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Summary  

The kinetic equations describing t ransport  through a pore that has a binding 
site and that  undergoes a conformat ional  change are identical to those of  a car- 
rier model.  Therefore ,  in order  to distinguish between the two models it is 
necessary to test specific predictions based on detailed mechanistic models. A 
pore model is described in which the substrate (glucose) is able to reach the 
single binding site only from the outside when the pore is in conformat ion  I 
and only from the inside when it is conformat ion  II. On the basis of  this model 
it is predicted that  solutes which do not  have any specific affinity for the 
binding site should still have a finite permeabil i ty via the glucose t ransport  sys- 
tem if they are the same size or smaller than glucose. This permeabil i ty should 
be proport ional  to the volume of  distribution of the solute in the pore and 
should therefore  decrease with increasing molecular size. A geometric pore vol- 
ume can be estimated from this size dependence.  In order  to test these predic- 
tions, the glucose-dependent permeabil i ty of a series of  4-carbon (erythri tol) ,  
5-carbon (D-arabitol, L-arabitol and xyli tol)  and 6-carbon (D-mannitol, D-sorbi- 
tol and m y o - i n o s i t o l )  polyols was measured. The permeabil i ty of  all the polyols 
is decreased by the presence of  glucose and the K~ of  this " inhibi table"  compo- 
nent  is similar to that  of  D-sorbose, suggesting that  this componen t  is associated 
with the glucose t ransport  system. Since these observations could be explained 
entirely in terms of a specific affinity for a carrier binding site, they do not  
exclude a carrier mechanism. However, as predicted for the pore model,  this 
" inhibi table"  permeabil i ty decreased with increasing molecular size and the cal- 
culated geometric pore volume was of  a size that  would be expected for a cell 
membrane pore. 



69 

Introduct ion 

Recent experiments have shown that  the kinetics of glucose transport in the 
human red blood cell cannot be satisfactorily described by a symmetrical car- 
rier model. Geck [1] and Regen and Tarpley [2] have shown that  a generalized 
version of this model (in which no assumptions are made about symmetry or 
the relative rate of binding versus transport of the carrier) can account for most 
of the experimental measurements. However, as has been pointed out  by Brit- 
ton [3], a carrier mechanism is not  a unique physical realization of the kinetic 
equations of the general carrier model since exactly the same set of equations 
describe a pore model that  undergoes a conformational change. In a recent 
review, Singer [4] has concluded from a general analysis of membrane proper- 
ties that  pores are probably involved in facilitated transport systems. 

The details of the pore model are, of course, not  unique and a number of 
variations can be imagined. We chose the model in Fig. 1 in order to provide a 
simple and specific example of a "p ro to type"  pore. The pore contains a single 
substrate (glucose) binding site and can exist in two conformational states: 
State I, in which the substrate can reach the binding site only from the outside; 
and State II, in which the substrate can reach the binding site only from the 
inside. The meaning of  the various rate constants is indicated in the figure 
legend. For example, the constants k4 and k_4 are a measure of either the rate 
of  movement  of the unbound carrier in the two directions or of the rate of con- 
formational change of a pore that  does not  contain a substrate molecule. 
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Fig .  1. C o m p a r i s o n  o f  t h e  k i n e t i c  d e s c r i p t i o n  o f  a c a r r i e r  ( l e f t )  a n d  a p o r e  m o d e l  ( r i g h t ) .  B o t h  m o d e l s  

h a v e  a s i n g l e  b i n d i n g  s i t e  f o r  s u b s t r a t e  (S) .  T h e  r a t e  c o n s t a n t s  k I a n d  k_  1 r e f e r  t o  assoc ia t ion  and  d i s s o c i a -  
t i o n  c f  s u b s t r a t e ,  r e s p e c t i v e l y ,  w i t h  t h e  b i n d i n g  s i t e  w h e n  c a r r i e r  is  l o c a t e d  o n  s i d e  I o r  w h e n  t h e  p o r e  is  

o p e n  t o  s i d e  I .  T h e  c o n s t a n t s  k 3 a n d  k-  3 h a v e  the  s a m e  m e a n i n g  o n  s ide II. T h e  rate c o n s t a n t s  k 2 and 
k_ 2 r e f e r  e i t h e r  t o  t r a n s i o c a t i o n  o f  c a r r i e r  o r  t o  t h e  c o n f o r m a t i o n a l  c h a n g e  ( s c h e m a t i c a l l y  i n d i c a t e d  b y  

s w i n g i n g  gates )  w h e n  s u h s t r a t e  is  b o u n d  to  the  b i n d i n g  s i te .  S i m i l a r l y  k 4 a n d  k..  4 r e f e r  t o  c a r r i e r  t r a n s l o c a -  
t i o n  o r  t o  t h e  c o n f o r m a t i o n a l  c h a n g e  i n  the  a b s e n c e  o f  b o u n d  s u b s t r a t e .  B o t h  m o d e l s  a r e  d e s c r i b e d  b y  
e x a c t l y  t h e  s a m e  k i n e t i c  e q u a t i o n s .  
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Authors  in several r ecen t  studies [5--7]  have in faci chosen such a pore  
mode l  as the  mos t  reasonable  one  for  in te rpre t ing  their  b iochemical  investiga- 
t ions o f  the glucose t r anspor t  system. A major  reason for  this choice  is tha t  a 
pore  mode l  requires  on ly  a slight modi f i ca t ion  of  well establ ished e n z y m e  
mechanisms.  Since enzymes  also have a binding site and undergo  conforma-  
t ional  changes,  all tha t  is needed  is to  place the binding site in a pore  tha t  spans 
the m e mbra ne .  The  requi red  c o n f o r m a t i o n a l  changes ( represented  by the 
swinging o f  the gates in Fig. 1) are no t  large. A 1 or 2 A m o v e m e n t  of  a group 
at one  end o f  a pore  is enough  to  change a pore  f rom an open  to closed fo rm 
with respect  to  glucose. In compar i son ,  the carrier  mechanism requires  e i ther  
ro ta t iona l  or t ranslat ional  m o v e m e n t s  of  a large carrier molecule  over  distances 
o f  10 A or more .  The  pore  mode l  also provides  a natural  exp lana t ion  of  the 
a s y m m e t r y  tha t  is such a character is t ic  fea ture  of  the glucose t r anspor t  sys tem 
since one  would  e x p e c t  tha t  the af f in i ty  of  the  binding site and the rate of  
change f rom one  state  to  the o the r  should be d i f fe ren t  for  the two  states, in its 
s implest  version,  the carrier  should have the same aff in i ty  on the two  sides and 
the  same rate  of  m o v e m e n t  in the  two direct ions.  

Al though  it  is impossible  to  distinguish be tween  the two types  of  models  on 
the  basis of  k inet ic  exper iments ,  it should be possible to  accumula te  suggestive 
evidence  tha t  favors one  of  the models  by test ing various mechanis t ic  predic- 
t ions.  For  example ,  the observat ion tha t  the  presence  of  glucose alters the rate 
of  inact iva t ion  of  the glucose t r anspor t  sys tem by 1- f luoro-2 ,4 -d in i t robenzene  
suggests tha t  the system undergoes  a c o n f o r m a t i o n a l  change at a rate tha t  is 
a l tered by the presence  of  glucose, a resul t  tha t  is cons is ten t  with the pore  
mode l  [ 5]. Addi t iona l  suppor t  fo r  the pore  mode l  comes  f rom the invest igat ion 
by  Barne t t  e t  al. [6] o f  the  asymmet r ica l  af f in i ty  of  a series of  glucose analo- 
gues tha t  could  not ,  themselves,  pass th rough  the glucose t r anspor t  system. In 
the  in t e rp re t a t ion  o f  these results,  the  au thors  pos tu la ted  tha t  there  was a sin- 
gle f ixed  site in a pore  (as in Fig. 1) and tha t  the a s y m m e t r y  could  be 
a c c o u n t e d  for  by  the fac t  t ha t  the analogues were forced  to approach  the site 
f rom the two ends o f  the  pore  with d i f f e ren t  or ienta t ions .  

The  purpose  of  this paper  is to  quant i ta t ive ly  tes t  the pore  model  for  consis- 
t ency  with new da ta  on the pe rmeab i l i ty  of  polyols .  Al though the expe r imen ta l  
results will be shown to be cons is ten t  with the pore  model ,  t hey  may  also be 
in t e rp re t ed  in te rms o f  a carr ier  mode l ,  and,  the re fo re ,  do  n o t  pe rmi t  a def in i te  
d i s t inc t ion  to  be made  be tween  the two models .  Our  test  is based on the idea 
tha t  even if a solute  did no t  have any  specific a f f in i ty  for  the b inding site, it 
would  still have a f ini te  pe rmeab i l i ty  via this t r anspor t  sys tem.  For  example ,  
for  the  pore  model ,  a solute  with no  af f in i ty  for  the  binding site would  still 
have a finite p robab i l i ty  of  being in the  pore  region be tween  the gates and would  
be t r anspo r t ed  across the  m e m b r a n e  by a c o n f o r m a t i o n a l  change. The  p robab i l i ty  
of  being in the  pore  should  be d i rec t ly  re la ted to  the vo lume  of  d is t r ibu t ion  of  the 
solute  in the  pore  and should show a s t rong size dependence ,  decreasing to  zero 
for  molecules  with a radius larger than  the  pore  radius. One can apply  the same 
kind of  a rgument  to  the carr ier  mode l  where  n o w  the "non- spec i f i c "  permea-  
bil i ty can be re la ted to the  vo lume  of  d is t r ibu t ion  at the  carrier  site. One would  
exp e c t  this vo lume  to  be much  smaller  than  tha t  o f  the pore  model .  Thus our  
tes t  is based on measur ing the  permeabi l i ty  via the  glucose t r anspor t  sys tem of  



71 

a series of solutes of varying size that we hoped would not  have any specific 
affinity for the binding site. If a pore-like mechanism exists, this permeability 
should decrease with increasing molecular size and the quantitative volume of 
distribution of the solutes should be compatible with the dimensions expected 
for a membrane pore. 

The observation [8--10] that  a significant fraction of  the red cell erythritol 
permeability is inhibited by glucose is strong evidence that this fraction is using 
the glucose transport  system. This observation suggested to us the possibility of  
testing whether the glucose inhibitable permeability of  a series of polyols is 
inversely proportional to their size. If the pore model is correct and if these 
molecules do not  have any specific affinity for the binding site, then this com- 
ponent  of  the permeability of the 4-carbon polyol  should be greater than that 
of the 5-carbon polyols which in turn should be more permeable than the 6-car- 
bon polyols. As will be shown below, this size dependence is, in fact, observed 
for the human red cell. The question then arises as to whether this size depen- 
dence could also be explained by a carrier mechanism for which the permeabil- 
ity should depend on the relative affinity of  the polyol for the binding site. 
This affinity should depend primarily on the stereochemical structure of  the 
polyol  and one might observe for example that a 6-carbon molecule of  appro- 
priate structure (i.e. sorbitol) has a higher permeability than a 5-carbon or 
4-carbon compound.  This question is considered in more detail in Discussion. 

Methods 

All of  the results reported in this paper are from experiments on freshly 
drawn blood from one of  us. The heparinized blood was washed twice with 
phosphate-buffered saline and then incubated in phosphate-buffered saline con- 
taining concentrations of  glucose varying from 0 to 200 mM in order to equili- 
brate the cells with the desired glucose concentration. The incubation was per- 
formed at 39°C for 90 min with two washings. As determined by changes in 
cell volume measured by the microhematocri t  method (see below) this period 
was sufficient to produce at least 90% equilibration of  the cells in 200 mM 
glucose. All the experiments were performed at 39 ° C. The buffered saline was 
made by mixing three parts 0.1 M sodium phosphate (titrated to pH 7 with 1 M 
HCL) with seven parts 0.9% NaC1. No significant difference was noted in one 
experiment in which calcium (2.15 mM) was added. The 14C-labeled com- 
pounds were obtained from New England Nuclear (D-mannitol, sucrose, D-sor- 
bitol, D-glucose), Calatomic (I~arabitol) and Amersham/Searle (erythritol) and 
the myo-[3H]-inositol was obtained from New England Nuclear. 

Permeability measurements from tracer uptake 
Packed cells (0.5 ml) equilibrated at the desired glucose concentration were 

mixed with 1.5 ml of  phosphate-buffered saline at the same glucose concentra- 
tion and with about  1.0 pCi of the labeled solute and varying amounts (usually 
about  5 mM) of  unlabeled solute. At varying time intervals, 0.2 ml of the cell 
suspension was sampled and immediately injected into 10 ml of  1.8% unlabeled 
ice-cold saline. The cells were centrifuged at 5 ° C, the supernatant removed, and 
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the cells again suspended in 10 ml of  cold saline, cen t r i fuged  and tile sut)er- 
na tan t  removed .  The  cell b u t t o n  ( abou t  0.05 ml) was dispersed with a stirrin,~ 
rod and 0.3 ml of  Pro tosol  (New England Nuclear)  was added to solubil ize the 
cells. The  solut ion was st irred for  3 rain and then  0.3 ml of  a sa tura ted  solut ion 
of  benzoy l  pe rox ide  in to luene  was added to  bleach the hemoglob in .  The mix- 
ture  was t rans fe r red  quant i ta t ive ly  to a scint i l la t ion vial by washing the centri-  
fuge tube  with Aquasol  (New England Nuclear) .  The  vials were c o u n t e d  in a 
Packard scint i l la t ion coun te r .  The  14C coun t ing  ef f ic iency  for  samples t rea ted  
this way was a b o u t  957~: of  t ha t  for  a con t ro l  sample w i t h o u t  any cells. The  
initial ex t race l lu lar  label was de t e rmined  by t reat ing 0.1 ml of  tile total  cell 
suspension in the  same manner .  

The  effect iveness  of  the washing p rocedu re  was de t e rmined  by inject ing the 
cell suspension into the cold saline at  t = 0 and assuming tha t  all the  counts  
represen ted  t r apped  ext race l lu lar  solute.  This p rocedu re  indica ted  tha t  the 
t r apped  vo lume  was relat ively cons t an t  and was equivalent  to  a b o u t  0.5(/~ of  
the  cell vo lume.  The  effect iveness  of  1.8% ice-cold saline " s t o p p e r "  solut ion 
was tes ted  by  measur ing the changes in washed cell i so tope  concen t r a t i on  as a 
func t ion  o f  t ime in the s topper .  No significant  changes were n o t ed  for  periods 
o f  up to 2 h. 

The  m e m b r a n e  permeabi l i ty  (P) was de t e rmined  f rom the fo l lowing equa t ion  
(see Append ix )  

ln(1 -- A e / A ~  q) = --?~'  t 

X = 
K H A  T P' PS  1 - -  H(1 -- K) d e  q = • . . . .  

1 --  H ' 1 --  H(1 - - K )  Yew 

(1) 

where  A c and A c  eq a r e  the  a m o u n t  o f  rad ioac t iv i ty  in the  washed cells f rom a 
uni t  vo lume  of  incuba t ion  med ium at t ime t and at equi l ibr ium,  respect ively;  
AT is the  total  rad ioac t iv i ty  in a un i t  vo lume  of  incuba t ion  med ium;  H is the 
hema toc r i t ;  and K is the wate r  f rac t ion  of  the  cells. We used a value of  1 5 5 .  
10 -8 cm 2 for  the  surface area o f  the  cell (S) and a value o f  63 .10 -12 cm 3 for  the 
cell wate r  vo lume  (Vow) [11] .  A value for  K of  0 .65 was d e t e rm in ed  f rom the 
equi l ib r ium vo lume  of  d is t r ibut ion  (at 2 h) o f  the  labeled e ry th r i to l .  A p lo t  of  the  
lef t  side o f  Eqn.  1 versus t should  be a straight  line and the  permeabi l i ty  (P) can 
be d e t e r m i n e d  f r om the  slope. 

Permeabi l i t y  m e a s u r e m e n t s  f r o m  changes in cell vo lume  
In o rder  to  provide  an i n d e p e n d e n t  check  o f  the  i so tope  p ro ced u re  and to  

de t e r mine  the  pe rmeab i l i ty  o f  solutes  tha t  were n o t  commerc ia l ly  available 
with a radioact ive  label, we deve loped  a m e t h o d  for  de te rmin ing  the  permea-  
bil i ty f rom the  change in cell vo lume  resul t ing f rom the p e r m e a n t  en ter ing  the  
cell. 

Washed cells were equi l ibra ted  in phospha t e -bu f f e r ed  saline with glucose (0 
and 50 mM) for  90 min with two washes. Equi l ibra ted  cells were then  centri-  
fuged (hema toc r i t  a b o u t  70%) and added to  a so lu t ion  o f  p e r m e a n t  adjus ted so 
tha t  the final c oncen t r a t i on  o f  p e r m e a n t  was 150 mM with glucose and phos-  
pha te  buf fe r  concen t r a t i ons  unchanged .  The  change in cell vo lume  was deter-  
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mined by sampling the cell suspension and spinning in a microhematocrit  cen- 
trifuge for 5 min. The time between sampling and starting the centrifuge was 
1--2 min which was negligible relative to the half time of cell swelling. The per- 
meability was determined by numerically generating theoretical volume curves 
for different values of P (see Appendix) and then choosing the value of P that  
best fit the experimental data. 

Cell suspensions that  contain glucose in addition to permeant solute intro- 
duce an additional complication since, as the cell swells, the intracellular glu- 
cose concentration will change and it must be shown that  the rate of equilibra- 
tion of the glucose is fast relative to movement of the test solute if the swelling 
rate is to be used as a measure of the test solute permeability. Using the equa- 
tions of Regen and Tarpley [2] and extrapolating their rate constants to 39°C 
it can be shown that  at a glucose concentration of approx. 50 mM inside and 
outside the cell the half time of  glucose equilibration is about 2 min, which is 
fast relative to the half times of the test solute movement (about 50 min). 
However, the half time for glucose becomes about 30 min at concentrations of 
200 mM, and this is slow enough to affect the results. For this reason, the max- 
imum glucose concentration used in these experiments was 50 mM. Sucrose 
was used as an impermeant control in order to show that  all the volume change 
was due to the movement of the test solute. 

Effect of tracer impurities 
The uptake of mannitol and sucrose (not corrected for trapped volume) as a 

function of time for impure 14C label is shown in Fig. 2. It can be seen that  in 
the absence of glucose the uptake extrapolates back to a point representing 
about 8% equilibration at t = 0 while in the presence of glucose, the curves 
extrapolate back to a significantly smaller value. It seemed unlikely that  there 
could be as much as 8% impurity in the label because several different batches 
of labeled mannitol from different companies gave similar results. When the 
sucrose was chromatographed on a Sephadex G-10 column and label from the 
front  of  the elution profile was retested the points now extrapolated back to a 
value of 0.7% equilibrium which is approximately equal to the trapped volume 
(Fig. 3). Since the elution profile from the Sephadex G-10 column did not  
show an impurity of  the magnitude expected, it occurred to us that  if there was 
a 1--2% glucose (or other metabolite) impurity, then its ~4C could become dis- 
tributed in the entire carbon pool of the glycolytic pathway and, in the absence 
of glucose (or other carbon compound) in the external medium, label might 
become concentrated in the cells. Since the hematocrit  was about 17% in these 
experiments there could have been an 8-fold concentration if all the impurity 
was concentrated in the cells. To test this idea we repeated the experiments 
with a 2% hematocri t  and found, as predicted, that  the points now extrapo- 
lated back to a much larger value {30%) at t = 0. We also incubated the cells in 
trace amounts of  [ 14C]glucose and found, as expected, that  the 14C was concen- 
trated about 6-fold in the cells at a hematocrit  of 16%. This explanation also 
provided us with a simple means of purifying the mannitol label. When labeled 
mannitol was incubated in the absence of glucose for 2 h with a 50% hemato- 
crit, the impurity was concentrated by the cells and completely removed from 
the supernatant. When the uptake of  this purified mannitol was measured 
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Fig.  2. A s e m i l o g  p lo t  o f  the  percent  u p t a k e  of  the unpuri f icd  14C-labeled m a n n i t o l  in zero (e)  o r  2 0 0  

m M  (o) glucose  and o f  unpuri f ied  14C-labeled  sucrose  in zero  (n)  or  2 0 0  m M  ( ) glucose .  The n u m b e r s  
indicate  the permeabi l i t i e s  (e ra / s )  fo r  the indicated  solid straight  lines. The uptake  is not  co rrec t ed  for the 
trapped v o l u m e  which  is indicated by the circle a t  t = 0. 

F ig .  3 .  S a m e  p l o t  as in Fig .  2, but  for the purif ied [ 1 4 C ] m a n n i t o l  ( t w o  di f ferent  e x p e r i m e n t s )  in ze ro  (o)  or  

2 0 0  m M  ( ) glucose  and sucrose  in zero  ( i )  glu ~ose. 

(Fig. 3) the points now extrapolated back to 0.5% (the trapped volume). All the 
results reported in this paper are for labeled mannitol and sorbitol purified by 
this procedure. This artifact can be even more confusing when the incubations 
are carried out in solutions that have initially low glucose concentration. As the 
glucose in the medium becomes exhausted the cells begin to concentrate the 
labeled impurity and one observes a very misleading time course of  ~4C uptake. 
The criteria of  purity that we applied in this paper was that all the points must 
be satisfactorily fitted by a single exponential that extrapolated back to about 
0.5% (the trapped volume). In addition, the permeability measurements for 
L-arabitol and D-mannitol were confirmed by measurements based on changes 
in cell volume, a procedure which did not require the use of radioactive labels. 

Results 

P e r m e a b i l i t i e s  f r o m  t racer  u p t a k e  
The permeabilities of  erythritol, L-arabitol, D-mannitol, D-sorbitol and m y o -  

inositol in the presence of  0 and 200 mM glucose are listed in Table I. The per- 
meabilities were independent of  solute concentration in the range of  0--50 mM. 
If erythritol, L-arabitol and D-mannitol were all using the same transport sys- 
tem, then their permeability (Pi) should be described by the following equation 
(where G is the glucose concentration): 

P~(G) - 1 + G / B  + P~" (2) 
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T A B L E  I 

P E R M E A B I L I T Y  ( 1 0  - 1 0  c m / s )  F R O M  I S O T O P E  U P T A K E  

Resul t s  are g iven as t h e  m e a n  ± S.E. and t h e  n u m b e r  o f  e x p e r i m e n t s  is in p a r e n t h e s e s  

G = 0 G = 200  m M  10 -4 M pI  pN  

p h o r e t i n  

E r y t h r i t o l  908  + 26 (4) 360  2 9 (4) 336  (1) 569 338  

L-Arabi to l  46.1 ± 1.8 (4) 22.3 ± 2.1 (4) 25 (1) 25 21 
D-Manni to l  3.71 ± 0 .15  (4)  1 .19 + 0 .08  (4) 1.2 (1) 2 .62 1 .09 

D-Sorb i to l  4 .03  Z 0 .08  (3) 2 .78 t 0.07 (3) 1 .30  2 .73 

m y o - I n o s i t o l  1 7 . 5 6 ±  0 .62  (4) 0 .89  + 0 .09 (3) 6 .94  0 .62  

The form of  the first term, which represents the glucose inhibitable compo-  
nent, comes directly from the assumption that the transport system obeys the 
general kinetic equations shown in Fig. 1 [2].  The subscript i refers to the spe- 
cific solute. If the three solutes are using the same transport system, then the 
inhibition constant B, which is a measure of  the affinity of  the system for glu- 
cose, should be the same for all three, although they would have different max- 
imum inhibitable (P~) and non-inhibitable (pN) permeabilities. From Eqn. 2, 
one can define the function FI which is a measure of  the fractional degree of  
inhibition by glucose and should be independent of  the solute studied: 

Pi(O)--Pi(G)  =G(B_ l + 200_1)/( 1 + G/B) (3) 
FI = Pi(0) --  Pi(200)  

Fig. 4 shows FI as a function of  glucose concentration for the three solutes. It 
can be seen that all three solutes have the same functional dependence on the 
glucose concentration, consistent with the idea that they are all using the same 
transport system. In addition, the experimental points can be fitted fairly well 
by Eqn. 3 (solid line) with B equal to 8 mM. This value of  B is close to the 
value of  10 mM found for the glucose inhibition of  D-sorbose transport [12] .  
Since it is generally accepted that D-sorbose is using the glucose transport sys- 
tem, we feel that this similarity is strong evidence that the polyols are also 
using this system. By using this value of  B in Eqn. 2, the values of  the inhibit- 
able (P~) and non-inhibitable (PIN) permeabilities can be determined for the 
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Fig. 4. Re la t ive  i n h i b i t i o n  o f  the  g l u c o s e q n h i b i t a b l e  p e r m e a b i l i t y  o f  e r y t h r i t o l ,  L-arabitol  and  D - m a n n i t o l  
as a f u n c t i o n  o f  g lucose  c o n c e n t r a t i o n .  T h e  so l id  l ine  is the  t h e o r e t i c a l  curve  for an  i n h i b i t i o n  c o n s t a n t  o f  
8 r a M .  
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l Z  F q u l l b r u m  

:~ ! :'X ]0 -~1 

S 
I 

1 0 ' ~ 1 0 '  ' ~" . . . . .  5 0  ' "~" 1 0 0  
t ime (rain.) 

Fig .  5. C h a n g e  in  red  cel l  h e m a t o c r i t  ( H c t  ( t ) )  r e l a t i v e  t o  i n i t i a l  h e m a t o e r i t  ( H c t  (0) )  as a f u n c t i o n  o f  t i m e  

f o r  D - a r a b i t o l  in  ze ro  (e )  a n d  5 0  m M  (o) g l u c o s e  a n d  s u c r o s e  in  ze ro  ( i )  and  5 0  m M  (L0 g lucose .  The  so l id  

l i ne s  are t h e  t h e o r e t i c a l  c u r v e s  f o r  t h e  i n d i c a t e d  p e r m e a b i l i t i e s  ( c m / s ) .  T h e  s o l i d  l i ne  a t  t he  t o p  o f  t h e  

g r a p h  r e p r e s e n t s  t h e  r e l a t i v e  h e m a t o c r i t  a t  e q u i l i b r i u m .  

individual solutes (Table I). The effect  of  phloretin on the permeabil i ty of the 
three solutes was also tested and there was no significant difference between 
the effects of  200 mM glucose and 10 .4 M phloretin.  This is fur ther  evidence 
that  the three solutes were all using the glucose t ransport  system. 

Permeabilities from volume measurements 
Fig. 5 shows the change in hematocr i t  as a funct ion of  time for D-arabitol 

and sucrose in 0 and 50 mM glucose. The solid lines are the theoretical  curves 
for  different  values of P. It can be seen that  the change in cell volume is satis- 
factorily described by the theory.  There were no significant volume changes in 
sucrose for at least 5 h. Table II lists the permeabilities in 0 and 50 mM glucose 
of  D- and L-arabitol and xylitol.  Using these values and the value of B of  8 mM 
determined from the tracer experiments,  the value of the glucose inhibitable 
(P~) and non-inhibitable (pN) permeabilities can be determined from Eqn. 2 
(Table II). The values for  L-arabitol are slightly lower than those determined by 
the tracer method  (Table I) and are probably less reliable because of  the error 
inherent  in the hematocr i t  measurements.  The permeabil i ty of  D-mannitol was 
also measured by this method,  but  in only one experiment .  Because of  the very 
small permeabil i ty of  mannitol ,  the hematocr i t  measurements were subject to 
considerable error even when a time period of  5 h was used. In any case, the 
permeabil i ty values of  3 . 1 0  -l° (G = 0) and 1 . 5 . 1 0  -~° (G = 200 mM) were 
approximately  the same as were found by the tracer method  and provide an 
independent  check of  that  method.  

T A B L E  II 

P E R M E A B I L I T Y  ( 1 0  -1 0 c m / s )  F R O M  R A T E  O F  C E L L  S W E L L I N G  

R e s u l t s  are g i v e n  as t he  m e a n  ) S.E.  a n d  t h e  n u m b e r  o f  e x p e r i m e n t s  is in  p a r e n t h e s e s  

G = 0 G = 5 0 r a M  pI  p N  

L - A r a b i t o I  41 ~ 5 (6)  18 + 2 (5)  27 14 

D - A r a b i t o l  1 2 4  + 13  (5)  40  -+ 7 (4)  97 26 

X y l i t o l  7 5  + 10  (4)  45  +- 3 (3)  35 40  
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Discussion 

Our permeability values for erythritol confirm the previous results of  Wieth 
[9] and LaCelle and Passow [10]. By following changes in cell volume mea- 
sured by light scattering, Faust [13] found that  for both D- and L-arabitol the 
half time was 29 min (which corresponds to a permeability of about 2.3 • 10 -8 
cm/s at 37°C, pH 7) in the absence of glucose and the isomers were not  signifi- 
cantly different. He did not  measure the glucose-inhibitable permeability. 
Within the resolution of his apparatus, D-mannitol and D-sorbitol appeared to 
be impermeable. This indicates that  his measurements were not  sufficiently 
sensitive for the slowly permeable solutes and probably explains why he did 
not  observe the difference between L- and D-arabitol that  we found and why 
his values are significantly larger than ours (Table I). Although it is usually 
assumed that  D-mannitol and myo-inositol are impermeants for the red blood 
cells, this assumption is based on relatively short term swelling experiments 
[ 14,15] that  probably would not have detected the small permeability found in 
our experiments. 

Glucose-inhibitable permeability 
The glucose-inhibitable permeabilities are shown in Tables I and II. The 

dependence on size is obvious and is just what would be predicted for the pore 
model. That is, the inhibitable permeability of the 4-carbon compound is 
greater than for all the 5-carbon compounds which are greater than for all the 
6-carbon compounds. Although there is no overlap between polyols of differ- 
ent size, there is considerable variability within each size group. For example, 
among the 5-carbon compounds, D-arabitol is about three times more perme- 
able than L-arabitol and xylitol. Similarly, for the 6-carbon compounds, myo- 
inositol is significantly more permeable than D-mannitol and D-sorbitol. This 
variability is expected since the volume of distribution in the pore should 
depend on more than just the number of carbon atoms in the polyol. There 
may be small differences in the affinity for the glucose binding site or in the 
ability to form hydrogen bonds with the pore wall. Both of these factors would 
lead to differences in the partition of the polyols between the aqueous medium 
and the pore and would depend on the stereochemical structure. In addition, 
not  all of the polyols with the same number of  carbon atoms have the same 
shape. For example, it has been recently shown that  arabitol and mannitol have 
a straight chain conformation in chloroform while xylitol and sorbitol are in a 
bent or sickle conformation [ 16]. 

It is also possible to obtain a quantitative estimate of the geometric pore 
volume. This calculation provides a more stringent test of the pore model since 
the calculated pore volume must be compatible with a pore that  spans a cell 
membrane (about 50 A long) and that  is slightly larger in radius than glucose 
(about 3.6 A). The rate of transport (J) through the pore is equal to the prob- 
ability of  being in the pore times the turnover rate of the pore between the two 
states. If, as a first approximation, it is assumed that  the conformational change 
is the rate-limiting step, then the probability of a "non-specific" molecule being 
in a pore is simply equal to the volume of distribution (vp) times the concentra- 
tion in the medium that  the pore is open to. The turnover rate may be simply 
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related to the maximum glucose transport rate (which depends on the specific 
experimental conditions). This assumes that  when glucose transport is occur- 
ring at a maximal rate, a molecule of glucose is transported each time the pore 
turns over. Thus, 

J = Vp (Ct -- C2)Vma x = P ( C ,  - -  C 2 )  (4) 

where Vmax is given in molecules per unit time, per unit area of membrane. 
Solving Eqn. 4 for %: 

P 
v , -  V ..... (5) 

It should be emphasized that  Vp is the volume of distribution of the molecule, 
and is not  the geometric volume of the pore. For example, if the distribution of 
the solute was ideally "non-specific" and all the restriction to entry was steric, 
then vp would be equal to the volume available to the center of the molecule: 

Vp = 7r (R  - -  a ) 2 ( L  - -  b )  (6) 

where R and L are the radius and length of the pore and a and b are the radius 
and length of the (assumed) cylindrical solute molecule. 

The volume of distribution in the pore (%) determined by applying Eqn. 5 
to the inhibitable permeabilities (pi) is listed in Table III (column 3). eolyols 
which had a significantly higher pi than other polyols of the same size were not  
included in Table III since, as was discussed above, they may have some affinity 
for the binding site. Since this permeability is a measure of the rate of confor- 
mational change in the absence of glucose, the Vmax for "free carrier exchange" 
(which is approximately equal to the Vma x for influx [2 ] ) shou ld  be used in 
Eqn. 5. We choose V m a  x = 5 . 8 7  • 1 0 1 3  molecules/s per cm: cell surface which was 
obtained by multiplying the value of Vma x for glucose entrance obtained by 
Lacko et al. [17] at 20°C by a factor of 4, and using the values for cell surface 
area and volume given in Methods to adjust the units. The value of vp calcu- 
lated from the erythritol permeability (970 A 3) is so large that  it could not  pos- 
sibly represent a real pore volume and indicates (if the pore model is correct) 
that  erythritol has some specific affinity for the binding site. However, the val- 
ues of vp for L-arabitol, xylitol, D-mannitol and D-sorbitol are in a range that  is 
consistent with the pore model. As was emphasized above, v, is not  itself the 
volume of the pore and it should be a function of size of the molecule. For 
example, it can be shown for the idealized case described by Eqn. 6 that the 

T A B L E  lII 

I N H I B I T A B L E  (v I)~ A N D  N O N - I N H I B I T A B L E  (v N)~, P O R E  V O L U M E S  O F  D I S T R I B U T I O N  

pI ( 1 0 - 1 0  c m / s )  v I (A3) pN ( 1 0 - I  0 c m / s )  v Np (A 3) 

E r y t h r i t o l  569  9 7 0  3 3 8  98  
L - A r a b i t o l  25  43  21 6.1 
Xyl i to I  35  59 40  12 
D - M a n n i t o l  2 .62  4 .5  1 .09  0 .32  
D-So rb i t o l  1 .3  2 .2  2 . 7 3  0 . 8 0  
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values of  vp for L-arabitol and D-mannitol correspond approximately to a pore 
that  has a radius of 4 A and a length of 23 £ (using the not  unreasonable values 
of a = 3 . 0 £ ,  b = 1 0 A  for arabitol and a = 3 . 6 h ,  b = l l , ~  for mannitol). 
Although this calculation is highly oversimplified, it does show that  the 
observed permeabilities are in rough quantitative agreement with the predic- 
tions of the pore model. 

There is another, completely different, approach to interpreting this perme- 
ability data that  is just as consistent with the pore model. It is possible that  the 
pore is open at both ends simultaneously for a short time during the conforma- 
tional change. The observed premeability would then be a measure of the flux 
through the pore during this short period. The relative inhibitable permeabil- 
ities of erythitol,  arabitol and mannitol are approximately what would be pre- 
dicted for a pore that  would just allow glucose to pass [19]. 

Since the observed permeabilities could be explained entirely in terms of a 
specific affinity for a carrier binding site, these observations do not  exclude a 
carrier mechanism. The strength of our argument that  this data is evidence for a 
pore mechanism depends on what is regarded as the probability that  the carrier 
affinity would have the strict size dependence that  was observed. One might 
expect that  the affinity for the polyols would increase (not decrease, as is 
observed} as the size of the polyol increased since the larger polyols should 
have a structure closer to that  of glucose. On the other hand, it is possible that  
the smaller polyols are able to obtain a better fit at the binding site because they 
are able to take up a larger number of orientations. Based on this data, we 
believe that  the strongest argument against a carrier is that  all of the 5-carbon 
polyols had permeabilities larger than all of the 6-carbon polyols. There is 
enough variation in the stereochemical structure of these two sets of polyols 
that  we would have expected the permeability of one or more of the 6-carbon 
polyols to exceed or at least approach that  of the 5-carbon polyols if their per- 
meability was determined entirely by affinity for the binding site. 

Non-inhibitable permeability 
Both Wieth [9] and LaCelle and Passow [10] considered various alternative 

explanations of the component  of the erythritol permeability remaining in the 
presence of high glucose concentrations (non-inhibitable) and concluded that it 
represented a completely independent pathway, probably dissolution and dif- 
fusion through the lipid part of the membrane. The non-inhibitable permeabil- 
ities (Tables I and II) are similar to the values that  have been found for pure 
lipid membranes. For example, for bilayer membranes made from lipid extracts 
of human red cells, Jung [20] obtained a permeability of 2.3 • 10 -1° and 0.44 • 
10 -1° cm/s for D-glucose and D-mannitol, respectively, at 25°C. Papahadjo- 
poulos et al. [21] found a glucose permeability at 36°C of 0 . 4 . 1 0  -1° and 
0 . 1 7 . 1 0  -1° cm/s for sonicated vesicles made from phosphatidylserine and 
phosphatidylserine plus cholesterol, respectively. In addition, the roughly 10- 
fold increase in the non-inhibitable permeability in going from the 4- to 5- and 
5- to 6-carbon polyols is approximately what one would expect for diffusion 
through a lipid membrane since this rate may be determined primarily by the 
number of hydrogen bonds that  must be broken [22]. Thus, the values for the 
non-inhibitable permeability are quite consistent with the interpretation that  
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this permeability represents diffusion through the lipid part of the membrane. 
However, another interpretation of this non-inhibitable permeability is also 

consistent. For the pore model shown in Fig. 1, there is the obvious possibility 
that  a solute could fit in the pore even when glucose was present at the binding 
site. This suggests that  the non-inhibitable permeability might actually be asso- 
ciated with the glucose transport mechanism and is not an independent path- 
way. This possibility is supported by the observation of LaCelle and Passow 
[10] that  the inhibitable and non-inhibitable erythritol permeabilities had an 
almost identical temperature dependence. One can also calculate a Vp from Eqn. 
5 for the non-inhibitable permeability. Since this permeability is measured in 
the presence of saturating concentrations of glucose, we used the V ...... for glu- 
cose exchange (3.4 • 1014 molecules/s per cm 2 [18]) which is about six times 
larger than the "free carrier exchange" Vmax that  was used in the calculation of 
the inhibitable Vp. The values of Vp using this Vmax are shown in Table III (col- 
umn 5). This Vp represents the volume of distribution in a pore that already 
contains glucose at the binding site and is easier to interpret than the inhibit- 
able Vp since one does not  have to worry about specific affinity for the binding 
site. We believe that  the fact that  the values of Vp are in a range that  would be 
predicted for a cell membrane pore is further evidence in support of this second 
interpretation. However, an argument against this interpretation is the observa- 
tion that  phloretin does not  block this non-inhibitable component.  If this inter- 
pretation is correct it implies that phloretin must be able to block the binding 
site in the pore without  altering the turnover rate, which seems unlikely. A 
demonstrat ion that  the non-inhibitable permeability was definitely associated 
with the glucose transport system (e.g. by finding a specific inhibitor of glucose 
transport that  also affected the non-inhibitable permeability) would provide 
strong evidence in favor of the pore model since it would be difficult to explain 
this association in terms of a carrier mechanism. 

Conclusions 

A pore that  undergoes a conformational  change has been proposed as a 
model of the glucose transport system. The purpose of this paper was to point 
out  that  there were some definite predictions that  followed from this model 
and to test these predictions for a series of polyols. In particular, we predicted 
for the pore model shown in Fig. 1 that:  (1) any polyol that  was the same size 
or smaller than glucose should have a finite permeability through the glucose 
transport system since it could not  be prevented from entering the pore vol- 
ume; (2) This permeability would decrease rapidly as the size of the polyol 
approached that  of glucose, and (3) a "reasonable" volume of distribution in 
the pore could be determined from Eqn. 5. Although a carrier model cannot be 
excluded by these results the experimental confirmation of these predictions is 
at least suggestive evidence in favor of the pore mechanism. 

Appendix 

(I) Determination o f  membrane permeability (P) from uptake o f  radioactive 
tracers (with no change in cell volume) 

The uptake is described by the following basic equation: 
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dcc~ _ PS[c~ -- Ccw] (1A) 
Vcw dt 

where vow is the volume of cell water (which is a constant), ce and Cc~ are the 
tracer concentrations in the extracellular and cell water space, respectively, and 
S is the cell surface area. Since the total amount  of tracer is a constant: 

0 (2A) 
CeV e + e c w V c w  = CeV e 

where v~ is the extracellular volume and c ° is the plasma concentration at t = 0. 
Substituting Eqn. 2A into Eqn. 1A: 

dccw 
-P ' [c° - -~Ccw]  where }~ = 1 + Vcw/Ve'~ P' =PS/vc~ (3A) 

dt 

Integrating Eqn. 3A from 0 to t: 

ln(1 -- ~Ccw/C °) = -- :kP't (4A) 

In the experiment we actually measured the amount  of radidpactivity (Ae) in 
washed cells from a unit volume of incubation medium: 

Ac = ccw Vcw (5A) 

where Vc~ is the volume of cell water per unit volume of the incubation me- 
dium. Similarly: 

A T = c°Ve (6A) 

where A T is the total radioactivity and Ve is the extracellular volume per unit  
volume of incubation medium. 
Fin ally: 

Vc~/V~ = KH/ (1  -- H) (7A) 

where H is the hematocrit  and K is the water fraction of the cell. Substituting 
Eqns. 5A--7A into Eqn. 4A; the final expression is obtained: 

ln(1 -- A c / A ~ )  = - - ~  t (8A) 

where Ac ~q is the radioactivity in the cells at equilibrium and is equal to: 

K H A T  1 -- H(1 -- K) (9A) 
A c ~ = I - - H ( 1 - - K )  and h =  1 - - H  

(II) De te rmina t ion  o f  permeabi l i t y  (P) f rom the changes in cell vo lume  
It is not  possible to obtain a simple analytic expression for P in these experi- 

ments because there are significant changes in the extracellular volume due to 
the high hematocrit  that  was used. The procedure adopted was to numerically 
integrate the equations to obtain the theoretical volume curves for different P 
values and then find which value of P provided the best fit to the experimental 
points. The numerical integration procedure was as follows. 

Assume that  at time t the values of the permeant concentrations in the extra- 
cellular space (ce) and cell water (cw) and the volume of the extracellular space 
(Ve) and cell water (Vcw) per ml of cell suspension are given. Then in a small 
time interval T after t, the amount  of permeant per ml of  cell suspension (a) 
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t h a t  moves  f r o m  the ex t race l lu la r  to  cel lular  space  is given by: 

a = P ( S / V c ) o  Ho(c~. - -  cc,,T ) (10A)  

where  Ho is the  h e m a t o c r i t  at  t = 0 and  ( S / V c ) o  is the  ra t io  of  the  surface  area 
to  v o l u m e  o f  the  cell a t  t = 0. I t  is a s sumed  in Eqn.  10A tha t  the  cell vo lume  
and the  c o n c e n t r a t i o n s  are c o n s t a n t  dur ing  the  t ime  interval  T. Cor re spond ing  
to  this so lu te  f lux there  will be a small  v o l u m e  f lux (A) which can be ob t a ined  
f r o m  the  a s s u m p t i o n  t ha t  o s m o t i c  equ i l ib r ium is ma in t a ined :  

Ae  + V ~ c e - - a  A c + c ~ w V c w + a  
= (11A) 

v e - a  vc,, + ~ 

where  Ae and Ac are the  a m o u n t  o f  i m p e r m e a n t s  per  ml o f  cell suspens ion  in 
the  ex t race l lu la r  and cel lular  space,  respec t ive ly ,  and are cons t an t .  The  assump-  
t ion  o f  o smo t i c  equ i l ib r ium is well sat isf ied for  the  s lowly p e r m e a t i n g  solutes  
used in this s tudy .  Eqn.  l l A  can then  be solved for  A: 

B V e  - -  V~w A¢ + cew Vc~ + a 
A I + B  , B A~ + c e V ~ - - a  (12A)  

F r o m  the value of  a and A, the  values o f  V and c at  t ime  t + ~ can be deter -  
mined :  

Ve=Ve--A Vcw = V ~  + ~  
! t t 

Ce = ( c e V e - - a ) / V ' e ;  Ccw = (c¢wVc~ + a) /Vcw (13A) 

The  express ion  t ha t  we wish to  c o m p a r e  wi th  the  e x p e r i m e n t a l  resul ts  is the  
value o f  the  h e m a t o c r i t  at  t ime  t + T relat ive to  the  h e m a t o c r i t  at  t = 0: 

H / H  o = (1 - -  g )  + V~w/Ho 

where  K is the  wa te r  f r ac t ion  o f  the  cell a t  t = 0. Final ly,  using these  new val- 
ues the  ent i re  p r o c e d u r e  can be r epea t ed  unt i l  f inal ly the  theore t ica l  curve  o f  
H / H o  can be genera ted  for  the  ent i re  t ime  course .  

Since this in tegra t ion  p r o c e d u r e  b e c o m e s  exac t  as r a p p r o a c h e s  zero,  its 
a c c u r a c y  can be tes ted  by using smal ler  values of  r .  We f o u n d  by  this proce-  
dure  t h a t  if  T was less than  1 /50  o f  the  ha l f  t ime  then  the  e r ror  was less than  
1%. All the  theore t i ca l  curves tha t  were  used to  f ind the  bes t  value o f  P m e t  
this cr i ter ion.  
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