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Summary 

Infinite cis uptake of  cyclic AMP into red blood cell ghosts has been 
measured. The K° c is calculated from two different integrated rate equations 
that  are applicable when the substrate concentrat ion is unsufficient to cause 
volume changes. Values of  0.69 mM and 0.66 mM are obtained for the in- 
finite cis Km at 30°C using these procedures. These values are only slightly 
higher than that predicted from zero trans net  flux experiments. 

Lowering the temperature reduces K°c i from 0.69 mM at 30°C to 
0.478 mM at 20°C, 0.108 mM at 10°C and 0.072 mM at 4°C (Q10 = 2.4). The 
Q10 for activation of  influx permeabili ty of  10 -s M cyclic AMP is 1.55. 

Recent ly the transport  of cyclic AMP in human erythrocyte  ghosts has 
been measured and characteristics consistent with a mediated diffusion 
process were evident. Saturation kinetics were obtained for net entry and exit, 
the latter process showing a lower K m [  1 ]. To characterise further cyclic AMP 
transport  the infinite cis Km has been determined using the valuable kinetic 
analysis of  the asymmetric transport  system by Stein and Lieb [2].  This 
analysis has been of use in analysing the infinite c/s Km values for entry of  
D-glucose, D-galactose and uridine into human erythrocytes  [3,4,5].  The in- 
finite cis Km for entry (K°c i) is the internal saturation constant. It is deter- 
mined from the extent  of  backflux in entry experiments unlike the zero trans 
exit Km which is determined by  studying efflux directly. In the studies on 
sugar entry the integrated rate equation approach has been used as this pro- 
vides a means of following internal saturation when the internal t ransported 
substrate concentrat ion rises with time. The advantage of  such an approach is 
that  because of the small internal volume of the red cell linear estimates of  
rate at fixed internal substrate concentrations are difficult to achieve. This ap- 
proach has also been adopted here. 
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Cyclic [ 8-3H] AMP and D-[3H] glucose were obtained from the Radio- 
chemical Centre, Amersham. Cyclic AMP was obtained from Sigma and 
phloretin was obtained from K and K Chemicals. Other chemicals {reagent 
grade) were obtained from B.D.H. 

Pink erythrocyte  ghosts were obtained by the method of Dodge et al. [6] 
as previously described [1 ]. These were resealed at 30°C for 1 h and were then 
separated from the resealing buffer by centrifugation. A phosphate saline 
buffer was used for the uptake experiments (154 mM sodium chloride, 
12.5 mM sodium phosphate, pH 7.4). 10 pl of packed ghosts were added to 
50 t~l of a solution containing 10 -s M or 10 mM cyclic [3H]AMP. To ter- 
minate the incubations 1 ml of ice-cold phosphate saline buffer containing 
0.5% ethanol (stopping buffer) was added and this solution was carefully 
pipetted into the centre of a glass fibre filter (Whatman GF/F)  in a Millipore 
filter chamber. This was followed by washing with 15 ml of stopping buffer. 
The filter edges were immediately removed with a cork borer. The filter 
centres (with trapped ghosts) were added to scintillation vials and the trans- 
ported cyclic [3H] AMP was extracted into 1% trichloroacetic acid before 
liquid scintillation counting. In all cases zero time and equilibrium isotope • 
levels for 10 -s M cyclic AMP were estimated. At equilibrium the cyclic AMP 
concentration inside is equal to the external concentration. The internal water 
space was estimated with D-[3H] glucose. When D-glucose equilibrium isotope 
levels were measured 0.1 mM phloretin was added to the stopping buffer. The 
initial influx rate constant for 10 -s M cyclic AMP was determined from 
samples taken at 2 min at the indicated temperatures. 

The uptake of  10 mM cyclic AMP was measured at 30, 20, 10 and at 4°C 
{Fig. la) .  To obtain the infinite cis Km from this data Eqn. 1 has been used. 
This equation was derived by Ginsburg and Stein [4]. 
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Fig. 1.(a) .  A t i m e  c o u r s e  f o r  t h e  u p t a k e  of  10 m M  cyclic  A M P  at  30°C  (o), 20°C  (a) ,  10°C (A) a n d  
4°C (e) .  (b).  Analysis  of  inf ini te  cis  e n t r y  d a t a  at  3 0 ° C  t a k i n g  a c c o u n t  o f  v o l u m e  c o r r e c t i o n s .  T h e  l ine is 
d e r i v e d  f r o m  m e d i a n  e s t i m a t e s  ( s e e  t e x t  f o r  details) .  
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n 1 - ~ o  + A _ t 

(A + BSo ) C So C 

where A = KRoo + R21So 

KRoo ( R~2 R21 Ree I ReeSo 2 
B = +RI~ + + + So + - -  

T ~- ~ -K - - /  K~ 

R12 + R21 = R o o  + Ree  

(1) 

(2) 

is the concentrat ion of osmotically active but  impermeant  material. So is 
the external substrate concentration,  C is the internal substrate concentration,  
Ree is the reciprocal of the maximum velocity per unit carrier for the 
equilibrium exchange experiment,  R 12 is the reciprocal of  the maximum 
velocity per unit carrier for the zero trans efflux experiment  and R21 is the 
corresponding quanti ty  measured in the influx direction. K is the half satura- 
tion constant. 

To determine the infinite cis Km (KR21/Ree), 

( c )  n 1 - - -  + 
_ t 

So (x-axis) is plotted against -- (y-axis) 
_ C C 

The slope is A + BSo and the intercept on the y-axis is A/So.  The intercept on 
the x-axis is 

A 
X -  intercept = (3) 

So (A + BSo) 

When So is very large Ginsburg and Stein showed that  

K°iic = X -  intercept .  $3° (4) 
7r 

Thus this equation is rather limited for cases where So < u. However, if 
one substitutes for A and B 

So(KRoo + R21So) 
$2o X -  cept = 

K R o o S  o ( R12 R21 Ree ]S 2 ReeSSo 
KRoo + R~ISo + +R12So + + • + + - -  

n 7r ~ --~--1 o Kn  

Substituting for R12 + R2 1 in the denominator  using Eqn. 2 gives 

So( K R ° °  + R21) K 
So 

S2oX - cept = (5) 
( KR°----2-°+ Ree) ( 1 +  ~ 0 _ ) ( S o + K }  

So 
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K R o o  
Since - -  is a small  t e r m  and So > K Eqn.  5 b e c o m e s  

So 

Kgile = So2 X -  cep t  1 + (6) 

I t  can  be shown  t h a t  the  ra t io  of  the  t rue  infini te cis K m over  the  K m 
ca lcu la ted  f r o m  Eqn.  4 is ve ry  high at  low values of  So and  falls as So is in- 
creased whereas  Eqn.  6 is valid even w h e n  So is low relat ive to  n. Since in the  
p re sen t  s t udy  the  f lux of  10 m M  cyclic AMP has been  s tudied,  Eqn.  6 has 
been  used to  e s t ima te  the  inf ini te  cis K m  (Fig. l b ) .  Fo r  an accura te  e s t ima te  
of  K m  stat is t ical  analysis  o f  the  p lo t  is requi red .  Since b o t h  axes  are de- 
p e n d e n t  on  C l inear  regress ion is inappropr ia t e .  A so lu t ion  to  a p r o b l e m  of  
this sor t  is to  use a n o n p a r a m e t r i c  a p p r o a c h  s imilar  to  t h a t  used b y  Eisenthal  
and  Corn i sh -Bowden  [ 7]. These  au tho r s  have shown  t h a t  the  Michaelis- 
Menten  e q u a t i o n  can be a r ranged  as pairs  o f  s imu l t aneous  equa t ions .  An equa-  
t ion  o f  the  t y p e y  = mx + c  (as is Eqn.  1, m = (A + BSo) ,  c = A l S o  can  give 
n ( n  - 1)/2  equa t ions  fo r  m and c 

Yi - Yj 
mij - cij = Yi - rnijxi (7) 

x i - xj 

The  values of  m and c so o b t a i n e d  are t h e n  r anked  and  med ian  es t imates  are 
d e t e r m i n e d .  The  m ed i an  m and m ed i an  c are t hen  used  to  ca lcula te  (_c) 
X -  eep t  ~ -  . The  s tat is t ical  advantages  o f  this t y p e  of  a p p r o a c h  have 

been  discussed [7] .  I t  is o f  in te res t  to  n o t e  t h a t  w h e n  So < <  ~ the  Sen/Widdas  
e q u a t i o n  [9] can  also p rov ide  es t imates  of  the  inf ini te  e~s Km 

d C V K  

d t  K + C  

C C 2 
in tegra t ing  leads to  V = - -  + - -  

t 2 K t  

Thus  a d i rec t  l inear  p l o t  [10]  of  V against  1 / K  has an i n t e r c e p t  C/ t ,  on the  
y axis and  - 2 / C  as t he  X -  cept .  Such a p lo t  for  cycl ic  AMP inf ini te  cis inf lux 
is s h o w n  in Fig. 2. 

I m m e d i a t e  in spec t ion  of  such a p lo t  can  give K and V es t ima tes  f r o m  the  
in te r sec t ions  b u t  one  can also subs t i t u t e  in Eqn.  7 y = C/ t ,  x = C 2 /2  t, m = 
- 1 / K  and  c = V. F r o m  Fig. l b  (which  takes  a c c o u n t  of  v o l u m e  changes)  K °i = 

l C  

0.69  mM (median  es t imate ) .  F r o m  the  d i rec t  l inear  p lo t  K °i = 0 .66  mM ~c 
(med ian  es t imate ) .  Since Vmax fo r  ne t  and  exchange  e n t r y  o f  cyclic AMP are 
equal  the  p red i c t ed  value for  the  inf ini te  cis K m is t h a t  wh ich  is also o b t a i n e d  
in the  zero  t rans  ex i t  e x p e r i m e n t  (0 .475  mM)  [1] .  The  e x p e r i m e n t a l l y  deter-  
m ined  values  fo r  the  inf ini te  c/s K m are t h e r e f o r e  on ly  sl ightly higher  than  pre- 
d ic ted  desp i te  the  f ac t  t h a t  for  m o s t  o f  the  da ta  C > Kin .  No evidence  fo r  a 
high K m s imilar  to  t h a t  f o u n d  in ne t  inf lux e x p e r i m e n t s  was o b t a i n e d  b u t  
would  have  been  de t ec t ab l e  if present .  
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Fig. 2. A d i rec t  l inear  plot  for inf ini te  c/s entry at 30°C.  The  intersect ions  give 1/K est imates .  The  cal- 
cu l a t ed  m e d i a n  e s t i m a t e  is s h o w n  as a b r o k e n  line. 

Fig. 3. The  e f fec t  of  t e m p e r a t u r e  o n  the infinite  c/s K m (A) ( the  line is de r ived  b y  l inear  regzession)  and 
the  e f fec t  of  t e m p e r a t u r e  on  the  ini t ial  uptake  rate constant  (k) (rain :1 ) of  10 -s  M cycl ic  AMP (A) (the 
l ine is derived by  l inear  regression) .  

Since K° c = KR. 21/Ree and R21/Ree = 1 for cyclic AMP transport [1] it 
can be seen that  K°c~ provides a convenient estimate of the dissociation 
constant for interaction of cyclic AMP and its transport binding sites. 
Consequently, the effect of  temperature on this parameter and the influx rate 
constant  (k) for 10 -s M cyclic AMP was determined (Fig. 3). Using Eqn. 6 
and the data in Fig. l a  showed that  the infinite c/s Km values at 30, 20, 10 
and 4°C are 0.69 mM, 0.47 mM, 0.1078 mM and 0.072 mM, respectively. 
From this AH = 16 kcal" mol-1;  Q10 = 2.4. The apparent activation energy for 
transport of 10 -s M cyclic AMP is 8 kca l 'mol -1 ;  Q]0 = 1.55. Apparent 
enthalpy terms were calculated as the slopes × R, where R is the gas constant. 
Since k can be regarded as 1/KRoo, 1/Roo must also show a large apparent 
activation energy• Unfortunately this data alone cannot give a reliable indica- 
t ion as to whether cyclic AMP transport is mediated by a predominately hydro- 
phobic or hydrophilic pathway. No evidence for a phase transition around the 
melting temperature of  the membrane lipid was obtained. 

In conclusion, the equations used here for the estimation of the infinite 
cis Km for cyclic AMP transport may be of  general use for rapidly transported 
substrates whose concentrat ion relative to K m is high when their concentra- 
tion is low relative to ~. In the case of  cyclic AMP transport  the results are of 
interest since the calculated infinite cis Km is only slightly higher than the 
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value that can be predicted from the zero trans and exchange transport experi- 
ments that have been previously reported [ 1 ]. The glucose transport system in 
intact red cells has a lower than predicted value for the infinite cis Km 
(Hankin et al. [3]) ,  and this can be confirmed using Eqn. 6. Hence, compared 
with the glucose transport system of  whole cells the cyclic AMP transport 
system of  red cell ghosts is kinetically a simple system. 
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