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SUMMARY

In a previous paper kinetic equations of secondary active transport by co-
transport have been derived. In the present paper these equations have bsen dad
by including the effect of an electrical potential difference in order to make them
applicable to the more realistic systems of dary active transport driven by the
gradients of Na* or H". Thermodynamically an electrical potential differencz is as a
driving force fully exchangeable with an equivalent chzmical potential difference.
This is not necessarily so for the kinetics of co-transport. It is not always the same
whether a given differcnce in electrochemical activity of the driver fon is mainly
osmaotic, i.¢. due to difference in concentration, or electric, i.e. due to a difference in
the electrochemical activity cosfficient. Ir: most cases a differenc:e in concentration is
more effective in driving co-transport than is an equivalent difference in electrical
potential leading to the same differencs in electrical activity, The effectiveness of the
latter highty depends on the model, whether it is of the affinity type or of the velocity
typs, but aiso on whether the Icaded or the unloadad carrier bzars an electrical charge.
With the same electrical potential difference co-transport is as a rile faster if the
ternary complex rather than the empty carrier is charged. Also the “standard para-
meters”, (see Glossary, page 62) J,,,, and K,,, of the overall transport respond dif-
ferently to the introduction of an electrical potential differsnce, depending on the
model. So an electrical potential difference will mostly affect K, if the loaded cartier
is ionic, and mostly J,,,. if the »mpty carsier is jonic, provided that the mobility of the
loaded carrier is greater than it of the empty one. On the other hand, distinctive
criteria between affinity type and velocity typs models are partly affected by an electri-
cal potential difference. If the translocation steps of loadsd and unioaded carrier are
no longer rate limiting for the overall transpoxt, electrical effects on the transport rate
are bound to vanish as does the activation by co-transport.

INTRCDUCTION

It i5 now widely accepted that the active transport of several solutes, especiaily
aminc acids and sugars, is driven by the clectrochemical potential gracient 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 nonelectrolyte and that of the ion, are
energetically coupled to each other by ““co-t ransport”, presumably through the forma-
tion of a “ternary complex™ between carrier, substrate and co-ion at a fixed stoichio-
metry. The “gradient hypothesis” appears to apply to animal cells and microorga-
nisms alike, the Na* predominating as co-i¢m in the former, and H*, in the latter kind
of cell.

In a previous paper the kinetics of ca-transport, based on the assumptlon ofa
ternary lex, has been analysed matheraatically. First a was
developed in which all possible interaction;; between the carrier and its llgands were
incorporated [3). From this equation sever at “reduced models” were derived on the
basis of the assumption that binding of thr: co-substrate to the carrier promotes the
active transport of the main substrate by ore ora bination of two distinct effects.
An increase of the affinity of the carrier for the main substrate (affinity type) and/or
an increase of the penetration rate of the ccmplex (velocity type). It could be shown
that the “pure” types in which either thie one or the other effect were assumed to
predominate, should exhibit characteristic’differences in their kinetics, notably in
their “‘standard parameters”: maximum velocity (see Glossary, p. 62) (7,,,) and
Michaelis constant (K,,), and in their depenc ence on certain exparimental conditions.

Even though in most cases of co-tran:port the “driving” solute is an ion (Na*
or H™) whose electrochemical potential gradient should strongly depend also on an
electrical potential difference across the transporting 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 systems, experimentally, it is highly
desirable to overcome this shortcoming by propzrly introducing electrical effects.

From the energetic point of view, the implementation of an electrical potential
in the above equations poses no spscial problem. Any contribution of the electrical
potential difference to the driving force is usuaily taken care of by adding an electrical
potential term to the chemical potential difierence of an ion, thus arriving at the
electrochemical potential difference of the iorn. Analogously, one might try to adapt
the kinetic equations of co-transport te electrical forces by inserting the electrochemi-
cal activitics 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 coefficient, £*, For various reasons, however, this
procedure r1aises some problems. Firstly, th: 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 panetrating the membrane, such 2
function may be neglected. In addition, an electric field may induce structural aitera-
tions of membrane components involved in transport, which may also cffect the
sermeability coefficients of ions, or even those of nonelectrolytes, and may be some-
“imes associated with rectification phenomena. In the present model, however, such
special effects wiil not be considered, but one should be aware that they may be pres-
ent. On the other hand, not all reaction rates, crugijally involving a ch.arged particle
depend on an electrical field. For instance, bincling and release of an jon by a carrier
should not depend on it, since the electrical activity coefficient would be cancelled.
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Hence, the formal procedure can be simplified by omitting electrical potential terms
from all dissociation constants, so that in the end only the rate coefficients (p,) of the
charged particles across the membrane would contain an clectrical potential term.
‘Which ofthe various carrier species involved in the transport is charged, depends onthe
charge of the: carrier mofecule itself and on the stoichi y of the ion binding, In the
following treatment, the two most sitaple possibilities in this respeet are taken into
:account, nanely that either the empty earrier or the ternary complexis neutral, In ovder
to facilitate practical application of th2se derivations to actual systems, the main empha-~
sis is put ca the “reduced models”, anal to those p d in the previous paper
[3]. 1t will be shown that by introducing the various effects of the electrical potential
difference, the kinetic characteristics 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, but introducing special terms and factors representing the
effects of electrical potentials. In order to keep the derivation simple and Iucid, we
make the following assumptions, similar to those made in our previous treatment.

1. Only two solute species are transported, the main transportee (a nonelectro-
Iyte) (A) and its co-ion (B}. Each binds to its appropriate site of a mobile carrier (X),
at the stoichiometric ratio 1 L.

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

GENERAL MODEL

The carrier X transportee A and effector B may have the charges 2, z, and 2.
respectively. The electrical potential at the two sides of the membrane ” and * may be
—{(¥/2) and 4(if/2), respectively. The equilibrium between carrier and ligands at the
phase boundaries is determined by the following equations.
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and analogues for ” side.
The following relationships hold since the total amount of carrier is constant:

¥ 4+ax'+bx'+abx’ +x"'+bx" +abx' = x; 2
Since the carrier system is in the steady state

Bo X'+ By ax'+ Py bx' -+ Jy  abx’ =

B X B ax B bx"+ Pl abx” 3)

The dependence of the permeation firobabilities on the electrical potential
difference is described as follows:
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The p are the permeation probabilities at i == 0. The ¢(¥) are functions of the
potential difference depending on the transfer mechanism and describing potential
difference induced alterations of the membrane structure. For a simple Eyring” mecha-
nism the ¢(¥) are 1. From the second law of thermodynamics follows for equilibrium.
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Inserting Eqn. 5 into Eqn. 1 one arrives at the following side independ
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The unidirectional fluxes are
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The following “standard parameters” are defined.
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REDUCED 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 modifics only the
affinity of the carrier for the transportee without changing its mobility coefficient. (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. (III) Mixed-type models, i.e.
those in which both effects of the ‘:o-substrate are combined.

In the previous paper, the two modifying effects have been handled as being
either direct or quasiallosteric, so that sach of the above typzs could b2 subdivided in
a direct and a quasinllosteric variant. In the present paper, we shall only consider the
direct effect, in terms of the conventional carrier model, t in the iall e
vanants the effect of electrical potential differencs is quite similar. The effect of the

ial depends on the charge of the unloaded carrier, z. As mentioned
above, howevet, we shall restrict ourselves to two alternatives, assuming that the
empty carrier is either electrically neutral (z = G) or bears one negative charge per
Na* binding site (2 = —1I). In the first case, the ternary complex should be positively
charged, in the second case, it should be neuttal.

In order to implement the effects of electrical potentials in our equation we
have to make some additional sssumptions concerning the nature of the membrane
and its function as an electrical and osmotic barrier.

1. The constuat ficld approximation is valid, an assumption shown to bs

ble for many biol 1 and artificial membranes. In other words, we assums
that the electrical potential of chargad particles within ths membrane is 2 lincat fune-
tiont of their distancz from one m2mbrans phase in direction to the other.
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2 As to mediated transport we that the k is not homog
but permits penetrations by loaded or unloaded carrier species only by rapid “jumps”
between the two membiane boundaries, where they are accessible to the solutes of the
adjaceit solutions These jumps are so rapid that practically all carrier species occur
in the membrane bound d

ias only, wh inter location within the membra-
nes are negligible at any time. In order that the translocation step be rate himiting, as
has b:cn assumed above, these jumps have to occur mfrcqucntly, at least much less
fi ly than the interactions between solute and carrier 1n the boundaries. In
other words the penetration behaves like a process having a high activation energy,
which 1s required to overcome the osmotic bairier

This assumption has some consequences for the kinetic equations describing
the penetration of charged pameles under the influence of an electrical field. For a
g continuous diffusion of charged particles, this

equation looks as follows.

In¢ (e EmeEh)

J= é* %

If, however, the penetration occurs by jumps, this equation has to be expanded
by a function of the hight and profile of the oumotic barrier. This expansion can be
greatly simphified by the subseqy ption

3. The barrier 15 assumed to be a smgle wall with a symmetrical triangular
profile, located 1n the middle of the membrane phase. As to the height of this barner
we simply assume that 1t greatly exceeds ihe electrical potential difference. In other
words, the activation energy required to overcome this barrier ic much greater than
the electrical potential difference across the membrane. Under these conditivns, the
probability that a charged particle jumps this barrier 1s proportional to the amount of
charged particles within the membrane boundary times the Boltzmann coefficient
For simplicity we assume that the height of the barrier 1s the same for all charged
carrier species so that the above factor can be incorp d mm the permeability
cocfficient, Otherwise any electrical function of the membrane can be treated as umty
and the resulting equation will look as follows [6, 7]

J = P(c;é*_cue-i)
Since only the translocation of the charged species depends on the potential

difference, we may conveniently place the elestrical potential coefficients near the
umidirectional rate coefficients.
Iy = pigte —plEHY

We see that we simply have to multiply the rate coefficients of each charged
species, be 1t the ternary complex or the empty carnier, respectively, by the apprapnate
electrical activity ccefficient, whereas all electrically independent parameters of the
barrier, being considered invariant, are incorporated in the p values, If the peak of the
barrier was not located exactly in the middle of the membrane, the factors 4 and —3,
respectively, in the exponential functions would have to be replaced by z and (2—1),
respectively, » being the fractional distance of the barrier peak from the left face of
the membrane. Since in the present context we merely intend to investigate the princi-
ples of the electric effects, we need not consider such details.
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(I) Affinity-type models

The carrier (X) has two binding sites, one for the uncharged transportee (A)
and another for the effector (B), bearing a charge -+ 1. Binding of the effector to X
mcreases the affinity to the transportee by the factor r and vice versa. At i = 0 the
mobilities of the different carrier species are equal. The standard parameters of the
model are the following:
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If the loaded carrier has a velocity different from that of the unloaded one, an
assumpticn ofter made to explain trans effects, the standard parameters have the
following form, ps = Pa/po == Puv/Pe
z=0
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IT) Velocity-type models
Transportee and effector do not influence each other’s binding. The velocities
of the different carier species dlﬂ'er from that of the unloaded carrier by a factor of

q

Pa Po Pab» Tespectively, The d par are:
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(JI1) Mixed-type models

Combination of transportee A and effector B enhances the velocity of the
carter by factor of p, and py, respectively. The binding of the effector creases the
affinity of the carmier to the transportee by a factor of r and vice versa. The standard
parameters are the following:
z=0
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DISCUSSION

As has been stated 1n the introduction, a chemical potential gradient and an
electrical potential gradient are thermodynamically fully equivalent and mutually
interchangeable as driving forces of ron-linked transport processes. The question
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anses whether the same is necessarily true kinetically, i.e. for the transport rates
resulting from such driving forces. In other words, are these rates the same whether
a given dsiving 1 rce resuits from a difference in concentration or from an equivalent
difference in elecrrical potential?

The kinetics of transport rates are usually based on the law of mass action, the
rates being treated 23 being proportional to concentrations or e'zctrocnemical activi-
ties, rather than tu thermodynamic potential differences, of the species’ involved.
Accordingly, the equations derived above represent the cverall transport rates as
functions of the difference m electrochemical activity of the driving ion species B,
between the two sides of the barrier:

Jo=f (Aﬁ)

An electrical potential difference i, if present, appears thus not as su.ch but implicitly
in the corresponding electrochemical activity coefficient. 1n the Iterature, this coeffi-
cient is being handled in different ways. Often only one of the two concentrations is
muftiplied by such a coefficient, which in that case refers to the total potential duffer-
ence (B, &+ —p" . ). The electrical potential on the “side is then taken as the reference
potential and set arbitrarily equal zero, so that the coeffictent of f” becomes unity. In
the present paper, however, we prefer, for reasons given above, the other treatment, in
which each of the two concentrations 1s mnitiplied by the appropriate coefficient, each
of which refers to only one half of the tctal potential {f', & —pg"  &~+). In this case
the electrical potential 1n the muddle of the membrane is taken to be the reference
potential and set equal to zero. Fundamentally, both treatments are equivalent. In
the present kinetic derivations, however, there 1s some minor difference as will be
shown farther below. The renson for this difference is that in the former treatment the
elects ochermical potential of the ion on the trans side is being fixed whereas that on the
ais side is varied. In the latter treatment, on the other hand, both clectrochemical
activities are changed reciprocaily, so that the geometric mean of both remains con-
stant This will have to bs taken 1.-to consideration if electrical and osmotical effects on
AR aie to be compared.

Obviously, a given change of that difference can be produced in various ways
e.g. osmotically by a difference 1n concentration of B (B), and electrically, by an
electrical potential difference across the membrane. T'o compare the effects on J, of
these differences with each other we study each separately, select:ng iwo borderlina
cases 1n which given differences in electrochemical activity of B are produced either
osnioticaily or electrically. In the case of an electrical change it is impottant to know
the electrical charge of the tr.ns) d species’, especially of the ternary complex ard
the unloaded carrier. For reason of simpheity we have considered only the following
two alternatives:

1. The empty carrier is neutral (z = 0, so that the ternary complex has to be
positively charged, and 2. the empty carrier 1s negative (z = —1), the ternary complex
being neutral. All these conditions ace rested separately for both th: affinity type and
velocity type model.

Fust we calculated the trassport rates under the vanous pu-sible conditions,
uniformly for low concentrations of A. The results are shown in Fig. 1 The replace-
ment of a concentration difference by an equivalent electrical term (st —g-%), urder
the condition that z = 0, lowers the resulting transport rate as if kinetivaily an electri-
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Fig 1 The transport rate of man solute, J,- 1n resp, ‘oa n | i
of the dnving 1on, B. Ordinate J, at low concentration of A (x* — 0) in relative unts, the transport
m the absence of an ¢l activity diffe of B taken as uniry  Abscissa: The difference

1n electrochemical activity of B (f’ - £7), also n retative umis, the transconcentration of B, 8’ taken
as umity {except for cur : As) in which the geomets . mean of % and f” 13 taken as uruty The curves
Tabeled by A refer to the affinity type model, thos: ‘abeled by ¥, to the velocity type model The
subscript 05 15 to mdicate, that the difference in ¢l.. rochemical activity of B 1s due to a change i
concentration only, 1e. in the absence of an 2k The subscript ¢l 15 to indicate that
the difference in etectrochemical acuvity of B 13 duc to an electrisal potential difference only, 1.e 1n
the absence of a duff As d, these latter curves refer cither to 2 neutral
{z == 0), or a negatively charged (z = —1) empty carner For simplicity reason, it is assumed that
in the affimty type model the binary complexes XA and XB are practically nonexistmg owing to
extremely low affiuty Analogously for the velocity type the conimbutions of the rates of the above

d binary pl are also neglected. that their i across the barner
15 too low The ratio (p) of the mobility of the ternary complex, p,» over that of the empty earreer,
Po 15 untformly 2 The transconcentration of A, &, 1s 0 1a all cases

cal potential difference were less effective than an equivalent chemical driving force.
This conclusion is, however, not justified, because the difference would vanish if we
had mtroduced the potential change only by chenging the electrochemical activity
coefficient of the first concentration, leaving the electrochemical activity on the other
side Since, as d above, in the present paper we have changed the
electrochemical actwites while leaving th: geometric mean of both constant, we
should for a comparison do the same if we ntroduce a concentration difference,
namely leave the geometric mean of the concentrations constant. If we do this, as
illustrated by curve 4. the two curves for A and 4,,,,., comcde. In other words,
electrical and osmotis changes of the clectrochemcal activities on both sides of the
membrane are equivalent to.each other, as far as the affinity type is concerned, and
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provided that z = 0. In either case, however, the resulting transport rates .re higher if

AR is obtained by k B rather than by keeping the geometric mean of
B” constant, probably because in the former case the resistance is fower.
If we replace the neautral carrier (z = 0) by 2 negative one (z = —1), the

transport rate of A ¢rnsiderably decreases for the sanie difference in electrochemical
activity (48) of B. We may conclude that the same electrical potential difference 1s less
effective, if it acts on the transport only irdirectly, namely via the empty carnier rather
than via the ternary complex (4.~ —,).

For the velocity type model it makes apparently little difference whe her the
erection of a concentration difference leaves tl-e geometric mean of the concentration
of B constant or not (V,,, V).

If the concentratton difference % roplaced by an equivalent difference in
electrical potentral difference, the response of the transport rate in velocity type model
depends on the charge of the carrier, z. If 2 = 0, i.e. if the ternary complex is positive
the same transport rate appears to respond mc1e strongly to an electrical pd than to
an equivalent concentration difference. The opposite 1s true if z = —1i, the terrary
complex being neutral, as is seen from curve ¥V .o, .

The behavior of the so-calicd standard parameters of the flow of A under the
various conditions is presenled in Fig, 2 and 3, showing the maximum transport rates,
(ma )» and the app lis ¢ , (Ka), respectively, Again, the abscissa
show the differences mn electrochemical actlvuy, which may be produced either
osmotically, by a change in concentration difference of driver 10n (4,,; V) or electri-

Irnox,
4
¥t 2ot
3.
2 Vs Adt oo A, 2ot
bt 200
- LY
t Ao 58
5 W ap

Fig 2. The maximum velocity of transport of A, (Ju)mar In ressonse to variation of the electrochemical

acmnty d:ﬂ'm-em of B Ordmmate’ J(, hua 10 relative uzats, tue value obiained on the absence of an

ical activity daffe of B taken to be unity Abscissa labeling of the curve and the

der}, ing the binary
centration of A, «”, 13 0 under li conditrons.

ph are the same as mn Fig, 1 The transcon-
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Fig 3 The Michaehs Constant of the transport of £, as a fi of elec trach 1 differ-
ence of B The ordmate s K, relative unus, the value in the absence of an electrochemecal activity
diference of B 1s taken to be unity. The abscissa, the labeling of the curves and the underlying assamp-
tions th. binary I of the carrier are the same as i the previous figures. The
transconcentration of A, «”, 1s 0 under all conditions.

cally, by the appropriate change of the elec trical potential diffzrencz, the latter under
the two alternative conditions, 2 = 0 (4, ,ap a0d ¥ .2q) 08 2 = —1 (Ay;,=— and
Ve, z=—1) Thz various combinations and the corresponding changes n standard
parameters are listed in Table L If a given differencs in electrochemical activity of B s
produced osmotically only, 1 e in ths absence of an electrical potential difference, the

TABLE I

RESPONSE OF J,,; AND K, OF MAIN-SOLUTE (A) TRANSPORT TO OSMOTIC AND
ELECTRICAL CHANGES IN ELECTROCHEMICAL ACTIVITY OF B

Difference 1n electrochemical st K?
actvity (A5)
Af ity type
osmotic (4% = 0) - 2
electric (I8 = 0)
=0 " +
2= —1 I -
Velocity type
osmotic (¥ = 0) 4 }
electric (48 = 0)
=0 1 b

2=~ R
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P of the standard ers is the same as has alrzady been deseribed in the
ptevxons paper. The aﬁimty type shows only a decrease in Ko, and the velocity type, an
increase 1n.J,,, the other parameters remaining largely uncaanged (curves Ay and | 2
in the correspond'ng figures) Suvh resp are didf if
differences 1n electrochemical activity of the driver jon are produced e]ecmcally only.

‘With the affinity type model there appears an increase in Jy,, no matter whether
z==00rz= —1 In other words, the pare afiiaity type has adopted a feature which
was previously considered typical for the velocity type.

The response of X, to an electrical potential difference, contrary 1o that of J,,
with this typs depends strongly on z, 1.e. on whether or not the empty carrter bears 3
negative charge. If z = 0, K, strongly decreases with increasing potential difference,
as 1t does with mcreasmg conceniration difference. If z= —1, K, 15 essentially

Ve 1 in electrical poteatial differences.

With the velocity typs an elex trical poiential difference, replacing an equivalent.
concentration difference, generally increases J,.,,. Th's effect depends oa z only if the
mobilities of ternary complex is different from that of the empty carrier. If, for -
stance, the loaded carrier translocates more readily taan the empty one, the electrical
potential difference mcreases J,, much more strongly at z = —1 thanat z = 0 (Fig. 3,
curve ¥y oo Vi, z=—1)- As 10 Ko, 1t is also changes. by an electrical potential differ-
ence, a feature prevmusly considered typical for the «ffinity type The sense of change
depends on z.

Since an electrical potential difference across a membrane affects only the rates
of translocation but not the binding and releasing reactions between carrier and solu-
tes in the nterfaces, it can be anticipated that the efects of the potential difference
vamsh to the extent that the latter reactions becorne rate hmuting for the overall
transport At the same time, however, the effects ¢f co-transport will also vanish,
since these also depend on the extent to which the translocation steps are lmuting, as
has been demonstrated previously [3]. If, for instancz, the overall transport rate were
entirely determined by the binding and refease react ons between solutes and carrier,
the coupling between solute A and solute B would v longer bz energetic, only cataly-
tic,i.e A could no lenger be moved thurraodynamically uphill by a downhll gradient
of solute B. Hence, such situations are rot relevan in the present context and need
therefore not bz analysed with respect to electricel potential difference efiects.

As has been stated inutially, mn the p pag ot only simphfied. condi-
tions me tested, so the difference in electrochemical activity of the driver 1ons has
been changt'd erther osmotically only, cr electrical y only. In reahty, both clectrical

1 and ration difference may change s:mu.\taneously in some cases.
Tlus makes the picture more pl d, but 1t may appr ly bz
that electrical and concentration effects are largely addmve, so that the overall effect
may be pr»dlcted at least quahtatwely On the other hand, it seemy, feasible that with
experil dit can be h:M such as to study electrical and
concentration effects separately The diference bet vecn different odel typss appear
to be so great that a distinction between alternative models and car ier charges may be
elucidated experimentally on the basis of predictions derived from equations such as
those predicted 1n the present paper.

The above derivations are merely kinetica: and therefore based on the law of

mass action, the translocational flow of each spzcie s being treated 3 a Iinear function
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of the difference in electrochemical activity of that species. The interesting question
arises how the electrical potential difference will affect the treatment of co-transport if
the Iatter 15 expressed in terms of thermodynamics of irreversible processes. In any
notation of the thermodynamics of irreversible processes the driving force for each
charged species, X, incorporates both the chemucal and the electtical potential differ-
ence as completely equivalent and interchangeable forces. Hence any differentiai
effects of these two forces on the overall transport rate, as should be anticipated m
view of the above derivatioas can only appear in the coefficients, L. This dependence
of these coeficients on the contribution of electrical potential difference to the driving
force will be dealt with 1n a subsequent paper

GLOSSARY

a, b conzentrations of A and B in the bulk phases
x, ax, bx, abx concentrations of free carrier, carrier-A-, carrier-B-complex and
terrary complex in the boundaries of the transport region

X total concentration of carrier in the transport region

K, Ky dissociation constants of carrier-A-and carrier-B-complex

K., K, side independent apparent dissociation constants

r factor, by which the affinity of the carrier for A 1s changed by B and
vice versa

Di mobilities of the different carrier species

2z, Za, Zp electrical charges of free carrier, A and B

V, R, R{}) polynoma 1 « and £ defined by Eqn. 7

Tas Jo umditectional fluxes of A and B

a)aax maximum velocity

Koy Michaelis constant

Senx maximal accumulation ratio of A

x, f relative chemical activities of A and B referred to the dissociation

constants K, and K, respectively

& f relative electrochemical activities of A and B referred to the side

ndepend; pp d i

Pas Pbs Pab factors by which the mobilities of the different carner species differ
from that of the free carrier

& electrical activity coefficient
¥ membrane putential
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