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Summary. In voltage-clamped cells of the algae Chara and Nitella an inward current
of positive charge occurs when NH} or CH,NH7Y is added to the external medium.
There is a simultaneous increase in membrane conductance, agreeing with earlier
evidence that the current represents the inward uniport of the amine ion.

We have obtained current-voltage curves for this uniport, and show the effect on
their shape caused by the unstirred layer of solution adjacent to the cell membrane. The
current-voltage curves for CH,NHY, which are less affected by the unstirred layer, are
concave towards the current axis, show no saturation with membrane PD in the range
—100 to —300 mV, and show saturation as the concentration is raised. The dependence
of current on concentration follows a Michaelis-Menten relation, the parameters having
the following values at —200 mV:

V., =up to 200 mA m~? for both substrates
Ky=3 uM for NH} and 200 pm for CH,NHZ.
Both ¥V, and K, depend on membrane potential, approximately as exp(—F/6 RT) and
exp (Fy/3 RT), respectively.
The results suggest a transport channel with a single, selective binding site below the
membrane surface and a single potential energy barrier at the center of the membrane.
The rate of transport falls as the cell takes up amine, and also varies markedly from

culture to culture. The significance of this transport for the biology of the charophyte
plant is discussed.

It has been shown (Smith, Walker & Raven, 1977; Smith & Walker,
1978; Smith, Raven & Jayasuriya, 1978) that ammonia and methylamine
almost certainly enter Chara and Hydrodictyon as ions rather than as
neutral molecules, over a considerable range of pH —approximately 5 to
9. This entry of NH; or CH;NHZ can be detected by the depolarization
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of the cell membrane, observed by Barr, Koh and Ryan (1974) and
Jayasuriya (1975). It is better, however, for the quantitative study of
transport rates to measure the change in membrane current in cells
under voltage clamp (Smith & Walker, 1976, 1978). The change in mem-
brane current when amine is presented to the cell can be studied as a
function of the membrane potential difference (PD) and the amine
concentration. This gives valuable information on the kinetic properties
of the transport system. It is also possible to study the effects of, for
example, pH, without consequent unwanted changes in PD.

When NH} and CH,NH7 are present at the same time, the observed
change in current is less than the sum of the changes produced by the
amines separately. This observation led us to postulate that the two
amines enter Chara by the same transport system (Smith & Walker,
1978). Tracer studies which support this conclusion will be published
shortly; they show that NHj strongly inhibits the entry of CH;NH7
when the membrane PD is held constant.

Since the ions in question have a single positive charge, the normal
membrane PD would lead to their accumulation in the interior of the
cell. The largest concentration ratios so far observed are consistent with
this mechanism of accumulation, the simplest reaction being:

(RNH;—)outﬁ(RNHg)m (1)

for which the flux is equal to the current (through the transport system)
divided by the Faraday. It is assumed that this is the reaction being
studied. This postulate is confirmed by the tracer studies to be published,
which show a ratio of electric charge to quantity of CH;NH, which is
close to 1.0 between pH 5.7 and 8.5. The ratio falls at higher pH, a
finding consistent with a permeability for the free amine of about 10-°
m sec!. The rate of entry of free amine is a significant fraction of the
total rate of entry at pH 9.5 and above, but is not significant at pH 7.5.

This paper reports the study of the current-voltage curves for amine
transport, using both NHf and CH;NHY, in both Chara and Nitella.
The concentration dependence of the current is also reported, and a
channel model is described which has properties similar to those ob-
served. The effects of unstirred layers of solution outside the cell mem-
brane are demonstrated, and taken into account in the kinetic analysis.
The pH dependence of the transport is briefly described.

There is no agreement in the literature on the conductance of the
tonoplast in charophyte cells or on the appropriate method of measuring
it (Coster & Smith, 1977; Skierczynska et al, 1972, 1977). Since this
question is of some importance in the interpretation of the results
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Fig. 1. Apparatus for measurement of current-voltage curves. A: summing amplifier; C:

source of command potential; Ch: charophyte internodal cell; D: driving amplifier; E1,

E2: unity-gain electrometer amplifiers of Keithley Model 604; el, e2: electrodes for

potential differences measurement; F1, F2, F3: low-pass filters; I: unity-gain inverter; R:

X —Y recorder; r: switched resistors for current measurement; x, y: inputs to recorder;
Z1, Z2: electrodes for passing current

presented here, we have used a new method based on the phenomenon of
punch-through (see Coster, 1965) to obtain the minimum conductance of
the tonoplast.

Materials and Methods

Chara corallina (= C. australis), originally collected at various sites in New South
Wales, and Nitella clavata, gift of Dr. C.E.Barr, were grown in the laboratory as
previously described (Hope & Walker, 1975), at about 20°C, with a day-length of 12h.
The standard experimental medium (SW) contained (in mm): NaCl, 1; K,S0,, 0.1;
CaSO,, 0.5; zwitterionic buffer, 5; NaOH, as required to adjust pH. The buffers used,
each at or near its pK, were MES', MOPS, TAPS and CHES, obtained from Cal-
biochem. Amines were added to the solutions just before each experiment as salts of
MES acid. The stock amine solutions were made by adding ammonia vapor or liquid
methylamine to a solution of the buffer acid. The final amine concentration was
calculated from the measured pH, the pK of the buffer, and its known concentration.
When the addition of stock amine might have changed the pH of the experimental
solution, we prepared several stocks of different pH. All solutions were made with glass-
distilled water: except in the experiments described first (see Fig. 3), the water was
scrubbed after distillation by passage through a column of Dowex-50 cation exchange
resin, in the acid form.

Internodal cells shorter than 26 mm were chosen for the electrical experiments: their
characteristic cable length was 10 to 20 mm. The isolated internodes were mounted in a
plastic chamber in which they were held along the axis of a helical Ag— AgCl current
electrode (Fig. 1). Microelectrodes were inserted into the vacuole as already described
(Smith & Walker, 1978) for measurement of PD and for injection of current.

' Abbreviations: MES, 2+(N-morpholino)ethanesulphonic acid; MOPS, 3-(N-
morpholino)propanesulphonic  acid; TAPS, N-tris-(hydroxymethyl)methyl-3-amino-
propanesulphonic acid; and CHES, cyclohexylaminoethanesulphonic acid.
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Fig. 2. (a): Waveforms used in obtaining current-voltage curves. (i) Bipolar staircase of

pulses added to command potential; (ii) resulting change in membrane current; (iii) signal

to recorder pen (down puts pen down). Pulse rate bout 28 Hz. (b): Typical current-

voltage curve for a charophyte cell, obtained with the apparatus described (Fig. 1) and
the waveforms of a. RP, resting potential

The electrical apparatus was set up as shown in Fig. L. The unity-gain outputs of
Keithley Model 604 electrometer, which measured the membrane PD, were connected to
the x-axis input of a fast x, y-recorder. An EAI hybrid analog-digital computer was
used to set up the command potential, to subtract the membrane PD from it, and amplify
the result. An amplifier with an output swing of =35V accepted this signal and drove
the current through the inserted electrode. The current path included a known resistor,
the PD across it being taken as a measure of the current. Current and voltage changes
were measured with an accuracy of about 19%; absolute membrane PD with an accuracy
of about 5mV.

The command potential was a steady potential, on which could be superimposed a
bipolar staircase of pulses: this produced corresponding changes in the membrane PD of
a cell under voltage clamp and consequent changes in membrane current density
(Fig. 2a). The pen of the x, y-recorder was down only during the third quarter of each
pulse and space, when the current was not changing rapidly (Fig. 2a). This gave a dotted
current-voltage curve (Fig. 2b) having about 15-30 points lying between —100 and
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—300mV. An excitation was always produced if the membrane PD was driven more
positive than —90 mV, and this altered the shape of the current-voltage curve for some
time; if the PD was taken more negative than about —300 mV there was usually a very
rapid rise in current, the “punch-through” phenomenon of Coster (1965). These effects set
the limits of the normal experiment. A continuous current-voltage curve was interpolated
by hand, to get readings at fixed voltages or for display (e.g., Figs. 5, 6).

The current-voltage curve was determined before, during, and after a brief exposure
of the cell to amine at a particular concentration; subtraction of the zero-concentration
curve gave the curve for inward transport of amine. An exposure of about 30 sec did not
usually alter the current-voltage curve, except in the punch-through region. If there were
significant changes in the working region, the experiment was discontinued. The results
were discarded if at the end of the series of concentrations a repeat of the first
concentration gave a result different by 20 % or more.

The current-voltage curves obtained by this method gave correct values of membrane
current, but the voltage measured was that across plasmalemma and tonoplast in series
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(i,,)- This could be corrected to give the desired PD across the plasmalemma (i) by:

Veo= o= Ve @

where the PD across the tonoplast (.} could be represented, over a limited voltage
range, as the sum of the resting value (¥°) and the ohmic potential drop:

lpVC: \(/)C+gri (3)

where the conductance of the tonoplast is g, and the current density is i.

The minimum value of g, was determined by measuring the current-voltage curve of
the cell beyond —300 mV, the voltage being increased until a steep, constant slope was
obtained. The beginning of such a slope is seen in Fig. 2h. This slope gave the
conductance of the tonoplast in series with that of the punched-through plasmalemma.
The latter is expected to be small, but this cannot be established in any way that avoids
the objections of Skierczynska et al. (1977). The values so obtained were corrected for
cable-effect by solving for g, the conductance of the two membranes in series, the
following equation (see Cole & Hodgkin, 1938):

G=2ndigtanh(l/22) (4)

where G is the measured conductance, d is the diameter of the cell, [ is the length of the
cell, and A is given by 2A=1/d/gp where p is the electric resistivity of the cell interior.
This correction was necessary because the conductance of the punched-through cell was
much higher than its normal conductance.

Theoretical equations were fitted to sets of the experimental data. Initially, each set
contained the values of the change in current density at a particular voltage, as a function
of amine concentration. Later, each set was the set of current-voltage curves at all
concentrations. The values of the parameters were chosen to minimize the sum of
squared differences between observed and calculated current density. This seems the most
reasonable procedure: if the errors are only in the measurements of current density, and if
they are normally distributed, this method gives the maximum likelihood values of the
parameters. The actual choice of values was made by a program in Fortran IV using a
subroutine, written by M. Bell, based on the pattern-search method of Hooke & Jeeves
(1961) as described by Colquhoun (1971). The program was run on either a C.D.C. Cyber
72 or a Cromemco Z2—D.

Results

Effect of Flow-Rate on Membrane Current

Solutions such as SW, when freshly prepared from glass-distilled
water, caused a depolarizing (inward positive) current to flow through
the membrane of a voltage-clamped cell; the current increased with
increasing flow rate. When flow of the solution was stopped, the current
returned to the zero-flow value with a characteristic time-course (Fig. 3i).
The effect was much smaller if the solution was made from water
scrubbed, by passage through a column packed with Dowex-50, after
distillation (Fig. 3ii). It was also small when medium from a Chara
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culture tank was used to bathe the experimental cell (Fig. 3iii). It was

found that medium made from distilled water that had not been scrub-
bed showed little flow-depolarization after standing for a week or two.

The addition of a low concentration of NH; to a scrubbed water
medium increased the flow-depolarization (Fig. 3iv), as did a higher

flow was stopped was the same for media with added NHJ and for

concentration of CH;NHI (Fig. 3v). The time course of current when
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Fig. 4. Time-course of membrane current, showing effect of introducing NHJ into the
fast-flowing medium, followed by its removal

media made with unscrubbed water. These results suggested that fresh
glass-distilled water contained low concentrations of NH;. Measure-
ments with an Orion NH} eclectrode showed that the glass-distilled
water contained up to 3 um volatile base (the electrode is not specific for
NH7), while the scrubbed distilled water contained 0.2—0.5 um. The
latter value was obtained by extrapolation from calibration points at
higher (known) concentrations, assuming a slope of 58 mV per log unit.

Effect of Amine at High Flow-Rate

In experiments using media made from scrubbed water, at flow rates
of 5—10 mm sec™ ', a change in the external medium to one containing
added amine produced a definite and reproducible change in the mem-
brane current density (Fig. 4). These changes were rapid when the flow of
medium was rapid, and after the change was established the current was



Kinetics of Amine Uniport in Charophytes 29

then constant for a minute or more. The washing out of the amine
produced a rapid return of the current to its former value (Fig. 4). A later
section of the results deals with the relatively irreversible effects of longer
exposure to amine solutions.

At all concentrations used, the current change conformed to the
pattern shown (Fig. 4), happening as rapidly as the new concentration
was established in the chamber, being rapidly reversible, and showing
only the slow time-dependence reported below.

Current-Voltage Curves

With the electrical apparatus described, we measured the current-
voltage curves of Chara and Nitella cells before, during, and after the
presentation of amine solution to the cell. With the cell membrane PD
clamped, it proved possible to make measurements at a number of amine
concentrations on each cell, and often to use both substrates. The
limiting factor was the slow fall in transport rate as the cell took up
amine (discussed below).

Figure 5 shows typical families of current-voltage curves for a single
Chara internode, with various concentration of both substrates. If the
zero-concentration curve is subtracted from the curve for each con-
centration, one obtains a family of current-voltage curves for the amine
transport system. This procedure gives, for example, the curves of Fig. 6,
derived from the results in Fig. 5.

The current-voltage curves obtained by the addition of NH; were
consistently flatter and of lower slope than those for CH;NH}, as Fig. 6
indicates. The curves for CH;NH] were concave towards the current
axis, as the same figure shows. This concavity is taken to be characteris-
tic of the transport system, since the curves for NH/} can be made to
bend back further towards the voltage axis by slowing the flow of
medium (Fig. 7). This is the result of increasing the thickness of the
unstirred layer of medium at the cell surface, since transport across this
layer will depend on concentration difference, and will be independent of
membrane properties when membrane transport is not rate limiting.

Effect of Concentration on Current

At any selected value of PD, a set of curves such as those of Fig. 6
will give points on a curve of current against concentration. We took
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Fig. 6. Current-voltage curves for inward transport of amine in the Chara internode of Fig. 5, obtained by subtraction
of the curve for zero amino concentration
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such data from the current-voltage curves at intervals of 50 mV, a typical
set of results appearing in Fig. 8. Here Fig. 8a contains results for a
Chara cell with NHJ, Fig. 84 results for a Chara cell with CH;NH7,
and Fig. 8¢ results for a Nitella cell with NH, . The points show clearly
that the current saturates as the concentration rises. The curves in Fig. 8
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Fig. 7. Current-voltage curves for the inward transport of NHJ in a Chara internode,

showing the effect on the shape of the curve when flow of the bathing medium is quite
slow

are calculated from the equation for the rate of a process showing
Michaelis-Menten kinetics, in series with a diffusion resistance due, for
example, to an unstirred layer (Hill & Whittingham, 1957). This equation
is:

i=1{(Ky FP,+cFP,+V,)—[(KyFP,+cFP,+V)*—4cFP,V,1*} (5

where i is the current density, K, is the Michaelis constant, P, is the
permeability of the diffusion barrier (P,=D/d, if d is the thickness), ¢ is
the concentration and V, is the maximum rate of the reaction, in
electrical units. Equation (5) was fitted to the data by least squares, with
the constraints that P, should have the same value for all the data on
each cell, while K, and V_ could vary with PD and substrate, but not, of
course, with concentration. It was generally possible to get satisfactory
fits, with residual sums of squares less than 109, of the total sum of
squares. The equation seems to represent the data well; it fits the data for
NH; much better than a simple Michaelis-Menten equation does, and
the data for CH,NHJ somewhat better. This point can be readily
appreciated if one compares the shapes of the curves in Fig. 8, which
are essentially hyperbolic, with the shapes in Fig. 8a, which have rather
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straight sections at low and high concentrations, with a sharpish shoul-
der joining them.

The values of P, giving best fit varied from experiment to experiment,
with a median of 5x10~% msec™*, corresponding to that of a layer of
water about 40 pm thick. In Fig. 7 the voltage-independent currents can
be used to calculate P, as 1.3 x 107> msec ™, corresponding to 150 pm of
water.

The values of K, for NHJ were also quite variable, particularly in
the Chara experiments. Study of the residual sum of squares as a
function of P, and K showed that in most cases there was an elongated
valley, with low residuals available from many pairs of values of the two
parameters. If Eq. (5) is differentiated we find that the initial slope of i
against ¢ is determined by (F~' P ' +K,,/V, )", while only the curva-
ture is determined by the relative magnitudes of FP, and V_/K,,. Clearly
the present experiments will not give accurate values of K, for NHj, at
least in Chara. The value of (FP)™ ! +K,,/V., is quite well determined.

Both K, and V,, were found to depend on membrane PD as well as
on the nature of the substrate —these effects are dealt with below.

Effect of Membrane PD on Kinetic Parameters

It is clear from inspection of the curves in Fig. 8 that V_ will vary
with membrane PD in the range —100 to —300 mV. This variation is
shown explicitly in Fig. 9, which contains mean values for a number of
Chara cells and for both substrates (Fig. 9a) and mean values for a few
Nitella cells and one Chara for NH; (Fig. 95). Figure 9a shows the
mean values from a rather heterogeneous collection of experiments, at
flow rates of 5—10 mm sec™'; the results for the single Chara cell in
Fig. 9b were taken at the higher rate of 20 mm sec™*. The curves in
Fig. 9 are based on the equation:

(6)

V.o +200mV
Via=V_300 €Xp (T)

where V_,,, and B are chosen for best fit. The values used are:

Alga Substrate Fig. V_ 300 B (mV)
(mA m~—?)

Chara NH} 9a 83.9 139

Chara CH;NH7Y 9a 66.8 143

Chara NHj; 9b 47.5 160

Nitella  NHj 9b 64.2 190
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Fig. 8. Current-concentration curves for the inward transport of amine in charophyte

internodes, showing the effect of rapid changes in membrane potential. Curves obtained

directly by replotting current-voltage curves such as those of Fig. 6. (a): NHY in Chara;
(b): CH,;NHY in Chara; (c): NH} in Nitella. All at pH7.5

The dependence of K,; on ¥, in the same experiments is shown in
Fig. 10, except that the K,, values for NH} in Chara at low flow rates
have been omitted. These were unreliable because they were affected by
the unstirred layer. The other measurements show a dependence of Ky on
V., that is also fitted by an exponential:

W, +200 mV)

. )

Ky=K_ 500 exp(

where K _,,, and A4 are chosen for best fit. The values used are:

Alga Substrate Fig. K ;50 (1M) A (mV)
Chara CH;NH7Y 10a 180 100
Chara NH; 10b 3.0 62

Nitella ~ NHj 106 6.2 74
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Fig. 9. Voltage dependence of the parameter V, obtained by least-squares fitting of data

such as that of Fig. 8 to the modified Michaelis-Menten equation (Eq. 5). Symbols

represent mean and SEM for a heterogeneous group of cells. Squares, NH] ; circles,

CH;NH{; filled symbols, Chara; open symbols, Nitella. (a): Chara, intermediate flow-

rate, means of 9(NHJ) and 13(CH,NHY) cells; (b): Chara, one cell at high flow-rate and
Nitella, intermediate flow-rate, means of 2 cells

It is seen that similar values of ¥, are found for the two substrates,
the values of V_,,, and B for CH;NH; falling within the ranges for
NHj. The values of K ,,, are, however, quite different. Each value
should be within a factor of 2 of the true value, so we regard this
difference as highly significant.

Reconstructing the Current-Voltage Curves for CH,NHY

A better representation of the current-voltage curves for the amine
transport system should be given by the data for CH,;NH7, which is less



Kinetics of Amine Uniport in Charophytes 37

300+

200

‘?‘E i
<
E

~~

E
>

100

L]
[
- L
O 1 1 ] 1 1 1 J
-300 -200 -100 0
b

MEMBRANE POTENTIAL ({yo)/mV

affected by the unstirred layer. Accordingly, we carried out the following
steps: (i) the data from experiments on CH,NH} were read at intervals
of 25 mV from —300 mV to —100 mV; (ii) the whole set of such data for
all concentrations on each cell was fitted by a single search, using the
Hill-Whittingham equation (5) in which both V, and K, were voltage-
dependent (Egs. (6) and (7)).

The parameters available for fitting the curves were P, K_,,,, 4,
V_ ,00 and B; usually there were 6 or 7 different concentrations with
about 50 points in all. The residual sums of squares were typically 2 9 of
the total sums of squares. One such fit is illustrated in Fig. 11. The best
fits for 10 experiments are shown in Table 1.

The estimates of P, and of K_,,, are linked, as already discussed; the
variability of these parameters is believed to result from the failure of the
data to provide a clear means of distinguishing them. The scatter of
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Fig. 10. Voltage dependence of the parameter K, obtained by least-squares as described
for V,, (Fig. 9). Symbols as Fig. 9. (a): Chara, CH,NH?, means of 13 cells; (b): Chara,
NH}, one cell, same as that of Fig. 9b, and Nitella, NH;, means of 3 cells

values of A4 and B also reflects the difficulty of finding these parameters
accurately when the data is confined to the range —300 to —100 mV. By
contrast, the values of V_,,, are closely confined by the data, and the
various values in Table 1 give a good picture of the variability of this
parameter between cells at different times and from different cultures.

Correction for Conductance of the Tonoplast

We made 16 determinations on 7 cells similar to those used in the
experiments described above; the median value was 11 S m~ 2, with 97%
confidence limits of 31 and 8 S m 2.
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In order to estimate the effect of such a conductance, the data for the
experiments of Table 1 were corrected, point by point, for a nominal
tonoplast conductance of 10S m~2 and PD of —12mV. The curve
fitting was then repeated for each set of data. There was no significant
percentage change in the value of any parameter except B, whose value
was reduced by a mean of 13+49,. We conclude that no serious error
arises from the neglect of the conductance of the tonoplast in the results
presented here.

Effect of pH on Kinetic Parameters

Since the exposure of each cell to amine had to be limited, we were
not able to obtain a complete set of results for each pH on one cell. As a
preliminary to a more complete study we investigated the effect of pH on
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Fig, 11. Current-voltage curves for inward transport of CH;NHY in a Chara internode.

Points are readings from the original chart record; lines are best fit of Eq. (9), with the

following values: P,=2.2x10"3m sec™': Ky=158um; 4=121mV; V,=58mA m~?; B

=210mV. Fitting done by least-squares (see text), with “regression coefficient” of 0.994.
Experiment 77.12.01

the current change produced by a constant concentration of each sub-
strate, with results like those shown in Fig 12. There was always a
marked decline in the response at pH below 7.5, as the figure shows.
Other experiments suggest that this fall results from a fall in V,,, but an
effect of pH on K, is not ruled out.
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Table 1. Kinetic parameters for CH,NH7T transport by Chara

Cell 0P K_,5 A V200 B (A='+B )~ RCP
(m sec™ ') (um) (mV) (mAm~?) (mV) (mV?)

pH7.5

77.05.05 9 67 76 184 142 49.5 0.990
77.06.07 30 267 69 125 173 49.6 0.998
77.12.01 22 158 121 58 210 76.7 0.994
77.06.29.1 30 224 59 182 212 46.2 0.997
77.05.02 2 125 78 13.8 139 49.7 0.987
Median 22 158 76 — 173 49.6 -
pHS5.5

77.06.29.2 4 109 60 20 85 352 0.992
77.08.09 3 106 81 30 141 514 0.987
pH9.5

77.06.30 16 221 91 62 183 59.1 0.989
77.06.16 8 210 113 130 178 69.2 0.990
77.08.04 45 277 69 127 195 51.1 0.993
Median 16 221 91 — 183 59.1 —

2 This “total voltage dependence” is discussed later.
® The “regression coefficient” was calculated as

]/ (total sum of squares —residual s.sq.)/total s.sq.

Effect of Long Exposure to Amine

During the course of each experiment the current change produced
by a given concentration fell off, and a few trials showed that cells left
overnight in 50 uMm NHj gave no measureable current change next day.
Figure 13 shows the results of exposing cells of Chara to 100 pm NH at
pH 7.5, while the membrane PD was clamped at —250 mV. The filled
and open symbols distinguish two different experiments whose results,
taken separately, can be roughly represented by falling exponentials with
half-times of 500 and 900 sec.

Discussion
The Cause of the Current

The inward positive current in the presence of low concentrations of
amine has in the past been explained in two different ways. It was
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Fig. 12. Effect of pH on the change in membrane current produced by amine at constant
membrane potential. (@): On current produced by 30pm NHZ at —100 and —200mV;
(b): On current produced by 300pm CH,NHY at —100 and —200mV
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Fig. 13. Time-course of change in membrane current produced by 100 um NH, showing
the effect of continuous exposure to 100 um NHJ between tests: Chara membrane PD

clamped at ~200mV, pH 7.5. Filled and open symbols distinguish two different experi-
ments

suggested that NH; is the form entering the cell (Barr etal, 1974;
Jayasuriya, 1975) and that after entry it inhibits the outward (active)
transport of H*. Alternatively, it has been held that the current repre-
sents the charge carried by NH} itself (Smith etal, 1977; Smith &
Walker, 1978).

The first explanation involves the postulate that the H* pump is
inhibited by micromolar concentrations of NHJ, for which there is no
evidence at all. Such an inhibition is an unlikely “design specification”
for an H™ pump in the plasmalemma of a free-living eucaryote. The
plasmalemma ATPase of Neurospora is in fact stimulated by millimolar
NH7 (Bowman et al, 1978). Indeed, the reasonable strategy for a cell
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such as Chara or Neurospora is the uptake of NH/, which will generally
be present at much higher concentrations than NH;.

A more convincing argument for NH; entry is the one we have
already given (Smith & Walker, 1978): that the inhibition of an ATPase
would cause an inward positive current and a fall in membrane con-
ductance (c¢f. Spanswick, 1973, 1974), while the inward transport of a
cation should cause a current in the same direction but a rise in
membrane conductance. With the data presented here the conclusion in
favor of NH} transport is considerably strengthened, since the increase
in conductance when amine is added is often greater than 0.2 S m ™2, and
may be as large as 1.5S m™~? (as in Fig. 6).

Although the current-voltage curves are available only between
—100 and —300 mV, they increase our confidence in this conclusion,
since they show the increase in conductance to occur at all PDs in that
range. An equivalent statement of the same argument is that the ob-
served change in current is biggest at —300 mV, where an inward current
of cations would be expected to be biggest, and where the effect of
inhibiting an H* efflux pump would be expected to be smallest.

That the current change happens as fast as we can change the
concentration of amine in the medium is important here, for a delay in
the effect would indicate that the equilibration of a phase (e.g., the
cytoplasm) must take place between the application of the amine and the
appearance of the change in current.

We conclude that the changes in current shown here are the direct
expression of the inward transport of amine ions, with the reaction given
by Eq. (1). We refer to such transport as passive uniport (Mitchell, 1968).
Having already discounted, as a mechanism, the simple diffusion of the
ions in question through the lipid bilayer of the membrane (Smith &
Walker, 1978), we expect it to involve a specific channel or carrier. Its
specificity has not yet been systematically explored; it is indicated by the
60-fold difference in K,, produced by the addition of one —CH,-group
to the NHJ ion, and by the ability of the system to respond to
micromolar NH} in the presence of 200 um K* and 1 mm Na™.

It is important to notice that we have tried to limit our observations
to the change in current associated with the sudden addition of amine to
the outside medium, at zero or low internal concentration. Thus in most
of the experiments reported we believe that we have measured the
current change that is directly due to a change in the influx of amine ion.
An exception is the experiment shown in Fig. 13, where the change in
current at later times could represent the effect of changes in external
concentration on the net flux.
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Variability of the Effect

The current produced by a given concentration of amine at a
particular PD was found to vary from culture to culture, and from week
to week with the same culture (Table 1). In the present study we looked
for cultures that gave large current changes, and as a result report many
values of i and V, some ten times bigger than those described previously
(Smith & Walker, 1978). Indeed ¥, can have values ranging from zero to
the largest reported here. The experiment shown in Fig. 13 shows the
inhibition of transport as ammonium is taken up, a phenomenon which
could well provide the basis of the observed variability of ¥V both
between different cells and during measurements on one cell.

The cultures from which cells were taken for these experiments would
be subject to variations in NHj concentrations as the medium became
depleted by plant growth. Since the cultures were not axenic, the NHJ
supply would also fluctuate as a result of growth and death of micro-
algae and animals. The small size of the depolarization produced by
rapid flow of culture medium (Fig. 3) suggests that the medium must
have contained less than 1 pm NH, with the consequence that cells from
those cultures might well be nitrogen-starved, and would certainly be
ammonium-starved. In Neurospora, de-repression of the fast ammonium
transport system follows ammonium starvation, even in the presence of
NO, (C.L. Slayman and N.A. Walker, unpublished).

The Magnitude of the Current

The current changes reported here are very large, with instantaneous
values as high as 350 mA m~2 or 3.5 pumol/m? - sec (Fig. 6); at this
current the electrical term* in the membrane dissipation (i - .,) is about
100 mW m~ 2. For comparison with this figure, respiration in Chara
makes available an energy flow of about 30 mW m~? through ATP
(data of R.J. Reid, in Hope & Walker, 1975). So large a dissipation is not
likely to occur in nature, it is observed in the laboratory only by means
of the voltage clamp, which holds ¥, at a high value, providing electrical
energy which is dissipated by the transport system. Under natural
conditions the membrane depolarizes if a significant concentration of

! Unless the internal concentration of NHj is large, or there is an unsuspected
linkage of amine transport to some other reaction, the electrical term will be the
dominant one, ie., it will represent the actual dissipation of emergy by the amine
transport system.
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amine is present; this also reduces i, so that the dissipation will be much
lower than the maximum. At the reduced membrane PD, it would be
expected that the energy supply for amine transport would come directly
from the putative H"-ATPase proposed by Spanswick (1973), or from
the K™ concentration difference, as discussed by Walker and Smith
(1977 a).

The values of V_ that are reported here indicate the maximum
capacity of the amine system; in this it ranks with the HCOj transport
system and its associated H* uniport (Lucas, 1976; Lucas, Ferrier &
Dainty, 1977; Walker & Smith, 1977b). The only transport systems in
Chara that were previously known to carry such large current densities
are those associated with the action potential (Findlay & Hope, 1964;
Beilby & Coster, 1976).

Current densities of the size reported here do not necessarily result
from densely-packed transporters. If we take the maximum conductance
of the system to be 2 S m 2, and the maximum conductance of a single
channel to be 10~ 1° S (the value for gramicidin — Sandblom, Eisenman &
Neher, 1977), the channel density need only be 2 x 10'° m~? —compar-
able with a square array with 7 um spacing. No doubt the density is
greater than this minimum. The high current density need not imply a
serious temperature rise in the conductors. If they are represented as
spheres of radius 2 nm in water, with heat generated uniformly through-
out their volume, the result of Carslaw and Jaeger (1959) gives a
temperature rise of 1073 K after 200 sec.

Location of the Internal Amine

At the end of the experiments shown in Fig. 13, the cells would have
contained a calculated 5mm NHJ, assuming that NH} metabolism was
relatively slow. Earlier experiments (Smith & Walker, 1978) have already
indicated that the cytoplasmic concentration is normally lower than the
vacuolar; the present result implies this, since NHJ is an effective
uncoupler of photosynthesis at such concentrations.

Unstirred Layers and Amine Storage

The presence of an unstirred layer of solution affects the shape of the
current-voltage curve, as Figs. 6a and 7 show. In the absence of flow, the
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rate of entry of NHJ can fall to a small fraction of that observed in
flowing medium (Fig. 3). In nature the rate of uptake of NH; must
usually be limited by the rate of diffusion across the unstirred layer, as
would be expected for CO, and HCO3.

The influx of NH} needed to support growth of charophyte plants,
even in the absence of NOj assimilation, is comparatively small. With a
photosynthetic rate of say 200 nmol m~%sec™ ! (Smith, 1967; Lucas,
1976) and an N/C ratio of about 0.05 (Raven, 1976), the NH} influx
required is only 5nmol m~2 sec™ !, corresponding to 0.5 mA m~2. The
fact that the transport system has a much larger capacity, up to 200 mA
m~ 2, suggests an opportunistic approach to N nutrition on the part of
these plants. The storage of NH in the vacuole (Barr et al., 1974; Smith
& Walker, 1978) makes this a reasonable view. If this is correct, the
opposite conclusions of Mercer and Mercer (1971), who found no N in
the Chara vacuole, must be attributed to their use of cells that came from
N-limited plants. The suggested “opportunism” would be an advantage
in any medium whose ratio of NH; to HCO; was normally less than
0.05, if there were occasional transient increases in NH, caused for
example by the decomposition of an animal body nearby.

The Shape of the Current-Voltage Curves

The effect of the unstirred layer on the shape of the current-voltage
curves for NH, (Figs. 6a and 7) makes it seem likely that the curves for
CH;NHj; (Figs. 6b and 11) represent better the characteristics of the
system. At all concentrations, there is a steady increase in i with
increasingly negative ¥, , the curves being concave towards the current
axis. There is no sign of saturation in the voltage dependence at the most
negative potential studied. The constant-field equation (Goldman, 1943):

s sz . 0j
"SR RT ([ exp(~ FU/RT)) ®)

has often been used to calculate the current flow through ion uniport,
with varying success. For these results it cannot be used, since it does not
give current-voltage curves concave towards the current axis, nor cur-
rents that saturate as the concentration is raised. At a constant PD the
current is well represented by the Hill-Whittingham Equation (5); when
the membrane PD is allowed to vary, both Ky, and V_ are found to be



48 N.A. Walker, M.J. Beilby, and F.A. Smith

functions of Y. The use of this equation with variable parameters is not
as arbitrary as it may seem, since it appears that they can both be
represented by the simple exponential functions given in Egs. (6) and (7),
and that these functions can be given a simple theoretical basis. The
complete equation for transport through the amine system, isolated from
the unstirred layer, is thus:

200 mV
eV 00 OXP (_zt_B_m_)
. 9
l (w 200 mV ©)
c,+K_,p0€Xp ———)
A
with the parameters having values such as:
V_200 B (mV)  K_ 54 4 (mV)
(mAm™?) (nm)
CH,;NH7{: 150 175 250 75
NH;/: 150 150 3 70

At first sight the dependence of ¥V, and Ky on y seems rather weak
compared with that of, e.g., an ion equilibrium concentration ratio, which
would vary as exp(¥//25 mV).

A transport system described by Eq. (9) will show its maximum
voltage-dependence at low concentrations, with the current density hav-
ing the limiting value:

i=c,(V_,500/K_500) €XP [—(l// +200 mV) (%nL;?)] (10)

which can be regarded as defining a limiting permeability F, for amine
transport:

v 11
P=—=2% exp [——(gl/—i-200mV) (~+—)]. (11)
FK 540 A B

This is of course only the limiting permeability for small outside con-

centrations at zero inside concentration. This limiting permeability

exhibits the total voltage dependence of the amine influx, whose value is
‘ IO

shown in Table 1. For CH,;NH7 the constant (Z+§) has the value

50 mV (Table 1), while for NHJ it is 45 mV (Figs. 96 and 105), neither

value being significantly different from 2RT/F.
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Fig. 14. Model of amine transport channel with kinetic properties indicated by the
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The Channel Model

Many authors have derived equations for the flow of electric current
through an ion-conducting channel in a membrane, and in particular,
Hladky & Harris (1967), Lauger (1973, 1976), and Sandblom et al. (1977)
have dealt with the phenomenon of saturation. We have given here
(Fig. 14) a model channel which seems the simplest that will exhibit the
properties reported above, i.e., a current described by Eq. (9). The appen-
dix shows that Eq. (9) describes the influx through the model, the voltage
dependence of K, resulting from the binding site being located below the
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membrane surface. It also shows that very similar conclusions can be
drawn from the simplification of Liuger’s equation (Eq. (21) of 1973),
which is based on a very similar model.

It seems necessary therefore to assume a site about 1/3 of the
membrane potential away from the potential of the medium. We do not
translate this in any strict way into a fraction of the membrane thickness
—in this sense Fig. 14 is very diagrammatic.

The voltage dependence of P, is close to Fy/2RT suggesting a
symmetrically placed peak in the potential energy profile. We can derive
no information about the inner half of the profile from the present
measurements; efflux measurements will allow a decision to be made
about the possible presence of an inner binding site, at present demanded
only by aesthetic considerations.

Effects of pH

We found previously (Smith & Walker, 1978) that the change in
current density produced by NH} and CH;NH]J decreased greatly as
the external pH was lowered from 7.5 to 5.5. In those experiments the
cells were clamped at their resting PD for each pH, and this PD falls
with pH in the range used (Richards & Hope, 1974; Smith & Walker,
1976). Accordingly, it was not possible to separate the effects of pH from
those of PD. This was also the case in the measurements of CH,;NH7Y
influx with **C (Smith & Walker, 1978).

The present work shows that the amine current falls with decreasing
pH in the range 7.5 to 5.5 when the membrane PD is held constant
(Fig. 12). Between pH 7.5 and 9.5 there is little effect of pH on the amine
current or on ¥V, or Ky (Table 1). If the binding site is at /3 or —65 mV
from the potential of the bathing medium, the fall-off in current at pH
6.5 to 5.5 may suggest a pK in the range of 4.5-5.5. These effects need
further investigation if they are to contribute to an understanding of the
mechanism of amine transport.

Depolarization by Flowing Medium

That rapidly flowing media tend to depolarize cells of free-living
eucaryotes has been observed before, by M.J. Beilby with Chara and by
C.L. Slayman and N.A. Walker with Neurospora (unpublished data in
both cases). The natural inference was that the effect was due to
mechanical damage caused by the relative movement of cell and mi-
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croelectrode. Our results make that explanation unnecessary, since the
effect (Fig. 3) is seen to be due to a very permeable contaminant present
in the distilled water, a substance largely removable by a cation exchange
resin. Since NH} is known to occur as a common contaminant of
distilled water, there seems no reason to doubt that this is the correct
explanation.

The depolarizing effect of NH} should be guarded against in all
experiments on membrane PD in free-living autotrophs, since a differ-
ence between contaminating NHJ concentrations in different solutions
(resulting, e.g., from their having aged for different times) could be
mistaken for another effect being studied by membrane electrical proper-
ties.

Conclusions

The charophytes appear to have the ability to rapidly transport NH
ions by means of a selective transport system of low (~3pum) K,,. Both
K, and maximum rate depend on membrane potential; the maximum
rate also depends on the amount of amine taken into the cell and on that
cell’s history. In these properties charophyte plants strongly resemble
Neurospora, which appears to have a de-repressible transport system for
NH} (Slayman & Walker, in Slayman, 1977). The Neurospora system
has a comparable maximum velocity, of the order of 100 mA m~? as
judged from membrane depolarization, and a similarly low K, of the
order of 7uM (Slayman, 1977). Physical difficulties in working with
Neurospora, together with the very rapid repression of uptake by added
NH}, make Chara a very much better organism for the study of
transport kinetics. It is not, however, casy to demonstrate the de-
repression of amine transport in Chara, while Neurospora is ideal for this
type of study. The amine transport system of charophyte plants, es-
pecially with methylammonium as substrate, should prove an interesting
subject from the point of view of kinetic models.

This work was supported by the Australian Research Grants Committee to whom
F.AS. and N.A.W. are grateful for grants. We thank many colleagues for their comments,
especially C.L. Slayman, M.G. Pitman, and M.A. Bisson.

Appendix

Let solutions o and i be separated by a membrane-containing chan-
nels through which amines permeate. The simplest channel exhibiting
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Michaelis-Menten kinetics would contain a single binding site which can
bind a single substrate ion (Fig. 14). A simplifying —but not necessary
—assumption is that this site is essentially in equilibrium with the
medium at o, the forward and backward rate-constants being k, and
k_|; and that the rate-limiting step is movement from the site to the
medium at i, for which the rate constants are k, and k ,. Let the
probability that the site is occupied be p, and the density of the channels
be s.

Then, for equilibrium:

se k(1 —=p)=sk ,p (A1)
from which we get:
p:COk1/(C0kl +k— L)' (Az)

The current through the channel will be:

i=Fs(pky,—cik_,). (A3)
and if ¢, = 0:
i—Fspk,. (A4)

From (A2) and (A4) we have:
i=Fskyc e, +ky/k ) (AS)
and if we write ¥V, for Fsk, and K, for k,/k | this becomes
i=c, Ve, K,) (A6)

which is the Michaelis-Menten equation. The voltage dependence of V|
and K, can be argued, using a rate-theory approach (e.g., see Johnson,
Eyring & Polissar, 1954): if the site is at a potential of /a with respect to
the medium at o, the equilibrium binding constant K, will be given by:

K =ky/k =(k ok i o)exp(Fy/uRT). (A7)
However, rate constant k, will be given by:
ky=k, oexp(—Fy/BRT) (A8)

where 1/f is the fraction of the membrane PD appearing between the site
and the peak of the energy profile. If the energy profile is symmetrical,
and the electrical potential profile is also, we will find that y/x+y/B
=y/2. Writing A4 for «RT/F; B for fRT/F; K, for k o/k_; o;and I for
Fsk, , we obtain from (AS5), (A7), and (A8):



Kinetics of Amine Uniport in Charophytes 53

e Voexp(—y/B)
= Ky exp i) (A9)

which has the required form, cf. Eq. (9). It is apparent that for a
symmetrical energy profile, 1/4+1/B=F/2RT, in agreement with the
results.

A similar conclusion is reached if one takes the model of Lauger
(1973), containing an arbitrary number of sites, and simplifies it by
letting the number of sites be 1, and ¢; be 0. His Eq. (21) then reduces to
a form of the Michaelis-Menten equation, in which K,; and V, are
voltage dependent:

Vi=V,exp (— %) (A10)
and
it ) (e -2
=K,exp +exp{f (A11)
A C
where f depends on the relative heights of the barriers between the site
and the two solutions, and A~*,B~!' and C~' represent, as before,
fractions of the membrane PD which appear between energy maxima
and minima in the model. When more, and more accurate, data become
available it will be of interest to compare them with Egs. (A8) and (A 11).
This is not warranted at present. However, comparison of Eq. (A11) with
the present results again indicates that the energy maximum between the
binding site and the interior solution must occur at 1 or less of the
potential difference, as measured from the outside solution. This is thus
true independently of the assumption made initially that the site equilib-
rates with the outside solution.
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