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SUMMARY 

Net K ~ uptake by wild-type Neurospora shows a complex dependence on the 
extracellular pH. From pH 4 to 6, uptake follows standard Michaelis Menten kinetics 
as a function of external potassium but shifts to sigmoid kinetics at pH 8. Net flux 
measurements have now been carried out on mutant strain R2449, isolated by virtue 
of an abnormally high potassium requirement for growth, and previously shown to 
have an elevated K~4 for steady-state K + exchange at pH 5.8. The results indicate 
that R2449 is abnormal in net K ~ uptake at pH 4, 5.8 and 8, consistent with the 
notion that a single cation transport system exists in Neurospora, capable of func- 
tioning over the entire pH range. Two models are presented, an allosteric model and 
a 2-site model, which can account quantitatively for the shift from Michaelis Menten 
kinetics at low pH to sigmoid kinetics at high pH and for the defect in R2449. I;urther 
experiments will be needed to distinguish between the models. 

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

Like most other cells, the fungus Neurospora crassa maintains a high intra- 
cellular potassium concentration, 18o 200 mmoles/kg cell water, during logarithmic 
growth in medium with as little as 0.3 mM K + (ref. I). In an attempt to characterize 
the transport system (or systems) responsible for regulating the K + content of 
Neurospora, we have previously measured potassium fluxes under three sets of con- 
ditions. (a) Normal high-K ~ cells, harvested and resuspended in buffer at pH 5.8 
(the pH of the growth medium), carry out a steady-state exchange of internal K * for 
external K ~, measurable with the isotope 42K (ref. 2). (b) Cells depleted of K + and 
loaded with Na + by growth in limiting-K + medium, tested under similar conditions 
(pH 4 6), show a net uptake of K + which is balanced by the efflux of Na + and H + 
(ref. 3)- Both of these processes, K+/K + and K+/Na+,H* exchange, are energy de- 
pendent and follow standard Michaelis saturation kinetics as a function of the external 
K-  concentration. (c) Above pH 7, by contrast, net K + uptake follows a sigmoid 
curve as a function of the external K + concentration, indicative of multisite transport 
under these conditions 4. (K+/K + exchange has not been measured at high pH.) 

Abbreviations: DMG, 3,3-dimethylglutaric acid; HEPES, N-hydroxyethylpiperazine- 
N'-2-ethanesulfonic acid. 
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The relationship among these three modes of K + uptake is not yet clear. Perhaps 
the simplest possibility is that  they are all mediated by  the same system which, at 
low pH, shows standard Michaelis (one-site) kinetics for K + uptake and can transport  
Na +, H + or K + out of the cell, depending upon the affinities of the system for the 
three cations and upon their relative intracellular concentrations. At high pH, the 
shift to sigmoid kinetics could be viewed in at least two ways under the single-pump 
hypothesis: either (i) the transport  system contains a second site that  must be filled 
with a cation (H + at low pH, K + at high pH) in order for transport to occur, or (ii) 
the transport  system is an allosteric protein consisting of multiple subunits, each with 
a binding site for K+; cooperative interactions among the subunits give rise to a 
sigmoid curve at high pH, but H + ions serve as allosteric activators of the system, 
causing a shift toward a standard Michaelis curve at low pH. 

Alternatively, there might be two distinct cation transport  systems in the 
Neurospora membrane, a conventional one-site system with a low pH opt imum and 
a multisite system with a high pH optimum. Several other instances exist where a 
single substrate is thought to be transported by two or more independent routes: 
for example, inorganic phosphate in StreptococcusfaecalisS, 6, methionine in Penicillium 
chrysogenum 7, arginine, lysine and methionine in Saccharomyces cerevisiae 8-1°, and most 
of the neutral amino acids in Neurospora H. 

The present experiments were undertaken as a direct test of the relationship 
between K+/K + exchange, net K + uptake at low pH, and net K + uptake at high pH, 
by examining the properties of a K+ transport  mutant  of Neurospora. Strain R2449, 
which maps near leu-I on linkage group I I I ,  was isolated by virtue of its abnormally 
high K + requirement for growth and has already been shown to have an elevated K~/~ 
for K+/K + exchange at pH 5.8 (ref. I2). Corresponding shifts in the velocity ~,s. concen- 
tration curves for net K + u p t a k e - a t  low pH, high pH or b o t h - w o u l d  suggest that  
these fluxes are mediated by the same system. 

METHODS 

Preparation of low-K+ cells 
Wild-type strain RL2Ia  and mutant  strain R2449-I-74A of N. crassa were used 

throughout these experiments. To prepare K+-depleted cells for flux measurements, 
conidia were inoculated at a density of I .  Io6/ml into medium initially containing 
0.2 mM K + (ref. 3) and incubated on a reciprocating shaker at 25 ° for 16 h (RL2Ia) 
or 24 h (R2449). Table I compares the intracellular K+ and Na + concentrations for 
cells grown in the 0.2 mM K + medium with those for cells grown in the normal high- 
K + medium. Previous experiments have shown that  K + depletion does not affect the 
rate of K + uptake in Neurospora; Vmax'S Of 20 and 22.7 mmoles/kg cell water .min 
have been obtained with normal and depleted cells, respectively, at pH 5.8 (refs. 2, 3). 

Flux experiments 
Methods for measuring the net fluxes of K +, Na + and H + in Neurospora have 

already been described a. Experiments at pH 4 and pH 5.8 were carried out in 20 inM 
3,3-dimethylglutaric acid buffer (DMG; Eastman Organic Chemicals); and at pH 8, 
in 3 ° mM N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;  Calbiochem). 
All buffers contained 25 mM Na + and 1% glucose. Control experiments had shown 
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previously that  these buffers neither support growth nor inhibit growth of wild-type 
Neurospora and that  the passive leak of Na + and K + from the cells into the buffers 
is negligible, averaging only 0.5 mmole/kg cell water,  rain (ref. 3). Both kinds of con- 
trol experiments were repeated with R2449, with similar results. 

Calculation of initial rates of K + uptake and Na + loss 

At pH 4 and pH 5.8, net K + uptake and net Na ÷ loss in R2449, as in RL2Ia ,  
were simple exponential functions of time, and initial rates were calculated from 
semilog plots of intracellular concentrations ( IK+]~ - [K+lt or ENa+~t- [Na+]oo) vs. 
time (method described fully in ref. 3). At pH 8, cation movements in both strains 
were more complex; the semilog plots for K + and Na + could be resolved into two 
exponential functions with clearly distinct time constants. The fast component of 
K+ uptake (with a time constant of I . I  4- 0.2 rain in R2449 and 1.2 ± o.I rain in 
RL2Ia)  equals the fast component of Na + loss and is believed to represent ion ex- 
change within the cell wall since it is comparatively insensitive to low temperature 
and metabolic inhibitors 4. The slower component (time constant = IO-I2 rain in both 
strains at saturating K + concentrations) is inhibited at o ° and by CN- and deoxy- 
corticosterone and appears to represent transport  across the cell membrane 4. Initial 
rates of the transport  component were calculated for both strains by carrying out 
parallel flux experiments in the presence and absence of I mM deoxycorticosterone, 
then subtracting each deoxycorticosterone curve from the corresponding uninhibited 
curve, making a semilog plot of the difference, and computing the initial rate as at 
low pH (for a complete description of this method, see ref. 4). 

RESULTS 

Net K+ and Na + transport at p H  4, 5 .8 and 8 

Figs. 1- 3 illustrate, for strain R2449, the dependence of net K + influx and net 
Na + efflux on the external K ÷ concentration at three different pH's.  In general the 
mutant  strain follows the same pat tern as the wild type, with Michaelis-type satu- 
ration curves (and linear double-reciprocal plots) at the low pH's,  changing to a 
sigmoid curve (and a parabola in the double-reciprocal plot) at pH 8. But at all pH 's  
the curves of flux vs. concentration are shifted toward higher K + concentrations in 
the mutant ,  slightly at pH 4, progressively more at pH 5.8 and 8. 

Table I I  shows the results of computer fits of these curves. At pH 4 and 5.8, 
as with wild-type Neurospora 3, the data from R2449 have been analyzed in terms of 
the Michaelis-Menten equation; at pH 8, again for comparison with the wild type 4, 
a two-site uptake model has been used. The main results can be summarized as follows: 

(i) K ÷ influx. At every pH, the maximal velocity for K ÷ uptake is essentially 
the same in the mutant  as in the wild type but the K,/2 is raised: from i i . i  to 15. 3 mM 
at pH 4, from 11. 9 to 22.3 mM at pH 5.8, and from 17.8 to 24.7 mM at pH 8 (these 
last values were obtained from the two-site rate equation, as described in the legend 
to Table II). 

(2) Na + and H + elflux at low pH.  Previous results on wild-type Neurospora led 
to the idea that,  between pH 4 and 5.8, K ÷ uptake is coupled to the extrusion of 
both Na ÷ and H + (ref. 3). The major piece of evidence supporting this notion was 
that  the fluxes of all three cations showed the same dependence on the external K ÷ 
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concentration, with KV2's of 11.I-11. 9 mM. From the data in Table II, it seems likely 
that the three fluxes are also coupled in mutant  R2449. At pH 5.8, where the K!~ 
for K + influx is raised to 22.3 in the mutant, the K~ 's  for Na + and H + effiux are 
raised to 26.6 and 22.8 raM, respectively. And at pH 4, the K~ 's  are increased to  

15.3 mM for K + and 15.6 mM for Na +. (The K~ of H + efflux has not yet been deter- 
mined at pH 4.) 

The relative magnitudes of the Na + and H + effluxes are somewhat different in 
tile mutant, Na + efflux being increased and H + efflux decreased relative to wild-type 
Neurospora (see Figs. I, 2 and Table II). If the intracellular concentrations of the 
two cations are the same in both strains, this result would indicate that the relative 
affinities of tile transport system for Na + and H+ have been altered in R2449. INa+~i 
at zero time (pH 5.8) averaged 131 -1- 5 and 152 ~- 5 mmoles/kg cell water in R2449 
and RL2Ia, respectively (Table I), but accurate measurements of intracellnlar pH 
have not yet been made. 

(3) Na+ e~ux at high pH. In both wild-type Neurospora and mutant  strain 
R2449, Na + effiux drops markedly at pH 8 (Fig. 3). Efflux seems to require higher 
external K + concentrations in the mutant  than in the wild type, but the very low 
fluxes make it difficult to analyze the data quantitatively. It is not yet clear whether 
the difference between K + uptake and Na + loss is accounted for by the extrusion of 
H + at pH 8, as at low pH. 

Analysis of K + uptake from pH 4 to pH 8 in terms of a single pump 
The clear abnormalities at pH 5.8 and 8 in the mutant  strain, together with 

the smaller but still significant abnormality at pH 4, are difficult to explain in terms 
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T A B L E  I I l  

P A R A M E T E R  E S T I M A T E S  FOI l  T H E  G E N E R A L  K + - U P T A K E  M O D E L S  

These va lues  were ob ta ined  by  f i t t ing  the  1,2" influx d a t a  f rom Figs. > 3  to the  two-s i te  ra te  
equa t ion  and the  a l los ter ic  ra te  equa t ion  (see text ) ,  us ing the  } I A R Q U A R D T  13 a lgor i thm.  For  sinl- 
pl ic i ty ,  in the  al loster ic  case, the ra t io  Ks/I'J~ was set  a t  o ( tha t  is, the  Es  confornla t ion  was 
assumed  to b ind  subs t r a t e  much  more t i g h t l y  t h a n  the  ET conformation) ,  and  n was set  a t  in tegra l  
values  2, 3 anlt 4. All th ree  values of n gave  q u a l i t a t i v e l y  s imi lar  resul t s ;  wi th  n = 4, cfl (the 
var iance)  was s l igh t ly  lower t h a n  wi th  n == 2 or 3, so these are the  es t ima tes  inclnded in the table.  

Two-site model 

RL21a R2449 

A'e (nlM) 1 2 . o  - 1 . 2  I S , O  Z 1"5  

IC~11 (raM) t6.6 = 4.9 48,o ± 1.8 

/£.M2 (M)  0 . 5 4 "  l O  -8  ~ o , 2 8 , 1 o  8 I . O  3 • I 0  - ?  [ 0 . 3 5 "  1 0  7 

kxE (nlmoles /kg cell w a t e r . m i n )  24.3 :-  0.9 24.7 : 0.9 

k l E  (mmoles /kg  cell wa te r . r a in )  2o.I ~ t.5 27.3 ~-- 5-3 

0 -.2 O , 3 0 1  0 . 1 2 2  

Allosteric model 

RL2±a R2449 

L ~8.9 ± o. 4 13.4 -: 0.3 

]x'R (lnM) lO. 5 ~ 0. 7 16.2 :~: 1. 3 

1£ A (3 I )  I ,  1 8 "  1 0  - 6  ~ O . 2 2 '  1 0  - 6  I "45"  IO--6 ~ 0 . 2 0 "  [O 6 

]¢lnE (mnloles /kg cell wa te r . n l i n )  14. 7 ± 0. 4 13. 7 }: 0. 5 

k2n~ (nunoles /kg cell wa te r -n l in )  23.0 -L 0.5 23.6 r: 0.8 

0 "2 O . 2 2 1  O. l l  9 

of a two-pump model, with one system displaying standard Michaelis kinetics at low 
pH and the other, sigmoid kinetics at high pH. Rather, it has seemed worthwhile to 
try to devise a single-pump model that would account quantitatively for the changes 
observed in R2449. By extending an earlier analysis of K + uptake in wild-type 
Neurospora, two alternative reaction sequences can be proposed which describe fluxes 
from pH 4 to 8 in a reasonable manner. 

(I) Two-site model. According to the first alternative, the cation pump in 
Neurospora would have two sites: a transport site, with a predominant affinity for 
K +, and a modifier site, with affinities for both K + and H +. The reaction sequence 
may  be written as follows: 

E + S  K~- ES 

E + S Kx,~t SE 

K M 2  

SE + S ~ SES  hi 
KM1 - ' .  SE ~ P 

ES + S ~ SES 

Kc  
M E +  S ~ M E S \ k  2 

; - ' , M E  + P 
ES  + M ~ I 2  M E S /  
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where E is an element of the t ranspor t  system, S is the substrate (in this case, extra-  
cellular K+), P is the product  (intracellular K +) and M is a modifier (extracellular H+). 
For  mathemat ica l  convenience, three assumptions are made in deriving the rate 
equat ion:  (i) The t ranspor t  site and the modifier sites bind cations in any order and 
independently;  tha t  is, Kc  represents the dissociation constant  for K-  at the t ranspor t  
site, whether  or not the modifier site is filled; and KM1 and KM2 are dissociation 
constants  for K + and H * at the modifier site, whether  or not the t ransport  site is 
filled. (ii) Both  sites must  be filled in order for t ransport  to occur;  only SES and MES 
can react to form the product.  (iii) Finally, translocation of the ternary  complexes 
SES and MES across the membrane,  breakdown of the complexes to form product,  
and return of the system to the initial condition are all lumped together and designated 
by rate constants  ka and k 2. The overall reactions of SES and 3IES are assumed to 
be slow (kl and k2 assumed to be small), so tha t  the binding reactions can be con- 
sidered to be at equilibrium. 

Under these conditions, the rate equation for the two-site model is: 

KcK.~11 + - - - -  

tG. k2E-IM IS + k~EIS-2 
KM2 " 

K e K M 1  ]~/] ~ _ KM1 [M] IS] -- ( K c  - -  KM1) [S] @ IS] 2 
KM 2 ' KM 2 

where v is tbe initial velocity of uptake, S] and M I  are the concentrat ions of sub- 

strate and modifier, and P2 is the sum of all forms of the enzyme (assumed to be 

constant).  Accordingly, k2E is the maximal  velocity at low pH, when all of the system 

is in the MES form, and kiP2 is the maximal  velocity at high pH, with all of the 
system in the SES form. 

Table I I I  gives the results of a computer  fit of this model to all of the d a t a  
(pH 4, 5.8 and 8) from mutan t  strain R2449 and wild-type Neurospora. Two main 
differences are apparent :  (a) Kc, the dissociation constant  for K -  at the t ransport  
site, is approx.  5o % higher in the mutan t  (I8.O raM) than in the wild type (12.o mM). 
[These values agree reasonably well with K~'s determined directly from the pH 4 
data  using the Michaelis-Menten equat ion:  15.3 and I I. I raM, respectively (Table If). 
(b) The dissociation constants  for both K + (KM1) and H + (KM2) at the modifier site 
are increased in the m u t a n t :  from 16.6 to 48.o mM for K +, and from 6.5'  IO s to 
I.O. IO 7 M for H ÷. Since the increase for K (3-fold) is greater than the increase for 
H + (I.5-fold), the net result is tha t  the mu tan t  modifier site will tend to bind H -  
better  than K +, relative to the wild-type site ; and the mu tan t  should therefore require 
higher pH ' s  to bring about  the shift from one-site kinetics to two-site kinetics. As 
shown in Table IV, Hill plots of mu tan t  and wild-type data  give results tha t  are 
consistent with this idea. Values of n (the slope of the Hill plot, related to the number  
of sites 14) were determined as a function of pH for both strains ; wild-type Neurospora 
shifts from n --  I.O6 at pH 4 to n = 2.Ol at pH 8, while R2449 shows a conspicuously 
smaller change, from 1.o3 at pH 4 to 1.52 at pH  8. 

(2) Allosteric model. As an alternative to the two-site mechanism, it is possible 
to interpret  K + uptake  by both mu tan t  and wild-type strains in terms of an allosteric 
t ransport  system in which the carrier is composed of multiple subunits, each with an 
active site for K +. The carrier is assumed to exist in two conformations with different 
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TABLE IV 

E S T I M A T E S  O F  n F R O M  H I L L  P L O T S  AT pH 4, 5 .8 A N D  8 

These values were obtained by fitting the K + influx data from Figs. I -  3 to the Hill equation, 
z' --  V m a x [ S ] n / ( [ K ½ ] n  + [S]'~), using the ~IARQUARDT 1;~ algorithm. All values are mean ~ S.E. 

pH RL2Ia R2449 

4.0 1.o6 ± 0.26 i .o  3 ~_ 0.20 
5.8 1.32 ~2 o.19 1.16 ~_ o.24 
~.o 2.Ol ± o.12 1.52 ~ o.19 

affinities for K+; at high pH, interaction with K + shifts the equilibrium progressively 
toward  the high-affinity conformation, thus generating a sigmoid curve of t ransport  
as a function of IK+]0, while at low pH, the equilibrium is shifted in the same direction 
by  interaction with H+, and t ranspor t  follows a s tandard  Michaelis-type rectangular 
hyperbola.  By  analogy with the equations of MONOD et al. 1~, the rate equation for 
such a system is: 

IS]K,rn(Klz ~- S) n l[(kl k2)nEKA ~ + k2nE(KA + .4) n] 
?, =z: 

KT[(KR ~ S) (KT + S)] ~' + L[KRKA(KT + S)] ~ 

where ISi is again the concentrat ion of substrate (extracellular K+) ' ~A ] is the concen- 
trat ion of act ivator  (H+) • KR and KT are equilibrium constants for the interaction 
of substrate with EI~ and ET (the two conformations of the enzyme);  KA is the 
equilibrium constant  for the interaction of act ivator  with EI~ (activator is assumed 
not to bind to ET)" n is the number  of subunits;  L is the ratio ET/EI~" and kl and k2 
are rate constants  for the breakdown of the EI~'S and H E R ' S  complexes. For  sim- 
plicity, it is assumed tha t  ET is not  enzymatical ly  active al though it can still bind 
substrate.  

Table I n  shows the results of a computer  fit of the allosteric rate equation, 
and again two differences can be seen between the mu tan t  and wild-type strains: 
(i) As in the previous model, K m  the dissociation constant  of K + from the active 
conformation of the enzyme, is approx. 50 % higher in R2449 (16.2 raM) than in 
R L 2 I a  (lO.5 raM). (ii) In addition, L (the ratio of the two conformations, ET/ER) is 
altered in the mu tan t  (13.4) compared with the wild type (18.9). This d i f fe rence-  
the fact tha t  relatively more of the mu tan t  enzyme tends to exist in the active ER 
conformat ion- -can  be correlated with the generally lower values of n at pH 5.8 and 
pH 8 (Table III). 

DISCUSSION 

From the analysis presented above, we conclude tha t  K ÷ uptake from pH 4 to 
pH 8 can be accounted for quant i ta t ive ly  by a single t ransport  system in wild-type 
Neurospora,  with distinct alterations of the system in mu tan t  strain R2449. Under 
both the allosteric and the two-site models, the higher K ÷ requirement of the mu tan t  
would reflect an increase in the KV~ of the t ransport  site(s). The abnormal  pH  de- 
pendence of the mutan t  would come from an altered equilibrium between the two 
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conformations of the carrier, in the allosteric model, or from altered affinities of the 
modifier site for H + and K +, in the two-site model. Further experiments will be neces- 
sary to distinguish between these possibilities. In the meantime, it is interesting to 
note that  multisite kinetics have been observed for cation transport  in other organisms 
(yeast 16,17, frog muscle ls-2° and human red blood cells~1,22), and may turn out to be 
a general feature of this class of transport  systems. 

The models described in this paper deal only with the kinetics of potassium 
influx and have not yet been extended to cover the coupled efflux of Na + and H- .  
This t reatment  is sufficient for mutant  R2449 because it, like mutants  that  have been 
reported for E. coli 2~ and S. faecal is  24, is defective mainly in influx. Other mutants  of 
E.  coli 25 2v, S.  faecalis  28, 29, Baci l lus  subtil is  ~° and Neurospora (C. \V. SLAYMAN, un-  

p u b l i s h e d  results) have been found whose pr imary defects are in the extrusion of K- ,  
Na~ or H+; and at least in Neurospora, these efflux mutants  are not linked to R2449 
(C. W.  SLAYMAN, unpublished results). Cation transport  systems are almost certainly 
large and complex, however ~the apparent molecular weight of Na, K ATPase, ex- 
tracted from guinea pig brain microsomes with Lubrol and chromatographed on 
agarose, is 6700o0 (ref. 3I)], and may  well contain several subunits, each coded for 
by a separate gene. Under this hypothesis, mutations affecting primarily one portion 
of the system may still cause detectable secondary alterations of another portion, 
for example, the reduction in R2449 of H + effiux relative to Na+ efflux, which needs 
to be investigated in further detail. 
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