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Tip  ha i r s  occur red  on  t he  w h i p l a s h  f lage l lum of t he  
zoospores of P. cinnamomi R a n d s ,  P. megasperma va t .  
sojae H i l d e b r a n d ,  P .  palmivora a n d  P. parasitica (F igure  
1, a -d) .  The  l e n g t h  of t h e  ha i r s  va r ies  f rom 460 to  500 n m  
on d i f fe ren t  species. T he  w i d t h  as m e a s u r e d  on  s h a d o w  
cas t  spec imens  is 11-12 nm.  T he  t ip  ha i r s  were no t  found  
on  t h e  w ip la sh  f lage l lum of eve ry  zoospore  obse rved  as 
t h e y  are a p p a r e n t l y  qu i t e  fragile  a n d  p r o b a b l y  b r e a k  off 
d u r i n g  spec imen  p r e p a r a t i o n .  F igu re  l d, w h i c h  shows 
1 a t t a c h e d  h a i r  a n d  2 d e t a c h e d  hairs ,  suggests  t h a t  t h e y  
are fragile  a n d  easi ly lost. Since t h e  n u m b e r  of t i p  ha i r s  
va r i ed  w i t h i n  single species, t h i s  m a y  be  a f u r t h e r  
i nd i ca t i on  of t h e i r  f ragi l i ty .  F o r  example ,  m a n y  flagella of 
P. megasperma var .  sojae h a d  7 or 8 t ip  ha i r s  (Figure I c) 
whi le  o the r s  h a d  on ly  1 or 2 (Figure l a ) .  

L a t e r a l  ha i r s  were cons i s t en t l y  i o u n d  on  t h e  wh ip l a sh  
f lagel la  of t h e  zoospores of P. cinnamomi a n d  P .  mega- 
sperma var .  sojae. The  l e n g t h  a n d  w i d t h  of these  hai rs ,  as 
m e a s u r e d  on  s h a d o w  cas t  p r e p a r a t i o n s ,  were a b o u t  t h e  
s ame  as those  r epo r t ed  for P.  palmivora 5, i.e. ca. 500 n m  
long  a n d  15 urn  wide.  L a t e r a l  ha i r s  were also obse rved  on 
t h e  w h i p l a s h  f lage l lum of /~. parasitica (Figure 1 b) ; t h e  
l a t t e r  conf i rms  t he  f ind ing  of REICHLX 6 in his  s tud ies  of 
n e g a t i v e l y  s t a i ned  f lagella of t h i s  species. These  f ind ings  
b r i n g  t h e  t o t a l  n u m b e r  of Phytophthora species w i t h  
l a te ra l  ha i r s  on  t h e  w h i p l a s h  f lage l lum to 5, wh ich  sug- 
gests  t h a t  t h e i r  p resence  is a c o m m o n  p h e n o m e n o n  r a t h e r  
t h a n  a n  u n u s u a l  one  as p rev ious ly  sugges ted  s, 9. 

A l t h o u g h  t he  presence  of f lagel lar  ha i r s  (mas t igonemes)  
is s o m e t i m e s  d i f f icu l t  to  d e m o n s t r a t e  because  of t h e i r  
f ragi l i ty ,  eve ry  ef for t  shou ld  be  m a d e  to  carefu l ly  p r epa re  
spec imens  for e lec t ron  mic roscopy  before  conc lud ing  t h a t  
t h e y  are  n o t  p resen t .  Ce r t a in ly  al l  t ypes  oI i lagel lar  ha i r s  
are useful  in  t a x o n o m i c  s tud ies  1~ n .  

MANTON ~0, in  d iscuss ing  f lagel lar  s t ruc tu re ,  has  recom- 
m e n d e d  t h a t  t h e  t e r m  ' a c r o n e m a t i c '  n o t  be  used to  
descr ibe  t h e  t e r m i n a l  s t r u c t u r e  of f lagel la  s ince such  a 
t e r m  suggests  a t e r m i n a l  ha i r  s imi la r  to  l a te ra l  ha i r s  on  
c e r t a i n  flagella.  P e r h a p s  t h e  t e r m  could be  va l i d l y  used  
here  to  descr ibe  t h e  t i p  ha i r s  on  Phytophthora w h i p l a s h  
f lagel la  since t h e y  are indeed  s imi la r  to  t i le  l a t e ra l  ha i rs .  
Neve r the l e s s  for  t h e  sake  of c l a r i t y  we h a v e  s i m p l y  desi- 
g n a t e d  t h e m  as t i p  or t e r m i n a l  ha i rs .  

I t  h a s  been  s t a t e d  t h a t  t he  l a t e ra l  ha i r s  on  t he  t inse l  
f l age l lum of P. in/estans arise f rom t he  ' ax i s '  ( p r e s u m a b l y  
t h e  fibrils) of t he  f lage l lum 3, s. However ,  t h i s  has  no t  as 
ye t  b e e n  d e m o n s t r a t e d  in u l t r a t h i n  sec t ions  of f lagel la  s. 
N o t h i n g  is k n o w n  a b o u t  t h e  p o i n t  of or ig in  of t h e  ha i r s  
on  t he  w h i p l a s h  f lagel lum.  W i t h  respec t  to  t h e  t i p  h a i r s  

descr ibed  in t h i s  repor t ,  one m i g h t  a t  f i r s t  w o n d e r  if t h e y  
are ex tens ions  of t h e  cen t r a l  f ibr i ls  of t h e  f lagel lum.  
However ,  t h e i r  w i d t h  (11-12 nm)  is less t h a n  t he  d i a m e t e r  
of t he  whole  f ibr i l  (30-36 rim) a n d  g rea te r  t h a n  t h a t  of t he  
f i l a m e n t s  (4-5 nm)  descr ibed  b y  GRIMS~ONE 12 a n d  R ingo  1~ 
as fo rming  t he  walls  of t he  f ibri ls .  Th i s  d i f ference in  dia-  
m e t e r s  would  seem to  sugges t  t h a t  t h e  t i p  ha i r s  are no t  
ex tens ions  of t h e  f lagel lar  f ibr i ls  14. 

Rdsumd. Des m a s t i g o n 6 m e s  de 460-500 n m  de longueur  
e t  11-12 n m  de l a rgeur  e x i s t e n t  ~ l ' e x t r 6 m i t 6  du  flagelle 
,whiplash~> des zoospores des Phytophthora cinnamomi, 
P. megasperma var .  so]ae, P. palmivora et  P. parasitica. 
Des mas t i gon6mes  l a t6 r aux  e x i s t e n t  auss i  sur  le f lagelle 
, w h i p l a s h ,  des 4 esp6ces. C 'es t  la p remi6re  m e n t i o n  de 
mas t i gon6mes  l a t6 r aux  sur  le f lagelle , w h i p l a s h ,  de 
P. cinnamomi et  de P .  megasperma var .  sojae. 
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C O G I T A T I O N E S  

Diva lent  Metal  Ion Buffers  w i t h  L o w  p H - S e n s i t i v i t y  

Introduction. R e a c t i o n  r a t e  a n d  s t a b i l i t y  of n u m e r o u s  
enzymes  are  d e p e n d e n t  on  t h e  p resence  of cer ta in ,  
m o s t l y  d i v a l e n t  m e t a l  ions 1-4. Moreover ,  m e t a l  ions  of ten  
p l a y  a n  i m p o r t a n t  role in  r egu la t i on  of e n z y m e  syn thes i s  
a n d  a c t i v i t y  in  v ivo  5. I t  is, however ,  genera l ly  di f f icul t  to  
achieve,  a n d  exac t ly  to  reproduce ,  c o n s t a n t  levels of free 
m e t a l  ion c o n c e n t r a t i o n s  of less t h a n  a b o u t  10 a M  in a 
t e s t  m e d i u m ,  i m p u r i t i e s  in  t he  r eagen t s  o f t en  resu l t  in  all 
u n c o n t r o l l e d  level  of d i v a l e n t  m e t a l  ions. Meta l  ions m a y  
be  che la ted  b y  va r ious  c o m p o n e n t s  of a m e d i u m ,  such  as 
buf fe r  c o m p o u n d s  (e.g. h is t id ine) ,  S H - c o m p o u n d s  (e.g. 
cysteine,  g lu ta th ione) ,  s n b s t r a t e s  (e.g. ATP)  a n d  pa r t i cu l  - 
a r ly  p ro t e in s  8. 

Tile use of m e t a l  ion buffers ,  especial ly  Ca~+-ion buffers ,  
to  c i r c u m v e n t  these  diff icul t ies  was  p roposed  b y  m a n y  
a u t h o r s  (e.g. Refsd  a n d  s). I t  h a s  b e e n  recognized  7-1~ 
however ,  t h a t  t i le app l i ca t i on  of m e t a l  ion buffers  poses 
some o the r  p roblems ,  since m o s t  of t he  che la t ing  agen t s  
of t he  p o l y a m i n o c a r b o x y l a t e  t y p e  show cons iderab le  
p r o t o n a t i o n .  

A d d i t i o n  of a second d i v a l e n t  m e t a l  ion, wh ich  com- 
pe tes  w i t h  p ro tons  a n d  t h e  p r i m a r y  m e t a l  ion Me~+, m a y  
lessen th i s  p H - d e p e n d e n c e .  The  app l i c a t i on  of t h i s  t y p e  
of buf fe r  p rov ides  a n  a d v a n t a g e  for all  inves t iga t iOns  
wh ich  requi re  a c o n s t a n t  level  of t he  p r i m a r y  ion over  a 
wide p H -  range,  e.g. for k ine t ic  s tud ies  on  t i le  p H -  



dependence  of K~-  and  V ~ - v a l u e s  of enzymes,  especially 
o f  'me ta l - enzyme-complexes ' ,  p rov ided  t h a t  t he  second 
meta l  ion will no t  in terfere  wi th  the  enzymat i c  action.  

Results and discussion. BuNer-systems containing one 
metal ion. In  order  to  convey  a be t t e r  unde r s t and ing  of 
proper t ies  and  func t ion  of t he  buffers  conta in ing  two 
meta l  ions, the  proper t ies  of t he  buffers  conta in ing  only 
one meta l  ion should be discussed briefly.  (For fu r the r  
in fo rmat ion  see Refsff, s and  10.) 

Low meta l  ion concen t ra t ions  can be kep t  cons t an t  by  
using a buffer  which consists  of a s t rong  chela tor  and  a 
meta l  ion. If  t he  me ta l  ion is the  d iva len t  ca t ion Me n+, t he  
following equa t ion  is val id:  

[MeL(n-2) -] 
[]Vie 2+] = KMeL(n-2)-" [Ln_ ] (1) 

where  L n -  is the  n o n p r o t o n a t e d  uncomplexed  l igand. 
Chelators,  such as n i t r i lo t r iace ta te ,  e thy lene  diamine-  
t e t ra -ace ta te ,  etc., which  m a y  be used in buffer  sys tems,  
a?e p r o t o n a t e d  to  a va ry ing  e x t e n t  (cf. Ref2) ;  e.g. 
E D T A  can occur as L 4- ,  L H  ~-,  L H ~ - ,  LH~-, and  LH4, 
Thus,  the  to ta l  concen t ra t ion  of a chela tor  is def ined as 

[L-~t = [L n- ]  + [LH (n- l ) - ]  + "-" + [LHn_ 1] + [LHn]. (2) 

I n t roduc ing  the  p ro ton  dissociat ion cons tan t s  K I, K 2, . . .  
K n - v  and  Kn, eq. (2) can  be r ewr i t t en  as 

= ( [H+] [H+]~ 
[L]t = [Ln-]  i + ~1 + ~ 2 -  + ' ' "  + 

[H+] n 
K1K2... Kn ) 

W i t h  the  def ini t ion 
i=n 

P = 1 + Z  [H+]i 
H K, i=1 

(3) 

(4) 

tO -3 
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? 
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Fig. 1. Calculated pH-dependence of the concentration of nonpro- 
tonated 2DTA ~-. [EDTAJt = I mM, [~ = 0.1. The calculation was 
performed using eq. (5). (For values of the constants see Table I and 
Ref3.) 

the  concen t ra t ion  of the  u n p r o t o n a t e d  uncomplexed  
chela tor  can  be expressed  as 

[Lit 
[L 4-] -- p (5) 

Figure  1 shows the  dependence  of the  concen t r a t ion  of 
n o n - p r o t o n a t e d  E D T A  (L ~-) on the  pH-value ,  calcula ted 
using equa t ion  (5). The values  of the  dissociat ion cons t an t s  
K 1 - K  4 were t aken  f rom Table  I (Ref.S). 

In  the  presence  of a d iva len t  me ta l  ion, the  to ta l  l igand 
concen t ra t ion  is given by  

[L--it "~ [Ln-]  �9 p + [MeL (n-2)-] . (6) 

This  equa t ion  is no t  general  bu t  holds  for ligands, for 
which the  concen t ra t ion  of the  MeHL(--3)--complexes 10 is 
negligible in t he  p H - ran g e  of abou t  5-10, e.g. for EDTA,  
t-CDTA and  o-PDTA,  b u t  n o t  for EGTA,  t -CPDA and 
OBDA (Refs. s and 10). Thus,  neglect ing [MeHL(n-3)-] 

[1VfeL(n-2) - ] ' ,v  [[2r - [Me 2 +] . (7) 

Subs t i tu t ing  equa t ion  (1) (solved for [Ln-]) and  equat ion  
(7) in (5), a quadra t i c  equa t ion  is der ived  which  can be 
solved for [Me2+]: 

[Me2+] --~ __ [L]t --  [Me]t+KMeL(n - 2) - �9 P 
2 

V + ([L]t--[Me]t + KMeL (n-2)-- " P)~ 

4 

+ KMeL(n- 2)-- " [Me]t �9 P (8) 

as a func t ion  of [Lt], [Me]t, K~[eL (n-2) - ,  and P. 
Figure  2 shows an example  for the  p H - d e p e n d e n c e  of 

the  concen t ra t ion  of free Ca2+-ions in an EDTA-buf fe r .  
The curves were calcula ted by  use of equa t ion  (8) w i th  
n = 4 and  the  following concen t ra t ions  : [EDTA] t = 1 raM, 
[Ca]t = 0.1, 0.2 . . . . . .  0.9 raM, respect ively .  Figure  2 
d e m o n s t r a t e s  t h a t  a d i s t inc t  Ca~+-concentration can be 
m a i n t a i n e d  co n s t an t  w i th in  a cer ta in  p H - ran g e  only 
when  the  compos i t ion  of the  buffer  is changed  in order  to 
compensa t e  for t he  effect  of l igand p ro tona t ion .  For  
example ,  t he  to ta l  Ca-concen t ra t ion  of th is  buffer  sys t em 
m u s t  be var ied be tween  0.1 and  0.9 raM% if t he  concent ra-  
t ion  of free Ca2+-ions is to  be held  c o n s t a n t  a t  0.01 ~M 
be tween  p H  6.8 and  8.6. 
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Fig. 2. Behaviour of a 'single-metal-ion buffer system', in which the 
concentration of complexes of the type MeHL (n-S)- can be neglected : 
[Ca 2+] depends markedly on the pH-value for each [Ca],. [EDTA]~ = 
1 mM; [Ca],: Curve 1:0.1 raM; 2:0.2 mM; 3:0.3 mM; 4:0.4 mM; 
5:0,5 raM; 6:0,6 raM; 7:0.7 mM; 8:0.8 raM; 9:0.9 raM. The cal- 
culations were performed using eq. (8) ai~d constants of Table L 

B u l l e t  sys tems containing two metal  ions. The p H -  
dependence  of t he  c o m m o n  meta l - ion  buffer  sys tems  
should d iminish  if t he  p ro tona t i on  of t he  l igand is re- 
s t r ic ted,  e.g. if t he  concen t r a t ion  of free che la tor  is 
decreased.  This res t r ic t ion  of p ro tona t i on  of the  chela t ing  
agent  is possible if t he  buffer  sys t em consists  of a s t rong  
chela tor  and  two di f ferent  me ta l  ions w i th  widely  d i f ferent  
affinit ies for the  chela t ing  agent ,  i.e. t he  meta l  ion to  be 
buffered  ( 'p r imary  ion') and  a second,  auxi l iary  me ta l  ion 
( ' secondary ion').  

The  meta l -buf fe r ing  efficiency of th is  t y p e  of buffer  is 
ma in t a ined  under  the  following condi t ions :  

1. The secondary  ion m u s t  be b o u n d  by  the  che la tor  
a t  least  10-100 t imes  weaker  t h a n  the  p r i m a r y  ion ~ in 
order  to achieve suff icient ly low concen t ra t ions  of the  pri- 
m a r y  ion. 

2. The to ta l  concen t ra t ion  of the  p r i m a r y  ion should 
range  be tween  0.05 and  0.95 • [Lit. Beyond  this  region, 
the  buffer  capac i ty  is decreased too much.  

3. The concen t ra t ion  of t he  secondary  meta l  ion is 
l imi ted  by  the  condi t ion  

(9) 

4. Since there  is a s t rong compe t i t ion  be tween  p ro tons  
and  the  d iva len t  me ta l  ions, especial ly be tween  p ro tons  
and the  secondary  meta l  ion, t he  free me ta l  ion concent ra-  
t ion and  the  meta l  buffer ing eff iciency is ma in t a ined  
co n s t an t  be tween  abou t  p H  6 and 10, if 

and  if 

IKM%L(n - 2)-- < 100 I~ 1 (10) 

J~M%L(n - 2)- < I/K1 t(2 �9 (11) 

As shown in Table  I, b o t h  condi t ions  are fulfilled in the  
case of EDTA,  t-CPDA, t-CDTA and  o -PDTA w i t h  
Me~+ = Mg2+, and  in the  case of all chela tors  l is ted in 
Table  I w i th  Me~ + = Ca 2+ and  h e a v y  me ta l  ions (see 
Figures  7 and  8). 

Besides the  wel l -known complexes  of t he  MeL(n-2)--type, 
the re  exis t  - especially a t  pH-va lues  < 5 - addi t iona l  
complexes  of the  MeHL(n-3)--type~L The concen t ra t ion  of 
these  complexes  has  been  neglec ted  in the  der iva t ion  of 
the  eq. (27) on the  basis of t he  following cons idera t ion:  
I t  can be assumed t h a t  t he  concen t ra t ion  of t he  free 
d iva len t  me ta l  ion and  the  buffer  eff iciency is prac t ica l ly  
no t  changed  if less t h a n  1% of t he  MeL(n-2I--complex is 
p ro tona ted ,  i.e. if 

[MeL(n- 2) - ]  
>_ lOO. (12) 

[MeHL(n- 3) - ]  

n This condition can be verified, e.g., if Ca s+ or heavy metal ions as 
the primary ions are combined with ]Kg 2+ as the secondary ion, 
EDTA being the ligand. This combination is very useful for the 
study of some enzymes (e.g. Ca2+-dependent ATPase 12-14, alka- 
line phosphatasela,16), which are only active in the presence of 
Mg s+ and a second divalent metal ion (Ca s+, Zn s+, respectively), if 
the second divalent metal ion is present in enzyme-saturating con- 
centrations or if its free ion concentration can be determined at any 
moment or under any condition. 

12 g. T. DUNHAM and I. •. GLYNN, J. Physiol., Lend. 156, 274 (1961). 
is p. WINS and l~. SCHOFFENIELS, Biochim. biophys. Acta 720, 341 

(1966). 
14 H. U. WOLF, Bioehim. biophys. Aeta 266, 361 (1972). 
15 B. P. ACKERMANN, Disser ta t ion,  Mainz 1972. 
16 j .  AHLERS, Dissertation, Mainz 1972. 
1~ G. SCHWARZENBACH, IR. GUT and G. ANDER~GG, Helv. ehim. Acta 

37, 937 (1954). 
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With 
[1V][eL(n -2) - ]  KMeHL(n -- 3) - (13) 

[MeI-IL (n-~) - ]  [H +] 

w e  f i n d  t h a t  t h e  c o n c e n t r a t i o n  oI  t h e  M e H L ( n - 3 ) - - c o m  - 
p l e x e s  c a  n b e  n e g l e c t e d  i f  

I42MeHL(n - 3)-- 
[H+] _< (14) 

100 

The concent ra t ion  rat ios [free d iva lent  meta l  ionl /  
[complex] are expressed as 

and 

[Me[+] KMelL(n - 2) - 

[Me 1 L (n-2) -] [L n-] 

[Me~+] ]~M%L(n -2)--  

[Me~, L (n -2)-] [L n- ] 

(19) 

(20) 

By  means  of condi t ion (14), a lower pH- l imi t  for the vali-  
d i ty  of eq. (27) can be calculated for every  chelator.  
These values  are l isted in Table  I I I  for Me~ + = Ca 2+ and 
Me~+ = Mg 2+. Moreover,  t hey  have  been taken  into con- 
s iderat ion in the  figures. 

Neglect ing the  concent ra t ion  of the  MeHL(n-3)--com - 
plexes, the  equa t ion  for a two-meta l - ion  buffer  sys tem is 
der ived as follows : The  to ta l  l igand concent ra t ion  is given 
by 

[L]t --~ [L  n - ]  " P + [ M % L  ( n - 2 ) - ]  + [ M % L  (hA2)-]  (15) 

while the  to ta l  concent ra t ions  of the  d iva len t  meta l  ions 
are expressed app rox ima t ive ly  by  

[M:el] t _ [MEW+ ] + [Me I L ( n - s ) - ]  (16) 
and 

[Me2] t _~ [Mes s+] -{- [M% L ( n - 2 ) - ]  . (17) 

W i t h  equa t ion  (16) and (17), eq. (15) m a y  be rewri t ten  as 

[Li t  "~ [L n - ]  " P + [ M e l ] t -  [ M e ~ + ] - b [ M % ] t -  [Mess +] . (18) 

In  order to e l iminate  [L ~-] (19) and (20) m a y  be combined 
to form 

[lVle~+] = [MEW+] ___I{Me2L(n-2)- [M% L ( n - 2 ) - ]  (21) 

KMe,L(n -2 ) -  [Mel  L (n-2) -] 

which has to be inserted into (18) resul t ing in 

[Lit___ [L n-] P + ~Mel]t + [ M % ] t - -  

--[MEW+ ] ( 1  + KM%L(n--2)-- [ M % L ( n - 2 ) - ] i  (22) 

KMe, L ( ~ _ ~  Z- [Mel  L(n_2) - ] ] '  

Combining eq. (16) and (19), [L n-] can be expressed as 

(n-2)- [ M % L  (n-2)-] 
[ L " - ]  = I~MelL [MEW+] 

_~ KMelL(n-2)  - [Me1][Me--12[+]el~+] (23) 

Table  I. Values s of the dissociat ion cons tan t s  K1, K2, etc., K~, and  KMeL(n-2)- of the  chelators  t-CDTA, t-CPDA, E D T A  and E G T A  (T = 20 ~ 
= 0.1) 

t-CDTA t-CPDA E D T A  EGTA 

I{ 1 M 2.0 • 10 -13 5.5 • 10 - n  5.5 • 10 - n  3.47 • 10 -10 

I< s M 7.6 • 10 -~ 3.63 • 10 -8 6.9 • 10 -7 1.41 • 10 -9 

K s M 3.02 • 10 -~ 2.34 • 10 -9 2.14 • 10 -3 2.09 • 10 -3 

K 4 M 3.72 • 10 =8 1.78 • 10 -2 1.03 • 10 -s  1.0 • 10 -s 

KMg~(n-2)- M 4.8 x 10 -11 8.5 x 10 -10 2.04 X 10 -9 4.0 • 10 -6  

Kc~z(n-2)- M 8.4 • 10 -19 4.8 x 10 -is 2.57 • i0 -II 7.77 • i0 -119 

I<~nz(n-2)- M 1.7 X 10 -17 

Kzn~(n-2)- M 3.1 • 10 - n  

Ref.eo. 

Table  I I .  Values e of the dissociat ion cons tants  K1, Ks, etc., Ks, and KMeL(n-2)- of the chelators  H E D T A ,  OBDA, and o-PDTA( T = 20 ~ 
= o.1) 

H E D T A  OBDA o-PDTA 

K l M 1.9 x 10 -10 3.4 • 10 10 2.0 • 10 -7 

I< 2 M 5.62 • 10 -6 1.45 • 10 -9 1.58 • 10 -5 

14 a M 9.12 X 10 -3 1.74 X 10 -a 2.0 X 10 -4 

K 4 M - -  1 . 7 8  • 1 0  - s  1 . 2 6  X 1 0  - 3  

K~gL(n-2)- M 1.66 • 10 -6 4.9 • 10 .9 8.0 • 10 .8 

KeeL(n-2)- M 7.25 • 10 -9 8.9 x 10 -11 1.0 x 10 -9 

I{coL(n-2)- M 2.0 X 10 -15 

Kz,L(n-2)- M 3.16 • 10 -la 
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Table I lL  Suitability of chelators for use in two-metal-ion buffers 
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Chelator pH-range of validity of eq. (27) Suitability in the pH-range of validity of eq. (27) 
Me~ + = Mg2+ Me~ + = Ca2+ 

o-PDTA 4.5 10 + + + + 
t-CDTA 5 -10 + + + 
EDTA 5.5 10 + + + 
FIEDTA 6.0-10 -- + + 

t-CPDA 6.5-10 + + + 
OBDA 6.5-10 -r + + 
EGTA 7.5-10 --  + + 

I n s e r t i n g  eq.  (23) i n t o  (22), r e w r i t i n g  a n d  s o l v i n g  t h e  
s q u a r e  e q u a t i o n  fo r  [Me~+], a n d  u s i n g  t h e  a b b r e v i a t i o n s  

A = [Mel]~ + [Me2],--  [L]t (24) 

R KM%L(n--2)- [Me2 L(n-2)  - ]  is 
- - ( 2 5 )  

KMe~L (n-2) - [Me 1 L (n-2) - ]  

l e a d s  t o  t h e  f i n a l  e q u a t i o n ,  w h i c h  d e s c r i b e s  t h e  d e p e n d e n c e  
of  t h e  c o n c e n t r a t i o n  of  t h e  f ree  p r i m a r y  m e t a l  i on  o n  t h e  
p H - v a l u e ,  t h e  t o t a l  c o n c e n t r a t i o n s  of  t h e  p r i m a r y  a n d  t h e  
s e c o n d a r y  m e t a l  i on  a n d  t h e  c h e l a t o r :  

LMe~ +] --~ z l - -  KMelL(n - 2)-- �9 P + 
2 (1 + R) 

]/( - -  KMe~L(n - 2) - �9 P. 

+ 2(1 +R) + 

[Mel~t KMelL(n - 2) - " P 

I + R  

(27) 
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Fig. 3. Behaviour of a 'two-metal-ion buffer system' with Ca 2+ as pri- 
mary, Mg ~+ as secondary ion and L as chelator : [Ca ~+] depends only 
slightly on the pH-value within the range of pH 5.5-6.0. [EDTA]t = 
1 mM;  [Ca]c Curve 1:0.1 raM; 2 :0 .2  mM ;  3:0 .3  raM; 4 :0 .4  mM;  
5 :0 .5  mM;  6 : 0 . 6  mM;  7 :0 .7  raM; 8 : 0 .8  mM ;  and 9 : 0 . 9  mM, 
[Mg], = 10 mM. For calculations eq. (27) and constants of Table I 
were used. 

E q .  (27) s h o w s  t h a t  t h e  c o n c e n t r a t i o n  of  a n y  d i v a l e n t  
c a t i o n  c a n  be  c h a n g e d  in  t h r e e  d i f f e r e n t  w a y s :  

I.  T h e  c o n c e n t r a t i o n  o f  t h e  f ree  p r i m a r y  i o n  c a n  be  
v a r i e d  b y  c h a n g i n g  t h e  t o t a l  c o n c e n t r a t i o n  o f  t h e  p r i m a r y  
ion.  F i g u r e s  3, 4 a n d  5 g i v e  t h r e e  e x a m p l e s  for  t h i s  [Me~ +I- 
v a r i a t i o n  w i t h  Ca  ~+ as  p r i m a r y ,  M g  ~+ as  s e c o n d a r y  i on  
a n d  ] E D T A  as  c h e l a t o r ,  a n d  Z n  2+ as  p r i m a r y ,  Ca  ~+ a s  
s e c o n d a r y  i on  a n d  H E D T A  as  c h e l a t o r .  

2. T h e  s e c o n d  p o s s i b i l i t y  of  a c h i e v i n g  a c h a n g e  in  t h e  
c o n c e n t r a t i o n  of  t h e  f ree  p r i m a r y  i on  c o n s i s t s  in  t h e  v a r i -  
a t i o n  of  t h e  t o t a l  c o n c e n t r a t i o n  o f  t h e  s e c o n d a r y  ion .  
F i g u r e  6 s h o w s  t h e  d e p e n d e n c e  of  t h e  f ree  C a ~ + - c o n c e n t r a  - 
t i o n  o n  t h e  t o t a l  M g 2 + - c o n c e n t r a t i o n  w i t h i n  t h e  p H - r a n g e  
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Fig. 4. Dependence of [Ca ~+] on the pH-value and [Ca]t with [EDTA]~ 
= 4raM; [Ca]t: Curve 1:0.4 raM; 2:0.8 rnM; 3:1.2 raM; 4: 1.6raM; 
5:2.0  raM; 6 :2 .4  raM; 7:2.8 mM;  8:3 .2  mM;  9:3 .6  mM. [Mg]i = 
10 raM. For calculations eq. (27) and constants of Table I were used. 

is For practical use, the ratio [M%L(n-2)-]/[MelL(n~2)- j is expressed 
in terms of ILl, and [Mel]t by means of eq. (15), (16) and (19) as 

[1VIe~L (n-2) -J  [Lit KMelL ( n - 2 ) -  
" ~  - -  " P - - 1 .  

[MelL(n-2) - ]  [Mel]t - -  [Me~+] [Me~+~ 

(26) 
[Me 2+] is than  calculated by a simple iteration procedure. 
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of  5 . 5 - 1 0  w i t h  L = E D T A .  I t  is q u i t e  r e m a r k a b l e  t h a t  t h e  
i n c r e a s e  in  t h e  t o t a l  M g 2 + - c o n c e n t r a t i o n  n o t  o n l y  c a u s e s  
a n  i n c r e a s e  in  t h e  C a 2 + - e o n e e n t r a t i o n  b u t  a l so  a n  e x t e n -  
s i o n  of  t h e  p H - r a n g e ,  w i t h i n  w h i c h  t h e  C a = + - c o n c e n t r a  - 
t i o n  is p r a c t i c a l l y  c o n s t a n t .  
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Fig. 5. Dependence of [Zn 2+] on the pH-value and on [Zn], in a buffer 
system with Zn ~+ as primary, Ca 2+ as secondary metal ion and HEDTA 
as chelator. [HEDTA]~ = i raM, [Ca]~ = 2 mM, [Zn]~: Curve 1: 
0.1 mM;  2:0.2 mM;  3:0.3 mM ;  4: 0.4raM; 5:0.5 raM; 6:0 .6  mM;  
7 : 0.7 mM;  8 : 0.8 mM;  9 : 0.9 mM. For calculations eq. (27) and con- 
stants  of Table II were used. 
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Fig. 6. Dependence of [Ca2+~ on the pH-value and on [Mg]~ as secon- 
dary metal ion. [EDTA], = 1 mM, [Ca], = 0.5 mM, [Mg],: Curve 1: 
2 m M ;  2: 4 m M ;  3: 7 m M ;  4: 10raM; 5: 2 0 m M ;  and6:  40mM.  For 
calculations eq. (27) and constants of Table I were used. 

3. T h e  t h i r d  w a y  of  [Me,2+]-var ia t ion r e s u l t s  f r o m  t h e  
c h a n g e  of  t h e  r a t i o  KMe~L(n-2)- /KMelL(n-2)  - ,  i.e. t h e  
cho i ce  of  a n  a p p r o p r i a t e  c h e l a t o r .  F i g u r e  7 s h o w s  t h e  
r e s u l t s  o f  c a l c u l a t i o n s  of a s e r i e s  of  d i f f e r e n t  c h e l a t o r s  
w i t h  [Mg]t = 2.0 r a m  a n d  [Ca],  = 0.5 r a M .  T h e  v a l u e s  o f  
t h e  c o n s t a n t s  KMgL(n-2) - ,  KCaL(n-2) -, ~1, K2, etc., 
K~ a r e  g i v e n  in  t h e  T a b l e s  I a n d  n (Ref.6). T h e  c u r v e s  
d i f f e r  ill t w o  r e s p e c t s :  a) T h e  c o n c e n t r a t i o n  of  f ree  Ca  2+- 
i o n s  v a r i e s  w i t h  t h e  a f f i n i t y - r a t i o ,  b) T h e  p H - r a n g e ,  w i t h i n  
w h i c h  [Ca 2+] r e m a i n s  c o n s t a n t ,  v a r i e s  w i t h  t h e  t y p e  of  
l i g a n d .  

T h e  r e a s o n s  for  t h e  s e c o n d  o b s e r v a t i o n  a r e  t h e  d i f f e r e n t  
m e t a l  i on  a n d  p r o t o  n d i s s o c i a t i o n  c o n s t a n t s  of  e a c h  
l i g a n d .  T h u s ,  b o t h  c o n s t a n t s  a r e  i m p o r t a n t  for  t h e  s u i t -  
a b i l i t y  of  a c h e l a t o r  in  a b u f f e r  s y s t e m .  T h i s  b e c o m e s  
o b v i o u s  w h e n  c h e l a t o r s  of  n e a r l y  i d e n t i c a l  v a l u e s  of  t h e  
r a t i o  KMgL(n-2)-/I'~caL(n-2) - a r e  c o m p a r e d ,  eg. t h e  
c h e l a t o r s  E D T A  a n d  o - P D T A  or  t - C D T A  a n d  O B D A .  
T h e y  d i f fe r  m a r k e d l y  w i t h  r e s p e c t  to  t h e i r  p r o t o n  d i s soc i a -  
t i o n  c o n s t a n t s  ( T a b l e s  I a n d  I I ) .  T h i s  c a u s e s  a l i g a n d -  
spec i f i c  p H - d e p e n d e n c e  of t h e  Ca~+-level .  

T h e  Ca2+-level  is i n d e p e n d e n t  of  t h e  p H - v a l u e  w i t h i n  
A p H  = 3 . 5 - 5 . 0  in  t h e  ca se  of  t h o s e  l i g a n d s  w h i c h  m e e t  t h e  
c o n d i t i o n s  g i v e n  b y  eq .  (10) a n d  (11) ( o - P D T A ,  E D T A ,  
t - C P D A  a n d  t - C D T A ) ,  a n d  o n l y  w i t h i n  A p H  = 1.5 in  t h e  
c a s e  o f  t h o s e  l i g a n d s  w h i c h  do  n o t  m e e t  t h e s e  c o n d i t i o n s  
( H E D T A ,  E G T A ) .  O t 3 D A  h o l d s  a n  i n t e r m e d i a t e  p o s i t i o n  
w i t h  A p H  = 3.0:  c o n d i t i o n  (10) is m e t ,  b u t  n o t  (11). 

T h e  t w o - m e t a l - i o n  b u f f e r s  a r e  a b l e  to  b u f f e r  t h e  Me~+- 
c o n c e n t r a t i o n  o v e r  a w i d e  r a n g e ;  e.g. ,  i t  is p o s s i b l e  t o  
b u f f e r  t h e  C a 2 + - c o n c e n t r a t i o n  b e t w e e n  0.007 a n d  200 txM, 
w h e n  E D T A  a n d  E G T A  a re  u s e d  as  c h e l a t o r s .  T h i s  r a n g e  
c a n  be  e x t e n d e d  in  t h e  c a s e s  of  Co 2+- a n d  Z n  2 ~-ions,  w h i c h  
a r e  k n o w n  to  a f f e c t  s t a b i l i t y  a n d  r e a c t i o n  r a t e  of  s o m e  
e n z y m e s ,  e.g.  a l k a l i n e  p h o s p h a t a s e  ~ .  T h e  c o n c e n t r a t i o n  
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Fig. 7. Comparison of [Ca ~+3 in buffer systems with different chela- 
tors. The chelators differ with respect to their ratio KmgL(n-2)-] 
Kc~  (n-2)-, which causes variable [Ca~+]-values. In  addition, they 
differ with respect to their proton dissociation constants, which causes 
a differing pH-dependence of the Ca~+-level. ELI, = 1 mM, [Ca]t = 
0.5 raM, [Mg], = 2 mM. Curve 1: L = EGTA, K~gL (n-2)--/ 
iKcaL (n-2)-- = 5.15 • 104; 2 : HEDTA, 229; 3 :t-CPDA, 177; 4 : o-PDTA, 
80 ; 5 : EDTA, 79,5 ; 6 : t-CDTA, 57 ; 7 : OBDA, 55. For calculation eq. 
(27) and constants of Tables I and II were used. 
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of  Co2+- ions  c a n  be  b u f f e r e d  in  t h e  r a n g e  o f  1 0 - ~ a - 1 0 - s M  
b y  a p p l i c a t i o n  of  O B D A ,  E D T A ,  a n d  t - C D T A ,  Zn~+- ions  in  
t h e  s a m e  r a n g e  b y  t h e s e  l i g a n d s  a n d  E G T A .  T h e s e  c h e l a -  
t o r s  h a v e  b e e n  s h o w n  t o  be  q u i t e  s u i t a b l e  for  t h e  i n v e s t i g -  
a t i o n  of  s t a b i l i t y  a n d  r e a c t i o n  r a t e  d e p e n d e n c e  of  a l k a l i n e  
p h o s p h a t a s e  o n  Z n 2 + - c o n c e n t r a t i o n s  ~ ,  ~6, ~ .  

F i n a l l y ,  n o t  o n l y  t h e  p r i m a r y  m e t a l  i on  c o n c e n t r a t i o n ,  
b u t  a l so  t h e  b u f f e r  c a p a c i t y  d ~ M e ~ t / d  (-log [Me2+~) of  t h e  
t w o - m e t a l - i o n  b u f f e r s  is  p r a c t i c a l l y  i n d e p e n d e n t  of  t h e  
p H - v a l u e .  I n  o r d e r  to  p r o v e  t h i s  i n d e p e n d e n c e ,  c a l c u l a -  
t i o n s  w e r e  p e r f o r m e d  fo r  a v a r i e t y  of  b u f f e r  s y s t e m s  con -  
s i s t i n g  o f  d i f f e r e n t  p r i m a r y  a n d  s e c o n d a r y  i o n s  a n d  c h e l a -  
t o r s  o f  v a r i o u s  c o n c e n t r a t i o n s .  T h e  r e s u l t s  s h o w n  in  
F i g u r e s  8, 9 a n d  10 i n d i c a t e  t h a t .  

1. T h e  b u f f e r  c a p a c i t y  is  s l i g h t l y  d e p e n d e n t  o n  t h e  p H -  
v a l u e  in  s o m e  cases ,  i .e. i n  b u f f e r  s y s t e m s  w i t h  Me~ + = 
M g  ~+, e s p e c i a l l y  in  t h e  p r e s e n c e  of  l ow  M g ~ + - c o n c e n t r a  - 
t i o n s  ( c u r v e  1 in  F i g u r e  8), o r  w i t h  L = H E D T A ,  w h i c h  
d o e s  n o t  m e e t  t h e  c o n d i t i o n s  (10) a n d  (11) ( c u r v e  12 in  
F i g u r e  9). 

2. T h e  b u f f e r  c a p a c i t y  is  c o n s t a n t  w i t h i n  t h e  v a l i d i t y -  
r a n g e  o f  eq.  (27) i n  s y s t e m s  w i t h  Me~ § = Ca  ~+, i r r e s p e c t i v e  
o f  t h e  n a t u r e  of  Me~+ a n d  L,  a n d  t h e  c o n c e n t r a t i o n s  of  
Me~ +, Me~ + a n d  L.  

A s  o u t l i n e d  be fo re ,  in  a s i n g l e - m e t a l - i o n  b u f f e r  t h e  
t o t a l  c o n c e n t r a t i o n  of  t h e  m e t a l  i on  h a s  t o  be  c h a n g e d  in  
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Fig. 8. Dependence of the capacity of various two-metal ion buffer 
systems on the pH-value. The buffers are composed as follows: 

Curve No. L EL]~ Me~ + [Me~+], Me~ + [Me~+~ 
(raM) [mM) (raM) 

1 EDTA 1 Ca 2+ 0.5 ~g2+ 2 
2 EDTA 1 Ca 2+ 0.5 Mg 2+ 4 
3 EDTA 1 Ca ~+ 0.5 Mg 2+ 7 
4 EDTA 1 Ca ~+ 0.5 Mg 2+ 10 
5 EDTA 1 Ca 2+ 0.5 Mg ~+ 20 
6 EDTA 1 Ca ~+ 0.5 Mg 2+ 40 
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o r d e r  to  m a i n t a i n  a c o n s t a n t  l eve l  of  t h e  f ree  m e t a l  i on  
c o n c e n t r a t i o n  w i t h i n  a c e r t a i n  p H - r a n g e  (e.g. 0.01 a M  
a t  p H  6 . 8 - 8 . 6 ;  see  F i g u r e  2). A s  s h o w n  in  F i g u r e  11, t h i s  
c h a n g e  in  t h e  c o m p o s i t i o n  r e s u l t s  in  a m a r k e d  p H - d e p e n -  
d e n c e  of  t h e  b u f f e r  c a p a c i t y ,  c o m p a r e d  w i t h  a t w o -  
m e t a l - i o n  b u f f e r  s y s t e m .  

I n  p r a c t i c e ,  t h e  d e s i g n  o f  a n y  b u f f e r  s y s t e m  w i t h  a con -  
s t a n t  c o n c e n t r a t i o n  o f  t h e  f r ee  p r i m a r y  m e t a l  i o n  c a n  be  
a c c o m p l i s h e d  e v e n  in  a p H - r a n g e ,  in  w h i c h  p r o t o n a t i o n  
of  t h e  c h e l a t o r  o c c u r s  (e.g. p H  5 . 5 - 6 . 5  i n  t h e  c a s e  of  
E D T A  w i t h  M e l  § = Ca  ~+ a n d  Me~ § = Mg2+; see  F i g u r e  7). 
S ince  o f t e n  b o t h  c o n c e n t r a t i o n s  [Me~ § a n d  r 2+ LM% ] h a v e  
to  b e  m a i n t a i n e d  c o n s t a n t ,  i n  t h e  f o l l o w i n g  e q u a t i o n s  
[Mel]t  a n d  [Me~Jt a r e  e x p r e s s e d  a s  f u n c t i o n s  of  [Lit ,  
[Me~+], [Me~+~, [H+],  KMe~L(n-2)-,  KM%Ltn-2)- ,  I~1, I62~, 
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Fig. 9. Dependence of the capacity of various two-metal-ion buffer 
systems on the pH-value. The buffers are composed as follows: 

Curve No. L ILl, Me~* [Me~+], Me~ + [Me~+]t 
(mM) (mM} (mM) 

1 o-PDTA 1 Ca 2+ 0.2 Mg 2+ 1 
2 o-PDTA 1 Ca 2+ 0.5 Mg 2+ 1 
3 o-PDTA t Ca 2+ 0.8 Mg 2+ 1 
4 b-CDTA 1 MI12+ 0.2 Ca 2+ 2 
5 t-CDTA 1 Mn ~+ 0.5 Ca 2+ 2 
6 t-CDTA 1 Mn 2+ 0.8 Ca 2+ 2 
7 OBDA 2 Co 2+ 0.2 Ca 2+ 4 
8 OBDA 2 Co 2+ 0.5 Ca ~+ 4 
9 OBDA 2 Co 2+ 0.8 Ca 2+ 4 

10 HEDTA 1 Zn 2+ 0.5 Ca 2+ 2 
10 EDTA 1 Zn 2+ 0.5 Ca 2+ 2 
11 HEDTA 1 Zn ~+ 0.5 Ca 2+ 10 
11 EDTA 1 Zn ~+ 0.5 Ca ~+ 10 
12 HEDTA 1 Ca ~+ 0.5 Mg 2+ 40 

19 R. COHEN and J. B. WILSON, Biochemistry 5, 904 (1966). 
�9 s0 y .  OGAWA, J. Biochem., Tokyo 6,r 255 (1968). 
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Fig. 10. Dependence of the capacity of various two-metal-ion buffer 
systems on the pH-value. The buffers are composed as follows: 

Curve No. L IL~t Me~_ + [Mel]t Me~ + [M%]t 
(mM) (mM) (raM) 

1 EDTA 4 Ca ~+ 0.8 Mg 2+ 5 
2 EDTA 4 Ca ~+ 2.0 Mg 2+ 5 
3 EDTA 4 Ca 2+ 3.2 Mg ~+ 5 
4 EDTA 4 Ca 2+ 2.0 Mg 2+ 10 
5 EDTA 4 Ca ~+ 2.0 Mg ~+ 20 
6 EDTA 4 Ca ~+ 2.0 Mg ~+ 40 
7 EDTA 4 Ca ~+ 0.8 Mg 2+ 40 
8 t-CPDA 4 Ca 2+ 0.8 Mg 2+ 20 
9 t-CPDA 4 Ca 2+ 2.0 Mg 2+ 20 
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Fig. 11. Comparison of different buffer systems with respect to the 
pH-dependence of their buffer capacities. The lower curve represents 
the pH-dependenee of a single-metal-ion buffer consisting of [EDTA]~ 
= I m M  and [Ca]t = 0.1-0.9 mM. This buffer yields a constant Ca a+- 
level of 0.01 [xN[ within the pH-range of 6.8-8.6 (the values were cal- 
culated from Figure 2). The upper curve represents a two-metal-ion 
buffer system with [EDTA]~ = 1 mM, [Ca], = 0.5 raM, and [Mg]t = 
4 m M  (curve 2 of Figure 8). 

K a . . . . .  , a n d  Kn .  T h e s e  e q u a t i o n s  a r e  d e r i v e d  as  f o l l ows :  
I n s e r t i n g  (19), s o l v e d  for  [Ln-] ,  a n d  (21), s o l v e d  for  

[M%L(n-2)-], i n t o  (15) y i e l d s  

[MelL(n-)2 -] 
[Lit ~ KMe,L (n-2)- [Me~_ +] P 

( [Me~+] KMelL(n-2) -  ) (28) 
+ [MelL(n -2 ) - ]  1 + [Me~.+ ] KM%L(n-2) " 

S o l v i n g  for  [MelL(n-2)- ] a n d  s u b s t i t u t i n g  i n t o  (16) l e a d s  t o  

[Mel]t --- 

1 +  

[L] t 
KMe~L ( n - 2 ) - ( p  q_ [LVIe~+] ) + [Me~+] 

[Me~+] KMe~L (,~-2)- (29) 

T h e  t o t a l  c o n c e n t r a t i o n  of t h e  s e c o n d a r y  m e t a l  i on  c a n  
be  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  

[Mee]t 
[L]t 

+ [Me~+] 
1 @ KMe~L (n -2 ) -  ( [Me~+] ) 

[Me~+] P + KMe,L ( n - 2 ) ~  (30) 

w h i c h  is o b t a i n e d  b y  a d e r i v a t i o n  s i m i l a r  t o  t h a t  of  eq.  (29). 
I n  F i g u r e  12, eq.  (29) w a s  u s e d  t o  c a l c u l a t e  t h e  t o t a l  

Z n ~ + - c o n c e n t r a t i o n  in  a Z n  2+, M g 2 + - E D T A - b u f f e r  s y s t e m  
as  a f u n c t i o n  of  t h e  p H - V a l u e  w i t h i n  t h e  r a n g e  of  p H  5 . 5 -  
10. I t  is n o t e w o r t h y  t h a t  t h e  t o t a l  Z n 2 + - c o n c e n t r a t i o n  
n e c e s s a r y  t o  m a i n t a i n  a c o n s t a n t  c o n c e n t r a t i o n  of f ree  
Zn2+- ions  is d e c r e a s e d  b e t w e e n  p H  5.5 a n d  6.5, w h e r e  a 
s i g n i f i c a n t  p r o t o n a t i o n  of  E D T A  o c c u r s .  

A l i m i t a t i o n  of  t h e  a p p l i c a b i l i t y  o f  t h e  m e t a l  i on  
b u f f e r s  is g i v e n  b y  t h e  m e t a l  i on  h y d r o x i d e  f o r m a t i o n  a t  
h i g h  p H - v a l u e s .  I n  t h e  e x a m p l e  d i s c u s s e d  here ,  t h e  so lu -  
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Fig. 12. pH-dependence of [Zn]~ necessary to maintain a constant 
concentration of free Zng+-ions. [EDTA], = 1 raM; [Zn~+] : Curve 1: 
10-1~M; 2: 10-1~M; 3 :10 l~ The caluclation was performed using 
eq. (29). For Values of constants see Table I. The [Mg],-value, which 
has to be calculated by means of eq. (30), is not shown in this Figure. 
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bi l i ty  p roduc t  of the  respect ive  Me(OH)2-compounds  is 
no t  exceeded under  the  condit ions chosen here. However ,  
in some cases (e.g. at  ~Mg]t > 10 m M  and p H  > 10 
(Refs. 6 and 10) a correct ion of the  [Melt-value wi th  respect  
to the  fo rmat ion  of Me(OH)+ and Me(OH)2 m a y  become 
necessary. 

In  order  to give hints  for the  prac t ica l  use of two- 
meta l - ion  buffers, the  pH- range  of the  va l id i ty  of eq. (27) 
and  the  su i tabi l i ty  for use in a two-meta l - ion  buffer  are 
l is ted in Table  I I I  for each chelator  discussed in this  paper.  
The  i t em on the  sui tabi l i ty  is based on the  pH- indepen-  
deuce of the  Me~+-level and the  buffer  capac i ty  wi th in  
the  pH- range  covered by  eq. (27). 

Zusammen/assung. Es werden Puffersys teme ftir diva-  
lente Metal l ionen beschrieben, die im Bereich yon etwa 
p H  6-10 gegeniiber den he rk6mml ichen  Metal lpuffern 
eine bemerkenswer t  niedrige pH-Abh/ ing igke i t  der 
MetaUionenkonzentra t ion  und der Pufferkapazitgtc zeigen. 

Die Puf fe r sys temebes tehen  aus einem s tarken Komplex-  
bi ldner  (vorzugsweise einer Polyaminocarbonsgure)  und 
zwei verschiedenen,  d iva len ten  Metall ionen,  die beziiglich 
der  Bindung  durch den Komplexb i ldner  in Konkur renz  
stehen. Dasjenige Metall ion,  dessen Konzen t ra t ion  
gepuffer t  werden soll, wird als Prim~irion bezeichnet.  
Das zweite  Ion, das Sekundgr ion  genannt  wird, soil yore  
Komplexb i ldner  mindes tens  um den Fak to r  10-100 
schw~icher gebunden werden. 

Die  Gesamtkonzen t ra t ion  des Pr imgrions  ist  geringer 
als diejenige des t (omplexbi ldners ,  wghrend die Summe  
der  Gesamtkonzen t ra t ionen  der beiden d iva len ten  MetalI- 
ionen h6her  ist als diejenige des Komplexbi ldners .  

Die Konzen t ra t ion  des freien Prim/ir ions kalln ill den 
beschriebenen Puffersys temen auf drei  verschiedene 
Ar ten  var i ie r t  werden:  1. durch Anderung.. der Gesamt-  
konzent ra t ion  des Prim~irions, 2. durch Anderung der  
Gesamtkonzen t ra t ion  des Sekund~irions, und 3. du tch  die 
W a h l  eines passenden Komplexbi ldners  mi t  entsprechen-  
den Metal l ionen- und Protonendissozia t ionskonstanten .  
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A bbreviations and symbols 

t-CDTA, trans-Cyclohexane-1, 2-diamine-tetraacetate. 

t-CPDA, trans-l,2-Cyclopentylenedi-[iminodi(acetate)]. 

EDTA, Ethylenediamine-N, N, N', N'-tetraacetate. 

EGTA, 2, 2'-Ethylenedioxybis[ethyliminodi(acetate)]. 

HEDTA, N'-(2-I-tydroxyethyl)-ethylenediamine-N, N, N'-tri- 
acetate. 

OBDA, 2, 2'-Oxybis[ethyliminodi(acetate)]. 

o-PDTA, o-Phenylenediamine-N, N, N', N'-tetraacetate. 

Me 2+, divalent metal ion. 

Me21 +, 'primary' metal ion. 

Me~ +, 'secondary' metal ion. 

EMe~+J, concentration of the free metal ion (not bound by a 
chelator). 

L, chelator. 

n, number of dissociable protons of k 

K, dissociation constant. 

I~2MeL (~-2)-, dissociation constant of the complex MeL(n-'2)-. 

I421 , K2.. } proton dissociation constants (definitions see text). 
.. I4: n 

KMeHL(n-a)--, proton dissociation constant of the complex 
MeHL(n-a)-. 

l, total index. 

Definitions. 

[Lit = [L n-]  + [LH (u- l ) - ]  + -.. + [LHn-_I ] + [LHn] . 

[L---It = [L--~t + [MeL(n-2)-] . 

[ L l t =  [--~t + [M% L(n-2)-;  + [M% L(n-'D-] - 

i = n  [H+]* 
P = 1 +  Z f fK~ ' 

i = l  

KM% L (n-'2)- [N[%L(n-2)-] 
R -- 

KMel L ( n - 2 ) -  [ M % L ( n - 2 ) - ]  

ZI = [Mel j t  + [ M e ~ ] t - - [ L ] t .  

Lipid Mobility and Function in Biological Membranes 

Recen t  advances  in bioenergetics~-~ and immuno logy  s 
show t h a t  the  f lu id i ty  of membrane  lipids is of pr ime 
physiological  significance. The  recent  'f luid mosaic '  model  
of cell membranes  envisages membrane  proteins  as f loat-  
ing like icebergs in fluid l ipid 9 and l ip id-prote in  inter-  
actions can increase subs tant ia l ly  the  collapse pressure 
of such fi lm components .  For  example,  rhodopsin can 
ro ta te  freely in the  re t ina  membrane  which has a viscosi ty  
of about  2 poise 10. I t  seems tha t  the  above  propert ies  are 
l inked wi th  conformat ional  changes ill the  membrane  4, 5. 

Any  membrane  react ion be tween  prote in  ' icebergs '  and 
an externa l  r eac tan t  which expands  the  prote in  would 
t end  to compress the  l ipid f i lm since the  prote in  would 
func t ion  l ike the  moveab le  barr ier  in a surface balance.  

Energy  would the reby  tend  to t ransfer  f rom the  react ion 
to the  compressed lipid and f rom there  to another  process. 
Al ternat ive ly ,  l ipid compression could be rel ieved by  
expansion of the  membrane .  Hence  the  compression 
would normal ly  be t ransient .  Lipid therefore provides  a 
mechan i sm for the storage and t ransmission of energy. 
The mechan ism proposed is more general ly appl icable  
than  m y  earlier concept  of ' l ipid rubbers  '4 bu t  the  two 
concepts  are not  mu tua l ly  exclusive. 

If  there  were much  cholesterol,  or ceramides,  in a lipid 
film, as in some nerve  and plasma membranes ,  the  fi lm 
would inherent ly  be subs tant ia l ly  compressed n and its 
viscosi ty  is h igh (5-20 poise1~ A small  expansion of a 
prote in  ' iceberg ' ,  or pene t ra t ion  of the  f i lm by  a lipo- 


