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Summary 

1. Both the maximum rate of phosphate uptake and the Km depend upon 
the pH of the medium in a complex way. 

2. The effect  of medium pH upon the maximum rate of uptake is mainly 
indirect and is correlated with changes in cell pH. 

3. The Km is affected by the medium pH both directly via an apparent com- 
petitive inhibition by hydroxyl  anions and indirectly in a similar way as the 
maximum rate of uptake. 

In t roduct ion  

According to Cockburn et al. [1] uptake of monovalent  or thophosphate  by 
yeast cells is accompanied by the influx of three protons and the efflux of two 
K*. The influx of protons may be also apparent,  being in fact an efflux of cellu- 
lar OH-. When a cotransport  of monovalent  phosphate and protons is involved 
one would expect  that the uptake rate of or thophosphate  depends upon the pH 
of the medium in such a way that  this dependence reflects the simultaneous co- 
t ransport  of three protons.  One would expect  that  the kinetical parameters of 
phosphate uptake (the Km and/or  the maximum rate of uptake) depend upon the 
proton  concentrat ion of the medium. In case of a cotransport  of three protons 
a third power relation between the kinetical parameters and the proton concen- 
trat ion may come to the fore [2]. A kinetical study of phosphate uptake may 
therefore give additional support  to the hypothesis of Cockburn et al. [1]. 
Goodman and Rothstein [3] studied the effect  of the medium pH upon the 
rate of phosphate uptake and showed that  one of the main factors determining 
the pH dependence of phosphate uptake is, that  only the monovalent  form of 
phosphate is translocated through the yeast cell membrane. Knotkovfi and 
Kotyk  [4] found two maxima for the pH dependence of phosphate uptake. 
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These findings, however, refer to the amount  of phosphate accumulated during 
an incubation period of about 1 h. As will be shown in this study, however, the 
cell pH decreases during phosphate uptake, by which the rate of uptake is 
affected seriously [5]. To avoid such indirect effects we have determined initial 
rates of phosphate uptake obtained from uptake experiments lasting less than 
1 rain. 

Methods 

The yeast, Saccharomyces cerevisiae, Delft 2, is aerated for one night at pH 
4.5 to exhaust the internal substrate of the yeast. The cells are then washed by 
centrifuging and resuspending twice in citrate or succinate buffer of the desired 
pH. The buffers applied consist of a solution of either 100 mM citrate acid 
adjusted to the desired pH with Tris and 10 mM KC1 or 100 mM Tris succinate 
without  added KC1. After resuspending the cells 3% (w/v) glucose or 1% (v/v) 
ethanol is added. Nitrogen, or, in case of ethanol as a substrate, air is bubbled 
through the cell suspension for exactly 1 h at 25°C at a yeast concentration of 
1% (w/v). By this procedure the rate of orthophosphate uptake is increased 
considerably [6]. 

Labelled phosphate ([32p]phosphoric acid from Philips Duphar, The Nether- 
lands, diluted with appropriate amounts of nonradioactive KH2 PO4, when KC1 
was added, or Tris phosphate is added after the 1-h preincubation period. The 
yeast concentration is decreased to 0.9% (w/v) by this addition. Phosphate 
uptake is determined according to Borst-Pauwels and Jager [7]. Cell pH values 
are determined according to Borst-Pauwels and Dobbelman [8]. 

Results 

We have determined initial rates of phosphate uptake after preincubating the 
cells at the desired pH of the medium. Phosphate uptake is followed for 40 s. 
During this time period the rate of uptake is almost constant except at the 
lower phosphate concentrations. When incubating the cells for a longer period 
the rates of uptake at relatively high phosphate concentrations increase con- 
siderably at pHo (medium pH) values higher than 6.5. This increase is due to a 
decrease in pHi (cell pH) as will be shown below. 

Fig. 1 shows an Eadie plot of the initial rate of phosphate uptake found with 
t h e  citrate buffer under anaerobic conditions. When the translocation process 
involved is described by Michaelis-Menten kinetics a straight line will be found 
on plotting the rate of uptake against the quotient  of this rate and the phos- 
phate concentration. Apparently phosphate uptake at pH o < 6.6 is described 
by the Michaelis-Menten equation. At higher pH deviations from linearity 
occur. According to Hofstee [9] such deviations may point to the operation of 
two simultaneously occurring translocation processes each being described by 
Michaelis-Menten kinetics but with different K m values. It was found earlier by 
us that  at high pH o a secondary phosphate translocation process comes to the 
fore, a process which is stimulated specifically by Na+ [10]. In the medium 
used by us the Na ÷ concentration amounts to 0.05 mM. This Na ÷ is partly due 
to contamination of the glucose added and partly to leakage of Na* from the 
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F i g .  1.  E a d i e  p l o t  o f  t h e  i n i t i a l  r a t e s  o f  p h o s p h a t e  u p t a k e  (Vo) d e t e r m i n e d  a t  v a r y i n g  m e d i u m  p H  va lue s .  

T h e  m e d i u m  c o n s i s t s  o f  1 0 0  m M  c i t r a t e  ( T r i s )  w i t h  10  m M  K C l  a n d  3% ( w / v )  g l u c o s e  u n d e r  a n a e r o b i c  
c o n d i t i o n s .  × , p H 4 . 5 ; ~ , p t t  5 . 6 ; , a  p H 6 . 1 ; E 1  p H 6 . 6 ,  A p H  7 . 2 ; e ,  p H ' / . 5 .  

F i g .  2.  D e p e n d e n c e  o f  t h e  m a x i m u m  r a t e  o f  p h o s p h a t e  u p t a k e  p H  o f o r  v a r i o u s  m e d i a  ( a p p l i e d ) .  T h e  
l e n g t h  o f  t h e  b a r s  d e n o t e  s t a n d a r d  e r r o r s  o f  t h e  m e a n  X,  1 0 0  m M  c i t r a t e  ( T r i s )  w i t h  10  m M  KC1, 3 %  ( w / v )  

g l u c o s e ,  N : ;  ~), 1 0 0  m M  T r i s  s u c c i n a t e ,  w i t h o u t  KC1, 3 %  ( w / v )  g l u c o s e ,  N2; o, 1 0 0  m M  T r i s  s u c c i n a t e ,  
w i t h o u t  KC1, 1% ( w / v )  e t h a n o l ,  a i r .  T h e  m a x i m u m  r a t e s  o f  u p t a k e  a re  e x p r e s s e d  as  p e r c e n t s  o f  t h e  v a l u e  
f o u n d  a t  t h e  o p t i m a l  p H  c o n c e r n e d .  T h e  k i n e t i c a l  d a t a  r e f e r  t o  t h e  N a  + i n d e p e n d e n t  p r o c e s s .  T h i s  a p p l i e s  
a l so  to  F ig s .  4 - - 7 .  

yeast .  This  c onc en t r a t i on  is suff ic ient ly  high to  a cco u n t  for  the  deviat ion f rom 
l ineari ty  observed in the  Eadie  p lo t  at high m ed iu m  pH (Blasco, F., Roomans ,  
G.M. and Borst-Pauwels,  G.W.F.H.,  ref.  16). The  Na + d e p e n d e n t  phospha te  
up t ake  process has a Km of  a b o u t  10 -6 M with respec t  to  the m o n o v a l en t  
fo rm of  phospha te ,  whereas  the  Km of  the Na ÷ i n d ep en d en t  phospha te  translo- 
ca t ion  process  is m u c h  higher. 

We have calculated the values of  the m a x i m u m  rate  of  phospha te  up t ake  and 
also the  Km values fo r  the  Na ÷ i ndependen t  t r anspor t  process  by  correc t ing  for  
the  c on t r i bu t i on  of  the  Na ÷ d e p e n d e n t  process  according to  Cleland [11] .  Fig. 
2 shows tha t  the  m a x i m u m  rate  o f  up t ake  depends  u p o n  pHo and tha t  this 
d e p e n d e n c e  differs  for  the  various media  applied. The  o p t i m u m  pH o is m u ch  
lower  fo r  the ci t ra te  buf fe r  with 10 mM KC1 than  for  the Tris succinate  buf fe r  
w i t h o u t  added  KC1. With e thanol  as a substra te  instead of  glucose and applying 
the  la t ter  bu f fe r  a fu r the r  shift  to  higher  pH o values is observed for  the 
o p t i m u m  pHo. 

We have now examined  whe the r  the d i f ferences  in pH response observed wi th  
the  various media  applied may  be t raced to  d i f ferences  in pH i . As is shown in 
Fig. 3 the  d e p e n d e n c e  of  pH i u p o n  pHo differs  great ly for  the various media  
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Fig .  3.  D e p e n d e n c e  o f  p t I  i u p o n  p H  o f o r  t h e  m e d i a  a p p l i e d  in  t h e  e x p e r i m e n t s  o f  F ig .  2. F o r  t h e  m e a n i n g  

o f  t h e  s y m b o l s  s e e  "also F ig .  2.  

F i g .  4 .  D e p e n d e n c e  o f  t h e  m a x i m u m  r a t e  o f  p h o s p h a t e  u p t a k e  u p o n  p H  i v a r i e d  b y  p H  o. S a m e  d a t a  as  

s h o w n  in  F ig .  2. 

applied,  pHi at  a given pH o is larger fo r  the  ci t ra te  buf fe r  plus KC1 than  for  the  
succinate  buf fe r  w i t h o u t  added KC1, whereas  unde r  aerobic  condi t ions  with 
e thano l  as substrate  the  cells have a still lower  pH. 

Fig. 4 shows tha t  a single re la t ion be tween  the  m a x i m u m  rate of  phospha te  
up t ake  and p h i  exists. The  exper imen ta l  poin ts  f o u n d  with various media  all lie 
app r ox ima te ly  on  a single curve. This indicates tha t  pH i ra ther  than  pH o affects  
the  rate of  phospha te  uptake .  

The  assumpt ion  tha t  pH i is p robab ly  the  main fac to r  de te rmin ing  the  maxi- 
m u m  rate of  phospha te  up take  is suppor t ed  by  exper imen t s  in which we varied 
the cell pH at a f ixed med ium pH by  p re incuba t ing  the  cells wi th  e i ther  buty-  
ra te  or inactive o r t h o p h o s p h a t e .  These  p re incuba t ions  lead to  an acidif icat ion 
of  the cells as is seen in Fig. 5 for  the  e f fec t  of  b u ty r a t e  upon  phospha te  
up take .  Bo th  the maximal  ra te  and the  K m increase on decreasing the  cell pH. 
This is also found  at pH o 6.72,  7.23 or 7.48. At  a f ixed pH o 4.5 an increase in 
the m a x i m u m  rate of  phospha t e  up t ake  and in the  Km is f o u n d  on decreasing 
pH i to  6.8, whereas  a f u r t he r  decrease in pH i leads to  a subsequent  decrease in 
bo th  paramete rs  as has been  shown earlier [5 ,12] .  

Fig. 6 shows tha t  the expe r imen ta l  po in ts  found  on varying pHi at various 
f ixed values of  pHo lie app rox ima te ly  on  the  same curve which has been  
found  on  varying pH i by  varying on ly  pH o. Only  at  the  higher  med ium pH 
values appl ied is the  m a x i m u m  rate f ound  af ter  acidifying the cells somewha t  
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Fig. 5. C o m p a r i s o n  of  t he  e f f e c t s  o f  b u t y r a t e  u p o n  t he  K m o f  p h o s p h a t e  u p t a k e ,  the  m a x i m u m  rate  of  
u p t a k e  a n d  u p o n  pH i. Buffer:  100 m M  ci t ra te  (Tris) and 10 mM KCI, 3% (w/v )  glucose,  N 2. T h e  m e d i u m  
pH is 6 .33.  0 m a x i m a l  rate  o f  u p t a k e  (V);  e, K m ;  X, cell pH.  

Fig. 6. D e p e n d e n c e  of t he  m a x i m u m  rate  o f  p h o s p h a t e  u p t a k e  u p o n  pH i var ied by  p r e i n c u b a t i n g  t h e  ce l l s  

w i t h  b u t y r a t e  or  p h o s p h a t e .  P H  i is v a r i e d  at  v a r i o u s  f i x e d  values of  p H  o by  p r e i n c u b a t i n g  t h e  ce l l s  f or  6 
m i n  w i t h  v a r y i n g  a m o u n t s  of Na + o r  Tr i s  b u t y r a t e  ( 2 5 - - 1 0 0  mM) o r  i n a c t i v e  K * o r  Tr i s  o r t h o p h o s p h a t e  

(0 .8 - -3 .0  m M)  at  t h e  p H  o v a l u e s  i n d i c a t e d .  Buffer:  100 mM ci t ra te  (Tris) and 10 mM KC1, 3% (w/v)  
g l u c o s e ,  N 2. G p H  4.5;  e ,  pH 6.33;  ~J, p H  6.72;  X, pH 7.23;  A pH 7.48. T h e  l ine d r a w n  is t h a t  of Fig. 4. 

lower  than expec ted  according to the curve taken from Fig. 4. 
The Km of  the Na* independent  phosphate  translocat ion process varies also 

with  pHo, see Fig. 7. Up to pH 5.5 the  Km decreases with increasing pHo paral- 
lel with the decrease in the  max imum rate of  phosphate  uptake.  This is in 
accordance  with the  results discussed above and shown  in Fig. 5, that  is on 
varying pH i bo th  the  m a x i m u m  rate and the  Km either increase or decrease. 
This means that  a correlat ion exists be tween  bo th  parameters support ing our 
earlier observat ion made at pH 4.5 [7 ] ,  that  the Km is l inearly related to the 
m a x i m u m  rate of  uptake according to eqn. 1. 

Km = Km,o + aV (1)  

Above  pH o 5.5 the  K m increases, whereas the  m a x i m u m  rate of  uptake  still 
decreases on increasing pHo. This increase in Km is apparently  due to a direct 
effect  of  pHo u p o n  this kinetical parameter. The direct effect  of  pHo upon  the  
Km can be accounted  for by replacing a in Eqn. 2 by a coef f ic ient  depending  
u p o n  the medium OH-  concentrat ion:  

K m = K m ,  o + a(1 + OH/K)V (2) 
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Fig .  7. D e p e n d e n c e  o f  t h e  K m o f  m o n o v a l e n t  p h o s p h a t e  u p t a k e  u p o n  p H  o. B u f f e r :  1 0 0  m M  c i t r a t e  (Tr i s )  

an d  10 m M  KC1, 3% ( w / v )  g l u c o s e ,  N 2. The  l e n g t h  o f  t h e  ba r s  d e n o t e  t h e  s t a n d a r d  e r r o r  o f  t h e  m e a n .  

T A B L E  I 

K I N E T I C A L  P A R A M E T E R S  O F  P H O S P H A T E  U P T A K E  (Na  + I N D E P E N D E N T  P R O C E S S )  

Th e  k i n e t i c a l  p a r a m e t e r s  e x p r e s s e d  in  m o l e s  pe r  l i t e r  h a v e  b e e n  c o m p u t e d  b y  m e a n s  o f  a c u r v e - f i t t i n g  p ro-  

g r am f i t t i n g  E q n .  2. F o r  t h e  m e a n i n g  o f  K '  = K w / K  we r e f e r  t o  t he  d i s c u s s i o n .  K w is t h e  d i s s o c i a t i o n  con-  

s t a n t  o f  wa te r .  T h e  d i m e n s i o n s  o f  t he  p a r a m e t e r s  a p p l y  w h e n  V is e x p r e s s e d  i n  m m o l •  ra in  i .kg-] d ry  

w e i g h t ,  K m in  M a n d  O H  also  in  M. 

V a l u e  S t a n d a r d  d e v i a t i o n  

K m ,  o 1 . 4 0  - 1 0  -6 M 2 . 2 6  • 10  -6 
a 0 . 6 9  - 10  -6 M k g  r a in  • m m o 1 - 1  0 .21  • 10  .6  

K 1 .21  • 10  -8 M 0 . 4 0  - 10  -8 

K'  0 . 8 3  • 10  -6 M 0.2*/ • 10  -6 

In this equa t ion  K is a cons tan t ,  and OH represen t s  the  c o n c e n t r a t i o n  of  the  
h y d r o x y l  an ions  in the  m e d i u m .  The  la t ter  m a y  be rep laced  by  Kw/H express-  
ing t ha t  a p r o t o n  b inding  site is involved d e t e r m i n i n g  the  value of  the  K m . The  
cons t an t  K w is the  d issoc ia t ion  cons t an t  o f  water ,  whereas  H means  the  concen-  
t r a t ion  o f  p r o t o n s  in the  m e d i u m .  The  values of  Kin,o, a and K c o m p u t e d  by  
means  of  a curve f i t t ing p r o g r a m  are t abu l a t ed  in Tab le  I. 

D i s c u s s i o n  

A p p a r e n t l y  the  initial ra te  of  p h o s p h a t e  u p t a k e  is a f f ec t ed  in a c o m p l e x  way  
by  pH o. I t  is shown  tha t  the  e f f ec t  o f  pHo u p o n  the  m a x i m u m  ra te  of  Na + inde- 
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pendent  phosphate uptake is mainly indirect and can be ascribed for the greater 
part to concomitant  changes in pH i . In this respect phosphate uptake resembles 
monovalent  cation uptake by yeast cells. It has been shown by Ryan and Ryan 
[14] that  the dependence of the rate of K* uptake upon pHo is different  for 
various media just as is found for phosphate uptake in this study. A single rela- 
tion appeared to exist between the rate of K ÷ uptake and p H  i showing that pH i 
rather than pHo determines the rate of K + uptake. It is not  possible to make a 
direct comparison between the pH dependence of phosphate uptake and the 
pH dependence of K + uptake found by Ryan et al., because different  methods 
for the determinat ion of pH i have been used. Using the method of this study, 
the pH opt imum for monovalent  cation by yeast appeared to be < 6.0 (Theuve- 
net, A.P.R., Roomans,  G.M. and Borst-Pauwels, G.W.F.H., in preparation),  
whereas that for phosphate uptake is 6.8. This makes it improbable that  a com- 
mon pH sensitive factor  is involved in the two translocation processes. 

Also the Km of Na ÷ independent  phosphate uptake depends upon pHo. This 
dependence is even more complex than that  found for the maximum rate of 
uptake. The Km is affected in a similar way as the maximum rate of uptake by 
changes in pH i. Keeping pHo constant a linear relationship is found between the 
K m and the maximal rate of phosphate uptake on varying pHi, see Eqn. 2. It 
has been shown elsewhere [2] in a theoretical  study of the kinetics of carrier 
mediated transport ,  that  when the carrier is able to move freely across the cell 
membrane,  the kinetical parameters of the translocation process are not con- 
stant any more, but  depend upon the concentrat ions of those intracellular solu- 
tes which show affinity to the carrier involved. In addition the Km will be linearly 
related to the maximum rate of uptake in such a case. Therefore  one might 
hypothesize that  phosphate uptake by yeast is a carrier mediated process, and 
that  either intracellular protons or intracellular hydroxyl  anions have affinity 
to the carrier. 

The K m of phosphate uptake is, when keeping pH i constant see Eqn. 2, 
linearly related to the concentrat ion of OH- anions in the medium. As has been 
pointed out  by Lowendorf  et al. [14],  such a linear relationship will be found 
when hydroxyl  anions compete  with or thophosphate  for the phosphate binding 
sites and when protons bind to a modifier site affecting this affinity of phos- 
phate to the phosphate binding sites. This shows that the condition, that  either 
protons or hydroxyl  anions have affinity to the phosphate carrier, is fulfilled. 
The dissociation constant  of the proton  modifier site complex would then be 
given by K', see Table I. Also phosphate uptake by Neurospora crassa is inhib- 
ited in an apparent competit ive way by hydroxyl  anions (or activated by pro- 
tons) [14]. The apparent competit ive inhibition constant  for the hydroxyl  
anions is 3.'/5 • 10 l0 M far lower than the corresponding value calculated for 
yeast, namely 1.21 • 10 .8 M. 

Our kinetical study does not  give any indication that  more than one proton  
or hydroxyl  anion binding site on the phosphate carrier is involved. Therefore,  
f rom a kinetical point  of view the finding of Cockburn et al. [1] that  phos- 
phate uptake by yeast cells is accompanied by a sympor t  of three protons is 
not  further  supported.  Of course it may be possible that two of the three pro- 
tons are bound firmly to the phosphate transport  system. It may also be possi- 
ble, however, that  an ant iport  of cellular hydroxyl  anions is involved instead of 
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a cotransport of phosphate with protons, see also ref. 15. At this stage of pro- 
gress in the elucidation of phosphate uptake mechanism we cannot distinguish 
between the two possibilities. It may be considered that  only an apparent 
influx of protons with a stoichiometry higher than uni ty may be found with 
cells of which the metabolism is impaired, these being the type of cells used by 
Cockburn et al., and not  with metabolizing cells as used in our study. Orienting 
experiments, however, indicate that  at least 1.5 proton is cotransported with 
phosphate by our cells. 
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