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Summary 

The kinetic parameters of the sugar transport in avian erythrocytes were 
evaluated under aerobic and anaerobic conditions. In anaerobic cells, transport 
measurements with 3-O-[~4C] methylglucose resulted in a set of similar dis- 
sociation-like constants. Thus the Michaelis constants of 3-O-[ '4C]methyl - 
glucose entry and exit, Kso and Ksi, were 8 and 7 raM, respectively. The equil- 
ibrium exchange constant,  Bs, and the counterflow constant,  Rs, were 9 and 11 
mM, respectively. The activity constant for 3-O-methylglucose transport,  Fs, 
defined as V / K m ,  was 4 ml/h per g. This set of kinetic constants was compatible 
with a symmetrical mobile-carrier model. In contrast, the Michaelis constant 
for glucose entry, K~o, was 2 mM and less than the counterflow constant,  
Ru (8 mM). This result could be accounted for by slower movement  of the 
glucose-carrier complex than the free carrier. The activity constant for glucose 
transport,  Fa, was 5 ml/h per g. 

Under aerobic conditions, two of the dissociation-like constants (K~i and B~) 
for 3-O-methylglucose transport were significantly larger than those obtained 
in anaerobic cells, but  the remaining two (K~o and Rs) remained unchanged. 
The values for K~o, Ksi, Bs and R~ were 8, 26, 20 and 8 mM, respectively. The 
activity constant,  F~, decreased Lo 2 ml/h per g. These changes in kinetic con- 
stants were consistent with the hypothesis that  anoxia accelerated sugar trans- 
port by releasing free carrier that  was previously sequestered on the inside of 
the cell membrane. 

Introduction 

Sugar transport in avian erythrocytes was shown to be regulated by hor- 
mones and metabolic factors [1--3]. Although the acceleration of sugar trans- 
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port  by  anoxia or catecholamines correlated with a fall of intracellular high- 
energy phosphates,  the exact mechanism of these effects remains unknown.  
In addition, it is not  clear whether the sugar transport system in avian erythro- 
cytes could be adequately described by the classical carrier theory [4,5].  Con- 
troversy still exists on the applicability of  the carrier model to the sugar trans- 
port  system in human erythrocytes  [6]. 

In the present study,  the kinetic behavior of  the sugar transport system in 
avian erythrocytes  was characterized under both  aerobic and anoxic conditions. 
The adequacy of  the carrier model, wi thout  simplifying assumptions [5],  was 
tested using established rejection criteria [7,8]. Anoxia decreased some dis- 
sociation-like constants, bu t  increased the activity constant.  A regulatory mech- 
anism compatible with these changes is proposed. 

Methods 

Blood was collected from the neck veins of geese into polycarbonate bottles 
containing heparin (2 mg/100 ml blood) and washed three times by  centrifuga- 
tion and resuspension in ice-cold Krebs-imidazole glycylglycine buffer,  pH 7.4 
[2].  Leucocytes were thoroughly removed during the washing procedure. Ery- 
throcytes were stored overnight at 4°C and washed once immediately before 
use. 

Cells were suspended in Krebs-imidazole-glycylglycine buffer to which was 
added 5 mM glucose, 5 mM fumarate, 10 mM KH2PO4, 2.7 mM adenine and 
5 mM inosine, with or without  3-O-methylglucose, and incubated at 37°C 
under aerobic conditions for 3 h as described previously [2].  Cells were then 
washed three times with ice-cold substrate-free buffer,  and resuspended in sub- 
strate-free buffer with or without  3-O-methylglucose. The cell suspensions were 
incubated at 37°C for a further 90 min, under aerobic or anaerobic conditions, 
before measurements of  sugar entry or exit were made. Gravimetric deter- 
minations of  total water content  and hematocrits of the cell suspensions were 
performed routinely. 

The appropriate experimental procedures for determinations of  individual 
transport  constants are given in the subscripts of the tables and figures. 

Results 

Kinetics of glucose transport 
Earlier studies [ 1] on effects of  energy<teprivation on the kinetics of  glucose 

transport  in avian erythrocytes  were carried out  by  following glucose disap- 
pearance from the incubation medium. A potentially more sensitive technique 
to determine rates of  glucose uptake was to estimate 3H20 appearance in the 
medium during incubation with 2-[3H] glucose [9].  The~validity of  this method 
depended on four  assumptions: (i) the Embden-Meyerhof pathway accounted 
for virtually all glucose metabolism, (ii) all the 3H in the C-2 position was 
released as 3H20 by either phosphoglucoisomerase, tr iosephosphate isomerase 
or enolase, (iii) 3H20 equilibrated rapidly between extracellular and intracellu- 
lar compartments ,  and (iv) transport  of  2-[3H] glucose was rate-limiting for pro- 
duction of  3H20. As seen in Table I, rates of  3H20 production did not  match 
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T A B L E  1 

C O M P A R I S O N  O F  G L U C O S E  U P T A K E  A N D  3 H 2 0  P R O D U C T I O N  BY A V I A N  t ,~ 'RYTHROCYTES 
U S I N G  2 - [ 3 H ] G L U C O S E  

Red cell s u s p e n s i o n s  (50% h e m a t o c r i t )  were  i n c u b a t e d  as desc r ibed  in M e t h o d s  in b u f f e r  c o n t a i n i n g  e i the r  

0, 10, 30,  60 or  100 m M  3 - O - m c t h y l g l u c o s c  to ach ieve  a range  of  in t racc l lu la r  3 - O - m e t h y l g l u e o s e  concen-  
t ra t ions .  Af t e r  wash ing ,  the cells were  i n c u b a t e d  for  an add i t i ona l  90 rain wi th  0, 4, 11, 23 or 38 mM 

3 - O - m e t h y l g l u c o s e  u n d e r  ae rob ic  or  anae rob ic  c o n d i t i o n s .  F o l l o w i n g  th is  per iod  of  i n c u b a t i o n ,  2 - [ 3 H I -  

g lucose  (0.01 m M )  and 3 - O - m e t h y l g l u c o s e  (0 ,  4, 10 or  2 0 r a M )  were  added  as ind ica ted  in the  Table ,  and 

samples  were  t aken  at  0, 5, 15, 30 and 45 min .  S t r e p t o m y c i n  (1 m g / m l )  and  penic i l l in  G ( 1 0 0 0  u n i t s / m l )  

were  p r e sen t  in b o t h  i n c u b a t i o n  pe r iods .  S a m p l e s  were  t r a n s f e r r e d  rap id ly  to tes t  t ubes  s i t t ing  in an ice- 

ba th .  A f t e r  e e n t r i f u g a t i o n ,  s u p e r n a t a n t s  were  col lec ted  and  ana lyzed  for  3 H 2 0  by passage  of  0 .5  ml of  

s u p e r n a t a n t  t h r o u g h  a 0 .8  X 1.5 e m  c o l u m n  of  D o w e x - l - b o r a t e  fo l lowed  by e lu t ion  wi th  1.5 ml of  wa te r  

110] .  R a d i o a c t i v i t y  in the  to ta l  e luan t  was d e t e r m i n e d  in a l iquid sc in t i l l a t ion  s p e c t r o m e t e r .  S u p e r n a t a n t  

g lucose  was assayed  f luo r ime t r i ca l l y  us ing  the  h e x o k i n a s e  and  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s c  reac- 

t ions  [ 1 1 ] .  Ra tes  of  g lucose  u p t a k e  were  o b t a i n e d  f r o m  s lopes  of  the  p lo t  o f  log ex t r aec l lu l a r  glucose 
c o n c e n t r a t i o n  versus  t ime .  Ra tes  o f  3 H 2 0  p r o d u c t i o n  were  o b t a i n e d  f r o m  slopes of  the  plot  of 3 H 2 0  

a c c u m u l a t i o n  versus  t ime .  Both ra tes  are n o r m a l i z e d  to a s t a n d a r d  cx t r acc l lu l a r  g lucose  c o n c e n t r a t i o n  

(0.01 m M ) .  The  n u m b e r  in pa ren thes i s  i nd i ca t e s  the f r ac t i on  of  g lucose  u p t a k e  a p p e a r i n g  as 3H20 .  The  

e x p e r i m e n t  was p e r f o r m e d  twice  wi th  s imi la r  resul ts .  

C o n d i t i o n s  In i t ia l  3 - O - m e t h y l g l u c o s e  Glucose  u p t a k e  

c o n c e n t r a t i o n  (raM) p m o l / h  per  g 

3 H 2 0  p r o d u c t i o n  

p m o l / h  pe r  g 

Ext ra -  In t ra -  

cel lular  cel lular  

Aerob ic  0 0 0 . 0 1 4 2  0 . 0 0 5 8  (41%)  

4 0 0 . 0 1 1 4  0 . 0 0 2 7  (24%)  

10 0 0 . 0 0 8 7  0 . 0 0 1 5  (17%)  
20 0 0 . 0 0 3 9  0 . 0 0 0 9  (24%)  

4 4 0 . 0 1 6 2  0 . 0 0 6 5  (40%)  
11 11 0 . 0 1 6 5  0 . 0 0 6 7  (40%)  

23 23 0 . 0 1 5 6  0 . 0 0 3 0  (19%)  
38 38 0 . 0 0 8 7  0 . 0 0 2 5  (29%)  

A n o x i c  0 0 0 . 0 4 4 6  0 . 0 1 0 6  (24%)  

4 0 0 . 0 3 3 0  0 . 0 0 5 4  (16%)  
10 0 0 . 0 2 0 8  0 . 0 0 2 5  (12%)  
20 0 0 . 0 1 5 5  0 . 0 0 1 5  (10%)  

4 4 0 . 0 2 6 5  0 .0081  (30%)  
I i  I I  0 . 0 1 7 8  0 . 0 0 5 0  (28%)  

23 23 0 . 0 1 7 0  0 . 0 0 2 7  (16%)  
38 38 0 . 0 0 8 9  0 . 0 0 1 6  (18%)  

the corresponding rates of  glucose disappearance, indicating that assumptions 
(i) and/or (ii) were not justified in the avian erythrocyte. Further, the fraction 
of  glucose uptake appearing as 3H20 was affected by incubation under anaero- 
bic conditions or by addition of  3-O-methylglucose. Thus, measurement of  
3H20 production from 2-[3H] glucose could not be taken as an index of  glucose 
uptake in avian erythrocytes. 

In order to equate kinetics of glucose utilization with those of glucose entry, 
intracellular phosphorylation of  the sugar must be sufficiently rapid to main- 
tain low levels of  intracellular glucose. Under these conditions, glucose utiliza- 
tion was limited principally by glucose penetration across the membrane. Pre- 
vious measurements [1] of  glucose and sorbitol spaces indicated that glucose 
was restricted to the extracellular compartment since the sugar was distributed 
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TABLE II 

MEASUREMENT OF INTRACELLULAR GLUCOSE 

Cell suspensions (50% hematocrit) were incubated aerobically or anaerobically for 90 rain in Krebs-imi- 

dazole glycylglyeine buffer, pH 7.4 |21. 20 rain following addition of varying concentrations of 2-[3H] - 

glucose, [Go] , samples (0.5 ml) were taken for estimation of intracellular glucose. Samples were rapidly 
ejected into 6 ml of buffer layered on top of 7 ml of silicone oil (General Electric, SFII54)  in a conical 
tube sitting in an ice-bath. Samples were spun, the aqueous layer was aspirated and the sides of the test- 
tube repeatedly rinsed by addition and aspiration of isotonic saline. The same procedure was applied to 

the silicone oil layer. The remaining cell pellet was hemolyzed with 1 ml 10% perchloric acid. The cell 
extract was collected and neutralized (pH 7) with KOH. An aliquot of the cell extract was added to 0.3 

ml of Tris buffer (I00 mM, pH 8) containing 13 mM MgCl 2 and 0.6 mM ATP. Hexokinase and phos- 

phoglucoisomerase were added and the mixture was allowed to react at room temperature for I h with 
occasional mixing. The reaction mixture was then analyzed for 3H20 as described in Table I. Incuba- 

tion under these conditions resulted in conversion of 85% of the radioactivity in 2-[3H] glucose standards 

(Amersham) to 3H20. The remaining radioactivity could not be converted to 3H20 by prolonging the 

incubation time and was presumed to represent impurities in the 2-[3H] glucose. An equal aliquot was 

treated in a similar manner except hexokinase was omitted. Intracellular glucose, [Gi], was calculated 

as follows: [Gi] , mM = [3H20 (hexokinase + phosphoglucoisomerase), dpm -- 3H20 (phosphoglueoiso- 

merase), dpm]/[Specific activity of extracellular glucose, dpm#zmole.0.85.volume of intracellular 

water, rnl]. I n  parallel experiments with [ 14C]sorbitol as extracellular marker, it was found that no 
more than 0.3% of the extracellular fluid was trapped in the cell pellet. Data was presented as mean + 
S.E.M. from 3 to 5 separate experiments. 

Conditions Extraeellular Intracellular |Gil/[Go] 
glucose (mM) glucose (raM) 

A e r o b i c  

A n o x i e  

0 . 0 0 9 1  +_ 0 . 0 0 0 3  0 . 0 0 0 8  ± 0 . 0 0 0 4  0 . 0 9  

0 . 0 9 9  __+ 0 . 0 1 3  0.0022__+ 0 . 0 0 0 9  0 . 0 2  

0 . 2 1  _+ 0 . 0 0 8  0 . 0 0 3 7  +_ 0 . 0 0 1 9  0 . 0 2  

1 . 0 8  _+ 0 . 1 2  0 . 0 1 1  -+ 0 . 0 0 4 9  0 . 0 1  

3 . 0 8  -+ 0 . 4 2  0 . 0 3  -+ 0 . 0 1  0 . 0 1  

1 0 . 6 7  + 1 . 0 4  0 . 1 4  + 0 . 0 7  0 . 0 1  

2 9 . 4 0  0 . 2 6  0 . 0 1  

4 5 . 4 9  +__ 0 . 2 5  0 . 2 2  + 0 . 0 7  0 . 0 0 5  

6 6 . 2 6  0 . 3 1  0 . 0 0 5  

0 . 0 0 8 7  + 0 . 0 0 0 9  0 . 0 0 0 5  + 0 . 0 0 0 2  0 . 0 5  

0 . 0 8 6  +- 0 . 0 1 6  0 . 0 0 3 4  +_ 0 . 0 0 1 0  0 . 0 4  

0 . 2 0  + 0 . 0 1 5  0 . 0 0 4 6  +_ 0 . 0 0 2 3  0 . 0 2  

1 . 2 0  + 0 . 1 9  0 . 0 2 7  +- 0 . 0 0 5 4  0 . 0 2  
3 . 1 7  + 0 . 4 1  0 . 0 5 6  + 0 . 0 2  0 . 0 2  

1 2 . 7 6  -+ 1 . 8 4  0 . 1 1  -+ 0 . 0 4  0 . 0 1  

3 3 . 6 7  -+ 3 . 7 6  0 . 2 6  -+ 0 . 1 0  0 . 0 1  
5 5 . 9 6  + 3 . 5 5  0 . 2 7  + 0 . 0 2  0 . 0 0 5  

in a volume slightly less than that of  sorbitol, an extracellular marker. An 
alternative method to measure intracellular glucose is described in Table II. 
This technique is more sensitive since (i) the cold buffer on top of  the silicone 
oil cooled the cells in a sufficiently short time to stop cell metabolism and 
transport, and diluted the medium glucose concentration approximately 25- 
fold to reduce further glucose entry and (ii) in vitro conversion of  2-[3H]- 
glucose to 3H20 was a more precise measure of  extremely low quantities of glu- 
cose than fluorimetry or spectrophotometry. As seen in Table II, intracellular 
glucose concentrations were not significantly different from zero at low exter- 
nal glucose levels (0.01--0.1 mM), under both aerobic and anaerobic condi- 
tions. At high external glucose concentrations, intracellular glucose levels were 
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Fig. 1. M e a s u r e m e n t  of  Kgo,  the Michaelis c o n s t a n t  of  glucose e n t r y ,  and Rg, the c o u n t e r f l o w  cons t an t  
in anae rob ic  cells. For  m e a s u r e m e n t  of  Kgo,  cells were suspended  at  50% h e m a t o c r i t  and incuba ted  as 
desc r ibed  in Methods .  Ant ib io t ics  were  added  as descr ibed  in Table  I. A f t e r  the  anae rob ic  incuba t ion ,  0.1,  
0 .3 ,  1 or  10 mM glucose were  added  to the  cell suspensions .  Samples  were  t ak en  at  5, 15, 30, 45,  60 and 
90 min .  Glucose in the  s u p e r n a t a n t s  was assayed e n z y m a t i c a l l y  [ 1 1 ] .  The  rate  law govern ing  glucose up- 
t ake  was 

~-g= ~g.Go]-  tGil,/(1 +[Go] + [Gi~ +tGol [ci~ 
Kgo '~gi ~g ~ / '  

where  Ug was glucose u p t a k e  ra te ;  [ G o ]  , [G i ] ,  ex t ra -  and in t race l lu la r  glucose c o n c e n t r a t i o n s ;  Kg o, Kg i, 
Michaelis cons t an t s  of  glucose en t ry  and exit ;  Rg,  Bg, the e o u n t e r f l o w  and equi l ib r ium exchange  con- 
s tants  for  glucose;  and Fg, the  ac t iv i ty  c o n s t a n t  for  glucose t r an sp o r t  [7 ] .  As s h o w n  in Table  II, [Gi]  was 
negligible and  the  e q u a t i o n  could  be s implif ied to [ G e l / U g  = ( l / F g )  + ( [G  o ] / F g K g o ) .  The  least square  
line is f i t ted  to da ta  f r o m  3 e x p e r i m e n t s ,  ind ica ted  by  the solid circles, squares  and  t r iangles  in panel  A. 
For  m e a s u r e m e n t  of  Rg, red cell suspensions  (10% h e m a t o e r i t )  were  i n c u b a t e d  as above ,  e x c e p t  tha t  
3 -0 - [  14C] m c t h y l g l u c o s e  (8 pM) was p resen t  in b o t h  the  p re l imina ry  and s u b s e q u e n t  anae rob ic  incuba-  
t ion per iods .  At  the end of  the anae rob ic  i nc uba t i on ,  the  in t race l lu lar  c o n c e n t r a t i o n  of  3 -0 - [  14C] m e t h y l -  
glucose was equal  to t ha t  in the i n c u b a t i o n  m e d i u m .  I m m e d i a t e l y  a f te r  the second  incuba t ion ,  1, 3, 10, 
or  20 m M  glucose was a dde d  to the m e d i u m .  Samples  were  t aken  at  5, 30,  60 and 90 min  and ana lyzed  
for  s u p e r n a t a n t  glucose and in t race l lu lar  3 -O- [14C]me thy lg lucose  as desc r ibed  previous ly  [2 ] .  These  
m e a s u r e m e n t s  are shown  in panel  B. In  the p resence  of  glucose,  the  e q u a t i o n  govern ing  the  final equil ib- 
r i um d i s t r ibu t ion  of  3 -O-methy lg lucose  as a func t i on  of  ex t race l lu la r  and in t race l lu lar  glucose concen t ra -  
t ions was [ S o ] / [ S i ]  = (1 + [ G o ] / R g ) / ( 1  + [ G i l / R g ) ,  where  [ S o l ,  [Si] were  the  ex t race l lu la r  and intra-  
cel lular  3 -O-methy lg lucose  c o n c e n t r a t i o n s ,  and [ G o ] ,  [Gi ] ,  and Rg were as def ined  above  [51. Since 
[Gi l  was  negligible over  the full range of  [G  o] e m p l o y e d  (Table  I I ) ,  the  e q u a t i o n  could be s implif ied to:  
I S o l / [ S i l  = 1 + [G o] IRg. The least square  line in panel  C is f i t t ed  to da t a  f r o m  t w o  e x p e r i m e n t s .  
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only 1--2% of those in the external medium. Thus, over the range of glucose 
concentrations (0.1--10 mM) used to estimate glucose transport constants 
{Fig. 1), rates of  glucose utilization approximated rates of glucose entry. 

In anaerobic cells, glucose entry followed Michaelis-Menten kinetics (Fig. 
la) .  The V of glucose entry, Vgo, was 8 pmol/h • g and the Michaelis constant 
of  glucose entry,  Kgo, was 1.57 mM. The latter figure agreed reasonably well 
with that  of  Wood and Morgan [1] who reported a value of  0.8 mM. The max- 
imal rate of glucose entry was greater than previously reported (3.36 pmol/h per 
g) [1].  This difference could be accounted for by a greater extent  of  energy- 
deprivation in the present experiments, due to longer periods of  incubation. 
Glucose transport  constants in aerobic cells could not  be evaluated with pre- 
cision in the present periods of  incubation since the rate of  glucose uptake was 
very slow. Earlier work [1], however, indicated that energy-deprivation 
resulted primarily in a 3-fold-increase of V~o with little or no effect on Kgo. 

To test the hypothesis that  movements of  glucose-carrier complex and free- 
carrier are rate-limiting and have identical rate-constants [4 L Rg, the counter- 
flow constant  for glucose, was measured in anerobic cells by following counter- 
flow of 3-O-methylglucose by glucose. As seen in Fig. lb ,  3-O-methylglucose 
left the cells against its concentration gradient in response to the addition of 
glucose and reached a new equilibrium distribution in less than 90 min. Fig. l c  
reveals that  Rg was 8 mM, significantly different from K~o as measured in the 
same batch of  cells. The value of  Rg was consistent with that  reported pre- 
viously (5 mM) [2]. These earlier experiments also indicated that Rg was 
approximately 5 mM in aerobic cells [ 2]. 

Kinetics of 3-O-methylglucose transport 
A more detailed analysis of  the effects of energy-deprivation on sugar trans- 

port  could be achieved by  studying the movements of  a non-metabolized sugar 
such as 3-O-methylglucose. For determination of  Kso, the Michaelis constant  
of 3-O-methylglucose entry, and Bs, the equilibrium exchange constant for 
3-O-methylglucose, three types  of  experiments were performed: (1) inhibition 
of glucose entry by 3-O-methylglucose, (2) entry of  3-O-[14C]methylglucose 
into either sugar-free cells (Kso) or cells containing unlabeled 3-O-methylglu- 
cose at concentrations equal to those in the external medium (B~), or (3) exit 
of 3-O-[14C]methylglucose into medium containing unlabeled 3-O-methyl- 
glucose at the same concentration as present within the cell (B s). 

Measurement of  B~, the equilibrium exchange constant,  required that the 
extracellular and intracellular 3-O-methylglucose concentrations be equal. 
This condition was achieved by pre-loading the cells with 3-O-methylglucose, 
washing the cells free of  external sugar, and resuspending them in medium con- 
taining concentrations of 3-O-methylglucose equal to those in the cells. It was 
found that  after 3 h of  incubation in 10, 30, 60 and 100 mM of extracellular 
3-O-methylglucose, the intracellular sugar concentrations were 4.10 + 0.23, 
10.73 -+ 0.47, 22.65 +- 1.12, and 37.88 + 2.96 mM, respectively (3 observa- 
tions). Thus, the 3-O-methylglucose concentrations in the resuspending media 
were routinely chosen to be 4, 11, 23 and 38 mM. However,  prolonged incuba- 
tion in substrate-free buffer  decreased the intracellular ATP levels from an ini- 
tial value of 5.67 + 0.26 mM to 2.41 + 0.09 mM after 3 h. Acceleration o f  
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t ransport  was found to accompany the fall in ATP levels [2]. Ill this case, the 
half-time of entry of 3-0-[ ~4C] methylglucose (12 pM) decreased from 118 rain, 
with no incubation,  to 42 min after 3 h. In order to prevent acceleration of  
sugar t ransport  during the initial 3-O-methylglucose loading period, substrates 
listed in Methods were added to the Krebs-imidazole glycylglycine buffer.  
Incubating the cells in buffer  containing these substrates for 3 h increased intra- 
cellular ATP levels somewhat (5.67 ± 0.26 mM to 7.61 ± 0.43 mM). The half- 
t ime of  tracer 3-O-[14C]methylglucose entry was 122 min, not  significantly 
different  from the control  value. The concentrat ions of 3-O-methylglucose 
attained inside the cells after 3 h were not  affected by the addition of sub- 
strates. 

In the compet i t ion experiments,  rates of  glucose uptake at low glucose 
concentrat ions (0.01 mM) were monitored since at this concentrat ion no intra- 
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Fig.  2. D e t e r m i n a t i o n  of  Kso,  the  Micbael is  c o n s t a n t  for  3 - O - m e t b y l g l u c o s c  e n t r y ,  and  B s, the  equi l ib-  
r i u m  e x c h a n g e  c o n s t a n t ,  by c o m p e t i t i v e  i n h i b i t i o n  of  g lucose  u p t a k e  in anae rob ic  cells. A single red cell 

su spen s i o n  was i n c u b a t e d  u n d e r  c o n d i t i o n s  desc r ibed  in Table  I. R a t e s  o f  g lucose  u p t a k e  by cells equil i-  
b r a t e d  wi th  a r ange  of  3 - O - m e t h y l g l u c o s e  c o n c e n t r a t i o n s  werc  o b t a i n e d  f r o m  ra tes  of  g lucose  d i sappear -  
ance  f r o m  the m e d i a  (pane l  A). The  ex te rna l  g lucose  c o n c e n t r a t i o n s  inc reased  in d i rec t  p r o p o r t i o n  to the 
3 - O - m e t h y l g l u c o s e  c o n c e n t r a t i o n  since the  3 - O - m e t h y l g l u c o s e  ( C a l b i o c h e m ,  A grade)  c o n t a i n e d  t race  
a m o u n t s  (0 .1%)  of  g lucose .  When 3 - O - m e t h y l g l u c o s e  was  p r e se n t  a t  equal  c o n c e n t r a t i o n s  inside and out-  

s ide the  cell. the  ra te  law g o v e r n i n g  g lucose  u p t a k e  was:  Ug = F g I G  o ] / ( 1  + [ G o l / K g  o + [ S I / B s ) , w h e r e  
Ug, [ G o [  and Kg  o were  de f i ned  as in Fig.  1 ; { S ]  was  the  3 - O - m e t h y l g l u c o s c c o u c e n t r a t i o n a t  equ i l i b r i um 
across  the  m e m b r a n e ;  and  Bs, the  e q u i l i b r i u m  e x e h a n g c  c o n s t a n t  o f  3 -O- rne thy lg lucosc  [5 ] .  U n d e r  the  

e x p e r i m e n t a l  c o n d i t i o n s ,  [ G o ] / K g  o < <  1 (F ig .  l a ) , t h e  ra te  law could  be s impl i f i ed  to [ G o [ / U g =  1 / F g +  
[S] /FgB s. The  p lo t  [ G o [ l U g  vs. [S]  is d r a w n  as o p e n  circles and  d o t t e d  l ine in panel  B. When  only  

ex t e rna l  3 - O - m e t h y g l u c o s e  was  p r e sen t ,  the  ini t ia l  ra te  fo r  g lucose  en t ry  was  Ug = F g [ G o [ / ( 1  + [G O ] / K g  o 
+ [ S o ] / K s o ) ,  w h e r e  Kso was  the  Michael is  c o n s t a n t  for  3 - O - m e t h y l g l u c o s e  en t ry ;  t he  o t h e r  p a r a m e t e r s  
have  b e e n  d e f i n e d  in Fig.  1 [ 5 ] .  As d i scussed  above ,  t he  e q u a t i o n  could  be s imp l i f i ed  to  [ G o ] / U g  = ( 1 / F g )  
+ ( [ S o ] ] F g K s o ) .  The p lo t  [ G o [ l U g  versus  [S o ] is d r a w n  in pane l  B as solid circles  and  solid line. These  

e x p e r i m e n t s  were  p e r f o r m e d  tw ice  wi th  s imi la r  resul ts .  
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cellular glucose was detected (Table II) and an insignificant fraction of  free 
carrier was occupied ([Go] < <  Kgo, Fig. la) .  As seen in Fig. 2a, rates of  glu- 
cose uptake by anaerobic cells decreased progressively as 3-O-methylglucose 
concentration at equilibrium across the membrane was increased, indicating 
competi t ion between two sugars for exchange. The value of Bs was 8 mM (Fig. 
2b). Glucose uptake also was inhibited in cells exposed to only external 3-0- 
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Fig. 3. M e a s u r e m e n t  of  Kso , the  Michaelis cons tan t  for  3 -O-methy lg lucose  en t ry ,  by  c o m p e t i t i v e  inhibi- 
t ion of  glucose u p t a k e  in aerobic  cells. Red cell suspensions  were  i n cu b a t ed  u n d e r  cond i t ions  descr ibed  in 
Table  I. Rates  of  glucose u p t a k e  were  ob ta ined  f r o m  panel  A and Kso was d e t e r m i n e d  (B) as descr ibed 
in Fig. 2. This  e x p e r i m e n t  was p e r f o r m e d  twice  wi th  similar  results .  

Fig. 4. M e a s u r e m e n t s  of  D s the d i f fus ion  c o n s t a n t  for  3 -O-methy lg lucose .  Red cell suspensions  (10% 
h e m a t o c r i t )  were i ncuba ted  as descr ibed in Methods  w i t h o u t  the  add i t ion  of  3 -O-methy lg lucose .  Im-  
med ia t e ly  a f te r  the  second  incuba t ion  per iod ,  3-O-[14C] me th y lg lu co se  (50 ,  75  or  100  raM) was in t ro-  
duced  in to  the  m e d i u m .  Samples  were t aken  at  the  t imes  ind ica ted  (panel  A) and ana lyzed  for intracel-  

lular  3-O-[14C] m e t hy l g luc os e  as descr ibed previous ly  [2 ] .  Ra tes  of  sugar en t ry  were  ob t a ined  f rom the  
slopes of  the  l inear  plots .  The  rate  law govern ing  3-0- [  14C] me th y lg lu co se  en t ry  was 

Us=(Fs([So]--[Si])/(l+[So] +[Si]+ [SO] [ S i ] ~  + D s ( [ S o ] - - [ S i ] ) ,  
KSO Ksi ns B s ]] 

where  U s r e p r e s e n t e d  3-O-[ 14C]methy lg lucose  u p t a k e  ra te ;  [So ] ,  [Si] 0 ex t race l lu la r  and  in t race l lu lar  3 -0 -  
[ 1 4 C ] m e t h y l g l u c o s e  conc e n t r a t i ons ;  Kso , Ksi , t he  Michaelis cons t an t s  o f  3 -O-methy lg lucose  en t ry  and 
exi t ;  Bs, Rs,  the  equ i l ib r ium exchange  cons t an t  and c o u n t e r f l o w  c o n s t a n t  for  3 -O-methy lg lucose ;  and 
F s and  Ds, the  ac t iv i ty  cons t an t  and d i f fus ion  c o n s t a n t  of  3 -O-methy lg lucose .  The  first t e r m  on the  
r ight  side of  the  e q u a t i o n  r e p re s e n t e d  the  c o n t r i b u t i o n  of  ca r r i e r -med ia ted  t r a n s p o r t  to  3 -0- [  14C] m e t h y l -  
glucose u p t a k e  while the  second  t e r m  rep resen ted  the  d i f fus ion  c o m p o n e n t .  U n d e r  initial cond i t ions  of  
sugar en t ry ,  the  ra te  law r e duc e d  to:  U s = ( F s [ S o ] / ( 1  + [ S o ] / K s o ) )  + D s [ S o ] .  When  [So]  > >  Kso (Figs. 
2 and  3) the  e q u a t i o n  could  he fu r t he r  s impli f ied to:  Us/ [S  o] = ((FsKso)/[So]) + D s. A plo t  of  Us / [So]  
vs. 1 / [So ]  gives a s t ra ight  line wi th  a y - in t e rcep t  equal  to D s (panel  B). This  e x p e r i m e n t  was  p e r f o r m e d  
twice wi th  aerobic  cells and  6 t imes  wi th  anaerob ic  cells wi th  s imilar  results .  
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methylglucose (data not shown). The value of Kso was not significantly differ- 
ent from Bs. Rates of glucose uptake in aerobic cells in either the presence or 
absence of external 3-O-methylglucose were very low (Fig. 3a) and could not 
be determined as precisely as in anaerobic cells. The Ks,, in aerobic cells also 
was 10 mM (Fig. 3b), but this value is the least reliable of the transport con- 
stants that  were measured. The activity constant for glucose transport,  Fg, was 
1/3 of that  found in anaerobic cells. 

Measurement of the entry and exit of 3-O-[~4C] methylglucose was com- 
plicated by the fact that  the sugar permeates avian erythrocytes both by 
carrier-mediated transport and simple diffusion [1]. It was necessary, there- 
fore, to determine the diffusion constant,  Ds, of 3-O-methylglucose in order 
to segregate the observed flux into two components  (Fig. 4). At high con- 
centrations of 3-O-methylglucose, sugar entry was mainly by diffusion, the 
rate law being Us ~ Ds([So] -- [Sil). When [Sil was small compared to [Sol, 
Us ~ Ds[So] and the increase in [Si] was linear (Fig. 4a). No significant 
differences were found in the values of Ds measured under aerobic or anaero- 
bic conditions (Fig. 4b). The diffusion constant ranged from 0.12 to 0.30 ml/ 
h per g in different batches of cells. For calculation of the diffusion components 
of  sugar entry,  D s was determined in various batches of cells in which K~o and 
Bs were measured. 

Kinetics of 3-O-[14C]methylglueose entry into sugar-free cells and cells 
equilibrated with 3-O-methylglucose under anaerobic conditions are shown in 
Fig. 5. The value of Bs was in excellent agreement with that  obtained from 
competi t ion experiments (Fig. 2). The discrepancy in Kso, as estimated in com- 
petition experiments and by 3-O-[14C] methylglucose entry was attributed to 
backflux of the labeled sugar. Using time-course simulation and assuming Kso 
= Ksi = R~ = B~ (see below), the Kso obtained by least-square fitting was 6 mM, 
a value more compatible with that  obtained from competit ion experiments 
(10 mM). Backflux was minimal in equilibrium exchange experiments since 
labeled sugar was diluted by unlabeled 3-O-methylglucose already present in 
the cell. In aerobic cells, transport constants could not be evaluated in this way, 
since carrier activity was low and most of the 3-O-methylglucose entry was by 
diffusion [1]. 

Although Fs, the activity constant,  could be determined theoretically from 
reciprocal of the y-intercept in a [S]/(U~ -- Ds[S]) vs. [Sl plot (Fig. 5c), it 
also could be measured independently by following 3-O-[14C]methylglueose 
entry at very low sugar concentrations (Fig. 6). In these experiments, Fs ranged 
from 1.5 to 2.3 ml/h per g in aerobic cells and 2.9 to 4.5 ml/h per gin anaerobic 
cells, indicating an increase in this constant  in anaerobic cells. 

Phloretin is an inhibitor of sugar transport in human red cells [12] and avian 
erythrocytes  [3]. Sugar entry in the presence of phloretin was due mainly to 
diffusion. Phloretin inhibited 3-O-[14C]methylglucose entry in aerobic and 
anaerobic cells to the same entry rate (Fig. 6), indicating that  Ds was the same 
in both types of  cells. The value of D~ was similar to that  previously reported 
(0.42 ml/h per g) [3], but was somewhat higher than that  determined by 3-0- 
[ 14C] methylglueose entry (Fig. 4). This difference is attributed to the fact that 
a small fraction of  sugar entry in the presence of phloretin was due to carrier- 
mediated transport.  
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Measurement of  the kinetic parameters of 3-O-methylglucose efflux allowed 
for evaluation of  the effects of  anoxia on Ksi , the Michaelis constant of sugar 
exit, Rs, the counterf low constant,  Bs, and Fs. Calculation of the constants was 
dependent  upon accurate measurements of the initial rates of  exit {Fig. 7). 
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Fig. 5. D e t e r m i n a t i o n  of  Kso and B s by 3-O-[ 14C] me thy lg lu co se  en t ry .  Red cell suspensions  (10% h e m a -  
tocr i t )  were i ncuba ted  unde r  cond i t ions  descr ibed in Table  I. A f t e r  the  anaerob ic  incuba t ion ,  3-0-[  14C]- 
me thy l g l ucose  (0 .008 ,  1, 3, 10 or 30 raM) was added .  Samples  were  t ak en  at  the  t imes  ind ica ted  and 
ana lyzed  for  3 -O- [14C]me thy lg lucose .  The  t ime  course  of  3 - O - [ 1 4 C ] m e t h y l g l u c o s e  equi l ib ra t ion  in 
sugar-free cells and cells equ i l ib ra ted  wi th  3 -O-methy lg lucose  are s h o w n  in panels  A and  B, respec t ive ly .  
Hal f - t imes  of  equi l ib ra t ion ,  t I / 2 ,  were  ca lcula ted  for each  sugar c o n c e n t r a t i o n  and were  used to c o m p u t e  
the rat io Us / [S]  by  the fol lowing fo rmula :  Us/ [S]  = 0 . 6 9 3 / ( 1 / W  o + 1/Wi) (dry  cell mass)  t l / 2  wh ere  W o 
and W i we re  the  ex t race] lu la r  and in t racel lu lar  vo lumes ,  respect ive ly  [ 5] .  When initial rates of  3 -0- [  14C} - 
me thy l g l ucose  en t ry  in to  sugar-free cells were  me a s u re d ,  the ra te  law (Fig. 4) could be s impli f ied to: 
[ S o ] / ( U  s - -  D s [ S o ]  ) = ( 1 / F s )  + ( [ S o ] / F s K s o ) ,  where  all the  p a r a m e t e r s  were  def ined  as in Fig. 4. Da ta  
for  e s t ima t ion  of Kso are ind ica ted  by solid symbol s  and solid line in panel  C. Un d e r  equi l ib r ium 
exchange  cond i t ions ,  the  ra te  law was: [S] ] U  s - - D s [ S ]  = ( 1 / F  s) + ( I S ] / F s B s ) ,  wh e re  [S] was  the  concen-  
t r a t ion  of  sugar equ i l ib ra ted  across the  m e m b r a n e  and the  o th e r  p a r a m e t e r s  were  de f ined  as in Fig. 4. Da ta  
for  e s t ima t ion  of  B s are ind ica ted  by open  s ymbo l s  and d o t t e d  line in panel  C. E x p e r i m e n t s  were  per-  
f o r m e d  4 t imes  for  e s t ima t ion  of  Kso (circles,  squares ,  t r iangles,  inver ted  tr iangles)  and twice  for  de ter -  
m i n a t i o n  of  B s (circles,  squares) .  

Fig. 6. M e a s u r e m e n t  of  F s by  3-O-[14C] me thy lg luc os e  en t ry  and  of  D s by  pho re t i n  ip-hibition. Red cell 
suspensions  (10% h e m a t o c r i t )  were  incuba ted  as descr ibed  in Methods .  Af t e r  the  second  incuba t ion  
per iod ,  3-O-[14C] m c t hy lg luc os e  (8 #M) and ph lo re t in  (1 raM),  as ind ica ted ,  were  added .  Samples  were  
t aken  at  the  t imes  ind ica ted  and ana lyzed  for  3-O-[14C] me thy lg lucose .  The  rate  law for  en t ry  of  3-O- 
me thy l g l ucose  at  ve ry  low c o n c e n t r a t i o n  was: U s = (F  s + Ds)  [So] ,  w h e r e  the  p a r a m e t e r s  were  def ined  
as in Fig. 4. As ind ica ted  in Fig. 5, the  ra t io ,  U s / [ S o ] ,  was ca lcula ted  f r o m  the  t I /2"  Th e  e x p e r i m e n t  to  
d e t e r m i n e  F s was p e r f o r m e d  5 t imes  bu t  to e s t ima te  D s only once .  
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Fig.  7. Exi t  o f  3 - O - [ 1 4 C ] m e t l l y l g l u e o s e  f r o m  aerobic  and a n a e r o b i c  ce l l s .  R e d  ce l l  s u s p e n s i o n s  (10% 

h e m a t o c r i t )  w e r e  i n c u b a t e d  in b u f f e r  c o n t a i n i n g  3 - O - [ 1 4 C l m e t h y l g l u e o s e ,  as desc r ibed  in M e t h o d s  and 

Table  I. A f t e r  t h e  s e c o n d  i n c u b a t i o n ,  t h e  ce l l s  were  washed  3 t i m e s  a n d  r a p i d l y  a d d e d  to  s u g a r - f r e e  b u f f e r .  
S a m p l e s  w e r e  t a k e n  at  t h e  t i m e s  i nd i ca t ed  and r a d i o a c t i v i t y  in t h e  s u p e r n a t a n t s  w a s  d e t e r m i n e d .  Ra t e s  of 

3-O-[ 1 4 C ] m e t h y l g l u e o s e  e x i t  u n d e r  a e r o b i c  ( o p e n  s y m b o l s ,  d o t t e d  l i n e s )  a n d  a n a e r o b i c  ( s o l i d  s y m b o l s ,  

s o l i d  l i n e s )  c o n d i t i o n s  w e r e  c a l c u l a t e d  f r o m  t h e  s l o p e s  o f  t h e  l i n e s .  

Since the intracellular sugar concentration did not fall more than 15% during 
the first 6 min of  sugar efflux, the rate of appearance of sugar in the medium 
was linear. Initial exit rates were higher in anaerobic cells at low 3-O-[14C] - 
methylglucose concentrations (panel a), but were similar in both types of cells 
at high sugar concentrations (panel b). These results suggest that the maximal 
rate of  3-O-methylglucose exit, Vsi , was not appreciably affected by anoxia. 
Appearance of  3-O-[~4C] methylglucose also was linear when the medium con- 
tained unlabeled 3-O-methylglucose at concentrations equal to those in the 
cells or 100 mM 3-O-methylglucose (data not shown). These results indicated 
that the specific activity of  intracellular 3-O-[~4C]methylglucose did not 
decrease substantially in the first 6 min. 

Transport constants from 3-O-['4C]methylglucose exit experiments were 
fitted by a least-squares method (Table III). Limits of  Ds, K, and Fs were 
derived from independent measurements of Fs (Figs. 5 and 6), Ds (Figs. 4 and 
6), Ks,, and Bs (Figs. 2, 3 and 5). The values of Vs, Fs, and Ds derived from 
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T A B L E  I V  

S U M M A R Y  O F  T R A N S P O R T  C O N S T A N T S  

D a t a  are  r e p o r t e d  e i t h e r  as  i n d i v i d u a l  o b s e r v a t i o n s  or  as  t h e  m e a n  ~ S . E . M .  T h e  f i g u r e  in p a r e n t h e s i s  i nd i -  

c a t e s  t h e  n u m b e r  o f  o b s e r v a t i o n s .  U n i t s  f o r  t h e  c o n s t a n t s  arc:  K g o ,  R g ,  K s o ,  Ks i ,  Rs ,  Bs, and K i t  in  r aM;  
Fg, Fs, a n d  D s in 

T r a n s p o r t  
c o n s t a n t  

K g o  
R g  

t"g 

V g o  

V g r  

K s o  
K s o  

Ks i  
B s 

B s 

K i t  
R s 

D s 
D s 

I) s 

P's 
P's 
V s o  

Vsi  

V s b  
V s r  

* W o o d  a n d  M o r g a n  [1 ] 

**  W h i t f i e l d  a n d  M o r g a n  [ 2 ]  

m l / h  p e r  g;  a n d  V g o ,  V g r ,  1/so , Vsi  , 1/'sr ` a n d  V s b  in ~ m o l / h  p e r  g .  

E x p e r i m e n t  A e r o b i c  A n o x i c  

G l u c o s e  u p t a k e  0 . 3 5  * 1 . 3 5 ,  1 . 7 2 ,  0 . 8 0  ~ 
3 - O - M e t h y l g l u e o s e  c o u n t e r f h ) w  5 ~* 7 . 1 0 ,  8 . 6 9 ,  5 **  

G l u c o s e  u p t a k e  1 . 9 8  _+ 0 . 3 6  (3)  4 . 9 8  + 0 . 3 0  (5)  

T h e o r e t i c a l  d e r i v a t i o n ,  F g K g  o 1 .04  ** 7 . 6 4 ,  3 . 3 6  * 
T h e o r e t i c a l  d e r i v a t i o n ,  FgRg 9.9  * ~ 3 9 . 3 2 ,  2 4 . 9 0  ** 

C o m p e t i t i v e  i n h i b i t i o n  1 0 . 2 9 ,  5 . 8 9  1 0 . 3 1 ,  1 0 . 7 9  
3 - O - M e t h y l ~ u c o s e  e n t r y  6 .0 ,  5 .5  

3 - O - M e t h y l g l u c o s e  e x i t  2 1 . 5 0 ,  3 0 . 0 0  7 . 1 7  + 1 . 3 3  (3)  

C o m p e t i t i v e  i n h i b i t i o n  - 8 . 3 7 ,  1 1 . 8 3  

3 - O - M e t h y l g l u c o s e  e n t r y  e x c h a n g e '  .7.46, 9 . 4 2  
3 - O - M e t h y l g l u c o s e  e x i t  e x c h a n g e  2 0 . 1 7  _+ 2 . 1 9  (3 )  7 . 6 7  ± 1 . 9 2  (3)  

3 - O - M e t h y l g l u e o s e  e x i t  2 0 . 5 0  + 2 . 7 5  (3)  1 1 . 0 0 ,  1 2 . 0 0  

T h e o r e t i c a l  d e r i v a t i o n ,  KitKso/Bs 8 . 2 2  1 0 . 9 2  
3 - f ) - M e t h y l g l u c o s e  e n t r y  0 . 2 3 ,  0 . 2 9  0 . 2 5  _+ 0 . 0 3  (6)  
P b l o r e t i n  i n h i b i t i o n  0 . 4 6  0 . 4 3  
3 - O - M e t h y l g l u c o s e  e x i t ,  c o m p u t e r - f i t  0 . 3 0  + 0 . 0 6  (8 )  0 . 3 0  _+ 0 . 0 6  (8 )  

T r a c e r  3 - O - m c t h y l g l u c o s e  e n t r y  1 . 8 5  ~ 0 . 2 2  (5 )  3 . 6 4  + 0 .51  (5 )  

3 - O - M e t h y l g l u c o s e  e x i t ,  c o m p u t e r - f i t  1 . 5 5  + 0 . 3 9  (6 )  2 . 6 5  + 0 . 4 0  (8)  

T h e o r e t i c a l  d e r i v a t i o n ,  F s K s o  1 3 . 7 5  2 5 . 6 3  

T h e o r e t i c a l  d e r i v a t i o n ,  F s K s i  4 3 . 7 8  2 2 . 5 5  

T h e o r e t i c a l  d e r i v a t i o n ,  FsB s 3 4 . 2 9  2 7 . 0 0  
T h e o r e t i c a l  d e r i v a t i o n ,  FsR s 1 3 . 9 7  3 4 . 3 4  

measurements of sugar exit from anaerobic cells were in excellent agreement 
with those obtained by other experimental approaches. It appeared that in 
either aerobic or anaerobic cells, Ksi, Bs and K i t  , (the infinite-trans constant, 
Table III), were similar. Anoxia decreased the dissociation-like constants, Ksi, 
Bs and Kit, and increased Fs. As a result, maximal rates of  sugar exit were not 
affected. 

The constants of  glucose and 3-O-methylglucose transport measured in 
present and previous experiments [ 1,2] are summarized in Table IV. 

Comparison of rates of heterologous and homologous sugar exchange 
Since Kgo was smaller than Rg in anaerobic cells (Fig. 1), it was of interest to 

determine whether external glucose had an effect on 3-O-[14C] methylglucose 
efflux. As shown in Fig. 8, efflux of  3-O-[14C] methylglucose was slower in the 
presence of  external glucose than external 3-O-methylglucose. This effect was 
apparent at 4 and 38 mM intracellular 3-O-[14C] methylglucose and in aerobic 
and anoxic cells. This is in contrast to the anomalous hetero-trans-stimulation 
observed in human red cells [13,14] .  
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Fig. 8. H o m o l o g o u s  and he t c ro logous  exchange  of  3 -O- [14C]methy lg lucose  f rom aerobic  and anaerob ic  
cells. Red cell suspensions  (10% h e m a t o c r i t )  were  i nc uba t ed  as descr ibed in Fig. 7. Af te r  the second  
incubat ion,  washed  packed  cells were rapidly  added  to b u f f e r  con ta in ing  e i ther  glucose or  3 -O-methy l -  
glucose a t  e i ther  4 or  38 raM. Data  was p resen ted  as in Fig. 7. In aerobic  cells ( o p en  symbol s ,  do t t ed  
l ines) ,  ra tes  of  h o m o l o g o u s  sugar exchange  were  7.69 # m o l / h  pe r  g at  4 m M  and 42 .06  p m o l / h  per  g at  38 
mM;  ra tes  of  he t e ro logous  sugar exchange  were  4 .76  t tmol /h  per  g a t  4 m M  and  26.17 t tmol ]h  pe r  g at  38 mM.  
In  anae rob ic  ceils (solid symbo l s ,  solid l ines),  ra tes  of  h o m o l o g o u s  sugar exchange  were  11 .75  t tmol /h  pe r  g at  
4 m M  and 36 .72  t tmol /h  per  g at  38 m M ;  rates  of  3 -O- [14C]methy lg lucose ]g lucose  exchange  were  9.39 
# m o l / h  pe r  g at  4 m M  and 29.29 t tmol]h  per  g at  38 mM.  This  e x p e r i m e n t  was p e r f o r m e d  twice  wi th  simi- 
lax results .  

1 . 2  

t~ 
.J ~ 0.8 

~°0. 4 

Discussion 

Carrier versus non-carrier models 
A number of  observations on glucose transport in human erythrocytes has 

been difficult to reconcile by the classical carrier theory [6,13--17] .  Three new 
non-carrier models were postulated to supplant the carrier hypothesis [18--20] .  
In addition, theoretical considerations have provided rejection criteria for the 
carrier hypothesis. The first criterion was developed by Lieb and Stein [8] 
for the conventional symmetrical carrier [4] and required KZm t, the zero-trans 
constant, to be less than K ~ ,  the infinite-cis or Sen-Widdas constant [21].  In 
our notation, K zt should be Ksi and Ki~ should be RsBs/Ksi. Under anaerobic 
conditions, K zt was 7 mM and Kim c was 13 mM, an observation consistent with 
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/k-2  \ I" \ 

c o c 

G k 5 k_ 5 k 7 k_ 7 G i 

k67 
.\CG o - ~-k_65 ~ C G i ~  

Fig .  9.  T h e  s i m p l e  c a r r i e r  m o d e l :  C O a n d  C i a r e  t h e  f r e e - c a r r i e r s ;  C S o ,  CSi ,  t h e  3 - O - m e t h y l g l u c o s c - c a r r i c r  

c o m p l e x e s ;  C G  o a n d  C G i ,  t h e  g l u c o s e - c a r r i e r  c o m p l e x e s ;  i a n d  o d e n o t e  i n s i d e  a n d  o u t s i d e ;  t h e  r a t e  c o n -  
s t a n t s  f o r  t h e  i n d i v i d u a l  s t e p s  in  t h e  t r a n s p o r t  e y c l c  a re  d e n o t e d  b y  k l ,  k 2 3 ,  e t c .  T h i s  m o d e l  is e s s e n -  
t i a l l y  t h e  s a m e  as  t h a t  o f  R e g e n  a n d  T a r p l c y  [ 7 ]  e x c e p t  t h a t  (a )  n o  u n s t i r r c d  l a y e r s  a re  p r e s e n t ,  a n d  (b)  
a s s i g n m e n t  o f  t h e  n u m e r i c a l  s u b s c r i p t s  t o  t h e  r e a c t i o n  c o n s t a n t s  is r e v e r s e d .  T h u s  r e a c t i o n  c o n s t a n t s  

a s s o c i a t e d  w i t h  g l u c o s e - c a r r i e r  c o m p l e x  b e a r  s u b s c r i p t s  w i t h  d i g i t s  5 ,  6 a n d / o r  7 w h i l e  t h o s e  a s s o c i a t e d  
w i t h  3 - O - m e t h y l g l u e o s e - c a r r i c r  c o m p l e x  b e a r  s u b s c r i p t s  w i t h  d i g i t s  1,  2 a n d / o r  3. 

carrier symmetry .  In aerobic cells, KZm t was  26 mM, but  K~ was only 6 mM. 
This observation would suggest that symmetrical  carrier model must be rejected 
as a description of  sugar transport  in aerobic cells. Another  rejection criterion 
was developed by Regen and Tarpley [7] for the carrier model with no sim- 
plifying assumptions [ 5]. For  this carrier hypothesis  to be internally consistent, 
the four dissociation-like constants must obey the relationship 1/Bs + 1/Rs = 
1/Kso + 1/Ksi. In the anoxic experiments,  1/Bs + 1/Rs was 0.21 mM -1 and 
1/Kso + 1/Ksi was 0.26 mM -~ . In aerobic cells, 1/Bs + 1/Rs was 0.17 mM -~ 
and 1/Kso + 1/Ksi was 0.16 mM -~ . The experimental  findings were in excellent 
agreement with theoretical  predictions of  the carrier hypothesis.  

The observation that  Kso ~ Ksi ~ Bs ~ Rs in anaerobic cells indicated that 
the carrier was symmetrical  for 3-O-methylglucose transport ,  i.e., movements  
of free carrier and sugar-carrier complex were equal and rate-limiting. Under 
these conditions,  the dissociation-like constants (Kso, Ksi, Rs, B s ) w e r e  syn- 
onymous  with the dissociation constant  of  the 3-O-methylglucose-carrier com- 
plex which was identical at both interfaces. This result also eliminated the 
requirement  for the so-called "unstirred layer e f fec t"  that was necessary to 
accomodate  sugar transport  data in human ery throcytes  [ 7,18].  

The carrier model with no simplifying assumptions [5] also could accom- 
odate glucose t ransport  data in anaerobic cells (Fig. 9). The maximal rates of 
glucose t ransport  in entry and counterf low experiments were given by the 
following expressions [7 ] : 

Vgo = FgKgo = Ct / (1 /k67 + 1/k4)  = 7.64 pmol/h  per g 

Vgr = FgRg = Ct / (1 /ka  + 1 / k_4 )  = 39.3 pmol /h  per g 
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where 

]?4 k5~67 
Fg = Ct 

k 4 + k_  4 k-- 5 + k67 

k_  5 + k67 k 4 + k_  4 
Kgo - 

k5 k4 + k67 

(k-5  + k6v) 
Rg = k_ 4 

k5k67 

[Ct] = [Co] + [Ci] + [CGo] + [CGi] + [CSo] + [CSi] 

Comparison of  the values for Vgo and Vgr indicated that k67 was less than 
k_4 • Therefore, movement  of  the glucose-carrier complex was slower than that 
of  free carrier. This prediction was given strong support  by  the independent 
observation that the efflux of  intracellular 3-O-['4C] methylglucose into buffer 
containing glucose was slower than that into buffer containing 3-O-methyl- 
glucose. This observation indicated that the glucose-carrier complex was trans- 
located across ~he membrane at a slower rate than 3-O-methylglucose-carrier 
complex. It follows that in anaerobic cells in which movements of  free carrier 
and 3-O-methylglucose-carrier complex were approximately equal, the glucose- 
carrier complex had a slower mobili ty than free carrier. An opposite observa- 
tion was reported for the human erythrocyte  [17].  

Modulation of  sugar transport in avian erythrocytes 
Stimulation of  sugar transport  by  anoxia was unlikely to be due to de novo 

carrier synthesis because (a) inhibition of  oxidative metabolism would be 
expected to inhibit protein synthesis and (b) agents that mimic the anoxic 
effect,  e.g. cyanide, had a rapid effect  [1]. The effects of anoxia, therefore, 
must be ascribed to increased catalytic efficiency of pre-existing carriers due to 
(a) enhanced carrier mobili ty,  (b) release of carriers from an immobilizer, or 
(c) increased affinity of carrier for sugar. Kinetic measurements could distin- 
guish among several hypothetical  modes of  regulation, but  not among others. 
To relate different mechanisms of  regulation to observed kinetics, transport 
constants must be defined according to the model in Fig. 9: 

k4 k I k23 
Fs = Ct 

(k 4 + k_4)  ( k -  1 + k23 ) 

(k--I + k23) (/'¢4 + k--4) 
U s o  ---- 

k l ( k  4 + k23 ) 

(k 3 "{- k_21) (k 4 -b k_4)  
K s i  = 

k _ 3 ( k _  4 + k_21) 

(k 3 + k__21)k 4 
R s  = = 

k-3k-21  

B~ = ( kl k4 
(k-1 + k23)(k4 

- C t  
k--4 k - 3 k _ 2 1  

(k4 + k--4) (k3 + ]?--21) 

(k_ 1 + k23)k_ 4 

klk23 

+ k_3k_ 4 ~-1 

q" ]?--4) (k 3 ..b ~ -21 )  (k4 Jr ~--4) ! 
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a) Enhancement of carrier mobility. If translocations of free carrier and 
sugar-carrier complex are accelerated under anaerobic conditions (equal 
increase in k23 , k-2t, k4 and k-4), Fs will increase, but Ks,,, Ksi, Bs and Rs will 
remain unchanged. If translocation of only sugar-carrier complex is accelerated 
(equal increase in k23 and k-2~), Rs, Kso and Ksi will decrease, Fs will be 
higher, and Bs will not be affected. If only translocation of free carrier is acce- 
lerated (equal increase in k4 and k_4), Rs, Kso and Ksi will be elevated, Fs and 
Bs will remain unchanged. These mechanisms are not compatible with the 
experimental observations in that Fs increased in anaerobic cells while Ksi and 
Bs decreased and Ks,, and Rs remained unchanged. 

b) Carrier sequestration. The catalytic efficiency of the carrier might be 
masked in aerobic cells by transfer to an intracellular location remote from the 
membrane, by covalent modification to an immobile form or by non-covalent 
interaction with an immobile component  of the membrane or cytosol. These 
mechanisms are kinetically equivalent and might be called sequestration, since 
the carrier would stay on the side where the inhibiting event occurred. Seques- 
tration could be considered a dead-end inhibition. Sequestration which acts on 
loaded and empty carriers to the same degree will not distinguish itself kineti- 
cally; but if it acts specifically on loaded or empty carrier, then it will affect 
the empirical constants (Fs, Kso, Ksi, etc). in characteristic ways, which will 
also reveal the side of the membrane on which the sequestration occurs. If 
these characteristics disappear upon stimulation, sequestration is further im- 
plicated as the regulatory mechanism. Sequestration specific for a given form 
(e.g., Ci + X ~ CXi) will appear kinetically as a stabilization of that form, i.e., 
a reduction of coefficients (in this example, k-3 and k4) leading away from 
that  form. This is because the coefficient k4 is defined as the rate of outward 
translocation divided by [Ci] + [CXi]. For k_3, a bimolecular event, the coef- 
ficient is defined as the rate of formation of sugar-carrier complex divided by 
([Ci] + [CXi]) • [St]. Looking at the definitions, we see that  proportional 
reduction in k_3 and k4 results in lower Fs, higher Ksi, higher Bs, no change 
in R~, and little or no change in Kso. The high Ksi and Bs relative to Rs and 
K~o observed in aerobic cells is then compatible with sequestration of Ci. It is 
not indicative of sequestration of Co (lowering of k~ and k_~), which would 
result in high Kso and Bs relative to Rs and Ksi. Moreover, anoxic stimulation 
resulted in higher Fs and a fall in Kst and Bs to values near Kso and Rs, while 
Kso and Rs were little affected by anoxia. This is the constellation of changes 
expected with reduced sequestration of Ci in anaerobic cells. Sequestration of 
CSo and/or CS t would have very different effects. For example, sequestration 
of  CSi (lowering k_z~ and k3) would not affect Fs, Rs, or Kso, but would 
lower Ksi and Bs. Against this possibility are the observations that  Ks~ and Bs 
were high (not low) in aerobic cells and anoxia was accompanied by a rise in 
Fs and a fall (not a rise) in Ksi and Bs. Likewise, sequestration of CSo (lower- 
ing of  k23 and k_t ) would not  affect Fs, Rs, or Ksi, but would lower Kso and 
B~. Against this possibility are the observations that  Bs was high (not low) in 
aerobic cells, and anoxia was accompanied by a rise in F~, a fall in Ks~, and a 
fall (not a rise) in Bs. It appears, then, that sequestration of Ci is a possible 
regulatory mechanism, but sequestration of  other forms is not indicated. This 
mechanism also accounts for the asymmetry of sugar transport in aerobic ceils 
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(Kso = Rs < Ksi = Bs). Sequestration of Ci has been implicated in studies of  
glucose transport  in human erythrocytes  [ 7 ]. 

c) Increased affinity o f  carrier for sugar. If anoxia exerts its effect by either 
covalent modification of the carrier or by non-covalent binding of  regulatory 
substances to the carrier such that its affinity for sugar increases (equal reduc- 
tion in k_, and k3), Fs will be higher, but  Kso, Ksi, Rs and Bs will be lower. 
This mechanism would be compatible with our experimentsl findings only if 
Kso decreases in anaerobic cells. This possibility is unlikely but  cannot be 
denied categorically since the measurement of Kso in aerobic cells was techni- 
cally difficult. 

Glucose versus 3-O-methylglucose transport kinetics 
Previous studies [1,2] indicated that maximal rates of  glucose transport 

increased in energy<leprived cells. In energy-poor cells, Fg increased while 
Kgo and Rg were essentially unchanged. Measurements of  Kgi and Bg were not 
possible duc to intracellular metabolism of glucose. This incomplete set of  
transport constants for glucose is compatible with sequestration of Ci in aero- 
bic cells. As discussed above, glucose-carrier complex appeared to have a lower 
mobili ty than free carrier. This behavior was not altered in anaerobic cells sug- 
gesting that  it was not  involved in transport regulation. 

If the correct model of  regulation of  3-O-methylglucose transport involved a 
decrease affinity for the sugar rather than sequestration of  Ci in aerobic cells, 
the mechanism would be incompatible with the constants observed for glucose. 
This conclusion would imply that 3-O-methylglucose was a poor  analog for 
studies of  the regulation of glucose transport.  As discussed above, the present 
s tudy does not  favor this possibility. 
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