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SUMMARY 

I. An alternative to the carrier hypothesis is considered in which fluxes across 
red cell membranes are likened to diffusion of solutes within a lattice. The membrane 
lattice is an array of fixed binding sites situated within the water-filled channels 
which span the membrane. One dimensional diffusion takes place between the sites, 
and exchange between different solutes is permitted between neighbouring binding 
sites or between the solution on either side and the boundary sites. 

2. A computer simulation of solute fluxes across the membrane is implemented 
with a Monte Carlo method. The flux kinetics obtained closely resemble the kinetics 
of sugar flow across red cell membranes in the following ways: (a) saturation kinetics 
of net flow; (b) saturation kinetics of accelerated exchange flow; (c)uphill counter- 
flow; (d) relatively greater accelerated exchange flux is obtained between a slowly 
permeating solute and a rapidly permeating solute, than between a slowly permeating 
solute and another slowly permeating solute; (e) an explanation is obtained for the 
fact that the flux parameters Km (accelerated flow) and Ks, the dissociation constant, 
exceed the Km (net flow). 

3. The kinetics of competitive exchange sorption fit the observed kinetics of 
sugar flows more completely than the kinetic predictions of the carrier hypothesis. 

I N T R O D U C T I O N  

There is kinetic evidence that the passage of sugars across red cell membranes 
is mediated by mobile carriers. First, sugar flows conform to saturation kinetics 1. 
Second, the flux rates of various stereoisomers vary widely suggesting some form of 
membrane specificity 1. Third, there is accelerated exchange diffusion, which is an 
increased rate of unidirectional flux caused by the presence of sugar on the other 
side of the membrane 2-4. A related phenomenon is when a gradient of one sugar 
across the membrane produces a counterflow of another sugar leading to the formation 
of a transient concentration gradient a. Although a mobile carrier accounts for these 
observations there are some results which are hard to explain on this basis. 

MILLER6, 7 showed that the efflux of [14Clglucose from pre-loaded human red 
cells was accelerated more by extracellular mannose and galactose than by glucose, 
which suggests that the complex of the carrier with either galactose or mannose can 
move faster than the carrier-glucose complex. External mannose should therefore 
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accelerate the efflux of internal V14C!mannose or [14C~galactose more than !14C l- 
glucose efflux. However, the acceleration of ~14Clglucose efflux by external mannose 
and galactose is significantly greater than the acceleration of F14C!mannose or rl~C~- 
galactose efflux. There are several other inconsistencies. The apparent I(.m for net 
glucose flow across the red cell membrane is an order of magnitude less than the 
apparent dissociation constant Ks, for the carrier, as measured by inhibition of 
sorbose efflux from red cells s,~, yet theory predicts that the Km should exceed Ks. 
Moreover, STEIN 9 has pointed out that the disparity between the Ks and Km in- 
creases as the temperature is reduced; the Ks rises with reduction in temperature, 
whereas the Km falls with reduction in temperature s,1°. A related inconsistency is 
that the Km of the carrier for sugars as measured by net flow is more than order of 
magnitude less than the Km as measured by isotope exchange 6, ~. If the same system 
is responsible for net flux and the binding of sugars then the Km values should be 
identical, and Km should exceed Ks. 

In view of these inconsistencies an alternative model for sugar movements 
has been examined. This model is a lattice membrane containing fixed binding sites 
situated within water-filled channels which span the membrane (see Fig. I). Sugars 
bind to the sites and are transported by one dimensional diffusion between occupied 
and vacant sites. Exchange is permitted between bound sugar molecules of different 
molecular species bound either to neighbouring sites or present in the adjacent 
solutions. 

M E M B R A N E  r o w  

• - 0 "  • 2 

finite ";"¢~'~('~)";"O 43 i n f i n i t e  
b a t h  bath • • • • 5 

O ~  . . . .  ~.~- s 
0 ~ 4  . . . .  7 

. . . .  ® - 3 4 ( )  8 
O,K-O-x ,O-  • 9 

• - @ -  1 0  
c o l u m n  1 2 3 4 

Fig. I. D i a g r a m  showing  l a t t i ce  membrane .  ~ represen ts  t r i a l  t r ans i t i ons  which  m a y  resul t  
in a change  of conf igurat ion.  -~ × ~-, represen ts  t r i a l  t r ans i t i ons  where no change  of conf igura t ion  
m a y  result .  

Computer solutions have been obtained using this model for the flow of solutes 
through the lattice membrane, and the kinetics obtained are closely similar to the 
kinetics of sugar flows across red cell membranes. 

EXPERIMENTAL 

Computer solutions of interdiffusion across a sorbing lattice membrane 
The simulation of random motion of individual particles depends on the 

generation of pseudo-random numbers n. A two dimensional array 4 × IO represents 
the lattice membrane (see Fig. I). The column on the left (Column I) is the boundary 
layer adjacent to a finite bath (inner pool) and the boundary layer on the right 
(Column 4), adjacent to an infinite pool. The initial conditions set the concentrations 
of the two solutes in the pools and the transition probabilities of molecular motion 
within the lattice. The concentration terms determine the probability of a particular 
molecular species hitting the boundary layer within a finite time interval. When a 
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molecule enters or leaves the finite pool the concentration within this pool is in- 
creased or decreased according to the pool size. The concentration of the components 
within the infinite pool remains fixed. Randomness of the arrival times of solute at 
the boundary layer from the pools is attained by generation by the computer of 
random numbers ~> o and <~ Xi, where Xi is a real variable determining concentration. 
If the number generated equals o, then no molecule arrives at the boundary layer. 
\ \ 'hen Xi is > o, a trial hit is made. Once a trial hit is signalled another random 
nmnber between I and IO is called, this number indicates the number of the row at 
which the trial is to be made. The appropriate boundary site is examined and, if it is 
unoccupied, the molecule is placed on the site; however, if the lattice site is already 
occupied by another molecule of the same species then, since no change in configura- 
tion can occur even if exchange were to take place, the molecule is replaced in the 
pool and no change is registered. Alternatively, if the lattice site is occupied by a 
molecule of another species, then another random number is called. This new number 
determines the probability of exchange. 

When an exchange is called, the molecule on the boundary site is replaced by 
the incoming molecule, and the displaced molecule enters the adjacent pool. Since the 
energy levels of the two components may differ, the probability of exchange of A for 
B may differ from the probability of exchange of B for A. The variables determining 
the exchanges can be set independently. 

Extension of this kind of procedure is used to simulate diffusion within the 
lattice. One dimensional random movement is achieved by a random variable which 
signals either go left, or go right instructions. 

Following this instruction the nearest-neighbour configuration of the appro- 
priate side is noted to determine if a move, or no move, or an exchange is to be made. 
After all four columns and the two pools have been examined in turn, the whole 
process is repeated. Following a given number of iterations, e.g. 5oo, the state of the 
matrix is printed along with the number of particles of each species in the finite pool, 
and the total number of particles of each species which have been present in each 
column during the iteration period. These last figures give a measure of the percentage 
occupancy of sites in each column by each species, during each iteration period. 
By this means the distribution of each molecular species across the thickness of the 
membrane is computed. It  is possible to alter independently the transition probabil- 
ities in the first two and the second two columns. The programme was written in 
Algol 6o and solutions were obtained on the University of Leicester's Elliott 41oo 
computer. 

RESULTS 

The intrinsic properties of the lattice membrane give rise to one dimensional 
diffusion, competitive adsorption to the binding sites and saturation kinetics of solute 
flow across the membrane. If these properties of the lattice model are the only deter- 
minants of sugar flow across red cell membranes then the kinetics of flow across the 
lattice membranes should closely resemble the observed kinetics of sugar flow across 
red cell membranes. 

Initially the lattice is entirely free of solute, and consequently there is a time 
delay before steady-state fluxes across the membrane are established. 
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The first point to be examined was the steady-state flow rate. With column 
transition probabilities ranging from p = o.5-o.16 per iteration, for each species it was 
found that a steady-state flow rate was established within IOOO iterations and the 
percentage occupancy of the sites reached a steady state within 500 iterations. This 
means that internal equilibrium is achieved before steady-state flow is established, 
as HILL 1~ predicts. As there are only ten sites in each lattice column, greater accuracy 
in estimation of the percentage occupancy is achieved by summing the total number 
of sites occupied by each species over 2500 iterations. 

A feature of the working program is that  substitution of a different series of 
pseudo-random numbers makes an almost undetectable difference to the overall 
flow rates even over as short a period as 500 iterations. 

Net flow : Saturation kinetics 
The net rate of loss of a component A from the finite pool was measured. As 

is to be expected, raising the concentration of A in the outer pool decreases the initial 
flux rate of A. From Fig. 2 it can be seen that the rate of loss of A is a saturable 
function of the external concentration of A. The small basal loss is caused by solute 
flow into the initially empty lattice. 
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Fig. 2. The rate  of loss of species A fronl inner pool with varying concentrat ions of A in outer  pool. 
The rate  is measured by  total  loss of A during the first 2500 iterations. Init ial  conditions: Con- 
centra t ion of A in finite ba th  = 500. Concentrat ion of A in outer  infinite ba th  varies from o to 5 o. 
The plots show effect of vary ing  the free t ransi t ion probabi l i ty  of species within the membrane .  
0 - - 0 ,  (free t ransi t ion probabi l i ty  of A)/iteration -- ½;  • - - I ,  (free t ransi t ion probabi l i ty  of 
A)/i terat ion -- l/a; O - - 0 ,  (free t ransi t ion probabi l i ty  of A)/i teration -- 1/6. 

Coupled flow phenomena 
Accelerated exchange flux. A test was made to see whether the efflux of A from 

the inner pool is accelerated on increasing the concentration of B (an isotope of A) 
in the outside pool. Fig. 3a shows that in the absence of A in the outer bath, addition 
of B to the outer bath slightly retards the initial loss of A from the inner pool. From 
Fig. 3b it can be seen that the concentration gradient of A across the membrane is 
not altered, although the amount of A within the membrane is slightly reduced by 
high concentrations of B in the outer pool. Superficially it would appear that acceler- 
ated exchange efflux is not a property of lattice flow. However, the conditions de- 
scribed above do not accurately reflect the biological situation. In practice, it is 
impossible to obtain a suspension of red cells, pre-loaded with glucose, in which 
the external solution is entirely free of glucose, because of the rapid efflux of glucose 
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Fig. 3. a. Effect  of v a r y i n g  the  c o n c e n t r a t i o n  of B in the  ou te r  pool on the  r a t e  of efftux of A 
f rom the  inner  pool. R a t e  m e a s u r e d  as loss du r ing  t he  first  25oo i te ra t ions .  I n i t i a l  cond i t ions :  
Concen t ra t ion  of A in inner  pool  = 5oo. Concen t ra t ion  of A in ou te r  pool -- o. Concen t r a t ion  
of B in ou te r  pool va r i ed  f rom o to  ioo.  Concen t r a t ion  of B in  inner  pool = o. Free t r a n s i t i o n  
p r o b a b i l i t y  A = ½ / i t e r a t i o n  a t  al l  l a t t i ce  sites. Free  t r a n s i t i o n  p r o b a b i l i t y  of B = ~ / i t e r a t i o n  
a t  al l  l a t t i ce  sites.  E x c h a n g e  p r o b a b i l i t y  fol lowing A - B  or B - A  coll is ion = 1/~. 0 - - 0 ,  r a t e  of 
efflux of A;  O - - O ,  r a t e  of in f lux  of B in to  finite pool. b. Effect  of v a r y i n g  the  c o n c e n t r a t i o n  of 
species B in ou te r  inf in i te  b a t h  on the  pe rcen tage  o c c u p a n c y  of species A and  B in  t he  l a t t i c e  
columns.  I n i t i a l  condi t ions :  I d e n t i c a l  to  those  shown in a. As concen t r a t ion  of B is increased  A 
fails. F igures  a t  t he  side of l ines 0 - - 0  i nd i ca t e  concen t r a t i ons  of B in inf in i te  ba th .  O - - O ,  
concen t r a t i on  of B in  la t t ice .  
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Fig. 4. a. Effect  of v a r y i n g  the  concen t r a t ion  of B in the  ou te r  pool on the  r a t e  of inf lux of A 
from the  inner  pool. R a t e  measu red  as loss du r ing  first  25oo i t e ra t ions .  I n i t i a l  cond i t ions :  Con- 
c e n t r a t i o n  of A in inner  pool = 5oo. Concen t ra t ion  of B in inner  pool -- o. Concen t ra t ion  of A in 
ou te r  pool = io.  Concen t ra t ion  of B in  ou te r  pool va r ies  f rom o to ioo.  Free  t r a n s i t i o n  p r o b a b i l i t y  
of A = l~ / i t e r a t i on  a t  al l  l a t t i ce  s i tes ;  free t r a n s i t i o n  p r o b a b i l i t y  of B = ½ / i t e r a t i o n  a t  al l  
sites.  E x c h a n g e  p r o b a b i l i t y  fol lowing A - B  and B - A  coll is ions = 1/2. O - - O ,  r a t e  of efflux of A. 
O - - O ,  r a t e  of inf lux of B in to  f ini te  pool. b. Effect  of v a r y i n g  concen t r a t i ons  of B in ou te r  pool 
on the  pe rcen tage  occupancy  of species A and B in  t he  l a t t i ce  columns.  I n i t i a l  cond i t ions :  I d e n t i c a l  
to  those  in a. As B increases  A falls. F igures  a t  side of 0 - - 0  ind ica te  concen t r a t i on  of B in ou t e r  
pool. 0 - - 0 ,  concen t r a t i on  of B in  la t t ice .  

across the membrane  which gives rise to an 'unst i rred layer '  effect, resulting in a 
higher local concentrat ion of emerging solute in the immediate  vicinity of the external 
membrane  surface, than  in the remainder of the extracellular fluid 13. 
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If the initial conditions for computer analysis are altered so that the outer pool 
contains low concentrations of A as well as varying amounts of B, then the initial 
rate of efflux of A from the inner pool is now accelerated by the presence of B in the 
outer solution (Figs. 4 a, 5a). Relatively greater acceleration in efftux was found with 
higher concentrations of A in the outer pool. These figures also show that stimulation 
of efflux is a saturable function of the external concentration of B. Comparison of 
Figs. 4 b and 5b with 3b shows that with A on both sides of the membrane the presence 
of B on the outside surface causes a marked alteration in the concentration profile 
of A within the membrane. 
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Fig.  5. a. Effect  of v a r y i n g  the  concen t r a t ion  of B in the  ou te r  pool on the  ra te  of efflux of A 
f rom the  inner  pool. R a t e  measu red  as the  t o t a l  loss of A dur ing  the  first 25oo i tera t ions .  In i t i a l  
cond i t ions :  The  same as in 4 a, excep t  t h a t  concen t r a t i on  of A in the  ou te r  pool 5 o. b. Effect  
of v a r y i n g  the  concen t r a t ion  of B in t he  ou te r  pool on the  concen t r a t ion  profile of A wi th in  
the  l a t t i ce  membranes .  Pe rcen t age  occupancy  e s t i m a t e d  by  t o t a l  occupancy  over  the  first 2500 
i t e ra t ions .  In i t i a l  condi t ions  as in a. 

The rate of access of solute A to the outer layers of the membrane from the 
inner pool is limited by the presence of solute adsorbed to the sites in the inner layer. 
Thus, the addition of A to the outer pool increases the amount of A adsorbed to sites 
in the outer layers. This gain in solute by the outer layers flattens the solute concen- 
tration profile within the membrane and retards the efflux of A from the inner pool. 
The presence of B in the outer pool reduces the total amount of A in the membrane, 
but particularly in the outer layers of the membrane. 

Coupled flow arises from inequality in the direction of solute movements bv 
exchange interaction. Since one dimensional movement within the lattice is random, 
the cause of the inequality in the direction of exchange movement within tile lattice 
results from the concentration gradients within the membrane. Thus steepening of 
the concentration gradient of A across the membrane by competitive exchange 
displacement by B gives rise to coupled flow, and it is this which accounts for the 
accelerated efflux. 

Counterflow. Uphill counterflow will occur across a sorbing membrane if the 
solute concentration gradient within the membrane caused by a concentration 
difference between the inner and outer pool is reversed by competitive displacement 
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on addition of a larger amount of B into the pool containing the higher concentration 
of A (see Figs. 6a and 6b). 

Addition of B to the outer pool will not always lead to acceleration of efflux. 
If only small amounts of A are present in the outer layers addition of B reduces the 
number of free lattice sites. If the increase in A-B, B-A collisions and decrease in 
A-A collisions does not offset the decrease in flux due to decrease in the number of 
vacant sites, no acceleration in flow will be observed, in fact flow may well be re- 
tarded, as is seen in Fig. 3a. 
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Fig. 6. a. Effect  of add i t i on  of B on the  effiux of A f rom the  inner  pool. 0 - - • ,  c h a n g i n g  a m o u n t s  
of A in inner  pool. E a c h  t ime  po in t  represen ts  an i n t e r v a l  of 5o0 i te ra t ions .  I n i t i a l  condi t ions :  
Concen t r a t ion  of A in inner  and  outer  pools = 2. Concen t r a t ion  of B in inner  and  ou te r  pools  = 
o. Free t r a n s i t i o n  p r o b a b i l i t y  of A = 1/2. • - - •  shows c h a n g i n g  a m o u n t  of A in inner  pool du r ing  
the  course of 25oo i t e ra t ions  on a d d i t i o n  of B to  ou te r  pool  a t  t i m e  = o. I n i t i a l  condi t ions  for 
• - -  • : Concen t ra t ion  of A in inner  and  outer  pools = 2. Concen t r a t ion  of B in ou te r  pool = 5 o. 
Concen t r a t ion  of B in inner  pool = o. Free t r a n s i t i o n  p r o b a b i l i t y  of A / i t e r a t i on  a t  a l l  l a t t i ce  
si tes = I/2. Free t r a n s i t i o n  p r o b a b i l i t y  of B / i t e r a t i on  a t  al l  l a t t i ce  si tes = 1~. E x c h a n g e  prob-  
a b i l i t y  fol lowing A - B  and  B - A  coll ision ~ 1/2. [ ] - - [ ] ,  inc reas ing  of a m o u n t s  of B in inner  pool 
on add i t i on  of B to  ou te r  pool. b. Concen t r a t ion  profiles of A and B in m e m b r a n e s  du r ing  the  
first  15oo i t e ra t ions  of the  compute r .  I n i t i a l  cond i t ions  as shown in a. • - - • ,  pe r cen t age  occupancy  
of A in the  l a t t i ce  co lumns  in the  absence of B;  • - - • ,  pe rcen tage  occupancy  of A in t he  l a t t i ce  
co lumns  wi th  B p re sen t  in ou te r  pool ;  r~- -EJ ,  pe rcen tage  occupancy  of B in  l a t t i ce  columns.  

Mannose-glucose exchange anomaly. So far the lattice has been shown to 
reproduce the two major kinetic features of the carrier model, i.e. saturation kinetics 
with both net flow and accelerated exchange flow. The third property of biological 
membranes, substrate specificity, may  using similar assumptions to those determining 
carrier binding specificity, be considered to be a function of the binding characteristics 
of the substrate for the lattice sites. A more rigorous test of the sorbing lattice model 
is to determine whether or not it reproduces the phenomena which the carrier hypo- 
thesis cannot explain. 

Mannose and galactose have higher Km's for t ransport  across red cell membranes 
than glucose 1~, 15. Mannose and galactose have also been observed to equilibrate across 
red cells more rapidly than glucose t~, tT. In terms of the carrier model the latter 
finding has been at tr ibuted to the lower affinity of mannose and galactose for the 
carrier and not to an increased rate of translocation across the membrane ~4. However, 
in terms of the sorbing lattice membrane a species with a lower binding affinity has 
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a higher inter-site transition probabili ty and consequently moves faster within 
the lattice, although not necessarily faster across the lattice since this depends on 
the concentration gradient within the lattice (see Fig. 2). I t  can be seen from Fig. 7a 
that  the acceleration in efflux of a slow substance A by  saturating concentrations of 
a fast substance B is relatively greater than the acceleration of slow A produced by 
saturating concentrations of slow B, the reason being that  the number of A-13, B-A 
exchanges within the membranes increases as a function both of the number and 
mobility of the particles within the lattice. Thus a greater acceleration of efflux is 
produced by a fast moving solute than by equal concentrations of slow moving 
solute. 
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Fig. 7. a. Effect  of v a r i a t i o n  in  the  concen t r a t i on  of B in the  ou te r  pool and  of v a r i a t i o n  of the  
t r a n s i t i o n  p r o b a b i l i t y  of B w i th in  the  l a t t i ce  on the  r a t e  of efflux of A from the  inner  pool. 0 - - 0  : 
s low A-s low  B. I n i t i a l  cond i t ions :  Concen t r a t ion  of A in  inner  pool = 5oo. Concen t ra t ion  of A 
in  ou te r  pool = 5. Concen t r a t ion  of B in  inner  pool = o. Concen t ra t ion  of ]3 in ou te r  pool  va r i ed  
from o to  IOO. Free  t r a n s i t i o n  p r o b a b i l i t y  of A / i t e r a t i on  a t  al l  l a t t i ce  s i tes  = 1/3. Free t r ans i t i on  
p r o b a b i l i t y  of B / i t e r a t i o n  a t  al l  l a t t i ce  si tes = 1/3. E x c h a n g e  p r o b a b i l i t y  fol lowing A - B  and  
B - A  coll is ions = ~ .  O - - O ,  slow A - f a s t  B. I n i t i a l  cond i t ions :  same as above  excep t  t h a t  
free t r a n s i t i o n  p r o b a b i l i t y / i t e r a t i o n  a t  al l  s i tes  of fas t  B = 1/~. b. Concen t ra t ion  profiles of 
species A and  B w i t h i n  the  l a t t i ce  m e m b r a n e  w i t h  s a t u r a t e d  concen t r a t ion  of B in ou te r  pool. 
Ca lcu la t ion  m a d e  f rom t o t a l  occupancy  of each species du r ing  the  first 25oo i te ra t ions .  In i t i a l  
cond i t ions  as shown in a. 0 - - 0 ,  s low A - f a s t  B;  concen t r a t i on  of fas t  B in ou te r  b a t h  -- IOO. 
Lines  showing  concen t r a t i on  profiles of A h a v e  h igh concen t r a t ion  in inner  columns.  Lines  showing  
c o n c e n t r a t i o n  profiles of B h a v e  h igher  concen t r a t ion  in  ou te r  columns.  

More efficient solute displacement leaves more sites available for free movement  
or for further additions of solute. I t  follows that  a relatively greater acceleration 
in efflux is caused by displacement of slow A by fast B than by either slow A by slow B 
or fast A by fast B as shown in Figs. 7 a, 8 and 7 b. 

Additionally, since the fast moving particles bind less strongly to the lattice, 
low concentrations of fast A in the outside medium will retard the effiux of fast A 
from the inner pool relatively less than the same concentration of slow A in the outer 
pool will retard the efflux of slow A from the inner pool, i.e. the unstirred layer effect 
will be greater with strongly binding substances than weakly binding ones. In this 
situation saturation concentrations of fast B in the outer pool will displace less fast A 
from the lattice than an equal concentration of slow B will displace slow A. This 
results in fast t3 accelerating the efflux of fast A relatively less than slow B accelerates 
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5c 

o 2b ~o 
ConcH. of B in infinite b~n 

F ig .  8. E f f ec t  of v a r i a t i o n  i n  t h e  c o n c e n t r a t i o n  of B in  t h e  o u t e r  p o o l  a n d  t h e  t r a n s i t i o n  p r o b -  
a b i l i t y  of B w i t h i n  t h e  l a t t i c e  on  t h e  r a t e  of e f f lux  of A f r o m  t h e  i n n e r  pool .  R a t e  m e a s u r e d  as  
loss  of A f r o m  i n n e r  poo l  d u r i n g  t h e  f i rs t  25oo i t e r a t i o n s .  I n i t i a l  c o n d i t i o n s :  C o n c e n t r a t i o n  of A 
in  i n n e r  poo l  = 5oo. C o n c e n t r a t i o n  of A in  o u t e r  b a t h  = 5. C o n c e n t r a t i o n  of B in  i n n e r  b a t h  = o. 
C o n c e n t r a t i o n  of B in  o u t e r  b a t h  v a r i e s  f r o m  o to  IOO. F i g u r e  s h o w s  o n l y  e f fec t  of v a r y i n g  B.  
f r o m  o to  5 o. 0 - - 0 ,  f a s t  A - f a s t  B. F r e e  t r a n s i t i o n  p r o b a b i l i t y / i t e r a t i o n  a t  a l l  l a t t i c e  s i t e s  of A = 
~ .  F r e e  t r a n s i t i o n  p r o b a b i l i t y / i t e r a t i o n  a t  a l l  l a t t i c e  s i t e s  of B = ~ .  C ) - - © ,  f a s t  A - s l o w  ]3. 
F r e e  t r a n s i t i o n  p r o b a b i l i t y  of A = ~ .  F r e e  t r a n s i t i o n  p r o b a b i l i t y  of B --  1/3. 

T A B L E  I 

(a) EFFECT OF ADDITION OF A SATURATING CONCENTRATION OF B TO OUTER BATH ON EFFLUX OF A 
FROM INNER BATH (see F igs .  7 a a n d  8) 

o/ Acceleration ( ,o)  

S low A e f l lux  a c c e l e r a t e d  b y  s l o w  B 
S low A eff lux a c c e l e r a t e d  b y  f a s t  B 
F a s t  A eff lux a c c e l e r a t e d  b y  f a s t  B 

Km (net)  for  s low A a n d  s l o w  B 
Km (net)  for  f a s t  A a n d  f a s t  B 

1.5 
2. 5 

E x p e r i m e n t a l  r e s u l t s  ref.  6 

A c c e l e r a t i o n  of [14C]glucose eff lux b y  13 ° inM e x t e r n a l  g lucose  
A c c e l e r a t i o n  of [14C]glucose b y  13 ° m M  e x t e r n a l  m a n n o s e  
A c c e l e r a t i o n  of [i4C] g lucose  b y  13 ° m M  e x t e r n a l  g a l a c t o s e  
A c c e l e r a t i o n  of [14C]galac tose  b y  13 ° m M  e x t e r n a l  g a l a c t o s e  
A c c e l e r a t i o n  of [14C]mannose  b y  13 ° m M  e x t e r n a l  m a n n o s e  

I 7 o  
220 
14o 

19o 
260 
250 
15o 
18o 

(b) EFFECT OF SIMULATED REDUCTION OF TEMPERATURE ON FLUX PARAMETERS OF SPECIES B 
(see F ig .  9) 

Km (net) Ks 

H i g h e r  t e m p e r a t u r e  2. 5 6 
L o w e r  t e m p e r a t u r e  1. 5 12 

(e) EFFECT OF INCREASING THE UNSTIRRED LAYER EFFECT ON /i 'm (ACCELERATED FLUX) (see 
F igs .  4a  a n d  5a) 

Km (net flow) Km (accelerated flux) 
Both species 

Small unstirred layer effect Large unstirred layer effect 

4.5 0 i o  
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the efflux of slow A (Figs. 8 and 7a). These results explain why fast mannose accelerates 
i14C~mannose efflux less than slow glucose accelerates q4e]glucose efflux (see Table I). 

The flux parameter anomalies 
Disparity between Km (net flux) and Km (accelerated flux). Computer solutions 

obtained from the lattice model can be used to measure Michaelis constants for net 
flow and accelerated flow, and also the dissociation constant, Ks. Measurement of 
the efflux rate of a species from the inner pool present at concentration levels more 
than sufficient to saturate the inner surface of the membrane with varying con- 
centrations of the same species in the outer pool, will give a value for the operational 
K m for net flow of the species across the membrane: the K m  (net) being the concen- 
tration of the species in the outer pool which reduces the efflux to the half maximal 
level. This simulates the experimental conditions used by SEx AND WIDDAS 1° to 
measure the/x'm of sugar fluxes across red cell membranes. 

Since net flow occurs by movement of a single species from occupied to vacant 
lattice sites, the Km (net flow) of a substance is a measure of its efficiency in occupying 
free lattice sites. The meaning of Km (net flow) in the lattice model system closely 
resembles the carrier Kin. 

The movement across a lattice of a single species in the presence of another 
is influenced by tile coupled flow caused by exchange movement of the species 
between lattice sites as well as by movement between occupied and free sites. Conse- 
quently, in the case of accelerated flux, tile Km now has a different significance from 
that ascribed by the carrier theory. 

Acceleration of one species by addition of another as previously mentioned 
only takes place if coupled flow can offset the reduction in flow caused by the in- 
creased occupancy of the free sites. Acceleration of efflux is dependent on the con- 
centrations of both species in the outer pool, and on their binding efficiencies to the 
lattice site and on their exchange probabilities; the Km (accelerated flux) will be a 
function of all these factors. 

The measured Km of B for acceleration of A efflux increases as the concentration 
of A in the outer pool increases (see Figs. 4 a and 5a and Table I). 

The reason for this is that coupled flow is dependent on the inequality in the 
direction of exchanges. Increase in concentration of A in the outer compartment 
increases the amount of A in the outer layers of the lattice and so decreases coupled 
flow. Since there will be a finite amount of both species in all the columns, coupled 
flow will never be IOO % efficient, thus the Km (net) will ahvays be less than the Km 
(accelerated). 

The discrepancy between Km (net) and Km (accelerated) will be an index 
of the "coupling efficiency". 

Disparity between the dissociation constant Ks and Km (net flux). Measurement 
of A's, the dissociation constant, by inhibition of net flow of A, requires that equal 
concentrations of B should be present in both pools. 

Since the gradient of A across the membrane will induce a gradient of B, within 
the membrane, A will pass across the membrane by coupled exchange flow as well as 
by passage via free lattice spaces. Consequently, the concentration of B required to 
inhibit flow of A by 5 ° % "K~" will be substantially greater than the Km (net) (see 
Fig. 9). 
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The effect of temperature on the flux parameters. Reduction in the temperature 
will lower the energy of the molecules bound to the lattice sites, so reducing the 
transition probabili ty and consequently increasing the affinity for the lattice sites. 
Reduction in temperature normally increases the adsorption efficiency of any binding 
solute for the above reason is. Thus, lowering the temperature leads to an overall 
slowing in permeation rates (vmax) through the membranes, and reduction in Km 
(net). This effect has been observed with sugar flow across red cell membranes 10. 

'° 1 
75 

*6 

15 

o 2~ 4~ 6'o go lo'o 
Conch. of [3 in intintte bath 

F ig .  9. E f f ec t  of s i m u l a t e d  t e m p e r a t u r e  r e d u c t i o n  on  e f l tux  of a w e a k l y  b o u n d  spec i e s  A f r o m  t h e  
i n n e r  poo l  w i t h  v a r y i n g  c o n c e n t r a t i o n s  of B in  b o t h  i n n e r  a n d  o u t e r  pools .  R a t e  of ef f lux m e a s u r e d  
as  loss  of A f r o m  t h e  i n n e r  p o o l  d u r i n g  t h e  f i r s t  25oo i t e r a t i o n s .  O - - O ,  l a t t i c e  a t  t h e  h i g h e r  
t e m p e r a t u r e .  I n i t i a l  c o n d i t i o n s  for O - - O  : C o n c e n t r a t i o n  of A in  i n n e r  b a t h  --  5- C o n c e n t r a t i o n  
of A in  o u t e r  b a t h  = o. F r e e  t r a n s i t i o n  p r o b a b i l i t y  of A w i t h i n  l a t t i c e  - -  ~ .  C o n c e n t r a t i o n s  of 
B in  b o t h  b a t h s  as  i n d i c a t e d  in  f igure  v a r i e s  f r o m  o to  ioo .  F r e e  t r a n s i t i o n  p r o b a b i l i t y  of B = a/a. 
E x c h a n g e  p r o b a b i l i t y  f o l l o w i n g  A - B  a n d  B - A  co l l i s ion  --  ~ .  S i m u l a t i o n  of r e d u c t i o n  of t e m p e r a -  
t u r e  : (2) O ,  i n c r e a s e d  b i n d i n g  of A to  l a t t i c e  is s i m u l a t e d  b y  i n c r e a s i n g  t h e  c o n c e n t r a t i o n s  of A 
in  b o t h  b a t h s .  D e c r e a s e  in  r a t e  of p e r m e a t i o n  a n d  i n c r e a s e  b i n d i n g  e f f ic iency  of B is m o d e l l e d  
b y  r e d u c t i o n  in  t r a n s i t i o n  p r o b a b i l i t y  of B. I n i t i a l  c o n d i t i o n s  : C o n c e n t r a t i o n  of A in  i n n e r  b a t h  = 
20. C o n c e n t r a t i o n  of A in  o u t e r  b a t h  = 2. F r e e  t r a n s i t i o n  p r o b a b i l i t y  of A r e m a i n s  a t  x. I .  Con-  
c e n t r a t i o n  of B in  b o t h  i n n e r  a n d  o u t e r  b a t h  as  i n d i c a t e d  i n  t h e  f igure .  F r e e  t r a n s i t i o n  p r o b a b i l i t y  
of B = 1/6. E x c h a n g e  p r o b a b i l i t y  f o l l o w i n g  A - B  a n d  B - A  co l l i s ion  = 1//_,. 

However, reduction in temperature will have a much smaller effect on exchange. 
The kinetic energy of the entering molecule will raise the energy of the molecule on 
the lattice site making the probability of exchange following collision less temperature 
sensitive than the simple transition probability of a molecule moving to a vacant 
site. 

On reduction in temperature both species will be bound more strongly to 
the membranes, consequently in the absence of the strongly bound species B, the 
total amount of the weakly bound species A within the membrane will be increased; 
providing that  A is present at a subsaturation concentration at the higher temperature. 
Also reduction in temperature will increase the amount of A bound to the outside 
of the membrane because of the unstirred layer effect. Since there is now more A 
present within the membrane and the exchange probability is relatively unaffected 
by temperature,  A will displace more B from the lattice than at the higher tempera- 
ture, consequently the concentration of B required to reduce the flux of A to 5 ° % 
of maximal rate will be increased. The lattice model shows that  Ks increases as the 
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temperature is decreased, which explains the similar experimental findings of LEVINE 
AND STEIN 8. 

DISCUSSION 

The essential features of the mobile carrier model for sugar flows across the 
red cell membrane are that the total amount of carrier is constant and that the 
distribution of carrier molecules within the membrane can be altered by gradients 
of solute across the membrane. With these assumptions the model satisfactorily 
explains the phenomena of saturation kinetics of net flow, accelerated exchange 
flow, and uphill counterflow. A drawback with the mobile carrier model is that  it 
does not explain why the Km for net flow is less than the Km for accelerated flow, 
and also less than the Ks value (the concentration of sugar A which reduces the 
flow of sugar B by 5o %). Another difficulty relates to the enhancement of move- 
ments of E14C]glucose and [il4C]mannose by mannose. Theoretically, mannose should 
accelerate the efflux of [14C]mannose to a greater extent than it accelerates [14C]- 
glucose, whereas the experimental observations show the contrary. In view of these 
difficulties an attempt has been made to formulate an alternative model for suga~ 
transport. The lattice membrane model is an extension of a model suggested by 
ZIERLER 19, who proposed that sugar moved across red cell membranes through 
pores; the movement of sugars was hindered by the presence of sugar molecules 
within the membrane preventing further access to the pores. This model explains 
saturation kinetics of net flow but was discounted as a mechanism for sugar flow as 
it does not explain accelerated exchange flux or counterflow. The lattice model 
described above envisages flow paths across the lattice which can be considered as 
pores whose walls are covered with binding sites able to adsorb sugar molecules 
(see Fig. io). This model has been analysed by Monte Carlo methods 2°. 

The application of Monte Carlo methods to the problem of diffusion flow 
through a lattice was first suggested by KING 21 and extension of this method provides 
numerical solutions for diffusion of two or more interacting solutes through a finite 
lattice membrane. With this method fluxes may be examined in conditions displaced 
far from equilibrium, when analytical solutions for flow are mathematically ex- 

Hypothetical Lattice- Pore O 
ffmgram of cell O ~ ~  • • 

° ° °  ~lb 

o 

o o 

Fig. io. D iag ram shout ing proposed  s t r uc t u r e  of water-fi l led channe l s  across  the  red cell mem- 
brane .  
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tremely complex 22-25. This procedure retains the simplicity of the statistical mechan- 
ical interpretation of diffusion and coupled flows in terms of binary molecular collisions 
and has the additional advantage of being applicable to complex situations ~6. 

Like the mobile carrier model the computer solutions of the lattice model can 
account for saturation kinetics of net flow, accelerated exchange flow and also uphill 
counterflow. However, unlike the carrier model, the lattice model accounts for the 
experimental observation that  mannose accelerates the efflux of [14Clglucose to a 
greater extent than it accelerates E14Clmannose efltux6, 7. Furthermore, the lattice 
model shows that  the operationally defined parameters Km (accelerated flow) and 
Ks exceed the Km (net flow) and the difference between Km (net flow) and Ks is 
increased by simulation of reduction in temperature 6-9. Consequently the kinetics 
of competitive sorption and diffusion within a lattice more closely resemble the real 
situation than carrier kinetics. 

The lattice model assumes only that  solute may be bound to immobile sites 
within the membrane, no assumptions are necessary concerning the distribution or 
specificity of solute binding sites other than that  they should be spread across the 
membrane. I t  is also no longer necessary to postulate conformational changes in the 
binding material once binding has taken place. 

Reversible solute binding and solute exchange at binding sites have been 
observed on carbon and on glass surfaces 27, 2~. I t  has also been shown that  accelerated 
exchange flux is not a unique property of biological membranes since accelerated 
exchange flows have been observed in two non-biological membrane systems29, 3° 
Moreover, there is good evidence that  glucose and other monosaccharides bind 
reversibly to red cell membranes and to phospholipid extracts of red cell mem- 
branes al,a2. However, binding by itself provides supporting evidence for both the 
mobile carrier model and for the lattice model, so that  the validity of either model 
can only be checked by determining which model has kinetics which most closely 
resemble the observed behaviour of sugar flows across red cell membranes. 

An additional feature of the lattice model which differentiates it from the 
carrier model is that  it suggests a possible explanation for the observation that  
monosaccharides reduce the hydraulic permeability 33 and stabilize red cells against 
osmotic haemolysis a4. Sorption of glucose within the membrane will reduce the 
activity of water in the hydrophilic regions of the membrane, both by  volume ex- 
clusion and by hydrogen bonding of water to the bound sugar molecules. I t  has 
already been pointed out that  reduction of the hydraulic permeability of the mem- 
brane will stabilize a viscoelastic cell membrane 35. 

The present results with the lattice model appear to account rather better  than 
the carrier model for the observed kinetics of sugar flow which suggests that  the 
mechanism of sugar transport  across red cell membranes is simpler than previously 
supposed. 
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