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How many Na+-dependent carriers for L-alanine and L-proline 
in the eel intestine? Studies with brush-border membrane  vesicles 
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Using brush-border membrane (BBM) vesicles prepared from the intestine of the European eel, the specificity of 
L-alanine and L-proline Na+-dependent transpor, w',, investigated by measuring the uptake of isotopically labelled 
substrates. | a  the presence of Na ÷ ions, cross-inhibition between alanine and proline transports was observed; in 
addition a-(methylamino)isobutyric acid (MeAIB) inhibited proline but had no effect on alanine uptake. These results 
can be explained by the presence, in eel intestinal BBM vesicles, of at least two distinct agencies for Na+-dependent 
proline and alanine translocation. The first system is specific for alanine and short-chain neutral amino acids; the 
second system, specific for imino acids and the N-methylated analogues, is regulated by alanine concentration. 

Introduction 

Amino-acid transport  systems present on plasma 
membrane have been extensively studied in a number  of 
different cells and tissues, from bacteria to mammals  
l1-4]. 

With respect to neutral amino acids, using a variety 
of nonepithelial cell-types. Christensen [5] has suggested 
that Na+-dependent transport  of neutral L-amino acids 
takes place via: (a) A (alanine preferring) system; (b) 
ASC (alanine, serine, cysteine preferring) system; (c) 
Gly (glycine preferring) system; moreover: (a) N-meth- 
ylated amino acids as a-(methylamino)isobutyric acid 
(MeAIB) can be transported only by system A: (b) A 
and Gly systems have never been observed in the same 
plasma membrane. 

On the other hand, studies with rabbit  intestinal 
isolated plasma membranes (brush-border and  baso- 
lateral) led Wright 's  group to propose a different classi- 
ficatioli [6]. According to these authors, neutral amino- 
acid Na+-dependent transports occur via: (a) NBB 
(neutral brush-border) system; (h) IMINO (imino acids 

preferring) system; (c) P H E  (phenylalanine preferring) 
system. The NBB agency is in charge for small neutral  
amino acids, while larger amino acids are t ransported 
by the PHE system; the 1MINO system physiologically 
transports  prolines and  is specific for N-methylated 
amino acids. 

Recently we have succeeded in isolating BBM vesicles 
from the intestine of the eel [7], a carnivorous and  
euryhaline teleost [8]. Using this preparat ion,  after  the 
identification and characterization of the pa thways  for 
alanine and  proline [7,10], we approached the intriguing 
problem of the overlapping specificity shown by the two 
Na÷-dependent  t ransport  systems. To shed more light 
on the general topic of the neutral amino-acid translo- 
cation, this paper  faces the problem of  the identification 
of the number  of agencies responsible for alanine and  
proline Na+-dependent  t ransport ,  present on the intesti- 
nal brush-border  membrane  of the eel. In this paper  we 
have investigated the inhibition of the following N a  ÷- 
dependent  uptakes: (1) proline uptake by alanine and  
MeAIB; (2) alanine uptake by proline and  MeAIB; (3) 
MeAIB by proline and alanine. 

Materials and Methods 
Abbreviations: BBM, brush-border membrane: MeAIB. a-(methyl- 
aminoli>,ohutyri¢ acid: EGTA, ethylene glycol bis(fl-aminoethyl Materials .  European yellow eels ( A n g u i l l a  angui l la  ) 
ethcrl-/V.N.N',N'-tetraacetic acid. (150-200 g) were obtained from ittica Ugento (Lecce, 

Corresp:mdence: S. Vilella, Laboratorio di Fisiologia, Dipartimento Italy) and kept in sea-water aquariums.  All chemicals, 
di Biologia, Universit/l di Lecce, Strada Prov. le Montt:roni, 73100 reag,:nt grade, were purchased from Merck (Darmstadt ,  
Lecce. Italy. F.R..G.); valinomycin was obtained from Sigma (St. 
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Louis, MO). lsotopically labelled amino acids were ob- 
tained from Du-Pont New England Nuclear (Boston, 
MA). All amino acids were L-stereoisomeric. 

Preparction of BBM vesicles. BBM vesicles were pre- 
pared from the intestine of yellow eels, as described 
elsewhere [7]: the preparation is based on selective 
precipitation, in the presence of EGTA and MgCI 2 12 
mM, of all cellular components, with ~he  exception of 
BBM. The BBM fraction routinely showed enrichment 
factors over the initial homogenate of at least 16 for 
leucine aminopeptidase, 12 for maltase and 13 for al- 
kaline phosphatase [11-13]" no enrichment was found 
for marker enzymes of mitochondria, endoplasmic re- 
ticulum and basolateral membrane [7]. After the last 
centrifugation step, BBM vesicles were resuspended in 
the buffer chosen for the experiment, centrifuged again 
at 50000 X g for 39 min, and finally resuspended by 
passing them 30-times through a fine gauge needle. 
Details of buffer composition are given in the legends to 
the figures. Protein concentration was measured with 
the Bio-Rad kit (using lyophilized bovine plasma "/- 
globulin as standard) and adjusted to the indicated 
concentration. 

Uptake measurement. The uptake of L-[~H]alanine. 
L-[3H]proline and [I'*C]MeAIB was measured at 25°C,  
by a rapid filtration technique, using a rapid semiauto- 
matic measurement apparatus (Innovativ Labor A.G., 
Adliswill, Switzerland). With this instrument, uptake 
was started by adding 10 .al (100 #g protein) of vesicle 
suspension of 40 .al of incubation medium; after the 
indicated time, the reaction was automatically stopped 
by injecting 3 ml of ice-cold stop solution into the 
reaction tube. The mixture of 3 ml stop solution plus 
vesicles was rapidly filtered through a Millipore filter 
(HAWP pore size = 0.45 .am) kept under suction. The 
filter was washed with 3 ml of stop solution and assayed 
for radioactivity (Beckman LS 1800 and Ready Solv EP 
scintillation fluid). The nonspeeific binding of the iso- 
topes to filters was determined by measuring the uptake 
values at zero time. The stop solution composition was 
(in mM) 50 KCI, 20 Hepes adjusted to pH 7.4 with Tris 
and NaCI up to the same total osmolarity of the incuba- 
tion medium. 

The experimental conditions were invariable: (a) 
zero-trans conditions (absence of amino acid and Na ~- 
ions in the intra-vesicular medium): (b) short-circuited 
membrane potential. Changes in membrane potential 
were prevented by using in the intra- and extra-vesicu- 
lar media, 50 mM KCI and 12.5 p .g/mg protein 
valinomyein (added as a stock solution in ethanol, 
leading to 21.4 mM ethanol final concentration). 

Presenting data and statistics. Each experimental con- 
dition was tested on at least two different membrane 
preparations. The figures report representative experi- 
ments; the points shown in figures are averages ( + S.E.) 
of at least four replicates. To fit equations of competi- 
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tive and noncompetitive inhibition [14] to our data, the 
nonlinear regression subroutine of the program Slat- 
graphics (STSC, Rockville, MD. U.SA.) and an M28 
personal computer (Olivetti. lvrea. Italy) were used. The 
nonlinear regression procedure calculates least-squares 
estimates of the parameters: the algorithm used was 
developed by Marquardt [15]. Information about fitting 
curves to data using nonlinear regression can be found 
elsewhere [ 161. 

Results and Discussion 

hdtihition of Na '-dcpemh'nt ahmmc uptake I~r prolmc 
and MeA IB 

In BBM vesicles from the eel intestine, a Na-depen- 
dent alanine pathway. ( K..pe = 1.29 4- 0.14 mM. J,,,.,, = 
3.61 _+ 0.17 nmo l /mg  protein per mind has been al- 
ready demonstrated [71. The inhibition by proline and 
glucose (as control) of alaninc (0.6 mM) uptake was 
studied (Fig. 1 ) in the presence and absence of Na " ions 
in the extravesicular medium. In the presence of N a '  
ions (closed symbols), boda glucose (triangles) and pro- 
line (circles) inhibited the alanine uptake: moreover, a 
10 mM inhibitor concentration reduced the ahminc 
uptake at the values measured in the absence o r N a '  
ions (open symbols). These rcsuhs confirm the sugges- 
tion [7] that t.-alanine uptake, ia BBM vesicles from the 
eel intestine, takes place via at least three pathways 
according to the following equation: 

Jal,, = J,~., + "/~h,,I +(P'IAlaI) 

~' - . ~ . . . ~ :  , 

c 
~0 ~" o :  " - : ' , ~ :  - • . • 

~.~,::. 

- o  

a ~, ; ?d  

Fig. I. Inhlhitk)n by I -proline and glucose of I.-alanine (4 s) uptake in 
BBM vesicles from the c& inlestine. Vesicles. prepared in a buffer 
containing (in raM) 375 mannitol, 5o KCI. 20 Hel~s adjusted to pH 
7.4 with Tri~, were incubated in a mediul~l containing (final con- 
cen t ra t i on  i n  r aM)  175 mann i t o l ,  5O KC I ,  0 , 0224  va l i nomvc in .  21 .4  

ethanol. 0.6 I.-alanine. 20 Hepcs adjusted to pH 7.4 with 10o ~[ris-NaCI 
(closed symbols or chelin¢ chloride open svmbolsL and t-prollne 
(circles) or glucose Ilriangles) ranging from 0 to 50. The comrol 
uplake values l0 mM inhibilor) were 5.03+1.07 and 2.6O+_O.23 
nmol/mg protein per rain. respectively in the presence and absence of 

Na' ions. 
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TABLE I 

Inhibition of Na ' .dependent alanine (5 s) and Na * -dependent proline 
¢4 sl uptake in BBM resich, s from the eel intestine 

The alanine and proline data were obtained from different membrane 
preparations. The experimental conditions were similar to those of 
Fig. 2. The control uptake values (lOOt~) were (in nmol/mg protein 
per min) 1.18_+0.32 for alanine and 1.38_+0.15 for proline. 

Substrata Inhibitor Transport 

Alanine (0.9 mM) none 100 
MeAl B 2 m M 94 + 25 
MeAIB 5 mM 101 _+ 20 

Proline (0.3 mM) none 100 
alanine 3 mM 79+ 8 
alanine l0 mM 60+ l0 
MeAIB 3 mM 40_+ 8 
MeAIB l0 mM 15_+ 5 

where JNa and J~h,,I indicate two saturable componen t s  
whose dependence on substrata concentrat ion is de-  
scribed by the Miehaelis-Menten equation,  J = (Jma," 
[Ala ] ) / (  K,0 P + [Ala]). The  most  surprising result of  Fig. 
1 was the glucose inhibition of  Na+-dependen t  a lanine 
uptake. Previous papers  f rom our  laboratory reported 
that: (1) J,,,x values for Na+-dependen t  glucose and 
Na+-dependent  proline were comparab le  (6.87_+ 0.84 
and 5.68 4-1.78 n m o l / m g  protein per  rain, respectively 
[7,10]): (2) n =  Hill index [14] resulted as 2 for 
N a ÷ / g l u c o s e  cot ranspor t  [9] and 1 for N a ÷ / p r o l i n e  
cot ranspor t  [10]. We therefore think that glucose in- 
hibited the Na+-dependen t  a lanine uptake (Fig. 1) by 
collapsing the Na  + gradient,  while 0.4 m M  proline 
inhibited Na*-dependen t  a lanine uptake by a more  
specific mechanism.  The kinetics of  inhibition by pro-  
line of  Na÷-dependen t  a lanine uptake was studied in 
ntore detail. Unfor tunate ly ,  in this exper iment  (which 
was repeated 3 times), inhibition was clearly observed,  
but the da ta  obta ined in the presence of  different  con-  
centrat ions of  inhibitor were not  statistically different,in 
spite of  precaut ions taken; these negat ive results arose 
from the difficulty to measure  the Na+-dependen t  
a lanine uptake (obtained as difference between values 
measured  in the presence and absence of  Na + ions). 

The  first par t  of  Table  ! reports  the lack of  inhibition 
by a- (methylamino) isobutyr ic  acid (MeAIB)  on alanine 
uptake;  the same result was obta ined using an alanine 
concentrat ion from 0.45 up to 2.6 (mM)  and an MeAIB  
concentrat ion from 0.1 up to 5 (da ta  not shown). 

In brief, the Na+-dependen t  alanine uptake  was: (1) 
completely inhibited by proline but  it was not  possible 
to establish the type of  inhibition: (2) not inhibited at 
all by MeAIB.  

Inhibi t ion o f  N a * - d e p e n d e n t  pro l ine  b y  M e A I B  a n d  
a lan ine  

It has a l ready been shown [10] that proline uptake, in 
BBM vesicles of  the eel intestine, occurs according to 

the following equation:  

J = J}~, +(/'.[Prol) 

where  JN, indicates a flux componen t  with a Michaelian 
behavior  (see above).  The  inhibition of  the N a  +-depen- 
dent  proline uptake  (4 s) by  alanine and MeAIB was 
studied; the prel iminary results reported in the second 
par t  of  Table  I, indicate that MeAIB  when tested as an  
inhibitor of  proline uptake,  was  more  effective than 
alanine. 

The  inhibition by MeAIB  (Fig. 2) and by alanine 
(Fig. 3) of  Na+-dependen t  proline uptake was then 
investigated in detail; the results are  repor ted according 
to the Woolf-August insson-Hofstee  l inear t ransforma-  
tion of  the Michael is-Menten equat ion [14]. Visual in- 
spection of  Fig. 2 ( M e A I B  inhibition of  Na+-dependen t  
proline uptake)  suggests that  the lines interpolat ing the 
rates at any inhibitor  concentra t ion,  have  a c o m m o n  
intercept  on the Y-axis consistent  with compet i t ive  in- 
hibition. The  following equat ion [14]: 

j gm,~'lPro] 
Kapp-(1 + ( [MeAIB]/K i )) + [Pro) 

was f i t ted to our  data wi th  a nonl inear  regression sub- 
routine. (see Mater ia ls  ;~nd Methods) .  Over  two experi-  
ments, the fo l lowing values for  k inet ic  parameters were 
obtained: Jn~ax ( n m o l / m g  prote in  per m in )  = 8.] 8 + 0.78 

~o 
Jpro MeA IB ,O .5  mM 

m' ,, 
o l " " l " , ~ , l  . . . .  i, ,~,,i . . . .  i . . . .  i . . . .  I 

0 5 ~.0 ~.5 20 25 30 35 

J / [prollne] 
Fig. 2. Inhibition by MeAIB of Na-dependent L-proline uptake (4 s) 
in BBM vesicles from the eel intestine. Units are Jpr,~= nmol/mg 
protein per min, [prol;ne] = raM. Vesicles, prepared in a buffer con- 
raining (in raM) 300 ~,annhoL 50 KCI, 20 Hepes adjusted to pH 7.4 
with Tris, were incubated in a medium containing (final concentration 
in mM) 100 mannitol, 100 NaCI, 50 KCI, 0.0224 valinomycin,, J.& 
ethanol, 20 Hepes adjusted to pH 7.4 with Tris. proline ranging fro. 
0.133 to 0.8. and 0 MeAIB (circles) or 0.5 (triangles) or 1.5 (squares). 
Plotted values were obtained by subtraction from data obtained in the 
presence of Na + ions, those measured in the presence of choline ions 
(data not shown). The equation of competitive inhibition was fitted to 
data with a nonlinear regression program; kinetic parameters resulted 
as Jm=~ (nmol/mg protein per rain)) = 8.18=!:0.78; K.pp (raM) = O.19 
+0.05; Ki (mM)= 0.41_+0.09; the dashed lines represent the best 

curves fitting the data. 



o I " , ,  

e ", A I a A 2  mM 
Jpro ~" , 4  mM 

6~- Io  I 

0 [ . ~ . . , _ ,~_ l~d~_ ' , .  , .  ~ , - , ~  , I , , , , , J  

0 5 :to ±5 20 25 

J / [ p r o l i n e ]  

Fig. 3. Inhibition by t.-alanine of Na*-dependent l.-proline (4 s) 
uptake in BBM vesicles from the eel intestine. Experimental condi- 
tions were similar to those of Fig. 2; alanine concentration in the 
incubation medium was (in raM) 0 (circles) or 2 (triangles) or 4 
(squares). The equation of noncompetitive inhibition was fitted to 
data with a nonlinear regression program; kinetic parameters were 
determined to be Jm.. (nmol/min per mg protein) = 9.65 4-_ 1.63; K,,pp 
(raM) = 0.41 _+0.14; K, traM) = 5.42_+ 1.04; the dashed lines repre- 

sent the best curves fitting the data. 

and 5.83 4- 0.59; K,pp (mM) = 0.19 + 0.05 and 0.12 +_ 
0.04; K i (mM) = 0.41 + 0.09 and 0.34 + 0.10. 

On  the other  hand.  visual  inspection of Fig. 3 (inhibi-  
t ion by alanine of  Na+-dependent  prol ine uptake) sug- 

gests that  lines are characterized by the same slope and 
by no common  intercept on the Y-axis, consistently 

:. Z 0 
. i  ; ( ,  

c' 
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Fig. 4. Inhibition by L-proline, L-alanine and glucose of MeAIB 
uptake (5 s) in BBM vesicles from the eel intestine. Vesicles. prepared 
in a buffer containing (in raM1 300 mannitol, 50 KCI. 20 Hepes 
adjusted to pH 7.4 with Tri& were incubated in a medium containing 
(final concentration in raM) 100 mannitol. 50 KCI, 0.0224 valinomy- 
tin, 21.4 ethanol, 0.2 MeAIB, 20 Hepes adjusted to pH 7.4 with 100 
Tris-NaCI, and glucose (triangles) or t.-alanine (open circles) or t-pro- 
line (closed circles) ranging from 0 to 50. The control uptake values (0 
mM inhibitor) were 3.95+0.17 and 0.32+0.04. respectively, in the 

presence (closed square) or absence (open square) of Na * ions. 
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TABLE II 

Inhtl,ltton of Na " -dt,pt.tldcqll tlhltlltle prt,hne and MeAIB uptak¢~ m 
BBM I'extch,s from tile lntesttm, ,,f tt,e eel 

This table summarizes the dell from Figs. 2 and 3 (inhibition of 
proline uptake) Table I and Fig, I linhibition of alanine uplakci and 
Fig. 4 (inhibition o1" MeAIB uplakcL 

Substrate Inhibitor Inhibition? 

Proline MeAIB competitive 
Proline Alanine noncompetitive 
Alanine MeAIB no 
Alanine proline yes 
/VIeAIB proline 
MeAIB alanin¢ ~,es 

with noncompet i t ive inhibtion. The following equation 

[14t: 

J.,.,c [ Pro ] 
J -  

K,rp. ( 1 + ( [ Ala]/K, 1) + [ Pro]- ( I + ( [AIa]/K. )) 

was fil led to data and the following kinetic parameter  
were calculated: J, ..... ( n m o l / m g  protein per r a i n ) =  

9.65 _+ 1.63 and 20.38 4"_ 1.43: K,,vv (raM) = 0.41 +_ 0.14 
and 0.23 _+ 0.04: K, (mM) = 5.42 +_ 1.49 and 19.7 _+ 4.81. 

In brief, Na Ldependent  proline uptake was compeli-  
lively inhibi ted by MeAIB and noncompeti t ively in- 
hibited by alanine. 

I n h i h i t i o n  o f  M e A  I B  u p t a k e  

Fig. 4 reports data obta ined Mien, in the presence of 

Na* ions in the extravesicular medium, the inhibi t ion 
by proline, alanine and glucose of  MeAIB (0.2 raM) 
uptake was measured. Glucose  inhibi ted the MeAIB 
uptake (Fig. 4) as well as the alanine uptake (Fig. 1): 
this unspecific effect was very likely caused by collapse 
of  the N a "  gradient  (see above). 

A similar  pat tern of inhibi t ion was shown by alanine. 

2 mM proline completely inhibi ted MeAIB (0.2 raM) 
uptake, and about  50% of the total inhibi t ion was 
observed with prol ine 0.4 raM. 

Al though Fig. 4, obtained with I substrate concentra- 
tion, provides no informat ion on the number  of  trans- 
port  system(s) t ranslocat ing MeAIB, we think we may 

cautiously conclude that the pat tern of  inhibi t ion by 

alanine of proline (Table I) and MeAIB (Fig. 4) uptakes 

was similar. 

Conclusions 

The study of amino-acid carrier-mediated systems 
can be complicated by certain problems. By graphic 
a n d / o r  nonl inear  regression procedures it is not possi- 

ble to determine whether a substrate is translocated by 
one carrier or by two which are characterized by kinetic 
parameters within the same order of  magnitude.  A 



192 

second exanlple of somehow intricated experimental 
evidence is represented by Fig. 1. The fact that a 
substrate inhibits the uptake of a second substrat¢, is 
usually considered as demonstration that both sub- 
stances are transported by the same carrier, although 
cases of noncompetitive inhibition have sometimes been 
reported [17,18]. Finally, any substrate cotransported 
with Na + may inhibit another Na+/substra te  cotrans- 
port by collapeing the Na + gradient: examples are the 
inhibitions by glucose of alanine (Fig. 1) and MeAIB 
(Fig. 4) uptakes. The Na +-gradient decay can be experi- 
mentally reduced by using a low concentration of the 
potential inhibitor, but it will never be eliminated until 
an arsenal of amino-acid transport inhibitors has been 
developed. 

According to Christensen's classification of Na%de- 
pendenl amino-acid transport systems, MeAIB is the 
model substrate for the A system [5], while, according to 
Wright's group [6]. MeAIB is the model substrate for a 
system specific for prolines and therefore called IM- 
INO. 

With this background, we used MeAIB as an inhibi- 
tor for both Na-dependent proline and alanine uptakes: 
if the three analogues were transported by the same 
system, the same Ki value for MeAIB inhibition of 
alanine and proline uptakes should result (Scholefield's 
test. [19]). Our experiments excluded the presence of a 
single carrier for the three substrates because: (1) MeAlB 
inhibited Na +-dependent proline uptake (Fig. 2) but did 
not inhibit at all alanine uptake (Table I); (2) alanine 
inhibited Na÷-dependent proline uptake in a noncom- 
petitive way (Fig. 2); (3) 1 mM alanine (close to the 
K~,r value) would only slightly inhibit both Na+-de - 
pendent proline and MeAIB uptakes (Table I, Fig. 4). 

Our suggestion is that, on the BBM of the eel in- 
testine, there are at least two distinct Na+-dependent 
carriers for neutral amino acids: the first in charge of 
the great part of alanine transport, the second the great 
part of proline and MeAIB transport; moreover, the last 
carrier should possess a regulatory site accepting alanine. 
This hypothesis is consistent with the observed mutual 
inhibition between alanine and proline transports be- 
cause Fig. 2 has shown that alanine inhibition of proline 
uptake was noncompetitive; unfortunately, further di- 
rect evidence, arising from proline noncompetitive in- 
hibition of Na +-dependent alanine uptake, could not be 
obtained. 

According to our hypothesis, in BBM of the eel 
intestine, the behaviors of Na+-dependent alanine and 
proline transports do not fit the following two models: 
(1) Christensen's classification, because the fraction of 
alanine uptake via the A system should be (and was 
not) inhibited by MeAIB and (2) Wright's model, be- 

cause proline did not show a flux via the Na+-depen - 
dent alanine carrier (NBB system) [20]. From the evolu- 
tionary point of "view, it is a very attractive hypothesis 
that from the first pool of amino-acid plasma-mem- 
brane carriers (summarized by the Christensen's classifi- 
cation [5]), a second pool specific for BBM transport [6] 
evolved; the position of intestinal carriers of lower 
vertebrates, such as fish, could be intermediate. To 
verify this hypothesis, it is important, and experiments 
are in progress, to study the interaction of other amino 
acids and, in particular, phenylalanine, with the two 
Na+-dependent transport agencies this paper has dealt 
with. 
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