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SI:MMAI{Y 

A model  is sugges ted  coupling the processes of the passwe and act ive  t r anspor t  
of tile Na ~ and  K + in biological  membranes .  I t  is shown tha t  tile mechanism of 
ac t ive  t r anspor t  has features  common to tile mechanism of passive t ranspor t .  How- 
ever,  it differs in the dr iv ing  force main ta in ing  tile d i rec ted  flow of ions. In the case 
of passive t ranspor t ,  the dr iv ing force is the grad ien t  of e lectrochemical  potent ia l  
of the  ions of given species; in the case of act ive t r anspor t  it is the grad ien t  of the 
po ten t i a l  of the complex resul t ing from the t)iochemical reaction.  The specific feature 
of ac t ive  t r anspor t  is the coopera t iv i ty  of enzymat ic  exchange reaction,  de te rmin ing  
the transnfission of ions from one center  to another .  

INTI{OI)UCTION 

The mechanisnl  of tile passive t r anspor t  of ions across cellular meml)ranes and 
its connection with the  rest ing potent ia l  was examined  in ti le preceding t)aper 1. 
The mot ion of ions ill t i le direct ion of g rad ien t  of thei r  e lectrochemical  potent ia l  
causes a g radua l  decrease in this  po ten t ia l  and  the es tabl ishnlent  of an equil ibrium. 
Tile suppor t  of the  cons tant  difference of e lectrochemical  potent ia ls  requires an 
act ive t r anspor t  of ions in the  direct ion opposi te  to tha t  of the gradient .  I t  is known 
from tile theory  of i r reversible  processes (see e.g. ref. 2) tha t  tile act ive t r anspor t  
di lninishes the en t ropy  of tile sys tem and it can occur <)nlv as the result  of coupling 
with other  processes in such a way t ha t  t i le to ta l  change of en t ropy  is not negat ive.  

The schelne of the coupling of the  act ive t r anspor t  of ions with metabol ic  
processes in a ('ell was descr ibed by |X:\TCttAI.SKY ANI) SI'AN(;IArA{ a ill te rms of the 
therm<)dvnamics of irreversible processes. The expressions for t)henomenological 
coefficients were obta ined,  val id for small deflections from equil ibriunl .  However,  
there  remains  a series of observed phenon~ena, connected with the act ive t ranspor t ,  
which were not examined.  

TILe exper imen ta l  s tudy  of the  act ive flux of N a ,  ,/, from the {'ell into sur- 
rounding  medium has shown tha t  this  value depends  on the in t racel lu lar  N a '  c(mcen- 
t ra t ion  Cxa' (refs. 4, 5) and on the ex te rna l  K '  concent ra t ion  OK" (refs. ,5, 6). According 
to I~.OMANENKO C[ al. 4 and HARRIS 5 ti le curve J(cNa') has a sigmoid fornL HOROWICZ 
AND ()IT.I{1Mr.R 6 ol)served ti le same forln of the curve J(cK").  

The aim of this  work is the kinetic analysis  of act ive t ranspor t .  
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THEORY OF TRANSPORT. II  I I  

Works  of recent  years  have es tabl i shed  the source of energy used for the 
suppor t  of the s t eady  state .  I t  is the  energy of macroergic  compounds,  especial ly 
ATP. As has been observed by  CALDWELL t'~ ell. 7, ATP increases the  act ive t r anspor t  
if i t  is in t roduced  into the cell, bu t  an increase of ATP concent ra t ion  in sur rounding  
solut ion does not  produce any  effect. SKou s ob ta ined  an ATPase  from membrane .  
This enzyme spli ts  ATP only in the  presence of N a -  and K *. The act ion of ATPase  
in m e m b r a n e  is s t rongly  coupled with act ive t ranspor t ,  ouabain  inhibi ts  the ATPase  
at  the  same concent ra t ion  at  which it s tops the  work of the N a ~ - K  ~ pump.  The 
hvdrolvs is  of ATP i~z vilro by  the ATPase  ac t iva t ed  by  Na+ and K~ occurs in tw~ 
stages'L At  first A D P  is l ibera ted  and Pi remains  bound  to enzvme. This s tage is 
ac t iva t ed  by  Na ~. The second stage needs K-  and consists in the breakdown of 
Pi from enzyme. A similar  a s y m m e t r y  was observed in the action of the  pump:  at  the 
in ternal  surface of membrane  its a c t i v i t y  depends  on the concentra t ion  of Na + and 
at  the externa l  surface on K -  (ref. xo). Tile sp l i t t ing  of ATP results  in the t rans i t ion  
of the marked  phosphorus  from ATP into phosphoprote ins  of membranen ,  l ' .  S~tu~l.:s ~a 
inves t iga ted  the kinet ics  of the  act ion of (Na+-K- ) -ac t iva t ed  ATPase  itt vitro. 
Tlle dependence  of tlle ra te  of enzymat i c  react ion on the concentra t ions  of Na - ,  
l<-~ and ATP has a pronounced  S-like form. F ina l ly  there are da t a  ob ta ined  by  
different methods  (see e.g. ref. i4) showing tha t  the spl i t t ing  of one macroergic  b, md 
of ATP is followed by  the remova l  of 2 3 N a '  from tile cell. 

I t  is necessary t ha t  the  theore t ica l  model  takes  into account  all these different 
exper imenta l  da ta .  OPIT  AND CHARNOCK a5 used these d a t a  in thei r  molecular  model  
of a Na  + pump.  This model  describes m a n y  features  of act ive t ranspor t .  I t  t akes  into 
account  the coupling of enzymat ic  react ion with ion exchange and the coopera t ive  
charac te r  of such a reaction.  However ,  the  prot)osed mechanism of ion t r anspor t  
seems to be art if icial  as i t  requires t i le shift of big por t ions  of enzyme conta ining 
several  act ive ion-exchange sites from one surface of membrane  to another .  In the 
work of STONE ~6 a model  of act ive Na~ t r anspor t  is proposed  involving a carr ier  
which can exist  in several  forms. The model  is bui l t  for the pa r t i cu la r  case of an 
electrogenic pump where tile sp l i t t ing  of one ATP molecule results  in tile removal  
of 3 Na~ from the cell and  the in t roduc t ion  of 2 K~. The theory  contains  nineteen 
independen t  pa rame te r s  and therefore cannot  be verified exper imenta l ly .  

A model  opera t ing  with two carr ier  forms was inves t iga ted  in the  work of 
ROSENBER(; AND WILBRANDT 17. The kinetic s tudy  of the  model  in this  work was, 
however,  l imi ted  by  s tudy  of the  special case when the processes occurring at  the  
surface of membrane  do not  de te rmine  the ra te  of t r anspor t  but  correspond to the 
ins tan taneous  es tab l i shment  of equi l ibr ium.  However ,  the exper imenta l  d a t a  suggest  
t ha t  the enzymat ic  react ion at  the membrane  surface de termines  the act ive flow of 
ions. 

In our work inves t iga t ion  of the  scheme of t r anspor t  is based on the ext)er imental  
da t a  of refs. 7 14. An analysis  of t i le kinet ics  of the act ive t r anspor t  processes is 
proposed to explain  the observed concen t ra t iona l  dependencies  of the act ive flows. 

Descr@tion of the model 
Our basic assumpt ion  consists in the  existence of ion-exchange sites in membrane  

which can b ind  and exchange Na~ and K +. There are two kinds  of such sites. The 
first k ind  of site is connected with the  phosphol ip id  por t ion of membrane  and with 

Biochim. Biophys. Acta, 203 (197 ° ) 1o J6 
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n o n s p e c i f i c  p r o t e i n s .  T h e s e  c e n t e r s  t a k e  par t  in the passive transport ,  as was exainined 
in the preeeding paper 1. The ()tiler sites belong t() the 1)rotein<nzyme portion and 
determine the active transport .  The m()ti(m of ions occurs according t() the "relay- 
race nlechallisnl",  [.c. transmission ()f the i()ns fr()in one immovable site t() another  one. 

The enzyme containing such exchange sites has the abil i ty t() catalyze the 
spli t t ing ()f some chemical substance .k" into products Y and Z at the internal  surface 
()f membrane.  The product  Z is lil)erated and t)roduct Y remains bound to the enzyme. 
The binding of Y to enzyme simultane()uslv helt)s the exchange ()f K ~ for N a  at 
tile ion-exchange sites (ATP can play the role ()f X, Z eorresp()nds t() AI)P or AMP, 
Y t() Pi). The e()ut)lin K of ion exchange and enzymatic  process can be writ ten in the 

f()lh)wing way 

/~)1" 
t e a ' ) '  . t ' K  : .\" ~:;Z . t 'Na~" (K )' (1) 

Index ' marks the internal  surface ()f membrane  and the intraeellular concen- 
t r a t i ons . . 1  signifies e n z y m e . . \ t  the external  surface of membrane  (index") the 
exchange sites ()f enzxme are such that  N a  in the complex NaY is exchanged for 
K . T h e c o l n t ) l e x s p l i t s i n t ( ) N a  and product Y: 

(1(')" : . l " N a ~ "  ~ ~" .I"K (Na ~" (2) 
/,'2 

The complex NaY is shifted fr()m the t)laee of its f()rmation at the internal  
n tembrane surface t()wards the place ()f its I>reakd(mn at the external  surface, i.e. 
along the gradient  of its c(meentrati()n. If the affinity of the exchange sites t() ions 
is high and there are no free sites, then the shift ()f the eomph'x NaY and its exchange 

for K can 1)e written in the form ~,f an ext'hange reaeti(,Y 

/,'a' l 
. l ' N a ~ "  ! .1"1( *~. 'I'( .t"Na~ (3) 

A' H 

Therefore the generalized force driving K and Na is tilt' gradient  ()f eoneen- 
trati()n <)[ the product Y supp()rted b \  enzymatic  reaction. 

\Ve further suggest that  the exchange at the enzymatic  sites and the enzymatic  
rea('ti(m are cooperative. It tllealls that  the enz\ 'nlat ie  sites interact in s u c h  a w a v  

that  an exchange of a ligand ()ceurs practically s imultane()ush at several sites. 
Such a e()()t)erative exchange has been ()bserved, c. 2. in ce(flvthes ~s where it is deter- 
mined b \  the change ()f the lattice s tructure resulting from exchange ()f ()ne ion fi)r 
an()ther. A description ()f the e()operativity requires the introductit)n into e(luations 
()f reacti()n st()ichi()metrie coefficients unequal  t() Eqn.  I. 

The general scheme ()f tim molecular model for the i()n transp()rt can be present- 
e(l in tl~e f()ll()wing wax: 

/~u." 
*~(Na'} '  .4"I'~,, p.\" ~. t 'Na , ,~ ' t ,  re(l< ) '  p Z  

/el 
z ~,, ;t /,':,' ;t/,':, /<a ;t/":¢ ;t / ,< (4) 

A > 2 
J~(Na I" I"l'(,,, p~" + ~ . l " N a , , ~  t, m(t'{ )" 

A'.,' 

I.xa anti IN denote the passive fluxes ()f corresI)()nding ions; n, m and /5 are the 
st()i('hi()metric ('()efl~cients; /e~, ]el', the rate constants  c()rrt:st)oI~ding to the arr()ws ()f 
reactions. The coupling ()f directed fluxes in this m()del is shown in l;ig. t. 
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THEORY OF TRANSPORT. I I  13 

The reactions involved in Scheme 4 <'an be described by the following system 
of kinetic equations. 

I d c  X 

S <1l 
]¢ IC Na' n t ' x P a  K ~ - -  /¢l't-l('ntC z P a N a "  (5.1) 

I d c N a '  

S d t  
]~!ICNa'nCxI>aK" & /Q+tl¢.OnCzt)aNa r i / N a  (.5.-') 

[ (leNa" 
S - -d r  = =  /¢2t'K"maNa " - -  ]?2'CN'a"t~c)'t)aK " -- /Xa (5-3) 

I dCl<' 
,%" dl  k lCNa' t tCXPaK"--  ]Q'CK'mCZI~aNa" ~ ]K  (5.4) 

d a K" 

dt 
klcxa'"C.V~*aK ' ~ k (c I ( " ' c z~ )axa"  -I Skaaxxa'aK" " Sk:(aK'a ,xa"  (5.5) 

aK '  @ aNa ~ : :  TA'  

aK" c aNa" "]'A'" 

S a N '  ! S a K "  .V'CK" -- X"cK'" TK 

,%'(/Na' - NAN&" : . \ '+CNa + ~rnfNa++ T N a  

(5.6/ 

(5.7) 

(5.S! 

The following notations are used: ct', c(': dimensionless concentrations of the ions 
of species i inside and outside the cell, equal to the ration of the total number of 
ions i to the number of solvent (water) molecules in a corresponding volume (X', ~\:"); 
TA', TA": the number of exchange sites of enzyme per unit internal and external 
surface of membrane; ai', ai": the number of exchange sites of enzyme per unit 
membrane surface occupied by ions i; Ti: the total number of ions i in the system; 
N: the membrane surface: /q', ki": the rate constants. 

Znt racellular 
so!ution 

Membrane Suc~ounding 
sotutioc 

l:ig. i .  The coupl ing  of the  pass ive  and ac t ive  flllXeS of I,Z* and Na ~ wi th  a chemica l  react ion.  
IK, pass ive  flow of K- from the  cell;  1~,'a, pass ive  flow of Na  + into the cell;  JK and Jxa ,  ac t ive  
fluxes of 1<~ and Na+; X, the  subs tance  t r ans fo rmed  a t  the  in te rna l  m e m b r a n e  surface in to  
p roduc t  Z, l ibe ra ted  in the  in t e rna l  so lu t ion;  and  p r oduc t  Y, t r a n s m i t t e d  in the form of a complex  
wi th  Nil + towards  the  ex t e rna l  lllCllll)rane surface. 

l';iockim. ]3iopkys. Acla,  203 (197o) IO I(> 



14 M. V. V O L K E N S T E I N ,  S. N. F I S H M A N  

Eqns. 5.6 5.9 describe the main tenance  of the number  of exchange sites at 
both surfaces of membrane  and of the total number  of ions of both species. 

In s teady-state  condit ions the right sides of Eqns. 5.2 5.5 are equal to zero, as 
in the state of rest onh" the substance X is used in the cell and all other concen- 

t rat ions remain constant .  
This model demonstrates  tha t  there are no contradict ions between the ideas 

of "|'ASAKI AND ,'qlN(;I':I,: l:j concerning the ion-exchange properties of membranes  and 
the concepts of Hol)(;T-:IN 2~ regarding Na ~ and K "channels"  in membrane.  The se- 
quence of ion-exchallge centers determining the t ransport  of ions acts as the channels. 
This sequence can be called a kinetic channel.  

The dcpem:e,wc of  actirc /low oll cotlc,'tdratio,zs 
Eqns.  5.I and .5.2 show that  the active removal of Na: from the cell, J ,  is deter- 

mined bv the rate of biochemical reaction, dcx/dt .  In the steady state this current  

is counterbalanced by the passive flow l.x~a. 
Let us consider the enzymat ic  reactions as ineversible.  This means that  in 

Reactions I 3 let ~" kl ' ,  k., . /,'2' and /ea ~;. k:(. For simplicit5= we shall take k 1' 

lee' 1< :( (). 
For the resting state we can use the following s\ 'stem of equat ions taken 

from Eqns.  5 

. /  /Q(NI t :~Q'XI) ( tK"  ]t'2(INa:'(l{ ":ol : .~]ea(IN~L/(II(:'~ 

a N a '  ! (ll¢ff "/'.1': ~tNa" - a l { "  -]'+1" (G} 

:ks was suggested in our preceding paper 1, variat ions of concentrat ions at 
one side of the membrane  do not influence the concentrat ions at the other side. 
We shall consider the concentrat ions in solutions as independent .  \Ve get from 
Eqn.  6 the expression for the concentrat ion C>'a' as a function of the flux ./ if cK" 
and cx are given 

[ /,,:~,s ,I (,/,) - , / /~ ~/" 

wl lere  

./0 k2T.('c j('" (S} 

and  
.flea/e,, 1"( 7 "A "c K"'" 

"/-: : Sle,~'l'.( /e.,cK""' ('~) 

We get from Eqn.  6 also that  

]/¢,w l;. "m 
ttNa' .~ka(keT('cK""' - l) '; T.( (1ol 

The inequal i ty  Eqn.  Io shows that  only such values of J which satisfy the condit ion 
o - - -J  < Joc have physical meaning.  Knowing the dependence c.x~'(J) in the explicit 
form of Eqn.  7 we get the derivat ive 

( l eNa '  1 [ .S'te'a ]1/, ,  .10.1 ~ 2 . 1 . 1 . _  .1"-' 
; f U  , tk-lc]~'(,Sk3T ( k~,cK"'")J I .-]i_~//-7(]-/ ] -]~577;,(1~-- -)ii7i};; (1 ,) 
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THEORY OF TRANSPORT. I I  z5 

The  condi t ion of ex t r emum is: 

,/~xt~. = J~- ~ x / J ~ ( J ~  - - J o )  (i2) 

Compar ing  Eqns.  8 and 9 we see t ha t  Jo > J o ~ .  Tile funct ion CNa'(J) has no ex t reme  
value. But ,  as is seen from Eqn.  I I ,  the  der iva t ive  becomes infinite if J >  o, J - .Joo,  
J " J0  if,z > z. I t  means  tha t  the  curve cxa ' (J)  possesses at  least  one inflection point  
(or an odd number  of them).  The second de r iva t ive  becomes zero at  the inflection 
point.  This condi t ion is expressed by  the equat ion  of the fourth order  

(~z - t) (,I0,1,, - - '.lJ~ - je)e = 2n,l~ (,1. - , l ~  ),l(,10 - - , I )  (13) 

As the po lynomia l  Jo Joc :2JJoo + j2 has no real roots, its square is a smooth 
curve  with one min inmm at  the  point  J = J m. At  the r ight  side of Eqn. I3 we have 
the curve of the second order  with the  roots  J = o and J - J0 and with a m a x i n m m  
at  the point  J Jo/2. Both  curves can intersect  only at  two points.  Therefore 
Eqn. r3 has no more than  two real roots, and  at  the  in terva l  o < J < J m  the curve 
cxa ' ( J )  has only one inflection point .  Tile curve must  be sigmoid, in agreement  
with exper iment  (Fig. za). 

J 

= ch, 

f ig .  2. Theoretical dependence . ] (CNa ' )  : a ,  in the case of the cooperative ion exchange; b, in the 
case of the non-cooperative ion exchange. 

In a s imilar  way  we can calculate  the funct ion cK"(J) from Eqn.  6. Tile quali-  
t a t ive  resul t  is the same:  the  curve J(CK") increases monotonous ly  ti l l  some l imit  
and  possesses one inflection point .  

I t  is easy to see tha t  if n = m = x, i.e. when there  is no coopera t ive  in terac t ion  
between the ac t ive  sites of enzyme,  the  first der iva t ives  of the  funct ions J(cNa') 
andJ(cK") have finite values at  tile beginning of coordinates  and the second der iva-  
t ives do not  change thei r  sign at  the  in terva l  o > J  > J ~ ,  i.e. the  curves do not  have 
any  inflection points  (see Fig. 2b). 

Thus the enzymat ic  react ion coupled with ion exchange and resul t ing in the 
ac t ive  remova l  of Na + from the cell has the  same kinet ic  features  as the  usual  enzy-  
mat ic  reactions.  The non-coopera t ive  exchange is descr ibed by  the smooth curve 
for the dependence  of ra te  on the ion concent ra t ions  with sa tura t ion .  If the exchange 
is cooperat ive ,  the curve has a sigmoid form. 

CONCLUSION 

Scheme 4 shows tile in terac t ion  of kinet ic  phenomena  in the  cell and  their  
coupl ing with metabol ic  process. The mechanism of the  act ive t r anspor t  has much in 
common with the  mechanism of ti le passive t r anspo r t :  the  ions are bound  by  ion- 
exchange  sites and  shif t ing from one site to another  cross the  membrane .  The 
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important  pecul iarity  ()f act ive  transport  is the c()()t)erativity of exchange  rea('ti(m 
at the enzyme .  

The  f()lh)wing hyl)()tlwsis can 1)c suggcsted.  Both tile passi\'(' t)ermcabil ity 
and the spike ,<enerati(m can 1)e considered as purely physical  processes,  which arc 
m)t coupled with specific cell metabol i sm.  Metabolic prowesses maintain  <rely the 
ne('('ssarv c()n('entrati()n ,<ra(tients. ()bvi()uslv the c x ( h a n g e  sites whi('l~ art, trans- 
mit t ing  th(' ions beh)ng t() the ph()sl)holipid part ()f m('nlbrane and t() n(m>t)ccific 
m c m l w a n e  pr()teins. This is ('<)nfirmcd b \  the data ()l)taincd by (~AMM.\(TK 21 \ v h ( )  

has sh()wn that the t)h()sph( lilmsCs , breaking d()wn thc lipid luycrs, make  the ax,,n 
unexcitable .  This  ext)lain> the recent su('('csses in (,1)tainin~ u sl)ikc' at artilicial 

] ~," I)hosph()lilfid h e n  )i inc . - -  and exen in ,<lasses l))sses<in X i(>n-('xchan~e pr()p('rtics. 
Tile t)rilnary Sl)C('ific r()le ()f tile 1)r()tein in I)i()h)gi('al membranes  is tile maintt 'nancc 
()f the ('()uplin~ ()f the transport an(l metabol ic  pr()cesscs, i.e. in the crcati()n ()f a('ti\'c 
t r a ] l s | ) o r t .  

Further dexeh)pn~ent ()I t lw the(w\  requires s tud \  ()f the clmng(,s in passi\v 
flows of i()ns in the I)rescnc( , ()f an external  electrical field at the ('ell mcml)ranc and 
an Cxl)lanati()n ()f th(' m('chanism ()f tlw g('nerati()n ()f th(' ner\'(' impulse.  

. \( ' I<.N()\VI_E l (;?,I E NTF. 

\Ve t lmnk .l. ( i]fisma(lje\ ' ,  V. 3larkin,  IL ll()d()r,)\ and E. Malcnk(>v f()r t l , '  

valuable  (liscussi()n. 
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