
Bioehimica et Biophysica Acta, 373 (1974) 265-276 
~) Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 76791 

EFFECT OF T H E O P H Y L L I N E  A N D  Na + ON M E T H I O N I N E  I N F L U X  IN 

N a + - D E P L E T E D  INTESTINE 

PETER H. BURRILL,  PEGGY A. SATTELMEYER and JOSEPH LERNER 

Department o f  Biochemistry. UniL'ersity o f  Maine, Orono, Me. 04473 (U.S.A.) 

(Received June 7th, 1974) 

S U M M A R Y  

The unidirectional influx of  methionine into the brush border epithelium of 
chicken jejunum has been studied. Tissues leached of  Na + transport methionine t rom 
a medium devoid of Na + with reduced apparent affinity (Kt) and maximal flux (Jm,x)- 
Addition of  Na + to the medium during a l-min incubation with substrate, or during 
a 30-min preincubation, restored K t but affected J,,,x slightly. Theophylline was found 
to maintain J.,ax in the absence of Na +. Essentially complete restoration of K, and Jmax 
could be attained when theophylline-treated tissue was exposed to Na + for 30 min. 
Influx from a Na + medium was unaffected by theophylline pretreatment in Na +- 
containing buffer. K t was increased without an effect upon J. ,~ when influx was stud- 
ied from choline medium following preincubation in Na +. 

Modifiers of tissue cyclic AMP levels were investigated in conjunction with 
theophylline. Histamine and carbachol were found to inhibit theophylline-stimulated 
transport. Secretin was found to stimulate influx in Na+-leached tissue, but did not 
potentiate the theophylline effect. Amino acids in the incubation medium inhibited 
theophylline-stimulated influx, whereas preloaded lysine or methionine had no effect. 

The results are interpreted in terms of a model which envisions roles fo~ cellular 
and external Na + and for cyclic AMP in the activation and regulation of amino acid 
t~ansport in intestine. 

INTRODUCTION 

Theophylline, a potent inhibitor of  phosphodiesterase [1], has been found 
to have a number of  effects upon various transport  processes in tissues. Stimulation 
of amino acid transport  by theophylline has been observed in rat intestine [2], 
pelvic bone [3] and in liver [4]. Phang and Downing [5], in contrast, have noted that 
theophylline inhibited amino acid uptake in fetal calvaria bone and other investiga- 
tors have demonstrated a reversal of  growth hormone-stimulated transport  in dia- 
phragm [6]. In mammalian intestine, theopbylline was discovered to stimulate NaCI 
secretion, to decrease tissue conductance and to inhibit in a non-competitive fashion 
the coupled NaCI influx [7-11]; however, passive permeability to urea and mannitol 
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was not affected [11]. In addition to a possible effect of this alkaloid on cyclic AMP- 
mediated processes, Plagemann and Sheppard [12] have recently shown that it can 
inhibit nutrient transport  at the cell surface in cultured tissue by a direct competitive 
action. Nonetheless, in a number of tisssues such as uterus [13], kidney [14], and 
bone [3, 5] either dibutyryl cyclic AMP, another inhibitor of phosphodiesterase, or 
cyclic AMP [13, 14] has been shown to stimulate amino acid transport, in calvaria [5] 
and kidney [14], cyclic nucleotide appeared to enhance uptake by augmenting syn- 
thesis of a Na +-dependent transport system; similarly in liver cycloheximide was found 
to block cyclic AMP-stimulated transport [15]. 

In view of the documented effects of Na + in augmenting transport  in a wide 
variety of systems [16] and the current reports on theophylline, we chose in this study 
to investigate the relationship between Na + and theophylline effects. Moreovel, we 
have proposed a model which attempts to explain the roles of Na + and cyclic AMP 
in intestinal membrane transport. 

M E T H O D S  A N D  MATERIALS 

White Rock x Cornish male chickens, 11-15 weeks old, were starved 18 h 
prior to sacrifice by cervical dislocation. The jejunum was excised, opened along the 
mesenteric border and washed in previously gassed (O2 : CO2, 95 : 5, v/v) 0.9 o~, NaCI 
solution enriched with 0.3 °J'£1 glucose. Jejunal segments were mounted in lucite cham- 
bers described by Schultz, et al. [17] for the determination of unidirectional influx of 
[1 ~C]methionine from the mucosal solution across the brush border into the absorp- 
tive epithelium. Krebs-Henseleit  bicarbonate buffer of the following composition 
(raM); NaC1, 118; KCI, 4.7; CaCI 2 • 2H20,  2.5; KH2PO4, 1.2: MgSO~, 1.2; NaHCO3 
25; at pH 7.4 was used during preincubation unless otherwise indicated. NaC1 and 
N a H C O  3 were replaced isotonically by choline chloride and choline bicarbonate in 
Na+-fi'ee solutions, respectively. The O2-CO2 gas mixture was used for both aerating 
and stirring incubation solutions. Incubations were performed in a room maintained at 
36~  I °C. Influx was measured by exposing the mucosa for 1 rain to Krebs-Henseleit 
buffer which contained [14C]methionine and was expressed as nmoles transferred 
from the medium to the cell per cm 2 of tissue. Immediately following the removal 
of the incubation solution, the tissue was washed with either physiological saline 
(,when the incubation was performed in Na+-containing media) or with choline 
chloride (for incubations carried out in Na+-depleted media). The exposed mucosal 
area was punched out, placed in culture tubes containing 1.5 ml of 2.5 ')~, trichloro- 
acetic acid and shaken for 2 h. Radioactivity in the clarified extract was determined 
by standard scintillation counting techniques. The mediated portion of methionine 
transport  was determined from the difference of influx in the absence and presence 
of 40 mM leucine, which was a concentration of competitor sufficient to prevent 
access of tracer to the carrier. The uninhibitable flux was a linear function of substrate 
concentration to 50 mM methionine and was attributed to non-specific binding and 
diffusion. Data were corrected for non-mediated entry using an apparent diffusion 
coefficient of  4.1 nmoles • cn -2.  rain -~ • m M -~ which was the slope of the line measur- 
ing influx vs methionine concentration in the presence of leucine. Preliminary experi- 
ments showed that preincubation in the absence of Na +, with theophylline, or with 
2, 4-dinitrophenol did not detectably alter non-mediated influx. Mannitol was used 
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as an osmotic control in the inhibition experiments which employed high concentra- 
tions of  amino acids. 

All chemicals were reagent grade except where otherwise noted, t.-[14C]methio - 
nine was obtained from New England Nuclear Corp. (Boston, Mass.). 

RESULTS 

Effects o f  Na + and theophylline on methionine influx 
Table I summarizes the effects of  theophylline and Na ÷ on the maximal flux 

and the apparent Michaelis constant, Kt, for methionine influx in Na+-depleted intest- 
ine. A concentration of 7 mM theophylline was found to produce maximal effects 
(Fig. 1) and was used in all experiments requiring theophylline pretreatment. The kinet- 
ic parameters typically obtained under Na+-replete conditions are given in Expt 1 in 
which the intestine was exposed for 30 min to normal Krebs buffer followed by a 
l-min exposure to tracer methionine in the same buffer. In the second experiment the 
tissue was depleted of Na + and influx was measured from Na+-free choline-substi- 
tuted buffer. The results were a marked decrease in Jm~ and a 4-fold increase in Kt. 
Expt 3 revealed that incubating the tissue in normal Na + buffer following Na ÷ 

T A B L E  I 

E F F E C T S  OF T H E O P H Y L L I N E  A N D  Na + ON Jmax A N D  Kt OF M E T H 1 O N I N E  I N F L U X  IN 
N a + - D E P L E T E D  I N T E S T I N E  

This table summar izes  the kinet ic  constants  ob ta ined  from Lineweaver -Burk  plots. The curves were 
fitted with the aid of  a weighted least squares analysis  with j 4  used as the weight ing factor [37]. 
In tes t inal  segments  were moun ted  in lucite chambers  in which only the mucosal  surface was exposed 
to either Krebs-Hense le i t  buffer (Na +) or chol ine-subst i tu ted Krebs-Hense le i t  buffer (no Na+ l .  
Each pre incubat ion per iod was 30 rain; incubat ion with tracer  meth ionine  was for 1 min. Methionine  
concent ra t ion  in the incubat ion  solut ions ranged from 0.17 to 20 mM. Theophyl l ine  was added to the 
pre incubat ion  solut ions as indicated at a concentra t ion of  7 mM. Glucose (0.3 %) was added to all 
solutions.  For other  details see text. 

Experiment  Trea tment  Jmax nmoles  - Kt (mM) 
c m - 2  . m i n - t  

First Second Incubat ion  
pre incubat ion  pre incubat ion  

1 Na  + None  Na  + 

2 No Na  + None No  Na  + 

3 No Na  + None Na + 

4 No Na + Na + Na + 

5 No Na  + None No Na + 
theophyl l ine  

6 No Na +, None Na + 
theopbyl l ine 

7 No Na +, Na  + Na + 
theophyl l ine 

8 Na +, None Na + 
theophyl l ine  

9 Na  + None 

94 1.7 

35 7.0 

50 2.2 

50 1.6 

94 12.0 

94 4.4 

94 2.4 

94 1.9 

No Na + 94 4.1 
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Fig. 1. Dose response curve for theophylline stimulation or  methionine influx. Percent stimulation 
represents stimulation of  the total flux in the absence of Na +, uncorrected for diffusion. Methionine 
concentration was 0.056 mM. Each point is the mean --S.E. of  8 determinations on tissues from 4 
animals. 

depletion resulted in restoration of K, with only a slight increase in Jmax" Furthermore, 
experiments were performed in which methionine influx was measured from solutions 
containing 20, 40, 60 or 80 mM Na + following preincubation in choline buffer. The 
kinetic parameters obtained under these conditions did not differ significantly from 
those found in Expt 3 (data not shown). Longer exposure to Na ~ following Na +- 
depletion did not alter significantly K t or J, .... (Expt 4). These data indicate that the 
removal of Na + from this preparation resulted in a loss of transport capability (as 
noted by a decrease ill Jm,~) which could not be restored by tile addition of Na +, 
although the effects upon K, could be reversed by Na +. 

When the jejunum was pretreated with choline buffer, containing theophylline, 
and then incubated with substt ate in the absence of Na + (Expt 5), J .... was maintained 
at the level found in Expt 1. These results are in contrast to those reported in Expt 2, 
and in addition, demonstrate that theophylline pretreatment increased Kt relative 
to the Na+-depleted case. In Expt 6, pretreatment with theophylline was followed by 
incubation with substrate in normal Na + buffer. Na + did not potentiate the effects 
or theophylline o n  Jma* in accordance with the results in Expt 3: however, K t was 
decreased relative to Expt 5. When the initial preincubation with theophylline was 
followed by a second preincubation in normal Na + buffer, the kinetics of influx from 
a Na + medium were virtually the same as those determined without prior Na + 
depletion (Expt 7). In order to ascertain whether the decrease in K t seen in Expt 7 
was due to a prolonged exposure to Na + rather than to a loss of theophylline from 
the tissue into the Na+-containing medium, the same experiment was performed with 
the exception that theophylline was added to the second preincubation medium. 
Under these conditions no significant change was noted in either K, or JmJ~ (data not 
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shown). These observations allow for the interpretation that prolonged exposure 
to Na + was essential for full restoration of K t in the theophylline-treated tissue. 

The observation that theophylline pretreatment in the presence of Na + (Expt 
8) did not cause a potentiation of influx when compared to Expt 1 indicates that the 
actions of  these modifiers on "/max are not independent. Furthelmore,  these data sup- 
port the premise that theophylline functions in maintaining Jmax under conditions of  
Na ÷ depletion. Experiments were also performed in which preincubation in normal 
N a -  buffer was followed by measurement of  influx from a choline medium (Expt 9). 
The tissue was rapidly washed twice in choline buffer to remove adherent Na  ÷ and 
then exposed to tracer. In this treatment the Jmax w a s  unchanged compared with 
Expt 1, whereas K, was increased by a factor of two. These findings implicate Na ÷ as 
having an intracellular role in maintaining Jm.,~. 

Influence of various agents on theophylline-stimulated transport 
The mechanism of theophylline stimulation might be to enhance glucose trans- 

port and (or) metabolism with the resultant increase in ATP production leading to an 
augmented energization of  methionine influx. This possibility was ruled out by the 
results of  Fig. 2 which show glucose to have no effect on influx. 

In preliminary experiments 0.3 mM 2,4-dinitrophenol was found to essentially 
abolish Na+-independent influx. Fig. 2 shows that 2,4-dinitrophenol inhibited a por- 
tion of theophylline-stimulated transport. The flux not subject to inhibition under 
these conditions was comparable in magnitude to the difference between the theophyl- 
line-stimulated control flux and the Na+-independent control flux. The Na+-indepen- 

6[ 
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Fig. 2. Effects of  dinitrophenol and glucose on theophylline-stimulated methionine influx. Each 
value represents the mean ±S.E .  of  8-24 determinations on tissues from 4 12 animals. Intestinal 
segments were mounted in lucite chambers and preincubated in the absence of Na + with 7 mM theo- 
phylline and with ([])  or without 0.3 ~ glucose ( m )  or with 0.3 mM 2,4-dinitrophenol ( l ) .  Glucose 
was not used in the dinitrophenol experiments. Influx in the presence of  dinitrophenol and theophyl- 
line was statistically different from influx in the presence oftheophyll ine alone at P<0.001 for all 
concentrations of  methionine. 
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TABLE ll 

EFFECTS OF VARIOUS MODIFIERS OF C E L L U L A R  C Y C L I C  AMP LEVELS ON L-METHI- 
ONINE INFLUX 

Intestinal segments were preincubated in choline-substituted Krebs Henseleit buffer with or without 
the indicated additions. Influx was measured in 1 rain from choline buffer containing 0.056 mM 
methionine. Values are the mean~:S.E, of 16 determinations on tissues from 8 animals. The data 
were not corrected for diffusion. Significance of difference was determined by a paired-difference 
test. 

Modifier 

45 mM carbachol 

1 mM histamine 

0.36 unit/ml 
secretm 

1.6 units/ml 
secretin 

4.1 mM dibutyryl 
cyclic AMP? 

1 mM imidazole 

0.1 mM nor- 
epinephrine 

Influx, J 
(nmoles- cm -2 • min ~ 

Control Modifier 

0.536±0.029 

0.424 ± 0.040 

0.452±0.022 

Modifier [ Theophylline 
theophylline 
(7 mM) (7 mMI 

0.557±0.037 0.666+0.042* 0.787-L0.058 

0.419±0.023 0.505±0.040* 0.583 ~ 0,05l 

0.523 7[:0.046"* 0.689±0.058 0.685 ~ 0.048 

0.504~ 0.032 0.696±0.061"** 0.807~:0.074 0.724~0.063 

0.785~0.077 +* 0.775 3:0.049 +* 1.030±0.096 0.861 ? 0 075 *+* 

0.485" 0.036 0.466--0.033 0.645±0.065 0.670 ~0.056 

0.469 ~ 0.023 0.452+0.034 0.657~ 0.037 0.684~0.047 

* Versus theophylline-stimulated influx (column 4 ) , P <  0.05. 
** Versus control, P < 0.05. 

*** Versus control, P < 0.02. 
* All preincubation solutions contained 4.1 mM Na +. 

t+ Versus column 3, P < 0.01. 
t+* Versus column 3, P ~-_ 0.02. 

d e n t  c o n t r o l  va lues  were  1 . 0 7 ± 0 . 1 7 :  2 . 1 0 - - 0 . 3 1 -  6 . 7 0 ~ l . 2 n m o l e s . c m  - z . m i n  -~ 

fo r  0 .166;  0 . 5 0 6 : 2 . 0  m M  m e t h i o n i n e ,  r espec t ive ly .  

T h e  v a r i o u s  a g e n t s  l i s ted  in T a b l e  II were  se lec ted  o n  the  bas i s  o f  t he i r  m o d i -  

fy ing  effects  o n  ce l lu l a r  cycl ic  A M P  levels.  C a r b a c h o l  ( c a r b a m y l  c h o l i n e  c h l o r i d e )  

h a d  n o  effect  o n  the  c o n t r o l  flux b u t  s ign i f i can t ly  d e c r e a s e d  t h e o p h y l l i n e - s t i m u l a t e d  
inf lux .  S i m i l a r  resu l t s  were  o b t a i n e d  w i t h  h i s t a m i n e ,  a l t h o u g h  th i s  a m i n e  was  f o u n d  

to  be m o r e  p o t e n t  t h a n  c a r b a c h o l  in r e d u c i n g  inf lux  in  the  p r e s e n c e  o f  t h e o p h y l l i n e .  

T h e  d u o d e n a l  h o r m o n e  s ec r e t i n  a t  a c o n c e n t r a t i o n  o f  0 .36 u n i t / m l  i n c u b a t i o n  s o l u t i o n  

b r o u g h t  a b o u t  a s l ight  b u t  s ign i f i can t  s t i m u l a t i o n  o f  inf lux  in the  a b s e n c e  o f  t h e o p h y l -  

l ine.  A t  1.6 u n i t s / m l  t h e  m a g n i t u d e  o f  the  s ec r e t i n  p o t e n t i a t i o n  was  e q u i v a l e n t  to  

t h a t  o f  t h e o p h y l l i n e .  A t  n e i t h e r  c o n c e n t r a t i o n  d i d  s ec re t in  i nc r ea se  the  inf lux  a b o v e  

t h a t  c a u s e d  by  t h e o p h y l l i n e  a l o n e  w h e n  it  was  u sed  in c o m b i n a t i o n  w i t h  t he  a l k a l o i d .  

T h e  s ec r e t i n  used  in these  e x p e r i m e n t s  was  a c o m m e r c i a l  p r e p a r a t i o n  ( S i g m a  C h e m i c a l  

Co . ,  St. L o u i s )  k n o w n  to  c o n t a i n  as  m u c h  as 30 o//o p a n c r e o z y m i n .  T h e  poss ib i l i t y  
ex is t s  t h e r e f o r e  t h a t  t he  effects  m a y  be  a t t r i b u t a b l e ,  a t  leas t  in  p a r t ,  to  the  p r e s e n c e  

o f  p a n c r e o z y m i n .  T h e  i n t e r p r e t a t i o n  o f  t he  rest t l ts  w i th  d i b u t y r y l  cycl ic  A M P  was  
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compl ica ted  by the use o f  the N a  + salt  o f  this nucleot ide  which necessi ta ted the addi -  
t ion of  4.1 m M  NaCI  to all p re incuba t ion  t rea tments .  D ibu ty ry l  cyclic A M P  in 
combina t i on  with theophyl l ine  increased influx above  the control .  However ,  nei ther  
agent  a lone s t imula ted  influx above  the cont ro l  flux which was substant ia l ly  greater  
than  that  ob ta ined  in the absence o f  N a  +. Thus  the s t imula tory  effect of  N a  + may 
have masked the no rma l  theophyl l ine  po ten t ia t ion  (which appeared  to be present,  
a l though the da ta  were not  significantly different from the cont ro l )  and possibly that  
of  d ibutyry l  cyclic A M P .  The presence of  imidazole  or norepinephr ine  in the preincu- 
ba t ion  so lu t ion  was wi thout  effect on ei ther the N a  + independen t  or  the theophyl l ine-  
s t imula ted  flux. 

Spec([icity of methionine it~ux 
Figs 3a and 3b show the re la t ionship  between the inhibi t ion of  the Na  +- 

independent  influx and the inhibi t ion  of  the flux measured  in the presence o f  N a  + or  
theophyl l ine  by a series o f  amino  acids. The da ta  suggest that  the specificity o f  the 
t r anspor t  sites was the same with or  wi thout  N a  + or  theophyl l ine  being present.  The 
cor re la t ion  coefficient was 0.72 and  0.83 for the da t a  presented in Fig. 3a and  Fig. 3b, 
respectively.  Lysine was found  to be cons iderab ly  more  effective in reducing influx 
in the absence of  N a  + than  in its presence. A possible  exp lana t ion  for this behavior  
may be tha t  in the absence o f  N a  + the lysine e-amino group  can b ind  more  favorably  
to a site on the methionine  carr ier  which is normal ly  occupied  by Na  +. In the presence 
of  medium N a  + the lysine in terac t ion  would  be d iminished th rough  compet i t ion  with 
N a  + [18]. Lysine was also t bund  to be an unusual ly  po ten t  inhib i tor  o f  the theophyl -  
l ine-s t imulated flux. 

The abso rp t ion  o fme th ion ine  by chicken. je junum appears  to occur via a process 
shared with o ther  a l iphat ic  amino  acids, glycine and proline.  A second, though  
relat ively minor  route  of  entry  not  shared with glycine and  proline,  is also evident  

TABLE Ill 

EFFECTS OF PRELOADED LYSINE OR METHIONINE ON Na+-INDEPENDENT AND 
TH EOPHYLLINE-STIM U LATED INFLUX 

Jejunal segments were preincubated for 30 rain in a choline-substituted Krebs-Henseleit buffer 
with or without theophylline. Segments were exposed to 10 mM methionine or lysine as indicated 
during the last 15 rain of the preincubation period. Influx was measured from choline buffer contain- 
ing 0.056 mM methionine. The number of observations was equal to 16 for the lysine preloading 
experiment and 32 for the methionine preloading experiment. Values represent the mean ±S.E. 
The data were not corrected for diffusion. 

Preloaded 
amino acid 

Influx, J 
(nmoles • cm -2 • min -1) 

Control Preloaded Preloaded Theophylline 
amino acid amino acid 

theophylline 

Lysine 0.659 ± 0.045 0.625 ±0.037 0.999 ± 0.082 0.990 ±0.084 
Methionine 0.621 ±0.032 0.728±0.040* 0.920~0.052 0.838-]-0.038 

* Versus control, P < 0.01. Significance of difference was determined using a paired-difference 
test. 
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[19]. The specificity data indicate that the stimulatory effects of  theophylline reside 
at the carrier level and that the same carrier(s) are most likely involved which normally 
transport  in the presence of Na +. 

EfJect o['preloaded amino acid on in[lux 
Table 111 summarizes the effects of  preloaded amino acids on the theophylline- 

stimulated and the Na+-independent fluxes of  methionine. Preloaded lysine had no 
influence upon the influx irrespective of the presence or absence of theophylline. 
On the other hand, preloaded methionine appeared to slightly augment the Na +- 
independent influx; however, it did not potentiate the the theophylline-stimulated 
flux. Thus the mechanism of the theophylline effect does not seem to involve either 
homo- or heteroexchange diffusion. 

DISCUSSION 

Kinzie and coworkers [2] observed that theophylline stimulated transport 
o f  neutral and basic amino acids in rat jejunum. The effect was seen as a decrease 
in K t with no change in maximal uptake from a Na+-containing medium. In contrast, 
we found an enhancement of  the maximal flux and a slight increase in Kt under condi- 
tions of  Na + depletion. According to Kinzie et al. [2] this enhancement in the rat 
was positively correlated with tissue cyclic AMP levels which could be maintained at 
about 95 ~ of those present in fresh tissue. Without theophylline, cyclic AM P concen- 
trations fell rapidly during a period of incubation in vitro. 

Dibutyryl cyclic AMP was shown to enhance neutral amino acid accumulation 
in the rat.jejunum [2]. In our system this nucleotide potentiated the effects of  a low 
concentration of Na + only when theophylline was also present during the preincuba- 
tion. Theophylline alone appeared to potentiate the action of Na + in these experi- 
ments. In an effort to explain these results we must consider that with even small 
amounts of  Na + present, the system may be near full activation as measured by Jm,~" 
We are limited therefore by our ability to experimentally determine small additional 
potentiations above the effects of Na +. 

Secretin was found to stimulate influx in our system without potentiation of  
the effect of  theophylline. In rat pancreas and in isolated fat cells this hormone was 
shown to increase cyclic AMP levels [20, 21 ]. In addition to these findings, both 
cholera toxin, an agent that increases intestinal cyclic AMP levels through its action 
on adenylate cyclase [22], and secretin affect water and ion fluxes in a similar manner 
[23]. Moreover, the toxin was observed to enhance [eucine transport  in rat intestine 
[2]. These findings suggest that secretin may also act upon adenylate cyclase to in- 
crease cyclic AMP levels in intestine and thereby influence transport. The action of  
histamine in our study to reduce theophyHine-stimulated transport was consistent 
with the findings that this amine activates phosphodiesterase in tissue homogenates 
[24, 25]. Carbachol, which was tbund to reduce tissue cyclic AMP levels in rat pan- 
creas [20], also inhibited the theophylline-stimulated influx in chicken jejunum. The 
known effects of  theophylline and dibutyryl cyclic AMP to inhibit phosphodiesterase 
activity and the evidence presented above on the other effectors of cyclic AMP levels 
suggest that the theophylline-stimulated influx in chicken jejunum is mediated by 
cyclic AMP. 
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Al though  a slight s t imula t ion  of  influx by pre loaded  methionine  was noted  in 
chicken intestine,  p re load ing  had  no effect on the theophyl l ine-s t imula ted  influx. 
Therefore ,  the mode  of  ac t ion  o f  this a lka lo id  does not  appea r  to involve exchange 
diffusion. This conclus ion is also suppor ted  by the studies with p re loaded  lysine. The 
unusual  effectiveness o f  lysine in reducing theophyl l ine-s t imula ted  influx therefore  
canno t  be explained by its in teract ion with a heteroexchange process.  These observa-  
t ions coupled  with the specificity da t a  presented in Fig. 3 and  the finding that  dini-  
t ropheno l  comple te ly  abol i shed  influx in the absence of  N a  + seem to rule out  the 
possibi l i ty  that  theophyl l ine  is s t imula t ing  t r anspor t  sites which are character is t ical ly  
Na  + independent .  This conclus ion is suppor t ed  by repor ts  in the l i terature which 
indicate  that  Na+- independen t  t r anspor t  systems are character ized by exhibi t ing 
homo-  and he teroexchange  diffusion [26, 27], specificities which differ f rom those 
found for N a + - d e p e n d e n t  processes [28], and  insensit ivity to the presence of  me tabo-  
lic inhibi tors  [28]. 
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Fig. 3. (a) Comparative inhibitory effectiveness of various amino acids on methionine influx in the 
absence (JNa+~ND) and presence (JNa+) of Na +. Intestinal segments were preincubated for 30 rain in 
either Na + buffer or choline buffer. Influx was measured in 1 min from the respective buffers con- 
taining 0.056 mM methionine. O, 100 mM proline; O, 100 mM glycine; F], l0 mM lysine; A, 50 mM 
phenylalanine; A, 40 mM tryptophan; I ,  120 mM alanine; V, 40 mM leucine. (b) Comparative 
inhibitory effectiveness of various amino acids on methionine influx in the absence of Na + (JN, + ~ND) 
and presence of theophylline (Jtheo)- Intestinal segments were preincubated for 30 rain in choline 
buffer with or without 7 mM theophylline. Influx was measured in 1 min from choline buffer con- 
taining 0.056 mM methionine. O, 100 mM proline; 0 ,100 mM glycine;[ 1, 10 mM lysine; A, 50 mM 
phenylalanine; • ,  40 mM tryptophan; i 120 mM alanine; V, 40 mM leucine; w, 60 mM valine; 
X, 60 mM isoleucine. 

Kinet ic  models  descr ibing the role o f  extracel lular  N a  + in t r anspor t  processes 
has been extensively reviewed by Schultz and  Cur ran  [16]. Recently K immich  [29] 
has p roposed  a model  descr ibing a funct ional  role for  in t racel lu lar  N a  + in the act iva-  
t ion and regula t ion  of  solute t ranspor t .  Ne i the r  kinetic models  nor  K i m m i c h ' s  
hypothes is  can be exclusively cons idered  as exp lana t ions  for the ac t ion of  N a  + on 
methionine  influx across chicken brush  bo rde r  membrane .  This conclus ion is based 
upon  the observa t ions  tha t  (1) in t racel lu lar  N a  + appears  to be required for t r a n s p o r t  
apa r t  f rom its funct ion as a cosubs t ra te ;  (2) influx in the absence o f  N a  + is dependen t  
upon  oxidat ive  metabol i sm as an energy source;  (3) cyclic A M P  is impl ica ted  as a 
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mediator of influx as demonstrated in our work and in the rat intestine [2]. Instead 
we feel that observations reported in this paper are consistent with the concept that 
Na + exerts a dual influence on methionine influx. External Na + is considered to be an 
activator of  influx by enhancing the affinity of the transport sites for methionine as 
proposed by Crane [30] and Schultz and Curran [! 6]. Evidence for this interpretation 
is given in Table I (Expts 3 and 4) in which medium Na + functions mainly to decrease 
K, while having little effect on Jn,~,,- Expt 9 also supports this view since in the absence 
of external Na + K t w a s  found to be increased. The discrepancy between the K, values 
reported in Expt 9 and in Expt 2 may be attributable to activation of carrier affinity 
by a small amount  of  Na + trapped in the unstirred layers. Moreover our experiments 
demonstrated that 20 mM Na + in the bathing medium was sufficient to r e s t o r e  K t 

after Na + depletion. The second role of  Na + appears to be in supporting the maximal 
flux, but this action is considered to be an intracellular function. This concept is 
supported by the observations that d ..... was decreased by the removal of  tissue Na +, 
whereas this parameter was unchanged when tissues bathed in Na + buffer were incu- 
bated with tracer in choline medium. 

The scheme shown in Fig. 4 provides a working model to account for the data 
presented in this paper. Cyclic AMP is envisioned to play a central role in the regula- 
tion of amino acid transport in the intestine by activating a Na+-sensitive protein 
kinase. This enzyme in turn phosphorylates a membrane element, a hypothetical 
transport carrier or some intermediate, and by this process enhances translocation of  
the carrier through the membrane. This hypothesis is supported by the findings that 
cyclic AMP caused phosphorylation of mitochondrial and lysosomal membranes 
of rat liver [31 ] as well as phosphorylation of membrane proteins in human erythro- 
cytes ghosts [32]. As a result of phosphorylation, mitochondrial permeability may 
be altered to allow for increased pyruvate uptake [31]. Alternatively, dephosphoryla- 
tion of a specific membrane protein in the toad bladder has been suggested as a mecha- 
nism by which cyclic AMP regulates Na ~ and (or) water transport [33]. The action 
of intracellular Na + directly on influx is to inhibit the association of the cyclic AMP- 
binding regulatory (R - cAMP) and the cyclic AMP-independent catalytic (C) sub- 
unit as demonstrated by Corbin et al. [34] for the effects of NaCI on protein kinase 
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Fig. 4. Working model for the role of cellular Na + and Cyclic AMP in the transport of methionine. 
Symbols are defined as follows: RC, inactive protein kinase; R • cAMP, cyclic AMP binding regula- 
tory subunit complex; C, cyclic AMP-independent catalytic subunit; DNP, 2,4-dinitrophenol; ~ ,  
activation of enzyme activity; ~ ,  inhibition of enzyme activity. For other details see text. 
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in rat adipose tissue. These workers showed that  NaCI  addit ion decreased the require- 
ments of  this enzyme for cyclic A M P ,  a l though the salt did not  affect the maximal 
activity when enough cyclic A M P  was available (cf. Fig. 12 o f  ref. 34). The latter 
condit ion presumably would prevail in chicken intestine treated with theophylline 
during the course of  Na  + depletion. The removal o f  Na  ÷ from our  system has been 
found to reduce the maximal flux, which cannot  be restored by a subsequent exposure 
to either Na  + or  theophylline. In terms of  the model, these observations may be 
explained as follows: Na  + depletion causes a decrease in ATP product ion or in some 
other manner reduces cyclic A M P  levels. The diminished levels o f  cyclic AMP,  even 
in the presence o f  added Na  + (or theophylline), only minimally activate protein kinase 
(cf. Fig. 12 of  ref. 34). The ability of  dini trophenol  to abolish t ransport  in the absence 
of  Na + is consistent with the concept  that cyclic A M P  and ATP are the primary regu- 
lators of  carrier permeability. This premise is also supported by the observations that 
theophylline promotes  influx even in the presence of  dinitrophenol.  Under  the latter 
condit ions there are apparent ly sufficient levels of  cyclic A M P  and ATP to sustain 
membrane phosphoryla t ion despite the fact that  dinitrophenol may prevent further 
ATP product ion via oxidative phosphorylat ion.  Moreover ,  ATP from other sources 
than oxidative phosphoryla t ion can possibly provide energy under these conditions. 
in this respect, theophylline may mediate cyclic AMP-induced  mobilization of  energy 
as exemplified by the cyclic AMP-induced  increase in glycogenolysis observed in rat 
liver [35]. Potashner and Johnstone [36] have shown, in fact, that  added energy sour- 
ces such as glutamine and glutamate could sustain methionine t ransport  in the presen- 
ce of  dinitrophenol in the Ehrlich cell. Theophylline may also repress diversion of  
endogenous ATP through the cyclic AM P pathway and thereby increase somewhat  
the supply of  ATP for phosphorylat ion,  While the model represents a working hypo- 
thesis to account  for the observations reported in this paper, further studies must in- 
clude determination o f  cellular levels of  cyclic A M P  and ATP and measurement o f  
protein kinase activity. 
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