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SUMMARY 

i. The Rb - uptake mechanism of yeast is activated by small amounts of Rb 
or K -, giving rise to a deviation from normal Michaelis-Menten kinetics at concen- 
trations below o.6 mM Rb +. 

2. The affinity of Rb + and K + for the activation sites appeared to be much 
higher than for the substrate sites. 

3. 2,4-Dinitrophenol inhibits the Rb + uptake by lowering tile affinity for both 
the activation sites and the substrate sites. 

4. 2,4-Dinitrop henol causes a sudden increase in the Rb~ permeability of the 
cells. This increase is only transient except at relatively high dinitrophenol concen- 
trations. 

INTRODUCTION 

It has been shown by RIEMERSMA 1 that 2,4-dinitrophenol inhibits cation trans- 
port by yeast. The type of inhibition, however, was not examined. Recently HAROLD 
AND BaARDA 2 reported that Rb + uptake by Str@tococcus faecalis is inhibited com- 
petitively by uncouplers of oxidative phosphorylation, and that phosphate uptake is 
inhibited via a non-competitive type of inhibition. In their experiments cation uptake 
was decreased more at lower concentrations and phosphate uptake more at higher 
concentrations. We also found that anaerobic phosphate uptake by yeast is inhibited 
by dinitrophenol more effectively at higher phosphate concentrations than at lower 
ones a. This made us consider whether the inhibition of Rb + uptake by yeast cells is 
also of the competitive type. 

In addition, the effect of dinitrophenol upon cell permeability" for Rb* was 
studied. According to RIEMV.RSMa 4 dinitrophenol increases the permeability of resting 
cells to K +. When this is also true for metabolizing cells, then impairment of active 
cation transport might be compensated partly by an increased inward diffusion into 
the cells, thus complicating the evaluation of the type of inhibition. 

* Posta l  address :  L a b o r a t o r y  of Chemical  Cytology, Un ive r s i ty  of Nij inegen,  Driehuizerwe.,,, 
-'oo, Nijme~en,  The  Nether lands .  
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MATERIALS AND METHODS 

The yeast S a c c h a r o m y c e s  c c r e v i s i a e  Delft II  is pre-aerated for I day in distilled 
water, then centrifuged and re-suspended in 45 mM Tris-succinate buffer at pH 4-5 
and 25 ° in the presence of 3 °o glucose. N= is bubbled through the suspension. The 
yeast concentration is 2.2 °, o (W/V). After I h the suspension is diluted to 2.I oo by 
means of buffer with or without inhibitor. Radioactive Rb + (S6RbC1 from Amersham, 
Great Britain), diluted with appropriate amounts of inactive RbCI, is added 0 rain 
later to the suspension at a final concentration of o.o2 ffC/ml. The concentration of 
the suspension is then 2 °o (w/v). The Rb + uptake in the cells is measured by removing 
a o.8-ml sample at appropriate times. These samples are filtered by water suction 
over Schleicher and Schiill No. 6o2h paper in a Hirsch funnel, then rapidly washed 
twice with 2 ml of water of o ° and once with 3 ml of acetone. The radioactivity of 
the yeast on the filter paper is determined by means of an end-window Geiger-Miiller 
counter. 

Pre-loading of the cells with radioactive Rb ~ or Na ~ (22NaC1 from Philips 
Duphar, The Netherlands) is carried out by incubating 4 o; yeast (w/v) in the presence 
of 3 % glucose in 45 mM Tris-succinate buffer with either carrier-free S6RbC1 or 22NaC1 
added to a final concentration of o.2/~C/ml. Efflux of tile isotopes from the cells into 
the medium is determined after adding varying amounts of 2,4-dinitrophenol to the 
yeast and also KC1 and NaC1 to a final concentration of 25 mM and 5 ° mM, respec- 
tively. The yeast is diluted to 3.6 o; {w/v). The salts are added in order to prevent 
re-entry of the released isotopes, o.8-ml samples are taken from supernatants obtained 
at appropriate times by centrifuging the suspension. The samples are dried and the 
radioactivity is determined by means of a Geiger-Miiller counter. 

The rate of anaerobic glycolysis is determined by means of common manometric 
methods. The manometers are pre-flushed with nitrogen. 

Concentrations of K, in the medium are determined by means of flame photo- 
metry. The concentration of dinitrophenol in the medium is determined by measuring 
the absorbance at 36o nm. 

RESULTS 

The kinetics of Rb ~ uptake by yeast and the effect of 2,4-dinitrophenol upon 
this process are shown in Fig. I for both a relatively low and a relatively tfigh Rb ~ 
concentration. The uptake curve observed at 8 mM Rb ~ appeared to deviate from 
a straight line. Initial uptake rates were obtained from tile slope of the curve at time 
zero. Apparently tlle inhibition of Rb + uptake by dinitrophenol observed at 0. 5 mM 
Rb~ is overcome for the greater part by increasing the Rb ~ concentration to 8 raM. 
Tile concentration dependence of Rb + uptake by yeast can normally be described by 
Michaelis-Menten kineticsS,% Then a plot of the initial rate of uptake (v) against the 
quotient of this rate and the cation concentration (v/[Si) will give rise to a straight 
line according to Eqn. I (ref. 7). 

~' ~"n~a~ - k ' m ( v / [ S ! )  (1) 

It is seen from Fig. 2 that deviations from linearity occur especially at lower Rb ~ 
concentrations. The uptake rate is smaller than expected according to Eqn. I. As a 
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Fig .  i .  The t ime-course of  R b  + u p t a k e  at both 0.5 m M  R b  + a n d  8 m M  R b  + and the effect of 
o .o0  m M  d i n i t r o p h e n o l  u p o n  this uptake.  O,  without  dinitrophenol;  0 ,  with  dinitrophenol.  

Fig .  2. P l o t  o f  the rate of uptake  (v) versus the quot ient  of the rate of uptake and the concentrat ion 
(v/ES"jl. v is r e l a t e d  t o  t h e  d r y  w e i g h t  o f  t h e  y e a s t .  S a m e  symbo l s  as in Fig .  r.  T h e  s t a n d a r d  e r r o r s  
o f  v a r e  indicated in the f igu res .  

T A B L E  I 

C O M P A R I S O N  OF T H E  E F F E C T  OF L O W  C O N C E N T R A T I O N S  OF ~ +  A N D  OF R b  + uPON THE U P T A K E  

R A T E  OF C A R R I E R  F R E E  S6Rb 

Conce~dration of 
added cation (m3J) 

8aRb uptake rate (°,'o of control) 

No dinitrophenol 0.06 mJ~I dinitrophenol 

4- K + 4- Rb ~ 4- K ÷ 4- Rb + 

No a d d i t i o n  t o o  i o o  t o o  l o o  
o . o I  5 t 4 4  I4 I  Io5  I I  4 
o . o 5 2  149 166 135 I 3 3  
o . l o o  185 t83  I44  I 4 I  

matter  of fact a s igmoid relation is found between the uptake rate and the Rb + concen- 
tration which points to an act ivat ion of the Rb ÷ transport mechanism by  Rb ÷ itself. 
Table I shows that  K + is a lmost  as effective as Rb ÷ in act ivat ing the Rb + uptake 
mechanism.  Competi t ion between labelled Rb ÷ and inact ive  Rb + or K + for the sub- 
strate sites is still  very  small  within the concentration range applied (see refs. 5 and 6). 
The Rb + uptake can be described by a mechanism analogous to that observed in 
enzymic  processes when the act ivat ing ion combines  with the e n z y m e  independent ly  
of the substrate 7, see Eqn. 2. The concentration of the act ivat ing ion ([a]) should 
then be replaced by  the sum of the concentrations of Rb ÷ (~SI) and K + (ES']). Some  K ~- 
is always present in the med ium because of the establ ishment  of an equil ibrium 
between cells and med ium s . 

Biochim,  Biophys.  ,4eta, 225 ( I971)  2 6 9 - 2 7 6  
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,,m~xES3 Ea! ;'m~xESl 2SI ~ [ :s ' !  
. . . . . . . . . . . . . . . . . . .  (2) 

t C m - ~  F.q] /Ca ~ - F a ]  - K m .  iS]  K , ,  ! IS ;  : '/5;' i 

K~ is the act ivat ion constant.  
Eqn. 2 can be transformed into Eqn. 3 which is more suitable for the evaluation 

of the kinetic  constants.  

~' i K m K a  a KmES" I ~, 

E7 ' 7 :: K ; , V  t , : ;  . . . .  : % , W - K = W  . . . . . . .  <3) 

The values of t'ma x are obtained from Fig. 2. According to Eqn. i which holds 
approximate ly  at higher Rb ~ concentrations Vma . is equal to the intercept with the 
ordinate. The values of [S'] are given in "Fable II .  Plots according to Eqn. 3 are made 
in Fig. 3- The points  lie approximate ly  on a straight line showing tl iat tile R b ,  uptake  
can be described very well by the act ivat ion model .  Values of Km and Ka (seeTable  II)  
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Fig .  3- P l o t  of t h e  d a t a  of  F ig .  2 a c c o r d i n g  to  E q n .  3- T h e  s y m b o l s  arc the same as t h o s e  u s e d  
in Fig .  I.  

"1"..\ 13 IA'2 I I  

KINETIC: DATA FOR RI)~ UPTAKE AND THI.2 EFFECT OF 2,4-DINITROPHENOL ON THIS UPTAKE 

T h e  act ivat ion constant  li~ is defined b y  E q n .  2 a n d  r e f e r s  t o  t h e  s u m  of a d d c d  R b -  (.SI a n d  
already present t (  + (S ' ) .  T h e  m a x i m u m  r a t e  of u p t a k e  Vmax r e f e r s  t o  t h e  d r y  w e i g h t  of  t h e  v e a s t .  
T h e  c o n c e n t r a t i o n  of  d i n i t r o p h e n o l  in  the medium decreased t o  a b o u t  o .o3  m M  after the i, r a i n  
preincubation p e r i o d  d u e  t o  i t s  a c c u m u l a t i o n  b y  t h e  cel ls  9. 

.4 ddi t io~ ~',,,,~: K m  K ,  LS" i 
(mmoles .  (raM) (m~H) (m31) 
mi~- 1. kg l) 

C o n t r o l  15.o 2.43 ~).o45 o . o 2 o  
o .06  m M  d i n i t r o p h e n o l  14-o 5 .40  o. 161 o . 0 5 o  

t~iochim, l~ iophys . .4  eta, 225 ( i q71 ) -'(~9- 27~) 
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are calculated from the values of the slope of the straight line and the values of the 
intercept with the ordinate by solving the equations of the slope and the intercept. 

\\‘e have examined the effect of increasing the Rb+ concentration on the rate 
of anaerobic glycolysis in order to see whether the activation of cation uptake might 
be due to a stimulation of the rate of glycolysislO. It appears from Fig. 4 tlM the rate 

l;i#. _I. Concentration dependence of the rate of glycolvsiz expressed as a percentage of the value 
fount1 at full stimolatiotl and the effect of o.oh In.\1 tlinit;ophrnol upon it. Same sl-mbols as in Fig. 1. 
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Fig. 5. Uuttlow of Rb+ from cells pre-loaded tlurin, cr I h with carrier-free 86Rb+. and the effect of 
\-ary~n,q amounts of tlinitrophenol upon this release. l‘hc outflow is expressed as a percentage of 
the Initially present radioactivity in the cells 
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of glycolysis in the absence of Rb ÷ already amounts to 9 ° % of the maximal value. 
2,4-Dinitrophenol inhibits glycolysis by 12 °/o only. The activation of glycolysis by 
RbC1 is counteracted by dinitrophenol just as is found with the activation of cation 
uptake. The amount of Rb+ necessary for increasing glycolysis from 9 ° to 95 °o of 
the maximal value is o.2o mM without and o.45 mM with 2,4-dinitrophenol present. 

The effect of 2,4-dinitrophenol upon the Rb + permeability of metabolizing cells 
is examined by determining the Rb + efflux from pre-loaded cells (see Fig. 5). Dinitro- 
phenol stimulates the Rb + outflow only transiently, and the subsequent release is 
even slower than found in the absence of dinitrophenol except at o. 9 mM dinitro- 
phenol. At o.28 mM dinitrophenol a sudden increase in the rate of outflow is observed 
after 4o rain incubation with the inhibitor. 
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Fig. 0. ()utflow of Na* trom cells pre-loaded with carrier-free ~2Na*, and the effect of dinitrophenol 
upon this release. See also subscript  to Fig. 6. The meaning of the symbols is the same as those 
of Fig. 5. 

The effect of dinitrophenol on Na + release is shown in Fig. 6. The efflux rate of 
labelled Na + from pre-loaded cells expressed in percents of the amount initially 
present in the yeast released per min is about ioo times larger than the Rb ~ efflux 
rate being 7.5 °o 'min- t  and o.o8 %.min -1, respectively. A transient increase of the 
outflow rate is not observed with Na - on adding dinitrophenol. The efflux is decreased 
significantly by 2,4-dinitrophenol concentrations higher than o.I mM. No increase of 
the efflux rate was observed after 4 ° min incubation with 0.28 mM dinitrophenol as 
was found for Rb + release. Nor was there an immediate increase found with o. 9 mM 
dinitrophenol. 

It  might be questioned whether the effects of dinitrophenol described in this 
article are due only to its acidic nature. We have examined the effect of another acid, 
namely butyric acid, and applied this acid at relatively high concentrations. Even 
8 mM butyric acid did not lead to an inhibition of Rb ~ uptake at Rb + concentrations 

B'iochiJ~l. Biophys. . - t  cla. 225 (I 97 ~ ) 269 - '70  
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ranging from i to Io  mM. Nei ther  a t rans ient  increase in cellular  K + efflux could be 
de t ec t ed  on adding  bu ty r i c  acid to a suspension of metabol iz ing  cells. 

DISCUSSION 

Our results  are in appa ren t  conflict wi th  those of CONWAY AND DUGGAN 6 and 
of ARMSTRONG AND ROTHSTEIN 5, who found tha t  the  dependence  of the  Rb  + and K + 
up t ake  ra te  by  yeast  upon the  cat ion concent ra t ion  obeys t i le  Michael i s -Menten  
equa t ion  over  the  ent i re  range of concent ra t ions  inves t igated.  The  devia t ion  from 
Michael i s -Menten  kinetics,  however,  depends  upon t i le t ime of pre- incubat ion  with 
glucose. The ha l f -maximal  concent ra t ion  for ac t iva t ion  is only  o.007 mM af ter  a pre- 
incuba t ion  per iod of I I  min rising to o.o45 mM af ter  I h pre- incubat ion.  Tile exper i -  
ments  of CONWAY AND DUGGAN 8 and of ARMSTRONG AND ROTHSTEIN 5 were carr ied out  
wi thout  any  pre- incubat ion.  In  add i t ion  the  concentra t ions  of Rb  + or K + appl ied  by  
these  authors  were too high to pe rmi t  t i le de tec t ion  of such small  ra tes  of ac t iva t ion .  

I t  is not  very  p r o b a b l y  t ha t  the  ac t iva t ion  of the  Rb  T up t ake  mechanism by 
Rb  + and K + is indirect  and a consequence of the  s t imula t ion  of glycolysis.  The 
m a x i m u m  increase of the  g lycolyt ic  ra te  was only 12 %, whereas the  Rb  + up t ake  
mechanism could be s t imu la t ed  up to about  300 o/ /O"  

The mechanism of ac t iva t ion  of the  cat ion t r anspor t  observed by  us differs 
essent ia l ly  from the  mechanism of s t imula t ion  of ion u p t a k e  via compet i t ion  of in- 
h ibi t ing cat ions  like Na  + or pro tons  wi th  K + or Rb  + for a modifier site, as descr ibed 
by  ARMSTRONG AND ROTHSTEIN n. The affini ty of K + for this  l a t t e r  si te is lower than  
the  affini ty of K + for the  subs t r a t e  site, a fact  which is incompat ib le  with our  obser- 
va t ion  of an appa ren t  ac t iva t ion  cons tan t  abou t  4 ° t imes  as small  as the  measured  A'm. 

The  s imi la r i ty  between the results  ob ta ined  by  HAROLD AND BAARDA 2 for 
Streptococcusfaecalis and those for yeas t  is str iking.  In  bo th  cases the  up t ake  of Rb -~ 
is inhibi ted  compet i t ive ly  by  2 ,4-dini t rophenol  and  the up t ake  of phospha te  is de- 
creased according to some kind of non-compet i t ive  inhibi t ion.  The appa ren t  com- 
pe t i t ive  inhibi t ion of R b  + up t ake  by  yeas t  cannot  be ascr ibed to an increased perme- 
ab i l i ty  of t i le cells to Rb + giving rise to a diffusion component  which would compen-  
sa te  the  inhibi t ion of ac t ive  Rb  + u p t a k e  more  at  higher  than  at  lower Rb + concen- 
t ra t ions .  As a m a t t e r  of fact the  effect of d in i t rophenol  upon cell pe rmeab i l i ty  is only  
t rans ient ,  and is no longer visible af ter  6 min pre- incubat ion  with  d ini t rophenol ,  
Possibly  t i le  appa ren t  compet i t ion  between R b  + and d in i t rophenol  is due to an in- 
creased accessibi l i ty  of the  subs t r a t e  si te on the  carr ier  mechanism to pro tons  v'. 

The effect of d in i t rophenol  upon Rb + release from pre- loaded metabol iz ing  cells 
is different from tha t  descr ibed by  RIE~ERSMA ~ for K ~ release from rest ing cells. The 
leakage of K + from these cells cont inues at  least  for IO min whereas t i le  R b  + outflow 
from metabol iz ing  cells as shown here is s t imula ted  for only I rain or even shorter .  
The  subsequent  release of Rb  * is slower than  in the  absence of dini t rophenol .  Also 
ROTHSTEIN AND BRUCE 13 have observed tha t  re la t ive ly  low concentra t ions  of d ini t ro-  
phenol  s t inmla te  K + outflow from rest ing cells only and not  from metabol iz ing  cells. 
The occurrence of a t rans ient  s t imula t ion  of the  K -  outflow was not  ment ioned  by  
these authors .  The mechanism by  which the  cells are made  t r ans ien t ly  permeable  is 
unknown.  One might  hypothes ize  t ha t  d in i t rophenol  causes a t empora r i l y  depolar i -  
zat ion of the  cell membrane  due to an increased conduc t iv i ty  of the  menlbranes .  

k3iochim. Biophys. flcta, 225 (L971) 2t~9-.z76 
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A decrease in the resistance <6 artificial phospholipid membranes  ix known to occur 
on adding dinitrophenol to the me~tium ~. The subsequent permanent increase in cell 
t)ermeability to Rb' ,  as found ainu>st imn~ediatelv with (>.9 mM dinitrophenol or after 
4 ° rain pre-incubati<m with o.28 mM dinitrophenol,  reseml)les more the eflect observed 
with resting cells. Apparently,  metabol iz ing <'ells are able to counteract the changes 
in membrane  structure cause:t initialh" t)\' low concentrations of dinitrophenol.  

The fact that dinitrophenol  <)nix" stops Na* efflux (see also ref. I5), and does 
not give rise to a detectable  s t inmlat ion of Na-  et~ux or influx, does not mean that 
no changes in cell permeabil i ty  for Na' occur. The rate of act ive Na ,  release is about 
i<)',) tilnes larger than the rate of Rb ~ el~ux, which would mask all minor changes in 
passive ion movements .  The inhibition of Rb + efflux observed with the lower dinitro- 
phenol concentrations after the initial st imulati(m ('an be explained by assuming that 
the Rb* e,qtux also occurs via the same Na + pump though at a much slower rate than 
the N a  efflux. 
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