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ABSTRACT Ammonium ion and proton concentration profiles near the surface of a planar bilayer lipid membrane (BLM)
generated by an ammonium ion gradient across the BLM are studied by means of microelectrodes. If the concentration of
the weak base is small compared with the buffer capacity of the medium, the experimental results are well described by the
standard physiological model in which the transmembrane transport is assumed to be limited by diffusion across unstirred
layers (USLs) adjacent to the membrane at basic pH values (pH > pK,) and by the permeation across the membrane itself
at acidic pH values. In a poorly buffered medium, however, these predictions are not fulfilled. A pH gradient that develops
within the USL must be taken into account under these conditions. From the concentration distribution of ammonium ions
recorded at both sides of the BLM, the membrane permeability for ammonia is determined for BLMs of different lipid
composition (48 X 1072 cm/s in the case of diphytanoyl phosphatidylcholine). A theoretical model of weak electrolyte
transport that is based on the knowledge of reaction and diffusion rates is found to describe well the experimental profiles
under any conditions. The microelectrode technique can be applied for the study of the membrane permeability of other weak
acids or bases, even if no microsensor for the substance under study is available, because with the help of the theoretical
model the membrane permeability values can be estimated from pH profiles alone. The accuracy of such measurements is
limited, however, because small changes in the equilibrium constants, diffusion coefficients, or concentrations used for

computations create a systematic error.

INTRODUCTION

The transport of weak electrolytes across cellular and sub-
cellular membranes plays an important role in the cellular
metabolism (Jackson, 1987). The studies devoted to the
diffusion of weak acids and bases across planar lipid bilayer
membranes show the role of the unstirred layers in the
immediate membrane vicinity in the process of permeation
(Gutknecht and Tosteson, 1973). In spite of the fact that the
neutral form of salicylic acid predominates in its transmem-
brane diffusion, the total acid flux is shown to increase with
the increase of the concentration of the anionic form of the
acid (Gutknecht and Tosteson, 1973). This result is dis-
cussed as evidence in favor of proton transfer reactions
proceeding in the unstirred layers of the membrane. The
model involving these reactions explains well the pH de-
pendence of the weak electrolyte fluxes. Thus it is used to
determine their membrane permeabilities (Walter and Gut-
knecht, 1986; Xiang and Anderson, 1993). For weak acids
it predicts that at acidic pH values (pH < pK,) the predom-
inant drop in both the neutral acid and the acid anion
concentration should be located in the USLs, whereas in the
alkaline pH range (pH >> pK,) the main drop in their
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concentrations should be located on the membrane itself.
This prediction is not yet checked directly, although the
measurements of the weak acid fluxes gave strong evidence
in favor of the model. In recent years the microelectrode
technique has been developed, making it possible to mea-
sure the concentration distribution of different ions near the
surface of cellular membranes (Ammann, 1986). In the case
of bilayer lipid membranes, the pH profiles induced in the
unstirred layers by the permeation of weak acids are mea-
sured (Antonenko and Bulychev, 1991; Antonenko et al.,
1993).

Ammonia has unique features among the whole class of
weak electrolytes. It is a minute molecule that even lacks a
convenient radiotracer. This hindered considerably the de-
termination of the membrane permeability for ammonia. On
the other hand, ammonium ion selective microelectrodes are
easy to prepare now, because their main component (the
ammonium cocktail) is commercially available. The aim of
the present study is to investigate concentration profiles of
ammonium and hydrogen ions by means of ion-selective
microelectrodes under the conditions of a transmembrane
ammonium gradient. These measurements, carried out at
different bulk pH values, enable us to directly determine the
BLM permeability for ammonia.

THEORY

Fig. 1 shows an example of calculated concentrations pro-
files of ammonia and ammonium ions for an intermediate
case when both the membrane and the unstirred layers take
part in the limitation of the transport process. Let us first
consider a case in which the permeation of ammonia across
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FIGURE 1 Local concentration shifts of ammonia (dashed curves) and

ammonium ions (solid curves) within the unstirred layers (USLs) near a
planar bilayer lipid membrane (M) and within the bulk phase (BP). The
data were generated by the model described in the Theory section for the
conditions 100 mM buffers with pK, 6.2 and 8.2, pH 7.0, 10 mM ammo-
nium ions in the left solution and 1 mM in the right, membrane perme-
ability for ammonia 48 X 1073 cm/s. pH shifts within the USLs were less
than 0.1.

the BLM is assumed to proceed under the conditions of high
buffer capacity of the medium, i.e., without pH changes in
the unstirred layers. The concentration of ammonia under
these conditions is proportional to the concentration of the
ammonium ions in both unstirred layers and is determined
by the pK, value.

It is known that in the case of artificial planar bilayer lipid
membranes, the membrane permeability for ammonium
ions is lower by several orders of magnitude than for am-
monia, and the process of its permeation is accompanied by
proton binding (Walter and Gutknecht, 1986). The ammo-
nium concentration profiles in the unstirred layers near the
BLM can be used for the determination of the membrane
permeability for ammonia. In fact, the membrane perme-
ability for ammonia P™ is equal to the ratio of the trans-
membrane flux of ammonia and its concentration difference
across the membrane.

PM = M/ACM. M

It is possible to calculate ACM from the transmembrane
difference of the ammonium ion concentrations determined
by microelectrodes. The NH; flux across the membrane is
equal to the sum of the NH; and NH; fluxes near the
membrane, which can be computed from the NH; concen-
tration profile according to

d[NH;] d[NH;]
%3 = _DNHs—dx—— - DNH: dx
N @
d[NH/]
= —Dnyy—g, (1 +0),
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where Dy, and Dyy, are the diffusion coefficients of NH;
and NHj, respectively, and a = 10PHPX?_Simple consid-
erations show that the permeability measurements should be
carried out at acidic pH values to guarantee the accuracy
required. Under these conditions, the NHI concentration
near the BLM differs insignificantly from its bulk value. If
the dissociation of ammonia proceeds much faster than
its transport, equilibrium should be reached. Therefore,
ACNy, = ACNy, a is true. The measured values of NH;
concentrations at the cis and the trans sides in the immedi-
ate membrane vicinity can be expressed as

[NHZ-]measured — [NHZ-]true +E.

The absolute error E originates from the noise of the mi-
croelectrode (see Materials and Methods). The transmem-

brane difference AC;‘H: of the experimentally measured
NH; concentrations must be expressed as

ACN: = [NH;]%™ — [NH; 155 + Eq, + Evans. (3)

Because ACM gets smaller at alkaline pH, the absolute error
of the measurement can be even greater than the parameter
itself (Eq. 3).

Instead of addressing the flux, a parameter not directly
measured in the present work, the slope of the NH; profile
is discussed in the following, because it is proportional to
the flux and is easy accessible from the experimental data.
At acidic pH values the NH; flux is determined by the
membrane permeability according to Eq. 2. Therefore the
slope of the NH; concentration profile d[NH} ]/dx should
not depend on the stirring conditions and should only be
determined by P™. On the contrary, in the alkaline pH range
the slope should decrease with an increase in the width of the
USLs, because the transport is limited by the diffusion through
the unstirred layers. In the extreme case the membrane does
not act as a barrier for the permeation, and the concentration
drop is located in the unstirred layers exclusively.

In the present work, a previously published theoretical
model of the permeation of a weak electrolyte across the
USLs and the BLM is used (Antonenko et al., 1993). The
model initially made for CH;COOH takes into account both
the reactivity of the weak base and its ability to diffuse. The
following set of differential equations is used to numerically
calculate the concentration profiles of the protonated and
deprotonated forms of the weak electrolyte as well as the pH
profile in the unstirred layers:

J,= —Ddcjdx, i=1,...,8. )

This equation assumes that the electric field arising from
ion diffusion through either USL is negligibly small:

’ 08)'

&)

Here, J;, D;, c;(x) are, respectively, the flux, the diffusion
coefficient, and the concentration of the ith species, where
1=H"2=NH,;,3=NH;,4=0H,5=A%,6=

dJ./dx = Ri(c); i=1,...,8; c=(c,...
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AH™,7 = B, 8 = BH" (A and B are buffer molecules).
R,(c) is the specific local rate of expenditure of the ith
species in the chemical reactions

H* + NH,=NH; H*'+OH =H,0; (6

H* + MES?™ = MES™; H' + Tris = TrisH*.  (7)

At the membrane-water interface, the fluxes of all species
are required to be equal to zero, except for J,, so that

Ji=Ji=J... =Jg=0; J,=J. 8)

Other boundary conditions are formulated by Antonenko
et al. (1993). The numerical solutions are derived, assuming
that the rates of chemical reactions (like dissociation/recom-
bination of water, buffers, and ammonia) are very high
compared to the rate of diffusion through the USL, so that
the local chemical equilibrium is maintained. The program
can be given upon request (a diskette should be included).

It should be noted that the model uses the conventional
approximation of the unstirred layer as a layer of a solution
lacking convection, where mass-transfer processes proceed
due to diffusion only (Pedley, 1983; Barry and Diamond,
1984). In this model the width of the USLs cannot be
calculated. It should be treated as an external parameter to
achieve the best fit of the experimental profiles (see Figs. 5
and 6).

MATERIALS AND METHODS

The BLMs were formed by a conventional method (Mueller et al., 1963) in
a hole, 1.5 mm in diameter, of a diaphragm dividing a PTFE chamber. The
membrane-forming solutions contained 20 mg diphytanoyl phosphatidyl-
choline (Avanti Polar Lipids) in 1 ml of n-decane (Merck), unless other-
wise stated. The solution was agitated by magnetic bars (2 mm diameter,
3 mm length) or magnetic balls (3 mm in diameter).

Ammonium chloride was added to the buffer solutions surrounding the
bilayer. Its concentration at the cis side of the membrane was higher than
at the trans side. Ammonia flux accompanied by chemical reactions led to
a pH gradient in the USLs. The latter was measured in terms of a potential
difference between a pH microelectrode and a reference electrode, both
placed in the buffer solution at the same side of the membrane, as described
previously (Antonenko and Bulychev, 1991; Pohl et al., 1993). The volt-
ages were recorded by a Keithley 617 electrometer and transferred to a
personal computer via an IEEE interface. The sensitivity of the microelec-
trode measurements, which was limited by the noise from the electrode,
was about 0.1 mV.

The pH sensors were made of glass capillaries containing antimony.
After pulling, their tips had a diameter of about 5-10 um. Ammonium ion
selective microelectrodes were prepared with the help of an ammonium
cocktail obtained from Fluka. The microelectrodes were moved perpen-
dicular to the surface of the BLM by a hydraulic microdrive manipulator
(Narishige). The touching of the membrane was detected with the help of
a microscope. Because the velocity of the electrode motion was known
(usually 2 wm/s), the position of the sensor relative to the membrane could
be determined at any time.

Experimental NH; and pH profiles were reproducible. The most vari-
able parameter was the width of the profiles; however, the variation did not
exceed 8% under the particular stirring conditions. Each experiment was
performed at least three times and typical examples were reported. For the
quantitative measurements of the membrane permeability for ammonia
(PM), the statistical deviations are presented.
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RESULTS

Fig. 2, A and B, shows the ammonium concentration profiles
in the trans unstirred layers. An increase in the NH; con-
centration at the cis side (from 10 mM to 60 mM) induces
an increasing shift of the NH; concentration near the sur-
face of the trans side of the BLM. The growing difference
between the bulk concentrations at both sides of the mem-
brane is shown to be proportional to the slope of the con-
centration profile (Fig. 2 A, inset). The values of the slopes
are calculated by a linear regression of the data presented in
Fig. 2 A at a distance of 0—100 wm from the BLM (straight
lines on Fig. 2 A).

The addition of cholesterol to the membrane-forming
solution reduces the slope of the NH; concentration profile
at pH 6.0 (Fig. 2 B). These experiments were done at high
buffer capacity of the medium (30 mM) to diminish the
influence of the pH shifts in the USLs. For example, the
magnitude of the pH shift in Fig. 2 B, curve 2, was 0.04.
Because cholesterol is known to reduce membrane perme-
ability for nonelectrolytes (Orbach and Finkelstein, 1980),
the reduction of the slope agrees well with the statement
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FIGURE 2 (A) NH} concentration profiles at the trans side of the BLM
(ammonium bulk concentration at the cis side 10 mM, 20 mM, 30 mM, 60
mM, curves 1, 2, 3, 4, respectively). The solution was 20 mM Tris, 100

" mM choline chloride, pH 7.5. The bulk concentration of NH,Cl was 1| mM

at the trans side. The rotation rate of the magnetic balls was 1.5 rotations/s.
Inset: The dependence of the slope of the NH; concentration profiles on
the difference of the NH; bulk concentrations at the opposite sides of the
BLM. The slopes were obtained by a linear fit of the profiles within a
distance of 100 wm from the membrane surface (straight lines). (B) NH}
concentration profiles obtained within the unstirred layers for membranes
made from diphytanoyl phosphatidylcholine (curve 2) and a 2:1 mixture of
the lipid and cholesterol (curve I). The solution was 30 mM MES, 100 mM
choline chloride, pH 6.0. The NH,Cl concentrations were 1 mM and 10
mM at the trans and cis sides, respectively. The rotation rate of the
magnetic balls was 1.5 rotations/s. (C) NH; concentration profiles at both
sides of the membrane at pH 7.5. The conditions were the same as in A. The
NH; concentration was 20 mM at the cis side and 1 mM at the trans side.
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made in the Theory section that in the acidic pH range the
slope of the profile is determined by the membrane perme-
ability for ammonia.

Fig. 2 C shows the NH; concentration profiles at both
sides of the BLM at pH 7.5. If pH << pK,, it is hard to
record changes of the NH; concentration within the cis
unstirred layer, because the membrane itself acts as the
predominant diffusion barrier. Voltage changes of the NHj -
selective electrode are in the range of the detection thresh-
old under these conditions. At more alkaline pH values
these changes are well pronounced (Figs. 5 and 6).

The permeation of NH, through the BLM is accompa-
nied by proton transfer reactions in the unstirred layers,
inducing pH shifts near the BLM. In a poorly buffered
medium, the near-membrane pH changes are maximum
(Antonenko et al., 1993). Fig. 3 shows pH profiles at the
trans USL. In agreement with results reported previously
(Antonenko and Bulychev, 1991), the increase in the trans-
membrane ammonium ion concentration gradient enhances
the pH shifts near the BLM (Fig. 3).

Fig. 4 shows the effect of the buffer capacity of the
medium on the pH shifts (A) and on the ammonium ion
concentration profiles (B). The increase in the Tris concen-
tration decreases the pH shift near the BLM considerably
and increases the difference between the ammonium ion
concentration in the immediate membrane vicinity and in
the bulk. As was pointed out by Antonenko et al. (1993), the
increase in the concentration of the buffer decreases the
experimentally measured width of the pH profile. This
effect is also observed with the NH concentration profiles.

pH

0 100 200 300 400 500
distance (um)

FIGURE 3 pH profiles at the trans side of the BLM at different NH,Cl
gradients across the BLM (5 mM cis and 0.5 mM trans, curve 1; 10 mM
cis and 1 mM trans, curve 2; 20 mM cis and 2 mM trans, curve 3). The
buffer solution was 1 mM MES, 100 mM choline chloride, pH 6.0. The
rotation rate of the magnetic bars was 3 rotations/s.
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FIGURE 4 (A) pH profiles at the trans side of the BLM at different
concentrations of Tris in the solution (10 mM, 5 mM, and 1 mM for curves
1, 2, 3, respectively). The solution also contained 100 mM choline chloride,
pH 8.0. Other conditions were similar to Fig. 3, curve 2. (B) NHJ
ammonium concentration profiles were measured under the same condi-
tions.

A series of pH and NH; concentration profiles recorded
at different stirring rates is presented in Fig. 5. It is seen that
both the pH and NH; concentration shifts are diminished
because of an improvement of convection. The near-mem-
brane slopes of the profiles depend poorly on the stirring
conditions, in agreement with the statement that at acidic pH
values the slope of the profiles is determined by the perme-
ability of the membrane only. It is worth noting that the
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FIGURE 5 (A) pH profiles at the trans side of the BLM at different
rotation rates of the magnetic bars (3 rotations/s, 1 rotation/s, 0.5 rota-
tions/s, curves 1, 2, 3, respectively). The conditions were similar to Fig. 3,
curve 2. (B) NH; ammonium concentration profiles measured under the
same conditions.

concentration shift near the membrane in Fig. 2 B is higher
than in Fig. 4 because of the higher buffer capacity in the
former case.

On the other hand, at alkaline pH values the permeation
of ammonia should be determined by diffusion across the
USLs and there should not be a transmembrane ammonia
concentration drop. The ammonia concentration can be cal-
culated easily if the ammonium and hydrogen ion concen-
trations are known (the pK, of NHj; is assumed to be 9.25).
Figs. 6 and 7 show concentration profiles of ammonium
(Figs. 6 C and 7 C) and hydrogen (Figs. 6 A and 7 A) ions
and the calculated concentration profiles of ammonia (Figs.
6 B and 7 B) measured at pH 9.5 (Fig. 6) and 10.5 (Fig. 7).
It is seen from Figs. 6 and 7 that under these conditions the
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FIGURE 6 Experimental (solid curves) and theoretical (dashed curves)
concentration profiles of hydrogen ions (A), ammonia (B), and ammonium
ions (C) at both sides of the BLM at pH 9.5. The ammonia concentration
was calculated from the ammonium and hydrogen ion concentrations,
assuming a pK, value of 9.25. The gradient of NH,Cl was 10 mM at the
cis side and 1 mM at the trans side. The solution contained 10 mM Tris,
10 mM B-alanine, and 100 mM choline chloride. The rotation rate of the
magnetic balls was 1.5 rotations/s.

NH; concentrations at opposite sides of the BLM surface
are similar. Theoretical concentration profiles calculated
according to Eqs. 48 are represented by dashed lines (Figs.
6 and 7).

It is worth noting that the rate of the motor rotation that
drives the magnetic bars should be varied cautiously. At
high rotation rates (more than 4 rotations/s) the NH; con-
centration profiles observed (Fig. 8) differ greatly from the
ones shown in Fig. 5. The slope of the concentration profile
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FIGURE 7 Experimental (solid curves) and theoretical (dashed curves)
concentration profiles of hydrogen ions (A), ammonia (B), and ammonium
ions (C) at both sides of the BLM at pH 10.5. For all other conditions, see
Fig. 6.

near the BLM decreases considerably. The same phenom-
enon is observed if the magnetic bars are taken out of the
cell. Obviously it is not possible to attribute the effect to
fluid flows induced by the rotation of magnetic bars. More-
over, when the experiment is repeated under the conditions
of incomplete spreading of the BLM, a strong shaking of the
membrane is observed by a light microscope. Thus the
phenomenon of slope reduction is attributed to the BLM
shaking accompanied by fluid flow in the immediate mem-
brane vicinity. Because this observation has a certain ex-
perimental and theoretical significance, we report it here,
although we do not control the membrane shaking.
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FIGURE 8 The effect of a high rotation rate of the motor driving the
magnetic balls (1.5 rotations/s, 4 rotations/s, and 5 rotations/s, curves 1, 2,
3, respectively) on the NH; concentration profile at the trans side of the
BLM. The solution consisted of 10 mM MES, 100 mM choline chloride,
pH 6.5. The concentration of NH,Cl was 10 mM at the cis side and 1 mM
at the trans side.

DISCUSSION

Experimentally measured NH; concentration profiles can
be used for the calculation of the membrane permeability
for ammonia; the highest precision is attained at acidic pH
values. These conditions are realized, for example, in Fig. 2 B.
Calculating the slopes of the profiles as described for the inset
of Fig. 2 A, and assuming an ammonia diffusion coefficient of
1.957 X 107> cm?s (Lide, 1993), the membrane permeability
for NH; is determined. In the case of diphytanoyl phosphati-
dylcholine (PC), a value of (48 = 5) X 1073 cm/s M = SD,
N = 8) is obtained. A 2:1 mixture of diphytanoyl PC and
cholesterol, PC from soybeans, and a 2:1 mixture of PC from
soybeans and cholesterol give (21 = 10) X 1073 (N = 9) cm/s,
(52 = 4) X 107 (N = 5) cm/s, and (16 = 5) X 107> (N =
6) cm/s, respectively. These results are in reasonable agree-
ment with earlier estimated values (Antonenko and Yaguzhin-
sky, 1982; Walter and Gutknecht, 1986). For PC 130 X 1073
cm/s (Walter and Gutknecht, 1986) and for a 2:1 mixture of PC
and cholesterol, 20 X 107> cm/s (Antonenko and Yaguzhin-
sky, 1982) were reported. It should be noted that for unex-
plained reasons the value of P undergoes a great deviation in
the presence of cholesterol. In contrast, the PM values in the
absence of cholesterol vary comparatively little.
Qualitatively, the measured concentration profiles of am-
monium ions are well described by the standard model of
weak electrolyte permeation across membranes (Jackson,
1987; Gutknecht and Tosteson, 1973), if the buffer capacity
exceeds the concentration of the weak base by at least one
order of magnitude. In fact, the model predicts that within
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the acidic pH interval the NH; diffusion through the mem-
brane must be the limiting transport step, and the main
decrease in the NH; concentration should occur within the
membrane. The experiments confirm this prediction, as seen
from the comparison of Fig. 2 C and Fig. 7. For example, in
the experiments of Fig. 5, the alteration of the NH; con-
centration is about 0.1 mM within the trans USL, whereas
it is nearly 9 mM across the membrane. At alkaline pH
values the transport through the unstirred layer should be
the limiting step of the total permeation process. Indeed, at
pH 10.5 the main drop in the NH; concentration profile is
situated in the USLs and only a minor part in the membrane
(Fig. 7). As far as we know, this is the first time that
concentration profiles have been directly measured and
compared with the predictions of the model. It has been
checked so far by indirect measurements of the total weak
electrolyte fluxes across the membrane only.

As it can be seen from a comparison of Figs. 5 B and
2 B, a decrease in the buffer capacity of the medium from 30
mM to 1 mM leads to a decrease in the amplitude of the
NH; concentration shift near the surface of the BLM from
1.34 mM to 1.06 mM under similar stirring conditions. This
corresponds to the decrease in the ammonia flux across the
membrane by 4.1 times, as calculated from the profile
slopes. The pH near the surface of the membrane under
similar stirring conditions was reduced from 6.23 to 6.04 as
the buffer concentration increased. Fig. 4 shows directly the
effect of pH shifts near the membrane on the permeation of
weak bases across the BLM. As expected, under the condi-
tion of a low buffer capacity, the experimental model used
previously is not valid. Instead, the more sophisticated
model described in the second part of the Theory section
should be used; it takes into account the local pH changes in
the unstirred layers. This model gives 1.27 mM and 1.077
mM for the amplitudes of the NH; concentration shifts and
4.51 for the flux ratio under these conditions (Figs. 5 B and
2 B). The calculations were carried out with the same set of
parameters as used previously (Antonenko et al., 1993). A
value of 48 X 10™* cm/s is assumed for PM. The solution
contained two buffers with a pK, value of 8.2 (Tris) and 6.2
(2-(N-morpholino)ethanesulfonic acid, MES). At the alka-
line pH range B-alanine is substituted for MES (pK, 10.2).

The impact of pH shifts within the unstirred layers on
transport kinetics can be eéstimated from the ratio of the
ammonia/ammonium concentration and the buffer capacity.
Theoretical calculations (compare Eqgs. 4—8) confirmed by
experiments (Figs. 2—4) show that an x-fold increase in the
ammonium ion concentration increases the value of pH
changes approximately x times. The pH shift returns to its
initial value if the concentration of the buffer is also in-
creased x times.

The membrane permeability for ammonia can also be
estimated from the data of pH shifts of Fig. 3 using the
theoretical model. The following values for PM fit well the
pH shifts 20, 26, and 55 X 10~* cn/s for curves 1, 2, and
3, respectively. These values are close to that obtained from
ammonium ion concentration profiles. However, they vary
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considerably. Although the experimental error can be de-
creased significantly by multiple repetitions of the measure-
ments, a large systematic error remains. The computations
are based on a set of pK, and D values that may be shifted
with salt concentration or temperature. Small variations in
the buffer concentrations create an additional error. The
model-independent calculation of PM from NH; profiles
recorded at a high buffer capacity lacks this disadvantage.

Even if the transmembrane transport is exclusively deter-
mined by permeation across the USL, the pH profiles cal-
culated from the model are close to experimental ones. For
example, experimentally measured (theoretically calcu-
lated) values of pHs at the surface of the BLM for curves 1,
2, and 3 (Fig. 4 A) are 8.29 (8.36), 8.47 (8.45), and 8.68
(8.63), respectively.

The dependency of the concentration/pH shifts near the
membrane on the width of the unstirred layers is predicted
well by the model. Experimentally measured (theoretically
calculated) values of concentration shifts at the surface of
the BLM for curves 1, 2, and 3 (Fig. 4) are 1.044 (1.060)
mM, 1.055 (1.068) mM, and 1.10 (1.077) mM, respectively,
for ammonium ions and 6.18 (6.27), 6.24 (6.31), and 6.32
(6.35), respectively, for pH. The width of the unstirred
layers is estimated with 144 pum, 218 wm, and 346 um from
the slopes of the NH; concentration profiles within a dis-
tance of 100 wm near the surface of the BLM for curves 1,
2, and 3, respectively.

The model works well also if the transmembrane gradient
and/or the pH of the medium is varied (Figs. 2 A, 5, and 6).
In fact, for the conditions of Fig. 2 A the theoretical (ex-
perimentally measured) shifts are 1.80 (1.65) mM, 2.16
(2.18) mM, 2.41 (2.72) mM, and 2.94 (4.48) mM, respec-
tively. A good agreement between theoretical and experi-
mental curves is to be seen from Figs. 6 and 7, where both
experimental and theoretical concentration profiles (dashed
curves) are plotted.

The maximum deviation between measured and calcu-
lated profiles is observed for the trans pH profile at pH 9.5
(Fig. 6 A). Because of the proton-transfer reactions in the
USLs, the calculated concentration profiles diverge from
linearity, -as expected from the standard model, in which the
concentration distribution within the USL is governed
solely by diffusion.

The quantitative divergence between the model and the
experiment may be attributed to the approximation of the
USL as a solution layer where convective flows are absent
and mass transfer is carried out by diffusion only. This
limitation manifests itself in a sharp edge of the theoretical
profile at the boundary of the USL/bulk phase that is absent
in the experimental profiles.

In the absence of convective flows and under the condi-
tions of high buffer capacity of the medium, the NHJ
concentration profiles should be linear (Fig. 1). On the other
hand, it is shown that in the case of H* concentration
profiles they may be well approximated by an empirical
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function (Pohl et al., 1993):

[NHI ] = ([NHI ]membrane - [NHI ]I:lulk)e",d8 + [NHI ]bulk. (9)

We compare the linear and uniexponential regression of the
experimental NH; profiles, using the data of Fig. 2 A.
Calculations show that even in the case of small distances
from the BLM (<100 wm), the exponential function gives
a fit that is similar to or better than the linear function. &
remains nearly constant and equal to 145 wm. Thus it can be
concluded that for the case of NH; concentration profiles
the uniexponential function is a good approximation of the
experimentally measured concentration profiles, as it is in
the case of proton concentration profiles (Pohl et al., 1993).

Fig. 8 presents the effect of BLM shaking on the NH;
concentration profiles in the USL. The shaking leads to an
unexpected result, namely to a sharp decrease in the profile
slope. These measurements are carried out in an acidic
environment (pH 6.0), in which the slope of the profile
should be determined by the membrane permeability for
ammonia (see Theory section) and should therefore be
independent of the stirring conditions (Fig. 5). From the
comparison of the profiles in Figs. 5 and 8, the conclusion
can be drawn that under the conditions of membrane shak-
ing the convective fluid flow cannot be neglected, even in
the immediate membrane vicinity, i.e., that the conventional
model of the unstirred layer is not valid under these condi-
tions. Recently it was shown that shaking stimulates solute
fluxes into the intestine epithelium (Levitt et al., 1992). The
concentration profiles observed in our study underline the
observation that the movement of the membrane itself is the
most effective way to distort the unstirred layer.

The membrane permeability for ammonia depended sig-
nificantly on the kind of cell membrane (Kikeri et al., 1989;
Ritchie and Gilson, 1987; Hamm et al., 1985; Tsuruoka et
al., 1993; Singh et al., 1995). Along with very permeable
membranes, there are other examples, such as apical mem-
branes from renal tubule cells, that have an ammonia per-
meability that is even lower than the permeability for am-
monium ions (Kikeri et al., 1989). The increase in the
membrane permeability for ammonium ions can easily be
accomplished by the formation of NH; ion channels,
whereas a way to make at least the phospholipid part of the
membrane impermeable to NH; is hard to imagine. For
example, as is shown in the present paper, the presence of
cholesterol in the membrane reduces its permeability only
2.5 times. It should be mentioned in this respect that the
values of the BLM permeabilities for nonelectrolytes mea-
sured on decane-containing membranes and solvent-free
membranes differ insignificantly (Walter and Gutknecht,
1984), and therefore the values of PM reported in the present
work should not be influenced by the presence of decane in
our BLMs. We suppose that the system described in the
present work can be used not only for the particular study of
ammonia permeability through the phospholipid part of
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biological membranes, but for the study of weak base or
acid transport in general. Even if no microsensor for the
substance of interest (acid or base) is available, the micro-
electrode technique is applicable, because with the help of
the sophisticated theoretical model, the desired information
can be calculated from pH profiles alone. However, the
accuracy of this approach is limited because of the uncer-
tainty of the equilibrium and diffusion constants and the
buffer concentrations that may occur.
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