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SUMMARY 

I. The properties of a Mg"}-activated ATPase (ATP phosphohydrolase, EC 
3.6.L4) with optimum pH 8. 7 in Escherichia coli, strain K-Iz, are described. 

2. Addition of KC1 increases the specific activity over the entire pH range. 
3. Various monovalent cations, added as chlorides, have a different activating 

effect. 
4. Of all phosphates tested, ADP is the best substrate next to ATP, and of all 

bivalent cations tested, Mg 2+ is the best cofactor for this phosphatase activity. 
5. The optimal temperature for the Mg 2 ~-ATPase activity is 45 °, both in the 

presence and in the absence of KC1. 
6. Disintegration of the bacteria by sonication leads to a loss of the activating 

effect of monovalent cations on the Mg2+-ATPase activity. 
7. In the light of these properties of the Mg2+-ATPase, the occurrence of a 

(Na+-K+)-ATPase systein in E. coli was reinvestigated and confirmed. 

INTRODUCTION 

The active transport of Na + and K + across tile cell meinbrane is qualitatively 
and quantitatively related to the (Na+-K+)-activated Mg2+-dependent ATPase 
system (ATP phosphohydrolase, EC 3.6.I.4) '-a. Besides Mg 2+, this enzyme system 
requires Na + and K + ions together for activity, while it can be inhibited by cardiac 
glycosides like ouabain. ]'he occurrence of the (Na+-K+)-ATPase system is ubiquitous 
and it has been detected in many tissues 4. It  is always found accompanied by a Mg 2+- 
dependent ATPase activity, which is not stimulated by Na+ and K + ions together 
and is not inhibited by ouabain. 

Recently HAFKENSCHEID AND BONTING 5 described the occurrence of a (Na ~- 
K+)-ATPase activity, in Escherichia coll. In studies of the properties of this enzyme, 
the presence was confirmed of a Mg2+-dependent ATPase, which can be activated by' 
one monovalent cation and which has previously been described bv (;0NTHER aYl) 
DORN G and by BRAG6 AND HouL 
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This necessitated a careful study of the properties of this enzyme in order to 
reevaluate our previous conclusion about the occurrence of a (Na+-K+)-ATPase 
system in E. coll. Our results are reported in this paper. 

MATERIALS AND METHODS 

Escherichia coli, strain K-I2, was kindly supplied by Professor T. O. WIK]~N, 

Laboratory of Microbiology, Institute of Technology at Delft, the Netherlands. The 
organism was cultivated, harvested and lyophilized as described previously s. All 
homogenates were prepared by homogenization of 4.0 mg of the freeze-dried bacteria 
in I ml of twice-distilled water. 

The assay of the Mg2+-ATPase was performed in 0.5 ml of a medium containing 
200 mM Tris-HC1 (pH 8.7), 2 mM MgC12 and 2 mM ATP. The incubation was carried 
out for I h at 37 °, after which the reaction was stopped by adding 2.25 ml of ~o% 
trichloroacetic acid, the precipitate was removed by centrifugation and the inorganic 
phosphate released was measured as described by BoNrlNG, SIMON AND HAWKINS 4. 

The MgZ+-activation curve was obtained by varying the Mg ~+ concentration 
from o to 6 mM while maintaining the ATP concentration at 2 mM. The pH-activity 
curves were obtained by using Tris-histidine buffers (final concentration of each 
compound: ioo raM) in a pH range from 6.0 to 9.5. The pH of each resulting medium 
was determined and used in plotting the assay results. The influence of the various 
monovalent cations was measured by adding the corresponding chloride (up to 
14o mM final concentration) to the incubation medium. The substrate specificity was 
investigated by replacing ATP with each of the different nucleotides (2 mM). The 
specificity of the bivalent cations was measured by replacing Mg 2+ with other bivalent 
cations in the same concentration (2 mM). The effect of temperature on activity was 
determined after incubation for I h at the indicated temperatures. Disintegration of 
the bacteria was achieved by sonicating for 3 min. The homogenate was centrifuged 
at IOO ooo × g for I h at 4 °. The supernatant was separated from the precipitate, 
which was taken up in the required amount of water. The protein content was 
measured according to the method of LOWRY et al. s. 

Assay media for (Na+-K+)-ATPase were those described previously 5 with the 
following differences: urea pretreatment was omitted, the Mg 2+ concentration was 
raised from I to 2 mM, and 3 new media (F, G and H) were added. Composition of 
the media in mmoles/1 final concentration was therefore as follows: Medium A: Tris- 
HC1 (pH 7.5), 94; ATP, 2; Mg 2+, 2; Na +, 60; K +, 5; EDTA, o.I. Medium B: the same 
as A, but with no K +. Medium C: Tris-HC1 (pH 7.5), 98; ATP Trissalt, 2; Mg 2+, 2; 
K+, 5; EDTA, o.I. Medium D: the same as A, but with io-4M ouabain present. 
Medium E: the same as B, but with lO -4 M ouabain present. Medium F: the same as 
C, but with lO -4 M ouabain present. Medium G: Tris-HC1 (pH 7-5), IOO; ATP, 2; 
EDTA, o.I. Medium H: the same as G, but with lO -4 M ouabain present. 

RESULTS 

The enzymic reaction of the Mg~+-ATPase was linearly dependent on the amount 
of freeze-dried bacteria added under the conditions used. There was also a linear 
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re la t ionship  be tween subs t r a t e  hydro lyzed  and  t ime of incubat ion  up to at  least  I h, 
Max imal  subs t r a t e  u t i l i za t ion  never  exceeded 4o%. 

The p H - a c t i v i t y  curve is r ep roduced  in Fig.  I.  In  the  absence of added  KC1 the 
Mg2+-ATPase had  a m a x i m u m  at  p H  8. 7. This is in agreement  with the  values ob- 
t a ined  b y  different  au thors  for the  Mg2+-ATPase in var ious  microorganisms.  In  in tac t  
cells of E. coli a p H  o p t i m u m  of  8. 5 was de tec ted  by  Gi~NrHER AXI) DORN 6, while 
ABRAMS 9 could show a p H  o p t i m u m  of  8.o for a soluble A T P a s e  ob ta ined  from 
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Fig .  I. E f f ec t  o f  p H  on  Mg 2~-ATPase  a c t i v i t y  of  E. coli b o t h  in  t he  p r e s e n c e  a n d  a b s e n c e  of  KC1 
(140 m M  f ina l  c o n c e n t r a t i o n ) .  

F ig .  2. E f fec t  o f  v a r i o u s  m o n o v a l e n t  c a t i o n s  on  Mg 2 ~ -ATPase  a c t i v i t y  of  t,2. coll. 

Streptococcus faecalis. Also in Vibrio parahaemolyticus 1° a p H  op t imum of 8.5 was 
observed  in the  presence of  2 mM Mg 2+. In contras t ,  no p H  o p t i m m n  was de tec ted  
by WEIBULL, GREENAWALT AND L6W n for ghosts  of  Bacillus megaterium or by  
GUNTHER AND DORN 6 for lysed p ro top las t s  of E. coli. Addi t ion  of 14o mM KC1 
increased the  specific ac t i v i t y  over  the  ent i re  p H  range measured,  while a sl ight  shift  
of the  p H  o p t i m u m  from p H  8. 7 to 9.1 was not iced  (Fig. I).  

Fig. 2 shows tha t  all monova len t  cations,  added  as chlorides, enhanced the 
Mg2+-ATPase ac t iv i ty ,  a l though there  is a clear  difference be tween the var ious  
ca t ions:  K + and  R b  + caused the highest  increase,  while Li + and NH4+ caused a less 
p ronounced  effect. Choline chloride, added  in the  same concent ra t ions  to the  incu- 
ba t ion  medium,  d id  not  cause any  ac t iva t ion  at  all. The results  ob ta ined  here are in 
con t ras t  to  those of Gi~NTHER AND DORN 6, who repor t  an op t ima l  ac t iva t ing  effect on 
the  Mg2+-ATPase of in t ac t  cells or lysed p ro top las t s  of E. coli b y  3o mM Na  + in the  
absence of added  K +, while K + d id  not  have  any  ac t iva t ing  effect up  to IOO mM. 
ABRAMS 9 d e m o n s t r a t e d  t ha t  Na  + and  K + in concent ra t ions  of 50 mM or higher  
increased the  ac t iv i ty .  He could not  observe any  difference be tween Na + and  K + in 
a soluble Mg2+-ATPase of S. faecalis, while NEUJAHR, HANSSO?," AND FERM 12 could 
h a r d l y  de tec t  any  s t imula t ing  effect of ioo  mM Na  + on the enzyme in the  same 
microorganism.  In  the  cell membranes  of halophi l ic  Vibrio parahaemolyticus 1° there  
was a s t imula t ion  b y  high concent ra t ions  o f N a  + (1.2-1.6 M) and K + (3.o M) at  p H  8.5 
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T A B L E  I 

EFFECT OF VARIOUS ANIONS ON TH~ Mg2+-ATPase ACTIVITY OF E. coli 

Activity in moles ATP hydrolyzed per kg dry wt. per h. Composition of the incubation medium 
in mmoles per I (final concentration): Tris-HCl (pH 8.7), 2oo; Mg 2+, 2; ATP, 2; EDTA, o.i. 

Anion  added Act iv i ty  
( I4o  m M f inal  conc. ) 

N a  + salt K + salt 

no salt added 2.38 2.38 
F -  o.67 i .o 7 
CI- 3.25 3-94 
Br -  3.27 3.98 
I -  2.75 3.28 
NO 3- 2.07 2.32 
HCO s- 2.85 3.46 
SO4 *- 2.96 3.81 
CH3COO- 5.62 6.15 

in the presence of 2 mM Mg ~+. GREENAWALT, WEIBULL AND L6W 13 found a stimulat- 
ing effect of K + and Na + (0.05 M) on the Mg2+-ATPase activity of the soluble fraction 
obtained from lysed protoplasts of B. megaterium. KC1 was 2 to 3 times more effective 
than NaC1 in producing this increased activity. Higher concentrations (up to I.O M) 
of these salts were inhibitory to the Mg2+-ATPase of the soluble protoplasm and to 
the ghosts of this microorganism la. It  appears, therefore, that  monovalent cations 
can have quite different effects on the Mg2+-ATPase activities of various bacteria. 

Table I shows the influence of various K + and Na + salts on the Mg2+-ATPase 
of E. coli. In every case the K + salt gave a higher activity than the corresponding 
Na + salt, in agreement with the greater stimulating effect of K + ions to Na + ions 
already presented in Fig. 2. There is a close parallelism between the values for the 
K + salts and those for Na + salts. In both series the acetates caused the highest 
enhancement of the Mg2+-ATPase activity, while the nitrates and especially the 

T A B L E  I I  

SUBSTRATE SPECIFICITY OF NUCLEOTIDE PHOSPHATASE ACTIVITIES OF E. coli BOTH IN PRESENCE 
AND ABSENCE OF KC1 

Act ivi ty  in moles subs t ra te  hydrolyzed per kg dry wt. per h. Composit ion of the incubation medium 
in mmoles per 1 (final concentrat ion):  Tris-HC1 (pH 8.7), 200; Mg 2+, 2; substrate ,  2; EDTA, o. i .  

Substrate Act ivi ty  

- -  K C l  + KCl  
( i 4o  m M )  

ATP 2.41 3.80 
ADP 0.89 1.44 
AMP 0.07 0.08 
GTP 1.75 1.88 
CTP 1.o 7 1.24 
U T P  0.76 o.95 
I T P  1.57 1.82 
T T P  o.51 o.68 
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fluorides were inhibitory.  This shows that ,  besides the act ivat ion by monovalen t  
cations, anions also have an effect on the ac t iv i ty  of the Mg2+-ATPase o f  E.  coll. 

The substra te  specificity of this phosphatase in the presence or absence of 
14o mM KC1 is represented in Table II.  Wi thou t  the addi t ion of KCI, ATP was the 
best substrate  for this phosphatase ac t iv i ty  of E.  coll. Of the various t r iphosphates 
tested, the purine nucleotides ATP,  GTP and  ITP  gave a higher phosphatase ac t iv i ty  
than  the pyr imidine nucleotides, like CTP, U T P  and TTP.  When K('I (I4O raM) was 
added to the incuba t ion  medium, an enhancement  was observed with all substrates,  
bu t  the greatest increase was obta ined with ATP and ADP. OLIVEt( AND Pt~-EI. v' have 
demonst ra ted  an adenylate  kinase (ATP:AMP phosphotransferase,  EC 2.7.4.3) in 
E.  coli, suggesting that  the act ivi ty  for ADP could be due to conversi(m (}f ADP t{) 
ATP and AMP and  subsequent  hydrolysis of the ATP thus formed. We have indeed 
been able to demonstra te  the format ion of both AMP and ATP after incubat ion  of 
E. coli with ADP by ineans of column ehr(}matography on Dowex I-X2 (f()rmate) '5. 
The substrate  specificity described here is higher than  that  obtained by (i(SXTHEI~ 
AND DORN 6, who demonst ra ted  near ly  equal activities for ATP and ADP f()r 1vsed 
protoplasts  of E.  coll. 

The Mg"°+-activation curves with and without  added KC1 are given in Fig. 3- 
Wi thou t  added KC1 a m a x i m u m  was detected at 2 lnM Mg 2+, i.e., at a Mg2+:ATP 
ratio of I. The same result was obta ined  by ROTTEM AND RAZIN 16 for mycoptasma- 
membranes ,  while NEUJAHR, HANSSON AND FERM 12 detected a Mg 2+ :ATP ratio close 
to 1:2 in membranes  o f  S . f a e c a l i s .  Addit ion of 14o nlM KC1 shifted the opt inml ratio 
of Mge+:ATP to 0.75. At higher Mg 2+ concentrat ions the Mg2~-ATPase act ivi ty  
decreased at a constant  concentra t ion of 2 InN ATP. 

Mg 2+ added as chloride, sulfate or n i t ra te  did not  show any  difference in ATPase 
ac t iv i ty  either with or without  added KCI. The results of replacement of Mg '-'+ by 
various bivalent  cations is presented in Table I I I .  The highest act ivi ty  was obtained 

TABLE II1 

E F F E C T  O F  V A R I O U S  B I V A L F N T  C A T I O N S  ON T H E  A T l ) a s e  A C T I V I T Y  O F  1£. (o/i  [3OTtI IN THF.  PRI~SP2NCI-. 

A N D  A B S E N C E  O F  K C 1  

Activity in moles ATP hydrolyzed per kg dry wt. per h. C{}mposition of the incubation medimn 
in mmoles per 1 (final concentration) : Tris HC1 (pH 8.7), 2oo; bivalent cation, 2; ATI', 2 ; EDTA, 
O . I .  

Cation added . I ctivitv 
(2 m M  final co~c.) 

t((7 + 1((7l 
(z4o raM) 

--- o.4{) 0.54 
Mg 2+ ".57 3.72 
Mn 2-~ 1.07 2.75 
Ca 2+ I. 3~  1 .03  
Cu 2: o.So o.() 7 
Sr 2 + o.4o o,5S 
B a 2 +  o. 5,~; o . 7 t  
Ire24 1.78 1.43 
0 0 2 4  1 .1 ( )  I . I 8  

Ni 2 + 0.61 O. 74 
Zn 2~ o.81 0.50 
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Fig. 3- Effect of Mg *+ concentration on Mg~+-ATPase act ivi ty of E. coli both in the presence and 
absence of KC1 (14o mM final concentration). 

Fig. 4. Effect of temperature on Mg~+-ATPase act ivi ty  of E. coli both in the presence and absence 
of KC1 (14 ° mM final concentration). 

with Mg 2+ as cofactor, while Fe ~+ and especially Mn ~+ gave considerable activity. 
Addition of 14o mM KC1 increased only the Mg *+- and Mn*+-stimulated ATPase 
activity. Hence it can be concluded that Mg 2+ is the best cofactor for this ATPase 
activity. 

The effect of temperature on the Mg2+-ATPase activity is shown in Fig. 4. The 
maximum activity was reached at 45 ° both in the presence and in the absence of 
14o mM KC1. At higher temperatures the Mg2+-ATPase activity with KC1 fell more 
rapidly until at 60 ° KC1 had no activating effect. 

Table IV shows that after sonication of the bacteria for 3 min, the Mg 2+- 
ATPase activity was enhanced. It  is clear that this activity is localized in the super- 
natant fraction obtained after centrifugation at IOO ooo × g and not in the sediment. 
The activation by KC1 was only detectable in the intact cells of E. coli. After sonica- 
tion the enhancement had disappeared. 

TABLE IV 

Mg*+-ATPase A C T I V I T Y  OF D I S I N T E G R A T E D  CELLS OF E.  cell BOTH I N  T H E  P R E S E N C E  AND A B S E N C E  
OF KC1 

Activity in moles ATP hydrolyzed per kg protein per h. Composition of the incubation medium 
in mmoles per 1 (final concentration): Tris-HC1 (pH 8.7), 2o0; Mg, 2; ATP, 2; EDTA, o.i. 

Activity 

--  KC1  + K C l  ( r 4 0  r a M )  

untreated bacteria 2.9 ° 4.52 
disintegrated bacteria 3.48 2.81 
ioo ooo x g superna tant  6.75 4.96 
sediment 1.91 1.65 
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In  view of the small amoun t  of (Na+-K+)-ATPase ac t iv i ty  previously detected 
by  us 5 in the presence of a large amoun t  of this Mg2+-ATPase activity,  the quest ion 
arises as to whether the former ac t iv i ty  really represents (Na+-K+)-ATPase act ivi ty,  
especially in view of the single cation act ivat ion of the Mg2+-ATPase act ivi ty.  In 
order to settle this quest ion the activities in the media A - H  (Table V) were deter- 

TAt3LE V 

RELATIVE ATPase ACTIVITIES OF ['~. coli rN VARIOUS NUBSTRATG MEDIA. 

Composition of the incubation media: see text. Activities are expressed with ± S.E,, and in 
parentheses, number of determinations, Differences between medium A and each of the other 
media are significant (P < o.ooi). Differences between medium G and H and each of the other 
media are significant (P < o.ooi). Differences between medium B and E, C and F, G and H are 
not significant ( P )  o. i). Differences between media B, C, D, E and F are not significant (P > o.i). 

Code I n c u b a t i o n  media  d T P a s e  
. . . . . .  aclivit iex 

M g  z ~ N a ~ t (  ~ Ouaba in  o;~ 
(To-~ M )  

A ~- + + -- ioo (2~) 
13 }- - - 9r.5 = o.9 (2~) 
C t- t ~)2.o 5 0.8 (8) 
D q a t + ~3.I :! l.O (2I) 
E @ i " [ 91.9 ~ 0. 5 (2l) 
F + : + 9-'.0 ± 0.5 (8) 
G ff 83.8 ~: o. 7 (2I) 
H ~ -- -- t 83.8 :~ 0. 7 (21) 

mined at pH 7.5- Set t ing the total  ATPase ac t iv i ty  in medium A at IOO°/,, the lowest 
activities (83.8%) are found in media G (no Na +, no K +, no ouabain) and  H (no Na +, 
no K +, plus ouabain,  io-4M). This ac t iv i ty  thus represents the non-s t imula ted  Mg 2+- 
ATPase,  which is not  affected by ouabain.  Addi t ion  of Na+ (60 raM) alone gives some 
s t imula t ion  (medium B, 91.5°/)), which is not  affected by  ouaba in  (medium E, 
91.9°/)). Similar behavior  is found upon addi t ion of K + (5 raM) alone (medium C, 
92.6% ; with ouabain  : medium F, 92.o~'~,). Addi t ion  of the second cation gives further 
s t inmla t ion  (medium A, IOO°flo), which is abolished by  adding lO -4 M ouabain  

o/ (medium D, 93.1/o). This s t imula t ion  of the second cation could not  be due to an 
addi t ive effect of one cation upon the other, because the inhibi t ion  by  ouabain  would 
not  then be observed. Hence we may  conclude tha t  this lat ter  s t imula t ion  represents 
the true ouabain-sensi t ive  (Na+-K+)-ATPase act ivi ty.  Since there are no significant 
differences in the activities in media B, C, D, E and F, each of these media is sui table 
for the de terminat ion  of the ac t iv i ty  of this enzyme system. The best measure for 
its ac t iv i ty  is the difference in the act ivi ty  in medium A and  the average ac t iv i ty  in 
media B, C, D, E and F. In  E .  c o l i  this amounts  to 7.8% of the tota l  ATPase act ivi ty  

or o.24 mole ATP  hydrolyzed per kg dry wt. per h at 37 ° and  pH 7.5. 
Removal  of the anion chloride from medium A is not  responsible for the 

difference in activities between medium A and  media B, C, D, E and  F, since the 
same results were obta ined by  using the bromides or sulfates instead of the chlorides. 
Therefore an effect of the anion in this relat ively low concentra t ion  can be excluded. 
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This is in agreement with the observations of OPIT,  POTTER AND CHARNOCK 17, who 
found no influence of CI-, Br-  and S04 z- on the (Na+-K+)-ATPase of some organs of 
the guinea pig. 

DISCUSSION 

In this paper the properties of a Mg2+-ATPase of E. coli are described. This 
ATPase can be activated by a single monovalent cation, although anions also have 
some effect on the enzymic activity. The widely varying results reported for pH 
optimum, substrate specificity and activation by a single monovalent cation for the 
Mg2+-ATPase in different microorganisms must be due to factors like the bacterial 
strain, the growth medium and the method of isolation of the membrane-bound 
Mg2+-ATPase from the cells. The last factor is illustrated by the loss of cation acti- 
vation of the Mg2+-ATPase of E. coli upon ultrasonic treatment. 

The presence of a single cation-activated Mg2+-ATPase in E. coli raised the 
question of whether the (Na+-K+)-ATPase activity previously reported by us s was 
real. Since the Mg"+-ATPase activity in the presence of Mg 2+ alone can be activated 
by monovalent cations, it would seem to be hazardous to calculate the activity of 
the (Na+-K+)-ATPase from the difference in activity between media A (complete) 
and B (no K +) or between media A and C (no Na+). Careful consideration of the data 
in Table V, however, leads us to the conclusion that the loss in activity in media B, 
C, D, E and F, compared to the activity in medium A, represents the true ouabain- 
sensitive (Na+-K+)-ATPase activity. The absolute activity of 0.24 mole ATP hydro- 
lyzed per kg dry wt. per h thus found is low relative to the Mg2+-ATPase activity in 
E. coli (2.54 mole/kg dry wt./h). However, it is not very low compared to many other 
tissues, but the low relative activity of (Na+-K+)-ATPase (7.8%) and the activation 
of the Mg2+-ATPase by a single monovalent cation complicate its determination. 

It can thus be concluded that E. coli, strain K-I2, contains a Mg2+-ATPase 
which can be activated by a single monovalent cation and is not inhibited by ouabain, 
as well as the (Na+-K+)-ATPase system which is activated by Na + and K + together 
and inhibited by ouabain. 
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