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Coupling of ions to the uptake of neutral and basic amino acids via a general amino acid transport system 
(System II), was studied in a mutant of Neurospora crassa (bat mtr) which lacks other transport systems for 
these solutes. All amino acids tested - including ones hearing no net charge - elicited rapid membrane 
depolarization, as expected for ion-coupled transport. (Since amino acid transport in Neurospora is not 
dependent on extracellular Na + or K +, the associated ion is presumed to be H +.) Although the t4C-laheled 
amino acid fluxes through System II are largely independent of the identity of the amino acid, the 
depolarization caused by basic amino acids (L-lysine and L-ornithine) is 60-70% greater than that for neutral 
amino acids (e.g. L-leucine). This difference is consistent with a constant H +/amino acid stoichiometry of 2, 
the extra charge for lysine and ornithine being that on the amino acid itself, so that the charge ratio 
basic: neutral amino acids is 3: 2. When actual membrane charge flow associated with amino acid uptake was 
compared with measured t4C-laheled amino acid influx, ratios of 2.07 charges/mol L-leucine and 3.40 
charges/mol L-lysine were obtained, again in accord with a constant translocation stoichiometry of 
2H+/amino acid. The advantages of this electrical method for estimating H +/solute stoichiometry in 
cotransport are discussed in relation to more familiar methods. 

Introduction 

Many microbial and plant cells maintain across 
their plasma membranes a proton electrochemical 
gradient (AgH+) reaching -- 200 to -- 300 mV [1-4]. 
It is now well accepted that the resulting downhill 
and inward flow of H + can be coupled to trans- 
port and accumulation of a wide variety of solutes 
[5,6]. A crucial parameter in the description of any 
such proton-coupled transport system is its 
stoichiometric coefficient, n (the ratio of 
protons:solute transported with each turn of the 
transport cycle), which strongly influences system 
behavior, as described either by thermodynamic or 
by kinetic data. But, particularly with proton 
transport systems, the difficulties of determining 

transport stoichiometry by chemical methods are 
formidable: factors such as spurious pathways, 
metabolic shifts and electrically compensating pro- 
ton fluxes all can make counting of protons or 
determination of equilibrium conditions uncertain. 

However, since the majority of proton-coupled 
transport systems are electrophoretic, such diffi- 
culties can be skirted by measuring the charge flow 
which accompanies solute uptake. (Although such 
an approach requires transporting cells which are 
large enough to puncture with microelectrodes, 
new electrophysiological techniques [7-9] should 
substantially reduce the severity of this constraint 
in the near future.) In the present experiments, we 
have used conventional electrophysiological tech- 
niques, to examine current : solute ratios in amino 
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acid uptake by the large-celled mycelial fungus, 
Neurospora crassa. 

In addition to its size, this organism offers the 
advantage of transport-restricted mutants. This is 
particularly important for studies of amino acid 
transport, since in eukaryotic cells many amino 
acids can be transported via several transport sys- 
tems [10-13]. We have used a strain of Neurospora 
(bat mtr) possessing only one transport system 
which handles basic and neutral amino acids. That 
is designated System II and has been described as 
a general amino acid transport system [14]. (Both 
the specific basic amino acid system (System III) 
and the specific neutral amino acid system (System 
I) are deleted in this strain [14-18].) System II 
handles basic and neutral amino acids at ap- 
proximately equal maximal velocities, and - as we 
demonstrate below - with a stoichiometric coeffi- 
cient (n) which is fixed and independent of the 
amino acid species transported. 

Materials and Methods 

Biological material 
All experiments were carried out with a bat mtr 

strain of Neurospora, FGSC No. 2276 (allele iso- 
late numbers can-37; Pm-22), obtained from the 
Fungal Genetics Stock Center, Arcata, CA. For 
experimental preparations, conidia were harvested 
from 6- to 8-day agar cultures (25°C) and inoc- 
ulated into liquid or onto agar containing ni- 
trogen- free Vogel's medium, plus 2% sucrose (w/v) 
and 0.2% proline (w/v). (Nitrogen-free medium 
was prepared by omitting the 25 mM NH4NO 3 in 
Vogel's medium N [19]. 

Measurement of fluxes 
Conidia were inoculated at 105/ml into l-liter 

Erlenmeyer flasks containing 200 ml of liquid 
medium and placed on a reciprocating shaker (180 
strokes/min) at 25°C. After 48 h, the cells were 
harvested on cheesecloth, washed thoroughly with 
distilled water, and resuspended at a density of 
approx. 1 mg dry weight/ml in diluted (0.3 × ) 
N-free minimal medium (i.e., no NH4NO3) con- 
taining 1% (w/v) glucose, 0.2% proline and 2.3 
mM CaC1 z (pH 5.8) (test medium). (L-Proline is 
transported by a specific proline carrier, not by the 
general amino acid system (Pall, M.L., unpub- 

lished data), as in yeast [20]. Use of proline, rather 
than ammonium, as a nitrogen source results in 
full derepression of System II (Pall, M.L., unpub- 
lished data).) The suspensions were then prein- 
cubated in a water-bath shaker at 25°C for 30-60 
min, after which 10-ml samples were removed with 
a Tipet (A.H. Thomas Co., Philadelphia, PA) and 
added to 1 ~mol of 14C-labeled amino acid (final 
concentration 100 ~M) in a 125-ml Erlenmeyer 
flask. Cells were shaken vigorously at 25°C for 
appropriate times, collected on glass-fiber filters 
(Whatman GF/A) ,  and washed three times with 
distilled water at 0°C. The pellets were extracted 
and counted in a toluene/Triton (X-100)-based 
scintillation fluid containing 10% H20. 

Flux data are expressed on a (liter cell water)- 
basis, converting from (kg dry wt.)-I with the 
factor 2.54 [21]. Flux and electrical data are pre- 
sented in the form mean _+ S.E. 

Electrical measurements 
Conidia of the bat mtr strain were germinated 

as described previously [22] on scratched cel- 
lophane underlayed with agar containing the 
NH~--free growth medium. After about 30 h at 
25°C, a portion of the hyphal mat and cellophane 
was removed, washed in the N-free test medium, 
and mounted in a lucite chamber. Electrical mea- 
surements were made by means of glass micro- 
capillary electrodes filled with 1 M Na2SO 4. (The 
sulfate filling solution, rather than conventional 
KCI,  was used to avoid possible membrane 
damage from elevated cytoplasmic CI [9], al- 
though control experiments showed these particu- 
lar preparations to be insensitive to the pipette 
electrolyte, presumably because of the large 
cell/hyphal size (15-20 ~m diameter, over 1 cm 
length).) 

The voltage response to amino acids was found 
to be transient (see Fig. 2), and the peak response 
was attenuated by gradual addition of amino acids. 
These facts necessitated fast chamber perfusion 
(15 ml /min  through a chamber volume of 0.7 ml) 
and selection of cells near the entry port, so that 
the test amino acid could be introduced abruptly 
(in less than 1 s). 

The current-voltage ( I - V )  characteristics of the 
membrane were determined by a three-electrode 
method described previously [23]. Briefly, one 



microelectrode was used to record the actual mem- 
brane potential (V0), and a second was placed 
nearby to pass a measured current (i). These two 
electrodes were connected by a microprocessor- 
driven voltage-clamp circuit, which could deliver a 
bipolar staircase of pulses (each 160 ms long) 
spanning the range -300 to 0 mV. A third elec- 
trode also measured the membrane potential (V~) 
at a distant point (usually approx. 100 #m away 
from the V 0- and /-electrodes). V 1 was compared 
with V 0 in order to calculate current spread along 
the hyphal fiber and membrane current density 
(Im, in units of /.tA/cm 2) in the vicinity of the 
V0-electrode. (For ease of calculations, the branch 
geometry of each hypha to be studied was sim- 
plified by careful selection and/or  by crush-killing 
of major branches near V 0 and V~.) The plot of Im 
versus V 0 defines the membrane I -V relationship. 

Normally, the membrane I-V relationship was 
determined just before addition of an amino acid, 
and again as soon as the voltage response had 
reached its maximum. The resulting two curves 
were fitted by a non-linear least-squares method 
[24], either to a parabolic function, or (for short 
voltage spans) to a linear function. The calculated 
difference I -V curve (during amino acid minus 
control) was taken to represent the current-voltage 
relationship for the amino acid transport system. 
Thus current (net charge flux) through System II 
could be read off for any desired membrane 
potential within the accessible span. 

Estimation of the stoichiometric coefficient 
The stoichiometry for H +/amino acid transport 

was estimated in two ways. (1) From the ratio of 
the currents elicited by neutral versus basic amino 
acids, plus the fact that one additional charge is 
carried on a basic amino acid, the lowest common 
integral stoichiometry was calculated. This method 
has the advantage that the measurements can be 
made on a single cell type, but it assumes common 
stoichiometry for the two classes of amino acid. (2) 
From a comparison of isotopic amino acid fluxes 
(measured in shaking culture cells) with the cur- 
rent flow (measured on hyphae), an absolute 
stoichiometry was estimated. This method does 
not depend on the assumption of common behav- 
ior by different amino acids, though the data must 
be normalized on a cell volume basis (not surface 

Results 

area), as has previously been done to compare 
activity of other transport systems in the two cell 
types [23]. 
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The general amino acid transport system in 
Neurospora is a single transport system by both 
kinetic [14] and genetic [25] criteria. It has a high 
affinity for neutral amino acids: for example the 
K m for uptake of L-leucine is 4 #M. For basic 
amino acids, the affinity is even higher: e.g., the 
K m for L-lysine is 0.9 #M. In the experiments 
reported here, all flux and electrical measurements 
were carried out at saturating velocity for System 
II, obtained by testing each amino acid at 100 #M. 

Tracer influx of amino acids via System H 
Initial time-courses for influx of three 14C- 

labeled amino acids (leucine, lysine and ornithine) 
by bat mtr are plotted in Fig. 1. Isotope uptake is 
linear for at least 1.5 to 2 rain after the addition of 
saturating concentrations of amino acid. More re- 
markably, the (maximal) amino acid flux is nearly 
independent of the identity of amino acid trans- 
ported, as is demonstrated numerically in Table I 
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Fig. 1. Uptake of 14C-labeled amino acids in bat mtr. Key: e ,  
L-leucine; % L-lysine; O, L-ornithine, all applied at 100 ttM. 
Pooled data (except for lysine sample at 2 rain) were fitted by 
least-squares to a linear function constrained to pass through 
the origin. Mean uptake rate is 5.01 +0.05 mmol/ l i ter  cell 
water per min. Delay in mixing of amino acids with cells might 
account for the slight tendency for the 20 s samples to lie below 
the fitted line. 
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TABLE I 

]4C FLUXES A N D  M E M B R A N E  DE P OL AR IZ AT ION IN bat mtr  

Amino  acid ]4C flux Depolarization Weighted 

(% control, Leu) a (% control, Leu) b depolarization c 

L-Leucine 100 + 12 100 + 10 1.00 ± 0.1 I 
L-Phenylalanine 99 + 3 78 + 3 0.79 _+ 0.03 
L-Valine 102± 3 103± 5 1.01±0.04 
a-Aminoisobutyrate  61 + 5 54 ± 5 0.89_+ 0.05 
L-Ornithine 87+  3 144_+ 8 1.66_+0.05 
L-Lysine 92 ± 4 147 ± 5 1.60± 0.04 

" L-Leucine flux = 5.43 m m o l / k g  cell water per rain. Values for all amino acids are means of three determinations + S.E. 
b Depolarization by Leu = 34.2 + 3.8 (11) mV. Other values for depolarizations are means  of between four and ten observations. 
¢ Weighted depolarization defined as: depolarization (%)/flux (%). 

(column 1) for five naturally occurring L-amino 
acids. Fluxes of the three neutral and two basic 
amino acids all fall within 10% of that for L-leucine, 
which was taken as the reference point. The one 
synthetic amino acid tested, a-aminoisobutyrate, 
did show a significantly lower flux, perhaps related 
to the H missing from its a-carbon atom. 

Membrane depolarization by amino acids 
Amino acids elicit rapid membrane depolariza- 

tion when added to the medium bathing Neuro- 
spora (Fig. 2A). We take the speed of depolariza- 
tion to be indicative of transport-associated cur- 
rent entering the cell, an interpretation which is 
reinforced by two further observations: (i) it oc- 
curs as well with non-metabolized amino acids 
(i.e., a-aminoisobutyrate) as with physiologic ones; 
and (ii) the triple mutant pm bng, which is defi- 
cient in all major amino acid transport systems 
[25,26], fails to show a marked electrical response 
to added leucine or lysine (data not shown). The 
fact that depolarization is associated with influx 
even of species having no net charge at the prevail- 
ing pH (e.g., leucine) can be taken as evidence for 
cotransport of amino acids along with at least one 
cation. In accordance with the findings for other 
amino acid cotransport systems in non-animal cells 
[5,11,27-29], this cation appears to be H ÷, since 
there is no significant effect of extracellular K ÷ or 
Na + concentration on the isotope flux through the 
general amino acid transport system (data not 
shown). 

Fig. 2A shows that depolarization is biphasic in 
the sustained presence of amino acid, even though 

influx of labeled amino acid is constant (Fig. 1) 
over the period of 1-2 min spanned by the electri- 
cal trace. Transient behavior similar to this is 
typical of cotransport systems; it is thought to 
reflect a compensatory increase of ion extrusion by 
associated ion pumps [30-35]. An important im- 
plication of such electrical behavior is that only 
the initial electrical signal is likely to be quantita- 
tively related to amino acid transport. (In the 
absence of a really high-speed flow/mixing device, 
we must assume that the time required to reach 
peak depolarization reflects mainly the time needed 
for amino acid to reach saturation at the transport 
sites.) For this reason, all further experiments were 
conducted with short pulses of amino acids, and 
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Fig. 2. (A) Membrane depolarization in bat mtr  by 100 ~M 
L-leucine, demonstrat ing transience of response. (B) Compara- 
tive depolarizations by L-lysine and L-leucine on the same 
hypha of bat mtr. 



electrical parameters (voltage and current) were 
determined at peak depolarization. This protocol 
has the additional advantage of minimizing the 
cumulative effects of amino acid absorption dur- 
ing any single experiment. 

The effects of both a basic and a neutral amino 
acid on membrane potential are compared in Fig. 
2B. Lysine depolarized the membrane by 62 mV, 
whereas leucine, tested 12 min later, depolarized 
only 45 mV. Since the fluxes of the two amino 
acids should have been identical (Fig. 1), and since 
the larger depolarization by lysine occurred inde- 
pendently of the order in which amino acids were 
tested, the depolarization seems dependent simply 
on net charge (Table I, column 2). The mean 
depolarizations by both lysine and ornithine were 
about 50% greater than those produced by leucine, 
phenylalanine, or valine. Importantly, the more 
slowly transported analogue, a-aminoisobutyric 
acid, elicited only about 50% of the depolarization 
seen with leucine. 

If depolarization is indeed a transport-linked 
event, the voltage displacements should be 
weighted according to the magnitude of measured 
amino acid flux. This calculation is summarized in 
Table I, column 3. It can be seen that a-aminoi- 
sobutyric acid gives a weighted voltage displace- 
ment which is not significantly different from that 
of leucine or valine. Phenylalanine does generate a 
smaller signal (20%) than leucine, but the statisti- 
cal significance is dubious (P < 0.03). On the other 
hand, the two basic amino acids elicit weighted 
depolarizations 60-70% greater than that for 
leucine (P < 0.001) 

By assuming a simple relationship between volt- 
age displacement and transport current-  an as- 
sumption which is tested below - we can make a 
direct comparison between the fluxes of charge 
entering the cell along with the two kinds of amino 
acid. The average weighted depolarization for 
ornithine and lysine is 1.63 + 0.04, and that for the 
four neutral amino acids is 0.93 + 0.07. The ratio 
between these is 1.75, which is close to an integral 
ratio of 5:3, or even 3:2. Since lysine and 
ornithine each carry a single net positive charge, at 
the extracellular pH for these experiments, a 
charge-transport ratio of 3 : 2 would be consistent 
with a transport stoichiometry of 2 H ÷ per amino 
acid molecule taken up, regardless of the identity 
of the amino acid. 
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1on currents accompanying amino acid transport 
Voltage measurements and calculations of the 

kinds reported above are subject to one potentially 
serious criticism: that displacements of membrane 
potential need not necessarily be proportional to 
charge flow. Such proportionality obtains only if 
membrane resistance (or conductance, 1/resis- 
tance) is constant over the observed range of volt- 
age displacements. But since the membrane con- 
ductance of Neurospora is known to change with 
membrane potential [23], actual measurement of 
the membrane current which accompanies amino 
acid flux through System II is essential. An effi- 
cient strategy for making this measurement is to 
impose currents from an extrinsic source (flowing, 
for example, between an intracellular microelec- 
trode and a bath electrode), and to plot the amount 
of current delivered against the actual membrane 
potential obtained, over as wide a voltage range as 
possible. By performing this maneuver twice - be- 
fore and during (at peak depolarization) amino 
acid activation of System II - and then subtract- 
ing the two, we obtain the current-voltage relation- 
ship for the amino acid transport system, and can 
read off the exact amount of current which must 
flow to give the observed peak depolarization. 

A typical I-V plot for the bat mtr strain of 
Neurospora, obtained in the absence of added 
amino acids, is shown by the upper curve (control) 
in Fig. 3. This kind of control I-V relationship, 
which was obtained in all 23 trials (11 different 
hyphae) of bat mtr, turns out to be more nearly 
linear than had been expected from wild-type Neu- 
rospora (see Ref. 23). The condition mimics that 
reported for carbon-starved hyphae [36], and there 
may be an indirect physiological effect of the 
ammonium starvation which occurs during pro- 
line-growth of Neurospora. Obviously, such lineari- 
zation of the membrane I-V relationships reduces 
the quantitative error which can arise in the direct 
comparison of amino acid flux and displacement 
of membrane potential (see above). 

The second (lower) plot in Fig. 3 was obtained 
at the peak of lysine-induced depolarization. Its 
intercept on the abscissa, which represents the 
membrane potential of the cell with no injected 
current, shifted 44 mV rightward in lysine, equal 
to the actual peak depolarization. The two plots 
are almost parallel, and the difference 
curve - which gives the 1-V relationship for lysine 
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Fig. 3. Membrane current-voltage curves measured 32 s before 
the addition of 100/xM L-lysine (control, I ) ,  and at the peak of 
the lysine-induced depolarization (O). Lines through the data 
points are least-squares fits according to the quadratic function 
I m = a 0 + a]Aff + a2A~b 2, with I m the membrane current and 
ALk the internal potential. ' Icot ,a ,s '  is the difference of the two 
membrane I -V curves. Coefficients are as follows: 

C u r v e  a 0 a I a 2 

Control 35.9 0.18 - 1.5.10 -5 
+ lysine 29.4 0.18 - 4.5.10- 5 

transport, runs parallel to the voltage axis over 
most  of its length, with an indication of slightly 
greater current at more negative voltage. In other 
words, although amino acid uptake is indeed 
accompanied by an electric current, the process is 
only slightly sensitive to the actual membrane 
potential (over the range 0 to - 3 0 0  mV). Similar 
results have been reported for amino acid trans- 
port  in Riccm [37] and for glucose transport in 
Neurospora [36]. The meaning of this result will be 
taken up in the Discussion. 

In the context of determining the charge : amino 
acid stoichiometry, however, we are interested 
primarily in the behavior of the I - V  curves over 
the voltage range between the control membrane 
potential and peak depolarization, since this is the 
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Fig. 4. Determination of amino acid-associated current for 
comparison with isotope flux experiments. The center portions 
of membrane current-voltage curves, obtained as described in 
Materials and Methods and the legend to Fig. 3, were fitted by 
least-squares to linear functions of the form I m = a o + a l A  ~ .  

Key: Ira, control; O, +L-leucine; A, +L-lysine. Vertical lines 
represent the current (sign inverted) due to the amino acid at 
the appropriate cell resting potential (5.0 # A / c m  2 for leucine 
and 8.9 # A / c m  2 for lysine). Coefficients are as follows: 

C u r v e  a o a I 

C o n t r o l  2 3 . 2  0 . 1 1 8  

+ l e u c i n e  1 8 . 6  0 . 1 2  l 

+ l y s i n e  1 4 . 7  0 . 1 2 1  

range over which chemical measurements of amino 
acid flux must be made. We therefore focussed 
further analysis on those particular segments of 
the current-voltage curves, as is shown in Fig. 4. In 
all cases, straight lines were fitted to the data, and 
in most sets of trials the fitted slopes for all I -V  
curves in the set did not differ significantly. Cur- 
rent flow induced by a particular amino acid could 
then be calculated from the vertical displacement 
between the control I - V  curve and that obtained 
during peak depolarization. This displacement was 
measured at the membrane potential existing ex- 
actly at peak depolarization, indicated in Fig. 4 by 
the vertical arrows for leucine and for lysine. A 
summary of the calculations for all trials is given 
in Table II. As predicted from the voltage effects 
alone, the ratio of currents with lysine : leucine was 
close to 3:2 .  For comparison with the measured 
amino acid influx, current was converted to charge 
flow in milliequivalents/liter cell water ( = current 
× surface:volume ra t io /Faraday) .  The resultant 
stoichiometry, charge:[]4C]lysine was 3.40, and 
charge : [14C]leucine was 2.07, again consistent with 



73 

TABLE II 

PROPERTIES OF THE GENERAL AMINO ACID TRANSPORT SYSTEM FROM CURRENT-VOLTAGE STUDIES 

14C-labeled amino acid fluxes taken from Table I. Electrical data (in the form mean + S.E.) are from three hyphae, representing six 
trials for leucine and five trials for lysine. 

Leucine Lysine Ratio 

Depolarization (mY) 32 + 5 
Current (/xA.cm -2)  4.7 + 1.0 
Charge flow (mequiv. • 1- I. m in -  i ) 11.2 + 2.3 
14C-labeled amino acid flux (mmol . l -  L m i n -  1) 5.4 +0.6 
Charge/14 C-labeled amino acid (equiv.. mol-  1 ) 2.07 + 0.22 : 1 

52 +4  1.63+0.14 
7.1 +0.5 1.51 +0.15 

17.0 + 1.2 
5.0 +0.2 
3.40+0.10:1 

the notions that two protons are moved in with 
each amino acid molecule, and that a basic amino 
acid itself carries one additional charge. (Such a 
direct comparison between unidirectional flux (iso- 
tope) and net flux (current) is valid for amino acid 
transport in Neurospora, because the unidirec- 
tional eff lux- even at high internal concentra- 
t ions-  is less than 5% of unidirectional influx 
[38]. For transport systems exhibiting significant 
self-exchange, this approach would not be valid 
[39].) 

Discussion 

Evaluation of methods for measuring stoichiometry 
in H + cotransport 

Net fluxes. Most problems of determining 
H÷/solute stoichiometry arise because unidirec- 
tional H ÷ fluxes cannot be measured by chemical 
means. Consequently, many investigators- fol- 
lowing the lead of West and Mitchell [40] - have 
simply measured solute-dependent net H ÷ uptake, 
using experimental conditions which minimize reg- 
ulated changes of proton flux through other path- 
ways. In the case of electrophoretic cotransport 
systems, however, the method can only give a 
lower limit for n because of compensation through 
the electric circuit. 

This point can perhaps be made most clearly by 
an example. Suppose that, before activation of a 
particular H+-solute cotransport system, the nor- 
mal state of the membrane is such that any en- 
forced voltage change drives half its current via 
K ÷ ions, and half via H ÷ ions. Initially, upon 
activation of the cotransport system (when the 
pump has not had time to adjust) protons entering 

on the cotransport system must be balanced half 
by decreased K + entry (or increased exit) and half 
by decreased H ÷ entry (or increased exit) through 
the leaks. This means that if the real value of n is 
2, then the apparent value - which must be equiv- 
alent to the changed K ÷ f lux-  will be 1. (The 
argument applies to all measurements made after 
the membrane potential has shifted to its new 
(depolarized) value, for which the time is ulti- 
mately set in the range of 5-50 ms by charging of 
membrane capacitance.) This problem, unlike that 
of preventing later adjustments of pump or leak 
pathways [40,41], is unavoidable in any membrane 
system having appreciable proton permeability. 

It seems possible, indeed, that variability in 
such charge compensation by H + (resulting from 
variability in background proton permeability) 
among different biological membranes might be 
responsible for reported differences of n in 
closely-related transport systems. Among yeasts, 
for example, the general amino acid permease in 
Saccharomyces shows n = 2, whereas in Candida 
the value is 1 [11,41,42]. An excellent illustration 
of this argument is the demonstration [43] that the 
stoichiometry for Na+/glucose cotransport in in- 
testinal epithelium had been underestimated (as 
n-- 1) for over 10 years; a value of n = 2 is ob- 
tained if the voltage-sensitive background Na + 
flux is short-circuited with valinomycin/K ÷. 

Equilibrium. The other common method for de- 
termining n requires the transport system to reach 
equilibrium, for which condition the transport mass 
reaction 

n H o  + + S , ~  n H + +S~ ( I )  
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yields 

( , ,a~.+)+ (a~s.) = o (2) 

where A/i is the electrochemical potential dif- 
ference across the membrane for H + and substrate 
S t, and z is the valence of S. Expansion and 
rearrangement of these terms gives 

RT l n ~  _ zA~ ] /[  A~ _ RT In [H+ ]° 
= [ F  [~l, J / ] (3) 

n 

In principle, this method requires only measure- 
ment of the respective solute concentrations, and 
of membrane potential (A~). A major problem, 
however, is that of insuring equilibrium - rather 
than simply steady state - for the system. When 
transport of either the substrate or the driver ion 
also occurs through other pathways, even small 
ones, very large errors in the steady-state poise can 
be overlooked. Furthermore, even when the fluxes 
of S and H ÷ are tightly coupled, quasi-steady 
states can exist well displaced from true equi- 
librium, especially in systems showing acute trans- 
inhibition (Ref. 44, and below). Again, only a 
lower kinetic limit on n is established by the 
method. 

Net charge transport. The electrophysiological 
approach used here is not subject to either of these 
major errors. The determination is a kinetic one, 
inherently free of the equilibrium assumption; and 

because the strain of Neurospora chosen is geneti- 
cally blocked for transport of (neutral, basic) amino 
acids through other pathways, the measured amino 
acid flux can be attributed over 99.5% to System 
II. Furthermore, since electroneutrality is main- 
tained by charges flowing from an external source 
(in fact, the measuring amplifier), the identity of 
membrane ions flowing normally to compensate 
the cotransported proton influx is immaterial. The 
I -V method has also been used in conjunction with 
isotopic measurements to evaluate n for H+/g lu  - 
cose cotransport in Neurospora (n = 1; Ref. 45) 
and H+/C1 - cotransport in Chara (n = 2; Ref. 
46). 

One limitation of the I -V  technique, however, is 
obvious: it is applicable only to large microbial 
cells which permit direct electrophysiological mea- 
surements. Indeed, for the experiments on Neuro- 
spora, we must compare the currents in mature 
hyphae (grown on agar) with isotope fluxes in 
germinated conidia (grown in suspension cultures), 
then normalize for the different surface a rea /  
volume ratios. It is therefore satisfying that both 
the direct comparison of leucine (or lysine) flux 
with electric current, and the comparison of leucine 
depolarization with lysine depolarization lead to 
the same value of n (=  2). The latter comparison 
was made on only one cell type, and did not 
depend on knowledge of the absolute current or 
flux. Recently, methods have been developed in 
this laboratory which will facilitate measurement 

TABLE III 

THERMODYNAMIC CHARACTERISTICS OF THE GENERAL AMINO ACID TRANSPORT SYSTEM OF NEUROSPORA 
The following values were used for substituting into the equations: n = 2; z = 0 (neutral) or + 1 (basic); [ H + ] i  = 63 nM (~  pH 7.2: 
Ref. 3); [H+]o = 1.58/.tM (~  pH 5.8); [SZL = [SZ]o = 100 #M; A~/, = -- 150 mV. 

Parameter Unit Form of Eqn. 3 Amino acid 

Neutral Basic 

Free energy available for transport mV 

Equilibrium solute accumulation ratio ratio 

Reversal potential mV 

(n+z)A~k+~ln[  [H+]~[ H+]o ~ [SZ] o[Sz]i] -465 

[H+ ]: .exp [ (n+z)FA~b] 
[H+]~ ' -R--T 

RT .ln[ tH+ 1°~ [S~]° ] 
( n+z )F  [[~+]~[SZl,]  +83 

7.7- 107 

-615 

2.7- 10 t° 

+55 



of membrane current and isotope fluxes on the 
same cell type [9]. 

Stoichiometry, energetics and the shape of the I -V  
curve 

Since the value of n is known, thermodynamic 
parameters for the transport of neutral and basic 
amino acids can be calculated, and these are listed 
in Table III. The free energy available for amino 
acid uptake is very large indeed under the condi- 
tions of these experiments, and the theoretical 
solute accumulation ratio is likewise enormous. 

The transport reversal potential, or (opposing) 
membrane potential which would be required to 
reduce net transport to zero, can be calculated 
from a rearrangement of Eqn. 3 (see Table III). If 
the calculation is made soon after activation of 
System II, say when [S]i = [S]o, then the reversal 
potential would be + 83 mV for leucine, and + 55 
mV for lysine (cell interior positive). Now, 
usually - though not always - voltage-sensitivity 
in a carrier-type transport system appears in the 
neighborhood of the reversal potential [44,47]. At 
membrane potentials well displaced from the re- 
versal potential, the current-voltage curve saturates 
and becomes flat. Thus, it is clear why System II is 
nearly voltage-insensitive (Fig. 3): the reversal 
potentials for both leucine and lysine transport are 
well out of the range of accessible membrane 
potentials. A fundamental corollary of this result 
is that any experimental attempt to demonstrate 
that the transport of amino acids is electrophoretic 
would be doomed to failure if the response of flux 
to membrane potential (between 0 and - 300 mV) 
were the only criterion. 

Stoichiometry, kinetics and intrinsic control: why 
does n = 2? 

Given the extremely high free energy available 
for amino acid accumulation, we can ask a teleo- 
logical question: why does the cell use 2 H ÷ to 
drive uptake of amino acids instead of 1 H +, 
which would dissipate only half the energy stored 
in electrochemical form as a transmembrane H ÷ 
gradient? Indeed, although the free energy availa- 
ble for amino acid uptake would be reduced, the 
maximum accumulation ratio for a neutral amino 
acid would still be 9,103, and for a basic amino 
acid 3. 1 0  6 . 
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The stoichiometry of 2 maintains the transport 
system very far from equilibrium, since it is unrea- 
sonable to expect an actual solute accumulation 
ratio in the range 107-101° . Perhaps the best rea- 
son for this arrangement is the classical one given 
for those scalar reactions of intermediary metabo- 
lism which have similar characteristics [48]: dis- 
placement from equilibrium facilitates homeostatic 
regulation while leaving reaction rates relatively 
insensitive to variation of driving force per se. It 
has already been shown (Fig. 3) that transport is 
insensitive to membrane potential over a wide 
range. Similarly, at high external pH, where the 
chemical component of the H ÷ gradient favors 
efflux, there should still be a strong inward driving 
force on amino acid transport because of the mem- 
brane potential. But if n were unity, equilibrium 
would be approached both for large membrane 
depolarizations and for elevated external pH, so 
that transport would slow accordingly. Clearly, 
however, with n = 2, the cell should be able to 
maintain a high, fixed rate of solute transport in 
the face of such perturbations of free energy dif- 
ference across the transport system. 

One striking characteristic of transport systems 
displaced far from equilibrium is sensitivity to 
internal ligand concentration [44]. Net flux can be 
reduced almost to zero as the internal ligand con- 
centration rises, even in the presence of a large 
driving force. This 'transinhibition' should have 
an autoregulatory effect ('intrinsic control': Ref. 
49) on cytoplasmic levels of the transported 
ligands: amino acids and H ÷. Several other 
cotransport systems demonstrate acute sensitivity 
to internal H ÷ concentration: H+/hexose cotrans- 
port in Chlorella [50]; H+/C1 - cotransport in 
Chara [33,51]; H+/glycine transport in yeast (Bal- 
larin-Denti, A. and Slayman, C.L., unpublished 
data). At least in the latter two instances, kinetic 
modelling has demonstrated that the observed 
sensitivity can be generated only if n > 1. Thus, 
although the energy consumption for transport 
must be higher on a molar basis with n = 2, than 
with n = 1, shutting down of transport as internal 
solute concentration reaches the required level both 
ensures that the energy drain is not persistent and 
protects the cell against cytoplasmic acidification. 
In this context, then, it will be of interest to 
determine the response of the general amino acid 
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transport system of Neurospora to changes of in- 
ternal pH. 

Overall maximum current flow through the gen- 
eral amino acid transport system is about 5 
/~A/cm 2 (Table II), compared with a normal H + 
pump rate of 20 ~A/cm 2. The pump accounts for 
25-50% of steady-state ATP turnover in Neuro- 
spora [23]. This means that, even in the initial, 
rapid stages of amino acid uptake, accumulation 
of amino acids will not require much more than 
10% of cellular energy turnover. 
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