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ABSTRACT The relation between unidirectional influxes of Na and amino 
acids across the mucosal border of rabbit  ileum was studied under a variety of 
conditions. At constant Na concentration in the mucosal bathing solution, 
amino acid influx followed Michaelis-Menten kinetics permitting determina- 
tion of maximal influx and the apparent  Michaelis constant, K~. Reduction 
in Na concentration, using choline as substitute cation, caused an increase in 
Kt for alanine but had no effect on maximal alanine influx. The  reciprocal 
of/(~ was a linear function of Na concentration. Similar results were obtained 
for valine and leucine and these amino acids competitively inhibited alanine 
influx both in the presence and in the absence of Na. These results lead to a 
model for the transport system which involves combination of Na and amino 
acid with a single carrier or site leading to penetration of both solutes. The  
model predicts that alanine should cause an increase in Na  influx and the 
ratio of this extra Na  flux to alanine flux should vary with Na concentration. 
The observed relation agreed closely with predicted values for Na  concentra- 
tions from 5 to 140 mM. These results support the hypothesis that interactions 
between Na and amino acid transport depend in part  on a common entry 
mechanism at the mucosal border of the intestine. 

I n  the p reced ing  p a p e r  ( I ) ,  a m e t h o d  for m e a s u r i n g  un id i rec t iona l  solute in-  
flux across the mucosa l  b o r d e r  of  intest inal  epi thel ia l  cells was  descr ibed  a n d  
some character is t ics  of  L-alanine  a n d  N a  influxes were  presented .  T h e s e  
studies p rov ided  the  first unequ ivoca l  ev idence  t h a t  the  flux of a n  ac t ive ly  
t r a n s p o r t e d  a m i n o  ac id  f r o m  the mucosa l  solut ion into the cell is inf luenced 
b y  the  N a  concen t r a t i on  in the  mucosa l  solut ion a n d  is i n d e p e n d e n t  of  the 
bu lk  cel lular  N a  concen t ra t ion .  F u r t h e r  s tudy  of the  influx processes is neces-  
sary  in o rde r  to define m o r e  comple t e ly  the  t r a n s p o r t  m e c h a n i s m s  for non -  
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electrolytes and  the na tu r e  of the in te rac t ion  wi th  Na.  D a t a  on  cell a c c u m u -  
la t ion  or t r ansmura l  t r anspor t  of amino  acids or  sugars do  no t  p rov ide  this 
in fo rma t ion  because these p h e n o m e n a  d ep en d  in a r a the r  complex  w ay  on  
events a t  bo th  the mucosal  an d  serosal borders  of the cell. T h e  present  exper i -  
men t s  are  conce rned  p r imar i ly  wi th  the kinetics of  L-alanine influx a n d  the 
in te rac t ion  be tween  L-alanine an d  Na.  In  addi t ion ,  measurement s  have  been  
m a d e  of val ine and  leucine  fluxes, and  the in te rac t ion  be tween  these am in o  
acids and  a lanine  influx has been  examined .  

M E T H O D S  

The apparatus and methods used to measure amino acid and Na influxes have been 
described in detail in the preceding paper (I). The  basic Ringer solution used con- 
tained 140 mM NaC1, 10 mM KHCO3, 1.2 mM CaC12, 1.2 mM MgCI~, 1.2 m~ K,HPO4, 
and 0.2 mM KH2PO4. In most experiments, the tissue segments were bathed with 
solutions having the same Na concentration, but, from one experiment to another, 
Na concentration of the Ringer solution was altered by replacing NaC1 with choline 
chloride. The tissue was preincubated for 30 rain in Ringer's solution having the 
same Na concentration as that used in the influx measurements. The preincubation 
solution did not contain amino acid. In many of the experiments, fluxes were de- 
termined at four different amino acid concentrations on tissue from the same animal. 
Since the experimental arrangement permitted eight separate influx measurements, 
duplicate determinations at each concentration were possible. The  solution for 
flux measurement (test solution) was prepared by adding 14C-labeled L-alanine, L-va- 
line, or L-leucine to the appropriate Ringer solution to give concentrations varying 
from 1.7 to 20 raM; this solution also contained inulin-3H and Z2Na. In experiments 
testing the effect of valine or leucine on alanine influx, the alanine concentration was 
3.3 mM and the concentration of the other amino acid was 20 raM. Methods of tissue 
extraction, of assaying the three isotopes, and of flux calculations have been described 
(1). 

All influx values reported were obtained by measuring tracer uptake over a 60 see 
interval. Since the present experiments involved higher alanine concentrations and 
higher fluxes than previously observed, a single experiment was performed to de- 
termine the time course of alanine-14C uptake at 20 ram alanine and 140 mM Na. 
Tracer  uptake was linear for more than 60 see in agreement with observations at 
5 mM alanine (1). 

R E S U L T S  

Kinetics of Alanine Influx 

Alanine  influx was de t e rmined  as a funct ion  of a lanine  concen t ra t ion  a t  four  
N a  concen t ra t ions  rang ing  f ro m  zero (nominal ly  Na-f ree  m e d i u m )  to 140 raM. 
T h e  results of two individual  exper iments  a t  the ex t r eme  Na  concen t ra t ions  
a re  shown in Fig. 1. As expec ted  f rom previous  da ta  (1), a lan ine  influx is con-  
s iderably  lower  in the absence of  N a  than  in its presence. T h e  influx increases 
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with alanine concentration but  shows a tendency toward saturation. The  ap- 
parent  hyperbolic relation between flux and concentration was confirmed by 
plotting the reciprocal of flux against the reciprocal of concentration 1 (Fig. 2). 
The  resulting straight lines indicate that the alanine influx, J ~ ,  can be 
described by a relation of the form 
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FIOURE 1. Alanine influx as a 
function of alanine concentration. 
Data  at each Na concentrat ion 
were obtained using tissue from a 
single animal and each point  is the 
average of duplicate flux deter-  
minations. 

in which [A]. is alanine concentration in mucosal solution and fa~ is the maxi- 
mal influx. K, is the "apparent  Michaelis constant" (the value of [A]~ for 
which .Fa = J~Z/2). The  fact that  the intercepts of the lines shown in Fig. 2 
are identical indicates that  J ~  is the same at the two Na concentrations 
while the difference in slopes shows that  Kt is different. ~ This behavior was 
found at all Na concentrations tested and the average values of J~Z and Kt 

x Though it would have been desirable to examine alanine influx at higher alanine concentrations in 
order to obtain values closer to saturation, concentrations of amino acid greater than 20 rnM were 
not employed because of the inhibitory effects reported by other investigators (21) and because it was 
desirable to maintain the test solution at approximately constant osmolarity and ionic strength. 
s Alternative methods of plotting the data which weigh the points differently were also tried (36). 
Least squares analysis of the various lines showed no significant differences for J~t '~ and Kt among 
the various methods. 
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for alanine are summarized in Table  I. Three experiments, yielding 24 de- 
terminations of alanine influx, were carried out at each Na concentration and 
j~m and Kt were determined by least squares analyses of lines such as those 
shown in Fig. 2. The  relatively high value of J~a" at 70 m u  Na appears to be 
due to animal variation rather than to Na concentration. The  data in Table  I 
show that there is no consistent variation of J~Z with Na concentration, and 
fluxes consistent with a value for J~a" as high as 13 #moles/hr  cm * were ob- 

T A B L E  I 

PROPERTIES OF THE AMINO ACID TRANSPORT SYSTEM 

Amino acid ['Na] Kt  JiAm 

m ~  mM ~lmoles/hr ~n z 

Alanine 140 9.1 (7.2-11.0)* 6.14-0.9 
70 16.3 (11.5-21.2) 13.74-1.9 
22 31.2 (25.0-34.5) 7.84-1.5 

0 70.0 (60.0-79.6) 6.84-0.7 

Valine 140 5.0 (3.3--6.4) 4.34-3.1 
0 31.5 (23.1-36.0) 6.5-4-0.8 

Leucine 140 4.2 (3.0-5.7) 6.34-1.2 
0 29.0 (24.0-34.0) 4.54-1.3 

* Range. 
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served in d i f ferent  exper iments  a t  140 rnM Na. In  addi t ion ,  one  expe r imen t  
was car r ied  ou t  in which  J~'~ was es t imated  a t  140 and  70 mM Na  on tissue 
f rom a single an ima l ;  no  significant effect  of Na  concen t ra t ion  on  j~m was 
observed.  W e  conclude,  therefore,  tha t  var ia t ion  in mucosal  Na  concen t ra t ion  
does no t  significantly affect  the m a x i m u m  alanine  influx. O n  the o ther  hand ,  
K t  increases marked ly  wi th  r educ t ion  in Na  concent ra t ion .  E x a m i n a t i o n  of 
these da t a  indicates tha t  the rec iprocal  of Kt  is a l inear  funct ion  of Na  con-  
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FIougE 3. Reciprocal of the apparent Michaelis constant (Kt) for alanine as a function 
of Na concentration in the mucosal bathing solution. 

cen t ra t ion ,  as shown in Fig. 3. T h u s  the re la t ion  be tween  K t  and  Na  concen-  
t ra t ion  can  be  descr ibed  by  an  expression of the fo rm 

Kt a 1 1 /3 - or - [Nalm + - ( 2 ) 
+ [Na],~ Kt a a 

in which  a and /3  are  constants,  and  [Na],~ is Na  concen t ra t ion  in the mucosal  
solution. T h e  values of a and /3  can  be ob ta ined  f rom the slope and  in te rcep t  
of the l ine in Fig. 3. 

Valine and Leucine Fluxes 

T h e  kinetics of val ine and  leucine influxes were  invest igated a t  140 rnM Na  
and  in the absence of Na  and  were  found  to resemble  the kinetics of a lan ine  
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influx. Values of maximal flux and Ks were determined as described above; 
the results are summarized in Table I. Within experimental error, the maxi- 
m u m  fluxes were independent of Na concentration and did not differ signifi- 
cantly from those obtained for alanine. The values of Kt for both valine and 
leucine were smaller than those observed for alanine but  also showed a marked 
increase when Na was absent from the bathing medium. 

Neutral amino acids are known to compete with each other in transport 
across the intestine (2, 3), and the competition appears to occur, at least in 
part, at  the mucosal border (4). An examination of these competitive proper- 
ties can provide evidence regarding modes of alanine entry. Experiments were 
carried out to test the effects of 20 r r~  valine or leucine on alanine influx at  
140 mu  Na and zero Na; the results are summarized in Table II. Valine and 

T A B L E  I I  

INHIBITION OF ALANINE INFLUX BY LEUCINE AND 
VALINE 

Alanine influx* 

Competitor [Na] Control + Competitor K I  Ks 

mK ILmoles/hr cmt m ~  mK 

Leucine 140 1.20 0.27 3.9 4.2 
"(20 n'va ) 0 0 .44 0.25 30.7 29.0 

Valine 140 1.72 0.38 3.9 5.0 
(20 m_~) 0 0.26 O. 16 31.0 31.5 

* A l a n i n e  c o n c e n t r a t i o n  was  3.3 ham in  al l  e x p e r i m e n t s .  I n f l ux  v a l u e s  a r e  t he  

a v e r a g e  of  six or  m o r e  d e t e r m i n a t i o n s  u n d e r  each  cond i t i on .  

leucine decreased alanine influx below control levels under  both conditions, 
but  the effect was greater at  140 mM Na. If  the effect of these amino acids is 
assumed to be due entirely to competitive inhibition, the "Kx" for valine and 
leucine can be calculated (6) from the relation 

j'~' Ks + [A]~ 

Kx 

in which J~ and ~ are alanine influxes in the presence and absence of com- 
petitor respectively and [/]~ is the concentration of competitor in the mucosal 
solution. The values of Ks for alanine were taken as those in Table I. The re- 
sulting Kx's of valine and leucine, given in Table II, are nearly identical with 
the K,'s of these amino acids. Thus, the effects of valine and leucine are con- 
sistent with "classical" competition with alanine for the influx mechanism at 
both 140 mM and zero Na. These observations have two important  implica- 
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tions. First, alanine influx does not take place by a mechanism not shared, at 
least in part, by valine and leucine; if it did, agreement  between Kr and Kt 
would not be obtained. Second, amino acid entry in the absence of Na cannot  
be attributed to simple diffusion since, in addition to displaying saturation 
kinetics, it is subject to competitive inhibition. Indeed, the good agreement  
between K~ and K~ suggests that simple diffusion does not contribute signifi- 
cantly to alanine entry at 140 mM Na or at zero Na. 

Oxender  and Christensen (5) have suggested that  neutral amino acid trans- 
port in ascites tumor cells is mediated by multiple entry routes having over- 
lapping affinities. Their  data  indicate that satisfactory agreement  between 
Ks and K~ may  not be a sufficiently critical criterion for the presence of a 
single transport site. However, there is at present no compelling evidence for 
multiple systems in intestine so for simplicity the agreement  between K~ 
and K~ will be interpreted as evidence for a single site. If subsequent informa- 
tion indicates that  a single site is insufficient, the model presented below will 
have to be modified. 

A Transport Model 

The  data  reported above seem sufficient to warrant  consideration of possible 
models which could describe the Na-alanine interaction at  the mucosal 
border of the cell. A number  of observations (7, 8) suggest that  such a model 
should include a provision for the specific entry of Na into the cell together 
with alanine, and a variety of models involving combination of alanine and 
Na with a carrier or site located in the mucosal membrane  were, therefore, 
examined. In  addition, the model should provide for the following character-  
istics of alanine influx: (i) alanine influx is independent  of cellular Na con- 
centration (1); (ii) at constant Na concentration, alanine influx is given by 
equation 1; (iii) J~a" is independent  of [Na],, ; (iv) alanine influx can occur 
in the absence of Na (Fig. 1) by a mechanism similar to that  involved in the 
presence of Na; (v) Kt is dependent  on [Na],, as shown in equation 2. 

Of  the possibilities considered, a model of the type shown in Fig. 4 seemed 
particularly promising. A detailed analysis of the kinetic behavior of this system 
is given in Appendix A. As a first step, a complete solution for the initial ala- 
nine influx was derived assuming that the concentration of alanine in the cell 
was zero. This solution is extremely unwieldy and is not presented. I t  predicts 
that  alanine influx should depend on cell Na concentration and, in view of 
point (i) above, cannot  describe the present data. If PI ,  P2,  and Ps are 
assumed to be small relative to the rates of reaction with the carrier so that  
translocation is the rate-limiting step, the expression is simplified and Ja  no 
longer depends on cell Na. However, the resulting solution (equation A4) 
predicts that ~"~ should be dependent  on external Na concentration, and does 
not  agree with point (iii). If we further assume that  the permeabilities of all 
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forms of the carrier are equal (P1 = P2 = P8 = P), we obtain the following 
expression for Jia 

C, P [A],,, J~" [A],,, 
J~a = Kx/{2 + [A],,, - K, + [A]= ( 3 )  

[Na],~ + K2 

in which C= is total carrier concentration;/£1 = k_l/kx and K2 = k_2/k2 where 
kx and k_x are the forward and reverse rate coefficients of the reaction A + 
X ~-- XA and k~ and k_~ are similar coefficients for XA + Na ~ XANa. The 

coefficient Kt is given by 

K, = K1 K2 ( 4 ) 
[Na]= + K2 

MUCOSAL SOLUTION 

A 

Na 

MEMBRANE 

+X ,e P3 "~ k . . i i .  

+ XA z ~" XA+ 

XANa " F XANQ P, 

CELL 

A 

Na 

FIGURE 4. Model  system for a lanine  an d  Na  t ranspor t  across the  mucosal  bo rde r  of 
intestine. A represents amino  acid and  X is a carr ier  molecule. T h e k ± i  are  ra te  coefficients 
for the chemical  reactions an d  the Pc are permeabi l i ty  coefficients. 

which is the form required by equation 2. The  values of the dissociation con° 
stants for alanine and Na, determined from the slope and intercept of the line 
in Fig. 3, are KI = 70 mM and K2 = 17 mM. 

Equat ion 3 fulfills the five requirements outlined above so that this model 
satisfies all the data  so far considered on alanine influx. This agreement is not, 
however, particularly compelling evidence in favor of the model because the 
requirements are rather simple and could, no doubt ,  be satisfied by a number  
of other approaches. The  proposed model would gain further support  if it 
could predict  other characteristics of the system which are independent  of the 
observations employed in its construction. One  such prediction, the linear 
relation between 1~Ks and [Na]m, has already been noted (equation 4). T w o  
additional predictions can be made. First, the model predicts that the uni- 
directional influx of amino acid will be unaffected by intracellular amino acid 
concentration. Tha t  is, there should be  no significant transconcentration effect 
on influx. Data  presented in the preceding paper (1) have shown the absence 
of a transconcentration effect on alanine influx. Second, a portion of the Na 
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in'flux should be directly related to alanine influx and the coupling between 
these two movements can be predicted (equation A6). If  we designate J '  ~, as 
that portion of Na influx which is independent  of alanine influx, the total Na 
influx, J~a ,  should be given by 

j~= = [K [Nalm -] 

E 
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Fioum~ 5. Relation between Na 
and alanine influxes for experi- 
ments at a Na concentration of 22 
mM in the mucosal solution. Each 
point represents a single tissue 
sample in which both fluxes were 
determined simultaneously. The 
line was determined by least 
squares analysis. 

Thus, the model predicts that  d ~  will vary linearly with J~ at constant Na  
concentration and that the slope of this relation ( A ~ a / A ~ )  will vary with 
Na concentration. Further, since the value of Ks has been determined from 
the relation between K~ and [Na],, ,  the slope can be predicted quantitatively. 

Relation between Alanine and Na Fluxes 

Since both alanine and Na influxes were measured simultaneously in many  
experiments, an evaluation of equation 5 is possible. Experiments such as 
those shown in Fig. 1 provide the necessary data  since variation in alanine flux 
at constant Na  concentration was obtained by  changing alanine concentra- 
tion. In each experiment there was a direct relation between Na influx and 
alanine influx which suggested a coupling between these processes. In  order 
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to evaluate this relation Na influx was plotted against the simultaneously 
measured alanine influx for all experiments at a given Na concentration. An 
example of the results is shown in Fig. 5 for experiments at 22 rnM Na. At  all 
four Na concentrations tested, (140, 70, 22, and 5 mM), there appeared to be 
a linear relation between the two fluxes and correlation coefficients for linear 
regression were statistically significant (p < 0.01) in all cases. The  slopes and 
intercepts of the lines were determined by least squares analyses. Fig. 6 shows 
a comparison between experimentally determined slopes and those predicted 
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J ® f 
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® 
.....- 

I I I I I I I I 
0 40 80 120 160 

Na CONCENTRATION (mM) 

FIGURZ 6. Rat io  of alanine-dependent Na influx to alanine influx as a function of Na 
concentration in the mucosal solution. Points are experimental values given by the 
slopes of lines such as that shown in Fig. 5. The  solid curve was calculated from equation 
5 as described in the text. 

by equation 5; the points are experimental values and the solid curve was 
calculated from [Na]m/(K2 + [Nail)  using K2 = 17 mM as determined from 
the line in Fig. 3. The  agreement  is satisfactory and lends strong support to 
the proposed model. 

The  intercept of the line relating alanine and Na influxes provides informa- 
tion on the Na influx in the absence of alanine, J~a in equation 5. Fig. 7 
shows J~a as a function of Na concentration; this portion of Na influx in- 
creases linearly with concentration at least up to 140 raM. The  rate of active 
Na transport across isolated rabbit  ileum is also a linear function of Na con- 
centration over this range (9). In  the presence of 5 inM alanine, the alanine- 
dependent  Na influx makes up less than 15% of the total Na influx at all Na 
concentrations. Thus, unless alanine concentration is quite high, the major 
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FmURE 7. Alanine-independent Na influx, JN=, as a function of Na concentration in 
the mucosa| solution. 

portion of Na  influx across the mucosal border  of the cells takes place via a 
mechanism other than that proposed in Fig. 4. 

Effects of Temperature 

The  influence of temperature on alanine and Na influxe6 was examined in 
several experiments in which one piece of tissue was kept at  37 °C and the 
other at  room temperature (23°C). The  results are summarized in Table  I I I .  

T A B L E  I I I  

E F F E C T  O F  T E M P E R A T U R E  O N  N a  A N D  A L A N I N E  
I N F L U X E S  

Influx 

Alanine* $~lium$ 

[Na] = 140 [Na] = 0 Ala-depcndent Ala-independent 

~rnotes/hr on2 ~tuats/hr ~= 

37 ° 2 .6  0 .5  2.5 18.0 
23 ° 0.3 0.1 0.3 11.4 

~ 0  4 .5  3.2 4 .5  1.4 
n§ 8 6 6 6 

* Alan ine  concen t ra t ion  was  5 rc~ in all exper iments .  
:~ A lan ine -dependen t  and  a l an ine - independen t  N a  fluxes are defined by 
equa t ion  5. 
§ No.  of  observat ions .  
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The  effect of temperature on alanine flux in the presence of Na was quite 
marked;  a Q10 of 4.5 was calculated from the data. Since in the presence of 
140 m_M Na, approximately 1 Na enters with 1 alanine (Fig. 5), the Q10 of the 
alanine-dependent Na influx is also approximately 4.5. The  effect of tem- 
perature on total Na flux was, however, much smaller, and if the total Na 
fluxes were corrected for alanine-dependent flux, a Q~0 of 1.4 was calculated 
for the alanine-independent Na influx, J~a • At  zero Na, alanine influx had a 
Qa0 of 3.2. This value is not known accurately, however, because at room 
temperature  alanine influx in the absence of Na was quite small so that experi- 
mental errors could have a rather marked effect on the calculated Q10. 

These observations on the effects of temperature on influx at the mucosal 
border  may  be compared with the findings of Schultz and Zalusky (9) on 
active Na  transport across rabbi t  ileum. They  found a Q~0 of 4.8 for the sugar- 
stimulated increase in net Na transport (measured by short-circuit current) 
and a Q~0 of only 1.6 for net Na flux in the absence of actively transported 
nonelectrolyte. These values are in good agreement with those observed here 
for the alanine and Na influx processes. The  marked differences in response 
of Na  fluxes to temperature in the presence and absence of alanine lend fur- 
ther support  to the concept of two independent  paths for Na influx as ex- 
pressed in equation 5. The  explanation of these rather high temperature co- 
efficients is unclear at  present but  the phenomenon certainly merits further 
study since it may  offer clues to the molecular mechanism of the transfer 
process. 

D I S C U S S I O N  

Model for Amino Acid Transport 

The model shown in Fig. 4 provides a satisfactory explanation for all the data  
presented in this and the preceding paper on amino acid and Na influxes 
across the mucosal border  of the intestine. The  available data  rule out  several 
other possible models involving a ternary complex between amino acid, Na, 
and a carrier (or site). The  presence of two independent  and parallel path- 
ways for alanine influx, one Na-dependent  and the other Na-independent,  is 
rendered unlikely by  the observation that J~a m is the same in the presence and 
absence of Na;  if there were two independent  pathways, the max imum in- 
fluxes should be additive. For this reason the first reaction in the proposed 
model cannot  involve association with Na rather than amino acid since, under 
these conditions, there would be no flux of amino acid in the absence of Na. 
The  same point would apply to a system involving an obligatory simultaneous 
reaction among Na, amino acid, and carrier. A model in which there is no 
preferred order for association of Na and amino acid with the carrier is ex- 
tremely complex and has not been fully evaluated. Preliminary calculations 
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suggest, however, that amino acid influx would depend on intracellular Na 
concentration in such a system. Thus the model presented seems the simplest 
one which can offer a reasonable explanation of the experimental observations. 

The  quantitative considerations of this model involve a number  of assump- 
tions which merit  comment.  The  assumption that the steps involving transfer 
of carrier across the membrane  are rate-limiting is based primarily on the fact 
that  the general expression for alanine influx obtained without this assumption 
predicts dependence on cell Na concentration, a prediction which is contrary 
to our observations (I). However, the influence of cell Na on alanine influx 
would depend strongly on relative values of the rate coefficients for the chemi- 
cal reactions. In particular, ff k3 were small, dependence of amino acid influx 
on cell Na concentration would be minimized. The  general solution also has 
the form of Michaelis-Menten kinetics although the meanings of the quantities 
~ "  and K t are much  more complex than for the simplified case. In this general 
case, J~" would depend on Na concentration in the mucosal solution, [Na], , ,  
and the relation between Kt and [Na],, would be different from that observed. 
Thus these points, together with failure to observe an effect of cell Na on 
amino acid influx, seem to offer reasonable support for the assumption that  
the carrier transfer processes are rate-limiting. 

The  assumption that  the three permeability coefficients are equal is perhaps 
more difficult to justify on experimental grounds although it is reasonable in 
terms of the concept of translocation of a relatively large carrier molecule. The  
data  are, however, adequate to demonstrate that  if the model is correct, the 
coefficients cannot differ markedly. First, the prediction that there will be no 
transconcentration effect on influx arises directly from the assumption of equal 
permeability coefficients (see for example the discussion of Heinz and Durbin, 
10). Appreciable differences in permeabilities would lead to either a decrease 
or an increase of influx in tissues preloaded with alanine, depending on the 
relative values of the permeability coefficients. Since no significant effect of 
preloading was observed (1), the coefficients must be similar. Second, the as- 
sumption that  P1 = P2 leads to the prediction that  J ~  will be independent  
of [Na]~ and is justified by the observation that there is no consistent variation 
of J~a" with ['Na],~. However, if P1 and P2 do not differ markedly, the de- 
pendence of J~a" on [Na],, might be sufficiently small to escape detection. 
Thus, the available evidence lends support to these assumptions but  does not 
completely prove their validity. 

In developing expressions for behavior of the model system, we have tacitly 
assumed that all forms of the carrier are uncharged or, alternatively, that there 
is no electrical potential difference across the mucosal border of the cell. The  
latter is clearly incorrect (11, 12, footnote 3) and since an ion (Na+) is assumed 
to associate with the carrier, at least one of the forms might  be expected to carry 

a Field, M., and P. F. Charran, unpublished observations. 
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a net charge. As discussed by Britton (13), inclusion of a potential difference in 
consideration of carrier models is not entirely straightforward. In the present 
case, the simplest approach would be to assume that the complex XANa is 
positively charged and that the effect of the electrical potential difference is 
confined to its influence on the translocation of this complex. If  the flux of 
XANa is assumed to be described by the Goldman equation (14), the quant i ty  
PI([XANa],, - [XANa]o) in equations A2 must be replaced by PI~([XANa],, 
- [XANa]0 e~) / (1  - e ~ )  where ~ = Z~ffA~b/RT, and A~b is the electrical po- 

tential difference across the mucosal membrane.  The  resulting expression for 
amino acid influx contains terms dependent  on the electrical potential 
difference. Even with the assumption that PI = P2 = Pz ,  a~ " should depend 
on both Na concentration and potential difference. The  failure to observe a 
dependence of J~7 on Na thus suggests that  the potential difference may  not  
influence the transport system unless the effects of changes in Na concentra- 
tion and in potential difference cancel in a rather fortuitous manner.  O n  the 
other hand, if the association of Na with the carrier involved an exchange with 
another cation such as hydrogen ion, none of the carrier forms would involve 
a net charge and a potential difference would have no effect. Further  studies 
are clearly necessary to examine these factors in detail and there is no point at  
present in speculating on their possible implications in the transport  mecha- 
nism. 

Finally, the proposed model has been discussed mainly in terms of the 
mobile carrier hypothesis, but  this concept need not be invoked to explain 
the experimental observations. The  steps involved in transfer of materials 
across the membrane  phase could involve chemical reactions or molecular re- 
arrangements such as the "ga te"  mechanism suggested by Patlak (15). In this 
case, the P's would represent rate coefficients for the translocation process. If  
the steps involving transfer across the membrane  were slow relative to the 
association-dissociation reactions at the surfaces, the kinetic description of the 
system would be unaltered and all considerations presented above would 
remain valid. Thus, the ability of the model to describe the kinetics of the 
Na-alanine interaction should not be taken as evidence for the existence of a 
mobile carrier. 

Alanine-Dependent Na Influx 

The addition of actively transported sugars or amino acids to the solution 
bathing the mucosal surface of rabbi t  ileum results in an immediate increase 
in the short-circuit current  due to an increased rate of active Na transport 
from mucosa to serosa (7, 16). The  increase in the short-circuit current  is a 
saturable function of the mucosal alanine (or sugar) concentration (7). These 
observations supported the concept that a ternary complex involving Na is 
responsible for the influx of the nonelectrolyte (17). The present experiments 
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provide the first clear demonstration of a coupled entry of amino acid and Na 
from the mucosal solution into the cell and the alanine-dependent Na influx 
is of sufficient magnitude to account for the increased rate of transmural Na 
transport in the steady state. Thus at 5 mM alanine, the steady-state influx of 
alanine across the mucosal border averages 2.2 /zmoles/hr cm ~. Since the 
coupling ratio between alanine and Na is 0.9 at 140 mM Na (Fig. 6), the in- 
creased Na influx will be 2.0 #moles/hr  cm 2. The  rate of net transmural ala- 
nine transport under  similar conditions averages 1.3 #moles/hr  cm 2 (footnote 
3), so that  alanine efflux out of the cell across the mucosal border must be 0.9 
#mole /hr  cm 2. Assuming that the transport mechanism is symmetrical, 4 as 
shown in Fig. 4, the coupling ratio between alanine efflux and Na effiux in 
the presence of a cell Na concentration of 50 r r~  (18) is 0.75. The  effiux of 
Na coupled to alanine would be (0.75) (0.9) -- 0.7 /zmole/hr cm ~, and the 
net  alanine-dependent flux of Na across the mucosal border becomes 1.3 
/zmoles/hr cm 2. This prediction for the increased rate of Na transport in the 
presence of 5 na~ alanine is in good agreement  with the value of 1.5/zmoles/hr 
cm ~ observed by Schultz and Zalusky (Fig. 2, reference 7). 

Alanine-lndependent Na Influx 

The  conclusions drawn from the model of Na and amino acid interaction 
permit  a more detailed examination of the data  presented in the preceding 
paper on the effects of K and Li on Na and alanine influxes. Since Na influx 
can be described adequately by equation 5 and since the coefficient multi- 
plying J~a in the expression has been evaluated, the effects of K and Li on the 
alanine-independent Na influx, J~,,  can be estimated. Table  IV gives values 
of J~ ,  at 22 m ~  Na under  control conditions (118 m~a choline) and in the 
presence of various other replacement solutes. As expected from the data  
given previously, replacement  of choline by Tris or of choline chloride by 
mannitol does not alter J~;~ significantly. K causes a depression of the alanine- 
independent  Na influx under all conditions tested. When  K is used in the 
test solution only, so that  the tissue is exposed to high K for approximately 
60 see, the effect on Na influx is small. Preincubation of the tissue in high K 
for 30 rain causes a significant further inhibition of Na influx and, as shown 
in the last row of the table, the preincubation in high K has an effect even if 
the K concentration in the test solution is normal (12 mu) .  The  effects of K 
on the alanine-independent Na influx are approximately the same as those 
observed on alanine influx (Fig. 5, reference 1). Since these two processes 
appear to be independent,  this observation suggests that  the decrease in 
fluxes caused by K is not specific but  is the result of a general effect on the 
tissue. The  effect of Li is of particular interest. The  substitution of Li for 

4 T h e  model  shown  in  Fig. 4 is considered symmet r ica l  if KI = K,  and  K2 = Ka. 
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choline caused only a 18°-/o inhibition of alanine influx (Fig. 4, reference 1) 
but  resulted in a 60% inhibition of the alanine-independent Na influx. As 
discussed previously, the observation suggests that this portion of the Na 
influx may not be the result of a simple diffusion process; it may  involve a 
carrier-mediated process or some other specific interaction with the mem- 
brane which is subject to inhibition by Li. 

T A B L E  I V  

Na influx 

Treatment Control~ Test n* .~ 

llmoles/hr ¢mi 

118 ro~ Tr i s  4 .6  4 .7  6 > 0 . 1  
236 r ~ t  mann i to l  4 .4  5.0 4 > 0 . 1  
118 r r~  Li 4 .8  2.0 8 <0 .01  
130 m ~  K 4.1 3.4 10 > 0 . 0 5  

130 ham K (pre incuba t ion)  4.7 2.4 6 <0.01  
130 rnM K (test) 

130 MOan K (pre incuba t ion)  4.1 2.8 4 <0 .01  
12 ham K (test) 

* No.  of  observat ions .  
Cont ro l  t issue p r e i n c u b a t e d  in solut ion conta in ing  118 ~ choline,  22 m u  

N a  and  up take  measured  f rom same solution.  Tes t  tissue was  p r e i n c u b a t e d  
in this same solut ion unless  o therwise  no ted  and  up take  measu red  f rom solu- 
t ion shown in co lumn 1. All solut ions con ta ined  22  r r ~  Na. Con t ro l  and  test 
data  for each condi t ion  were  ob t a ined  on  tissues f r o m  the same animals .  

Net Transport and Tissue Accumulation of Amino Acids 

The model presented in Fig. 4 makes no provision for the direct utilization of 
metabolic energy in the processes of amino acid entry. Since amino acids are 
accumulated by the mucosal ceils to concentrations considerably above those 
in the bathing medium (5, 18, 19) and are transported across the intestine 
against substantial concentration differences (19-21), a consideration of 
energetics is necessary. Both cell accumulat ion and net transmural transport 
of amino acids are inhibited by metabolic poisons (22) but  this observation 
does not necessarily demonstrate a direct coupling of amino acid transport to 
metabolism. The  same results would be obtained if amino acid influx were 
coupled to the movement  of another  solute whose transport is, in turn, 
directly coupled to metabolic energy (see references 23 and 24 for a phenom- 
enological description of such coupled processes). Tha t  amino acid trans- 
port  "could be wholly driven by the energy inherent  in the asymmetry of 
cellular alkali metal distribution" was suggested by Christensen and his 
coworkers (25), and the possibility of a ternary complex between Na, glycine, 
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and carrier was entertained by these investigators. More recently Crane (26) 
has proposed that  accumulat ion and, hence, net  transport of sugars can be 
explained by the concentration differences of Na and K between the cell and 
its environment and does not  require a direct coupling to metabolic energy. 
Vidaver (27) has suggested that glycine accumulation by pigeon erythrocytes 
is due to a Na concentration difference. The  models involved are rather  
similar to that proposed here. However, the data  available do not provide 
conclusive evidence that alanine transport by rabbit  ileum can be accounted 
for by the Na concentration difference alone. This point may be illustrated by 
examining some simple thermodynamic implications of the system shown in 
Fig. 4. The  most straightforward approach is the evaluation of the dissipation 
function ~ (or the entropy production) 5 of the system which must be positive 
if the process under  consideration is to occur spontaneously (24). As shown in 
Appendix B, the dissipation function for the model depicted in Fig. 4 can be 
written simply 

(6) 

in which the J ' s  are the coupled net fluxes of alanine and Na across the 
mucosal membrane  and are positive in the direction mucosal solution to 
cell. The  A#'s are differences in chemical potentials across the membrane.  
As indicated above, the coupled net  fluxes of Na and alanine across the 
membrane  are approximately equal at 140 mM Na. If we assume that  cellular 
concentrations determined on mucosal strips (18) apply to the condition of 
steady-state net  transfer, equation 6 can be evaluated. With mucosal solution 
concentrations of 140 mM for Na and 5 mM for alanine, cellular concentrations 
were found to be approximately 50 m~ Na and 40 rnM alanine. Assuming 
that  cellular and extracellular activity coefficients are equal, the dissipation 
function then becomes 

¢ = RTJa{ In  0.125 + In 2.80} = -- 1.05RTJ~ 

Since the dissipation function is negative, the proposed process cannot  occur 
spontaneously. As indicated in Appendix B, if one of the carrier complexes is 
charged, Ag~a should be replaced by Ag~a. Assuming a potential difference 
of 15 my, cell-negative (footnote 3), ~ becomes - 0 . 4 9  R T  Ja.  Since ~ is 
still negative, a spontaneous process of net  alanine transport under  the condi- 
tions assumed seems impossible in terms of this simple model. There  is, how- 
ever, a net  alanine flux across the mucosal border so that the correct dissipa- 
tion function must involve terms in addition to the two indicated, or the 
evaluation of ~ must be incorrect. For example, the association-dissociation 

6 The dissipation function is given by the absolute temperature times the rate of entropy production 
due  to irreversible processes occurring within a system. 
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reactions were considered to be at equilibrium and, thus, to make no con- 
tribution to the dissipation function. Since net flows of the reactions must 
occur, this assumption cannot  be entirely correct bu t  the contribution to 
cannot  be evaluated. Further, cell Na may be compartmentalized in such a 
way  that the concentration at the membrane itself is considerably lower than 
the average value determined for total cell water. In order to give a positive 
dissipation function, the Na concentration at the cytoplasmic side of the 
mucosal border would have to be less than 17 m~t (or less than 30 mM if the 
transport is influenced by  the potential differenceS). Finally, the intracellular 
Na and alanine concentrations pertaining under conditions of steady-state 
net transport may  not be the same as those observed in mucosal strips even 
though the two conditions seem comparable.  

The  above considerations are all based on the assumption that the transport 
system is symmetrical, having the same properties at both sides of the mem- 
brane. Alternatively, the system may not be symmetrical. The  proposal of 
Crane (26) (see also Kipnis and Parrish (28)) that the high cellular K in- 
fluences the affinity of substrate for the carrier is a possible source of asym- 
metry. However,  we have been unable to obtain any evidence for a major 
effect of extracellular K on alanine influx and there are indications that  even 
the observed 20~o inhibition may be a relatively nonspecific effect. Thus, a 
marked influence of the K concentration difference seems unlikely in the 
present case. Nonetheless, the possibility remains that the influence of K on 
the cellular side of the membrane  is different from that on the outer side. 
In addition, other properties of the cytoplasm could contribute to an asym- 
metry. Finally, there is the clear possibility that a direct participation of 
metabolic energy is involved in providing the asymmetry necessary to account  
for tissue accumulation and net transport. For example, a metabolic alteration 
of the carrier at the inner surface which reduced its affinity for substrate would 
increase the accumulation ratio. In this case a new, detailed formulation of 
the model system would be required and the dissipation function of the 
system would take a different form. A more detailed understanding of the 
cellular compartment  is clearly necessary for an explicit thermodynamic de- 
scription. In  addition, the influence of metabolic inhibitors on the influx 
process must be examined and information on outflux from the cell must be 
obtained before the process of accumulation can be fully understood. 

Although the present model may  not account quantitatively for the ob- 
served levels of amino acid accumulation by mucosal cells, the inhibitory 
effects of ouabain or a Na-free medium are readily explicable in terms of a 
symmetrical transport system and the Na concentration difference. When  

6 The  cell Na  concentrat ion of 50 mM was calculated after correction for the N a  content  of the inulin 
space of mucosal strips. Since, as noted previously (18), inulin may underestimate the extracellular 
space, it is likely that  the true intracellular Na  concentration is leas than 50 raM. 
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mucosal strips are incubated in the presence of ouabain or in a Na-free 
medium, the difference between intracellular and extracellular Na concen- 
trations is essentially abolished within 30 rain (18). Examination of Fig. 4 or 
equation A7 shows that  if K1 = K4 and K~ = K3, and ff [Na]m = [Na]0 the 
system will reach a steady state when [A]o = [A]~ (that is, net  flux across the 
mucosal border will be zero when the concentration ratio for alanine reaches 
unity). Thus the inhibition of amino acid accumulation and transmural 
transport against a concentration difference by Na-free medium, ouabain, or 
metabolic inhibitors may  be attributed to the fact that  under  all these condi- 
tions [Na]~ ----- [Na],,. 

This explanation for the inhibitory effect of ouabain is consistent with a 
number  of experimental observations. Ouabain  inhibits transmural transport 
of sugars (29) and amino acids (30) only when it is present in the serosal 
bathing solution even though the mechanisms responsible for transmural 
transport of sugars and amino acids against concentration differences are 
located in the brush border (4). While it is possible that  some ouabain crosses 
the serosal membrane  and gains access to the nonelectrolyte transport mecha- 
nisms, two observations mitigate against this possibility. First, when ouabain 
is placed in the serosal solution, very little enters the mucosal cells and vir- 
tually none appears in the mucosal solution (29). Second, in squid axon (31) 
and erythrocytes (32) there is evidence suggesting that the site of ouabain 
action on cation transport is at the extracellular surface of the membrane.  
While these observations do not rule out an intracellular action of ouabain on 
nonelectrolyte transport in intestine, a much  simpler explanation is suggested 
by the finding that  ouabain inhibits active Na transport across rabbit  i leum 
only when it is present in the serosal solution (9). Thus, inhibition of the 
mechanism by which Na is extruded from the cell could abolish the difference 
between [Na]o and [Na] ~ and thereby inhibit sugar and amino acid transport. 
The  effect of ouabain may be restricted only to its well known role as an 
inhibitor of cation transport and no direct action on nonelectrolyte transport 
need be postulated. 

Other Studies 

It  is somewhat difficult to compare these studies quantitatively with other 
investigations of interrelations between Na and nonelectrolyte transport by 
intestine. The  present experiments are unique in that they provide data  on 
unidirectional influx across the mucosal border. Other  studies involving 
measurement  of tissue accumulation or transmural transport do not provide 
unequivocal information on this influx process. In  fact, extrapolation of data  
on accumulation or transport to conclusions regarding the transport mecha- 
nism may  be misleading. Thus, the careful studies of Mathews and Laster 
(21) on transmural transport indicated that  the maximal transport rates for 
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alanine, valine, and leucine were in the ratio 1.0:0.56:0.29 while the data  
shown in Table  I indicate that, for the mucosal entry step, the maximal rate 
is the same, within experimental error, for all three compounds. While this 
difference could be due in part  to species variation, it probably also reflects 
the fundamental  difference between mucosal influx and transmural flux. 
Even measurements of tissue uptake over relatively short time intervals (5-10 
rain) do not provide data which are directly comparable to the present 
measurements for two reasons. First, the tissue is exposed to fluid on both 
sides and there is no clear way  of separating uptake across the serosal side 
from that at  the mucosal side. Second, in the presence of Na, sufficient amino 
acid enters the cells in 5-10 min to make estimation of a unidirectional 
influx impossible. In 10 min, alanine has reached approximately 75% of its 
steady-state concentration in mucosal strips (18). Thus, such experiments 
actually measure a complex relation between influx and outflux at the mucosal 
and serosal borders. Coefficients such as Kt or maximal rates calculated from 
these data  are extremely difficult to interpret as Mathews and Laster (21) 
have pointed out. The  studies most similar to the present ones are those of 
Rosenberg et al. (19) examining the effect of Na on the steady-state influx and 
efflux of the model amino acid l oaminocyclopentane-5-carboxylic acid 
(ACPC) in segments of rabbi t  je junum. A decrease in Na concentration of the 
bathing medium caused a marked depression of A C P C  influx into the tissue. 
O n  the assumption that the major route of A C P C  entry into the tissue was 
via the mucosal border, their results are similar to those reported here. How-  
ever, quantitative comparisons cannot be made  until information on the 
relative contributions of the mucosal and serosal borders to total influx into 
tissue segments has been evaluated. 

Studies on several nonepithelial systems have yielded data  on amino acid 
transport which are similar to the present observations bu t  in no case do 
precisely the same factors seem to be involved. Vidaver (27) has suggested 
that  his observations on the influence of Na on glycine transport by pigeon 
erythrocytes could be explained by a system involving a carrier or site which 
combines with two Na ions and one amino acid molecule. His data  appear  
to be fitted best by a model in which the site must first combine with the Na  
ions. The  studies of Kipnis and Parrish (28) on the influence of Na on amino 
acid transport by rat  diaphragm and isolated lymph node cells also seem 
qualitatively similar to our observations with respect to effects of changes in 
Na concentration. They  have suggested that amino acid accumulation is the 
result of Na and K concentration differences as proposed by Crane (26) for 
sugars in intestine. Finally, the transport of amino acids by Ehrlich ascites 
cells is strongly dependent  on Na (33). In contrast to the present observations, 
Wheeler et al. (34) have recently reported that both the Kt and the maximal 
velocity for influx of aminoisobutyric acid are reduced by  lowered Na con- 
centration. Interpretation of observations on amino acid transport by ascites 
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cells may be complicated by the possibility that  there are multiple modes of 
transport (5) bu t  this conclusion has been questioned by  Jacquez  and Sher- 
man (35). In intestine, we have been unable to obtain any evidence that  more 
than one mechanism is involved in the transport of alanine, valine, and leucine 
across the mucosal membrane.  

I t  is not clear whether the differences between these other tissues and 
intestine indicate the presence of different transport mechanisms or whether  
they represent different expressions of the same basic mechanism. Certainly 
the Na dependence of amino acid influx is present in all cases and many 
observations seem compatible with variants of the model shown in Fig. 4. 
For example, as indicated by equation A4, the present model predicts, under 

J a  would vary with Na  concentration. certain conditions, that  both  Kt and ~'~ 
I t  would be of interest to have information on the influence of amino acids on 
Na influx in these tissues since such data  have proved particularly useful in 
suggesting and supporting the present model for the intestinal transport 
system. 

A P P E N D I X  A 

We wish to examine the kinetic behavior of the model shown in Fig. 4 under steady- 
state conditions. Under these conditions, the eoncentrations of all components in 
the membrane phase are constant at all points of the phase so that, for example, 

and at the mucosal boundary 

a t x l  _ o 
dt 

a[~m 
dt 

- k, [A]., [X]~ + k-1 [XAlm + P3 [X]~ -- P3 [X]m = 0 (A1)  

Similar expressions may be written for the other components of the membrane phase 
at both the " m "  (mucosal solution) and "c" (cell) boundaries. The net steady-state 
velocity of the system, J a ,  is given by 

d .  = P l ( [ x A ] , .  - [XA]o) + P~([XANa]~ -- [XANa]o) 

Following the approach discussed by Hearon (37), the set of equations of which 
equation A1 is an example can be used to form the set 

J a  = wx[X],.  - -  w_~[XA], .  

--  w2[XA],~ - -  w_2[XANa] , .  + P~([XA], .  - -  [XA]c) 

= P~([XANa] , .  - -  [XANa]c) + P•([XA],. - -  [XA].) 
(A2) 

= w , [ X A N a ] .  - -  w _ , [ X A ] ,  n u P,([XA],~ - -  [XA]~) 

= w 4 [ X A ] , -  w _ , [ X ] ,  

= P , ( [ x ] o -  [x]~) 



I~82 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 ° • 1967 

in which 

Wl = k l [ A ] ~  w~ = k ~ [ N a ] ,  w3 = k_3 we = k_4 

w - a  = k _ l  w _ 2  = k_2 w _ 3  = k 3 [ N a ] ~  w ~  = k4[A]= 

The k±~ are forward and backward rate coefficients for the various reactions and the 
P~ are permeability coefficients. In addition, the total amount of carrier is assumed 
to be constant so that 

2C, = [X],,, -b [X]~ + [XA],, -k [XA]c -k- [XANa],, -k [XANa]~ (A3)  

in which C, is total carrier concentration. The factor 2 enters because the mean 
concentration of each form has been defined by relations of the type IX] . . . .  = 
([X]~ + [X],)/2. The set of equations A2 together with equation A3 may be solved 
simultaneously for Ja.  Since we are, at present, interested in the initial alanine influx 
into ceils which have not been preloaded, the condition [A]~ = 0 has been imposed. 
The resulting expression for J a  will then represent the unidirectional influx from 
mucosal solution to the cell, J~. The general solution of this set is straightforward 
but tedious; the resulting expression for J~a contains 32 terms in the denominator 
involving products of the w's and P's. An expression of this complexity is of little 
use in quantitative considerations of alanine flux. In addition, the general expression 
for J~a contains terms in [Na]0 in the denominator while our observations have in- 
dicated that J~a is independent of [Na],. While it is impossible to evaluate the rela- 
tive importance of these terms in [Na]¢, their presence suggests that the general 
expression for J~a might not fit the experimental data and we have, therefore, ex- 
amined the influence of some simplifying assumptions. 

The  diffusion of carrier may be assumed to be much slower than the postulated 
association-dissociation reactions; that is, P1, P2, P3 < w~, w-~ for all i. This assumption 
leads to considerable simplification and the resulting expression for J~ is 

J~a = 2C, P3 kx {Px k~ [Nalm -b P2 k_~} [A],, (A4)  
2/'3 k_~ k_2 q- kl [AI,,I(P~ + P3)k~ [Na],~ "k- (P~ -{'- P3)k-2} 

This expression could satisfy much of the present data but, depending on the rela- 
tive values of PI, P~, a n d / 8 ,  the maximal influx rate, ~ ,  could depend on [Na]m. 
Since the data suggest that such a dependence does not occur, the additional as- 
sumption that the three permeability coefficients are equal has been made. This 
assumption is also necessary to insure that there be no transconcentration effect 
(see the analysis of Heinz and Durbin, 10). Equation A4 then reduces to 

= 
c, P [,4],. 

x* K' + [A]., (A5) 
[Nalm q- K~ 

in which P = P1 = P2 = P3, /£1 = k_~/kl, and/£2 = k_2/k2. The use of equation 
A5 in analysis of the present data is discussed in the text. 
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An expression of the form of A5 can be obtained without assuming that all three 
permeability coefficients are equal. If Pt = /'2 and PI ~ P3, the term CtP becomes 
2CtPaP~/(P1 + P3) and K1 becomes 2K1P3/(P1 + P3). For the present, we shall re- 
tain the simpler assumption of uniform permeabilities since none of the basic con- 
siderations presented here is affected by choice of these two possibilities. 

The unidirectional Na influx arising from the system shown in Fig. 4 should be 
given by Ps[XA Na],,. In solving the set A2 for J/a using the simplifying assumptions, 
the following expression is obtained: 

[XA Na],~ = 
ks [Na]m J~a 

P(ks [Na],~ + k_~) 

The total measured Na influx, d-~,, is given by the flux via the carrier system plus 
a flux J ~  through other paths so that 

j ~ .  [ [Nal,~ ] , , 
= [_[Na~ + Ks J a + J N~ ( A6 ) 

As in equation A5, K2 = k_s/ks. An experimental test of equation A6 is described 
in the text. 

If the restriction that [.4] c = 0 is removed, the set of equations A2 may be solved 
for the rate of net transfer, JA. Using the assumptions that the permeation steps are 
rate-limiting and that P1 = P2 = P3 -- P, the resulting expression is 

Ct PiK3 K4([Na],. + Ks) [A]. -- K1 Ks([Na]c q- K3)[A]¢} 
J a  = K1 Ks K3 K, + Ka K4([Na]m + Ks)[A]m -t- K1 Ks([Na]~ q- K3)[A]c ( h 7 )  

+ ([Na]m + Ks)([Na]+ + Ks)[AIm [A]c 

in which K3 = k3/k-3 and/(4 = k,/k_,. 

A P P E N D I X  B 

The entropy production, d~S/dt, or dissipation function, ,I, = T diS/dr, in the system 
illustrated in Fig. 4, may be evaluated easily under steady-state conditions (24). Since 
the steps involving transfer across the membrane are rate-limiting, the chemical re- 
actions at the boundaries may be assumed to be approximately in equilibrium and 
their contribution to entropy production within the membrane may be neglected. 
Thus, to a first approximation 

= JxaA#xa + Jxa~,h#xaN, + JxA#x (B1)  

The J ' s  are positive in the direction mucosal solution t o  cell and A indicates mucosal 
solution minus cell. At the mucosal solution side of the membrane, the condition of 
equilibrium for the chemical reactions reeuires that ,+ 

! t g 
#a + #x -- #xa 

? ! t /z~a ~t_ #xa -- /Zxa~a 
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and  at  the opposi te  side 

Thus,  

g/ H H 

/z~t + #x = #x~ 

t /  / t  g/ 
#Na-[-  #x~t = #XANa 

ApxA -- A/.tx = Ap.A (B2) 

A#x.~H~ -- A#x ---- A#N~ q- A#~ 

Fur ther ,  since the  car r ie r  is confined to the  m e m b r a n e  phase,  

(B3) 

Jx~ + Jx~N~ + .Ix = 0 ( B 4 )  

In t roduc ing  equat ions B2, B3, and  B4 into equa t ion  BI and  rea r rang ing  yields 

(B5) 

Assuming tha t  there  are b o u n d a r y  equi l ibr ia  be tween the solutions and  the mem-  
b rane  phases (94), A # ,  and  A # ~  m a y  be taken as the differences between the two 
solut ion phases and equa t ion  B5 m a y  be wr i t t en  

( B 6 )  

in which  J a  and  J ~  are  the coupled net  fluxes of amino  acid  and  Na.  I f  XANa is 
assumed to be posit ively charged,  s imilar  a rguments  inc luding  electr ical  potent ia l s  
show tha t  

( B 7 )  

in  which  ~N* is the  e lec t rochemical  potent ia l  of Na.  Thus  under  s teady-s ta te  condi -  
t ions the diss ipat ion funct ion for the  proposed  model  can  be expressed s imply  in  terms 
of flows and  forces externa l  to the  membrane .  
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