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The  substitution  of  rubidium  ion  for  potassium  ion  in  physiological  processes  has
been  studied  for  over  80  years.  This  subject  is  of  special  interest  in  view  of  the
close  chemical  similarities  of  the  two  ions,  rubidium  being  much  more  akin  to
potassium  than  is  sodium.  Permeability  studies  have  revealed  a  high  penetration
rate  of  both  rubidium  and  potassium  ion  (Brooks,  1932,  1939).

Studies  on  the  replacement  of  potassium  by  rubidium  have  compared,  on  the
one  hand,  the  amount  of  physical  replacement  of  potassium  by  rubidium  within
the  cell,  and  on  the  other  hand  the  suitability  of  rubidium  as  a  substitute  for  potas-
sium  physiologically.  Complete  physical  replacement  of  potassium  by  rubidium
has  been  shown  for  Chlorclla  (Pirson,  1939),  and  yeast  (Scott,  unpublished  data)  ;
partial  physical  replacement  occurs  in  vertebrate  muscle  (Follis,  1943;  Heppel  and
Schmidt,  1938;  Mitchell,  Wilson  and  Stanton,  1921)  and  in  the  duckweed  Lcinna
minor  (Pirson  and  Kellner,  1952).  Rubidium  can  completely  substitute  for  potas-
sium  in  the  repolarization  of  nerve  (Feng  and  Liu,  1951  ;  Gallego  and  De  No,
1947),  the  restoration  of  heart  beat  in  the  frog  heart  (Ringer,  1884;  Zwaardemaker,
1919),  the  activation  of  spermatozoa  (White.  1953).  the  transport  into  the  eryth-
rocyte  (Love  and  Burch,  1953),  the  activation  of  zymase  (Giordani,  1932),  the
respiration  of  mitochondria  (Pressman  and  Lardy,  1952),  the  bacterial  production
of  pyruvic  acid  from  malic  acid  (  Lwoff  and  lonesco,  1947),  the  activation  of
pyruvic  phosphoferase  (Kachmar  and  Boyer.  1953),  and  for  growth  in  the
bacterium  Streptococcus  faccalis  (MacLeod  and  Snell,  1948).  Rubidium  is  less
effective  than  potassium  in  supporting  assimilation,  chlorophyll  formation  and  cell
division  in  Chlorclla  (Pirson,  1939),  in  supporting  growth  in  Lactobacillus  casei
(MacLeod  and  Snell,  1948),  or  Nitzschia  clostcriuui  (  Stanberry,  1934).  or  for
the  secretion  of  adrenalin  (Hermann,  1942).  Rubidium  is  ineffective  in  supporting
antibiotic  activity  in  the  subtilin-producing  strain  of  Bacillus  subtilis,  although  it
promotes  growth  as  well  as  does  potassium  in  this  bacterium  (Feeney  and  Gari-
baldi.  1948).  The  element  is  definitely  toxic  at  high  concentration  in  certain
bacteria,  being  antagonized  by  potassium  (Scharrer  and  Schropp,  1933),  and  is
fatal  to  rats  when  it  is  substituted  for  up  to  50-66  per  cent  of  the  potassium  in  the
tissues  (Follis,  1943;  Heppel  and  Schmidt,  1938;  Mitchell,  Wilson  and  Stanton.
1921  ;  Zipser  and  Freedberg,  1952).

Previous  work  has  been  concerned  with  the  extent  of  replacement  of  potassium
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by  rubidium  or  the  physiological  results  thereof,  rather  than  with  the  kinetics  of
replacement.  The  present  work  is  a  kinetic  study  of  the  reversible  exchange  of
rubidium  for  potassium  and  of  potassium  for  rubidium.

MATERIALS  AND  METHODS

The  organism  selected  for  this  study  was  the  green  alga,  Ulva  lactiica.  This
marine  organism,  like  most  cells  living  in  a  high-sodium,  low-potassium  environ-
ment,  normally  accumulates  potassium  and  partially  excludes  sodium.  Consisting
of  large  membranous  fronds  two  cell  layers  in  thickness,  thus  presenting  a  large
surface  area  for  interchange  with  the  environment,  this  alga  is  particularly  well
suited  for  investigation  of  this  nature.

Large  fronds  were  collected  from  Perch  Pond,  near  Falmouth,  Mass.,  and  con-
ditioned  for  at  least  24  hours  in  running  sea  water  under  incandescent  illumination.
Samples,  cut  from  the  same  frond,  were  given  a  brief  rinse  in  isotonic  sucrose
followed  by  a  blot  in  absorbent  toweling  to  remove  most  of  the  adherent  sea  water,
then  placed  in  large  finger  bowls  with  about  160  ml.  per  sample  of  an  artificial
sea  water  (Marine  Biological  Laboratory,  Formulae  and  Methods  IV,  1956),
containing  rubidium  instead  of  potassium.  The  rubidium  sea  water  was  replaced
with  fresh  rubidium  sea  water  after  50  hours.  Diffuse  illumination  was  present
during  the  experiment,  which  resulted  in  a  slight  drop  in  rubidium  sea  water  pH.
After  96  hours  in  rubidium  sea  water,  the  samples  were  placed  in  running  sea
\vater  for  120  hours.  Samples  were  removed  in  triplicate  at  various  times,  rinsed
in  isotonic  sucrose  for  30  seconds  and  blotted  three  times  in  absorbent  tissue  to
remove  extra-cellular  sodium,  potassium  and  rubidium  ion.  Wet  and  dry  weights
were  taken  and  cell  water  calculated  by  difference.  The  samples  were  ground,
extracted  with  1  N  HNO  3  for  two  hours  at  110  C.,  and  the  extracts  diluted  to
volume  in  50-ml.  volumetric  flasks.  The  extracts  were  analyzed  for  sodium,  potas-
sium  and  rubidium  ions  by  the  Beckman  flame  spectrophotometer.

RESULTS

The  initial  uptake  of  rubidium  is  both  rapid  and  nearly  complete  within  the
first  four  hours,  the  time  at  which  the  first  samples  were  taken.  At  96  hours  the
rubidium  ion  concentration  reaches  a  maximum  of  about  87  per  cent  of  the  control
value  of  potassium  ;  longer  immersion  in  rubidium  sea  \vater  does  not  result  in  an
increase  above  this  maximal  concentration  value.  The  potassium  loss  is  initially
rapid  and  then  continues  to  decrease  in  a  manner  parallel  to  that  of  the  control,
reaching  a  minimum  of  about  13  per  cent  of  the  control  (Fig.  1).

When  the  fronds  are  placed  in  running  sea  water,  the  kinetics  of  the  replace-
ment  of  rubidium  by  potassium  are  quite  different  from  those  involving  the  re-
placement  of  potassium  by  rubidium.  After  an  initial  sharp  drop  in  rubidium  for
10  hours  and  a  sharp  rise  in  potassium  for  10  hours,  the  rates  of  loss  of  rubidium
and  rise  of  potassium  decrease.  After  120  hours  in  running  sea  water  the  potas-
sium  content  of  the  alga  has  practically  reached  that  of  the  control,  w  r  hereas  the
rubidium  content  has  been  reduced  to  only  30  per  cent  of  its  maximal  value.
Longer  immersions  were  not  practical,  as  the  alga  begins  to  show  signs  of  aging.
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FIGURE  1.  The  replacement  of  potassium  by  rubidium  within  Ulva  lactuca  in  rubidium  sea
water,  and  the  replacement  of  rubidium  by  potassium  on  transfer  of  the  alga  to  running  sea
water.  The  arrow  indicates  the  time  of  transfer  to  running  sea  water.  Concentrations  are
expressed on a cell water basis.

Throughout  the  experiment  the  sodium  concentration  of  the  samples  remained
essentially  constant  at  26  4  meq.  per  100  gm.  cell  water.

DISCUSSION

The  initial  uptake  of  rubidium  is  too  rapid  to  be  explained  on  the  basis  of  a
new,  separate  uptake  mechanism  for  rubidium  alone,  for  such  a  mechanism  would
have  to  be  much  faster  than  that  previously  demonstrated  for  potassium  in  this
alga  (Scott  and  Hayward,  1954b).  Rather,  the  rate  of  rubidium  uptake  is  entirely
consistent  with  the  known  rate  of  potassium  turnover  at  20  (Scott  and  Hayward,
1954a).  Therefore,  rubidium  is  being  transported  by  the  same  mechanism  as  is
potassium.  The  cessation  of  rubidium  uptake  is  probably  the  result  of  the  establish-
ment  of  an  equilibrium  between  the  rubidium  and  the  potassium  concentrations,
for  the  total  alkali  metal  base  (Na  +  +  K  +  +  Rb  +  )  is  constant  within  5  meq.  of
that  of  the  control  (76-65  meq./lOO  gm.  cell  water).

Rubidium  does  not  seem  to  affect  the  final  level  of  potassium  re-accumulation,
but  it  would  appear  to  have  an  effect  on  the  kinetics  of  potassium  re-accumulation.
The  re-accumulation  of  potassium  is  too  slow  to  be  accounted  for  solely  on  the
basis  of  exchange  of  potassium  ion  for  rubidium  ion.  Rather,  it  would  seem  that
two  factors  might  be  operative  :  1  )  the  full  maintenance  of  the  potassium-accumula-
tion  mechanism  is  not  supported  by  rubidium  ion;  2)  the  age  of  the  samples  may  be
such  as  to  render  the  postassium-accumulating  mechanism  sluggish.  Since  Ulva
cycles  from  gametophyte  to  sporophyte  generation  on  the  order  of  every  two  weeks,
it  will  be  seen  that  the  time  course  of  the  experiment  (9  days)  includes  most  of  one
phase  of  the  cycle  of  the  organism.  (Whether  a  particular  frond  was  gametophyte
or  sporophyte  was  not  determined  in  this  work,  for  the  two  generations  are  morpho-
logically  identical.)
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In  another  experiment  samples  were  left  in  rubidium  sea  water  for  as  long  as
144  hours  before  transfer  to  running  sea  water.  The  rate  of  potassium  re-accumu-
lation  was  identical  to  that  found  after  96  hours  in  the  experiment  reported  above  ;
hence  the  increased  time  in  rubidium  sea  water  was  not  progressively  detrimental
to  the  potassium-accumulating  mechanism.

The  presence  of  rubidium  within  this  organism  did  not  prevent  the  formation
and  discharge  of  a  germinal  ridge  in  some  samples.  These  samples  were  not  used
in  the  analyses.

SUMMARY

1.  Rubidium  ion  replaces  two-thirds  of  the  potassium  of  Ulva  lactuca  within
four  hours  after  being  placed  in  rubidium-containing  sea  water.

2.  The  rubidium  concentration  does  not  increase  more  than  5  meq.  during  the
remainder  of  the  experiment.

3.  Potassium  re-accumulation  in  running  sea  water  is  slower  than  the  initial
exchange  of  rubidium  ion  for  potassium  ion.

4.  The  disparity  in  the  exchange  kinetics  is  discussed.
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