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SUMMARY 

In a previous paper kinetic equations of secondary active transl~,ort by co- 
transport have b ~ n  derived. In the present pap.=r these equations have lx.,~ml expand~.,d 
by incladi~ng the effect of  an electrical potential difference in order to make them 
applicable to the more realistic systems of secondary active transport driven by the 
gradients of Ha + or H +. Thermodynamically an elearical potential difference is m a 
driving fo r~  fully exchangeable with an equivalent ch~.ntical potential difference. 
This is net  necas~arily so for the kinetics of co-transport. It is not always the same 
whether a given difference in electrochemical activity of the driver ion is mainly 
osmotic, i.e. due to difference in concentration, or electric, i.e. ,tu~ to a d~ffetcnce in 
the electr¢~emlcal activity coefficient, h~ most cases a differem:e in concentration is 
more eff~:tive in driving co-transport than is an equivalant diffe~oce in electrical 
potential 'leading to the same difl'erenee in electrical activity. TI~e effectiveness of  the 
latter highly depends on the model, whether it is of  the affinity U'pe or of  the velocity 
type, but aIso on whether the loaded or the unloaded carrier bears an electrical charge. 
With the same electrical potential differanc~" co4ransport is &~ a rt le fitster i f  the 
ternary complex rather than the empty carrier is charged. Also the "standard para- 
meters", (see Glossary, page 62) J~a~ a n d / ~ ,  of the overall transport respond dif- 
ferently to the introduction of an ¢lectricai potential difference, depending on the 
model. So an electrical potential difference will mostly affect K= if the loaded canter 
is ionic, and ~ostl~y J ~  if  the ~mpty carrier is ionic, provided that the mobility of the 
loaded carrier is greater than ~ a t  at' the empty,' one. On the other hand, distinctive 
criteria between a~inity type a~d velocity type models are partly affeE.'ted ~ an electri- 
cal potential difference. I f  the translocation steps of load-.d and unioadad carrier are 
no longer rate limiting for the overall transport, electrical effects on the transport rate 
are bound to vanish as does the activation by co-transport. 

IIqTRC,DUCT[ON 

It is now widely accepted that the active transport of several solutes, especlaiiy 
amino a~ds and sugars, is driven by the electrochemicsl, potential gradient of an 
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electrolyte ion [1, 2]. This assumption, known as the "gradient hypothesis", implies 
that the two fluxes concerned, that of th," nonelectrolyt¢ and that of the ion, are 
energetically coupled to each other by "'co-~ mnsport", presumably through the forma- 
tion of a "ternary complex" between carrier, substrate and co-ion at a fLxed stoic~io- 
metry. The "gradient hypothesis" appears to apply to animal cells and microorga- 
nisms alike, the Na + predominating as co-i(in in the former, and H +, in the latter kind 
of  cell. 

In a previous paper tile kinetics of ci3-transport, based on the assumption of a 
ternary complex, has been analysed mathet latically. First a generalized equation was 
developed in which all possible interuction~; between the carrier and its ligands were 
incorporated [3]. From this equation sever il "reduced models" were derived on the 
basis of the assumption that binding of thl~ co-substrate to the carrier promotes the 
active transport of the main substrate by or, e or a combination of two distinct effects. 
An increase of the affinity of the carrier fm~ the main substrate (affinity type) and/or 
an increase of the penetration rate of the c¢~mplex (velocity type). It could be shown 
that the "pare" types in which either rite :3ne or the other effect were assumed to 
predominate, shoald exhibit characteristic~differences in their kinetics, notably in 
their "standard parameters": maximum velocity (see Glossary~ p. 62) (Jm.z) and 
Michaelis constant (K,,), and in their depenc ! ence on certain experimental conditions. 

Even though in most cases of co-tramlport the "driving" solute is an ion (Na ÷ 
or H +) whose electrochemical potential gradient should strongly depend also on an 
electrical potential difference across the tran~po~ng membrane, the electrical poten- 
tial was not explicitly considered in the above nor in other, similar treatments [1, 4, 5]. 
Hence the above equation would strictly apply to the "short circuit" condition only. 
Since this condition can hardly be verified in many ~ystems, experimentally, Jt is highly 
desirable to overcome this shortcoming by properly introducing electrical effects. 

From the energetic point of view, the implementation of an electtic~A potential 
in the above equations poses no special prot~lem. Any contribution of t~e electrical 
potential difference to the driving force is ustudly taken care of by adding an electrical 
potential term to the chemical potential difference of an ion, thus arriving at the 
electrochemical potential difference of the iott.. Analogously, one might try to adapt 
the kinetic equations ofco-trnusport te electri,':ul forces by inserting the electrochemi- 
cal activities of the ions rather than their chemical activities or concentrations. In 
other words, each ion concentration or activity should be multiplied by the appro- 
priate electrochemical activity coe~clent, ~+!. For various reasons, however, this 
procedure raises some problems. Firstly, tl~') permeability coefficient (p) of each 
charged particle is itself a function of the electrical field, even for homogenious mem- 
brane phase. It will be shown below, however, that in the presence of a high nonelectric 
barrier which has to be overcome by all particles penetrating the membrane, such a 
function may be neglected. In addition, an electric field may induce structural altera- 
tions of  membrane components involved in ~ransport, which may also effect the 
~ermcahility coefficients of ions, or even those of nonelectrolytes, and may be some- 
~imes associated with rectification phenomena. In the present model, however, such 
~pecial effects wlil not be considered, but one should be aware that they may be pres- 
ent. On the other hand, not all reaction rates, ern~ially involving a charged particle, 
depend on an electrical field. For instance, blndlngland release of an ion by a carrier 
should not depend on it, since the electrical activity coe~cient would be cancelled. 



Hence, the tbrmal procedure can be simplified by omitting electrical potential terms 
from all dissociation constants, so that in the end only the rate coefficients (Pl) of the 
charged particles across the membrane would contain an electrical ?otential term. 
Which oft be various carrier species involved in the transport is charged, d.epeods on the 
charge of the. carrier molecule itself and. on the stoichiomctry of the ion binding. In the 
following tu~atment, the ~wo most siraple possibilities in this respect are taken into 
~sccount, na=zely that either the empty cartier or the ternary complex fs neutral. In urder 
to facilitate practical application of tbe ;e derivations to actual systenL~, the main empha- 
sis is pat on the "reduced models", aaalogoas to those presented, in the previous paper 
[3]. It  will he shown that by introducing the various effects of the electrical potential 
difference, the kinetic charcoteristics of the previously developed models are modified. 
in various ways depending on which of the mobile carrier species are charged, and 
which of the steps involved limit the overall transport rate. 

In the beginning, we shall present a more general equation, analogous to that 
given in the previous paper, bat introducing special terms and factors representing me 
effects of ele¢~rica! potentials. In order to keep the derivation simple and lucid, we 
make the following assumptions, similar to those made in our previous treatment. 

I. Only two solute species are transported, the main transportce (a nonelectro- 
lyre) (A) and its co-ion (B). Each binds to its appropriate site of a mobile carrier (X)~ 
at the stoichiometrie ratio I : I. 

2. The overall transport rate is determined by tbe translocation step. This 
assumption implies that the reaction between carder and solutes in the boundaries is 
very rapid and frequent as compared to the transiocation step, so that quasi equilib- 
rium between free and bound ligands can be assumed all the time. 

GENERAL MODEL 

The carrier X tmasportee A and erector B may have the charges z, za and • b, 
respectively. The electrical potential at the two sides of the membrane ' a n d "  may be 
--(ip/2) and -}-(~/2), respectively. The equilibrium between carrier and ligands at the 
phase boundaries is determined by the following equations. 

x ' -  a____' = K" , ~ ' '  b" = K ;  x "  a "  b_____ ' = r ; -  K~/,' (1) 
ax' bx' abx' 

and analogues for " side, 
The following relationships hold since the total amount of carrier is constant: 

~' +ax' + bx" +abx ~ + x" + bx" +abx" = xT (2) 

Since the carrier system is in the steady slate 

g'  x'+g" ax'+F~" bx'+gb'  abx' = 

lYo'" x " + K "  ax"+O~,'" bx"+l~'~" abx" (3) 

The dependence of the permeation g,robabilities on the electrical potential 
difference is described as follows: 
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p'; = p; ' .  ~ , (~) .  C ~  :+;.'j~ 

ffi exp [ -F ' .~ /RT ]  (4) 

The p arc the permeation probabilities at ~ = 0. The ~b(~) are functions o f  the 
potential difference depending on the transfer mechanism and describing potential 
difference induced alterations of  the membrane structure. For a simple Eyring' mecha- 
nism ehe ~(~b) are I. From the second law of thermodynamics follows for equilibrium. 

a'._~: = ~,, b'" ffi ~=~ x'" = p~ i x "  _ p '  etc, (5) 

Inselling Eqn. 5 into Eqn. 1 one arrives at the following side independent constants. 

K ' .  p ;  ~bo(O = K: ' .  "="  ~°(~) - K.  

K~ . p'~ " ~°(qJ) = K~' . p'o' . ~o(V,) _ g~ 
p~ " ~b(~) p'~' . ~ ( ~ )  

r '  p~" f ~ "  ~'°(¢')" ~.~(¢) = ~" Vo'" p~ "  {po(V,)" ~ ( V , )  ~ (6) 
~ '  e~' ~(¢,) • ~sC¢,) p:'- p~'. ~.(,/,) • ~bJ~,) 

The unidirectional fluxes are 

s~ = p'. . ax '  + p'~ . ,~t,x' = ~,'(~_ + ~ ' ) v " / ~  

s'." = ~;' .  ax"  + ~;~ . at, x "  = ~"( I + ~ " ) v ' / ~  

s~ = ~; . bx" + p'~- ,,~,~' = p'O + m ' ) v " / e  

J;," = ~ , ' .  b x "  + p"~ . a b x "  = ~"0 +e~")V'/R 

with 

V '=  I + ~ ' + ~ ' + ~ T '  V " =  I+~"+~"+¢~"p" 

with 



i t oe - .  ee  , ,  ob . ° , ,  t ,  eb  Re) = a( . , )+~ R(~,)+D a ( , . ) + ~  ~ R(~,) etc. 

for R'(.') e~i 

R(°~) = ± { i  + I l 

The following "standard parameters" arc defined. 

(J:)~. = (t +~F)v"/a'(a) (K.), = g , .  a'(o)/e'(a) 

(1 +~/hO +/3") 
/ ~  = 0 + ~'Xl  + @") 

and for the special case ~"; B" -* o 

( J % .  = 0 + ~ / ~ ' ) / [ R ( , ~ ) + ~ ' R ( ~ ) ]  

fra*, = I+P~'  

RI~DUCED MODELS 

The following reduced models will be considered in analogy to our previous 
treatment. (I) Affinity-type models, i.e. those in which the co-ion modifies only the 
affinity of the carrier for the transportee without changing its mobility coe~cient. (II) 
Velocity-type models, i.e. those in which the co-ion modifies only the mobility of  the 
carrier, without changing its affinity for the transportee. (IIl) Mixed.type models, i.e. 
those in which both effects of the,:o-substratc are combined. 

In the previous paper, the two modifying effects have been handled a~ being 
either direct or quasiallosteric, so that each of the above types could h~ subdivided in 
a direct arm a quasi~Jhisteric variant. In the present paper, we shall only conside~ the 
direct effect, in terms of the conventional carrier model, b.'cause in the quasiallosterie 
variants the effect of electrical potential differenc~ is quite similar. The effect of the 
membrane potential depends on the charge of  th'- unloaded carrier, z. As mentioned 
above, however, we shall restrict ourselves to two alternatives, assuming that the 
empty carrier is either electrically neutral (z = 0) or bears one negative charge l'er 
Na* b/n~ng site (z ~ -- ! ). In the first case, the ternary complex should he positively 
charged, in the second case, it should be neutral. 

In order to implement t~e effects of electr~e~d potentials in our equation we 
have to make some additfonal assumptions concerning the nature of  the membrane 
and its function as an electrical and osmotic barrier. 

1. The const:~nt field approximatim~ is valid, an assumption shown to b~ 
reasonable for many biological and urtifieinl m~mbranes. In other words, we assume 
that the electrical potential of chasg~d particles within the m~mbrane is a linear func- 
tion of their distance from one m*.mbrane phase in direction to the other. 
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2 As to mediated transport we assume that the membrane is not homogeneous 
but permits penetrations by loaded or unloaded carrier species only by rapid "jumps" 
between the two memblane boundaries, where they are accessible to the sohites of the 
adjace~tt solutions These jtunps are so rapid that practlcaUy all carrier species occur 
in ',he membrane boundaries only, whereas intermediate location within the membra- 
nes are negligible at any time. In order that the translocatlon step he rate limiting, as 
has been assumed above, these jumps have to occur mfreqaentiy, at least much less 
frequently than the interactions between solute and carrier m the boundaries. In 
other words, the penetration behaves like a process h~.vmg a Ingh activation energy, 
which is required to overcome the osmotic halrier 

This aSSul~ptlon has some consequences for the kinetic equations describing 
the penetration of charged particles under the influence of an electrical field. For a 
homogeneous membrane, allowing continuous diffusion of charged particles, flus 
equation looks as follows. 

. In~ "[e'-~÷-c"~-½~ J = p ~ , _ ~ - ,  . . . .  

If, however, the penetration occurs by jumps, tins equation has to be expanded 
by a function of the hight and profile of '~he o~motlc barrier. This expansion can he 
greatly simplified by the. subsequent assnmptlon 

3. The harrier Is assumed to be a single "#all with a symmetrical triangular 
profile, located in the middle of the membrane phase. As to the height of flus harner 
we simply a~ume that it greatly excee~ the electrical potential difference. In other 
words, the activation energy required to o~'ercom~ this barrier i~ much greater than 
the electrical potenUai difference across the membrane. Under these conditions, the 
probability that a charged pasttcle jumps this barrier is proportional to the amount of 
charged particles within the membrane boundary times the Boltzmaun coefficient 
For simplicity we assume that the height of the barrier is the same for all charged 
carrier species so that the abow factor can be incorporated in the permeability 
coefficient. Otherwxse any electrical function of the membrane can be treated as unity 
and the resulting equation will look as follows [6, 7] 

Z ffi p(c '~*-e"~-~) 

Since only the translocation of the chaxged species depends on the potential 
difference, we may conveniently place the electrical potential eocfiieients mar  the 
umchrectional rate coefficients. 

We see that ~ simply have to multiply the rate coei~clents of each charged 
species, be it the ternary complex or the empty carrier, respectively, by the appropriate 
electrical activity ccefdeient, whereas all electrically independent parameters of the 
barrier, being considered invariant, arc incorporated in the p values. I f  the peak of the 
barrier was not located exactly in the middle of the membrane, tbe factors ½ un~l --½, 
respectively, in the exponential functions would have to be replaced by n and (~--I ), 
respectively, n being the fractional &stance of the barrier peak from the left face of 
the membrane. Since in the presept context we merely intend to investigate the princi- 
ples of the electric effects, we need not consider such details. 



55 

(1) A~nity-type models 
The carrier (X) has two binding sttes, one for the uncharged tcansportee (A) 

and another for the effector (B), hearing a charge + I. Binthng of the effector to X 
increases the affinity to the transportee by the factor ,  and wee versa. At ~, = 0 the 
mobilities of the &fferent carrier species are equal. The standard parameters of  the 
model arc the following: 

z ~ 0  
l +rff~ +~ 

(s.'),,, = xT. p2+(t+C+,~rtr 

r 2+(I+~+D#' 

f ~ x  I +rfl'~ +'I" 
I+322 +~ 

."= --I 

1 +rfl'~ +½ 

(s;)~, = ~ p (U ~ + C , )  + ~¢,(¢+~ + 0 

( K i n )  , = K (~+~+~-~)+ff(~+~+~ 
~(C~+U*)+r~'(~+*+1) 

1+rp'~+~ 
fmax = - -  - -  I +//'~ +~ 

If the loaded career has a velocity different from that of the unloaded one, an 
assumptien often made to explain trans effects, the standard parameters have the 
following form, p,  = PJPo = P~b/Pu 

z = O  

(J~)max = XT' P ( |  -I- rfl') -I-!Oa(14- r#'~ + ½) 

r~ = r, (l+~')+(l+trC~) 
( l  + r f f ) + p ~ ( l  + r f f {  +~) 

" . =  --1 
• p.ft  + r~'~ +÷) 

(J'a)mx = XT P tl+r[3,)~+~+pa{~_~.i.r#, . . _ .  

!t+#')~+++(~-~+# ') 
r~  = _ . 0  +~# )~+~+p.(~=~+Vp ~ 

I1) Veloetty-type models 
Transporte¢ and cffector do not influence each other's binding. The veloetties 

of the different earner species thffer from that of  the unloaded carrier by a factor of  
P* Pb P,b, respectively. The standard parameters are: 



z = O  
Pa "['Pab ~½~ ' 

( £ )~ ,  = x~ po 0 +p , )  ~-(z +p.~ ~+)#' 

g - -  2 + O + p , , ~ ) D  ' 
Km = , (I + p , ) + O  + p . ~ * ) / r  

I ~.+p.~¢+p" 
.fm*, P= 1.i.pb~ ~, 

z =  --1 
p,+ pab~÷/f 

(J:)~=, = .~po (~:,+p, Ct)+(~++p,O,e,  

(~:++':-~)+(':~+PJ#' 

1 . Ps+P,b" ~½fl' 

(HI) Mixed.type r~odels 
Combmatmn of transportee A and etI'ector B enhances the velocity of the 

career by factor of p,  and pb, respectwely. The blndLmg of the effector increases the 
affinity of the career to the transportee by a factor of r and wce versa. The standard 
parameters are the following: 

z = O  
p=(l + pbr~l  ~ ) 

(J'.),~. .= ~" po-O+p.)+(t + p .  . p ,  ~i)~p, 

2 + 0  + p~ {*)/~' 
K .  = ~= 0 +p . )+ (x  +p=p~ ~*),./r 

fro,, = l" +Pbr~  p'  

z =  - - ]  
p,(l +pb r~+P ') 

(f.)ms, = XT" Po (~ j+pa~- .~)+(~½+p=pb)r [  ~, 

K ( ' : ÷+ 'V~ ) - (~ *+  °~')P' K~ = =(¢ ,+p,C~)+( , :~+p-~O, / r  

D]SCUSSION 

As has been stated m the introduction, a chemical potential gradient and an 
electrical potential gradient are thermodynamically thlly equivalent and mutually 
intelchangeable as drwing forces of ran-linked tnmsport processes, The question 



57 

arises whether the same is necessarily true kinetically, i.e. for the transport rates 
res~dting from such driving forces. In other words, are these rates the same whether 
a given driving I toe results from a dlfferencemconcentrationor from an equivalent 
difference in electrical potential? 

The kinetics of transport rates are usually based on the law of muss action, the 
rates being treated o~s being proportional to concentrations or e'~etrocnemical activl- 
ties, rather than to thermodynamic potential differences, of  the species' involved. 
Accordingly, the equations derived above represent the overall transport rates us 
functions of  the difference m electrochemical actiwty of  the driving ion spec,es B, 
between the two sides of the barrier: 

J. = f C ~ )  
An electrical potential difference ~, if  present, appears thus not as st.ch but implicitly 
in the corresponding electrochemical activity coefficient, in the l~erature, this coeffi- 
cient is being handled in different ways. Often only one of the two concentrattens is 
mult~phed by such a coefficient, which in that case refers to the total potential differ- 
ence (~'÷ e+ _~, ,  ÷).The electrical potential on the "side is then taken as the reference 
pote~ttial and set arbitrarily equal zero, so ghat the coefficient of.B" becomes unity. In 
the present paper, however, we prefer, for reasons g~ven abo~e, the other treatment, in 
whlch each of the two concentrations is m, dfiplied by the appropriate coeffu:ient, each 
of which refers to only one half of the tetal potential (~'+ ~ - - B " ÷  ~-~'). In this case 
the electrical potential m the middle of the membrane is ttlken to be the reference 
potential and set equal to zero. Fundamentally, both treatments are equivalent. In 
the present kinetic denvati~,ns, however, there is some minor difference us will be 
shown farther below. The reason for this difference is that m the former treatment the 
elecu ochem~cal potenUal of the ion on the traus side is being fixed whereas that on the 
cts side is varied. In the latter treatment, on the other hand, both electrochemical 
acCtv~tles are changed reciprocally, so that the geometric mean of both remains con- 
stant This will have to be taken l~to consideration i f  electrical and osmotical effects on 
A/~ ale to be compared. 

Obviously, a given change of that difference can he produced in various ways 
e.g. osmotically by a difference ra concentration of B (~). and electrically, by an 
electrical potential difference, across the membrane. To compare the etTects on .I. at" 
these differences with e,xch ~ther we study each separately, select::~g ~tvo borderline 
cases m which given differences in electrochemical activity of B are produced either 
osmotically or electrically, lxl the case of an electrical change it is important to know 
the electrical charge of t  he tr~mslucated species', especially of the ternary complex a~d 
che unloaded carrier. For reuson of simphctty we have considered only the following 
two alternatives: 

1. The empty carrier is nentrei (z = 0), so that the ternary complex has to be 
positively charged, and 2. the empty carrier ~s negative (z = -- I), tl~e ternary complex 
being neutral. All these conditions ace ~ested separately for bothth ~. a~niW type and 
velocity type model. 

F:rst we calculated th,~ transport rates under the vanons pc ~sible conditions, 
uniformly for lose concentrations of  A. The results are shown in ~g .  ! The replcca- 
merit of a concentration difference by aa equivalent electrical term ~(~--~-~) ,  ur~ler 
the candltlon that z = 0, Iow,:rs the res~dting transpor~ rate as if  ki~te~liy an electri- 



5 io ~ 

Fig I The transport rate of mmn solute, ./,, m rc*pome 'o a dhTerence fit electrochermcal potetmal 
of the driving ion, B. Ordinate Jo at low concentration of A (it' ~ 0) m relanve umts, the transport 
in the absence of an electrochemical activity dlfferen-.4~ of B taken as imtty Abscissa. The different* 
m electrochemical activity of B (~  - ~ ' ) ,  also m relative Urals, ale t ranscon~ntratton of B, ~'" taken 
as unay (except for cur ~ A~) in which the geometl ~ mean of/V and ~"  r; taken as uruty The curves 
labeled by .4 refer to the affinuy type model, tho~, 'abeled by It, to the velocity type model The 
subscript os is to ladtcatep that the difference |a  el,~ *rochemlCal activity of B is due to a chmlge In 
concentration only, t e. in the a l sace  of an elecmeal potential, The subscript el is to indicate that 
the difference an electrochemical acttvUy o r b  ts due to an electrl,:al poteralal dlffereixe only, |.e ira 
the absence of a concentration difference. As indicated, these latter =urves refer eaher to a neutral 
(z = 0), or a negatively charged (z = -- 1 ) empty earner For slmphflty reason, It ts assumed that 
in the afl~mty type model the blrtary complex.es XA and XB are practically nonextstmg owing to 
extremely low afiimty AJmlogoeMy for the velocttytypo theeonmhuttonsoftheratesofthe above 
mentioned binary complexes are also neglected, assurmng that their trensloeatton across the bamer 
as too low The ratio (0) of  the mobility of the ternary compleg..D,h, over that of the empty carrier, 
Pc, is ultlformly 2 The te~qse.onceatratlon of A, =", is 0 m all cases 

cal potential  d l f fe reu~  were less effective t h a n  an equivtdent chemical dr iving fmce.  
Th i s  conclusion is, however,  no t  justified, becaust; the difference would  vanish  tf we 
had  in t roduced  the Dotcotml change  only by the ag ing  the ele, ctrochemical  activity 
coeffiment of  the first concentrat ion,  leavin,; the electrochemical activity o n  the other  
side constant  Since, as menUoned  above,  m the present  paper  we have changed the 
electrochemmal activities while leawpg the geometr ic  mean  of  b o t h  constant ,  we 
s h o u l d  for  a compar i son  OLd the same if  we mt raduce  a concent ra t ion  difference, 
namely  leave the geometr ic  meen  o f  the concentra t ions  constant .  I f  we d o  tht~. as 
i l lustrated by curve A~, the two curves for  A~ an d  A,hs= 0 comcMe. In  other  words ,  
electrical and  osraotlc changes o f  the electrochemical  aettvitms o n  b o t h  sides of  the 
m e m b r a n e  are equivalent to,each other ,  as far  as zhe affinity type is concerned,  an d  
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provided that z : O. In  either ease, however, the resulting transport r~cs ~ e  higher if  
.4~ is obtained by keeping p" constant rather tha~ by keeping the ge:r~gtnc mean of 
/~" constant, probably because m the former c.se :he resistance is lower. 

If we replace the neutral carrier (z = 0) by ~t negaUve one (z = --!), the 
transport rate o fA  ¢.~nsiderably de.eases for the same dtffevenca ie electrochemical 
activ:ty (d~) of B, We ma) conc|udv that the same electrical potential difference is less 
elf:clive, if it acts on the transport only i~,direvtly, namely via the empty career rather 
than via the ternary complex (A.~:=~ -I)' 

For the velocity type model :t makes apparently tittle difference whe,her the 
erection of a concentrafio, dtfference leaves tl'e geometric mean of the concantrvtion 
of l] constant or not (V. ,  V~). 

If the concentra;t¢,~ d i f fere~ ;s reflaeed by an equivalent difference, in 
electrical potential difference, the re~tponse of the transport rate in ~eloclty type model 
depmds on the charge of ti, e carrier, z. I fz  = O, Le. if the ternary complex is pos:tive 
the ~me transport rate appears to respond mc ~e strongly to an electr~cul p d than to 
an equivalent concentration difference. The opposite ~s trae if z = -- i ,  the te~ary 
complex being neutral, as i,, seen from curve Vol.=~ _~. 

The behav:or of the ,;o-called standurd parameters of the flow of A under the 
various conditions is presented in Fig. 2 and 3, showing the maxmmm transport rates, 
(J~,) ,  and the apparent Mtchaclis constants, (K.), respe¢'ttvely, Again~ the abscissa 
show the differences m el¢,ctrochemical acfivtty, wflich may be prodttced etther 
osmotically, by u change in ¢once.tratton difference of driver ton (A~; V.) or electri- 

lqg 2, The m~mum wlocny of t~ans~ort of A, (ga)~, m rcs~ons~ to varmtioa of the elcctrochcnucal 
acuvlty d~T~te~ of B 0 ~ '  J(,~*t m relative ttt, t t~t~ v&|~ ~blained on the a ~ o f  an 
e?~tfochemical activity difference of B takt'~ to be unity Absczss& labeling of the curve and th~ 
underlying consumption concerrdna the bl~ry complexes arc the sgxac as m Fig, 1 The trans~m- 
a~tmt ioa of  A, ~", Is O under rJI condittons. 
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Fig 3 The bfichaehs Co~tant of the transport o f / ,  as a funcnon of clef trochemlc&l potential dt ffer- 
ence of B I ~le ordinate is K.  relative umts. the value m the ab~nc~ el" an ef~trocheuncal activity 
d,fference of B Js taken to be unity. The abscissa, the laI~lmg of the curve~ and the underlying assump- 
tions concerning th, binary complexes of the carrier are the same as m the previous hgur~. Tile 
transconcentratton of A, ¢¢", is 0 under all conditions. 

cal[y, by  the appropr ia te  change o f  the e[ec trical potenttal  dtffcrencz, the latter under  
the two alternative condit ions,  z = 0 (Act ,~ =o an d  V®t ' ~ =o) or  z = - -1  (A,t I~ = _  t an d  
V'.~.==_t). The  various combinat ions  and  the cor responding  changes m s tandard  
parameters  are l isted m Table  I. I r a  given ddferenee in electrochemical activity o r b  s 
p roduced  osmotwal iy  only,  t e in  th~ absence o f  an  electrical potential  difference, tl~e 

TABLE I 

RESPONSE OF d=~ AND Km OF MAIN-SOLUTE (A) TRANSPORT TO OSMOTIC AND 
ELECTRICAL CHANGES IN ELECTROCHEMICAL ACTIVITY OF B 

Difference m electt~ochemzcal J=,t* K=' 
acnvaty (a~} 

At me.) typ© 
osmonc (zJ~u = 0] ~ 
electric (3p  = O) 
z =  0 f~ 
: = - ]  t,* 

Veloclty type 
osmotic (~ / t  = O) ~ ~, 
electric (,lp = 0) 

z = - !  e l f  ~,2 



responsr of the statadard paramett;rs is the sane: as has alr,.~ady been described m the 
previous paper. The affinity type shows only a &.~rease in K~, and the velocity type, art 
increase m Jm, the other parameters remaining largely un~tanged (curves AI and F~ 
in the correspond, ng figures) Such responses, however, ,tre different, il equivaler~t 
differences m elactrochem~cal actlvlty of the driver ion are produced electrmally only. 

WRh the affinity type model there appeers an increase ra 3"m, no matter whether 
z == 0 or z = --1 In other words, the pure afl|~ity type has adopted a feature which 
was prewously eoasidered typtcal for the velo~.lty type. 

The response of Km to an electrical potential &fference, contrary to that of J~, 
wnt~t this type depends strongly on z, I.e. on whether or not the empty comer bears x 
negative charge. I f  z = 0, g m strongly decreases with increasing potentml difference, 
as ]t does wRh increasing concenlratioa differenm. If  z = - - I ,  Km is essentially 
mseasitlve towards changes in electrncui poteatial d0fi'erences. 

With the velocity type an eleq trical po'~enfial d~fference, replacing an equivalent 
concentration d~fference, generally iacrea~es Jm~. Th~s effect depends oa z only zf the 
mobUities of ternary complex is dlfi'erent from that of the empty carrier. If, for m- 
stana:e, the loaded carder translocatr s more readdy taan the empty one, the electrical 
potenUal difference increases Jm much more strongl~ at z ~ -- ! t h ~  at z = 0 (Fxg. 3, 
curve V,t.z.O; V,i,..._l). As to K~, R is also change~ by an electrical potentiatdiffer- 
ence, a feature prewously eoasldered typk~ for the ~_ffinity typ.- The.,anse of change 
depends on z. 

Since an elcetrxcal potenual differan~ e across a membrane affeefs only the rates 
of translocatiun but not the binding and releasing re~ ctmns between carrier and solu- 
tes in the interfaces, it can be antictpated ~hat the e4"eets of the potenUal difference 
vamsh to the extent that the latter reactions heec~ne rate hrmtmg for the overall 
transport At the same time, however, the effects ¢.f co-transport wdl also vanish, 
since these al~,o depend on the extent to which the tr taslocation step,, are hmufing, as 
has been dernonstrated previously [3]. If, t'c,r instance, the overall transport rate were 
entnrely determined by the binding and reie;tse react ons between solutes and car~er, 
the colzpfing between solute A aod solute B 7could w~ longer b;  energetxc, only cataly- 
tic, i.e A could no lcnger be moved th~rr~o,'lypamic ~lly uphdl by a downhdl gradient 
of solute B. Hence, such situations arc r~ot relevaw in the present ,:on~:ext ~tnd need 
therefore nut be analysed with respect to electrical potential difference effects. 

As has been statedlmtialiy, m the present pal er only stmphfied, extreme condi- 
tnons ale te,,ted, so the difference in electrochemicaJ acttvity of tla,e driver nuns has 
been changed eRber osmottcally only, c.r electrical y only. In reahty, both cle~rical 
potential and concentration difference may chan~e simtfltaneansly in some cases, 
This makes the picture more comphcated, lint tt ll~ay approximately be antictpated, 
that electrical and con~ntrat]on effects are largely additive, so that the overall eft'eft 
n'my be predicte¢~ at least quahtatively. On the other hand, R seem,, feasible that with 
selected systems experimental condittons can he h~qd such as to study electrical and 
concentration effects separately The di,Terence bet ~'e~n different ~aodel types appear 
to be so great that a distraction between alternative medels and coy ier charges may be 
elucidated experimentally on the basis of predictions derived from eqtuttions such as 
those pre~cted m the present paper. 

The above dertvaUons are merely ~.inet]cal and therefore ~k-~sed on the law of 
mass action, the translocatnonal flow of each speen s being treated ~ a hncar function 



of the difference in eleetrochemJcal actiwty of that species. The interesting question 
arises how the elcetrtcal potential difference wdl affect the "treatment of co-transport if 
the latter is expressed in terms of thermoc~ynamics of irreversible processes. In any 
notaUon of the thermod~namlcs of irreversible processes the driving, force for each 
charged species, X, mcoiporates both the chenucal and the electrical potential di~i'ero 
ence as completely equivalent and interchangeable forces. Hence .my &fferemial 
effects of these two forces on the overall transport rate, as should be anticipated m 
wew of the above derivatloas can only appear in the coefficients, L. Ttlis dependence 
of these coefficients on the contribution of electncal potent/a[ difference to the driving 
force will be dealt with m a subsequent paper 

a , b  
x, ax, bx, abx 

xr  
K.,Kb 
K,,Kb 
r 

Pl 
z, zA, Za 
V, R, gll  ) 
j . ,  .r~ 
(J . ) .n  
K .  
fm.z 
• , fl 

cono.entraUons of A and B in the bulk phases 
concentrations of free carrier, camerA-,  carder-B-complex and 
tercary complex in the boundaries of the transport region 
total concentration of carrier m the transport region 
dissociation constants of carrier-A-and carrier-B-comple 
side independent apparent dissocmt~on constants 
factor, by which the affinity of the carr, er for A is changed by B and 

vice versa 
mobfliues of the different career species 
electrical charges of free carrier, A and B 
polynoma m ~t and/J defined by Eqn. 7 
umdirectmnal fluxes of A and B 
maximum veloctty 
Miebaelis constant 
maximal accumulation ratio of A 
relative chemical actlwties of A and B referred to the dissociation 
constants Ko and Kb, respectively 

~, ~ relative electrochemical activities of A and B referred to the side 
independent apparent &ssocJatlon constants 

Pa, Pb, Pub factors by wluch the mobilities of the &fferent career species differ 
from that of the free carrier 

electrical act)vity cceffic]ent 
membrane potential 
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