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SUMMARY 

I. [t~C]Glucose and I14C]galactose net efflux from human red cells is increased 
by agitation of the cell suspension at 2o °, but the effect of stirring is less at 2 ° or at 3 o°. 

2. Trans acceleration of Et4C]galactose and [14C]glucose efflux is greater at 2 ° 
than at higher temperatures and is reduced by agitation. 

3. At 3 °° Ii~C]galactose net eflqux is retarded by external glucose but [14C]glu- 
cose net efflux is increased by external galactose. 

These results suggest that  net sugar flux across red cell membranes is partially 
determined and that trans acceleration of sugar exchange is likely to be wholly deter- 
mined by the concentrations and affinities of the sugars ill the unstirred layers sur- 
rounding the cells. 

An appendix shows that Km (accelerated flux) is a measure of the concentration 
of labelled sugar in the unstirred layers. 

INTRODUCTION 

In a persorption exchange model for sugar transport t the assumption was made 
that sugar flux across red cell membranes is partially controlled by an unstirred layer 
effect. The thickness of stagnant layers surrounding artificial membranes, ion exchang- 
ers and toad bladder may be altered by rapid stirring 2-~ so it was considered worth- 
while to determine whether agitation of the bulk solution affects net glucose and 
galactose effiux from red cells and glucose and galactose exchange fluxes across the 
cell membrane. Also, since the affinity of sugars (Kin net flux) for the cell membrane 
may be altered by varying the ambient temperature6, 7 the effects of temperature 
variation on net and exchange sugar flux were measured. 

MATERIALS AND METHODS 

Materials 
Toluene, di-n-butyl phthalate, D-galactose, D-glucose, D-mannitol were obtained 

from British Drug House Ltd., Poole, Dorset, England;Tr i ton  X-Ioo from Lenning 
Chemicals, London; 2,5-diphenyl oxazole from Koch-Light Ltd., Colnbrooke, Bucks., 
England. 

Biochim. Biophys. Acta, 233 (1971) 635-643 



636 R.J .  NAFTALIN 

Radiochemicals 
2 - 4 m C / m M  1>-Ii~C]glucose, 2 4 mC/mM D-)4C]galactose and 300 Creo l e  

kaHjinulin, average mol. wt. 5000 were ob ta ined  from the Radiochemica l  Centre,  
Amersham,  England .  

All  chemicals  for Ringer  solut ions and buffers were Ana la r  grade.  H u m a n  red  
cells were ob ta ined  from ou tda t ed  s tored blood by  k ind  permission of the  Sheffield 
Regional  Hosp i t a l  Board  blood t ransfusion service. 

Measurement of El~C~glucose and {)4CJgalaetose e~ux from human red cells 
Cold s tored h u m a n  red cells were washed by  repea ted  cent r i fugat ion  and resus- 

pension in o.14 M NaC1 and 0.o2 M Tris-HC1, p H  7.2 (Ringer) at  room tempera tu re .  
The cells were then  equi l ibra ted  for 3 h at  room t empera tu re  with Ringer  conta in ing 
E14C~glucose or x~C]galactose at  a concent ra t ion  ca lcula ted  to br ing the equi l ibr ium 
sugar  concent ra t ion  in t i le  cell water  to 12o/ ,moles /ml .  

The cells were then  centr i fuged at  15oo x g for IO rain and 95 % of the  super-  
n a t e n t  fluid was removed.  E3Hllnulin was added  to the  cell suspension which was then  
b rought  to the  t empera tu re  requi red  for each exper iment .  The cells were recentr i fuged 
i m m e d i a t e l y  before use to remove the remain ing  superna ten t  fluid which was kep t  
as a zero t ime reference. I nfl of packed  cells was then  added  to 5o-ml beakers,  in terna l  
d i ame te r  3.8 cm, conta in ing  20 ml of Ringer  with 12o mM non-elec t ro ly te  added  to  
ma in t a in  osmotic  equi l ibr ium.  The solutions were s t i r red  cont inuous ly  with a 1-inch 
teflon coated magnet ic  s t i r rer  a t  speeds ca l ibra ted  with  a stroboscope.  Dur ing  incuba-  
t ion the  t empe ra tu r e  was held cons tant  b y  immersion of the  beakers  in a t he rmos t a t e d  
wa te r  ba th .  

3 ml of cell suspension were renmved from the beakers  a t  in terva ls  and  added  
to ice-cold tes t  tubes  conta in ing  5 ml d i -n -bu ty l  ph tha la te .  The tubes  were centr i fuged 
i m m e d i a t e l y  at  15oo x g for 2 min.  Tile red cells, being denser  than  the  d i -n-bu ty l  
ph tha la t e ,  sed iment  th rough  the organic phase  leaving the  cell-free ext race l lu lar  fluid 
as an immiscible  layer  on top  of the  organic phase 21. 

i ml of the  ext race l lu lar  fluid was added  to i ml of o.5 M perchlor ic  acid to  
remove  any  pro te in  present  in this  solution,  haemolys is  d id  not  exceed I °o even 
wi th  the  most  vigorous st irr ing,  and  o.5 ml of the  centr i fuged perchloric  acid ex t rac t  
was then  added  to vials conta in ing  scint i l la t ion fluid which had  ti le following coin- 
pos i t ion;  6 g 2 ,5-diphenyl  oxazole dissolved in 75o ml toluene and 25o ml Tr i ton  
X - I o o  8. The samples  were then  counted  in a Pa c ka rd  scint i l la t ion counter.  Quench 
correct ions for ~aC counts  carr ied over  to the  ~H channel  and  for efficiency loss were 
made  on all samples  using the  Packa rd  ex te rna l  s t a n d a r d  which was ca l ibra ted  agains t  
samples  of known quench values.  

[l~CjGlucose and E~C~galactose effluxes at  20 ° and  at  3 °0 were calcula ted from 
tile f rac t ional  change in the  laC/3H ra t io  (equil ibrium measured  af ter  I h) in the first 
15 sec of efflux. At  2 ° efflux was ca lcula ted  from the  change in 14C/3H ra t io  during the 
first minu te  of efflux and the  equi l ibr ium ra t io  was measured  af ter  3 h incubat ion.  

The ini t ia l  concent ra t ion  of label led sugar  in the  bu lk  solution,  which was cal- 
cu la ted  from the  [3H~inulin d i lu t ion factor,  never  exceeded I mM, hence was not  an 
i m p o r t a n t  factor  de te rmin ing  sugar flux. 

Some of the  fluxes ob ta ined  b y  the  above  me thod  were abou t  15 % faster  t han  
those r epor t ed  b y  MILLER 9. The reason for this  m a y  be t ha t  fluxes here were ca lcula ted  
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over  a shorter  t ime interval .  This was done because it was found tha t  labelled sugar 

exchange efflux decays rapidly  after  the first 3 ° sec as unlabel led sugar accumulates  

wi th in  the  cells. 

R E S U L T S  

Effects of stirring at varying temperatures on [laC]glucose elflux from red cells into 
Ringer containing mannitol 

Red  cells loaded wi th  [laC]glucose, 120 #mole /ml  cell water  were added to 

Ringer  solutions with 120 mM manni to l  added to main ta in  osmotic equil ibrium. The 
solutions were st irred at va ry ing  speeds as indica ted  in Fig. i and  Table I. Agi ta t ion  

increases [~4C]glucose efflux at 20 °, at  both  2 ° and at 3 °0 the effect of st irring on net  

efflux is less t han  at 20 °. 

Effects of stirring at varying temperatures on [l*Cjglucose e~ux from red cells into Ringer 
containing glucose 

The method  adopted  was similar to t ha t  described above, except  t ha t  va ry ing  

glucose concentra t ions  were added to the Ringer  and manni to l  was added to bring 
the to ta l  non-electrolyte  concentra t ion  to 120 raM. Increasing the external  concentra-  

t ion of glucose increases the  ra te  of [l*C]glucose efflux from red cells up to a m a x i m u m  
level (Fig. 2). As has f requent ly  been observed 9-n, efflux is a rec tangular  hyperbol ic  

funct ion of ex terna l  glucose concentrat ion.  Agi ta t ion  also increases [laClglucose into 

solutions conta ining glucose bu t  to a lesser ex ten t  than  it  increases net  [xaC]glucose 
efflux into glucose-free solutions;  agi ta t ion the reby  reduces the max ima l  t rans  accel- 

erat ion of glucose exchange.  This is found at all t empera tures  tested. Addi t ional ly ,  
as t empera tu re  is raised above 2 ° t rans  accelerat ion of [a4C]glucose efflux is reduced 

(Table I). 

~ 3 0 0  

200 

100 

t~ 

0 

. - - - C - - - - -  

o o 
i i i 

0 200 400 600 
rev./rain 

400 

300 

E 

~ 200 

"~ 100 (D 

8 
(D 

0 

o 

0 25 50 75 100 125 
Glucose conc~. (raM) 

Fig. i. Effect of stirring at different speeds on the eff[ux of [14C]glucose from red cells. O - - O ,  2°; 
• • ,  2o°; tD ID, 3 o°. Each point is the mean of at least 6 determinations ± S.D. is shown 
at 2o ° and 3 o°. The deviation at 2 ° was too small to represent on this scale. 

Fig. 2. Effect of stirring at different temperatures on II~C]glucose efltux into solution containing 
varying concentrations of glucose. Filled symbols, stirring rate 6oo rev./min; empty symbols, 
stirring rate 15 2orev./min. []--[Z, m--m,  3o°; A - - & ,  A A, 2o°; (2)--0, • - - 0 ,  2 °. Each 
symbol is mean of at least 6 determinations. 

Biochim. Biophys. Acta, 233 (1971) 635-643 



6 3 8  R . J .  N A F T A L I N  

%. 

~ 0  

.i 
o 
~ o 

d %. 

2 

k?- 
I i 

- %  

% 

¢8 

M o 

N o i ¢¢ 

x ~  
M 
a ,  . N  

o 

< e 

o0  oo  

t t~  H u ~  

CO oO 

O Oh ',O 

44 ~ H o  

N c,l 

e l  teb 

~" oh ~ N 

+t qq~ H~ S 
t¢~ t e 3 ~  O ~ O 
P'~ ~ oh 

N 

~1 N ,','N 

' 0  'D ~"  
CO g. ~6 mN 

o o ~ ~ d ~ r ~  

CO CO CO 

o ~ oh 

~1 ~ , ~  

d . 

oh  ~ 

8 

5 1 2 

~ : 4 - ,  

© c8 @ .el O ¢ ~  

O .  ~ o 

o ~  oL~ o L ~  

~ 0 3  % 3  o 

Biochim. Biophys. Acla, 233 (197 I) 6 3 5 - 6 4 3  

i 

o •~ 

o ~ , -~  

v 

.a -% %. 

M 

M 

z k.. 

× 

N 

a: ° ,,::: 
~ 

t--- CO 

~ '-2, 

o 

e¢3 t¢~ o 

44 - H o  44t--  

o c,i N 

"* "2 , ,o ~ u . h N  
N 

oh  

o 
d CO t ~  

~c  ~c  %3 

o ~" 

oo R ~ g R  ~-~! 

~D CO 

H H~ ,.o HH ,,~ 
~.D N N 

& t-: .d t - . ~  

1 8  o 
~ N ~ 

~.~o 

o C  ~ t o  

N 0 . ~  0 N 

¢) ' ~  0 ~::UO 0 hi; 



SUGAR MOVEMENTS ACROSS RED CELL MEMBRANES 639 

Effects of stirring at varying temperatures on [l~C]glueose e~tux from red cells into 
Ringer containing galactose 

[*4ClGlucose efflux from red cells in to  external  solutions conta in ing  varying  
concentra t ions  of galactose with mann i to l  added to br ing the tota l  non-electrolyte 
concentra t ion  to 12o mM was measured as described above. 

At 20 ° and  3 °0 ~*4Cjglucose efflux is accelerated more by  12o mM galactose 
t h a n  by  12o mM glucose (Table I). This  confirms the findings made previously by  
MILLER °. However,  at  2 ° no significant difference is observed between the t rans  accel- 
erat ion of [~C]glucose efitux produced by  galactose or glucose. [*4C]Glucose e ~ u x  
into galactose does not  p la teau like the efflux into glucose bu t  continues to increase 
as the external  galactose concentra t ion  is raised to 120 mM (Fig. 3)- Consequent ly  
the extra  acceleration of I~4C]glucose effiux seen at 20 ° and  at  3 °o is only seen at high 
external  galactose concentrat ions.  Agi ta t ion also increases glucose-galactose exchange 
flux and  decreases the acceleration of [*4C]glucose efflux on adding 12o mM galactose 
to the external  solution. 
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Fig. 3. Effect of stirring and of addition of varying concentrations of galactose to the bulk solution 
to [14C]glucose effiux from red cells at 20 °. O, circles stirring at 600 rev./min; ©, stirring at 
15-2o rev./min. Each point is the mean of at least 6 determinations ± S.D. 

Fig. 4. Effect of agitation and of addition of glucose and galactose to the bulk solution at 3 °° on 
[14C]galactose efflux from human red cells. Filled symbols, stirring at 600 rev./min; empty symbols 
stirring at 15-2o rev./nlin; ©- -O ,  [14C]galactose efflux into solution containing varying concen- 
trations of galactose; []--[3, [14C]galactose effiux into solutions containing varying concentrations 
of glucose. Each point is mean of at least 6 determinations. 

Effects of stirring at varying temperatures on [14C]galactose e~ux from red cells into 
Ringer containing mannitol, glucose or galactose 

Red cells loaded with [laClgalactose 120 #moles/ml cell water were added to 
Ringer solutions conta in ing  120 mM manni to l ,  or 120 mM glucose or 120 mM galactose 
or mixtures  of either mann i to l  and  glucose or mann i to l  and galactose to make a final 
non-electrolyte  concentra t ion  of 120 raM. Efflux of [14C]galactose was determined 
as has already been described for [14C]glucose efflux. 

At 2 ° and  at 2o ° bo th  rapid stirring and  addi t ion of galactose to the external  
med ium increase [l~Clgalactose efflux, however, at 3 °°  nei ther  agi tat ion nor  addi t ion 
of galactose to the external  solution accelerate [14C]galactose efflux from the cells 
(Fig. 4)- This finding, which has no t  been previously observed, indicates tha t  at 3 °°  
the affinity of galactose for the cell membrane  is so low tha t  there is no significant 
uns t i r red  layer effect re tarding efflux. At  2 ° and  20 ° [l~C]galactose efflux is a rectan-  
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gular hyperbolic function of external galactose concentrat ion (R. J. NAFTALIN, un- 
published results), and, as with [~aC}glucose efflux, both agitation and raising the 
temperature  from o ° to 20 ° reduces the maximal  trans acceleration (Table II).  At 
30 ° [)~C]galactose net  efflux is actually retarded by  external glucose (Fig. 4). Rapid 
stirring slows [ l~C]galactose flux into solutions containing glucose still further (Table I I  
and Fig. 4)- At 20 ° [14C]galactose efflux is virtually unaffected by external glucose 
and at 2 ° it is accelerated by external glucose. 

The retardat ion of I~C]galactose efflux at 3 °0 by glucose is the converse of 
~{ILLER'S ~laClglucose~alactose exchange finding 9 and like MILLER'S finding is irre- 
concilable with a mobile carrier model for sugar transport .  

DISCUSSION 

The results show that  trans acceleration of labelled sugar exchange across red 
cell membranes  is maximal  at 2 ° and falls towards zero as either temperature  is raised 
or the degree of agitation of the bulk solution is increased. The temperature  sensitivity 
of the fall in trans acceleration is dependent on the affinity of the sugar for the cell 
membrane;  with galactose, t rans acceleration is absent at 3 °o whereas with glucose 
it is still present. In  additional, agitation increases net sugar effiux from the cells, 
the extent  of this increase is a function both of temperature  and the sugar affinity for 
the membrane.  Finally, at 3 °o ii14Cigalactose net effiux is retarded by  glucose in tile 
external solution, whereas L14C~glucose net efflux is accelerated by  external galactose. 
The acceleration of [~C]glucose by  external galactose is dissimilar to both t rans 
acceleration of glucose exchange and galactose exchange, in tha t  [~aC]glucose efflux 
continues to increase as the external galactose concentrat ion is increased to 12o mM 
whereas [14Cnglucose and :i14C]galactose exchange rates plateau at external sugar 
concentrat ions between 25-50 mM. 

An interpretat ion of these findings is tha t  net  sugar flux across red cell mem- 
branes is partially controlled by  an unstirred layer effect more precisely termed 
'part ial  film diffusion control '~. Tile extent  of this control depends on the membrane  
affinity and concentrat ion of sugar in the film surrounding the membrane.  Trans 
acceleration as previously described t depends on competit ive displacement of labelled 
sugar from the outer membrane surface by  unlabelled sugar from the bulk solution. 
Consequently, reduction of fihn diffusion control of labelled sugar effiux reduces the 
amount  of labelled sugar bound to the outer membrane surface and so reduces trans 
acceleration of exchange e~tux. Since galactose has a lower affinity for the red cell 
membrane  than  glucose 7, ie and the membrane affinity for sugars is reduced as tempera-  
ture is raisedG, 7 and the results show tha t  agitation, raising the temperature,  or 
use of sugar with a low membrane  affinity reduce trans acceleration; it is likely that  
the assumption tha t  t rans acceleration is dependent  on the unstirred layer effect is 
valid. 

Further,  in the absence of film diffusion control sugar efflux is controlled by  the 
rate of sugar diffusion across the membrane.  HELFFERICH 13 has indicated tha t  coupled 
interdiffusion of two molecular species is not  confined to ion exchange where coupling 
is enforced by  the electroneutrali ty restriction, bu t  also occurs with non electrolytes 
when coupling is enforced by  a constant  volume restriction ~. Coupled non-electrolyte 
interdiffusion is also enforced during sorption through a membrane with a restricted 
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number  of adsorption sites. The interdiffusion coefficient nAB for non-electrolytes 
A and B diffusing within a sorbing membrane may  therefore be expressed as follows : 

nA B = DADB(XA + XB) 

XADA -{- XB~)B 
(i) 

(cf. ref. 13, equation 6-39). See Diagram I. 
xi and D, are the partial mole fraction and the diffusion coefficients of species i 

within the membrane respectively. 
Eqn. I shows that  the rate of movement  of a slowly diffusing species will be 

speeded when it interdiffuses into a rapidly diffusing species and vice versa; the rate 
of interdiffusion of the slower species rises asymptotically towards the diffusion rate 
of the faster species as the concentration of the latter rises 13. 

Since galactose has a lower membrane affinity and therefore a higher persorp- 
tion rate 1 than glucose, Eqn. I explains why, even in the absence of a significant 
unstirred layer effect (cf. ref. i, Fig. 7a), ~UC~glucose efflux from red cells is increased 
as the external galactose concentration is increased. 

Eqn. I also explains why [14C~galactose efflux is retarded by external glucose, 
although the retardation of [UC~galactose efflux seen in Fig. 4 may also be in part  
due to formation of a layer of glucose within the cell preventing access of [14C~galac- 
tose to the membrane (cf. Fig. 9, ref. I). 

The results in this paper do not support the model for sugar t ransport  recently 
described by  LIEB AND STEIN 15. Their model, which requires conformational changes 
in the membrane to facilitate sugar movements,  predicts that  the maximal  trans 
acceleration of El~C~glucose efflux by  external glucose should equal twice the maximal  
net efflux rate. This prediction is not consistent with the results reported here. 

Trans acceleration of both chloride and calcium flux has been previously 
observed in artificial membranes 16,17 and efltux of methylene blue from Sephadex 
G-to (Pharmacia, Uppsala) is increased by  both agitation of the bulk solution 
(R ,  J .  NAFTALIN,  unpublished results), and by  addition of either sucrose or glucose to 
the bulk solution is, these effects are not additive to the effects due to agitation. From 

a Jr, s t : r r  ed  M e m b r Q n e  F i l m  stirred 
c o m p Q r  t ~ e n t  . compartment 

A i 

x'B=o x~=O~= o 
d~ ~ ) ~  

, . 4 /  , ,  _*B . . . . .  xp;o , I ~ > ~ i  x,=o 

D i a g r a m  I. For  exp l ana t i on  see DISCUSSION a n d  APPENDIX. 
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these results it can be seen that there are similarities between solute flux across 
artificial membranes and sugar flux across red cell membranes. 

In seeking a model for sugar transport across red cell membranes it therefore 
seems unnecessary to assume any membrane properties, other than an ability to 
reversibly bind sugars, at a restricted number of homogeneously distributed sites. 

APPENDIX 

In a sorbing membrane separating two compartments as in Diagram I the flux 
of A, J A  from Compartment I containing a solution of A into Compartment I I  
containing a mixture of A and B may be represented as follows: 

Ja = 7 (*'A - *"a)  (2) 

where D is the interdiffusion coefficient of A within the membrane, and d is the mem- 
brane thickness, ~,' and ~i" are the mole fractions of species i at the membrane surface 
in Compartments I and II, respectively. 

If A is present in Compartment I in a sufficiently large concentration to saturate 
the membrane surface in I then 

13 
JA = 7 (I - -  XA") (3) 

If A and B are isotopes having equal affinity for the membrane (e.g. ~:~Clglucose 
and glucose) it follows from the Langmuir equation 19 for monolayer adsorption of 
multiple species that 

B X A  # 
XA" ~-- (4) 

I q- bXA" -~- bXB" 

where xi" is the mole fraction of species i in Compartment II  solution immediately 
adjacent to the membrane surface and b is the Langmuir constant for A and B. This 
ignores the small contribution to NA" coming directly through the membrane from 
Compartment I. 

If bXA" is large then in the absence of B in Compartment II  2 / '  ~ I then on 
addition of B to Compartment I I  

X A  tt 

xa" ~ (5) 

combining equations 3 and 5 

~) X A t* 

From Eqn. 6 it can be seen that J A  is a rectangular hyperbolic function of xB". This 
explains why E:4C~glucose efflux from red cells is a rectangular hyperbolic function 
of the concentration of unlabelled glucose in the bulk solution (Fig. 2). 
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From the law of mass action it may  be deduced 2° that  

XA tt XA tp 

7B" XB" (7) 

Assuming xff' (bulk solution) = XB" (film layer)" then when xff' (bulk solution) = x ~  
(fihn layer), then ~A" = xB" ~ o.5. 

Hence, when the bulk concentration of unlabelled sugar is equal to the con- 
centration of labelled sugar in the film layer, the flux of labelled sugar across the mem- 
brane is approximately half maximal. Thus the Km (accelerated flux) i.e. the con- 
centration of unlabelled sugar which gives half maximal acceleration of labelled sugar 
efflux, is an indicator of the concentration of labelled sugar in the film layer. 

This explains why the Km (accelerated flux) is reduced by agitation (see Table I). 
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