figure 2b—d illustrate the time
dependence of the leakage of internal Na* ions induced
by nystatin, It is seen that the outer peak increased in area
at the expense of the inner peak, indicating the induced
efflux of Na™.

To analyze the time course of efflux of Na* ions, Eq.
2 is derived from the reversible pseudo first-order reaction
rate law (Eq. 1),

ky
Na; = Nag, M
ks
d[Na}
i P nl_ ky[Nag]—k,[Nag,] @

where k, and k, are the pseudo first-order reaction rate
constants of efflux and influx of Na™ ions, respectively.
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Fig. 3. The Time Dependence of the Concentration of Na™ Inside

Vesicles Obtained from Fig. 2

The result of non-linear least square fitting is also included. The best fit solution
was obtained at k;, =4.40x 107357 and k,=6.12x 1073571,

An integrated law (Eq. 4) can be obtained from Eq. 2
under the condition of Eq. 3:

Vin[Naj1+ Vo, [Nak ]=C (constant) 3)
MNanle=c  d[Najt] t=t
La;nh.o a[Naj]+b :j,
where V,, and V, are the total inner and outer volumes
of LUV vesicles, respectively, and a=k,+k, x Vi,/Vou

and b= —k,x C/V,,. Then Eq. 5 is obtained by solving
Eq. 4.

adt )]

=0

ClVia+b S —e")/a )

[4

[Nai;]t=t =

Equation 5 represents the rate law of the efflux of Na™*
ions. Therefore, the experimental results of Fig. 3 can be
analyzed by Eq. 5, leading to the determination of the
pseudo first-order exchange rate constants k, and k,.

From Fig. 2, the concentration of inner Na™ ions was
plotted against time (Fig. 3). The value of V;, and V,,
necessary to calculate the concentration was evaluated by
multiplying the total sample volume by the relative inside
and outside peak area (0.15 and 0.85, respectively) after
the Na* exchange reached sufficient equilibrium (Fig. 2d).
Then, the Na* concentration at time zero (Fig. 2a) was
converted to include 100 mM of Na™*. Figure 3 also shows
the result of a non-linear least-square analysis using Eq.
5. For this analysis a SALS program was adopted.?

Table 1 shows the rate constants (k,) for the exchange
of Na* ions at different temperatures induced by nystatin
and amphotericin B. The concentration of amphotericin
B (0.2 um) had to be a thousandth part of nystatin (0.2
mM), since it sufficiently induced a moderate range of
exchange rate for 1D time-course measurement. However,
the order of these rate constants was about a hundred
times larger than that of the un-assisted limiting diffusion
rate at 25°C, 1.11(+0.20) x 10795~ 1, measured by the
same method, and the reproducibility was sufficiently
good, supporting the validity of our method.

The rate constants observed above imply a passive
transport of Na* at the expense of K* mediated by the
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Table 1. Temperature Dependence of Na* Exchange Rate Constants (x 10”#s™!) Measured by 1D Time-Course Analysis
T (K)
Ionophore
298 303 308 313 318 328
Nystatin 49.8 (2.0) 7.4 2.1) 2.7(0.5) 1.4 (0.1)
Ampbhotericin B 22.8 (2.5) 7.9 (0.6) 5.9(0.3) 3.1(0.3)
Amphotericin B+ benzyl alc. 2.1(0.3) 2.8 (0.3) 4.4 (0.4)
Standard deviations are given in the parentheses.
Table 2. Temperature Dependence of Na* Transmembrane Exchange Rate Constants (s™!) Measured by 2D-EXSY
T (K)
Tonophore
298 303 308 313 323 333 343
Monensin 16.0 (2.3) 18.9 (2.3) 38.9 (3.6) 42.8 (3.4) 139 (11.0)
Lasalocid A 1.1 (0.3) 1.4 (0.2) 1.8 (0.2) 2.6 ( 0.3) 5.0 (0.4)
Gramicidin D 7.0 (0.6) 14.3 (1.9) 17.4 (0.9) 26.6 (1.5) 42.1 ( 2.3)
Standard deviations are given in the parentheses.
ionophores. In this case, both Na® and K* ions are Na* (out)

transported against the gradient in the concentration of
each ion. Here, the exchange of Na* ions is considered
to be rate-determining since the polyene antibiotic induces
K™ transport much larger than Na*.> Therefore, the rate
constants observed here are interpreted to denote the
transmembrane exchange rates of Na™ ions.

2D-EXSY 23Na-NMR Measurement Dynamic NMR
methods are suitable for monitoring exchange rates which
are larger than the longitudinal relaxation rate (7 !).1®
The exchange rate at equilibrium condition can be ob-
tained by this method of analysis. Among several versions
of these dynamic NMR methods, two dimensional NMR
exchange spectroscopy (2D-EXSY) has recently been gain-
ing popularity as a powerful tool for kinetic studies.??%%
So, we have tried to apply this technique to the cation
transport in our vesicle system.

Figure 4 shows the 2D-EXSY spectrum measured to
analyze the transmembrane Na™ exchange promoted by
monensin. The parameters of the 2D-EXSY measurement
were set according to the procedure proposed by Jeener
et al>® The cross peaks between the diagonal peaks
clearly indicate the presence of an exchange process
23Na;" =23Na},,. Volume intensities of the cross- and
diagonal peaks were measured in Fig. 4, and the exchange
rates could be evaluated quantitatively by Abel’s proce-
dure.?¥ Table 2 shows the rate constants of Na* exchange
mediated by monensin, lasalocid A and gramicidin D at
different temperatures. The order of these values was
comparable to that of the T of inside and outside the
vesicles, 21.1s7! and 59.1s™! (25°C), respectively. The
rate constant of this range was obtained successfully, as
seen in Table 2, since the range is well suited for the
2D-EXSY experiment,?? while it would have been too
fast for measurement by 1D time-course analysis.

It should be noted that the rate constant obtained by
the 2D-EXSY technique is the one in the equilibrium state
of concentration, which is not necessarily equivalent to
the result obtained from the 1D time-course analysis (vide
supra) which is made under a gradient of the ion concen-
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Fig. 4. ?3Na 2D-EXSY Spectrum of a LUV Suspension at 25°C in the
Presence of Monensin

The sample contains ca. 27 mm LUV, 100 mm NaCl, 0.2 mM monensin and 3.6 mm
Dy(PPP)]~ outside the vesicles. The mixing time, tn, was 11 ms.

tration. Therefore, the Na* exchange rates derived from
the 2D-EXSY method may not be comparable with those
of the 1D time-course analysis. However, the cation
transport rates of various ionophores cover a wide range
of time scale, and such a difference in measuring methods
may be inevitable. The limited range of exchange rate can
be measured by a duplicate method and it has been
reported that the difference between these methods does
not pose a critical problem.?® In the following, the
discussion is extended to the activation parameters of
cation transport.

Results from the Temperature-Dependence Experiments
The activation parameters were obtained for the transport
process from analysis of the temperature dependence of
the rate constant according to the Eyring absolute rate
theory'®: the Gibbs free energy (4G*), the enthalpy
(4H7), and the entropy (48 *) of activation were obtained
from Eyring’s formulation of the temperature dependence
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Fig. 5. Eyring Plots Showing the Temperature Dependencies of the

Na* Transmembrane Exchange Rate Constants

Table 3. Thermodynamic Properties of Na* Ion Transport across the
Liposome Bimolecular Membrane Mediated by Several Ionophores

Ionophore AH* TAS* 467
(kJ mol~ 1) (kJmol ~! ) (kJmol™1)

Monensin 40+ 9 —26+ 9 66+ 13
Lasalocid A 334+ 5 —41+ 4 T4+ 6
Gramicidin D 28+ 4 -39+ 4 67+ 6
Nystatin —98+ 3 —185+27 87+ 6
Amphotericin B —94415 — 183415 89+21
Amphotericin B

+ 33+ 8 —61+ 8 94411

benzyl alc.

a) 298.15K.

of the rate constant. The logarithmic form of this equation
is written as:

(k) AG* <k> AH* AS* (k)
In| — )=~ +In| —)=— + +In{ — ©)
T RT h RT R h
where k is the Boltzmann constant, and 4 is Planck’s
constant. AG* was calculated using AG* =AH* —TAS”.

Figure 5 shows the Eyring plot obtained from data listed
in Tables 1 and 2. The correlation coefficients of the plot
analyzed by Eq. 6 were 0.97 (monensin, lasalocid A and
gramicidin D) and 0.98 (nystatin and amphotericin B).
The derived activation parameters are listed in Table
3. The activation enthalpy values of monensin, lasalocid
A and gramicidin D show good agreement with reported
values obtained using artificial membranes, as mentioned
in the following discussion.!®2% However, the activation
enthalpy of Na* transport is clearly shown to be unusual
when mediated by the polyene antibiotics, nystatin and
amphotericin B. That is to say, negative temperature
dependencies are obtained for the exchange processes for
nystatin and amphotericin B. To the authors’ knowledge,
such observation has not been reported until now.

In order to interpret the meaning of the activation
parameters of the monensin- and gramicidin-mediated
cation transport, a hypothetical energy barrier model has
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been proposed.?!® The model is composed of rate
processes which give rise to energy barriers in which a
cation is expected to be encountered in moving from one
side of the membrane to the other. The rate mechanism
is separated into three processes: (A) binding of the cation
to the ionophore at the membrane-solution interface (this
step is characterized by the association rate constant); (B)
migration or diffusion of the cation across the membrane
(this is characterized by the diffusion rate constant); (C)
dissociation of the cation at the opposite side of the
membrane (this is characterized by the dissociation rate
constant). Although there are three individual rate
constants to be determined, the NMR-based method has
yielded only one rate constant for the total process. That
is, the NMR-derived rate constant contains contributions
from all three individual rate processes. However, when
one of these three steps occurs at a rate much slower than
the other two, that is when the major contribution will
surely come from this “rate determining” process.

Shung et al. have determined the activation parame-
ters of monensin-mediated Na™ transport in the LUV
membrane, and found good agreement between the AH*
values of the transport (41.9kJ/mol) and the complexa-
tion of monensin with Na™ measured in methanol (43.2
kJ/mol) in which the dissociation reaction is the rate
determining process.'® From these results, they concluded
that the rate determining process of the transport is the
dissociation process (C). As seen in Table 3, these reported
AH* values correspond well to the value obtained in the
present study. As for the Na* transport of the gramicidin-
channel, the rate determining process of the transport is
also considered to be the dissociation process (C).2”
Moreover, the AH* value of the dissociation process has
been reported to be 28 kJ/mol from the analysis of Na™*
interaction with gramicidin channels incorporated into
the lysolecithin micelle system,?” which also corresponds
well to our result. The agreement between these reported
values and our results indicates that the AH* values
obtained in the present study characterize the same
mechanism of Na™ transport in the case of monensin,
lasalocid A and gramicidin D. That is, the rate-determin-
ing process is the dissociation process (C) in the above
mentioned model.

The AH* values of amphotericin B and nystatin clearly
indicate that the transport mechanism of these polyene
antibiotics is different from that of the other carrier- and
channel-type ionophores (Table 3). This is understand-
able from the idea that the polyene antibiotic molecules
aggregate to form a channel (or pore) in cooperation with
sterol or lipid molecules contained in the membrane, as
mentioned in the Introduction. It has been soundly

determined that the aggregation of amphotericin B
in the artificial membrane is prevented by raising the
temperature.?’ From these facts, it is conceivable that the
cation transport mediated by polyene antibiotics is gov-
erned by the molecular interactions between polyene
antibiotics and the membrane-composing molecules.
According to this idea, the factor that affords the negative
values for the enthalpy of amphotericin B and nystatin
is the frequency of channel-formation as well as the
probability of a channel-opening state: the frequency and
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probability decrease as the temperature is increased
because of the enhanced Brownian motion of the iono-
phore molecules as well as the enhanced fluidity of the
membrane medium at elevated temperatures.

To confirm this hypothesis, benzyl alcohol, one of the
anesthetics that increases the fluidity of membranes,?®
was added to the sample containing amphotericin B at an
equimolar ratio (benzyl alcohol/amphotericin B=0.2 um/
0.2 um). Under this condition, benzyl alcohol was con-
firmed not to affect Na™ efflux by itself. Then, the activa-
tion enthalpy of Na* exchange promoted by amphotericin
B changed its sign, appearing as a positive value (Table
3). This observation also supports the dependence of Na*
transport upon membrane fluidity in polyene antibiotic
channels.

Recently, a membrane defect model has been proposed
for the action of these antibiotics in place of the tradition-
ally accepted model® based on the formation of channels
with sterols involved in the biological membranes. In this
model, amphotericin B interacts with the membrane
phospholipids, and sterols help these complexes to be
organized into channels. These characteristic features of
biological membranes will surely affect the activation
parameters of the ion transport, and our findings for the
unusual behavior of polyene antibiotics is related to
membrane models as well as to intermolecular interactions
in membranes that affect ion-channel formation.
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