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A B S T R A C T Transmembrane movements of K + and Ci- were studied under a 
variety of experimental conditions. Potassium was found to carry more than 50% 
of an externally applied inward positive current. The increase in K + influx was 
much greater than that predicted by the purely passive model. The increase in Cl- 
efflux accounted for <10% of the applied current, in agreement with the value 
predicted for passive movement. 2,4-Dinitrophenol (DNP) caused an 80% reduc- 
tion in K + transference and a corresponding increase in the measured electrical 
resistance of the membrane. DNP also reduced the isotopically measured resting 
K § influx and caused a substantial increase in both C1- influx and efflux. Lowering 
of the pH from 5.7 to 4.7 also reduced the net K + influx but without drastically 
altering the membrane resistance. It appears the major portion of an externally 
applied current does not travel through passive channels, but rather is shunted 
through a different membrane component. In conjunction with evidence previ- 
ously establishing the H + pump as the primary ion pump in NiteUa, the data 
presented here are consistent with a K+/H + exchange mechanism which can 
account for the observed net K § accumulation and maintenance of the membrane 
potential above the electrochemical equilibrium potential of the major ions. This 
mechanism appears to be a likely candidate for the current shunt. 

I N T R O D U C T I O N  

This study is concerned  with the relationship of  K + fluxes to the electrically 
measured  membrane  conductance  and the level o f  the resting potential of  giant 
internodal  cells of  Nitella. In such studies it has been customary to assume that 
electrogenic ion p u m p i n g  is present  and that a relatively large passive re turn  
cur rent  serves to electrically balance it. The  acceptability o f  this idea was greatly 
influenced by Kitasato's (1968) repor t  suggesting the distinct possibility o f  H + as 
the major  ion both in active extrusion and in the passive re turn  cur ren t  (cf. 
Anderson ,  1973). Before this an unresolved problem existed in that the typical 
measured  electrical conductance  o f  Characean cells was more than 10 times 
greater  than that predicted f rom the resting fluxes o f  K +, Na +, and CI- 
(Williams et al., 1964), as calculated by the Goldman  (1943) flux equation.  This 
problem was apparent ly  solved by attr ibuting the unexplained conductance  to 
H + (Kitasato, 1968). 

It is to be noted that membrane  conductance  is computed  f rom the displace- 
ment  o f  the resting potential when an applied cur ren t  o f  known magni tude  is 
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passed th rough  the membrane .  T h e  explicit assumption here  is that the cur ren t  
passes only th rough  passive channels and that any active electrogenic mechanism 
acts as a constant cu r ren t  genera tor ,  remaining unaffected by this membrane  
per turbat ion .  Spanswick's (1972) challenge to this assumption consisted essen- 
tially o f  the content ion that the electrogenic p u m p  is quite sensitive to imposed 
changes in the membrane  potential,  adjusting its rate in response to slight 
changes in the potential,  i.e., pumping  faster du r ing  a depolarizat ion (inside 
less negative) and slower dur ing  a hyperpolar izat ion.  In terms o f  the H + 
hypothesis,  the best test for  this would be the lowering o f  the external  pH when 
a depolar iz ing cur ren t  is applied.  This  measuremen t  has not  yet been made.  

All at tempts to detect  an external  pH rise when a hyperpolar iz ing cur ren t  was 
applied have failed (Anderson,  1973: pp. 137, 142, 236). Leaving aside the 
question o f  the H + p u m p ,  this result casts doubt  on the impor tance  o f  H + as a 
passive cur ren t  carr ier .  Thus ,  the original puzzle o f  the large conductance has 
persisted. This has been complicated by difficulties in efforts  to fully identify 
the ions that carry applied currents .  Such efforts  have apparent ly  been limited 
to two studies (Walker and Hope ,  1969; Williams et al., 1972): no more  than 
about  40% of  the applied cur ren t  could, with certainty,  be at t r ibuted collectively 
to K § Na +, and CI-. 

Our  strategy in attacking this problem in the present  work was to use a higher  
K + concentra t ion in the medium (1.0 mM as compared  with the usual 0.1) in the 
hope  that the K + conductance  would be enhanced ,  with K + then carrying most 
o f  the inward cur ren t  dur ing  hyperpolar izat ion.  Earlier it had been found  
(Brown et al., 1973) that with this K + concentra t ion,  NiteUa cells maintained an 
average resting potential  o f  -152  mV, some 40 mV more  electronegative than 
the K + equil ibrium potential.  This  is significant in that it suggests a definite 
electrogenic componen t  o f  the resting potential.  

Potassium fluxes were measured  with Nitella cells both at rest and dur ing  
application o f  a hyperpolar iz ing cur ren t  across the m em b ran e  at p H  5.7. Similar 
exper iments  were conducted  on cells t reated with 2,4-dini t rophenol  (DNP). 
Chlor ide movement  was also studied at rest and dur ing  cu r ren t  application. 
Resting fluxes were measured  for  both K + and CI- with and without DNP and 
at pH 4.7 to fu r the r  characterize the ionic pathways. T h e  m em b ran e  potentials 
and electrical resistances were recorded  u n d e r  all o f  these exper imenta l  condi- 
tions. 

M A T E R I A L S  A N D  M E T H O D S  

Culturing of Nitella and Preconditioning of Cells 

Plants of Nitella clavata were grown in open 3-1 cultures with aeration under 1,350 lx 
illumination provided by Sylvania Grolux (Sylvania Lighting Products, Hillsboro, N.H.) 
and cool-white fluorescent lamps. A 16-h light and 8-h dark cycle was used. The culture 
solution was similar to Forsberg's (1965) containing 4 mM Tris at pH 7.0. Because of the 
degradation of Tris, NH4 + present varied between 0.5 and 2.5 mM, averaging about 1 
mM. Internodal cells ranging between 0.07 and 0.08 cm in diameter and between 2 and 
3 cm in length were harvested and placed in a solution containing 1.0 mM KC1, 0.1 mM 
NaCI, 0.1 mM CaCI2, and 0.1 mM MgCI2 at pH 5.7 for 6-8 days before use. This solution 
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is designated as K solution throughout  this work. During preconditioning, the external 
solution was changed every 2 days. The lighting dur ing  the precondit ioning and 
experimental periods was 480 lx from cool-white fluorescent lamps. The temperature 
was 22~ 

Membrane Potentials and Areal Resistance 

Membrane potentials were measured with Ag/AgCI glass microelectrodes as previously 
described (Rent et al., 1972). The electrical potentials reported here are actually those 
measured across the cell wall, plasmalemma, cytoplasm, and vacuolar membrane;  
conventionally, these are referred to as membrane potentials (as they are here), but the 
designation is somewhat inaccurate. 

Membrane electrical resistances were measured by the method of Hogg et al. (1968) in 
which the leaky cable properties of the cell are corrected for. Just as in the Em 
measurements,  the reported resistance properly refers to that between medium and 
vacuole; however, it appears that the resistance is almost entirely attributable to the 
plasmalemma (Skierczynska et al., 1975). 

Undirectional K + Fluxes 

Potassium uptake was measured with 42K at a maximum spec act of 13 Ci.mol -t. After 
exposure to tracer, cells were given a three-phase, 2-h rinse in a large excess of nontracer 
solution, Radioactivity in a living cell was assayed by placing a cell in a specially designed 
holder directly beneath a Geiger-Miiller tube. An appropriate correction curve for cell 
geometry was constructed by taking a number  of cells and fragmenting and drying them 
to give the material the same geometry as that of samples of known radioactivity. 

Potassium efflux was measured by collecting 42K lost from a cell in 4.0 ml of nontracer 
solution. 50 /~1 of 1.0 M NaHCO3 was added to 1.0 ml of sample which was then dried 
and counted in a Nuclear-Chicago low background beta counter (Nuclear-Chicago 
Corp., Des Plaines, Ill.). After 42K uptake, rinse periods of several hours and two 
consecutive efflux periods were used to be certain that 42K+ exchanging from the cell 
wall was not included in the efflux samples (Hope, 1963). 

Potassium Uptake with Applied Hyperpolarizing Current 

For measurement  of 42K uptake dur ing  the passage of an external hyperpolarizing 
current  through the membrane  a Geiger-Muller tube was mounted behind a thin plastic 
partition on a Plexiglass trough containing the cell. The tube axis was perpendicular to 
the axis of the cell. Current  was delivered to the inside of the cell via microelectrode in 
the same manner  used to measure membrane resistance. The resting 42K influx was first 
established dur ing  one or two 30- or 60-min influx periods. After exposure to tracer 
solution, the cell and trough were rinsed repeatedly until no fluctuation in radioactivity 
was observed. This usually required 20-30 min dur ing  which the total volume of the 
trough was replaced 40 times. The cell was then hyperpolarized in the presence of tracer 
with a current  of about 0.4/~A, rinsed and assayed. A final control was normally obtained 
following the applied current  period. After these uptake experiments the electrodes 
were removed, and the cell was then fragmented, dried, and counted as described above. 
This permitted calculation of absolute flux values. 

Chloride Fluxes at Rest and under Applied Current 

Chloride uptake was measured using 3nc1 in K solution at 114 mCi'mo1-1. Unidirectional 
flux measurements were made in a manner  identical to that outlined above for 42K 
except that the rinse period was 1.5 h. 
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Efflux on a 3nCl-loaded cell was measured with an applied hyperpolarizing current by 
sealing off the trough, applying the current, then removing external solution for 
radioassay. 

Cellular Ion Concentrations 

The internal K + concentration of cells used for 42K efflux experiments was determined 
by breaking cells open in 4.0 ml distilled H20 and measuring with a Corning cation 
electrode (no. 476220, Corning Glass Works, Corning, N.Y.). Corrections were made for 
Na + and NH4 + interference with the electrode. 

Ammonia content of single cells was determined in a total volume of 10 ml by the 
Nessler method (Taras, 1958); 15 min after the addition of reagents, the absorbance was 
read at 450 nm. Turbidity in the reaction mixture was prevented by adding 0.1 ml of 
4.4% (wt/wt) gum arabic solution before the addition of the Nessler's reagent. Vacuolar 
C1- was determined by diluting collected sap 100-fold and measuring with a C1--specific 
electrode. 

R E S U L T S  

Level of Membrane Potential 

A mean membrane  potential of  - 1 5 2 + 3  mV was obtained on 40 cells in K 
solution. This is 40 mV more  negative than the estimated E K of  --112 mV based 
on a cellular [K +] of  80 raM. 

When [K+]0 was decreased f rom 1.0 to 0.1 mM while [Na+]0 was simultaneously 
increased f rom 0.I to 1,0 raM, very little change in Em was observed.  Others  
have previously noted the insensitivity o f  the membrane  potential o f  Characean 
cells to changes in external [K +] when Ca ++ is also present in the medium (e.g., 
Hope  and Walker, 1961). The  basis for this insensitivity is not clear as Hope  
(1963) has shown that the magni tude  of  the K + influx strongly reflects the 
external K + concentrat ion.  These results lead to the conclusion that t ransmem- 
brane K + movements ,  whatever the mechanism or mechanisms involved, do not 
contribute in a simple way to the determinat ion of  the Em level. Rigorous 
evidence for a passive componen t  o f  K + influx in Characean cells is lacking 
(Hope and Walker, 1975). 

Dependence of K + Fluxes on External [K +] 

Fig. 1 indicates that the unidirectional K + influx is linearly dependen t  on 
external [K +] within the range of  concentrat ions used. It is to be noted that 
[Cl-]0 was also varied with [K+]0. The  overall mean  unidirectional influx for the 
control  concentrat ion of  1.0 mM K + was 1.73 pmol .  cm 2. s -1 whereas the efflux 
was 0.14. Thus ,  the mean net influx was 1.6 pmol .  cm -2- s -~. 

Actual measurement  o f  total vacuolar K + f rom 0 to 11 days showed an 
increase in internal K + f rom 20 mM at day 0 to 100 mM at day 11. T h e  average 
internal K + concentrat ion of  6- to 8-day cells used in this work was 80 raM. For 
the l 1-day period the mean net influx was about  1.5 p m o l . c m - 2 . s  -~, in 
reasonable agreement  with the isotopically measured fluxes o f  7-day cells. The  
net K + uptake was approximately  balanced by the decrease in the NH4 + content  
o f  the cells. It appears  that K + is not exchanged for  NH4 + but  for H + which is 
ex t ruded  as NH3 leaves the cell passively, result ing in an internal acidification 
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(Barr et al., 1974). This conclusion derives f rom the fact that NH3 permeability 
coefficient is the same for both inward and outward movement ,  9 • 10 -4 cm .s -~. 
In addit ion,  recent evidence has been obtained for an H+/K + exchange in the 
absence o f  NH3 movement  (Barr et al., 1977). The  cellular Cl- and Na + 
concentrat ions were essentially constant at 87 and 14 raM, respectively; du r ing  
the 11 days after harvest, deviations from these values were by no more  than 2 
mM. 

I f  the assumption is made that K + efflux is entirely passive and independent ,  
then a calculation of  the fraction o f  the K + influx that is passive can be made 
(Goldman,  1943). Based on a [K +] o f  80 m M  and an Em of  - 1 5 2  mV, the 
potassium permeability coefficient (PR) is 1.1 x 10 -7 cm.s -1 and the passive K + 
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FIGURE 1. Dependence of unidirectional K '+ fluxes ofN. clavata on the external 
K + concentration. 10, 32, 23, and 40 cells were used, respectively, for the 0.44, 0.86, 
0.98, and 1.00 mM concentrations. Variation is expressed as the standard error. 
The solution containing 1.00 mM K § is the K solution; where the K § concentration 
is less, the CI- concentration has been reduced by the same amount. The cells were 
6-8 days old. 

influx is 0.66 p m o l . c m - 2 . s  -1 or  38% of  the total influx. There  is, however,  no 
compell ing basis for  adher ing  to this model.  

Potassium and Cl- Transference Numbers 

When external hyperpolar iz ing currents  o f  0.4-1.0 / zA.cm -2 were applied to 
Nitella cells, most o f  the cur ren t  was carried by K +, as shown in Table I. The  K + 
current  density is def ined as the net K + flux, and the t ransference number  (TR) 
is def ined as the fraction o f  the applied cur rent  carried by K +. Thus ,  the TK 
averaged 0.83 for cells in solutions containing 0.86-1.00 mM K +. The  mean value 
for C1-1 was 0.07 as de termined in 16 measurements  by the increase in CI- efflux 
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d u r i n g  h y p e r p o l a r i z a t i o n .  Figs. 2 a n d  3 show details  for  typical  cells o n  which 
t r a n s f e r e n c e  was m e a s u r e d .  A c c o r d i n g  to the de f i n i t i on ,  the m e a n  T~ is 0.83, 
with 0.57 o f  this c o r r e s p o n d i n g  to the increase  in  ne t  K + in f lux .  A l o n g  with the  
Tcl o f  0.07, 90% of  the  app l i ed  c u r r e n t  can  be fo rmal ly  a c c o u n t e d  for .  Howeve r ,  
t he re  r e m a i n s  the  q u e s t i o n  of  how the ne t  K + i n f l u x  at rest  is b a l a n c e d  a n d  how 
this b a l a n c i n g  f lux is a f fec ted  by the  h y p e r p o l a r i z a t i o n .  

N o n e  of  the app l i ed  c u r r e n t  was ca r r i ed  by H +. I n  th ree  a t t empts  to 
d e m o n s t r a t e  a n  e x t e r n a l  p H  increase  d u e  to an  i n w a r d  H + c u r r e n t  d u r i n g  
c u r r e n t  app l ica t ions ,  no  s igni f icant  p H  changes  were obse rved .  I f  H + ha d  

T A B L E  I 

EFFECT OF AN APPLIED HYPERPOLARIZING CURRENT 
OF INDIVIDUAL NITELLA CELLS 

ON THE K + INFLUX 

Applied 
Membrane K* influx current Transference 

Exp. [ K + ] 0  conductance resting during current density no,* 

peq �9 

raM laho' tm 2 pmol.cra 2..~ , cm-2.s- i  

33 0,44 61 0.90 4.55 7.64 0.58 (0.48) 
34 0.44 77 1.04 3.60 6.94 0.50 (0.38) 
48 0.86 13;t 2.86 4.85 4.40 1.07 (0.45) 
42 0.98 28 1.07 3.56 6.70 0.51 (0.37) 
44 0.98 25 0.90 3.05 5.00 0.58 (0.43) 
61 1.00 31 2.28 6.85 7.10 0.95 (0.65) 
62 1.00 30 2.88 8.53 9.33 0.90 (0.60) 
63 1.00 35 1.66 8.50 9.00 0.93 (0.76) 
64 1.00 34 1.66 8.15 9.42 0.85 (0.69) 
Mean values 

excluding Exp. 33, 28+-3 1.90+-0.30 0.83 (0.57) 
34 

The resting influxes are mean values obtained from two or three 1.0-h measurement periods either 
before or before and after the application of current for 1.0 h. In experiments 63 and 64, 0.5-h 
periods were used. 
* To calculate transference numbers, an efflux of 0.14 pmol.cm-2.s -~ was assumed, equal to the 
mean resting efflux. The values in parentheses represent transference attributable to the increase in 
the net K + flux during current application. 
~t This cell had an unusually low resting potential of -113 mV and was hyperpolarized to -163 mV 
by the applied current, The mean Em of the other cells was -154 mV, with the mean hyperpolari- 
zation being 19 inV. 

ca r r i ed  100% of  the  app l i ed  c u r r e n t ,  the e x t e r n a l  p H  would  have r i sen  f r o m  p H  
6 to p H  7 in  3 m i n  u n d e r  o u r  cond i t ions .  

I n  Fig.  4 a co r r e l a t i on  b e t w e e n  the TK a n d  the  K + res t ing  i n f l u x  is a p p a r e n t :  
the re  is a m o n o t o n i c  rise in  T~ with i n c r e a s i n g  K + in f lux  u p  to a b o u t  2 
p m o l .  cm -~. s -1 at which  value  the TK a p p r o a c h e s  un i ty .  O f  the f o u r  po in ts  tha t  
have  Tu's o f  a b o u t  0.5, two o f  t h e m  c o r r e s p o n d  to low K + c o n c e n t r a t i o n s  (0.44 
mM) whereas  the o the r  two are  for  low in f luxes  no t  specifically ascr ibable  to any  
k n o w n  factor .  T h e s e  resul ts  seem to indica te  tha t  the f rac t ion  of  app l i ed  c u r r e n t  
ca r r i ed  by K + d e p e n d s  u p o n  bo th  the availabil i ty o f  K + in  the m e d i u m  a n d  the 
i n w a r d  K + t r a n s p o r t  capaci ty of  the m e m b r a n e ,  wha tever  its n a t u r e  may be.  
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This relationship holds even when DNP is present  (details below). Also, when 
the p roduc t  o f  these two factors is sufficiently large, K + will p redominate  as the 
cur rent  carrier,  with TK approach ing  unity. The  curve is drawn th rough  the 
origin because in the special case o f  zero [K+]o, the K + cur ren t  will be zero o r  
very nearly zero. 

Comparison of  Calculated and Measured Conductances 

As indicated unde r  the flux results, the passive componen t  o f  K + influx may be 
said to account  for  38% o f  the total K + influx if the conventional "active/passive" 
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FIGURE 2. Potassium influx of a 9-day-old cell ofN. ctavata during application of 
a hyperpolarizing current as compared to the influx at rest. The plain bars 
represent influx measurements at rest. The bar with the vertical arrow represents 
the influx during the application of a current of 9.0 peq. cm -2 .'s -1, causing a mean 
hyperpolarization of 25 mV. This cell is identified as experiment 63 in Table I. 

assumptions are made.  I f  so, the net passive K + influx o f  0.52 pmol .  cm -z. s -1 
cor responds  to a resting K + conductance  o f  1.3 /zmho/cm 2 as calculated by the 
following formula:  

GK = F j K / E z  - Era, where GK = resting K + conduc tance , jK  = net K + flux, 
and F = Faraday constant.  As can be seen in Table  I the measured membrane  
conductance  o f  cells subjected to pro longed  hyperpolarizat ions was 28 
/ zmho .cm -z on the average,  with the K + conductance  account ing for  most o f  it, 
23 /~mho-cm -2. The re  is almost a 20-fold discrepancy here.  Even if the entire 
net K + influx o f  1.6 pmol .  cm -2. s -1 is used to calculate the resting conductance ,  
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a value o f  only  3.8 p .mho,  cm -2 is obtained,  about  one-s ixth  the measured  value.  
T h u s ,  nei ther  the formula  above nor  the G o l d m a n  (1943) equat ion is applicable 
to K + m o v e m e n t  w h e n  a net  current  is drawn through  the m e m b r a n e  via an 
ex terna l  circuit. 

It is to be noted  that the m e m b r a n e  conductances  obtained from short  pulses 
o f  a few seconds  were  typically about  60 /~mho.  cm -2, about  twice the value 
obtained for p r o l o n g e d  hyperpolarizat ions .  Walker and H o p e  (1969) observed 
similar behavior  in Chara corallina. 
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FIGURE 3. Chloride efflux of  a typical internodal cell of  N. clavata during 
application of  a hyperpolarizing current as compared to the efflux at rest. The 
plain bars represent efflux measurements at rest. The two bars with vertical arrows 
represent efflu• measurements during the application of  a current of  7.'/ 
peq.cm -2.s -1, causing a mean hyperpolarization of 26 mV. The cell was 6 days 
old. 

We have  observed very little, if  any, rectification under  these condit ions;  this 
perhaps  is due  to the relatively high external  [K +] present.  Spanswick (1973) 
f o u n d  the m e m b r a n e  ofNitella translucens to exhibit  a perfectly ohmic  behavior  
over  an ex tended  range in the light, but not  in the dark. 

Effects of DNP on Membrane Properties 

In Table  II are presented  the results o f  exper iments  in which D N P  was used as 
a metabol ic  po ison,  in K solut ion at pH 5.7. T h e  assumed action o f  D N P  is to 
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depress  the energy  supply and consequently eliminate much o f  the active 
t ransport .  In two exper iments  the resting K + influxes were r educed  by 89 and 
79%. In ano the r  DNP expe r imen t  involving three  cells, the T~'s were reduced  
by 94, 88, and 65 % based on  the mean control  TK of  0.83. T h e  similarity in the 
degree  o f  inhibition suggests the possibility o f  a c o m m o n  mechanism for  the two 
modes  o f  t ranspor t ,  or ,  at least, a c o m m o n  rate-limiting step. This  is shown 
more  clearly in Fig. 4 where  the mean TK value for  the DNP cells is seen to 
con fo rm quite well to the general  relat ionship found  between the TK and the 
resting K + influx. 

Two  o the r  major  effects o f  DNP observed were a mean  depolar izat ion o f  the 
m e m b r a n e  to - 1 0 4  mV and a large decrease in electrical conductance ,  corre-  
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Relationship between the K + transference number and the resting K + 
influx in N. clavata. The values were obtained from Table I. The point for DNP- 
poisoned cells was obtained from the mean values presented in Table II. 

sponding  to the decrease in TK (Table II). Because -1 0 4  mV is slightly more  
positive than E K, a small net eff lux o f  K + is predicted if the movement  is passive; 
Table  II indicates a net  eff lux o f  0.3-0.4 p m o l . c m  -2. s -1. Fur the r  evidence for  
the passive behavior  o f  DNP-treated cells was obtained by increasing the 
external  [K +] to 10 mM (Table III): depolarizat ion to - 5 5  mV was observed,  
close to the calculated EK value of  - 5 2  mV. Deviations f rom the theoretical 
value may be due  to an increase in Pcl (see below). Fig. 5 depicts the t ime-course 
o f  the effects o f  DNP on the m em b ran e  potential  and resistance. 

Table  II lists a mean  conductance  o f  8 / x m h o .  cm -z for  five cells t reated with 
DNP. T h e  three  (different)  cells used for  t ransference  measurements  had 
conductances  o f  3, 4, and 14 /zmho .  cm -2, respectively, not  significantly differ-  
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e n t  f r o m  t h e  a b o v e .  I n  t h e  t r a n s f e r e n c e  e x p e r i m e n t  t h e  l ow c o n d u c t a n c e s ,  in  

c o m b i n a t i o n  w i t h  t h e  a p p l i e d  c u r r e n t s  u s e d ,  r e s u l t e d  in  h y p e r p o l a r i z a t i o n s  o f  

a b o u t  70 m V ,  i . e . ,  f r o m  a b o u t  - 1 0 0  to  - 1 7 0  m V .  T h u s ,  t h e  Em leve l s  in  f o r c e  

d u r i n g  t r a n s f e r e n c e  m e a s u r e m e n t s  w e r e  r o u g h l y  t h e  s a m e  as  t h o s e  f o r  t h e  

c o n t r o l s .  

T A B L E  II  

E F F E C T S  OF D N P  A N D  L O W  p H  ON NITELLA M E M B R A N E  P R O P E R T I E S  

Control 
50 pM DNP K solution K solution 

Membrane property Units in K solution pH 5.7 pH 4.7 

Resting potential m V - 104 +- 7 * - 152 - 3:~ ( - 89)w 
Electrical conductance /~mho.cm -~ 59+-711 (60)w 
Electrical conductance t~mho �9 cm -2 8+-2* 28+-3�82 
K influx pmol" cm-2.s -1 0.19+-0.01"* 1.75+-0.10"* 0.43+-0.01 
K influx pmol. cm-2.s -1 0.35+-0.01,~ 1.63+-0.16~* 0.37+-0.04 
K efflux pmol. cm-Z.s -1 0.55+-0.03** 0.27+-0.10"* 0.47+-0.06 
K efflux pmol. cm-2.s -* -- 0.14+-0.02, 
PK, influx-derived nm.s -1 0.5** - 1.2 
PK, influx-derived nm.s -~ 0.8:~: . . . 1.3 
PK, efflux-derived nm-s -t 1.0"* 2.1"* 0.52 
PK, efflux-derived nm.s -l - 1.1 
K conductance /~mho �9 cm -2 1.4** 0.9** - 

(resting, see text) 
K conductance /~mho. cm -2 . . . 1.3* 

(resting, see text) 
K transference no. ~mho.  cm -2 0.07, 0.10, 0.29w167 0.83�82 - 

(applied current) 
Cl influx pmol- cm-2.s -~ 0.95+-0.041[[I 0.09+-0.0111tl 0.93+-0.13[]1[ 
C1 efflux pmol. cm-2.s -~ 1.82+-0.0911[] o.13+-O.Ol[n ] 1.41 +-0.261[1[ 
Pcl, efflux-derived nm.s -~ o.05HH 0.003[[[[ 0.05 
c1 conductance (resting) /zmho. cm -2 0.4[[l] 0.015[[I] . . . 

* Mean value for five cells, measured after 1- 2 h in DNP. 
:~ Overall mean values, 30 cells. 
w Taken from Brown, et al. (1973). 
II Mean value for 11 cells, short DC pulses. 
�82 From Table I, hyperpolarizations for prolonged periods. 
** Mean values on 7-10 cells. The experimental period was 3 h for the DNP-treated cells and 13-21 
h for the controls. 
*~ Same as but on a different batch of cells. 
w167 Measurements on three cells, with applied current densities of 2.7, 3.5, and 9.3 peq.cm-2.s -*, 
respectively. The effluxes during current application were estimated via the Goldman (1943) flux 
equation as 0.09~ 0.00, and 0.46 pmol/cm-Z.s -1. 
]H] Same as but on a different batch of cells. 

T h e  m e a n  c o n d u c t a n c e  o f  8 / z m h o .  c m  -2 o f  D N P  cel ls  c a n  b e  a p p r o x i m a t e l y  

a c c o u n t e d  f o r  in  t h e  f o l l o w i n g  way:  T h e  K + c o n d u c t a n c e  is r e d u c e d  by  8 2 %  (TK 

m e a s u r e m e n t s ) ,  f r o m  23 to  4 / ~ m h o .  c m  -2, w h i l e  t h e  r e m a i n i n g  5 ~ m h o .  c m  -2 is 

a t t r i b u t e d  to  t h e  c o n d u c t a n c e s  o f  t h e  o t h e r  i o n s ,  a p p a r e n t l y  u n a f f e c t e d  by  t h e  

D N P .  T h e  l a t t e r  is p r o b a b l y  n o t  s t r i c t ly  t r u e  b e c a u s e  t h e  r e s t i n g  C I -  c o n d u c t a n c e  

is c o n s i d e r a b l y  i n c r e a s e d  by  t h e  D N P  t r e a t m e n t  ( T a b l e  I I ) .  T h e  a b s o l u t e  v a l u e  
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o f  the rest ing CI- conductance  is still quite small, however ,  and presumably the 
CI- conductance  u n d e r  applied voltage is similarly small. T h e  overall decrease 
in membrane  conductance  due  to the DNP t rea tment  can thus be essentially 
accounted for  by the change  in the K + conductance  alone. 

T h e  enhanc ing  effect  o f  DNP on both the influx and eff lux o f  CI- (Table II) 
was unexpec ted  because it is generally assumed that these fluxes are completely 
i ndependen t  o f  one  ano ther  and have d i f fe ren t  characteristics. T h e  ene rgy  
r equ i remen t  for  net C1- influx is about  5 kcal.mo1-1 thus point ing to an active 
t ranspor t  mechanism,  whereas CI- eff lux seems to be passive (cf. Spear  et al., 
1969). T h e  CI- eff lux values obtained on control  cells dur ing  hyperpolar iza t ion 
are also consistent with a passive Goldman- type  behavior.  A net  CI- eff lux o f  0.9 
pmol .  cm -z. s -1 occur red  du r ing  the DNP t rea tment .  

In summary ,  DNP had six measurable  effects on the Nitella membrane :  (a) 
inhibition o f  inward K § movement ;  (b) depolarizat ion o f  the membrane ;  (c) 
increase o f  m e m b r a n e  resistance; (d) decrease o f  TK; (e) en h an cem en t  o f  C1- 
t ransfer  in both directions; and (f) r en d e r in g  o f  the m em b ran e  passive especially 
with respect to K + movemen t  and its effect  onEm. 

T h e  t ime-course o f  the effect  o f  DNP on the m e m b r a n e  resistance and 

T A B L E  I I l  

EFFECT OF EXTERNAL K ON DNP-POISONED CELLS 

Solution Em EK 

my ray 

K solution (1 mM K +) 156__.14.4 111 
K solution +200 pM DNP (1 mM K +) 87__. 10.9 111 
K solution +200 tzM DNP +4.5 mM K~SO4 (10 mM K +) 55-_.6.8 52 

potential  suggests an indirect  effect  r a the r  than a rapid direct  effect  on  the 
membrane .  T h e  quest ion of  DNP as a p ro ton  carr ier  is discussed later. 

Effects of pH 4.7 on Membrane Properties 

T h e  lowering o f  the pH o f  the K solution f rom 5.7 to 4.7 resulted in CI- fluxes 
very similar to those obtained with 50 /zM DNP at pH 5.7; influx was 0.9 
pmol .cm-2.s -1 whereas eff lux ranged  between 1.4 and 1.9 (Table II). T h e  effect  
o f  low pH on the K + fluxes was slightly less severe than that o f  DNP: influx and 
eff lux became approximate ly  balanced at about  0.45 pmol .  cm -2. s -1. Moreover ,  
depolarizat ion at pH 4.7 to about  - 1 0 0  mV occurred ,  about  the same as with 
DNP. However ,  the membrane  conductance  was not significantly changed  by 
the low pH t reatment ;  it was typically about  60 / zmho .  cm -2, ranging between 30 
and 100 (Table II). 

T h e  appa ren t  indi f ference  o f  the conductance  to p H  can possibly be ac- 
counted  for  by an increase in H + conductance  about  equal to the decrease in K + 
conductance .  T h e  latter is concluded f rom the decreased rest ing K + influx and 
the correlat ion found  between the resting and applied K + currents  as r epo r t ed  
above. An appreciable H + conductance  at p H  4.7 appears  possible in view o f  the 
large resting H + influx o f  8 p m o l . c m - : . s  -1 observed at this p H  (Rent et al., 
1972; Bar r  et al., 1974). Chlor ide is ano the r  possible cont r ibu tor  to the measured  
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conductance at pH 4.7, but the calculated value obtained from its resting fluxes 
is so low as to suggest that its contribution would be small. 

D I S C U S S I O N  

Current thought concerning the origin of the resting potential in many plant 
cells focuses on the idea of electrogenic H + pumping (Slayman, 1965; Kitasato, 
1968; Spanswick, 1972, 1973; Vredenberg and Tonk, 1973; Brown et al., 1973; 
Richards and Hope, 1974). Recently the discrepancy observed between tracer 
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F I G U R E  5 .  Effect of 50 #M DNP on the rest potential and membrane resistance 
of a 6-day-old cell ofN. clavata. A transient hyperpolarization after the removal of 
DNP was observed in two of the four cells studied. 

fluxes of K +, Na +, and CI- and the electrically measured conductance of the 
membrane has come to be interpreted as an externally induced H + flux through 
this electrogenic component (Spanswick, 1974). It is generally recognized that 
electrogenic ion pumps do not work independently of an externally applied 
current. The basis for this is that the ion pump has its own intrinsic resistance 
(Finkelstein, 1964; Rapoport, 1970). Slayman (1965) also described a circuit 
model for the electrical properties of the Neurospora crassa membrane where the 
electrogenic pump is in series with a resistance separate from the normal passive 
resistance of the membrane (also see reviews: Liittge and Putman, 1976). 



RYAN, BARR, AND ZORN Potassium Transference in NiteUa 215 

In a typical result from the present work a hyperpolarizing current of 0.7 
/~A.cm -~ caused the membrane potential to rise from -150 to -170 mV, and 
the inward K + current to increase from 1.6 to 6.0 pmol.cm-2.s -1. This 
increment in the K + flux can account for 57% of the applied current assuming 
the large net K + influx and balancing H + efflux remain unaffected. This may 
be unlikely if indeed the current is traveling through the mechanism responsible 
for the resting net K + influx as suggested below. If  hyperpolarizing the 
membrane interferes with H + extrusion, which is normally balanced by the K + 
influx, then 90% of the applied current can be accounted for under  our 
conditions. The large jump in K + influx represents a discontinuity in the flux 
behavior, i.e., the increase is much greater than that expected from the increase 
in driving force for K + movement through a passive channel. The latter, as 
defined by E m -  EK rises from 40 to 60 mV, or 50%. A similar picture emerges 
when the Goldman flux equation is used. Thus, it appears that only a sharp 
increase in conductance or permeability can explain the large K + current if 
conventional interpretations are adhered to. 

In DNP-poisoned ceils the electrogenic component of the membrane potential 
is eliminated, net K + uptake is eliminated, the electrical resistance of  the 
membrane is increased to within the range predicted from passive fluxes, and 
the large K + current during hyperpolarization of the membrane is absent. This 
strongly indicates that the mechanism responsible for both types of  K + move- 
ment studied, i.e., the resting K + influx and the inward K + current under  
applied voltage, may be one and the same. The correlation we observed between 
this magnitude of  the resting K + flux and the transference number is also 
consistent with this interpretation. 

A problem related to the use of DNP in this work is that DNP itself is a well- 
known hydrogen ion ionophore. This is also true for other metabolic uncouplers 
(e.g., carbonyl cyanide n-chlorophenylhydrazane and carbonyl cyanide-p-tri- 
fluoromethoxyphenyl-hydrazane). Evidence arguing against DNP playing a 
direct role in the membrane properties studied here follows: the effect of  1 mM 
DNP on the electrical conductance of artificial phospholipid bilayers is many 
orders of  magnitude less than the electrical conductance measured here 
(Bielawski et al., 1966). The passage of DNP through the Nitella cell membrane 
appears to be in the undissociated (uncharged) form as no detrimental effects of 
DNP were observed with DNP in the anionic form (high pH) (Barr and Broyer, 
1966), and Slayman and Slayman (1970) have shown that DNP uncoupling of 
respiration in Neurospora crassa takes place before effects on the membrane 
potential and transport. It should also be pointed out that the effects of DNP 
are completely reversible at the concentration level used and that the average 
cell life expectancy in DNP is > 16 days at a light intensity of 2,700 ergs. cm -*. s -1 
(Barr and Broyer, 1966). This is extremely strong evidence for an indirect 
effect. 

The data presented here showing the large inhibitable K + current, coupled 
with previous work establishing electrogenic H + pumping in the Characeae and 
the thought that much of  an applied current may travel through electrogenic 
pumps, suggest that much of  the observed K + current may be through an 
electrogenic H+/K § exchange mechanism. Although direct evidence for tightly 
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coupled  H+/K + exchange  is lacking, net  up take  of  K + with concur ren t  H + eff lux 
has been  observed  in microorganisms  (Rothstein,  1972), f ibrous roots (Pi tman,  
1971), red beet  (Poole, 1974), and  leaf  tissue (Nobel,  1969). This  suggests a 
certain paral lel ism with Na/K exchange  observed in animal  cells. Recent  work  
f r o m  this labora tory  also suggests a close re la t ionship be tween H + eff lux and  K + 
influx in NiteUa clavata (Barr  et al., 1977). 

H e r e  we have r epo r t ed  a m e a n  K + inf lux of  1.73 pmol .  cm -2. s -1 and  an ef f lux  
o f  0.14, with E, ,  averag ing  - 1 5 2  mV.  As stated in the In t roduc t ion  the net K + 
influx has been  in te rp re ted  as an inward cu r ren t  that  balances H + ext rus ion ,  
the latter having  been  s t imulated by the passive loss o f  cellular NH3 and  
subsequent  acidification of  the cell inter ior .  This  conclusion has been  substanti-  
a ted by m o r e  direct  evidence o f  H + ext rus ion (Barr  et al., 1977), i.e., actual 
acidification o f  the m e d i u m  by Nitella cells that  had  been  p re loaded  with H +. 
T h e  H + extrus ion rate  was 2.7 pmol .  cm -2. s -1 when  1 mM K + was presen t  in the 
m e d i u m  and 11.9 for  20 mM K +. This  evidence suppor t s  the idea that  a lowered 
internal  p H  favors H + extrusion,  with the lat ter  rate l imited by the availability 
o f  external  K + for  exchange .  Depolar izat ion of  the m e m b r a n e  by K + may  also 
be a factor  favor ing  H + extrusion.  T h e  s toichiometry o f  the H+/K + exchange  
has not  as yet been  studied,  but  it does a p p e a r  safe to assume that  some 
coordina t ion  o f  the two ionic m o v e m e n t s  is present .  T h e  question o f  how the 
s toichiometry o f  the H+/K + t ransfer  may  vary with the m e m b r a n e  potential  
remains  unanswered ;  however ,  a ratio g rea te r  than  one  is necessary to account  
for  the observed electrogenic c o m p o n e n t  of  the m e m b r a n e  potential ,  i.e., the 
d i f ference  be tween Ere and EK. 

T h e r e  is no need  to p ropose  bo th  active and  passive K + channels  to account  
for  the behav ior  observed in the presen t  study. O u r  f indings suggest  that  a 
single mechan i sm may be responsible  for  bo th  types o f  K + m o v e m e n t  s tudied,  
i.e., the rest ing K + influx and the inward K + cu r r en t  u n d e r  appl ied voltage.  
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