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SUMMARY 

The in ter re la t ionships  between the effects of Na + and  Mg 2÷ on fl-galactosidase 
(fi-D-galactoside ga lac tohydrolase ,  EC 3.2.I.23) were s tudied,  toge ther  wi th  the  in- 
hibi t ion of the  enzyme by  high concentra t ions  of the two ions and its r eac t iva t ion  on 
dilut ion.  I t  was found tha t  the  o p t i m u m  concent ra t ion  of one ion depended  on the 
concent ra t ion  of the  o ther  and  the effect was the  opposi te  of t ha t  expec ted  due to 
ionic s t rength.  The t ime courses of inhibi t ion and reac t iva t ion  were found to be 
different  for the  two ions. A d j u s t m e n t s  of rates  on increasing the Mg 2~ concentra t ion  
to I .o IV[ or on di lut ing from LO M were found to be slow compared  to the  immedia t e  
changes observed with  Na  +. Subs t r a t e  was found to pa r t i a l ly  reverse the  Mg ~+ inhibi-  
t ion bu t  had  no effect on Na  ~ inhibi t ion  or the reac t iva t ion  with  e i ther  ion. Increas ing 
the Na + concent ra t ion  slowed the Mg 2÷ inhibi t ion.  

INTRODUCTION 

Cation ac t iva t ion  of f l-galactosidase (fl-D-galactoside ga lac tohydrolase ,  EC 
3.2.I.23) from Escherichia coli has been reviewed b y  WALLENFELS AND MALHOTRA 1 
and summar i sed  b y  REITHEL AND KIM 2. Two la ter  repor ts  have also been publ i shed  
on the subjecta, 4. Ac t iva t ion  b y  monova len t  ion is general ly  greates t  with Na  ~ bu t  
wi th  cer tain subs t ra tes  and  under  cer tain condi t ions K ~ is be t t e r  1,4. Broad  peaks  
a round  the o p t i m u m  are shown by  the var ious  workers  (between Io '~ M and 
5" Io  4 M). Evidence  of sl ight  inhibi t ion at  I .o M Na ÷ has been shown '~,~ but ,  in 
contras t ,  it  has also been s t a ted  t ha t  I.O M Na ~ s t rongly  reduces the  ac t iv i ty  of the 
enzyineL Even  where the  assay Na  + concent ra t ions  have not  reached •.o M, publ ished 
curves suggest t ha t  there  is inhibition~, 4,s. The role of b iva len t  cat ion is somewhat  
more obscure. The appa ren t  need for Mg 2 ~- or Mn 2~, or lack of it, has been expla ined  
as being a requ i rement  only in the  hydro lys i s  of cer ta in  subst ra tes .  The degree of 
Mg 2 ~ s t imula t ion  was shown to va ry  with the p H  and this,  toge ther  with the  possibil-  
i ty  t ha t  Mg z+ might  not  have been r igorously  excluded in some cases, might  also 
help to explain  the  confusion wi th  regard  to i ts need. Reasons given for var ia t ions  in 
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ion ac t iva t ion  and op t imums  include differences in subs t ra te ,  pH,  pro te in  concentra-  
t ion and s t ra in  of E. coli n. 

Mg 2+ and  in pa r t i cu la r  Mn 2+, have  been shown to pro tec t  the  enzyme agains t  
dena tu r a t i on  b y  di lut ion 9. Mg 2+ and o ther  b iva len t  cat ions  (at IO -2 M) have also been 
shown to comple te ly  inhib i t  the  r ena tu ra t ion  of  u rea -dena tu red  fl-galactosidase.  This  
was found not  to be re la ted  to the enzyme ' s  requ i rement  for Mg 2+, bu t  appears  to be 
due to in terac t ion  between pep t ide  chains. As the  Mg 2+ concent ra t ion  was reduced 
the recovery  increased,  up  to i o o %  in its absence 1°. 

A de ta i led  s t u d y  of  in ter re la t ionships  between monova len t  and  b iva len t  ca t ion 
ac t iva t ion  has not  been carr ied out. For  this  reason the ac t iv i ty  of the  enzyme at  a 
wide range of  Na + and Mg ~ concent ra t ions  was de termined.  Inh ib i t ion  at  high 
concent ra t ions  of e i ther  ion was noted  and the t ime course of this  inhibi t ion was 
followed. 

MATERIALS AND METHODS 

f i -Galactosidase was purified as descr ibed previous ly  11. The buffer used through-  
out  this  exper imenta l  work  was IO -~ M Tris-HC1 buffer (pH 7.6 at  3 o°) wi th  IO -a M 
2-mereaptoe thanol .  Tris  buffer was selected because a cat ionic  buffer was required to 
enable low concent ra t ions  of  Na  + to be used in the absence of  o ther  monova len t  
cations. As some inhibi t ion has been found with  Tris  (ref. i2) ,  the  buffer ion was kep t  
cons tan t  a t  a low level. Na  + was added  as NaC1, bu t  owing to the  hygroscopic  na ture  
of  MgC12, Mg ~+ was added  as M g S Q .  In this  regard  no significant difference was 
found between ac t iva t ion  b y  Na2SO 4 and NaCI. Before use, the s tock enzyme was 
d i lu ted  in buffer conta in ing IO 4 M E D T A  (1:4o) and then d ia lyzed  extens ive ly  
aga ins t  the  d i lu t ing buffer (500 IOOO vol. for 48 tl wi th  one change). A similar  dialysis  
was then carr ied out  in the  absence of  EDTA.  For  the  inhibi t ion and reac t iva t ion  
s tudies  a fur ther  dialysis  was carr ied out  to br ing the enzyme to the  required ini t ia l  
cat ion concentra t ion .  The enzyme was assayed in buffer with 1 .33 '1o  2 M o-nitro- 
phenyl-f l-D-galactoside or p-ni t rophenyl- f l -D-galactos ide  in the presence of the 
required concent ra t ions  of Na  ~ and Mg 2 *. The concentra t ions  of Na + and Mg 2+ at  the 
lower ranges were verified by  a tomic  absorpt ion.  The n i t rophenol  p roduced  at  3 °0 
was measured  at  420 nm in a Zeiss P M Q I I  spee t ropho tomete r  and  recorded with  a 
Beckman  l inear- log recorder.  A c t i v i t y  was expressed as AA42 o nm/min. 

Cation comentratiou/activity profiles 
Abou t  5/~g (IO/~1) of the d ia lyzed  enzyme,  which was essent ia l ly  free of Na + 

and Mg "+, was added  to assay  mix tures  conta in ing var ious  concent ra t ions  of  Na 
and Mg 2+ ( total  volume 2.6 ml). When  adding  enzyme from solut ions essent ia l ly  free 
of  Na  + and  Mg ~+ to assay  mix tures  with var ious  concent ra t ions  of Na  + and Mg 2~, the  
enzyme immed ia t e ly  a t t a ined  an ac t i v i t y  which d id  not  change with  incubat ion  t ime.  
The ini t ia l  enzyme ac t iv i ty  was recorded at  each separa te  condi t ion and these 
act iv i t ies  were p lot ted .  

Rates of inhibition and reactivation 
For  the  inhibi t ion s tudies  of  both  ions the  enzyme was d ia lyzed  ex tens ive ly  

agains t  buffer conta in ing  IO 2 M Na + and lO -4 M Mg 2 ~. For  Na + inhibi t ion  about  5/~g 
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(Io/~l)  of  t he  d i a lyzed  e n z y m e  was  added  to 2.0 ml  of  assay  so lu t ions  (wi thou t  sub-  

s t ra te)  con t a in ing  i . o  M Na+ ( I o - 4 M  Mg2÷). Af t e r  i n c u b a t i o n  a t  3 o~ tbr va r ious  
t imes,  o.6 ml  of  s u b s t r a t e  (in buffer  w i t h  assay  sal t  concen t r a t i ons )  was  added  and  

the  ra te  of  hydro lys i s  fol lowed.  S imi la r  s tudies  of  the  inh ib i t ion  of  t he  e n z y m e  a t  

I.O M Mg ~ ~ were  car r ied  ou t  (at IO -~ M and  to  ~ M Na+). F o r  t he  r e a c t i v a t i o n  s tudies ,  

the  e n z y m e  was d i a lyzed  e x t e n s i v e l y  aga ins t  I.O ~I N a -  (IO 4 M Mg ~+) for N a :  or  

aga ins t  I.O M Mg ~+ (IO 2 M N a - )  for s tudies  w i th  Mg ~, and  ra tes  of  hydro lys i s  a f t e r  a 

series of  p r e i n c u b a t i o n  t imes  in IO " M N a ' ,  I0  ~ M Mg e+ were  ob ta ined .  

On dialysis  aga ins t  high sal t  c o n c e n t r a t i o n s  some overa l l  i r revers ib le  loss of  

a c t i v i t y  was  found,  c o m p a r e d  to  a s imi la r  sample  d i a lyzed  aga ins t  i0  ~ M Na  ~, 

I0  4 M Mg 2.. The re  was also some  loss of  v o l u m e  due  to the  change  in sal t  concen t r a -  

t ion.  For  these  reasons  the  resul t s  were  expressed  as pe r cen t age  changes.  T h e  final  

a c t i v i t y  of  t he  e n z y m e  in IO ~ M Na~,  I0  4 M Mg ~ was t a k e n  as IOO°~,. T h e  add i t i on  

of  i o  #1 of  1.0 M ca t ion  (from an e n z v m e  sample)  to 2.6 ml  of a lower  concen t r a t i on ,  

increases  the  ca t ion  c o n c e n t r a t i o n  by  3 .8 - IO a M (IO ~ M Na  ~ to 1 . 3 8 ' I O  ~ M and  

IO 4 M Mg ~+ to 3 .9"IO 3 M). This  m a k e s  on ly  a smal l  d i f ference in t he  e x p e c t e d  

a c t i v i t y  a t  the  or ig ina l  c o n c e n t r a t i o n  as can  be seen f rom Vigs. I and  2. 

Since dialysis  was ca r r i ed  ou t  in the  cold r o o m  (2o) whereas  assays  for the  ra te  

of  inh ib i t ion  were  done  at  3 o°, a con t ro l  s t u d y  was ca r r i ed  ou t  to see the  ra te  of  

a c t i v i t y  loss when  f l -ga lac tos idase  was t r ans fe r r ed  f rom I.O M N a -  (IO * M Mg 2~) at  

2 '~ to t he  same  c o n c e n t r a t i o n s  a t  3 o°, in a series of  t i m e d  incuba t ions .  A s imi la r  s t u d y  

was ca r r i ed  ou t  on the  e n z v m e  a t  I.O M Mg ~+ (IO ~ M N a ) .  
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Fig. I. Effect of Mg 2~ concentration on activity (d14~2o nm/min) (pMg IOgl0Mg2+), at Na i 
concentrations: l .oM (o o), lo 1M (i I), Io -2M (2 2), io :~M (3 3), 1°-4M (4 4), io '~M 
(5 5), Io e, M (6--6). At 1o ,2 M Na + with p-nitrophenyl-/$-D-galactopyranosidc as substrate 
1 ' -  - - P ) .  

Vig. 2. Effect of Na + concentration on activity (zlA420 nm/min) (pNa log~0Na~), at Mg 2+ 
concentrations: i .oM (o o), io 1M (i I), io ~M (2--2), io aM (4 -4), IO ~M (5 5)- At 
IO-4 M Mg 2+ with p-nitrophenyl-fi-D-galactopyranoside as substrate (P- - -P). 
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RESULTS 

Cation concentration/activity profdes 
Fig. I shows the effect of  va ry ing  the Mg 2. concent ra t ion  at  var ious  fixed Na  + 

concentra t ions .  W i t h  o-ni trophenyl-f l -D-galactoside as subs t ra te  the  highest  a c t i v i t y  
was ob ta ined  at  10 -3 M Na+, I0 4 M Mg 2+. However ,  it  can be noted  tha t  the  o p t i m u m  
Mg 2+ concent ra t ion  varies  between I0 z M at  1.0 M Na + and I0 -~ M at  I0  ~ M Na~. 
There was inhibi t ion at  Mg 2+ concentra t ions  above  the op t imum.  This inhibi t ion was 
more marked  at  the  lower Na~ concentra t ions ,  with the  except ion of t ha t  a t  1.0 M 
NaP, 1.0 M Mg 2+ where the  overr id ing effect was p robab ly  due to the  high ionic 
s t rength.  

There were only small  differences between the act iv i t ies  of  the enzyme at  the 
o p t i m u m  and sub-op t imum Mg 2+ concentra t ions ,  giving the b road  flat peaks of 
Fig. I.  Owing to difficulties of demons t r a t ing  a requ i rement  for Mg 2+ by  comple te ly  
excluding the ion as an impur i ty ,  the enzyme was assayed in the presence of I0 4 M 
EDTA.  Under  these condi t ions the  ac t iv i ty  was very  low (only about  5% of tha t  a t  
I ¢~M Mg 2+) suggest ing a possible requ i rement  for a b iva len t  ion. The ab i l i ty  of a 
va r i e t y  of b iva len t  cat ions  to reverse this  E D T A  inhibi t ion was inves t iga ted  (Mg z+, 
Mn 2+, Co 2 ~, Sn 2+, Ni 2+, Fe e+, Sr 2+, Co s+, Zn 2+, Cu e+, Cre+; all at  I0 4 M). Both  Mg 2+ 

and  Mn 2+ ac t iva t ed  to a level expected  from Fig. I while none of the  o ther  ions did  
more than  pa r t i a l l y  reverse the E D T A  inhibi t ion.  Since E D T A  is needed to show this 
requi rement ,  it  would appea r  tha t  a small  amoun t  of Mg 2+ or Mn 2+ is bound  t igh t ly  
and  requi red  for ac t iv i ty .  Al te rna t ive ly ,  E D T A  m a y  have o ther  effects on fl-galactosi- 
dase which are reversed on addi t ion  of  Mg e+ and  Mn e+. 

In  Fig. 2 results  are p lo t t ed  to show the effect of va ry ing  the Na~ concent ra t ion  
at  several  fixed Mg z+ concentrat ions.  The o p t i m u m  Na  + concent ra t ion  var ied  with  
the  Mg 2+ concent ra t ion  and concent ra t ions  of  Na  ~ above op t imum were inhib i tory .  
The  effects of high Mg 2+ concent ra t ions  on the Na  + inhibi t ion can be seen b y  the shift  
of  the  Na  + o p t i m u m  from 10 -2 M at  I0  a M Mg 2+ to I0 a M at  1.0 M Mg 2+. The Na  + 
o p t i m u m  and  inhibi t ion were affected b y  var ia t ions  in the Mg e+ concent ra t ion  in a 
s imilar  way  to those of  Mg 2= by  Na +, a l though the effects were not  as marked .  

The resul ts  wi th  p-ni t rophenyl- /LD-galac tos ide  (dashed lines in Figs. I and  2) 
gave curves of basical ly  the same shape as those with o-nitrophenyl-f l-D-galactoside.  
The curves were much flat ter ,  however,  ind ica t ing  tha t  the  ac t iva t ion  and inhibi t ion 
observed was not  as great .  I t  should be no ted  tha t  these results  have not  been 
correc ted  for the  differences in ex t inc t ion  coefficient of the two n i t rophenol  products .  

I t  has been suggested ~3 t ha t  the  act ion of Na + on/%galactosidase can be expla in-  
ed b y  considering two b inding  sites for Na + on the enzyme. At  one of these sites Na  + 
ac t iva tes ,  a t  the o ther  Na  + inhibits .  This effect is descr ibed by  the equat ion :  

v \ M 310/ 

where v is the  observed ve loc i ty  at  an ac t iva to r  concent ra t ion  M, Vmax is the  maxi-  
m u m  veloc i ty  at  the  o p t i m u m  ac t iva to r  concent ra t ion  M0, and k is a constant .  The 
plot  I/V agains t  (Mo/M + M/Mo) should then  be a s t ra ight  line. Fig. 3 shows the 
results  p lo t t ed  according to this t r e a t m e n t  (i0 -4 M Mg2+). The results  do not  fit the  
s t ra igh t  line ob ta ined  b y  the previous  workers  lz, e i ther  above  the o p t i m u m  or below 
it. I t ,  therefore,  appears  t ha t  this exp lana t ion  of the  act ion of Na  + does not  hold. 
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Fig. 3. Dependence  of i/v on (AIo/M F M/~4o). A A, I/V at  Na* concen t r a t ions  above  o p t i m m n ;  
B - - B ,  I/V a t  Na + concen t r a t ions  below o p t i m u m .  M~ == o p t i m u m  Na + concent ra t ion ,  M Na + 
concent ra t ion ,  v = .dA4~o rim/rain. 

Inhibit ion and reactivation studies 

Na~ inhibition and reactivation (Fig .  4).  T h e r e  w a s  a n  i m m e d i a t e  l o s s  o f  a p p r o x .  

2 0 %  in  t h e  a c t i v i t y  o f  t h e  e n z y m e  w h e n  t h e  N a  + c o n c e n t r a t i o n  w a s  i n c r e a s e d  f r o m  

I o  -~ M to  L o  M. T h i s  c o r r e s p o n d s  t o  t h e  c h a n g e  s h o w n  in  t h e  a c t i v i t y  p ro f i l e  (F ig .  2). 

O v e r  t h e  n e x t  240  m i n  t h e r e  w a s  a f u r t h e r  l o s s  o f  a c t i v i t y  o f  a b o u t  2 0 0 .  W h e n  

e n z y m e  a t  L o  M N a  ~ (xo 4 M M g  =+) a t  2 ° w a s  i n c u b a t e d  in  t h e  s a m e  N a '  a n d  M g  z~ 

c o n c e n t r a t i o n s  t h e r e  w a s  los s  o f  a c t i v i t y  a t  3 ° °  w h i c h  v e r y  c l o s e l y  f o l l o w e d  t h e  s e c o n d  

s t a g e  (F ig .  4). T h i s  s u g g e s t s  t h a t  t h e  l a t t e r  l o s s  is d u e  t o  h e a t  d e n a t u r a t i o n  o f  t h e  
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TIME (rain}  

l:ig. 4- Na+ inhibi t ion  and  reac t iva t ion  (1oo% ac t iv i ty  is the  ac t iv i ty  in m -'~ M Na+). ± ~ - - ~ ,  
ac t iv i ty  r ema in ing  af ter  var ious  t imes  in i .o M Na + ( io 2 M Na + to ~.o M Na +) ; ~ -~}, ac t iv i ty  
a f te r  var ious  t imes  in io 2 M Na  +, (i .o M Na + to IO ~l M Na +) ; [~ - - [~ ,  ac t iv i ty  wi th  a t empe ra -  
tu re  change,  (at Lo M Na +) f rom 2 to 3o ° . In all cases  the  Mg i+ concen t ra t ion  was  Io -4 M. 
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Fig. 5.a. Mg 2+ inhib i t ion  (lOO% ac t iv i ty  is the  ac t iv i ty  in IO 41"~{ Mg 2+, lO -2 M Na+). Ac t iv i ty  
r ema in ing  af ter  var ious  t imes  in i .o M Mg 2+, ( io 4 M Mg 2+, lO .2 M Na + to i .o M Mg z+) a t  io 1 M 
Na + ( ~ - - ~ )  and  a t  lO -2 M Na  + ( rT- - [~) .  b. Mg 2+ reac t iva t ion  (lOO% ac t iv i ty  is the  final ac t iv i ty  
in lO -4 M Mg 2+, IO - t  M Na+). Pe rcen t  ac t iv i ty  per  m i n  (enzyme dia lyzed in i .o M Mg 2+, io -2 M 
Na  + and  t rans fe r red  to lO .4 M Mg 2+, lO .2 M Na  +) af ter  p re incuba t ion  t imes  (wi thout  subs t ra te )  
of: o rain (0 - - -0 ) ,  5 m i n  (V- -V) ,  15 rain ( I t - -B) ,  and  35 min  ( A - - A ) .  Pe rcen t  ac t iv i ty  per  min  
af ter  a t e m p e r a t u r e  change  f rom 2 to 3 °0 (at I.O M Mg2% io -2 M Na  +) for p re incuba t ion  t imes  
(3 o° w i t h o u t  subs t ra te )  of: o rain ( © - - © ) ,  2 rain ( V - - V ) ,  io rain ( ~  @), 2o min  ( A  A)  
and  60 min  (V3 [~). 
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enzyme at the high salt concentration. The rate of reactivation of the enzyme on 
diluting the Na~ is also shown in Fig. 4. The regain of act ivi ty was of the magni tude  
predicted from Fig. 2 and was immediate. 

:llg 2~ i~hibit ion amt reactivations. Fig. 5a shows the rate of Mg 2+ inhibition at 
two different Na ~ concentrations. The initial loss in act ivi ty is tha t  predicted from 
Fig. I, however, the activity continues to drop rapidly with time. The higher Na~ 
concentrat ion appears to protect  the enzyme activi ty as the loss is slower. This agrees 
with the evidence shown in Fig. I for the protection, by Na ~, of act ivi ty when the 
Mg 2 ~ concentration is above optimum. The lower curves of Fig. 5b show how enzyme, 
dialyzed finally against I .o M Mg 2~ (IO 2 M N a )  at 2 '~, and then preincubated without  
substrate at 3 o~' for various times also in I.O M Mg 2 ~ (IO- 2 M Na+), increases in activ- 
i ty with time after the addition of substrate. The act ivi ty immediately alter substrate 
addition in each case shows tha t  act ivi ty is lost rapidly for up to the Io-min preincuba- 
tion time even though there is no change in the concentrat ion of Mg 2~. The only 
difference is the temperature (2-3o:~). This suggests tha t  par t  of the loss of activi ty in 
I.O M Mg 2- is due to the increase in temperature.  After addition of substrate the rate 
increases stopping any further loss in activity. With no preincubation a maximum 
value of about  4o°i~ was reached. This value was not reached when the enzyme was 
first preincubated at 3 o~: but  m a y  have been if longer assay times were used. 

The upper curves of Fig. 5b show the rate of reactivation with time after 
various preincubation times on dilution of the Mg 2~ concentration from I.o M to 
IO 4 M. I t  can be seen that,  unlike inhibition, the rate increases with incubation time 
are independent of substrate. The initial rate after a period of preincubation is approx- 
imately the same as tha t  after a similar period of assay in the presence of substrate 
(no preincubation). Regardless of the time of preincubation, the activi ty tended 
towards a common final rate. 

DISCUSSION 

The cation act ivi ty profiles for Na + show a broad peak similar to those curves 
published by  other workersa, 6,s. The shape and extent  of the peak, however, depends 
on the Mg 2+ concentration,  with a corresponding variat ion in the opt imum. An activa- 
tion was observed with Mg 2÷ after E D T A  t rea tment  (o-nitrophenyl-fl-I~-galactoside 
as substrate), agreeing with some previous results2, s,l°. The activation was not as 
great as tha t  found by REVrnEL AND KIM 2 nor was the opt imum concentrat ion as 
high. Variations of cation act ivi ty with pH shown by  these authors suggested that  
differences between the results might  be due to the different pH ' s  used. A preliminary 
experiment showed that  decreasing the pH increased the op t imum concentration 
and the degree of activation by Mg 2+ (J. A. HILL AND R. E. HUBER, unpublished 
results). 

The interrelationships between Na~ and Mg 2+ can be explained by a more 
general expansion of the t rea tment  used by NEVILLE AND LING a. Amino acid analysis 
of fl-galactosidase shows a large excess of free glutamic and aspartic carboxyl groups 
over positively charged side chains 1~. This could lead to a var iety of sites being avail- 
able for cation binding. With  several of these sites in a position to affect the activity, 
the particular ion bound at any one of these might  alter the rate of hydrolysis of 
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substrate.  Depending on their  concentrat ion,  one par t icular  dis t r ibut ion of  ions at 

effecting sites could lead to an op t imum act ivi ty.  

Inhibi t ion and react iva t ion  rate curves for Mg 2+ indicate tha t  a period of  t ime 

is necessary for the equil ibrat ion of  the enzyme, in contras t  to the immedia te  ac t iv i ty  

obtained with Na +. The difference might  be explained by the b ivalent  na ture  of  Mg 2+ 

requir ing two bonds to be formed or broken. The abil i ty of Mg 2+ to protect  the con- 

format ion of fl-galactosidase has been demons t ra ted  when the enzyme is both act ive  9 

and denatured  1°. The ionic inhibit ion could involve a change in the secondary or 

te r t ia ry  structure,  or an al terat ion in an equil ibr ium between an act ive and an in- 

act ive structure.  The presence of Mg 2+ al though causing the change could also act in 

a secondary manner  to oppose it, by its abil i ty to hold together  two polypept ide  

chains with a salt l inkage or complex format ion between them. This would not be 

expected with the monova len t  ion, Na +. Thus Mg 2+ inhibit ion and react iva t ion  would 

be slower than tha t  with Na~. 

The substra te  protect ion of inhibit ions by the ions could be the result of the 

substrate  position keeping the ions from reaching an inhibi t ing area. On the other  

hand, the lack of  any effect of  substrate  on react ivat ions  can be explained by sub- 

s t rate  not  being in a position to affect loss of ions on dilution. 
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