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Summary. The anion transport across the red blood cell membrane is assumed to 
occur by ionic diffusion through dielectric pores which are formed by protein molecules 
spanning the red blood cell membrane. The access of anions to the dielectric pores is 
regulated by anion adsorption sites positioned at the entrances of the pores. The 
adsorption of small inorganic anions to the adsorption sites is facilitated by ionizing 
cationic groups setting up a surface potential at the respective membrane surfaces. 
Applying the transition state theory of rate processes, flux equations for the unidirectional 
flux were derived expressing the unidirectional flux as a function of the fractional 
occupancies of anion adsorption sites at both membrane surfaces. 

The basic properties of the transport model were investigated. The concentration- 
dependence and the pH-dependence of the unidirectional fluxes were shown to depend 
upon the surface charge density and upon the affinity of the transported anion species to 
the anion binding sites. The concentration-response and the pH-response of the uni- 
directional fluxes of different anion species may differ substantially even if the anion 
species are transported by the same anion transport system. The model predicts a 
characteristic behavior of the Lineweaver-Burk plot and of the Dixon plot. 

A comparison between computer simulated and experimentally determined flux 
curves was made. By choosing a suitable set of parameters, the anion transport model is 
capable of simulating the concentration-dependencies and the pH-dependencies of the 
unidirectional sulfate and chloride flux. It is sufficient to change one single constant in 
order to convert the "sulfate transport system" into a "chloride transport system". 
Furthermore, the model is capable of predicting the inhibitory action of chloride on the 
sulfate transport system. No attempts were made to fit the experimental data to the 
model. The behavior of the model was qualitatively in accordance with the experimental 
results. 

The  kinetics of  the an ion  t r anspor t  across  the red b lood  cell mem-  

brane  displays a n u m b e r  of  features which  are indicat ive of  a specific 

t r anspor t  system. The  an ion  permeabi l i ty  of  the e ry th rocy te  m e m b r a n e  is 

m a n y  orders  of  m a g n i t u d e  higher  than  the an ion  permeabi l i ty  of  an 
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unmodified black lipid membrane. The unidirectional fluxes of chloride 
[8, 9, 28, 71], iodide [73], sulfate [29, 55, 57] and phosphate (unpublished 
results) saturate, exhibit a characteristic pH-dependence [9, 12, 14, 28, 53, 
57, 71, 73] and can be inhibited by a large number of different inhibitors 
[-11-15, 20, 21, 27, 30, 47, 53]. Therefore, it was suggested that the anion 
transport across the erythrocyte membrane is mediated by a mobile 
anion carrier [25, 26, 70]. According to the carrier hypothesis, the carrier 
molecule complexes with the transported anion at the membrane sur- 
faces, forming an electrically neutral anion-carrier complex. Sub- 
sequently, the anion-carrier complex is translocated and the anion is 
released at the opposite membrane surface. 

As far as the carrier hypothesis has been explicitly formulated, a 
symmetric carrier system has been used for the description of the 
experimental results [8, 9, 25, 26]. The carrier hypothesis covers a great 
many of the experimental results, but there are some observations which 
seem to be in contradiction to a simple carrier transport mechanism. 
Usually a carrier is defined as a membrane constituent which is alter- 
nately in contact with the inner or the outer membrane surface [42]. 
Consequently, it should be possible to inhibit a carrier system from 
either membrane side. Previous studies with red blood cell ghosts, 
however, have shown that the inhibition of the sulfate and the chloride 
exchange is highly asymmetric. Some nonpenetrating inhibitors, such as 
phlorizin [39, 56] and DAS (4,4'-diacetamidostilbene-2,2'-disulfonic acid) 
[34, 74t, which cause a strong inhibition of the anion exchange if acting 
on the outer membrane surface were found to be completely ineffective if 
acting on the inner membrane surface. In contrast, the sugar transport 
system can be inhibited by phlorizin [39, 56] and phloretin [2] from the 
outer and from the inner membrane surface equally well. 

Moreover the classical concept of a mobile carrier moving together 
with the substrate across the membrane is difficult to reconcile with 
modern concepts of the membrane ultrastructure. Recent biochemical 
studies have shown that a membrane protein with a molecular weight of 
95,000 daltons (95 K) plays a decisive role in anion transport across the 
red blood cell membrane [5-7, 37, 46, 74]. The 95-K membrane protein 
can be isolated and enhances the sulfate permeability of lecithin vesicles 
[51]. The 95-K protein spans the membrane and seems to be in contact 
with the inner and the outer membrane surface [43, 60, 61]. If a ligand of  
the 95-K protein would serve as a mobile carrier, the transport of anions 
should be associated with a displacement of this ligand over the whole 
membrane thickness. A displacement of a ligand of a protein molecule 
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over a distance of about 50• seems to be extremely unlikely under 
physiological conditions. On the other hand, the 95-K protein could 
easily form an anion permeable channel which traverses the red cell 
membrane and which is responsible for the anion transport. 

In this paper, the anion transport across the red blood cell membrane 
is assumed to occur by ionic diffusion through localized membrane 
domains. These membrane domains are designated as dielectric pores. 
The access of small inorganic anions to the dielectric pores is assumed to 
be regulated by anion adsorption sites positioned on the inner and the 
outer membrane surface. The fraction of occupied sites on the membrane 
surface, in turn, is assumed to be modified by ionizing cationic fixed 
charges which set up a surface potential and thereby facilitate the 
adsorption of anions to the anion binding sites. On the basis of these 
assumptions, a model for the anion transport across the red blood cell 
membrane has been developed. The basic properties of the transport 
model were investigated and compared to the experimental results. 
According to the anion transport model, the concentration-response and 
the pH-response of the unidirectional anion flux is strongly dependent 
upon the surface charge density and upon the affinity of the transported 
anion species to the anion adsorption sites at the membrane surfaces. 
Thus entirely different concentration-dependencies and pH-dependencies 
of the unidirectional fluxes of two anion species may be observed, even if 
both anion species are transported by the same anion transport system. 
In addition, the inhibitory action of a second anion species on the 
unidirectional flux of the first anion species was studied. The model 
predicts a characteristic pattern of concentration-dependence of the 
unidirectional fluxes. The computer-simulated Lineweaver-Burk plots 
and Dixon plots display particular features which have been previously 
observed in studies on the chloride [10] and on the sulfate transport [57] 
in human erythrocytes. Making suitable assumptions of the surface 
charge density and on the affinity of the transported anion to the anion 
adsorption sites, the model is capable of simulating the experimentally 
observed concentration-dependence and pH-dependence of the unidirec- 
tional fluxes of sulfate and chloride and of predicting the action of 
cloride on the unidirectional sulfate flux. 

Materials and Methods 

The experiments were performed with blood from healthy adult donors. The blood 
was withdrawn under sterile conditions and stored maximally for 6 days at 4 ~ 
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Coagulation was prevented by adding an acid-citrate-dextrose solution. Before the 
experiments, the red blood cells were washed three times in a 165 mM NaC1 solution; 
plasma and buffy coat were removed. For chloride depletion, 4 g tightly packed red cells 
(10 min centrifugation at 5000 x g, 20 ~ pH 7.3) were incubated three times for about 
15 min in 10 volumes of a 132 mM K2SO 4 solution (37 ~ pH 7.2). Then the cells were 
incubated in 36 ml of a solution containing 25 mM K-phosphate buffer, 60 mM sucrose, 
5 Ixg/ml amphotericin B, and variable amounts of K2SO4. If the sulfate concentration had 
to be lowered below 75 mM, we started with a solution containing 75 mM K2SO4, 25 mM 
K-phosphate buffer, and 60 mM sucrose, and then the sulfate concentration was titrated 
down to the required value by slowly adding a phosphate buffer/sucrose solution (25 mM 
K-phosphate, 60raM sucrose). Simultaneously, pH was adjusted by adding either 0.1 N 
HzSO 4 or 0.1 N KOH. The titration procedure usually took 90 min at 37 ~ Finally, the 
cells were spun down and resuspended in an incubation solution of proper composition 
and labeled with asSO 4. 

The labelling of the cells took 45 min at 37 ~ and was extended to 120 min at 
alkaline pH. Thereafter, the cells were transferred into a nonradioactive solution of the 
same composition, and the tracer efflux from the ceils was measured. The sulfate flux 
measurements were performed with a 10 ~ (w/v) cell suspension. The rate constant k of 
the sulfate back-exchange was determined by fitting the cpm/time curves to Eq. (1) by 
means of a least squares fit procedure. The amount of intracellular sulfate nin was 
calculated from the intracellular radioactivity and the specific activity of sulfate in the 
incubation solution at isotopic equilibrium. 

The tracer back-exchange at Donnan equilibrium follows an exponential equation 
which at low cell concentrations can be expressed by: 

Y = Y -  (Y- Y0)" exp ( - k t). (1) 

y (cpm/ml) is the radioactivity in the outside solution at time t, y (cpm/ml) and Yo (cpm/ml) 
are the total radioactivity per ml suspension and the radioactivity at time zero, k (min-1) 
is the rate constant for the tracer back-exchange and t (min) is time. The unidirectional 

flux j is given by: J =  k'  nin. (2) 

nin is the amount of intracellular sulfate per g cells wet weight. The wet weight of the cells 
was determined prior to any other manipulations under standardized conditions (10 min 
centrifugation at 5000 x g, pH 7.3, 20 ~ 1 g cells wet wt corresponds to a dry wt of 0.353 
_+0.003 g (n= 141, average ___sD). Thus the unidirectional sulfate fluxes can be expressed 
in moles, min - 1. g cells dry wt-  1. 

The unidirectional chloride fluxes were supplied by Dalmark. For technical details 
the reader is referred to Dalmark [9]. The chloride fluxes are expressed in moles, rain-1.3 
x 1013 cells- 1. Since 1 g cells dry wt under the above conditions contains 3.0 x 101~ cells, 
the sulfate fluxes can be expressed in the same units as the chloride fluxes by multiplying 
the sulfate fluxes with a factor of 1000. It should be noted however, that the chloride and 
the sulfate flux measurements were conducted at different temperatures and therefore are 
not strictly comparable. 

Results 

Outline of  the Model 

I n  th i s  p a p e r  t h e  e r y t h r o c y t e  m e m b r a n e  is c o n s i d e r e d  to  b e  c o m p o s e d  

o f  a l i p i d  b i l a y e r  i n t o  w h i c h  l a r g e  p r o t e i n  m o l e c u l e s  a r e  i n s e r t e d .  T h e  
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lipid molecules are oriented with their polar head groups towards the 
water phases whereas the hydrophobic chains of the lipidic acids are 
positioned inside the membrane. The protein molecules with their hy- 
drophobic moieties are in close contact with the lipid bilayer. The polar 
groups of the protein molecules are mainly located at the outer and at 
the inner membrane surfaces. 

According to the transition state theory [16, 22, 33], the elementary 
process in diffusion is the jumping of an ion over a potential barrier 
separating two potential minima. In order to scale barrier, the ion has to 
possess a certain minimum energy which will, in general, substantially 
exceed the average thermal energy of the ions. The diffusion resistance of 
a localized membrane region is determined by the height of the energy 
barrier(s) which the ion has to overcome in order to penetrate the 
membrane. The height of the main diffusion barrier of the cellular 
membrane is assumed to be approximately equal to the dielectric energy 
of the ion within the membrane which, according to the Born equation 
[3], is determined by the dielectric constant of the water phase and by 
the dielectric constant of the respective membrane domain. Since the 
bulk material of the lipid bilayer regions is composed of the hydrocarbon 
chains of the lipidic acids, the dielectric constant of the bilayer regions of 
the cell membranes is supposed to be much smaller than the dielectric 
constant of the protein regions. Thus, the diffusion resistance of the lipid 
regions of the cell membrane for ions should be much higher than the 
diffusion resistance of the protein regions. It was therefore suggested that 
the membrane proteins could act as dielectric pores which facilitate the 
transport of ions across the cell membrane [44, 67]. 

For the derivation of an anion transport model, a number of impor- 
tant experimental results have to be taken into account: (i) As already 
mentioned, the anion transport across the erythrocyte membrane is 
mediated by a specific membrane protein [5-7, 37, 46, 74] which 
penetrates the red blood cell membrane and seems to be in contact with 
both membrane surfaces [43, 60, 61]. This protein presumably acts as a 
dielectric pore providing a penetration route for anions across the red 
blood cell, membrane. (ii) The unidirectional fluxes of chloride [8, 9, 28, 
72], iodide [73], and sulfate [57], which have been most intensively 
studied, exhibit a saturation kinetics. The saturation of the fluxes in- 
dicates that the anions on their way across the erythrocyte membrane 
interact with a limited number of membrane sites. These sites are 
supposed to be located on the membrane surfaces at the entrance of the 
dielectric pores and are supposed to regulate the access of anions to the 
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Figi 1. ~chematic represelltatior~ of the membrane model. The bilayer region of the 
cellular membrane is interrupted by a pore which is built by a membrane protein 

traversing the red blood cell membrane 

dielectric pores. Furthermore, a competition between the various anion 
species is observed [10, 57] suggesting that small inorganic anions are 
transported by the same anion transport system. (iii) Finally, the anion 
transport across the red blood cell membrane is inhibited by various 
amino group reagents [5-7, 35, 37, 45, 50, 74], whereas sulfhydryl group 
reagents were found to be completely ineffective in inhibiting anion 
transport [35, 62]. These results give strong evidence towards the as- 
sumption that amino groups are directly involved in the regulation of the 
anion permeability by facilitating the adsorption of small inorganic 
anions to the anion adsorption sites on the membrane surfaces [45, 47]. 

A schematic representation of the membrane model used for the 
description of anion transport across the erythrocyte membrane is shown 
in Fig. 1. The equations for the unidirectional fluxes derived in the 
subsequent sections are based upon the following assumptions: (i) The 
anion transport across the red blood cell membrane occurs by ionic 
diffusion through dielectric pores. (ii) The access of anions to the dielectric 
pores is regulated by anion adsorption sites at the inner and the outer 
entrance of the pores. Each binding site binds a single monovalent or 
divalent anion. (iii) The fraction of occupied sites is modified by the 
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surface potentials which are supposed to be set up by ionizing cationic 
groups at the inner and the outer membrane surface. 

For the description of the diffusion process, the formalism of the 
transition state theory was applied. To express the unidirectional fluxes 
in terms of the free energy profile of a multibarrier membrane is a 
complicated matter, particularly if interactions amongst the penetrating 
ions have to be taken into consideration. In such an event, the energy 
profile of the membrane is modified in a manner depending upon the 
concentration distribution of ions within the membrane. We made no 
attempts to solve the problem for a multibarrier membrane, rather we 
proceeded at once to a situation where one of the energy barriers is much 
higher than the others. The transport of anions across the high diffusion 
barrier will then be the rate-determining step for the anion transport and 
the ions to the left and to the right of the high diffusion barrier may be 
assumed to have attained their equilibrium distribution. 

Fig. 2 exhibits the hypothetical energy profile of a dielectric pore. The 
two outer barriers represent the interracial barriers at the outer and the 
inner membrane surfaces. The intermediate barrier represents the main 
diffusion barrier of the erythrocyte membrane for small inorganic anions, 
which is assumed to consist of a more hydrophobic portion of the 
membrane protein molecule. The energy minima at the inner and the 
outer membrane surfaces refer to the energetic state of the anions 
adsorbed to the anion binding sites. It should be emphasized that in 
general, the energy profiles for different anion species are different even if 
they morphologically use the same penetration route across the eryth- 
rocyte membrane. 

In the subsequent section we first calculate the surface concentrations 
of contact-adsorbed anions bound to the adsorption sites. Then the 
unidirectional flux can be expressed as a function of the concentration of 
contact-absorbed anions at the outer and the inner membrane surfaces. 

The Surface Concentration of Contact-Absorbed Anions 

In order to calculate the surface concentrations of contact-adsorbed 
anions at the membrane surfaces, the surface potential and the number 
of adsorption sites within this particular membrane area have to be known. 
As delineated above, we assume that the surface potential is set up by 
ionizing cationic groups which are clustered at the entrances of the 
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Fig. 2. Energy profile of a dielectric pore 

dielectric pores. The surface charge density as (amp x sec x cm-2) is then 
given by: 

H exp ( - q~o) (3) 
as= amax K+Hexp(_qOo)" 

amax (amp • sec • cm-2) is the maximal electrical charge per unit area if 
all cationic groups are protonated, H (cm-3) is the proton concentration 
in the adjacent aqueous phase, K (cm-3) is the ionization constant of the 
cationic groups and ~Po = q ~ 0 / k T  is a reduced surface potential (~o is the 
surface potential (V), q the electrical elementary charge, k the Boltzman 
constant and T the absolute temperature). The term H exp (-~0o) in 
Eq. (1) denotes the surface concentration of protons. 

The relation between the surface charge density a s and the surface 
potential q~o at a planar solid/electrolyte solution interface is given by the 
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O o u y - C h a p m a n  theory of the electrical double  layer [23]: 

G =]/2ee~ k T i ci{exp(- z~q~176 l } ~ (4) 

Here e and e o are the dielectric constants  for water and the permitivity of 
free space, ci (cm-3) is the concentra t ion and zi the valency of the i-th 
ion species, respectively. 

Combin ing  Eqs. (3) and (4) yields Eq. (5) which expresses the surface 
potential  ~o o as a function of the membrane  parameters  O'ma x and K and 
as a function of the electrolyte composi t ion  and of pH of the adjacent 
aqueous phase. 

H" exp(-q~176 2ee  k T  ci{exp(-ziCPo)-l}. 
area" K + H .  exp( - qOo) - i= 1 

(5) 

It should be noted  that  in Eqs. (3)-(5), the concentrat ions are expressed 
in number  of particles per cm 3. If the concentrat ions are expressed in 
moles/liter, they have to be converted to the appropria te  dimension. 
Insert ing Oma x and K, the surface potential  cp o is obtained by solving Eq. 
(5) numerically. 

Assuming suitable values ot V ma x and K for the left and the right 
membrane  surface, the surface potentials can be calculated by means of 
Eq. (5). Knowing  the surface potentials  and assuming equil ibrium at the 
membrane  surfaces, the surface concentrat ions N~ of contact-adsorbed 
anions of the ith anion species are obtained by Eqs. (6) and (7) which can 
be readily derived on the basis of kinetic considerat ions (for nota t ion 
compare  Fig. 2): 

N/= N" c' i exp ( - z i q);) (6) 

( l + j ~  1 ' p( ')/K ) '  'i P( ) '  ' - - z j  o q - c  ex --ziqo o Ksi  cj ex q) sj 
"= 

j:4=i 

c i ' exp ( -  zi~0;) 
(7) 

K'~'i (l + ~ cj'exp(-zjp'~)/K:}) +c'i'exp(-ziq)'~) 
j = l  
j :l= i 

N~ is the maximal  surface concentra t ion of anions at the respective 
membrane  surface which is de termined by the number  of available anion 
adsorpt ion sites, c i and cj are the concentrat ions of the ith and the j th  
anion in the water phase, z i and zj are the valencies of the ith and the j th  
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anion, and Ksi and K~j are the dissociation constants for the site-anion 
complexes for the ith and the jth anion species, respectively. The terms 
ci" exp(-z~00) and cj. exp(-zj~o0) in Eqs. (6) and (7) denote the surface 
concentration of mobile anions of the ith and the jth species at the 
membrane surface. 

The dissociation constants Ks~ and Ksj are defined for the left and 
for the right membrane surface as follows: 

K;i = ~'~ o N;/k'~ o (8) 

K'~j= f~oNS:)o (9) 
t !  ~ t !  t t  ~ t t  Ksi = kioN~/k~o (10) 

K'~} = k)' o N'~'/k} 'o (11) 

k~o and kjo are the rate constants for the flux of the ith and the j th  anion 
across the left (index') and the right (index") interracial barrier if the 
surface potential is equal to zero. The arrows above the rate constants 
indicate the direction of the reaction (Fig. 2). 

The Transport of Anion across the Main Diffusion Barrier 

As already pointed out, the elementary process in diffusion is the 
jumping of an ion across a potential barrier. The rate constant for the 
diffusive jump is determined by the free energy of activation, i.e., by the 
energy required for the ion to pass from its current equilibrium position 
to the top of the energy barrier [16, 22, 331. The free energy of activation 
is modified by the electrical potential A 0 which acts across the respective 
energy barrier. Assuming that the potential barrier lies half way between 
two neighboring potential minima and assuming that the potential drops 
linearly over the barrier, the change of the free energy of activation due 
to the electrical potential is ziqA 0/2 for the diffusive jump in the forward 
direction and -z~qAq//2 for the diffusive jump in the reverse direction 
[75]. By introducing again a reduced electrical potential A qo =qA O/kT, 
the rate constant/~i and/~ for the diffusive jump in either forward or the 
reverse direction can be written as 

ki = kio exp(zi A qo/2) (12) 

/~i =/~io exp ( -  z~A (p/2) (13) 

with/~,o and/~io being the respective rate constants if A qo is zero. 
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In addition, a limited number of anion adsorption sites was assumed 
at each membrane surface which regulates the access of anions to the 
dielectric pores. The probability that an anion jumps across the mem- 
brane is proportional to the concentration of contact-adsorbed anions at 
the cis-membrane side times the probability of finding an empty site at 
the trans-membrane side. Thus the unidirectional flux Jl of the ith anion 
from the left to the right is given by: 

Ji=flqoexp(ziArp/2)Ni' (1- ~ N/'/N~"). (14) 
i = 1  

Correspondingly, the unidirectional flux 3 i from the right to the left is 
given by: 

( Ji=k~oexp(-ziA~o/2)N~" l - i =  N/ ' . (15) 

Again N[ and N{' denote the surface concentrations of the ith anion; N~' 
and N" denote the maximal suface concentration of anions at the left 
(index') and at the right (index") membrane surfaces, respectively. The 
terms 

( n  ) ( ) 
1-i~=1N//N; and l -  ~ N['/N" 

i = 1  

in Eqs. (14) and (15) express the probabilities of finding a vacant site at 
the opposite membrane surface. 

The netflux J~ of the ith anion species is the sum of the two 
opposingly directed unidirectional fluxes ~ and ~, where the unidirec- 
tional flux ~ from the right to the left has to be considered mathemati- 
cally as the negative flux: 

J~ = a~.- Y~. (16) 

Since the unidirectional anion fluxes were measured at equilibrium, the 
net flux is equal to zero. Making use of the equilibrium condition, the 
electrical potential is obtained by the following expression: 

kioN 1 ' ' 
Acp -=1 In 

Zi k i o N  i 1 -  " " 
i ~ l  
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Substituting Eq. (17) into (14) yields the following: 

�9 ,okioXi 1 -  " " N" 1 -  
i = 1  

which expresses the unidirectional anion flux 
concentration of contact-adsorbed anions at both membrane surfaces 
and of the rate constants for the forward and the reverse reactions. For 
experimental purposes, it may be more convenient to express the uni- 
directional flux as a function of the fraction of occupied sites N/Ns. Eq. 
(18), therefore, may be rewritten as: 

~ ! ! t !  l !  / t  f t  / t J/=Jmax(i) ( N / N )  1 -  ~ N / N ;  (N~/N,~ ) N/Ns (19) 
i = l  = 

with 

oN; kioN;.  ' 

N'/N;) (18) 
s  

as a function of the 

(20) 

Basic Features of the Model 

In the preceding section, the unidirectional flux Ji of the ith anion was 
shown to be a function of the concentrations of contact-adsorbed anions 
N' and N" of the ith anion species at both membrane surfaces. The 
concentrations of contact-adsorbed anions in turn, are complicated func- 
tions of the concentrations of the ith anion, of pH and of the electrolyte 
composition of the aqueous solution adjacent to the respective mem- 
brane surface. In order to study the basic features of the anion transport 
model the following simplifying assumptions were made: (i) We restrict 
our considerations to a single electrolyte, where only the anion species 1 
is present. (ii) The membr.ane is symmetric. (iii) The electrolyte com- 
position and pH of the solution at both membrane sides are identical. 
Under these conditions the indices' and " can be omitted. Eqs. (6) and 
(7) then reduce to: 

cl exp(-zlCPo) 
N1 =Ns (21) 

Ks1 + q  exp (-zlq0o) 

and the unidirectional flux J1 of the anion species 1 is given by: 

J l  = Jmax(1)(N1/Ns)( 1 - N1/N~). (22) 

The symbols have the meaning as defined in the preceding sections. 
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Eq. (21) describes the adsorption of the anion species 1 to an 
electrically charged surface with a limited number of adsorption sites. 
The fractional occupancy of the sites at a given anion concentration is 
determined by the free energy of adsorption which arbitrarily may be 
subdivided into a "chemical energy term" and into an "electrostatic 
energy term". The dissociation constant K~I is determined by the chemi- 
cal energy of adsorption which under our conditions is supposed to be 
constant and to be a function of the chemical properties of the transport 
anion species. On the other hand, the electrostatic energy term zl q0 o is 
variable. The electrical energy term is a function of the surface potential 
~0 o and of the electrical charge of the transported anion, but it is inde- 
pendent of chemical properties of the transported anion species. 

The examination of Eq. (21) is shown in Fig. 3. The fraction of occupied 
sites N1/N ~ is plotted vs. the anion concentration c 1 and vs. pH. O-ma x and 
Ks~ are indicated in the figure. There are two results which are of 
particular interest. Firstly, the adsorption isotherms differ substantially 
from a Langmuir  adsorption isotherm. If the surface charge density O'ma x 
is high and if pH is much smaller than the pK of the charge determining 
cationic groups at the membrane surface, the apparent half-saturation 
constant is much higher than the dissociation constants K~I used for the 
computat ion of the curves. Furthermore, the fraction of occupied sites 
under these conditions becomes rather insensitive against variations of 
the bulk concentration c 1 and is mainly determined by the surface charge 
density. This can result in an abrupt increase of the adsorption isotherms 
so that the curves do not seem to start at point zero. Secondly, if both 
the fixed charge density ama x and the dissociation constant Ksx a r e  high, 
the fraction of occupied sites is strongly pH-dependent. On the other 
hand, if K~I is small, i.e., if the chemical adsorption forces become 
predominant,  the fractional occupancy of the anion adsorption sites 
becomes invariable against changes in pH. 

The inspection of Eq. (22) shows that within the range of 
O<N~/N~<0.5 the unidirectional flux Jl increases as the fraction of 
occupied sites is raised, reaching a maximum at N1/Ns=0.5 when the 
membrane surfaces are half-saturated. Above N1/N~=0.5, a blocking 
effect becomes predominant  at a further increase of the fractional occup- 
ancy and the fluxes fall off again. 

As shown in Fig. 4, the unidirectional fluxes display a complex 
pattern of concentration-responsiveness and pH-responsiveness. Depend- 
ing upon the choice of ama x and K~I, the flux curves either increase or 
decrease within a distinct concentration range or they may exhibit a 
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Fig. 3. Adsorption of anions to a positively charged membrane surface carrying a limited 
number of anion adsorption sites. (a) Effects of the surface charge density a .... and (b) of 
the site-anion dissociation constant Ks1 upon the surface concentration of adsorbed 
anions. The fraction of occupied sites N 1 / N  s is plotted vs. the anion concentration c 1 mM; 
pH = 5.0. (c) Effect of the surface charge density ~rma • and (d) of the site-anion dissociation 
constant K~I upon concentration of adsorbed anions. The fraction of occupied sites 
N 1 / N  s is plotted as a function of pH; c 1 =0.1 M. The calculations were performed for a 
single monovalent electrolyte such as KC1 by using Eqs. (5) and (21). Parameters used for 
the calculation: am,x (amp "sec'cm-2) and Ksl(M ) as indicated in the figures. K = I  
• 10-7M. (a) K s l = l  M; (b) O'max=l.6 • 10 -5 amp.sec .cm-2;  (c) K~I=IM; (d) 6ma~=l.6 

X 10 .5 amp-sec.cm -2 

c o n c e n t r a t i o n  m a x i m u m .  C o r r e s p o n d i n g l y ,  the  p H - p r o f i l e  o f  the  flux 

curves  is s t rong ly  affected by  var ia t ions  o f  O-ma x and  K~I. Figs.  4 c  and  d 
d e m o n s t r a t e  that,  d e p e n d i n g  u p o n  the  c h o i c e  o f  O-ma x and  Ks1,  ent ire ly  

different  types  o f  p H - d e p e n d e n c i e s  o f  the  flux curves  were  observed .  T h e  
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performed for a single divalent electrolyte such as K2SO4 by using Eqs. (5), (21) and (22) 

fluxes either increase or decrease with increasing pH, or they show pH- 
maxima at different locations. 

For a symmetric membrane, if two anion species are present, the 
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branches of the flux curves were used. (c): Dose-response curves. The flux ]1 (arbitrary 
units) of the anion species 1 is plotted vs. the concentration c 2 (raM) of the anion species 2. 
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f o l l o w i n g  set o f  e q u a t i o n s  has to be used:  T h e  surface c o n c e n t r a t i o n  N 1 

o f  the 1st a n i o n  (subscr ipt  1) is: 
c l  exp  ( - z l  ~0o) N, =% (23) 

Ks1(1-3Lc2 exp (-- z2CPo)/Ks2)+c 1 exp ( -  zl po) 
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and the surface concentration N2 of the second anion species (subscript 
2) is given by: 

c 2 exp ( - z 2 go0) (24) 
N2 = N~ Ks2(1 + cl exp ( - z l  ~Oo)/Ks1) + c2 exp ( -  z2 ~Oo)" 

The unidirectional flux Jx of the 1st anion species then is obtained by: 

J l  =Jmax(1)( /1 / i s )  / ~ / i  s . (25) 

cl and c: are the concentrations of the 1st and the 2nd anion within the 
water phase; Ks1 and Ks: are the dissociation constants of the site-anion 
complexes. 

In order to study the inhibition of the unidirectional flux Jl of the 1st 
anion by a 2nd anion, the following procedures are applied: either the 
concentration dependence of J1 in the presence of different concen- 
trations c 2 of the anion species 2 is studied (Fig. 5a) or the effect of 
increasing concentrations c2 of the anion species 2 upon J1 is studied 
(Fig. 5c). 

The concentration response of the flux curves shows some typical 
features (Fig. 5a). Jl exhibits a concentration maximum which for 
increasing c 2 shifts towards higher concentrations of c~ and finally seems 
to disappear. The actually observed maximal flux of the anion species 1 
is reduced and the apparent half-saturation constant increases as c2 is 
raised. This behavior is usually interpreted as an inhibition which is 
partially competitive and partially noncompetitive. Fig. 5b displays a 
Lineweaver-Burk plot made from the ascending branches of the flux/con- 
centration curves shown in Fig. 5a. A linear relation between 1/J~ and 
1/c 1 is observed, but the straight lines do not intersect at one point. Figs. 
5 c and d display dose-response curves for three different concentrations 
of cl and the corresponding Dixon plots. An overlinear increase of 1/J 1 
with increasing c 2 was observed. At low c2, the curves can be approxi- 
mated by straight lines which distinctly intersect above the abscissa. This 
behavior can only be seen if Fig. 5d is plotted on a larger scale. 

The results of our studies are of great theoretical interest. They show 
that the unidirectional fluxes of two anion species may exhibit a com- 
pletely different concentration-response and pH-response even if both 
anion species are transported by the same transport system. As indicated 
by our studies, the concentration-dependence and the pH-dependence of 
the unidirectional flux is strongly dependent upon the choice of the surface 
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charge density and upon the affinity of the transported anion species to 
the anion binding sites which is expressed by the Ks~. Furthermore, we 
have to expect characteristic deviations of the Lineweaver-Burk and the 
Dixon plots. 

Comparison between Experimental and Theoretical Results 

A test of the anion transport model would consist of an attempt to 
simulate the kinetics of the anion transport across the red blood cell 
membrane. From the various anion species, the transport of sulfate and 
of chloride across the red cell membrane has been most extensively 
investigated. It seems interesting, therefore, to study to which extent the 
above model is capable of giving a description of the sulfate and the 
chloride transport under the various experimental conditions. 

Unfortunately most of the membrane parameters (O'max, K, N~ and/~i) 
determining the behavior of the transport model are not known and are 
not accessible to direct measurement. We therefore tried to find sets of 
parameters which are suited to simulate the concentration-dependence 
and the pH-dependence of the unidirectional sulfate and chloride fluxes. 
Although the parameters were arbitrarily chosen, their choice is subject 
to some restrictions. Firstly, the parameters have to be of an order of 
magnitude which is physically reasonable and compatible with our 
present knowledge of the membrane ultrastructure. Secondly, if sulfate and 
chloride are both transported by the same transport system, only those 
parameters can be changed which are determined by the chemical 
properties of the transported anion species. Hence for the simulation of 
the sulfate and of the chloride fluxes the same values of O-max, K and N~ 
have to be used, whereas the Ksi may be changed. 

For the calculation of the unidirectional fluxes Eqs. (5), (6), (7) and (19) 
were used. The computed fluxes are expressed in arbitrary units. For the 
calculations, the differences between intracellular and extracellular anion 
concentrations and between intracellular and extracellular pH arising 
from the Donnan distribution of ions were ignored. These conditions can 
only be strictly met experimentally if the experiments were performed 
with red blood cell ghosts. The parameters used for the computation of 
the curves are listed in Table 1. The unidirectional anion fluxes were 
measured at Donnan equilibrium by means of radioactive isotopes, i.e., 
under conditions where no anion net flux takes place (cf. Materials and 
Methods). 
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T a b l e  1. P a r a m e t e r s  u s e d  for t he  c o m p u t e r  s i m u l a t i o n  o f  t he  flux cu rves  s h o w n  in Figs.  

6 - 9  

O'ma x K Ks(so,) Ks(el ) 
a m p .  sec .  c m -  2 M M M 

Side'  1 . 6 x  10 . 4  1 x 10 - v  I x 10 2 1 x 10 -1  

Side" 1.6 x 10 . 6  1 x 10 - v  1 x 10 - I  1 x 10 -1  

Fig. 6 exhibits a comparison between computer simulated and experi- 
mentally determined sulfate flux curves. The concentration-dependence 
of the experimentally determined unidirectional sulfate flux (Fig. 6b) 
displays a concentration maximum shifting from about 150 mM at pH 6.3 
(25 ~ to about 300 mM at pH 8.5 (25 ~ The apparent half-saturation 
constants were found to increase from 30 mM (pH 6.3) to approximately 
120mM (pH 8.5). The pH-maximum of the unidirectional sulfate flux 
(Fig. 6d) is located between pH 6.2-6.4 (25 ~ and is little affected by 
changes of the sulfate concentrations. The sulfate flux experiments were 
performed in the presence of amphotericin B. At low concentrations 
(5 gg/ml) amphotericin B has no effect on the sulfate flux [57]. It is 
evident from Fig. 6 that the computer simulated flux curves are qualita- 
tively in accordance with the experimental results. 

A comparison between the theoretical and the experimental flux/con- 
centration and flux/pH curves for the unidirectional chloride flux is 
shown in Fig. 7. According to the studies of Dalmark  [9], the con- 
centration maximum of the unidirectional chloride flux measured at 0 ~ 
shifts from about 100 mM at pH 6.2 to about 300 mM at pH 9.2 (Fig. 7b). 
Concomitantly, the apparent half-saturation constant increases from 
10 mM (pH 6.2) to 70 mM (pH 9.2). The concentration-dependence of the 
computer simulated flux is shown in Fig. 7a. In contrast to the pH- 
dependence of the unidirectional sulfate flux, the pH-dependence of the 
unidirectional chloride flux is strongly influenced by the chloride con- 
centration. The pH-maximum of the flux curves is most pronounced at 
low chloride concentrations and gradually disappears as the chloride 
concentration is raised (Fig. 7d). The computer simulated pH- 
dependence of the flux curves (Fig. 7c) and the experimentally observed 
pH-dependence (Fig. 7d) display the same type of behavior. 

Fig. 8 shows the effect of increasing chloride concentrations upon the 
concentration response of the unidirectional sulfate flux. The apparent 
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Fig. 6. Comparison between computer simulated and the experimentally observed 
concentration-dependence and pH-dependence of the unidirectional sulfate flux. (a): 
Computer simulated concentration-dependence. The unidirectional sulfate flux ]so4 (arbi- 
trary units) is plotted v s .  the sulfate concentration [SO4] (raM). (b): Experimentally 
observed concentration-dependence of the unidirectional sulfate flux (amphotericin B- 
treated red blood cells, 25 ~ The unidirectional flux Jso, (moles. rain -1 .g cells dry wt -1) is 
plotted v s .  the extracellular sulfate concentration [SO4] (mM). pH is indicated at the 
respective curves. (c): Computer simulated pH-dependence of the unidirectional sulfate 
flux. The flux ]so4 (arbitrary units) is plotted v s .  pH. (d): Experimentally observed pH- 
dependence of the unidirectional sulfate flux. The flux Jso4 (moles. rain-1 .g cells dry wt-t) is 
plotted v s ,  pH. The sulfate concentration is indicated in the figures. Composition of the 
incubation solution: 5 gg/ml amphotericin B, 60 mM sucrose, 25 mM K-phosphate buffer 
plus xmM K2SO4 as indicated in the figures. Cell concentration: 10% (w/v). The 
computer simulated flux curves were calculated by means of Eqs. (5), (6), (7) and (19). The 

parameters used for the computation are listed in Table 1 
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unidirectional fluxes of chloride. The experimental data were taken from Dalmark [9]. 
(a): Computer simulated concentration-dependence of the unidirectional cloride flux. The 
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parameters are listed in Table 1 
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computation are listed in Table 1 
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KC1 concentrations as denoted in the figure. Eqs. (5), (6), (7) and (19) were used for the 

computation of the flux curves, z~ = - 2 ;  z2= - 1 ;  other parameters as in Table 1 
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half-saturation constant of the unidirectional sulfate flux (25 ~ increases 
from 25 to 285 mM as the chloride concentration is raised from 0 to 
100 mM. The position of the concentration maximum of the unidirectional 
sulfate flux shifts toward higher sulfate concentrations and finally the 
concentration maximum disappears (Fig. 8a and 8b). It should be 
mentioned in this context that corresponding results were obtained by 
Dalmark [10] who studied the action of bicarbonate and halide anions 
on the concentration-dependence of the chloride flux. The Lineweaver- 
Burk plots made from the ascending branches of the flux/concentration 
curves (Fig. 8c and d) show a linear relation between the reciprocal 
sulfate flux and the reciprocal sulfate concentration. The straight lines do 
not intersect at one point. 

In Fig. 9 the inhibition of the unidirectional sulfate flux by chloride is 
shown. Fig. 9a and b exhibit the computed and the experimentally 
determined dose-response curves, Fig. 9c and d show the corresponding 
Dixon plots. As already mentioned, the relation between the reciprocal 
of the sulfate flux and the chloride concentration is not linear as should 
be expected for pure competition. The elongation of the curves intersect 
distinctly above the abscissa. 

Figs. 6-9 demonstrate that the proposed model is capable of describ- 
ing the basic features of the sulfate and the chloride transport at Donnan 
equilibrium. Although no attempts were made to fit the experimental 
data to the above model, there are two interesting results that should be 
mentioned. Firstly, it was only possible to simulate the experimentally 
observed features of the unidirectional sulfate flux and the unidirectional 
chloride flux by making the membrane asymmetric (amax+amax). Se- 
condly, it was sufficient to change one single dissociation constant Ksi in 
order to convert the system from a "sulfate transport system" into a 
"chloride transport system". 

Discussion 

Membrane Structure 

The present paper is concerned with the mechanism of the anion 
transport across the red blood cell membrane. During recent years, the 
kinetics of the anion transport across the red cell membrane has been 
extensively studied in several laboratories. Despite considerable progress 
in the biochemical field of membrane research, the mechanism of the 
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anion transport is not yet understood. This is partially due to a lack of 
detailed information on the membrane structure and partially due to a 
lack of new theoretical concepts which could be subjected to a rigorous 
experimental test. Therefore, in this paper attempts were made to de- 
velop an anion transport model taking into account our present knowl- 
edge of the membrane ultrastructure. 

The erythrocyte membrane is visualized as a mosaic membrane con- 
sisting of a lipid bilayer which is interrupted by the insertion of large 
protein molecules [58]. These protein molecules are supposed to penet- 
rate the cellular membrane and to be in contact with the outer and the 
inner membrane surfaces. According to a suggestion by Parsegian [44], 
the proteins spanning the cell membrane may serve as dielectric pores 
responsible for the ion transport across the cell membrane. 

The concept of dielectric pores appears to be consistent with modern 
concepts of the membrane ultrastructure emerging from freeze-etching 
studies of the red cell membrane. The cleavage of the erythrocyte 
membrane along its inner hydrophobic junction reveals a smooth lipid 
matrix interrupted by a large number of inclusions. These inclusions 
have a diameter of 80 to 200A and correspond to proteins which span 
the cell membrane [40, 58, 68]. The hypothesis of dielectric pores is 
further supported by recent biochemical studies indicating that a mem- 
brane protein with a molecular weight of 95,000 daltons (95 K) plays a 
crucial role in anion transport across the erythrocyte membrane. Howev- 
er, the precise function of the 95K membrane protein is still uncertain 
[5-7, 39, 46, 50, 51, 74-]. 

In the present paper, the concept of dielectric pores was adopted for 
the description of the anion transport across the red blood cell mem- 
brane. The transport of anions across the membrane is assumed to take 
place by a diffusion process which is regulated by superficial anion 
adsorption sites. For the description of the diffusion process, the for- 
malism of the transition state theory was employed. The description of 
the anion transport model is based upon a number of assumptions which 
are delineated in the results section. In the subsequent sections, the 
experimental basis of the assumptions underlying the present transport 
model will be discussed in detail. 

Adsorption of Anions to the Membrane Surfaces 

The first step of the anion transport across the red blood cell 
membrane is the adsorption of the anion to one of the membrane 
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surfaces. It appears from a number of experimental results that both 
chemical adsorption forces (short range forces) and electrostatic adsorp- 
tion forces (long range forces) are involved in the binding of anions to 
the membrane surfaces. In this paper, the membrane surfaces were 
treated as electrically charged surfaces which bear a limited number of 
anion adsorption sites. Furthermore, it was assumed that small inorganic 
anions interact with the same anion binding sites and are transported by 
the same transport system. 

The saturation of the chloride [8, 9, 28, 71] and of the sulfate [29, 55, 
57] flux indicates that both anion species interact with a limited number 
of membrane sites. However it remains unclear from these experiments 
whether the anion binding sites are located on the outer membrane 
surface, on the inner membrane surface or whether they are positioned in 
the interior of the red blood cell membrane. Interesting information 
concerning the ~ocation of the anion adsorption sites is obtained from 
studies with nonpenetrating inhibitors. In order to cause an inhibition, 
the inhibitor molecule has to be bound either directly to the anion 
adsorption site or to its immediate vicinity. Nonpenetrating inhibitors 
such as phlorizin and DAS (4,4'-Diacetamido-stilbene-2,2'-disulfonic 
acid) cause a strong inhibition of the sulfate and of the chloride exchange 
if acting on the outer membrane surface, but they were found to 
be completely ineffective if applied to the inner membrane surface 
[34, 39, 46, 56, 74]. Contrastingly, APMB (2-(4'-aminophenyl)-6- 
methylbenzenethiazol-3',7-disulfonic acid) was found to produce an in- 
hibition of the anion transport at either membrane surfaces [39, 74]. 
From these results the following conclusions can be drawn: (i) There are 
anion binding sites at the outer and at the inner membrane surfaces. (ii) 
The anion binding sites at the inner and at the outer membrane surfaces 
seem to be different. (iii) The anion binding sites have to be positioned 
on the membrane surfaces, where they are accessible to the inhibitor 
molecules. 

According to our experiments [57] and to the experiments of Dal- 
mark [10], the sulfate flux and the chloride flux are competitively 
inhibited by small inorganic anions. In contrast amphiphilic inhibitors 
such as phlorizin display a noncompetitive type of inhibition [20, 54]. 
The mutual  competition between sulfate and chloride suggests that both 
anion species become adsorbed to the same membrane sites. Anions 
which carry the same electrical charge differ considerably with respect to 
their inhibitory action on the sulfate and the chloride transports [12, 57, 
69]. These differences have to be attributed to individual properties of 
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the respective anion species, suggesting that short range forces parti- 
cipate in the binding of anions to the membrane surfaces. No correlation 
between the penetration rate of the inhibiting anion and its inhibitory 
action on the chloride transport was observed [10, 12, 57, 69]. This 
observation rules out the possibility that two anions compete for a 
common binding site within a narrow pore and supplies further evidence 
to the above conclusions that the anion adsorption sites are located on 
the membrane surfaces. 

The adsorption of anions to the membrane surfaces seems to be 
supported by electrostatic forces. It was assumed that ammonium groups 
at the membrane surfaces set up an electrical potential which contributes 
to the adsorption of anions to the anion adsorption sites. This inference 
is mainly based upon inhibitor studies with amino group reagents which 
are powerful inhibitors of the anion permeability [-5-7, 35, 45-50, 52]. 
Most of the amino groups taking part in the regulation of the anion 
permeability seem to be located on the 95 K protein at the outer 
membrane surface and can be labelled by nonpenetrating amino group 
reagents such as SITS (4-acetamido-4'-isothiocyanostilbene-2,2'- 
disulfonic acid) [5-7, 35, 37, 50, 52, 74]. There is some evidence, that 
amino groups are also present at the inner membrane surface, although 
their significance for the anion transport is not yet clear. Pretreatment of 
red blood cells with SITS considerably reduces the binding of the amino 
group reagent DNFB (1-fluoro-2,4-dinitrophenol) to the 95 K protein, 
but does not completely prevent this binding [46, 74]. In contrast to 
SITS, DNFB can penetrate the erythrocyte membrane. One might specu- 
late that the amino groups which are not protected against DNFB 
labelling by SITS are positioned on the inner membrane surface. 

For the computation of the surface potential, the Gouy-Chapman 
theory of the electrical double layer was employed (cf Results, Eqs. (3)- 
(5). The Gouy-Chapman theory is well known and need not be discussed 
except for noting some deficiencies inherent in the theory: (i) The Gouy- 
Chapman theory treats the membrane surfaces as planar and perfectly 
impermeable surfaces with a surface charge which is uniformly distribut- 
ed over the membrane surface. It neglects consequences of discreetness 
and molecularity of the solutions and of the membrane surfaces and 
ignores to a certain extent, the structural heterogeneity of the membrane 
surfaces. These refinements however, can only be taken into considera- 
tion if the ultrastructure of the membrane surfaces is known. (ii) Further- 
more, the Gouy-Chapmyn theory disregards the contribution of the 
electrical charge of contact-adsorbed anions to the total surface charge. 
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This can only be done if the number of contact-adsorbed anions 
at the membrane surface is much smaller than the number of fixed 
charges (positive+negative fixed charges) within this particular mem- 

brane area. Otherwise the Stern theory of the electrical double layer 
should be used, which gives essentially similar results, but introduces 
additional mathematical difficulties [54-1. 

Transport  o f  A n i o n s  across the M e m b r a n e  

Recent biochemical studies have shown that the 95 K membrane 
protein plays a decisive role in anion transport across the red blood cell 
membrane. The 95 K protein can be extracted from the erythrocyte mem- 
brane and was found to enhance the sulfate permeability of lecithin 
vesicles [-51]. According to the investigations of Steck [60, 61] and 
Miiller and Morrison [43], the 95 K protein spans the red cell membrane 
and seems to be in contact with the outer and with the inner membrane 
surface. The true function of the 95 K protein is not yet understood, but 
it could easily form a dielectric pore which facilitates the anion transport 
across the red blood cell membrane. 

The transport of anions across the erythrocyte membrane is supposed 
to occur by ionic diffusion through dielectric pores. The fundamental 
process in diffusion is the jumping of an ion across an energy barrier. 
The frequency at which this occurs is determined by the free energy of 
activation A F~, which is the change in energy necessary for the ith ion to 
pass from its current equilibrium position in front of the barrier to the 
top of the energy barrier. The rate constant #~o for a diffusive jump can 
therefore be written as [16, 22, 27]: 

#~o = ~c(k T /h )  . exp( - A Fi/k T ). (26) 

#io is the basic rate constant if the electrical potential across the 
respective barrier is zero, k is the Boltzman constant, h the Planck's 
constant, T the absolute temperature, and ~c is the transmission coef- 
ficient which is usually equal to unity. If the dielectric pore is sufficiently 
wide, image forces, arising from the walls of the pore can be neglected 
[67] and the energy profile of the pore can be expressed as shown in Fig. 2. 

At a first approximation, the free energy of activation for the 
transport of an anion across a dielectric pore is determined by the self- 
energy of the anion within the pore. According to the Born equation [3], 
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the self-energy of the anion within the pore is determined by the 
dielectric constant  of the pore region: 

A~ -(ziq)2 (1/e~-l /e~) .  (27) 
2~ 

em and e~ are the dielectric constants of the pore and of the aqueous 
solution, respectively, and r~ is the radius of the ith ion. The other 
symbols have their usual meanings.  Insert ing the cristallic radii for 
sulfate (2.5/~) and for chloride (1.81 A), the free energy of activation is 
obtained as a function of the dielectric constant  em of the pore region 
(Table 2). 

A crude esiimate of the free energies of activation can be made  from 
the flux measurements .  The unidirectional  flux ~ of the ith anion is given 
by Eq. (18). For  a symmetric  membrane  and a single electrolyte, Eq. (18) 
can be rewritten as: 

= ~ o Ns(NJN~)(1 - NiNe). (28) 

/~io (sec- t )  is the t ranslocat ion rate as defined by Eq. (26), N s (cm -2) is 
the maximal  concentra t ion of contact-adsorbed anions at the membrane  
surfaces, and Ni/Ns is the fraction of occupied sites. As shown in the 
results section, a maximal  flux is reached at a half-saturation of the 
membrane  surfaces. At half-saturation N J N  s =0.5 and the term (NJNs)(1 

- Ni/Ns) in Eq. (28) is equal to 0.25. Thus, if the maximal  flux of an anion 
species can be experimentally determined and if N~ is known,  Eq. (28) can 
be used for a computa t ion  of the translocat ion rate/~i0. 

Table 2. Free energies of activation obtained from the Born equation (Eq. (27))" 

gm A Fso 4 A Fc1 
kcal/moles kcal/moles 

2 129.8 44.8 
5 49.9 17.2 

10 23.3 8.0 
15 14.4 4.9 
20 9.9 3.4 
25 7.2 2.5 

The following parameters were used: rso4 =2.5 A, rcl= 1.81 A, es=78. 
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The maximal concentration of contact-adsorbed anions N s is de- 
termined by the number of anion adsorption sites on the membrane 
surfaces. Rothstein and Cabantchik [50] studied the relation between the 
inhibition of the sulfate exchange and the binding of 3H-labelled DIDS 
to the erythrocyte membrane. They found that 2.5 x 105 molecules of 
DIDS per cell were bound to the 95 K protein. From their results they 
concluded that the number of DIDS binding sites per cell is equal to the 
number of anion adsorption sites. Passow, Fasold, Zaki, Schuhmann and 
Lepke have observed a much higher number of DIDS binding sites per 
cell. According to their results, the number of DIDS binding sites 
amount  to 1.3 x 106 per cell [37, 46, 74]. Thus, a number of 1.3 x 106 
sites/cell has to be considered as an upper limit for the number of anion 
adsorption sites on the membrane surface. 

According to our results E61], the maximal experimentally observed 
sulfate flux is 1.3 x 10-17 moles x sec- 1 x cell- 1 at 37 ~ (pH 6.2) and 3.4 
x 10 - 18 moles x sec - 1 x cell- 1 at 25 ~ (pH 6.2), respectively. Using Eq. 

(27) for the estimation of k~0 and assuming a number of 1 x 106 anion 
adsorption sites per cell, we end up with a translocation rate of 31 sec- 1 
at 37 ~ and of 8 sec -1 at 25 ~ for sulfate. Brahm [4] reported a 
maximal unidirectional chloride flux of 8 x 10 -14 moles x sec -1 x cell -1 
(38 ~ pH 7.4), which according to the above assumptions yields a 
translocation rate for chloride of 1.9 x 105 sec-1. According to Eq. (26), a 
free energy of activation of 16.2 kcal/mole for the sulfate transport and of 
10.8 kcal/mole for the chloride transport is obtained. (The frequency 
factor kT/h (Eq. (26)) is 6.5 x 1012 sec -1 at 37 ~ and 6.2 x 1012 sec -1 at 

25 ~ 
A comparison of the free activation energies as calculated from the 

flux measurements and of the free activation energies as computed by 
means of the Born equation (Table 2) reveals that the dielectric constant 
of the pores should be between 10 and 15. This value is considerably 
higher than the dielectric constant of black lipid membranes (era =2;  [31, 
32, 63]) and appreciably lower than the dielectric constant of water 
(e ~ 80). The dielectric constant of the pore region is slightly higher than 
the dielectric constant of the entire red blood cell membrane which, 
according to the capacitance measurements of Fricke [17-19], amounts 
to about 10. A dielectric constant between 10 and 15 is also consistent 
with the measurements of Takashima and Schwann [64] who found 
dielectric constants for proteins ranging from very low values for the dry 
crystal up to values comparable to the dielectric constant of water if the 
water content of the protein is only increased up to 5 ~o. 
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Table 3. Free energies of activation AFt, free enthalpies of activation AHi and free 
entropies of activation A S~. The free energies of activation for sulfate and for chloride 
were computed by means of Eqs. (26) and (28) from the data of Schnell, Gerhardt and 
Sch6ppe-Fredenburg [57] and the data of Brahm [4]. The free enthalpies of activation 

were taken from Lepke and Passow [37] and from Brahm [4] 

Anion A/~ A Hi A S i 
kcal/moles kcal/moles kcal. moles - x. deg- 1 

SO 2 16.2 33 5.4.10 -z 
C1- 10,8 22 3.6.10-2 

The relation between the free energy of activation AFt, the free 
enthalpy of activation A H i and the free entropy of activation A Si is given 
by the Gibbs equation: 

A F~ = A Hi - TA S i (30) 

with T being the absolute temperature. A Hi can be determined from the 
temperature dependence of the unidirectional fluxes by means of the 

Arrhenius procedure. Within a temperature range of 20-38 ~ the free 

enthalpy of activation for the chloride transport  is 22 kcal/mole [4]. The 
free activation enthalpy for the sulfate transfer at the same temperature is 

about 33 kcal/mole [38, 53, 69]. Using AF~ as determined by means of 

the flux measurements  and A H i as obtained by the Arrhenius procedure, 
the free entropy of activation A Si can be computed by making use of the 
Gibbs equation. The results are listed in Table 3. 

Computer Simulation of the Flux Curves 

As shown in this paper, it is possible to simulate the experimentally 
observed concentration-response and pH-response of the unidirectional 
fluxes of sulfate and of chloride (Figs. 6 and 7) by using the same 

membrane  parameters (O'm, x and K) for both anion species and only 
changing those parameters (Ksi) which depend upon the chemical pro- 
perties of the transported anion species. 

For  the computer  simulation of the flux curves, a fixed charge density 
amaX between 1.6 x 1 0  - 6  and 1.6 x 1 0 - 4 a m p .  sec. cm -2 was used, cor- 
responding to a charge density of 1 elementary charge/1,000A 2 and 1 
elementary charge/10 A 2. These values are in accordance with the values 
reported in the literature. Lakshminarayanaiah and Murayama  [36] 
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have reported surface charge densities for nerve and muscle membranes 
ranging from 1 elementary charge/2,000A 2 up to 1 elementary 
charge/40 ~2. A charge density of 1 elementary charge/10.~ 2 certainly 
has to be considered as an upper limit. In previous studies on the sulfate 
[20, 38, 45] and on the phosphate transport [14] across the erythrocyte 
membrane, a fixed charge density of approximately 3 moles/liter was 
employed in order to fit the experimental data. Assuming a thickness of 
the membrane water interface of about 10~, a fixed charge density of 
3 moles/liter would correspond to a surface charge density of 1 elemen- 
tary charge/55 A 2. It might be more realistic to assume that a mixed 
population of positive and negative charges exists on the membrane 
surfaces. If necessary, extensions of the model in this direction can be 
easily made, but they considerably increase the mathematical difficulties 
for the calculations of the surface potentials. 

For the calculation of the surface potentials, ionization constants of 1 
x 10- 7 moles/liter were inserted. A pK of 7 is justified if e-amino groups, 

histidino or guanido groups are responsible for the surface potential in 
this particular membrane area. This assumption is compatible with the 
results obtained with group specific reagents, suggesting that dissociable 
cationic groups, presumably amino groups, are directly involved in the 
regulation of the anion permeability. In the other hand, it should be 
mentioned that the apparent pK's as obtained from the flux/pH curves 
are difficult to interpret since they might reflect the behavior of a mixed 
population of cationic and anionic groups. 

The site-anion dissociation constants Ksi used for the simulation of 
the flux curves range from 0.1 moles/liter to 100 moles/liter. A value of 
100 moles/liter appears to be extremely high. However, Ksi is determined 
by the chemical adsorption forces which for small inorganic anions may, 
in fact, be extremely low. A surface potential of 100mV would reduce 
these values by a factor of 600 for divalent and by a factor of approxi- 
mately 25 for monovalent anions. Thus, the apparent half-saturation 
constants would be of an order of magnitude which is experimentally 
observed. 

No attempts were made to fit the experimental data to the model. 
Therefore, the parameters used for the computation of the curves must 
not be overinterpreted. In order to fit the experimental data in the 
presence of a single anion species, seven independent parameters are 
required, and if a second anion species is present, two additional parame- 
ters are necessary. A proper fit of the experimental data therefore seems 
to be only reasonable if the order of magnitude of some of the parame- 
ters involved can be determined by independent methods. 
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There are two results which are of great theoretical importance. As 
pointed out before, the energy profile of the penetration route does not 
only determine the absolute flux rates, but, in addition, it determines the 
magnitude of the site-anion dissociation constant Ksi. As shown in Fig. 4, 
Ksi profoundly affects the concentration-response and the pH-response 
of the unidirectional fluxes. In general, the energy profiles for different 
anion species differ conspiciously. Thus, we have to expect differences in 
the concentration-dependence and the pH-dependence for the unidirec- 
tional fluxes of different anion species, even if the anions are transported 
by the same anion transport system. Furthermore, we could only si- 
mulate the experimental concentration-responses and pH-responses of 
unidirectional fluxes of sulfate and chloride by making the membrane 

asymmetric. The latter assumption is consistent with the general opin- 
ions concerning the membrane ultrastructure. 

Comparison between Carrier and Pore Transport Mechanism 

In this paper the anion transport across the red blood cell membrane 
was considered to occur by ionic diffusion through dielectric pores which 
traverse the erythrocyte membrane. As an alternative approach, the 
anion transport across the erythrocyte membrane can be visualized to be 
mediated by a mobile carrier [-8, 9, 25, 26, 28, 70]. Although it is 
theoretically possible to distinguish between a carrier and a pore trans- 
port mechanism [41, 42], at the moment  we have no experimental results 
which would permit an unequivocal discrimination between both trans- 
port mechanisms. It seems that most of the experimental results can be 
matched by both transport concepts if suitable extensions are made. 

Studies with artificial lipid bilayers have shown that pores in general, 
have much higher turn-over numbers than carriers. Stark and L~uger 
1-59] and Bamberg and L~iuger [ l l  studied the action of the antibiotics 
valinomycin and gramicidin A on the conductivity of black lipid mem- 
branes. From their data the turn-over numbers can be computed. For 
gramicidin A, which forms pores, turn-over numbers of approximately 1 
x 10 v sec -1 were obtained, whereas for valinomycin, which acts as a 
carrier, turn-over numbers of about 1 x 104 sec-1 at 20 ~ were found. 
Brahm [4] has reported a turn-over rate of 2 x 105 sec- 1 for the chloride 
exchange flux at 38 ~ and pH 7.4. Since the Arrhenius activation energy 
for the chloride transport is approximately 22 kcal • mole-  1 • deg-  1, this 
would correspond to a turn-over number of 2 x 10 4 s e c -  1 at 20 ~ which 
still seems to be consistent with the turn-over numbers for a carrier 
transport system. 
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On the one hand, it seems difficult to find a membrane constituent 
that could act as a mobile carrier. Usually the effective membrane 
thickness is supposed to be approximately 50~. If the 95-K protein 
would act as a carrier, the molecule would have to undergo confor- 
mational changes which would result in a displacement of the anion 
binding group(s) over a distance of about 50 A. Conformational changes 
resulting in a displacement of these binding groups over such a distance 
are unlikely to occur under physiological conditions, yet they cannot be 
excluded with certainty. 

Toyoshima and Thompson [-65, 66] have reported an electrically 
silent chloride transport in lipid bilayers made of phosphatidylcholine. 
They concluded that the chloride transport is associated with a "flip- 
flop" of phosphatidylcholine which presumably acts as a chloride carrier. 
Since Gruber and Deuticke [24] and Wieth et al. [72] have observed a 
correlation between the anion permeability and the phosphatidylcholine 
content of red blood cells of different mammalian species, one might 
speculate that not the membrane proteins but the membrane lipids are 
responsible for the anion transport across the erythrocyte membrane. 
However, the chloride exchange permeability of the lipid bilayer amounts 
to approximately 6.8 x 10 -8 cm. sec -1 (20 ~ It is about 4-5 orders 
of magnitude smaller than the chloride permeability of human red cells 
[-9] under comparable conditions. Therefore, it appears unlikely that this 
transport mechanism is responsible for the transport of anions in red 
blood cells. 

In spite of our present incapacity to distinguish between a carrier and 
a pore transport mechanism, there are basic differences between both 
transport mechanisms. The carrier hypothesis assumes the anion trans- 
port to be associated with the movement of a membrane constituent 
which forms an electrically neutral complex with the transported anion. 
The pore concept, on the other hand, assumes that only the transported 
anion is moving, whereas the membrane structures are fixed in their 
positions. The asymmetric inhibition of the anion transport caused by 
the inhibitors phlorizin, DAS and APMB [34, 39, 46, 56, 74] suggests 
that the anion binding sites at the inner and outer membrane surfaces are 
different. These findings can be explained easily on the basis of a pore 
transport mechanism, however, they do not provide conclusive evidence 
against a carrier transport mechanism. These results would probably also 
be consistent with a highly asymmetric carrier system. 
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