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SUMMARY 

I .  The  ra te  of egress of glucose from h u m a n  red b lood cells into saline med ia  
e i ther  wi thou t  sugar  or conta in ing  glucose, galactose,  sorbose or fructose has  been 
de t e rmined  at  25 ° and  for glucose or zero sugar  at  o °. 

2. F r o m  these da ta ,  using a simplified form of the  theore t ica l  analysis  of RECEN 
AND MORGAN 18, i t  is shown t h a t  the  ra te  of movemen t  across the  m e m b r a n e  of the  
s u b s t r a t e - c a r r i e r  complex  is g rea te r  t han  t ha t  of the  free carrier ,  t h a t  is, the  move-  
men t  of carr ier  is fac i l i t a ted  b y  the  subs t ra te .  

3- A lower l imi t  of 2.8 is der ived  for the  ra t io  of these ra tes  of movement .  
4. Evidence  is p resen ted  t ha t  the  aldoses and  ketoses share a common carrier.  

INTRODUCTION 

The t e rm "exchange  diffusion" when appl ied  to the  movemen t  of glucose 
across the  red cell m e m b r a n e  has been used in two senses, wi th  differing molecular  
bases.  The  first t y p e  of exchange 1 arises when a shut t l ing  carr ier  sys tem is shared  b y  
two different  subs t ra tes  A and B and the carr ier  sys tem is in i t ia l ly  s a t u r a t e d  or near-  
s a t u r a t e d  at  bo th  m e m b r a n e  surfaces b y  the  pe rmea t ing  species A. The  ne t  t r a n s p o r t  
of A is thus  smal l  and  the  add i t ion  of p e r m e a n t  B to one side will, b y  compet ing  for 
carr ier  a t  t h a t  face, slow down the m o v e m e n t  of A from tha t  face and effect ively 
increase the  ne t  t r anspo r t  of A towards  the  side to which B was added.  The  net  flow 
of A is increased as a resul t  of the  inhibi t ion  of the  re tu rn  flow. There  is a one-to-one 
exchange  of B molecules,  moving  inwards ,  wi th  A molecules,  moving  outwards .  We 
m a y  call  this  T y p e - I  exchange and  the  phenomenon  will be found for all sa turable ,  
shu t t l ing  carr ier  sys temsL 

The second t ype  of exchange  3 requires  an add i t iona l  condi t ion.  The  movemen t  
of free carr ier  (not bound  to subs t r a t e  A or B) e i ther  cannot  occur 4 or is slower than  
the  m o v e m e n t  of the  c a r r i e r - s u b s t r a t e  complexS, 6. Consider a s i tua t ion  where we 
have  p e r m e a n t  A only  on the inside of the  cell so tha t ,  in the  absence of ex te rna l ly  
added  B, the  r e tu rn  of free carr ier  is the  ra te - l imi t ing  s tep in the  ca r r i e r -media ted  
efftux of A. If,  now, B is added  to  the  m e d i u m  it will react  wi th  the  carr ier  to form 
the more  freely diffusible s u b s t r a t e - c a r r i e r  complex.  The  ra te  of r e tu rn  of carr ier  is 
therefore  increased and the  ra te  of efflux of A is l ikewise augmented .  This  is T y p e - I I  
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exchange and is found only for shut t l ing  carr ier  sys tems for which the subs t r a t e - c a r r i e r  
complex  moves  at  a fas ter  ra te  than  the free carr ier  alone. We can call this  T y p e - I I  
exchange or subs t ra t e - fac i l i t a t ed  carr ier  t ranspor t .  

Tha t  a shut t l ing  carr ier  sys tem is concerned in glucose t r anspor t  is shown bv  
the exper iments  of R O S E N B E R G  A N D  W I L B R A N D T  o n  coun te r - t r anspor t  1, L E t ? E V R E  

AND McGINNISS on unidi rec t ional  versus net  flow of glucose r and  LACKO AND BURGER 
on exchange  of glucose and galactose 8,14. While  these exper iments  show tha t  T y p e - I  
exchange can and does occur, the  demons t r a t ion  of T y p e - I I  exchange in red cells 
has not  ye t  been unequivoca l ly  demons t ra ted .  Indeed,  LE1;EVRE considers his recent  
resul ts  9 as grounds  for excluding such an in te rpre ta t ion .  

The cri t ical  exper imen ta l  condi t ion requi red  here is to ensure t h a t  the  carr ier  
is far  from sa tu ra t ion  at  the  traT~s face with respect  to subs t ra te  A whose ra te  of 
egress is being measured.  This will exclude Type- I  exchange.  To achieve this condit ion,  
efflux exper iments  were devised in which the loss of glucose from cells was followed 
into a large volume of med ium (effectively an "infini te  sink") conta in ing  ei ther  saline 
or a sugar*. Then,  if the  free and bound  carriers  move at  the same rate,  the  rates  of 
egress in these two s i tua t ions  should be near ly  the  same. (The ra te  of egress of glucose 
would  be s l ight ly  slower into sugar  than  into saline since there  would be compe t i t ion  
for efflux b y  the sugar  t ha t  has entered  dur ing  the t ime of observat ion.)  If, however,  
the  free carr iers  move more slowly than  the bound  carriers,  thei r  ra te  of re turn  will 
be ra te - l imi t ing  for egress in the  first, bu t  not  in the  second s i tuat ion,  and  the two 
expe r imen ta l ly  de t e rmined  rates  should differ. The  ra te  of egress of glucose into the 
sugar -conta in ing  med ium should in fact  be the  faster.  Indeed  we find this to be 
the  case. 

The sugars chosen were two wi th  low affinities for the  carrier,  sorbose and fruc- 
tose, and  two high-aff ini ty  sugars, galactose  and glucose. I t  has been suggested t ha t  
the  ketoses m a y  not  use the  same carr ier  as the  aldoses. We  will show tha t  sorbose 
and fructose share a common carr ier  wi th  glucose. 

E X P E R I M E N T A L  

Mater ia ls  

H u m a n  red blood cells were ob ta ined  from out -of -da te  t ransfus ion  blood ,kept 
in a c i d - c i t r a t e - d e x t r o s e  med ium at  4 ° and  s tored  from 3 to 6 weeks before use. 
The cells were washed at  least  three  t imes  in ten t imes  thei r  volume of "buffered  
sal ine" I °o NaC1 wi th  25 mM phospha te  buffer (pH 7.4). The  p la sma  and top  layer  
of cells, including most  of the  leucocytes,  were removed  in the  course of these washings.  

Rad ioac t ive  sugars  used  were L-E14C]sorbose (Nichem Inc.),  D-[l~C]glucose 
(Radiochemical  Centre),  D-El~C]frnctose (Volk) and  D-[3H]glneose (Radioehen]ical  
Centre).  

Unlabe l led  sugarswere  D-glucose (AnalaR),  D-galactose (BDH), L-sorbose (BDH) 
and  D-fructose (BDH).  

* I n  t h e  a p p a r e n t l y  s i m i l a r  e x p e r i m e n t s  of  LACKO A N D  B U R G E R  8, h o w e v e r ,  t h e  g l u c o s e  level  
in  t h e  e x t e r n a l  m e d i u m  a p p e a r s  t o  b e  a b o u t  o .8  m M  b y  t h e  t i m e  t h e  f i r s t  r e a d i n g  of  g l u c o s e  c o n t e n t  
is m a d e .  T h i s  c o n c e n t r a t i o n  is a t  l e a s t  t w i c e  t h e  v a l u e  of  K m  a t  t h a t  t e m p e r a t u r e  (SEN .aND 
WIDDAS 10) a n d  t h u s  T y p e - I  e x c h a n g e  c a n n o t  b e  e x c l u d e d  h e r e .  LACKO AND BURGER d o  i n d e e d  
c o n c l u d e  f r o m  t h e i r  r e s u l t s  14 t h a t  t h e r e  a r e  d i f f e r e n c e s  i n  t h e  r a t e  of  m o v e m e n t  of b o u n d  a n d  f r ee  
c a r r i e r .  T h e i r  e x p e r i m e n t s ,  h o w e v e r ,  d o  n o t  d e m o n s t r a t e  c o n c l u s i v e l y  t h a t  t h i s  is so. 
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Procedure 
Washed red cells were loaded with glucose by incubation at a haematocrit of 

io O/jo in a buffered saline medium containing glucose at the desired concentration. 
Separated, packed cells and media (either buffered saline or buffered saline containing 
a sugar) were equilibrated separately at 25°. 

Medium (30 ml) was added to 0.5 ml glucose-loaded cells for the desired reaction 
time and the transloeation was terminated by the addition of an 8-fold volume of 
ice-cold HgC12 (2 mM in 2 % NaC1). After centrifuging and removing the supernatant, 
SOMOGYI filtrates 11 or trichloroacetic acid extracts of the packed cells were prepared 
and estimated for sugar content. For the determination of initial glucose content of 
loaded cells, portions of the incubation medium were mixed directly with the stopping 
medium, and this mixture then added to the packed, loaded cells. Glucose was 
analysed by the glucose oxidase method 1~. Isotopically labelled sugars were assayed 
in the NE 8304 liquid scintillation spectrometer (Nuclear Enterprise G.B. Ltd.) at 
channel settings adequate to differentiate between the 14C- and 3H-radiation levels. 
A dioxane-based scintillation solvent mixture (Nuclear Enterprise G.B. Ltd. NE 220) 
was used containing the minimal quanti ty of ethanol (2 %) necessary for formation 
of a single phase. 

To determine K1 for glucose inhibition of sorbose entry, we proceeded as 
follows: The cells were equilibrated at a haematocrit of IO % in a glucose medium of 
the desired concentration. E14C!Sorbose at a final concentration of 2 mM was added 
to the suspension and the translocation stopped after 5 rain at 25 °. The amount of 
sorbose trapped in the extra-cellular space was obtained by mixing the sorbose with 
the stopping medium before adding it to the equilibrated cells. 

RESULTS 

Fig. I is a plot of the loss of glucose in 30 sec at o ° from cells loaded with 2.6 mM 
[3Hlglucose, the external level of glucose varying from o to 64 mM. This was an 
earlier experiment* and shows the increase in rate of egress of glucose as the external 
level of glucose is increased. 

The effect of a saturating concentration of galactose in the external medium 
on glucose exit is depicted in Fig. 2. The per cent of glucose remaining in the cells 
after 15 sec at 25 ° is shown as it varies with the glucose concentration of the loaded 
cells. The results given are from one of two such experiments. Glucose egress into 
saline is represented in Curve I while in Curve 2 we record the egress of glucose into 
200 mM galactose. From the figure we can see that where the concentration of glucose 
inside the cell is high initially, the rate of exit into the galactose is faster than into 
medium free of galactose. Competition for exit between internal glucose and the 
galactose that has entered the cells during the time of observation will, however, 
decrease efflux of glucose; at the lower concentrations of glucose this competition 
predominates over the acceleration of egress due to Type-II  exchange. In Fig. 3, we 
can compare egress in 15 sec from o- Ioo  mM [14C~glucose-loaded cells into saline 
(Curve I) with egress into equimolar [l~C~glucose (Curve 2) and into 200 mM galactose 
(Curve 3). These results are from two such experiments in good agreement. A third 

* This experiment was carried out at the University of Michigan with the technical assistance 
of Miss G. FRANKE. 
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experiment, in which the volume of these suspending media was increased io-fold to 
ensure that there could be no return flow of glucose, produced substantially similar 
results. The limiting velocities reached from high concentrations of glucose inside 
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Fig. 1. [aHlGlucose e61ux in to  un]abe]led glucose. 
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the cells appear to differ in each case. However, it is shown that the Vm&x for glucose 
into galactose is equal to the Vmax for glucose into equimolar glucose. From the ratios 
of the maximum velocities, the relative rates of movement of substrate-carrier 
complex to free carrier is determined. The details appear in the APPENDIX, Part I I I .  

Observations of efflux of glucose into medium containing a sugar with low 
affinity for the carrier can be seen in Tables I and II. Table I records the concentrations 
of glucose remaining in the cells after efflux for 15 sec and 6o sec into media containing 
5oo mM sorbose, 25o mM sorbose in buffered saline or buffered saline without sugar 
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Fig.  2. Ef fec t  of galactose on glucose egress. Curve I (open circles), glucose in to  saline; Curve 2 
(solid circles), glucose into galactose medium. 
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(all ad ju s t ed  to equ iva len t  tonic i ty) .  The  exper imen t  a t  15 sec is one of two wi th  
s imilar  results.  The  glucose conten t  of the  loaded cells a t  zero t ime was found to 
be lO3 mM. 
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Fig .  3. E f f ec t  of g a l a c t o s e  a n d  e q u i m o t a r  F12C]glucose on  [14C]glucose egress .  C u r v e  I (open  c i rc les) ,  
[14C] g l u c o s e  i n t o  s a l i n e  ; C u r v e  2 (crosses) ,  [14C] g lucose  i n t o  e q u i m o l a r  [12C] g lucose  ; C u r v e  3 (sol id  
c i rc les) ,  [14Ciglucose i n t o  20o m M  g a l a c t o s e .  

T A B L E  I 

G L U C O S E  ( i n M )  R E M A I N I N G  I N  C E L L S  A F T E R  t S E C  A T  2 5  ° 

Glucose  c o n c e n t r a t i o n  of l o a d e d  ce l l s  a t  zero  t i m e  = lO 3 raM. 

t = z 5 s e c  t = 6 o s e c  

I n t o  5 o o m M s o r b o s e  84 22 
I n t o  2 5 o m M s o r b o s e  76 12 
I n t o  s a l i n e  66 7.2 

T A B L E  I I  

GLUCOSE (raM) REMAINING IN CELLS AFTER I SEC AT 25 ° 

G lucose  c o n c e n t r a t i o n  of l o a d e d  cel ls  a t  ze ro  t i m e  = 7 ° mM. F i g u r e s  in  b r a c k e t s  a r e  c o r r e c t i o n s  
for  v o l u m e  c h a n g e s .  

I = 1 5 s e c  t = 6 o s e c  

I n t o 5 o o m M  [14C]fructose 5 ° (46) i i  (9.0) 
I n t o  250 m M  [14Cflructose  47 (47) 4 .8 (5-3) 
I n t o  s a l i n e  38 (42 ) 2.0 (2.5) 

Simi la r ly  in Table  I I  we present  d a t a  on the  glucose remain ing  af ter  15 sec 
and  60 sec of efflux at  25 ° in to  med ia  conta in ing  500 mM [l¢C]fructose, 250 mM 
[14C]fructose or buffered saline w i thou t  sugar  (all med ia  of equiva len t  tonic i ty) .  The  
concen t ra t ion  of glucose in the  cells a t  zero t ime was 7 ° mM. Correct ions have  be~n 
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made  for the  p robab le  cell volume changes t ha t  could have occurred dur ing the course 
of this  exper imen t  and  these correc ted  d a t a  are given in the  paren theses  in Table  I I .  

The volume of the  cell wate r  per  uni t  packed  cells at  t ime t is given b y  

V(o) { [Fo  + Sol - -  [G(o)]}  + a + b 

[Fo + So] 

where V(o) is the  volume of cell wa te r  per  uni t  packed  cells a t  zero t ime,  [Fo + So] 
the  osmolar  concent ra t ion  in the outside med ium of fructose (Fo) and o ther  solutes 
(So). [Fo + S o ]  remains  cons tan t  since the  volume is infini tely large. [G(o)] is the  
glucose concent ra t ion  inside the  cell a t  zero t ime  while a and  b are the  amount s  of 
glucose and  fructose respect ive ly  inside the  cells a t  t ime t. The der iva t ion  of these 
re la t ionships  is conta ined  in the  APPENDIX, P a r t  IV. 

Fo r  the  case of egress of glucose into saline, the  cell shrinks bu t  for glucose into 
250 mM fructose, the  amoun t  of fructose enter ing was equal  to the  glucose lost  and  
hence there  was no volume change. In  the  case of glucose into 500 mM fructose,  there  
was a p p a r e n t l y  a larger  amoun t  of f ructose in the  cells t han  glucose lost resul t ing 
in a small  volume increase. 

Fig. 4 shows the effect of glucose present  in the  med ium on the ra te  of en t ry  
of !14C!sorbose into the  cells a t  25 °. This  plot  of the  counts  per  200 sec of [14C]sorbose 
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Fig. 4. Glucose inhibition of sorbose permeability. 

inside the  cells aga ins t  glucose concent ra t ion  in the  medium,  leads to the  value of 
13 ± 2 mM for K h  the  cons tan t  expressing the  affinity of glucose for the  sorbose 
carr ier .  

DISCUSSION 

Figs. 1-3 show clear ly  t ha t  T y p e - I I  exchange occurs in the  glucose t r anspo r t  
sys tem of the  h u m a n  red  blood cell a t  o ° and  at  25 °. A theore t ica l  analysis  of the  
equat ions  governing  t r anspo r t  for the  case where the  ra tes  of diffusion of free carr ier  
and  of s u b s t r a t e - c a r r i e r  complex  are unequal  has  been der ived  b y  REGEN AND 
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MORGAN ls, based  on the  model  dep ic ted  in Fig. 5 (see APPENDIX, P a r t  I).  These 
au thors  der ive  the  ra te  equat ions  for the  ve ry  general  case where the  pai rs  of con- 
s t an t s  k 2 and  k_2, k 4 and  k_ a, k x and  k-3, k-1 and ks in Fig.  5 are unequa l  and  where 
no res t r ic t ions  are p laced  on the  magn i tude  of these constants .  If,  however,  we assume 

C Si • C ,5 0 

k_ 3 So 

C ~ k4 C 
k 4 

Fig. 5. Model of a shuttling carrier. C, free carrier; St and So are sugars inside and outside the cell, 
respectively; CS, complex of sugar plus carrier. Similar to the scheme of REGEN AND MORGAN 13. 

t ha t  the  m e m b r a n e  is symmet r i ca l  wi th  respect  to the  g lucose- t ranspor t  sys tem,  the  
der ived  equat ions  assume a much  s impler  form (APPENDIX, P a r t  II). These forms 
der ived  b y  mak ing  the  subs t i tu t ions  k 2 ---- k 2, k4 = k ~, k 1 = k s, k-1 ----- ks in the  
equat ions  of REGEN AND MORGAN, lead to a value  for the  ra t io  of k~/k4, the  veloci ty  
of loaded versus un loaded  carriers.  We  ob ta in  the  resul t  t h a t  

i + k 2 (  k3 ) 

Vma . . . .  q u . .  

Vmax.,  zero 2 

where Vmax., equil, is the  m a x i m u m  ve loc i ty  of unid i rec t ional  t r anspo r t  of sugar  in to  
an equi l ibr ium concent ra t ion  of sugar,  Vmax., zero the  m a x i m u m  veloc i ty  of t r anspo r t  
of sugar  into a sugar-free medium.  

Now,  Vmax., ecluI1./Vmax., zero can be de t e rmined  expe r imen ta l ly  from the  d a t a  
of Fig. 3, Curves I and  2. We ob ta in  Vmax., e q u l l . / V m a x . ,  z e r o  = 1.9 and 

k2 k3 

The m e t h o d  of ob ta in ing  this  value  is given in the  APPENDIX, Pa r t  I I I  where Vmax. 
values  are shown in Table  I I I .  

I t  is genera l ly  assumed tha t  the  ra te  of diffusion of free and bound  carr ier  
across the  m e m b r a n e  is ra te - l imi t ing  for t r anspo r t  as compared  with  the  ra tes  
governing  the equi l ibr ia  a t  the  m e m b r a n e  surface i.e. f rom Fig.  5, ks >~ k2- If  this  
a s sumpt ion  is va l id  then  the  value  2.8 can be equa ted  to k2/k4, the  re la t ive  velocit ies 
of diffusion of loaded and un loaded  carriers.  If  k 2 is of the  same order  of magn i tude  
as k s, however,  the  expe r imen ta l ly  der ived  va lue  unde res t ima tes  k2/k ~. Therefore  i t  
is clear  tha t ,  if the  m e m b r a n e  is symmet r i ca l  in respect  to  glucose t ranspor t ,  then  f rom 
the  d a t a  of Fig.  3 the  re la t ive  ra te  of diffusion of the  g l u c o s e - c a r r i e r  complex  to  
the  free carr ier  is a t  least  2.8. 

111 a s imilar  fashion the  d a t a  of Fig.  2 and Fig. 3 (Curves I and  3) can be 
in t e rp re t ed  in t e rms  of these s impler  forms of the  equat ions  of REGEN AND MORGAN. 
The  m a x i m u m  ve loc i ty  of egress into an ex te rna l  med ium effectively s a t u r a t e d  wi th  
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the  exchanging sugar  proves  to be ident ica l  wi th  t ha t  for egress into an equi l ibr ium 
concen t ra t ion  of sugar  (Vmax., equil., above),  so t h a t  the  re la t ion 

k2 / \ k 3  
Vmax. into an infinite concentration of exchanging sugar 

Vmax. into zero sugar 2 

is obta ined .  F r o m  the  d a t a  of Fig.  3 we find 

Vmax. for glucose into galactose 
1.9 

Vmax. for glucose into zero sugar 

f rom which k2/k ~ is a t  least  2.8 at  25 °. 
A t  bo th  o ° and  25 ° for h u m a n  red b lood cells, therefore,  the  ra tes  of diffusion 

of the  loaded  and  un loaded  carr iers  appea r  to  be unequal .  
BRITTON 15 in his work  on the  pe rmeab i l i t y  of the  h u m a n  red cell to label led 

glucose at  37 ° compares  his resul ts  for the  ini t ia l  ra te  of e n t r y  into sugar-free cells 
(o.oi75 isotonic units/sec) wi th  the  glucose ftux for cells equi l ib ra ted  with  133 mM 
glucose (0.052 isotonic units/sec) .  These should be ident ica l  if bound  and free carr ier  
have  the  same rates.  The  difference is a t t r i b u t e d  to different  methods  used and the 
ve ry  rap id  movement s  involved.  The  author ,  however,  comments  on the  poss ib i l i ty  
t ha t  the  flux could increase as the  in te rna l  concent ra t ion  of glucose rises. F r o m  the  
ra t io  of these rates ,  the  value  for k j k  4 equals 5. BRITTON finds t ha t  the  glucose flux 
reaches a l imi t ing ve loc i ty  in the  concent ra t ion  range 7 ° 267 mM at  37 ° which is 
in fair  agreement  wi th  our resul ts  a t  25°. 

REGEN AND MORGAN, working in the  range of 0.8 to 46 mM at  37 ° wi th  r abb i t  
red cells, find the  ra tes  ident ical  wi th in  exper imenta l  error. I t  m a y  well be, however,  
t ha t  a t  37 ° , this  concent ra t ion  range does not  reach high enough levels to exhib i t  
the  phenomenon.  

We can comment  fur ther  on the re la t ions be tween aldose and ketose t ranspor t .  
F r o m  Tables  I and  I I  i t  is clear t ha t  the  presence of sorbose or fructose in the  medium 
does not  increase the  ra te  of exi t  of glucose. In  fact  the  ra te  of glucose egress into 
saline is somewhat  fas ter  t han  into sorbose or f ructose at  these concentra t ions .  There 
are three  possible exp lana t ions  for this  appa ren t  slowing down of egress, name ly :  

(i) Differences in cell volumes.  Sorbose or fructose enter ing the cell compensa tes  
for glucose egress thus  p revent ing  the cell shr inkage t ha t  occurs when glucose is 
t r a n s p o r t e d  into saline only. A n y  shr inkage will concent ra te  the  remaining  glucose 
and  ma in ta in  the  exis t ing concent ra t ion  gradient .  Corrections for the  volume changes 
(figures in parentheses ,  Table  II) assuming t h a t  the  cells behave  as an osmometer ,  
ind ica te  t h a t  some of the  appa ren t  slowing in the  ra te  of egress can be accounted  
for in th is  fashion. 

(ii) Some pa r t  of the  slowing of egress m a y  be due to compet i t ion  for efflux 
b y  the  sorbose or f ructose t ha t  has  entered.  Because of the  low affinities of these 
sugars,  however,  this  con t r ibu t ion  will be very  small.  

(iii) The  poss ib i l i ty  has been considered t h a t  the  ra te  of diffusion of the  s o r b o s e -  
carr ier  complex  m a y  be slower than  t h a t  of the  free carrier.  When  a (200 mM) sucrose 
m e d i u m  in saline buffer a t  t on ic i ty  equiva lent  to the  sugar-free saline was subs t i tu t ed  
for the  saline, i t  also slowed the  ra te  of egress of glucose. This  effect has been found 
for o ther  disaccharides .  LACKO AND BURGER 16 found t ha t  maltose,  cellobiose and 
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isomaltose in the medium inhibited the exchange transfer between glucose and 
galactose. 

While the rate of egress of glucose is not increased by  the presence of sorbose 
or fructose externally, it has been found that  [l*Clfructose entry is faster into glucose- 
loaded cells than into sugar-free cells, suggesting once again that  glucose and fructose 
share a common carrier. 

In an experiment in which the permeability of L-E6-1~Clsorbose in the presence 
of varying concentrations of glucose was measured, Ks for glucose inhibition of 
sorbose entry was found to be 13 4- 2 raM. This result is higher than our value 
of Km for glucose entry (unpublished) but is evidence tha t  these two sugars also 
share a common carrier. Clearly, therefore, it is because of their high values of Km 
that  neither fructose nor sorbose can increase the rate of glucose exit at the concen- 
trations that  can be used experimentally, rather than, as suggested by LACKO AND 
BURGER 8, that  the ketoses and aldoses are transported by  different carrier species. 

APPENDIX 

I .  General  rate equat ion  o/ REGEN AND MORGAN 

The efflux equation of REGEN AND MORGAN is given by  

[S~]Fs 
V S - 

[ S i ]  ( [ S i ]  - -  [So])MsI 
I + B S  -f- I + [ S o ] / R  S 

where vs -  is the unidirectional etttux of sugar S, and [Si] and [So] are concentrations 
in molar units of sugar inside and outside the cell, respectively. Also 

k-4 
Fs = [ to t  CJrs 

(k4 -J- k-4) 

where [tot C l is the total  carrier concentration in moles divided by  dry cell mass, 

k_3k_2k_l 
r s =  

k2k3 + k- lk-~ + k-lk8 

k-l(k4 -~- #-4)k-~ k3(k4 + k-4)k2 
B S =  

hlk4(k2 + k-2) k-3k-4(k2 + k-2) 

M $ I  = - -  
r keka - -  k-4(k2 + k-2 + ks) 

k4 + k-4 k2k3 

k -4 k4 
Rs  --  f lux r a t i o  c o n s t a n t  

[s rs 

klk2k~ 
Is ~2k~ + k- lk-2 + k-lka 

When [So] = [Sl], tha t  is, efflux into equilibrium concentration of sugar, 

[Si]Fs 
v s -  - -  - -  B s F s  as [Si] -+ oo 

[s~] 
I H--- 

Bs 
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W h e n  "So] = zero,  t h a t  is, eff lux in to  sugar - f ree  m e d i u m ,  

[Si-,F,~ 
v,s- --  -- K s x F s  as [Si] -+ 0(3 

[Si] 
I ~ - -  

K s I  
where  

I X ' S I  = 
(k4 4- k-4) (ko, k3 + kak_l 4- k - l k  2) 

k_a(k ~k-i  + k 2k-4 4- k 1/}-4 4- k 4k2) 

F o r  t h e  specia l  case where  k 2 = k 2, k4 = k 4, k_ 1 = k a, and  k ! : k 3, 

4- k2(_ k3_  
Umax. into equil, sugar Bs  k4 \2k2 4- k J  

Km,~x. into zero sugar Ks  2 

I f  k 3 >~ k 2, th is  express ion  reduces  to  

i 4-  k2/k4 

2 

where  #2/k  4 equa l s  t he  r e l a t i ve  ra tes  of b o u n d  and  free carr ier .  

I I .  Spec ia l  case 

D e r i v a t i o n  of k J k 4 ,  t he  r e l a t i v e  ra tes  of m o v e m e n t  of b o u n d  and  free car r ie r ,  a s s u m i n g  

t h a t  t h e  ca r r i e r  s i tes  are  s y m m e t r i c a l l y  d i s t r i bu t ed ,  t h a t  is, k2 = k-2, k4 k 4, 
h _ ~ = k  1 ,k_  l = k 3 a n d k 3 > ~ k 2 .  

On  the  inside 

[Ci] [Si] 
- - K  

[CSi] 
Ci -- Si ~- CSi; 

a n d  on t h e  ou t s ide  

Co + So ~-  CSo; 

where  
k_l ka 

K - -  
kl k-3 

[Co] [Sol - - K  
[CSo] 

Subsc r ip t s  o and  i i nd i ca t e  ou t s ide  and  ins ide  of t he  cel l ;  S, suga r ;  C, free ca r r i e r ;  CS 

s u g a r - c a r r i e r  complex .  

To ta l  carr ier  ( tot  C) concent ra t ion  = [CSo] V [CSi~ + [Ci] + ~_ 02 (i) 

a n d  
k2[CSi] @ k4[Ci] = k2[CSo -r- k4[Co] (2) 

B y  s u b s t i t u t i o n  for [CSil and  [CSo] in Eqns .  i and  2 we o b t a i n  

[Col [s£ [G] [s~] 
Etot C] --  - -  + - - - -  + [Ci] -7 [Co] (3) 

K K 
a n d  

[cd [s~] [Co] [So] 
k2 - - - - - -  --  k4[Ci] = k 2 - - - -  - -  @ l~4[Co] (4) 

K K 
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[Co] = [ G ]  - -  

k E&] , - - g -  + k4 

k [So] 2 ~ -  -~- k4 
(5) 

By  subs t i tu t ing  for [Col into Eqn.  3 we have  

(k2[So] + kaK)K [tot C] 
[ci] = 

(K -c [Si]) (k2[So] + k4K) + (K + [So]) (k2[Si] + k4K) 
(6) 

The  amoun t  of CSI crossing uni t  a rea  per  uni t  t ime equals  

2 K 2 + K([Si ] + FSo]) (I + ks~k4) + 2 k2 [Si] [So] 
k4 

Simi la r ly  

k2[CSo] = 

( ~  [Si] + K)  k2[So] [tot C] 

k2 
2 K2 + K ( [ & ]  + [So]) (~ + k2/k4) + 2 ~ [ & ]  [So] 

(7) 

(8) 

.'. Ne t  flux = 
K k2 [tot  C] ([So] - -  [Si]) 

/}2 
2K 2 + K([Si] + [So]) (I + k2/k4) + 2 k44 [Si] [So] 

k2 
[tot C] [Si] 

I + ke/k4 
\ \ :hen  [So] equals zero, flux = 

2K 
- - - -  + [ & ]  
I @ k2/k4 

½k2 [tot C] [&] 
When  [So~ is infinite,  flux -- 

( I  -- k2/k4~ 

Vmax. in to  a sa tura t ing  exchanging  sugar I + k2/k4 

2 Vmax. into zero sugar 

(9) 

I I I .  Method o~ calculating k2/k~ /rom the data o /Fig .  3 
F o r  glucose exi t  into galactose  or into an equi l ib r ium of isotopic glucose we 

assume tha t  there  is a one-for-one exchange  of molecules  and t h a t  the  galactose  or 
glucose isotope t ha t  has en te red  dur ing  the  t ime  of obse rva t ion  will compete  for exit .  

W e  have,  then,  at  t ime  t: concent ra t ion  inside of glucose = G(t), t ha t  of in- 
h ib i tor  = I(t) ; concent ra t ion  outs ide of glucose is zero (infinite di lut ion) ,  and  t ha t  of 
inh ib i tor  = I o  which is constant .  Then ra te  of egress of glucose can be expressed b y  

d G(t) --  ~( t )v  . . . .  
1% 

dt G(t) + ka ( I  + k z /  
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where ka, k1 are affinity constants for glucose and inhibitor respectively and Vmax. 
is the limiting velocity of movement across the membrane. I ( t )=  G m -  G(t) as 
assumed above where Gm = G(t) at t = o. By substituting for I(t) and integrating 
we obtain 

Gm 
( G i n -  G(t)) (I - - k a / k i )  + (k a 4- kGGm/ki) in = V . . . . .  l 

G(t) 

w h i c h  is t h e  e q u a t i o n  for  C u r v e  3 in Fig .  3. 

F o r  i so tope  e x c h a n g e ,  w h e r e  ka  e q u a l s  kz, t h i s  r e d u c e s  to  

Gm 
(kG @ Gin) In = Vmax.t 

6(t) 

which is represented by Curve 2 of Fig. 3. For glucose into saline, the integrated rate 
equation is 

G m  
(Gin- -G( t ) )  + ka in = V . . . .  t 

G(t) 

describing Curve I in Fig. 3. Here, Gin--G(t) is constant at high Gm where kc In 
Gm/G(t) is relatively small. 

TABLE III  

TYPICAL VALUES OF Vmax OBTAINED FROM CURVES IN FIG. 3 

Curve G,n (mM) Vmax (mmoles/min) k a = z m M  ha= ¢o mM 

I IOO 15o + 1.8 k O 152 168 
75 15o + 2 . 8  ka 153 178 
5o 15o + 5 - 5  k~ 155 202 

Mean 153 182 

2 IOO 2 7 7 + 2 . 8  ka 280 304 
75 306 + 4.0 ha 31o 346 
56 3 °8 + 5 - 5  k~ 314 363 

Mean 3oi 338 

3 ioo 2 9 2 + 4 . 2  kc 296 334 
(ku ) 8 4  2 9 4 + 5 . 5  k~ 3 °0 349 

=0 .2  60 273 + 8 . 6  ka 282 359 

Mean 293 347 

At high concentrations of Gin, the data shown in Table I I I  give a reasonable 
fit of the above theoretical equations. At values of kG for glucose between I and IO, 
the ratio 

Vmax. for glucose in to  an exchang ing  sugar or isotopic  glucose 
1.9 

Vmax. for glucose in to  saline 

The ratio of the rate of bound carrier to free carrier k2/k 4 will have a lower limit of 2.8. 
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IV. Method/or  calculating volume changes 
The method of estimating volume changes assumes that the membrane is 

freely permeable to water and the cell behaves as an osmometer. Suppose that at 
time t [Sl(t)] is the osmolar concentration of molecules inside the cell that cannot 
permeate the membrane, [G(t)] the concentration of glucose inside the cell and [Fl(t)] 
the concentration of fructose inside the cell. [Fo + S o ]  is the osmolar concentration 
of fructose and other solutes in the medium. This remains constant since the volume 
of medium is large relative to the cells. V(t) is the volume of cell water per unit 
packed cells. We have the amount of glucose inside at time t is a(t) = [G(t)lV(t) and 
t h e  amount of fructose inside at time t is b(t) ----- [Fl(t)]V(t). Then 

[Fo  + So] ~ [G(t)] + [Fi(t)]  + [Si(t)] (I) 

At t i m e t = o ,  

[F~ (o)] = o; [Fo + So] = [~ (o)] + [&  (o)] (2) 

V (o) [ &  (o)] = V ( t )  [&( l ) ]  (3) 

V (o) [ &  (o)] V (o) ([Fo + Sol - -  [G (o)]) 
. . .  v ( t ) -  

[St(t)] [Si(t)] 

V (o) ( [Fo + So] - -  [G (o)]) V (o) ( [Fo + So] - -  [G (o)]) 

[Fo + So] - -  [G(t)] - -  [F~(t)] 

Solving for V(t),  

v ( t )  = - -  
V (o) ( [Fo + So] - -  [G (o)]) + a + b 

[Fo  + So] 

where a = a(t) a n d  b = b(t). 

I 
[Fo + So] - - ~  (a(t) + b(t)) 
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