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B i n d i n g  of  A l u m i n i u m  I o n s  b y  Staphylococcus aureus 893 

The kinet ics  of a lumin ium ion b ind ing  f rom aqueous  
solut ion by  S taphy lococcus  aureus  s t ra in  893 (a w o u n d  
isolate, Un ive r s i t y  of S t ra thc lyde)  have  been shown to be 
rapid,  a surface p h e n o m e n o n  and  d e p e n d a n t  on the  
h y d r o g e n  ion c o n c e n t r a t i on  of t he  solutionS. 

The n a t u r e  of th i s  b ind ing  has  now been  inves t iga ted  
in the  p H  range  2.0-6.0. 2 m e c h a n i s m s  of b ind ing  have  
been  found.  

E x p e r i m e n t a l  procedures .  Nutr ier t t  agar  cul tures  of 
S.  aureus  893 were grown as p rev ious ly  descr ibed  1. "Washed 
cells were suspended  in dist i l led w a t e r  (D660mn of 
1,0 = 354 ~g/ml d ry  weigh t  a t  105°C) and  used to  
p repa re  isolated cell walls (SALTON~). 

The  u p t a k e  of a lumin ium b y  cells f rom solut ions  con- 
t a in ing  10-20 mg/ l  a t  p H  values  f rom 2,0-6.0 were  
d e t e r m i n e d  by  the  m e t h o d  of GILES and  McKAY 3. Solu- 
t ion  concen t r a t i ons  of a lumin ium were  d e t e r m i n e d  by  
JoNEs and  THURMAN 4 me thod .  

The b ind ing  of h y d r o g e n  ion by  cell walls was  deter-  
mined  by  the  m e t h o d  of I~ENCHINGTON ~ in 0 .053I  KCI 
suspens ions  wi th  0 .02N HC1 using a R a d i o m e t e r  TTTlc  
p H  m e t e r  and  record ing  un i t  as descr ibed by  A. D. 
BROWN 6. 

R e s u l t s  a n d  d i scuss ion .  The  adsorp t ion  i so therm (20 °C, 
p H  6.0) of a lumin ium ions by  cells of S.  aureus  893 is 
shown  in F igure  1 where  1180 txmoles/g d ry  weigh t  is 
bound .  

The inf luence of hydrogen  ion concen t r a t i on  on the  
b i n d i n g  of a lumin ium is shown in t he  Table  where  
m a x i m u m  values  are s ta ted .  The p H  shif t  to  more  acid 
values  show t h e  associa t ion  of a lumin ium ions wi th  acid 
groups  on the  cell. A t  p H  values  of 4.0-4.4 t h e  a m o u n t  of 
a lumin ium b o u n d  has  fal len to  240 vmoles/g,  and  a t  p H  
value  of 3.9 and  below no de t ec t ab l e  b ind ing  of a lumin iun l  
could be de te rmined .  Also no s ignif icant  fall in t he  p H  of 
t he  solut ion was  no t iced  a t  p H  values  below 4.0 ind ica t ing  
no h y d r o g e n  ion -a lumin ium ion exchange .  

The m o s t  a b u n d a n t  a lumin ium ion in solut ions  of low 
concen t r a t i ons  of a iumin ium a t  p i t  values  abou t  4.0 is the  
m o n o n u c l e a t e  h y d r o x i d e  [Al(OH)e]+7,s, and  a lumin ium 
is a t t a c h e d  as th is  ionic species to  the  mobi le  layer  of 
coun te r  ions associa ted  wi th  t he  dissociable  groups  of the  
s t aphy lococca l  cell surface % 

"With r is ing h y d r o g en  ion concen t r a t i on  of the  m e d i u m  
3 fac tors  opera te  to  effect ively  reduce  the  adso rp t ion  of 
a lumin ium by  t h e  cells. (1) More ca t ions  compe t ing  for 
the  exchangeab le  si tes on the  cell surface;  (2) the  increase 
in  t he  e lec t ropos i t iv i ty  of the  h y d r a t e d  a lumin ium ions 
[AI(OH)2]+ ~ [AI(OH)] ++ ~ [A113+I-I20; (3) t he  
n u m b e r  of dissociable groups  on the  cell surface is reduced.  

The desorp t ion  i so therm for b o u n d  a lumin ium f rom 
S.  aureus  893 (20 °C p H  3.0) is a s t r a igh t  line re la t ionship ,  
ind ica t ing  the  r ep l acemen t  of an [AI(OH)2]+ ion by  a H+. 
E x t r a p o l a t i o n  of this  line to  zero concen t r a t i on  of free 
a lumin ium ions yields an in t e r cep t  of 220 ~moles b o u n d  
a lumin ium/g  d ry  weight .  This  res idual  a lumin ium (which 
cor responds  to  t he  a m o u n t  of Mumin ium adsorbed  f rom 
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o Adsorption isotherm of aluminium by S. aurcus  893 
at 20°C and pH 6.0. • • Desorption isotherm of aluminium by 
S. aureus 893 at 20 °C and pH 3.0. 
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Fig. 2. Hydrogen ion binding of isolated walls of S. aureus 893. 

Competitive binding of aluminium ions by S. aureus 893 cells at 
increasing concentrations of hydrogen ion 

pH of AI InitialpH of pH of reac- Z] pH of A1 Aluminium 
solutions S. aureus tion mixture mixture bound 

893 + alu- at equi- [zmoles/g 
nfinimn, librium 
mixture 

4.35 6.00 5.40 0.60 1180 
4.35 4.55 4.50 0.05 240 
3.80 3.92 3.90 0.02 nil, or too 

low to be 
determined 
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so lu t ions  of p H  4.00-4.40),  could  n o t  be  d isp laced  b y  
so lu t ions  of h i g h  h y d r o g e n  ion c o n c e n t r a t i o n  e.g. p H  2.0 
a n d  1.0. Fa i lu re  to  d is lodge t h i s  a l u m i n i u m  b y  H+ sugges t  
t h a t  i t  m u s t  be  r ig id ly  b o u n d  in a h i g h  a f f in i ty  l inkage  9, 
e.g. c o v a l e n t  l inkage,  a n d  t h a t  g roups  on t he  ceil sur face  
d i s soc ia t ing  in  t h e  p H  reg ion  4 .0-4 .4  a re  t h e  m o s t  im-  
p o r t a n t  f ac to r  in  t h e  i n t e r a c t i o n  of a l u m i n i u m  w i t h  
S. aureus 893. 

T h u s  2 t y p e s  of b i n d i n g  occur :  (1) a l u m i n i u m  is b o u n d  
f i rmly  in  a c o m p l e x  w i t h  g roups  o n  t h e  cell sur face ;  t h e n  
(2) s u b s e q u e n t  b i n d i n g  is as e x c h a n g e a b l e  ca t ions  in  t he  
mob i l e  l aye r  of  coun te r ions .  I t  h a s  b e e n  s h o w n  t h a t  t h e  
b i n d i n g  of M u m i n i u m  h a s  l e tha I  effects  (BRADLEY, FISH 
a n d  PARKER)X. Of t h e  2 t y p e s  of b i n d i n g  desc r ibed  com- 
p lex  f o r m a t i o n  is p o t e n t i a l l y  t h e  more  le thal .  

T h e  i so la ted  cell wal ls  of S. aureus 893 b o u n d  a max i -  
m u m  of 82 [z equiv .  H+/g  a t  p H  va lues  4.00-4.40.  F igu re  2 
( compare  GALDIERO) 10; cell wal ls  also b o u n d  130 ~zmoles 
A1/g a n d  cell walls  w i t h  complexed  a l u m i n i u m  ut i l ized 
94 Vt equiv.  H+/g  a t  p H  4.00 w i t h  a m a x i m u m  u t i l i z a t i on  
a t  p H  3.80 of 138 ~t equiv.  H+/g.  

F r o m  th i s  p r e l i m i n a r y  d a t a  i t  is e v i d e n t  t h a t  a l u m i n i u m  
is b o u n d  in  a h igh  a f f in i ty  l inkage  b y  sur face  g roups  of 
p K a  ,-~ 5 on  S. aureus 893. 

R6sumd. D e u x  t y p e s  de  l ia isons  o n t  l ieu q u a n d  des  ions  
d ' a l u m i n i u m  r6ag i ssen t  avec  les pa to i s  cel lulai res  isol6es de  
Straphylococcus aureus esp~ce 893, L a  p r e m i e r e  i n t e r a c t i o n  
a c o m m e  r 6 s u l t a t  la  f o r m a t i o n  d ' u n  eomplexe  s t a b l e  qu i  
a f fec te  des  g roupes  o c c u p a n t  le t o u r  de  la  cel lule avec  u n  
pK~ ,-, 5. O n  suppose  l ' ex i s t ence  d ' u n  c o m p o s a n t  de  sur-  
face cons t i t u6  p a r  de  la p ro t6 ine  combin6e  ~ de  l ' ac ide  
t e icho ique .  L a  deux i~me  I ia ison cons i s te  en  ions  i n t e r -  
c h a n g e a b l e s  d a n s  la  couche  mobi l e  de  ca t ions  r e c o u v r a n t  
la paro i .  
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A Pre l iminary  A s s e s s m e n t  of the Techniques  for Measur ing  P r i m a r y  Product ion  in Macrophyt ic  
Marine Algae 

A t t e m p t s  t o  assess t h e  p r o d u c t i v i t y  of a q u a t i c  p l a n t s  
u n d e r  n a t u r M  c o n d i t i o n s  h a v e  p r o d u c e d  cons ide rab le  con-  
t r o v e r s y  ove r  t h e  m e t h o d s  e m p l o y e d  1-~ I n  t h i s  i n v e s t i g a -  
t i o n  of t h e  r a t e s  of pr imary-  p r o d u c t i o n  of t h e  m a r i n e  alga, 
Cau.Ierpa proli/era (Forsk,)  L a m o u r ,  in  C a n a r y  W a t e r s ,  
o x y g e n  p r o d u c t i o n  a n d  14C i n c o r p o r a t i o n  were  m e a s u r e d  
a n d  c o m p a r e d  u n d e r  v a r y i n g  cond i t ions .  

F r o n d s  oI t h e  a lga  were  col lec ted  f rom a d e p t h  of 5 m 
b y  d ive r s  a n d  i m m e d i a t e l y  on  r each ing  shore  t h e y  were  
r insed  in s e a w a t e r  a n d  t r a n s f e r r e d  to  i n c u b a t i o n  bo t t les .  
A t  no  t i m e  d u r i n g  t h i s  t r a n s f e r  were  t h e y  t a k e n  o u t  of  
w a t e r  or  exposed  to  d i r ec t  sun l igh t .  T he  sealed bo t t l e s  
were  a t t a c h e d  to  wire  t r a m e s  u n d e r w a t e r  a t  a p p r o p r i a t e  
dep ths .  T h e  f r ames  were  secured  to  ropes  b u o y e d  a t  t he  
surface,  a n d  b u f f e t i n g  of t h e  b u o y s  p r o d u c e d  suff ic ient  
a g i t a t i o n  in the  bo t t l e s  to  ensure  a n  even  m i x i n g  of dis- 
so lved gases a n d  n u t r i e n t s  a r o u n d  t h e  t issue.  P h o t o -  
s y n t h e t i c  o x y g e n  p r o d u c t i o n  was d e t e r m i n e d  us ing  t he  
l i g h t / d a r k  b o t t l e  t echn ique* ,  oxygen  c o n c e n t r a t i o n  
changes  in t he  s e a w a t e r  be ing  m e a s u r e d  w i t h  a p o l y e t h y -  
lene- lead-s i lver  e lec t rode  s y s t e m  ~. E s t i m a t e s  of o rgan ic  
p r o d u c t i o n  were  de r ived  f rom o x y g e n  f igures  a s s u m i n g  a 
p h o t o s y n t h e t i c  q u o t i e n t  of 1.0. x4Carbon i n c o r p o r a t i o n  
m e a s u r e m e n t s  were  based  on  t h e  m e t h o d  of STEE~AN- 
NIELSE,'q 6. A 1 m C  a m p o u l e  (Rad iochemica l  Centre ,  
A m e r s h a m ,  E n g l a n d )  of Nabs*CO3 (56 m C / m M )  was  
d i l u t ed  to  500 ml,  g iv ing  a f ina l  a c t i v i t y  of 2 ~zC/ml, a n d  
2.5 mI  of t h i s  s t ock  so lu t ion  was  a d d e d  to  197.5 m l  of  
f resh ly  d r a w n  seawate r .  Af t e r  i n c u b a t i o n  (see Tables )  t h e  
a lgal  f ronds  were  w a s h e d  quickly ,  t h e n  t r a n s f e r r e d  to  80% 
e t h a n o l  for  t r a n s p o r t  to  Br i t a in .  R a d i o a c t i v i t y  was  
m e a s u r e d  in  a P a c k a r d  T r i c a r b  Sc in t i l l a t i on  C o u n t e r  a t  
53% efficiency.  

P r e l i m i n a r y  e x p e r i m e n t s  w i t h  v a r y i n g  t i s s ue / i ncuba -  
t i on  v o l u m e  ra t ios  i n d i c a t e d  no  a p p a r e n t  n u t r i e n t  de-  
f ic iency effects  u n d e r  t h e  c o n d i t i o n s  used  in t h e  24-h 
s tud ies  w i t h  Caulerpa. Similar ly ,  no  a p p a r e n t  n u t r i e n t  
def ic iency  effects  were  n o t e d  in c o n c u r r e n t  e x p e r i m e n t s  
w i t h  a lgae  p h o t o s y n t h e s i z i n g  a t  m u c h  h ighe r  ra tes ,  if 
r a t i o s  of 0.3 g d r y  w e i g h t  t issue/1 s e a w a t e r  or  lower  were  
used. 

F r o m  T a b l e  I ,  i t  c an  b e  seen t h a t  w i t h  t h e  o x y g e n  
m e t h o d  d i rec t  24-h a n d  s h o r t - t e r m  m e a s u r e m e n t s  gave  
s imi la r  e s t i m a t e s  for  da i ly  p roduc t ion .  However ,  if t h e  

Table I. A comparison of net daily production estimates for Caulerpa 
proli[era, established by oxygen and 1'C methods 

Method Daily production 
mgC/g dry weight 

Oxygen method ~ 
Direct 24-h 4.52 c 
Calculated from 3-h b 4.56 

14Carbon method 
Direct 24-h 4.60 
Calculated from 3-h a 5.18 

Carried out in incubation bottles of 11 capacity; tissue dry weight 
approximately 0.2 g. b Based oft 40 incubations at different 3-11 
periods throughout the daylight period. ~ This value is remarkably 
close to an estimate based on a recalculation of the oxygen pro- 
duction figures obtained for C. proli[era in the Mediterranean, i.e. 
4.19 mgC/g dry weightL a This figure is based on 2 sets of incuba- 
tions under conditions of bright sun between 11.00-14.00. A 12-h 
daylength period was assumed, i.e. net daily production = 12x-- 12y, 
where x is 14C incorporation]h in light and y is the respiratory loss 
of carbon/h calculated from oxygen measurements. 
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