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Summary. The nonlinear membrane current-voltage relationship (I-V curve) for 
intact hyphae of Neurospora crassa has been determined by means of a 3-electrode 
voltage-clamp technique, plus "quasi-linear" cable theory. Under normal conditions of 
growth and respiration, the membrane 1-V curve is best described as a parabolic segment 
convex in the direction of depolarizing current. At the average resting potential of - 174 
mV, the membrane conductance is ~ 190 gmhos/cm2; conductance increases to ~240 
gmhos/cm 2 at - 3 0 0  mV, and decreases to ~130 lamhos/cm 2 at 0 inV. Irreversible 
membrane breakdown occurs at potentials beyond this range. 

Inhibition of the primary electrogenic pump in Neurospora by ATP withdrawal 
(with 1 mM KCN) depolarizes the membrane to the range of - 4 0  to - 7 0  mV and 
reduces the slope of the I -V  curve by a fixed scaling factor of approximately 0.8. For  
wild-type Neurospora, compared under control conditions and during steady-state in- 
hibition by cyanide, the I -V  difference curve - -  presumed to define the current-voltage 
curve for the electrogenic pump - -  is a saturation function with maximal current of ~20 
gA/cm 2, a half-saturation potential near - 3 0 0  mV, and a projected reversal potential of 
ca. - 4 0 0  inV. This value is close to the maximal free energy available to the pump from 
ATP hydrolysis, so that pump stoichiometry must be close to 1 H § extruded:l  ATP 
split. 

The time-courses of change in membrane potential and resistance with cyanide are 
compatible with the steady-state I -V  curves, under the assumption that cyanide has no 
major effects other than ATP withdrawal. Other inhibitors, uncouplers, and lowered 
temperature all have more complicated effects. 

The detailed temporal analysis of voltage-clamp data showed three time-constants in 
the clamping currents: one of 10 msec, for charging the membrane capacitance (0.9 
gF/cm2); a second of 50-75 msec; and a third of 20-30 sec, perhaps representing changes 
of intracellular composition. 
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Over the past 5 years electrogenic pumps (ion transport systems 
which consume metabolic energy and move net charges through mem- 
branes) have been identified in almost all biological membranes exam- 
ined, so that charge movement has come to be regarded as a basic 
property of active ion tranport  systems. Among those systems which can 
be studied with direct electrophysiological techniques, the most exten- 
sively analyzed is the sodium pump of excitable membranes; however, 
electrical signals from the sodium pump are customarily small, except 
during brief periods of rapid transport which may follow potassium- 
depletion or sodium-loading maneuvers [36, 62], and the role that 
charge transfer via the sodium pump plays per se in the total cellular 
economy seems small. Quite the opposite is true for electrogenic pumps 
observed in specialized transporting epithelia [-5, 16], as well as for the 
electrogenic H § pumps studied in plant, fungal, and bacterial cells [20, 
23, 42] and in mitochondria and chloroplasts [14, 38]. In these cases 
large membrane potentials, directly associated with active transport 
processes, are present  under steady-state conditions and are postulated 
to play at least two major roles in the total cellular or tissue economy: 
that of distributing energy to gradient-coupled transport systems, and 
that of coupling redox energy to covalent-bond energy [33, 39, 44]. 

Interest in the electrical properties, per se, of active transport systems 
arises not only out of their contribution to total energy balance in cells, 
but also out of their implications for the molecular mechanisms of 
transport. A convenient and widely adopted description of the electrical 
behavior of membranes - -  or of membrane constituents - -  as well as of a 
wide variety of electronic devices, is the current-voltage plot: a de- 
termination of the functional relationship between current flow through 
the system and the potential difference imposed across the system. Some 
features of the current-voltage relationship for an electrogenic pump can 
be predicted from cyclic, enzyme-catalyzed, carrier models containing (i) 
a voltage-sensitive membrane transit step, and (ii) one or more voltage- 
insensitive chemical reaction steps (usually represented at each mem- 
brane boundary). The latter reactions must become rate-limiting at 
extreme voltages, so that a maximal (asymptotic) pump current shou, ld 
be observed; it may be regarded as analogous to the maximal velocity 
for a conventional enzymatic reaction. Furthermore, the total current- 
voltage relationship for the pump should yield an estimate of the 
chemical free energy available to the transport reaction, defined by the 
point at which membrane potential just stops or reverses current flow 
through the pump. And the detailed shape of the current-voltage curve 
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necessarilY restricts the acceptable classes of molecular models, as is 
being demonstrated in studies on artificial membranes doped with va- 
rious passive carriers and "channels" [21, 59]. 

In the report that follows, we set out the steady-state current-voltage 
relationship (and some ancillary properties) of the plasma membrane of 
Neurospora crassa, with particular emphasis on the electrogenic H + 
pump in that membrane. Under normal circumstances the pump ge- 
nerates 150-200 mV of membrane potential [41, 51], consumes 25 % or 
more of the total energy available from oxidative phosphorylation [50], 
supplies energy for concentrative uptake of sugars [53, 54], certain 
cations [45], and probably amino acids and anions as well [56], and is 
subject to short-term and long-term control in response to changes in the 
rate of energy production 1-18]. It also appears to be driven by hydrolysis 
of ATP [50, 51], and is probably associated with an ATPase that has 
recently been identified and partially purified from isolated plasma 
membranes of Neurospora [6, 37]. The new results, of which a pre- 
liminary account has already appeared [46], show the current-voltage 
relationship for the electrogenic pump to be a saturation curve with a 
maximal velocity close to 20 gA/cm 2 (200 pmoles/cm 2. sec), an apparent 
reversal potential near -400  mV, and a half-saturation potential of 
approximately -300  inV. The detailed current-voltage curve differs 
significantly from expectation based on existing models for electrogenic 
pumps and ion carriers [4, 8, 15, 30, 58]. 

Materials and Methods 

General 

Except as otherwise noted, experiments were carried out on the wild-type strain 
RL21a of Neurospora crassa. Details of the methods for growing the cells and setting 
them up for electrophysiological experiments have been reported previously [18, 40]. 
Briefly, mycelial cultures were grown for 24-40 hr on scratched cellophane supported by 
3 % agar, at 25 ~ For recording, a section of cellophane with attached mycelium was cut 
from the agar, rinsed in distilled water, and transferred to a Lucite recording chamber on 
the stage of a compound microscope. The microelectrodes, reference electrode, solution 
taps, and vacuum level-regulator were all inserted into the chamber through side ports. 
All electrical measurements were made at the ambient temperature of 23-24 ~ 

Solutions 

Cells were grown on Vogel's minimal medium [66] with 2 ~ sucrose, and electrical 
measurements were made in one of a variety of different buffer solutions, listed in Table 
1. Inhibitors were added to these solutions from the following stocks: KCN (J.T. Baker), 
100ram in distilled water, neutralized with HC1; and 2,4-dinitrophenol (DNP, Eastman 
Kodak), 10 mM in distilled water, neutralized with KOH. 
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Table 1. Composi t ion of the Media a 

Ion Growth Recording solutions concentrations in mM 
medium 

A B b C D E F ~ 

Na 25.3 . . . . .  7.3 
K 36.8 10 25 25 10 10 10.7 
N H  4 25.0 - - - 1 1 7.2 
Ca 0.7 1 1 1 1 1 2.5 
Mg 0.8 - - - 0.5 0.5 0.23 
pH 5.8 5.8 a 5.8 5.8 5.8 8.2 5.8 
C1 1.4 12 2 2 3 3 5.0 
NO 3 25.0 - - - 1 1 7.2 
SO 4 0.8 . . . . .  0.23 
PO 4 36.8 - - 23.1 9.1 - 10.7 
Citrate 8.4 . . . . .  2.44 
D M G  e - - 20 . . . .  
H E P E S  e - . . . .  12 - 

a Traces of biotin and heavy metals were added to all solutions except A, B, and C; also, 
1 ~o glucose was added to all solutions except the growth medium, which had 2 ~ sucrose. 
b N H 4 C  1 at 1 mM added in some experiments; designated solution B'. 
c Solution designed to have the same ingredients as growth medium, but a total 
monovalent  cation concentration near 25 m~, with a free calcium concentrat ion (in 
citrate) of 1 raM. 
a Unbuffered solution, at the pH of distilled water in equilibrium with air. 
e DMG=3,3-d imethy lg lu ta r i c  acid; HEPES=N-2-hydroxyethylp iperaz ine-N' -2-e thane  
sulfonic acid. 

Electrical Apparatus 

The microelectrodes used in these experiments were conventional  microcapillary 
electrodes, filled (by vacuum-boil ing at 90 ~ with 3 N KC1. The ground electrode was a 
1.5-mm polyethylene tube containing 3 }/o agar and 3M KC1. All electrodes were con- 
nected to the amplifiers through matched Ag-AgC1 half cells. Tip junction potentials (tip 
potentials) were small, approximately - 1 0  mV in most cases, and were therefore 
neglected. High-impedance electrometer amplifiers ( -1011  ohms, leakage current < 5  
x 10 -12 A; Model  M-4, W.P. Instruments) were used to record membrane potentials, 

usually simultaneously in two adjacent cells of a single hypha. During voltage clamp 
tests, the amplifier monitor ing one cell was connected through a summing network to the 
negative input of a high-gain operational amplifier (4= 1545; Burr-Brown, Inc; maximal 
output  +_100V). The same summing network also led to a variable millivolt  source 
which was used as the clamping command signal. The output of the operational amplifier 
was connected directly to a second microelectrode, inserted into the same cell of the 
hypha. The arrangement, with optimal tr iming capacitance, provided clamp steps from 0 
to +_ 300 mV (referenced to the unclamped membrane potential) having rise times of ca. 3 
msec. Performance of the system with depolarizing steps was occasionally degraded by 
high impedances developed in the microelectrodes during the passage of large outward 
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currents, but the actual current delivered by the voltage clamp was monitored at the bath 
ground electrode by an FET electrometer ( ~  310J, Analog Devices) operated as a virtual 
ground, with a feedback resistor of 107 or 10 s ohms. All signals were displayed on an 
oscilloscope and a chart recorder. 

General Computations and Plots 

The earlier experiments reported in this paper (e.g., Fig. 2A and B) were carried out 
by manual operation of the voltage clamp, with the data being collected on chart 
recorders. The data were then transcribed for analysis by hand, or when necessary, for 
analysis via an IBM 370 computer (Yale Computer Center). Later experiments were 
carried out with the aid of a Digital Equipment PDP8/E computer, which controlled the 
voltage clamp and collected data on magnetic tape for subsequent analysis. Curve fitting 
was done using a reduced version of the Marquardt algorithm [32]. Throughout the 
paper, average data are designated as mean _+ 1 SEM. 

Calculation of the Membrane Current-Voltage Curve 

Electrically, a hypha of Neurospora resembles a complicated, branching, transmission 
cable, in which the usual distributed parameters - -  membrane resistance and cytoplasmic 
resistance - -  are separated into segments or "cells" by the presence of perforate 
crosswalls. The effective cross-sectional area of the pores in these crosswalls may be as 
small as 10-3•  the cross-sectional area of the hypha itself, and the pores can be 
mechanically occluded by nuclei, mitochondria, or small vacuoles in transit, by crystals 
of ergosterol [40, 64], and (following injury) by a specific closure apparatus [25, 63]. The 
apparent resistance of the pores is 2-10 • 106 ohms, compared with 4.5 • 105 ohms 
expected for the axial resistance of the cytoplasm (normal size hyphae: 151~m diameter, 
cells 100gin long); the normal membrane resistance is 1 5 x 108 ohms for each cell. In 
consequence of these resistance values, current passed from an intracellular microelec- 
trode to a distant external electrode produces a relatively large voltage drop at each 
crosswall, and a small decrement along the length of any one cell. Therefore, each cell is 
nearly isopotential, and the hypha as a whole can be treated as a "lumped" transmission 
cable. 

Simplification of the hyphal geometry can be achieved by skewering smaller branch 
hyphae at some distance from the recording region. This leads to cell death and closure 
of adjacent crosswalls, and has enabled us to eliminate side branches for a distance of 4-5 
cells in both directions from the microelectrodes. Control calculations showed that 
current flow in the remaining branches creates no more than a 5 ~ error in the apparent 
membrane current at any voltage, so that such branching was ignored in most of the 
current-voltage curve determinations. Numerous attempts were made to apply this cell- 
killing technique along the large stem-hyphae of Neurospora, in order to isolate short 
segments that might be subjected to uniform voltage clamp. Although the maneuver 
yielded some useful comparative results, summarized in curve 4 of Fig. 5, it ordinarily 
caused rapid deterioration of the isolated segments and was abandoned for systematic 
experiments. 

Normally, therefore, hyphae were analyzed as one-dimensional lumped cables, with 
three microelectrodes arranged as shown in Fig. 1. Rectangular voltage pulses were 
imposed - -  via the voltage-clamp circuit - -  on Cell O, and both the input current pulses 
and the voltage pulses in the adjacent cell (Cell 1) were recorded. Three different pulse 
programs were used, as shown in Fig. 2. Program A consisted of 10- to 30-sec pulses, 
scanning in ca. 30-mV steps over a time interval of 2-4 rain; program B consisted of slow 
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Fig. 1. (A): Schematic diagram of a hypha of N e u r o s p o r a ,  with the standard arrangement 
of electrodes used for current-voltage curve measurements. (B): Equivalent circuit of the 
hypha, with all resistors treated as finite, lumped parameters. DB=dead  branch, C W  

= crosswall, C S  = command signal, ~h = membrane resistance, rp = pore resistance 

ramps or A's with square pulses of _+20 mV superimposed at regular intervals. And in 
later experiments, a faster computer-controlled scan (program C) was adopted. It 
comprised thirty-two 160-msec pulses, alternating + and - from the resting potential to 
approximately - 3 0 0 m V  (about 120mV hyperpolarized) and to 0mV. Typical plots of 
input current-voltage data are shown in Fig. 3 for programs A (circles) and C (squares). 

A convenient starting point for derivation of membrane current from measurements 
of total (input) current is the difference equation for a distributed nonlinear cable, given 
by Adrian and Marshall [1]. Applying their argument to the lumped cable, for steady- 
state responses, gives membrane current (ira0; see Fig. 1B) 

2 
i,, o = i r  - 2 i v 1 = i r  - - -  ( %  - v l )  (1) 

rpl 

If the pore resistance (rv) were constant, and uniform along the cable (Fp~J~pl=I~p_ 1 
=rp2...), it could be evaluated from linear cable theory [41] applied to small pulses (i), 
v'l, and v' o < 20 mV): 

(v'o + v'~) (r - v'~/ (2) 
I p  - -  ~ .r 

V 1 l T 



I-V Curves for an Electrogenic H + Pump 339 

A -209~ 
_202~ iL~r-J y , ~ ',a , L . I  

B 

V 0 

V I 

,~ t 
~----- I nA 

t I rain _ 

+ 

t 
c 4 -165 

-162 ~ } ~  

VO 

Vl 

- 1 8 1  

-182 

vl I[i I 
I I0  n 

I I m i n |  min 

Fig. 2. Records (tracings) from three different I-V scans, to illustrate the three types of 
pulse programs used. V0, VI, and I designate records for the three electrodes shown in the 
diagram of Fig. 1A. (A): 11 to 21-sec pulses, delivered in monotonic order, from -265  
mV (at electrode V0) to 0inV. Solution B; trial G101. (B): 35-sec ramps, from -212  to 
0mV, with superimposed 21-mV pulses. Solution E; trial L24. (C): Double train of 160- 
msec pulses incrementing in 15 steps from the resting potential to -305  and +3  inV. 
Solution B; trial W319; strain NSX fa  (poky f). All voltage traces to the same scale, 
shown upper right. Numbers to the left of each trace are the unclamped membrane 

potentials 

However, calculations of membrane current-voltage relationships via Eqs. (1) and (2) 
yielded excessively scattered currents, which seemed likely to arise from random fluc- 
tuations of rp. For this reason and also because, in about 2 5 ~  of experiments, a 
systematic dependence of rp on membrane potential emerged (linear decrease in rp by as 
much as 30 ~ over the voltage range - 300 to 0 mV), we tested a number of alternative 
procedures. One of these, based on a rigorous nonlinear analysis of the lumped cable, was 
used for checking and comparison purposes, and is outlined in Appendix 2. 

In practice, however, the degree of nonlinearity in the Neurospora membrane 
current-voltage relationship has proven small enough that ordinary linear cable theory 
adequately approximates membrane current, over the testable range of membrane 
potentials. Substituting Eq. (2) into Eq. (1), dropping the "primes", and consolidating 
terms, gives 

. . ( Y o - Y o )  
Zm0 = 1T \T)0 ~-/)l / '  (3) 
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Fig. 3. Input current-voltage plots of the data shown in Fig. 2A and C. The plotted values 
were used for calculating membrane I -V  curves via Eq. (3). Hyphal dimensions, for 
G101: diameter= 14pm, cell length= 107gm; for W319; 9.4~tm and 89.0gm, respec- 
tively. Inset: Diagram of the method of stepping off successive voltages and input 
currents to generate the membrane 1-V relationship via the nonlinear formula of Eq. (15) 
(Appendix 2). The smooth curves (main figure) represent 3re-degree polynomials fitted 

through the plotted points in order to obtain analytic functions for Eq. (15). 

Polynomial coefficients 

0 th 1 st • 102 2 'ld X 105 3 rd • 107 

G101, Cell 0 0 5.05 -5 .19 2.23 
Cell 1 0 6.19 -9 .89 5.14 

W319, Cell 0 0 3.80 - 1.18 -5.43 
Cell 1 0 5.18 -3 .00  7.13 

which can also be obtained directly from linear theory [41]. In order to evaluate the 
error in applying this relationship to the nonlinear case, we note that the form of the 
equation can be preserved for nonlinear cases by introducing two variable parameters, c~ 
=rrl/rro and fl=r~l/rmo, where r r l  is the total resistance lying to the right of rml (Fig. 
1B). For  the linear case, rr0 can be written as 0.5(rp + (rp z + 4rp rm) ~ 5) [41], r,~ o = vo/i,,o, rpl 
=(%-vl ) / iv~  , and rro=Vo/ipt. Combining these with Eq. (1) and the definition of ~ and/3 
yields, after considerable algebra, 
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c~ v o - v 1 (4) 
imo =flit  o: fl Vo + (2c~_ ~) vi ' 

which approaches Eq. (3) as c~ and/~ approach 1. Once a membrane current-voltage curve 
is obtained via Eq. (3), Eq. (4) can be used - -  as detailed in Appendix 1, to estimate the 
fractional error in imo. Typically, the calculated value of Jimo] was found to be 6-7 ~ too 
small at maximal hyperpolarization and 10-12 ~ too large at maximal depolarization. 

Equation (3) has been used for most membrane current calculations in this paper, 
and the results have been converted to current densities (Imo) by division with the average 
cell membrane area in the region of hypha under study (i.e., ~ x hyphal diameter 
x distance between successive crosswalls). All membrane current-voltage diagrams have 
also been translated to the actual values of membrane potential (Vo) in Cell 0 by adding 
the resting membrane potential (Vm) to the clamped displacement (Vo): V 0 = V,n + %. Since 
a variety of manipulations of the I V curves were required (see Figs. 5-9), and since all 
curves had a common form - -  with a modest convexity in the direction of the positive 
current axis, the practice was adopted of fitting the calculated current values as a 
quadratic function of membrane potential. This procedure is discussed further under 
Results. 

Results 

The Total Membrane  I - V  Curve 

A necessary  s t ra tegy for analyzing the re la t ionship  of  one  cons t i tuen t  

system within an intact  b iological  m e m b r a n e  is to c o m p a r e  the to ta l  

m e m b r a n e  I - V  curves with the system on, and  then off. In the case of  

systems which are rapidly  ac t iva ted  and deact ivated,  as for ac t ion  

potent ia ls  in exci table  tissues, the da ta  can be ob ta ined  as ins t an taneous  

or peak  currents  associa ted with different c lamping potent ia ls  in suc- 

cessive on-off  cycles. With  slower systems, however ,  a m o r e  sat isfactory 

a p p r o a c h  is to car ry  out  the ent ire  vol tage scan twice (at ap p ro p r i a t e  

times) dur ing  a single on-off  cycle, and take  the difference be tween the 

two resul tant  m e m b r a n e  I - V  curves. Our  first task, then, in app roach ing  

the I - V  curve for the e lect rogenic  pump,  was to define the to ta l  I - V  

curve  for the no rma l  membrane .  

Pairs of  input  cur ren t -vo l tage  curves, of  the type  shown in Fig. 3, 

were conve r t ed  via Eq. (3), no rma l i zed  for m e m b r a n e  area, and  trans- 

lated a long the vol tage axis to give zero cur ren t  at the actual  rest ing 

m e m b r a n e  poten t ia l  (see Methods).  The  da ta  in Fig. 3 have  thus been 

t r ans fo rmed  into the m e m b r a n e  I - V  curves of  Fig. 4 (plot ted points).  

Bo th  of  these curves, and a lmos t  all o thers  ob ta ined  for Neurospora,  were 

found  to be convex in the d i rec t ion  of  posi t ive current ,  and could  be 

descr ibed empir ica l ly  as pa rabo l ic  segments.  The  solid curves in Fig. 4, 

therefore,  are fitted least-squares curves for quadra t i c  equa t ions :  

Imo=ao + al Vo + az V~) , (5) 
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Fig. 4. Membrane current-voltage curves: quasi-linear method checked against nonlinear 
method. Plotted points calculated by Eq. (3), using individual I and V pulses of Fig. 3. 
Solid curves are least-squares parabolas fitted through the plotted points. Coefficients 
[Eq. (5)] in the order of a o ,  a 1 �9 102, a 2 �9 104, for G101: 20.0, 6.74, -1.66;  for W319: 32.9, 

17.6, - 1.42. Dashed curves are calculated by Eq. (15), using the fitted curves of Fig. 3 

in which the coefficient a 2 describes the voltage-dependence of mem- 
brane conductance. (Further improvements of the fit could be obtained 
by adding third- and fourth-order terms, but the improvements were 
small ( < 1 5 ~ ,  total) and did not seem to warrant the inflections 
introduced.) 

The dashed curves of Fig. 4 were calculated from the general non- 
linear theory for lumped cables (Eq. (15), Appendix 2). With high-quality 
input data (as in W319), Eqs. (3) and (15) give the same membrane I -V  
curves, within the expected error limits (Eq. (4) and Appendix 1). With 
more scattered input (as in G101), then nonlinear theory tends to 
produce more complicated curves, but a survey of 25 separate trials 
showed the additional inflections to be inconstant from one experiment 



I-V Curves for an Electrogenic H + Pump 343 

Internal potential (rnV) 
-320  -?-80 -240 

j l  I , 

/ S I 

/ 3" / 
2 / 

#, 

-120 -80  -40  

40 

3O 

~3 

20 

l0 

-I0 

- 20  

E 
o 

:k 
v 

E 

g 

13 

E 
o 

- 3 0  

4" I -40 

Fig. 5. Synopsis of membrane current-voltage curves. Averages for 4 blocks of experi- 
ments; all curves are least-squares parabolas. Values of fitted coefficients, resting mem- 
brane potentials, and experimental conditions are specified in Table 2. Inset: Curve 3 
redrawn, with the stippled area representing _+ i SEM for each constituent point on the 

smooth curve 

to the next, so that we regard them as spurious. For these reasons, plus 
the fact that Eq. (3) provides a far more efficient calculating algorithm 
than Eq. (15), the former was adopted in routine analysis. 

The basic shape of the membrane I - V  curve has been confirmed under 
a variety of steady-state conditions and with all three pulse programs (see 
Fig. 2). It has also been confirmed in the few successful experiments with 
isolated short segments of hyphae. In Fig. 5, curve 1 was obtained from 
slow ramp programs (B); curve 2, from fast pulse programs (C); and 
curve 3, from slow pulse programs (A). Each of these curves is the average 
result for 5 7 trials on 3-4 hyphae. Their separation should be compared 
with the spread of individual I V curves, described by the stippled region 
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Table 2. Numerical results for Fig. 5 

Curve :~ 1 2 3 4 Averages 

Medium used A, D B' B F 
(from Table 1) 

Trials/4+ Hyphae 5/4 7/3 6/4 6/2 

Fitted coefficients 
[-Eq. (5)3 
a 0 34.4 26.8 23.0 28.3 - 
a 1 x 102 15.8 11.9 11.2 13.7 - 
a 2 x 104 -1 .34 -1 .37 -1.85 -2.55 - 
Z d 2 a / # e p o i n t s  2.0/18 0.9/32 5.6/10 7.8/30 - 

Resting potential V~ - 1 8 8 + 6  - 1 8 5 + 6  - 1 6 6 + 8  -159-+1 -174-+4 
(in mY) 

Slope conductances Gm 
(in gmhos/cm 2) 
at - 300 mV 239 201 223 290 238 +_ 19 
V m 209 170 173 218 192_+ 12 
0 mV 158 120 112 137 132-+ 10 

Quadratic coefficients were chosen to minimize Zd 2, the squared deviation between the 
average "observed" membrane current and that calculated via the quadratic equation. 

(+_ 1 S~M) of the inset drawing in Fig. 5. Curve 4 is the average result for 6 
trials on 2 isolated hyphal segments 300-400 gm long, for which mem- 
brane current was calculated simply as the quotient of the total current 
and the total membrane area of each segment. (This calculation produces 
a small scaling error along the voltage axis, since the segments were too 
long to be truely isopotential; voltage displacement at the ends should 
have been 10-15 ~o smaller than near the current microelectrode.) The 
ensemble of curves in Fig. 5 demonstrate that the steady-state membrane 
current-voltage curve of Neurospora is insensitive to culture conditions 
(see Table 2), to the duration or pattern of scanning pulses, and to the 
history of punctures and crosswall closures (provided the hypha or 
hyphal segment survives). Curve 4 - -  obtained from surviving short 
segments - -  validates the determination of membrane I -V curves on 
intact (debranched) hyphae. 

Essential descriptive parameters for the curves in Fig. 5 are provided 
in Table 2. The average slope conductance of the membrane at the 
resting potential, 192 gmhos/cm 2, is identical with that previously calcu- 
lated from small pulse data [41]. As is to be expected from curves 
described by Eq. (5), membrane conductance shifts symmetrically with 
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hyperpolarization or depolarization; and it decreases by about half 
between - 3 0 0  and 0mV. The ramp-and-pulse program (B) used to 
generate data for curve 1 also provided data for an independent calcu- 
lation of membrane slope conductance. The mean amplitude of the small 
voltage-clamp pulses for the 6 experiments was +22.3 mV, and the 
current required to produce this displacement decreased from 5.8 
gA/cm 2 at - 3 0 0  mV to 3.9 pA/cm 2 at 0 mV, which translates - -  from 
the derivative of Eq. (5) - - i n t o  a 2=  -1.66(_+0.18)x 10 . 4  and a 1=17.5 
(_+0.5) x 10 -2. The value of a2, the voltage-dependence parameter for 
membrane conductance, does not differ significantly from that in curve 
1; a 1, the conductance at 0mV, does differ from the value in curve 1, but 
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Fig. 6. Membrane breakdown during current-voltage scans to extreme voltages. (A): 
Voltage and current traces for depolarizing trial (upper pair) and hyperpolarizing trial 
(lower pair), on separate hyphae. (B): Calculated membrane I - V  relationship [Eq. (3)] 
from the matched steps in A, plus V 1 data (not shown). Open circles (o), depolarizing; 
filled circles (e), hyperpolarizing. Upper: Hypha L33; diameter=19.3 gm, cell length, 

115 gm. Lower: L34; diameter = 14.4 Ixm, cell length, 82 gm. Solution C throughout 
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70~o of the difference can be accounted for by resetting errors in the 
chart recorders. 

Voltage scans throughout  these experiments have been limited to the 
range - 3 0 0  to 0 mV for three reasons: (i) excessive scatter in the current 
data with polarization outside that range; (ii) unpredictable jumps in 
axial resistance with very large currents and (iii) occurrence of irrever- 
sible membrane damage by - 3 5 0  or + 70 mV. Current and voltage data 
from two such breakdown experiments are shown in Fig. 6. In these 
cases clamping current became uncontrollable at +60 mV (upper half 
figure) and at - 3 3 5  mV (lower half). The depolarizing curve, further- 
more, showed an increase of membrane conductance at positive mem- 
brane potentials, prior to breakdown. Whether this behavior is general 
or only occasional for Neurospora is not known, but it has also been seen 
with giant algal cells [9, 17-1. 

Current-Voltage Relationship for the Electrogenic Pump 

The problem of obtaining pump I-V curves now reduces to that of 
switching the pump off and repeating the procedures used in Figs. 4 and 
5 above. Unfortunately, no specific inhibitor (such as ouabain, for the 
sodium pump in animal cell membranes) is known for the plasma 
membrane H + pump in fungi, algae, or bacteria. This necessarily means 
that switching must be done with more general inhibitors, and the 
simplest one in the case of Neurospora seems to be cyanide. KCN, at 1- 
3 raM, blocks ca. 98 ~o of respiration in the wild-type strain [29], with 
subsequent depolarization of the plasma membrane [50, 51] and ces- 
sation of growth [55]. ATP depletion occurs with a simple exponential 
time constant of 6 sec (25 ~ and - -  after a 3- to 4-sec lag - -  is closely 
tracked by membrane depolarization [50]. Time courses of depolari- 
zation with cyanide show no clear second component,  contrary to earlier 
expectations [47, 48], and we have adopted cyanide treatment of wild- 
type Neurospora as the best means presently available to inhibit the 
electrogenic pump. 

The actual operation of extracting a pump I-V curve is illustrated in 
Fig. 7. The total membrane I-V curve was determined 1-3 rain before 
addition of cyanide, after 0.5-5.0 rain in cyanide, and again several 
minutes after washout of cyanide (by which time the membrane potential 
had recovered to the control value). The "before" and "after" plots were 
fitted to a common parabola, from which was then subtracted the 
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Fig, 7. Generation of a current-voltage curve for the electrogenic pump. Points calculated 
from individual I and V pulses, via Eq. (3). Middle curve: Common least-squares 
parabola for the control (o) scanned i min before addition of cyanide, and the wash curve 
(e) scanned 6 rain after removal of cyanide. Lower solid curve: The least-squares parabola 
for the membrane I - V  plot (=) scanned in 1 m:~ KCN (1 min). Upper curve: Difference of 

the two membrane I - V  curves. 

Polynomial coefficients 

a o a l ' lO  2 a2.104 

Before/after 14.8 5.4l - 2.07 
KCN 6.01 8.45 -0.63 
A 8.77 - 3.04 - 1.44 

Solution B, _+ 1 mM KCN throughout. Resting membrane potentials: - 169/-  163 mV 
without cyanide, - 7 2  mV in cyanide. Cell dimensions: 17,2 ~tm diameter, 98.9 pm length. 
Lower dashed curve: Curve drawn by the "proportional slope" method described in 

Appendix 3 
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Fig. 8. Summary of pump current-voltage curves. Each curve was obtained in the manner 
developed in Fig. 7 (curve 8 is a redrawing of the upper curve in Fig. 7). Values of 
quadratic difference coefficients, resting membrane potentials, and experimental con- 

ditions are listed in Table 3 

parabola  fitted to the "during cyanide" plot (lower plot, solid curve). 
(The dashed curve here is discussed in Appendix 3.) In the example of 
Fig. 7, the difference curve showed a pump current of about  5 gA/cm 2 at 
- 3 0 0  mV, which rose to about  10gA/cm z near - 1 4 0  mV, and was 

roughly constant with further depolarization. 
A summary of o u r  nine most  reliable pump I-V curves is provided in 

Fig. 8 and Table 3. All curves share a common feature of shape in the 

decline of current with membrane  polarization negative to about  - 1 0 0  
mV, but  only one (curve 5) actually reaches zero current, defining the 
reversal potential within the range of achievable membrane  potentials. 
Four  curves (Nos. 3, 6, 7, 8) extrapolate to zero current at potentials 
positive to - 4 0 0  mV, and the rest (Nos. 1, 2, 4, 9) might best be 
described as quasi-current sources, which do not convincingly extrap- 
olate to zero current. Such results, taken by themselves, would not  
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Table 3. Numerical results for Fig. 8 

349 

Curve # 1 2 3 4 5 6 7 8 9 

Hypha ~ W273 L13 W213 W281 G101 L72 G l l l  W221 W485 

Medium used B D B B B E B B B' 
(from Table 1) 

Pulse program C B C C A B A C C 
(from Fig. 2) 

'Fitted coefficients 
[Eq. (5)3 
a o 33.0 26.3 24.1 16.6 13.3 9.56 12.7 8.77 6.31 
a i x  102 5.76 -4.13 3.62 1.26 0.301 -5.13 -1.29 -3.04 -0.360 
a 2x 104 0.418 -1.99 -0.662 -0.351 -1 .40 -2.16 -1.34 -1.44 -0.472 

Resting potential V,, 
~(in mV) 
control (aver) -167  -171 -195  -177  -189  -198  -167  -166  -173  
in  cyanide - 6 2  - 7 9  -112  - 6 3  - 71  - 8 9  - 4 2  - 7 2  - 6 4  

admit a clear interpretation. However, extensive studies on the pokyf 
strain of Neurospora under various conditions of metabolic adaptation 1 
have indicated that the apparent reversal potential for the electrogenic 
pump can shift out of and into the measurable range (sometimes reach- 
ing as low as -200  mV), depending on the metabolic state of the cells. It 
seems reasonable, therefore, to look upon the scatter in shapes of pump 
I-V curves in Fig. 8 as reflecting smaller shifts of this kind in the wild- 
type strain. 

The average pump I-V curve for all 9 cases described above is shown 
as the plotted points in Fig. 9, with _+ 1 SEM at each point given by the 
stippled area. The solid curve drawn through the points represents a 
simple exponential function, translated along the voltage axis to the (best 
fit) reversal potential: 

/pump =/max( 1 -- e -(Vo - Ep)/e), (6) 

where /max "is the current asymptote at strong depolarization, Ep is the 
apparent reversal potential, and the half-saturation potential is defined 
by Ep +0.69 e. Least-squares estimates for the parameters were obtained 
via the Marquardt algorithm [321, and confidence limits were obtained 

1 Warncke, J., Gradmann, D., Slayman, C.L. (manuscript  in preparation).  
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Fig. 9. Average pump current-voltage curve. The plotted points (1) are averaged values 
for the 9 curves in Fig. 8 with _+ 1 SEM shown by the stippled region. The solid curve is a 
single exponential [Eq. (6)], fitted by least-squares, with E p = -  390_+29 mV, Ima • = 18.6 

• 3.3 taA/cm 2 and e = 153 • 23 mV 

by fitting Eq. (6) to the upper and lower boundaries of the stippled 
region: Ep = - 390 + 29 mV, e = 153 _+ 23 mV, the half-saturation potential 
is - 284_+ 33 mV, and /max = 18.6 • 3.3 g A / c m  2. Since cyanide inhibition 
does not exhaust intracellular ATP nor completely block the elec- 
trogenic pump [50], but leaves residual pumping roughly equal to 25 
of the uninhibited steady-state rate, the true maximal pump velocity is 
probably near 25 gA/cm% 

Interpretation of Simple Membrane Conductance Measurements 

In the classical studies of excitable tissues, a great deal of information 
has been gleaned from simple measurements of membrane slope con- 
ductance obtained, e.g., by imposing small current pulses and observing 
the voltage displacements. Such measurements are attractive because 
they are simple to make and can be used to follow membrane events 
more or less continuously. However, when dealing with membranes 
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whose electrical properties are intimately related to metabol ism-ra ther  
than largely buffered by ion-diffusion regimes-such measurements are 
likely to be misleading without detailed knowledge of changing mem- 
brane current-voltage relationships. At best, simple conductance 
measurements can only be used to test for consistent behavior of the 
membrane under various circumstances, with respect to a known type of 
I - V  relationship. 

The simple question might be asked, whether the time-course of 
membrane conductance change during cyanide inhibition is consistent 
with membrane and pump current-voltage relationships deduced from 
the steady-state I - V  curves. The answer to this question, a qualified 
"'yes", is illustrated in Fig. 10. There, average conductance (A) and 
voltage (B) data are plotted for two consecutive cyanide trials (20 rain 
apart) on a single hypha. Membrane conductances were estimated using 
the linear cable relation ' , 2 Gm/Gm=(Vo/Vo) [41] from responses to fixed 
small current pulses (4 x 10 .9 A). In the absence of explicit I - V  curve 
determinations over the whole time-course of depolarization, the expect- 
ed slope conductance corresponding to each value of membrane poten- 
tial can be estimated from the empirical finding that I - V  curves during 
cyanide inhibition (of wild-type Neurospora) are similar in shape to the 
control curves, but with a scaled-down slope and depolarized voltage 
intercept. The general method is outlined in Appendix 3, and leads to the 
following equation relating the membrane conductance (Gmo(t)) at any 
time during cyanide inhibition to the unclamped membrane potential 
(V,,o(t)) at that same time: 

Gmo(t) = (azE ~ + a 1Ep + ao) (2a 2 Vmo(t ) + al ) 
a 2 (E2p - V20  (t))  -[- a 1 (Ep  - V m 0 (t))  

(7) 

(In fitting this equation to the data in Fig. 10, only a single parameter, 
a2, was optimized; a 1 and a 0 were calculated from a 2 plus the control 
membrane potential and conductance ( -159  mV, 187 gmhos/cm2), and 
Ep was assigned a value, -418  mV, slightly negative to the average 
reversal potential for the pump (see Appendix 3).) The implied control 
membrane I - V  curve is plotted in the inset to Fig. 10, and lies well 
within the range of shapes expected from Fig. 5. 

The actual fit of Eq. (7) to the conductance data shows general 
agreement, with two discrepancies: (i) membrane conductance undergoes 
a small initial rise, prior to the onset of depolarization, and (ii) the data 
cross the fitted curve at about 100 sec. The former behavior has often 
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Fig. 10. Test of the abilitY of steady-state I - V  analysis to describe time-dependent change 
of membrane conductance at onset of cyanide inhibition. Two-electrode experiment, with 
I and V 0. Membrane conductance estimated, assuming longitudinal resistance to be 
constant, from the square of the input conductance [41], and scaled to give 187 
~tmhos/cm 2 at beginning of plot (expected for a resting potential of - 1 5 9  mV; see Table 
2). (A): Conductance plot (o), with Eq. (7) fitted by optimizing only parameter a z (solid 
curve), and constraining E v to be -418  mV (see  Appendix  3).  Four points at 62-68 sec 
omitted from the fit. (B): Voltage trace from record on which test pulses were super- 
imposed. Inset:  Control membrane I - V  curve implied by the fitted curve of part A; a 2 

found to be -0.343 x 10 4, at =17.5 x 10 -2, ao=29.4. Hypha G172, solution B 

been observed during cyanide treatment, and is of unknown origin. The 
latter behavior arises from a conductance "notch" at approximately the 
time (20 sec) required for activation of a metabolic control system which 
brings about membrane repolarization in the pokyf strain of Neurospora 
[181. That control system appears to operate only abortively in normal 
wild-type Neurospora, as will be discussed in a subsequent paper 2 

2 Ibid. 
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Fig. 11. Disproportionate changes of membrane conductance and potential for two other 
inhibitors. (A): 0.1mM 2,4-dinitrophenol (DNP). Strain NSX fa (poky f), hypha G182, 
solution C. (B): Cooling; top trace is temperature measured with a microthermocouple 
placed next to the hypha. Wild-type strain RL21 a, hypha S 168, solution B. Conductance 
data for A obtained as described in Fig. 10; for B, actual membrane conductance was 
calculated from data at three microelectrodes. Note large increase of conductance and 
small depolarization with DNP; and relatively fast decrease of conductance with tem- 

perature change 

Inhibitors other than cyanide yield quite different relationships be- 
tween membrane potential and membrane conductance. For example, 
low concentrations (10-100gM) of D N P  (Fig. l l A )  elevate membrane 
conductance two- to threefold, but depolarize only slightly (by 30-60 
mV); and small temperature downshifts (Fig. l i B :  9 . 6 ~ 3 . 6 ~  depress 
membrane conductance, but with a time-course that is quite different 
from the time course of membrane depolarization. It is clear that the 
membrane response to these inhibitors is not compatible with simple 
deactivation of the electrogenic p u m p - a s  defined by cyanide treatment 
- a n d  must involve more complex changes of the membrane current- 
voltage relationship. 
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Multiple Time-Constants in the Current- and Voltage-Pulse Data 

Throughout the above presentation, the tacit assumption has been 
made that the measured current and voltage pulses were of similar shape, 
without transients which would violate the steady-state assumption built 
into Eq. (1)-(4). Three types of transients were, in fact, observed which 
shed interesting light on the circumstances of measurement. Fortunately, 
only one of these transients introduces error (small) into the I - V  curve 
calculations. 

1) Current-dependent voltage drift. With the slow pulse program (A), a 
systematic drift of the (unclamped) resting membrane potential was 
sometimes observed, as illustrated in Fig. 12A. In the case shown it 
amounted to a maximal 24-mV depolarization associated with depolariz- 
ing pulses of 140 mV, and a maximal 12-mV hyperpolarization with 
hyperpolarizing pulses of 80 mV. The phenomenon has not been ex- 
plored in detail, but may well arise from local changes of cytoplasmic 
composition, as the following calculation will show. The electrodes were 
inserted into an isolated hyphal segment 215 gm long and 15 gm in 
diameter. The total (+)  charge injected into the segment to reach peak 
depolarization was approximately 300nC = 3 pmoles, w h i c h - i n  a vol- 
ume of 3.8 x 10 -s  cm 3 - w o u l d  represent a total concentration of 80ram 
for an unbuffered species (e.g., K + or C1- carrying current through the 
microelectrode). If membrane current were carried predominantly by 
protons, then an alkaline shift of cytoplasmic pH by 1.5 units would have 
been expected, based on a previous determination of cytoplasmic buffer 
capacity [52]. Such a pH shift should both alter the diffusion component 
of membrane potential and modulate the electrogenic H + pump. (There 
is no obvious way to account for the failure of the V m change in Fig. 12A 
to peak at maximal hyperpolarization.) 

No hyphae showing this kind of voltage drift were used for I - V  curve 
calculations. 

2) Membrane capacitance. Detailed examination of currents and vol- 
tages with the fast pulse program (C) revealed two additional events. A 
typical example of the pulse data is shown in Fig. 12B, where the plotted 
points represent computer readings averaged (internally) over 32-msec 
intervals. (The slight overshoot with most voltage steps is an artifact.) The 
most conspicuous feature of these plots is the substantial current tran- 
sient observed at every step. Although the computer program was not 
designed to give a detailed time course for this transient, it almost 
certainly represents charging of membrane capacitance. By triangular 
approximation (dotted lines), the total excess charge flow (qr) was 
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Fig. 12. Time constants in the current- and voltage-pulses. (A): Chart records from an 
isolated segment, studied with long pulses (program A). Note drift of the resting 
membrane potential (clamp off), roughly proportional to amplitude of polarizing pulses; 
also, gradual relaxation with duration of clamp off. Sharp peaks on current record are 
artifacts. Hypha G205, diameter--15 btm, length=215pm; solution B. (B): Plots of 
computer data from hypha studied with pulse program C, to show charging of membrane 
capacitance and possible unstirred-layer effect (current relaxation). Hypha H292, 
diameter = 24.5 gin, cell length 270 txm; solution F without sugar. Carbon-starved hypha. 

See Table 4 for summary of results from this figure 

126pC, 77, 86, 148, 138, and 101pC, respectively, for the six transients 
plotted; the corresponding voltage displacements were 146 mV, 90, 91, 
156, 156 and 115 inV. Thus, total measured capacitance of the hypha 
averaged 0.9nF. The membrane I - V  relationship for this particular 
hypha was essentially linear, and in that circumstance membrane capac- 
itance is related to total capacitance by the same factor (see Eq. (3)) as 
membrane current is related to total current: 

Vo--Vl qT 
cm = - - .  - - .  ( 8 )  

Vo+Vl  v o 



356 D. Gradmann, U.-P. Hansen, W.S. Long, C.L. Slayman, and J. Warncke 

Table 4. Second-order effects of I-V pulses 

Amplitude Time constant Origin 

lpC/mV 10 msec 
0.1 x I 50-75 msec 

0.15 x v 0 20-30 sec 

membrane capacitance 
extracellular unstirred layer? 
internal charge relaxation? 
cytoplasmic A pH? 

For the pulses in Fig. 12B, v 0 averaged 126 mV and v 1 (not shown) 
averaged 82 mV, so that % = 0 . 9  nF x 0.21 =0.19 nF/cell. Cell length and 
diameter were 270 gm and 24.5 gm, respectively, making C,,=0.91 
gF/cm 2. (This figure might be adjusted upward 5-10 % to accomodate 
the error in calculating qr by triangular approximation.) The slope 
resistance of the membrane was 10 kohm.  cm 2, so the time constant was 
9-10 msec. 

Computat ion of pulse amplitudes for the I - V  calculations always 
excluded the first averaging interval (0---,32 msec), so that capacity charg- 
ing was 95 % complete. The residual charging current is subsumed in the 
slower transient described below. 

3) Current drift. Following each capacitative transient was a small 
current relaxation having a time constant of 50-75 msec and an ampli- 
tude (0.6-1.2nA, for the data in Fig. 12B) roughly proportional to the 
pulse amplitude. Since it occurred at both pulse-on and pulse-off, it could 
reflect a change in membrane voltage, but not a change in membrane 
resistance. Though this current drift is in the same direction as that 
discussed for Fig. 12A, its speed makes it unlikely to arise from vari- 
ations of cytoplasmic composition. It probably arises either from 
current-flow through an extracellular unstirred layer or from charge 
relaxation within the membrane [101. 

Pulse currents used for I - V  analysis were calculated as the average of 
the last four values in each pulse. This introduces approximately a 6 % 
scaling error into the membrane currents (calculated currents smaller 
than would have been observed for a brief pulse at 0 msec). 

Table 4 summarizes the three different time-constants found in the 
pulse data. 

Discussion 

The membrane current-voltage relationship of Neurospora differs 
from that of the well-characterized giant algal cells [13, 571 in displaying 
a longer region of upward convexity (along the positive current axis), 
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although we have not yet systematically explored the effects of changes 
in ionic strength, divalent cation level, or external pH. The steep increase 
of current with polarization beyond - 3 5 0  mV (Fig. 6) is reminiscent of 
ionic "punch-through" observed with Chara and Nitella [9], but its 
irreversibility in the case of Neurospora suggests that it is more akin to 
capacitative breakdown than to true punch-through. There is no plau- 
sible explanation for the apparently similar breakdown seen at small 
positive membrane potentials in Neurospora, but the foot of the rising 
curve (Fig. 6) may be analogous to the rising potassium-current charac- 
teristic reported for the depolarized plasmalemma of Acetabularia [17]. 
Under certain, as yet ill controlled, circumstances with Neurospora, the 
inflection point may shift to negative potentials, thus permitting sluggish 
"action potentials" to occur during physiological depolarization [49]. 

There are probably three major components in the total membrane 
I - V  curve of normal, wild-type Neurospora: the electrogenic H § pump, 
ion-dependent substrate cotransport systems, and passive ion move- 
ments. Only the first of these is broached by the present results. The 
average pump I - V  curve obtained for Neurospora yields three character- 
istic parameters which must be accounted for by any model of the pump: 
a maximal current,/max = 18.6 gA/cm2~25 gA/cm 2 (see discussion of Fig. 
9); the voltage characteristic, e=153mV; and the apparent reversal 
potential, E v = -  390 inV. (The choice of Eq. (6) to fit the data of Fig. 9 
was based on expectation from various theoretical models [4, 8, 15, 30, 
58]. It must be emphasized, however, that actual values for the parame- 
ters are rather insensitive to the exact saturation function chosen. With a 
rectangular hyperbola, for example, optimized parameters are 23.5 
gA/cm 2, 136 mV, and -374  mV, in the same order as above.) The 
significance which can presently be attached to each of these parameters 
is considered below. 

Reversal Potential 

The membrane potential which just balances the driving force of the 
pump, and stops current flow, can be derived independently of the 
specific models for the pump, and is simply 

R T  . , [ATP]i [H+]i ]  
Ep = ~ -  [ln KAT P Jr- z. In (9) 

-~m [ A ~ [ P ~ l  ~ [H+]ol  ' 

where KAT e is the equilibrium constant for ATP hydrolysis, and the 
square-bracketed terms are concentrations (intracellular (i) or extracel- 
lular (o)). Each cycle of the pump is assumed to consume 1 molecule of 
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ATP and to transfer z ions of H § and the hydrolysis reaction is assumed 
to take place without itself creating protons (pH 6.2-6.5, from Refs. [3], 
[60]). The total energy available from ATP hydrolysis under normal 
conditions for Neurospora was previously calculated to be 12 kcal/mole, 
or 520 mV [50]; internal pH was also estimated to be 6.5 1-52], 
compared with an external pH of 5.8 in the present experiments, which 
would subtract about 40mV in Eq. (9). Thus, with a single H § ion 
transported outward for each cycle of the pump (z--l), the reversal 
potential should be near - 4 8 0  mV. The facts that the average reversal 
potential from Fig. 9 is as large as ( - )  390 mV and that nearly half the 
pump I - V  curves clearly do not extrapolate to zero current until well 
beyond that value imply that the normal ratio, H § t ransported/ATP 
split, must indeed be close to 1. 

It seems unlikely that variations of cellular nucleotides or pH i could 
be large enough to account for the lowest measured value of Ep, 
- 2 9 9  mV for curve 5 of Fig. 8, and we tentatively favor the interpre- 
tation that transport stoichiometry can change, with z shifting toward 2 
under certain conditions. A more detailed analysis of this point will be 
given later 3, but it should be noted here that the phenomenon is also 
discernable in the conductance plot of Fig. l lA. In that experiment 
0.1 mM D N P  produced a 40-mV depolarization, with a threefold increase 
of membrane conductance. A rough equivalent circuit analysis of the 
situation [46] made clear that pump conductance, in addition to leak 
conductance, increases under the influence of DNP. This means that the 
I - V  relationship for the pump must get steeper near the resting potential, 
as if the whole I - V  curve (in Fig. 9) were shifted rightwards, with the 
reversal potential moving toward the resting membrane potential. (Such 
a result evokes findings on energy-conserving membranes, where D N P  
binds to ATPases and strongly influences their affinity for adenine 
nucleotides [19, 26].) The general idea of variable pump stoichiometry is 
consistent with earlier evidence on the behavior of the Na§  § pump in 
striated muscle [-2, 12] and with reports on proton-driven cotransport 
systems in algae and bacteria [27, 35]. 

The Voltage Characteristic 

This parameter, along with I . . . .  is necessarily defined only for 
transport models which in fact show saturation as a function of voltage; 

3 1bid. 
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i.e., models in which voltage-insensitive steps, either chemical reactions 
at the membrane interfaces or transit of uncharged carrier forms, become 
rate limiting for the overall transport process. A peculiar feature of the 
pump I - V  curves shown in Figs. 7-9 is the large value of e, which means 
the large voltage spread occupied by the transition between zero current 
and saturating current. Most carrier models predict values for e in the 
range 25-50mV [4, 8, 30], and the ion pump system in Acetabularia 
shows values varying from 10 to 50mV [17]. For the electrogenic pump 
in Neurospora, the average value of e is more than 150mV, and the 
difference from above mentioned values is far outside the range of 
experimental error. Two different kinds of explanation seem possible: (i) 
Voltage-sensitive and voltage-insensitive steps in the overall transport 
cycle are not clearly separated, either because binding and transit into 
the membrane define a single activation process, or because the in- 
terfacial reactions are somewhat voltage sensitive. (ii) e does not charac- 
terize a single type of transport reaction, but is the average of two: one 
for z = 1, and another for z--2, each of which could have a much smaller 
voltage characteristic. If, under any given set of circumstances, some 
pumps in the membrane use each reaction, then the population average 
should show a voltage-dependent segment which spans between the two 
reversal potentials. This interpretation must play a role if the concept of 
variable pump stoichiometry is correct in the present context. 

The maximal conductance of the electrogenic pump (Gmax) is given by 
the slope of the I -V  curve at zero current, and is simply Imax/e. From the 
parameter values listed above, Gmax= 122-163 gmhos/cm 2, which com- 
pares with an extrapolated total membrane conductance at - 3 9 0 m V  of 
about 350 grnhos/cm 2 (average value for Fig. 5 and Table2; not consider- 
ing the breakdown phenomenon of Fig. 6), so that the pump would 
account for 3547  ~ of the total. At a resting potential of -175  mV (see 
Tables 2 and 3), G;omv=30-40gmhos/cm 2, or only 15-20~ of the total 
membrane conductance. This latter figure accounts for the observation 
(see Fig. 10A above and Ref. 41) that simple inhibition of the electrogenic 
pump has only a small effect on total membrane conductance. 

In cells (e.g, the giant algae) where the resting potential is poised 
nearer the reversal potential for an electrogenic pump, pump switching 
has a much more pronounced effect on membrane conductance [17, 57]. 
Contrariwise, in cells where the resting membrane potential is far from 
the expected reversal potential for the pump (e.g., animal cell membranes 
with the Na§ + pump), switching the pump has almost no measurable 
effect on the membrane conductance [28, 31, 61], a circumstance which 
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was assumed first by Briggs [7] and later by More ton  [34] in their 
derivations of the "Constant-Field  Equat ion"  with an electrogenic pump. 

Maximal current 

The maximal current of 18.6-25 ~A/cm 2, which can be driven by the 
H + pump in Neurospora, is roughly 200pmoles /cm2.  sec, comparable  

with pumping rates of many specialized transport  epithelia [11, 22, 24, 

65]. This, alone, signals a major role for the electrogenic pump in cellular 

economy. More  specifically, at a resting membrane potential of 

- 1 7 5  mV, the pump current would be 14-19 ~tA/cm 2, which implies a 
minimal power  dissipation of 2.4-3.3 ~tW/cm 2 or  0.6-0.8 ~cal/cm2. sec, at 

100 7O efficiency. However,  if the pump stoichiometry is assumed to be 
2 H  + ions transported for each ATP molecule split, then 14-19 ~tA/cm 2 
must correspond to 70-95 pmoles of ATP consumed per cruZ. sec, which 

becomes 0 .22 -0 .30mmoles /kg  cell wate r . sec  ( l k g  cell wate r=3 .19  

• 10 6 cmz surface [50]). The average rate of ATP synthesis from oxid- 

ative metabolism is about  1.17mmoles/kg cell water . sec  [43], so that 

19-26 ~o of the total ATP product ion would be consumed by the pump. 
The figure is slightly smaller than one arrived at earlier [50], and is 

improved in the sense that it now derives from the measured pump 
current and the nonlinear I - V  characteristic of the membrane.  

For  a pump stoichiometry of 1 H+/1  ATP, 38-52 7o of the total ATP 
product ion would be consumed by the pump, which strongly implies that 

only cells in an energy-rich environment could afford 1:1 stoichiometry. 
This circumstance provides an evolutionary rationale for the variable 

pump stoichiometry which was proposed above. 
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Appendix 1 

Estimation of current error arising from use of the linear approximation 
[Eq. (3)] to calculate nonlinear membrane 1-V curves. The fractional error 
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can be calculated as f=/-expression (4)-expression (3)I/expression (3). 
Of the two variable parameters, e and/~, shunting by distant parts of the 
cable makes e rather insensitive to variations of membrane conductance 
during current injection; c~ can arbitrarily be rewritten as c~= 1 +k(/~-1), 
where k < 1. Substituting this expression into f, writing v o + v~-  2v o, and 
v o -  va =-A v, and discarding the small terms of the denominators, gives 

f -  k fl ( fi - 1) ~2v. (10) 

Probable values of/~ can be generated from polynomials fitted to the 
average membrane current-voltage curves in Fig. 5 and Table 2, though 
the origin for the curves must be translated back to the resting mem- 
brane potential (V,,), so that/-transforming Eq. (5)] the membrane current 
in any cell (I,,) is 

I m = ( a  o -t-a I r m -I- a 2 g 2)  +(a  1 + 2 a  2 Vm)V + a2v 2 . (11) 

Now, f l=-rml/rmo=Gmo/Gml, which can be evaluated from d im/dr  for v o 

and for Vl = v o - A v .  Finally, 

(al + 2a e Vm) + 2a 2 Vo 

/~ = (a s + 2 a 2 V,,) + 2a 2 (vo - A v)" (12) 

Table2 and the underlying experiments give the following approx- 
imate values of terms in Eq. (12). V m-  -180mV;  at maximal hyper- 
polarization v o = - 1 2 0 m V  and A v = - 3 5 m V ;  at maximal depolari- 
zation Vo=180mV and Av=40mV. The average value of a z is 
-0.000178, and of a s is 0.132. Then /~=1.06 for maximal hyperpolari- 
zation and 0.9 for maximal depolarization. From test calculations using 
the equivalent circuit of Fig. 1B and the I - V  curves of Fig. 5, k_-" 0.3. 
Equation (10) yields f - 0 . 0 7  for hyperpolarization and -0.12 for 
depolarization. 

Appendix 2 

Nonl inear  cable analysis.  In practice, the nonlinear analysis for mem- 
brane current suggested by Adrian and Marshall [Eq.(3) above] /-1] 
yields very scattered results on Neurospora  hyphae. We therefore devel- 
oped another approach which does not require prior calculation and 
constancy of the longitudinal resistance (rp) for the lumped cable. Its 
application is facilitated by having analytic expressions to describe the 
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input I - V  plots (Fig. 3), so those plots were first fitted to third-degree 
polynomial equations constrained to pass through the origin. (For the 
examples in Fig. 3, actual coefficients are given in the legend.) 

As is illustrated in the I n s e t  to Fig. 3, each pair of curves defines three 
sets of quantities: (i) the input current, iT(o)=ir, required to produce a 
given voltage displacement in Cel l  0; (ii) the simultaneous displacement 
of potential in C e l l 1  (v0; and (iii) another input current, it(l), which 
would give the same voltage displacement as vl, but in Cel lO.  The 
following equations can then be written: 

im 0 = it(o) -- 2 i m 1 -- 2 i a (13-0)  

imt = i T ( a ) - - 2 i , ,  (13-1) 

where i a is the axial current flowing away from C e l t l .  Substitution of 
Eq. (13-1) into (13-0) gives 

ira0 = it(0) - ir~l) - ira1 (14-0) 

and similarly 

i m l  = i T ( l )  - -  iT(2) --  ima  (14-1)  

iron = iT(n) - -  iT(n + i) --  im(n + 1)" (14-n) 

By successive back substitution, taking the limit as n ~ oc (stepping into 
the origin in Fig. 3), we obtain 

ira0 = it(0)+2 ~ iT ( j )  ( - -  1) j. (15) 
j = l  

The labor of iteration in using Eq.(15) can be reduced by writing the 
remaining sum in finite form once j has become large enough (close 
enough to the origin) so that the input I - V  curves are linear. 

The validity of this equation is restricted by 3 assumptions: electrical 
symmetry about Cel lO;  uniformity, so that each cell along the hypha 
must have the same electrical characteristics as every other cell at a given 
membrane potential; and monotonicity, such that there is no interval of 
negative input resistance. 

Equation(15) was used to calculate membrane I - V  curves in the 
earlier experiments reported above; later, it was used to check the 
adequacy of approximating the nonlinear I - V  relations by Eq. 3, as 
illustrated by the comparison of dashed curves [Eq.(15)] and plotted 
points [Eq. (3)] in Fig. 4. 
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Appendix 3 

There are a number of circumstances-particularly when non- 
steady-state events are being considered-when it would be useful to 
know the approximate shape of the membrane current-voltage curve with 
the electrogenic pump off or partly off, but when the complete cyanide 
experiment (Fig. 7) cannot be done. From the set of paired membrane 
1-V curves underlying Fig. 8, a remarkable empir ical  relationship 
emerged, viz., that the slope of the membrane I - V  curve in the presence 
of cyanide is approximately proportional, at all voltages, to the slope of 
the control I - V  curve. Provided that two points on the inhibited I - V  
curve can be specified, the entire curve can then be calculated. One 
known point is the actual membrane potential in cyanide, which is desig- 
nated Vmo(t ) in Eq. (7), and will be abbreviated VCN here; the other point 
is Ep, where (by definition) the two curves intersect. Then the membrane 
current in cyanide (IcN) is given by 

ICN = ira0 ( / ~ ( V c N ) [ I z o - - I m o ( V c N ) ] ,  (16) 

where I,,0( ) means "I,,o evaluated at ...," and Imo is given by Eq.(5) 
with the quadratic coefficients specified for the control I - V  curve, 
without cyanide. 

One example of an I - V  relationship calculated in this manner is 
shown by the dashed curve in Fig. 7. While deviations from the plotted 
points or from the fitted polynomial (solid curve) are clear in this case, 
they were not systematic from one case to the next. And for the average 
of all nine cases, IcN calculated by Eq.(16) was completely superimpos- 
able on the plotted points, except at membrane potentials positive to 
- 4 0 m V ,  where Eq.(16) rose systematically above the points. The aver- 
age scaling factor relating ICN to Imo was 0.82. In these calculations, best 
results were obtained using optimized values of Ep, which averaged 
-418  mV, 28mV beyond Ep estimated in Fig. 9. 

Equation (16) can be put to two immediate purposes: to estimate 
total pump I - V  curves, as if cyanide switched the pump completely off; 
and to calculate the expected time course of conductance change at the 
onset of cyanide inhibition. The pump I - V  curve can be calculated from 
Eq.(16) as Ipump=Imo--ICN. A reasonable estimate of the total mem- 
brane diffusion potential from a variety of experiments [41, 42, 50] is 
about - 2 5  mV, which should be observed (on average) with the pump 
completely off. When the average/pump c u r v e  is calculated with this value 
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of  IcN a n d  is d iv ided  by  the cu rve  ca lcu la ted  with the o b s e r v e d  ave rage  

po t en t i a l  (Tab le3 )  in cyanide,  - 7 3 m V ,  a ra t io  of  1.3 is ob ta ined ,  

ind ica t ing  tha t  23 ~o of  the  n o r m a l  p u m p  cur ren t  still f lows dur ing  

m a x i m a l  cyan ide  inhibi t ion.  Hence ,  the  r o u g h  figure of  25 ~ given in the  

d iscuss ion  of  Fig. 9. F o r  the  t i m e - c o u r s e  of  c o n d u c t a n c e  change  at  the 

onse t  of  cyan ide  inhibi t ion,  we di f ferent ia te  Eq. (16) with respec t  to  VCN 

to  o b t a i n  Eq.(7).  T h a t  e q u a t i o n  can  then  be fit ted to  the c o m b i n e d  

c o n d u c t a n c e  and  vo l t age  d a t a  (Fig. 10) as descr ibed  in the text. 
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