
J. Membrane Biol. 52, 83 92 (1980) 

The Journal af 

Membrane Biology 

Pathways for Alanine Transport in Intestinal Basal Lateral 
Membrane Vesicles 

Austin K. Mircheff*, Carel H. van Os**, and Ernest M. Wright 
Department of Physiology, University of California Medical Center, Los Angeles, California 90024 

Summary. Membrane vesicles obtained from the basal 
lateral membranes of the rat intestinal epithelium 
were used to study the pathways for neutral amino 
acid transport. 

In the absence of sodium there was a stereospecific 
uptake of L-alanine which exhibited saturation ki- 
netics (Kin 0.73 mM and Vmax 5.3 nmol/mg min at 
22 ~ The activation energy for this process was 
8.1 kcal/mole between 5 and 25 ~ Preloading the 
vesicles with alanine increased the unidirectional in- 
flux of alanine into the vesicle. Competition experi- 
ments indicated that the affinity of the sodium-inde- 
pendent transport system was glutamine>threo- 
nine > alanine > phenylalanine > valine > methio- 
nine > glycine > histidine > proline, N-MeAIB. These 
are the characteristics of the classical " L "  transport 
system. 

External sodium increased the rate of the stereo- 
specific L-alanine uptake. The Na-dependent flux had 
a K~ of 0.04 mM and a lima x of 0.26 nmol/mg min 
at 22 ~ and an activation energy of 9.1 kcal/mole 
between 5 and 25 ~ Competition experiments sug- 
gest the existence of three separate pathways for ala- 
nine transport in the presence of sodium. A major 
pathway is shared by all other amino acids tested 
(i.e., threonine, glutamine, methionine, phenylala- 
nine, valine, proline and N-MeAIB). This resembles 
the classical "A " system. A second pathway is un- 
available to either phenylalanine or N-MeAIB; this 
is reminiscent of the classical " A S C "  system; and 
the third is a novel pathway which is shared by N- 
MeAIB but not phenylalanine. 

The sodium-independent and the sodium-depen- 
dent transport of L-alanine was blocked by PCMBS 
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and significantly inhibited by DTP and NEM. It is 
concluded that the sodium-independent system (the 
" L  "-like system) accounts for the efflux of neutral 
amino acids from the epithelium to the blood during 
the absorption of amino acids from the gut, and that 
the sodium-dependent transport processes may play 
an important role in the supply of amino acids to the 
epithelium in the absence of amino acids from the gut 
lumen. 

Neutral amino acids are actively transported across 
the intestinal epithelium from the gut lumen into the 
blood by a two-stage process: (i) entry into the epithe- 
lium across the brush border membrane and (ii) trans- 
port from cell to blood across the basal lateral mem- 
brane. Studies of uptake into intact epithelium 
(Schultz & Curran, 1970) and isolated brush-border 
membrane vesicles (Sigrist-Nelson, Murer & Hopfer, 
1975; Evers, Murer & Kinne, 1976; Hopfer e t a I . ;  
1976, Fass, Hammerman & Sacktor, 1977; Hammer- 
man & Sacktor, 1977, 1978; Slack e ta I . ,  1977) have 
shown the first step to be ~ accumulation by 
sodium-coupled mechanisms. In principle, facilitated 
diffusion driven by the amino acid concentration gra- 
dients would be sufficient for the second, basal lateral 
membrane exit step. 

It has been impossible to obtain direct information 
about the exit step from studies with the intact epithe- 
lium, since the serosal surface is obscured by muscle 
and connective tissue layers. However, studies with 
isolated plasma membrane vesicles have provided a 
preliminary view of amino acid transport by renal 
and intestinal basal lateral membranes. Hopfer et al. 
(1976) observed that uptake of valine by intestinal 
basal lateral membranes was saturable, stimulated by 
preloading, and independent of sodium. Similarly, 
Evers et al. (1976) and Slack et al. (1977) obtained 
evidence for mediated uptake of phenylalanine and 
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Table 1. Occurrence and properties of neutral amino acid transport 
systems (after Christensen, 1975) 

A ASC L 

a) Occurrence 

e.g., Ehrlich tumor cell + + + 
Avian erythrocytes - + + 
Reticulocytes + + + 

b) Specificity 

Alanine, glutamine threonine + + + 
Methionine + + a + 
Proline + + - 
Phenylalanine, valine + - + 
MeAIB + - - 

c) Sodium-dependence + + - 

a Methionine interacts with, but is not transported by, system 
ASC. 

prol ine  in p r epa ra t i ons  of  basal  la tera l  membranes  
f rom p rox ima l  tubu le ;  sod ium accelera ted  amino  acid  
up t ake  by  the renal  p repara t ions ,  but  this was a t t r ib-  
u ted  to c o n t a m i n a t i o n  by brush  bo rde r  membranes .  

Since a number  o f  epi thel ia l  t r anspo r t  processes,  
e.g., fac i l i ta ted dif fus ion of  glucose (Wright ,  van Os 
& Mircheff ,  1980) and  active exchange o f  sod ium 
and  po ta s s ium ( H a r m s & W r i g h t ,  1980), depend  on 
t r anspo r t  mechan i sms  which are  shared  with  other  
cell types,  an i m p o r t a n t  ques t ion  a b o u t  the amino  acid  
t r anspo r t  systems o f  basa l  la te ra l  membranes  is the  
extent  to which they resemble  the more  tho rough ly  
charac te r ized  amino  acid  t r anspo r t  systems o f  o ther  
cells. The work  of  Chr is tensen (1969, 1975 and  1979) 
has p rov ided  the p a r a d i g m  within which we have 
f r amed  this quest ion.  Alan ine  is one o f  several  amino  
acids  which, in a var ie ty  o f  cells, have avai lable  three  

dis t inct  t r anspo r t  systems (Table  1). These  systems, des- 
ignated  L,  A and  A S C ,  are  d is t inguished by their  
dependence  on sod ium and  by the na ture  of  the amino  
acids  which they t ranspor t .  L is a sod ium- independen t  
system; it has a b r o a d  specificity, in terac t ing  with 
mos t  L, e - amino  acids ;  no tab ly ,  it is unable  to in teract  
wi th  pro l ine  and  with N-me thy l a t ed  derivat ives,  in- 
c luding the m o d e l  subs t ra te  M e A I B .  

Systems A and  A S C  are bo th  sod ium-dependen t ,  
and  by coupl ing  amino  acid  and  sod ium fluxes, they 
lead to accumula t i on  of  amino  acids  wi th in  cells. Sys- 
tem A S C  prefers  three and  four  ca rbon  amino  acids;  
no tab ly ,  it excludes glycine, valine, phenyla lan ine ,  
and  M e A I B .  System A has a b r o a d  specificity, inter-  
act ing with  all o f  the neut ra l  L, c~-amino acids  and  
their  N-me thy l  derivatives.  

W e  have recent ly  devised p rocedures  for  ob ta in ing  
p repa ra t i ons  of  in tes t inal  basal  la tera l  p l a sma  mem-  
brane  vesicles which are re la t ively free of  con t amina -  
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t ion by brush  borde r  membranes  (Mirchef f  et  al. ,  

1979a; Wr igh t  e t a l . ,  1980). W e  now repor t  that ,  as 
had  been ant ic ipa ted ,  the  ma jo r  mode  of  a lanine  
t r anspor t  by  these vesicles is a sod ium- independen t  
equi l ibra t ing  system. Fo l lowing  Chris tensen,  we have 
measu red  the abi l i ty  o f  selected amino  acids  to inhibi t  
t r anspor t  o f  alanine,  and  we have found  tha t  this 
sod ium- independen t  system closely resembles  sys- 
tem L. We have also ob ta ined  evidence for the pres- 
ence of  sod ium-coup led  systems resembl ing  systems A 
and  A S C ,  and  for a novel  system which interacts  
with shor t  cha in  and  N - m e t h y l a t e d  amino  acids but  
no t  wi th  long chain  or  a roma t i c  amino  acids. These 
la t ter  mechan i sms  m a y  be i m p o r t a n t  in p rov id ing  
amino  acids  to the  ep i the l ium in the absence o f  d ie tary  
prote in .  A p re l imina ry  r epor t  o f  this work  has been 
publ i shed  elsewhere (Mircheff ,  van  Os & Wright ,  
1979). 

M a t e r i a l s  a n d  M e t h o d s  

Membrane Isolation Procedure 

Male Sprague-Dawley rats (140-160 g) were killed by cervical dislo- 
cation, and the small intestines were removed following perfusion 
of the lumen with ice-cold 154 mM NaCI. Fifteen cm of proximal 
duodenum and distal ileum were discarded, and upper villus cells 
were isolated from the remaining jejunum according to the proce- 
dure of Stern (1966). 

Basal lateral membrane preparations were obtained with modi- 
fications of previously described methods (Mircheff et al., 1979a; 
Wright et al., 1980). Briefly, cells from four rats were suspended 
in 200 ml of bomb buffer (25 mM NaCI, and l mM Tris-HC1, 
pH 8.0) and disrupted by nitrogen cavitation after equilibration 
at 300 Ib/in 2. After equilibration under vacuum for 60', the homog- 
enate was centrifuged at 450xgx 10 rain; the 450• pellet was 
washed once with 100 ml bomb buffer. The pooled 450 x g superna- 
tants were centrifuged at 95,000 xg x 20 min, and the resulting pel- 
let was resuspended in 40 ml isolation buffer (250 mM sorbitol, 
12.5 mM NaC1, 0.5 mM EDTA, and 5 mM histidine-imidazole buffer, 
p H 7.5). After its sorbitol concentration had been increased to 40 % by 
addition of 1.4 volumes of 65% sorbitol, the resuspended pellet 
was distributed to centrifuge tubes, overlayered with 25% sorbitol, 
and centrifuged at 95,000 x g x 60 rain. We have reported previ- 
ously (Mircheff et al., 1979) that the resulting supernatant con- 
tained 64% of the initial Na,K-ATPase, 13% of the sucrase, 5% 
of the succinic dehydrogenase, and 6% of the protein and that 
equilibrium density gradient centrifugation of this fraction in a 
high capacity zonal rotor wo~ld have yielded a preparation contain- 
ing 48% of the initial Na,K-ATPase, 1.8% of the sucrase, 1.2% 
of the succinic dehydrogenase, and 2.6% of the protein. For rapid 
isolation of basal lateral membranes for the present study, the 
zonal rotor step was eliminated and material collecting in a band 
at the interface between 25% and 40% sorbitol was collected. 
In a typical preparation, this band contained 13% of the initial 
Na,K-ATPase, 1.1% of the sucrase, 0.3% of the succinic dehydro- 
genase, and 1.3% of the protein; overall marker recoveries were, 
respectively, 62%, 78%, 68%, and 87%. Since factors as high 
as 40 have been obtained for enrichment of sucrase specific activity 
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in brush border membrane preparations (Mircheff& Wright, 1976), 
brush border membranes represent, at most, 2% of the protein 5- 
in the basal lateral membrane preparations. As with previously 
described basal lateral membrane preparations (Mircheff et al., 
1979b) use of density perturbation with digitonin as a physical 
criterion for purity indicates that the only major contaminant in 
the preparation is a population of membranes of unknown, but 4- 
presumed intracellular, origin; this population represents approxi- 
mately 30% of the protein (Mircheff et al., 1979b). 9'  

The basic buffer system for all subsequent steps was 5 mM 
Tris-HEPES, pH 7.5, containing 0.5 mM NaN~.~ ~- 

The 25%-40% interfacial band was diluted sixfold with ~ 3- 
200 mM sorbitol-THA, and the membranes were harvested by ~. 
30 min centrifugation at 95,000 • The pellet was resnspended 
to a protein concentration of 4.5 mg/ml in 30 mM KC1, 340 mM 
sorbitol-THA; stereospecific h-alanine uptake persisted for three ~. 

o. 2 -  d a y s .  < 

Uptake Measurements 

All uptake reactions were performed with double label techniques, 
permitting simultaneous measurements of a test solute, (e.g., l*C_h_ 
alanine) and a passively permeating solute (e.g., 3H-h-glucose). The 
final uptake reaction contained 1 mg/ml protein, 40 gCi/ml 3H, 
and 4 pCi/ml ~4C in 30 mM KC1, 340ram sorbitol-THA; unless 
otherwise indicated, radioactive solutes were carrier free (3H-L- 
atanine= 1 ~t~v~ and ~4C-L-alanine=22 ~M.) Reactions were started 
by addition of protein to otherwise complete media. At appropriate 
times, 50 gl aliquots were quenched into 1.0 ml of an ice-cold 
stop solution; stop solution contained 1.0 mM HgC12, 400 mM sop 
bitol-THA. 0.9 mI of the quenched reaction was deposited on 
0.45 ~m nitrocellulose filters (Sartorius, SM 11306) which had been 
rinsed with two 4-ml aliquots of ice-cold stop solution. The sample 
was rinsed with a 4-ml aliquot of ice-cold stop solution. Additional 
filters, rinsed with stop solution, were used to prepare standard 
samples of the quenched reactions and of ~*C. Filters were allowed 
to dissolve overnight in a commercial cocktail (PCS, Amersham), 
and radioactivity, determined by liquid scintillation counting, was 
used to calculate apparent spaces for 3H and ~4C. The equilibrium 
spaces for D- and h-glucose were 3.5 ~l/mg protein. 

For quantitatiou of the inhibitory effects of sutfhydryt reagents 
and competing amino acids, the r-alanine or MeAIB space on 
each filter was expressed relative to the simultaneously determined 
space of a passively permeating marker, i.e. L-glucose or D-alanine; 
this strategy eliminated the effects of variability in membrane reten- 
tion among filters. 

At early time points, the difference between relative space 
and the relative space measured in the presence of 50 raM, i.e. 
saturating, h-alanine is a measure of stereospecific alanine uptake, 
and this difference will be referred to as the relative specific space. 
Sodium-stimulated uptake was expressed as the increment in rela- 
tive space obtained when NaCI replaced KCI in the uptake medimn. 

Competition experiments employed appropriate dilutions of 
primary stock solutions which consisted of 100 mM amino acid 
in 350 mM sorNtol-THA, when necessary adjusted to pH 7.5 with 
Tris or HEPES. 

h-alanine (2,3-3H and U-I 'C) and o-alanine (U-Z4C), were 
obtained from Amersham, Arlington Heights, Ill. N-methyl-ami- 
noisobutyric acid (1-~C), h-glucose [I-3H(N)], and B-glucose (U- 
1~C) were obtained from New England Nuclear, Boston, Mass. 
N-methyl-aminoisobutyric acid was from Sigma, St. Louis, Mo; 
all other amino acids were from Calbiochem, La Jolla, Calif. 

Abbreviations.. The basic buffer system will be referred to as 
THA ; 2-(methylamino)-isobutyric acid will be abbreviated MeAIB. 

A 

= = L-Alanine, NaCI 
o---o D-Alanine, NoCI 

L-Alanine, KCI 
D-Alanine, KCI 

zX 
/---  

o 

0 I I I / 

5 I~) 15 120 
MINUTES 

Fig. 1. Time course of D-14C - and L-3H-alanine uptake. Uptake, 
expressed as apparent space, was determined as described in Mate- 
rials and Methods. Basal lateral membrane had been equilibrated 
overnight with 30 mN KC1, 340 mu sorbitol-THA ; in NaCt media, 
30 mM NaC1 replaced 30 mN KC1. Each point is the mean of dupli- 
cate determinations. Comparison of the time courses of uptake 
of D-alanine and h-glucose (Fig. 2) indicates no specific uptake 
of D-alanine; this was confirmed by direct measurement of time 
courses of 14C_D_alanin e and 3H-h-glucose uptake an d by a demon- 
stration that B-alanine uptake is not saturable between 0.1 and 
8 mM (Fig. 3). In subsequent experiments, D-alanine and L-glucose 
were used interchangeably as markers of nonspecific permeation 

Results 

Time Course of Alanine Uptake 

The preparation of basal lateral plasma membrane 
vesicles exhibits a stereospecific uptake of L-alanine 
(Fig. 1). In the absence of sodium, the half time for 
equilibration of L-alanine was less than 0.25 rain, 
while the half time for D-alanine uptake was more 
than 1.5 rain. The apparent equilibrium space for L- 
alanine was 20% greater than the D-alanine space. 2 
The presence of 30 mM NaC1 in the uptake medium 
resulted in a 25% increase in the stereospecific uptake 
of L-alanine after 0.25 rain. A slight overshoot was 
typically present in the time course of L-alanine up- 
take in the presence, but not the absence, of NaC1. 

a The reason for the discrepancy between the equilibrium space 
for h-alanine and the D-glucose, L-glucose, and D-alanine spaces 
is not clear. It is not specific binding as the h-alanine space is 
independent of concentration (1 gM-5 mM) and of the isotope used. 
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Fig. 2. Time course of 14C-D- and 3H-L-glucose uptake. Basal lateral membranes loaded with 30 mM KC1, 340 mM sorNtot-THA were 
from the preparation used in Fig. 1. (A): The external media contained either 30 mM NaCI or 30 mM KCI in 340 mM sorbitol-THA. 
(B): The external media contained 100 mM NaC1 or 100 mM KC1 in 200 mM sorbitol-THA. Each point is the mean of duplicate determina- 
tions. The failure of sodium to stimulate D-glucose uptake confirms previous results (Wright etal., 1980) and indicates that brush 
border contamination is not the reason for observed effects of sodium (Fig. 1) on uptake of L-alanine 

Table 2. Effects of sulfhydryl reagents on sodium-independent and 
sodium-stimulated L-alanine uptake 

Na-independent Na-stimulated 

Uptake InN- Uptake Inhi- 
bition bition 

Control 1.79_+ 0.03 0.91 _+ 0.06 
p-Chloromercuri- 0.06+_0.01 97% 0.05_+0.03 95% 

phenylsulfonate 
Dithiodipyridine 0.77_+0.01 57% 0.44_+0.02 52% 
N-ethylmaleimide 1.43_+0.01 20% 0.79_+0.06 13% 

4.5 mg/ml basal lateral membranes were incubated with inhibitors 
for 60 rain at 0 ~ p-Chloromercuriphenylsulfonate and dithiodi- 
pyridine concentrations were 1.0 mM, and the N-ethylmaleimide 
concentration was 2.2 raM. Uptake (14C-L-alanine and 3H-L-glu- 
cose) was measured after incubation of 0.5 min under conditions 
described in Materials and Methods; results presented are relative 
stereospecific L-alanine uptake with the mean of three determina- 
tions + SEM, 

Effect of  Sodium of D-Glucose Uptake 

We have prev ious ly  r epor t ed  tha t  external  sod ium 
had  no effect on the stereospecif ic  up take  o f  D-glucose 
by intest inal  basa l  la teral  m e m b r a n e  vesicles (Wright  
et aL, 1980). The exper iments  summar ized  in Fig. 2 
conf i rm tha t  nei ther  30 mM NaC1, a concen t ra t ion  
which gives a m a r k e d  s t imula t ion  of  the ini t ial  ra te  
of  a lan ine  up take ,  nor  100 mM NaC1, a concen t ra t ion  
used in demons t r a t i ng  sod ium-dependen t  t r anspo r t  
in brush  border  m e m b r a n e  p repa ra t ions ,  s t imula ted  

D-glucose uptake .  C o m p a r i s o n  o f  the t ime courses 
o f  D- and  L-glucose up t ake  in the presence of  ei ther 
30 or  100raM KC1 suggests tha t  e levated ionic 
s t rength  may  decrease the  size and  increase the  passive 
pe rmeab i l i ty  of  the basa l  la tera l  m e m b r a n e  vesicles. 

Effects of  Sulfhydryl Reagents on L-Alanine Uptake 

The sensi t ivi ty of  s tereospecif ic  L-alanine up take  to 
d i th iod ipyr id ine  and  to p -ch lo romercu r ipheny l su l fon -  
ate r anged  f rom 52 to 97%,  and  the sod ium- indepen-  
dent  and  the sod ium-s t imu la t ed  c o m p o n e n t s  o f  L-ala- 
nine up take  were s imilar ly  sensit ive to  the two rea- 
gents (Table  2). N-e thy lma le imide  inhib i ted  13% of  
the sod ium-s t imu la t ed  up t ake  and  20% of  the sod ium-  
independen t  uptake.  

Concentration Dependence of L-Alanine Uptake Rate 

A l t h o u g h  the t ime reso lu t ion  of  the  m e m b r a n e  ul t ra-  
f i l t ra t ion  technique  is no t  ent i rely sa t i s fac tory  for 
measurement s  o f  ini t ial  rates ,  measurement s  o f  L- and  
D-alanine up take  after  0.25-rain incuba t ion  suggest 
that  L-alanine up t ake  is the  resul t  o f  superpos i t ion  
of  a sa turab le  and  a l inear  process  (Fig.  3). The  
concen t ra t ion  dependence  o f  sod ium- independen t ,  
s tereospecif ic  L-alanine up take  at  0.25 min  suggests 
the h y p e r b o l a  character is t ic  o f  sa tu ra t ion  kinetics,  
and  an Eadie -Hofs tee  t r ans fo rma t ion  o f  the d a t a  in 
Fig. 3 ex t rapo la tes  to  a max ima l  veloci ty o f  5.3 nmol /  
mg min  and  a ha l f - sa tu ra t ion  cons tan t  o f  0.73 mM 
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Fig. 3. Concentration dependence of sodium-independent alanine uptake, all-L- and t4C-D-alanine concentrations were varied by addition 
of nonradioactive isomers to give a constant total (D+L) alanine concentration. As described in the text, uptake was measured after 
0.25 min incubation and results were first expressed as apparent spaces; each point is the mean of quadruplicate determinations. Rates 
were calculated by multiplying the apparent space by the medium alanine concentration and dividing by 0.25 min. After 0.25 rain 
the apparent spaces for D-alanine were 1.15+_0.03 lal/mg at 8 mM D-alanine and 1.11_+0.02 ~d/mg at 0.1 mM D-alanine i.e., the rate 
of D-alanine uptake is linear through this concentration range. Stereospecific L-alanine uptake was calculated by subtracting the simul- 
taneously measured D-alanine space from the total L-alanine space 

Fig. 4. Arrhenius plots of stereospecific L-alanine uptake. Uptake of t4C-L-a[anine and 3H-0-glucose after 0.25 min reaction was measured 
as described under Materials and Methods. Temperature was controlled between 0 and 30 ~ with a Lauda K-2/R refrigerated water 
bath (Brinkmann). Each point is the mean of duplicate determinations 

(R=0.961). Experiments discussed below demonstate 
that the sodium-stimulated component of alanine up- 
take is also saturable. 

Temperature Dependence of L-Alanine Uptake Rate 

Stereospecific L-alanine uptake at 0.25 rain was mea- 
sured over a temperature range of 0 to 30 ~ The 
resulting Arrhenius plots are presented in Fig. 4. Be- 
tween 5 and 25 ~ the apparent activation energies 
are 8.1 kcal/mole (R=0.995) in 30mM NaC1 and 
9.2 kcal/mole (R=0.999) in 30 mM KC1. Activation 
energies derived from the simultaneously measured 
L-glucose spaces were 2.9 and 3.1 kcal/mole, respec- 
tively, values similar to that measured in a study of 
glucose transport by basal lateral membrane vesicles 
(Wright et al., 1980). 

Trans-Stimulation of Alanine Uptake 

When basal lateral membranes had been equilibrated 
with 4.0 mu L-alanine (Fig. 5), the rate of 14C-L-ala- 
nine uptake was double the control rate, and there 

was a twofold overshoot in the l~C-L-alanine content 
of the vesicles. 

Specificity of Sodium-Independent Alanine Uptake 

The ability of histidine and of selected neutral amino 
acids to inhibit the sodium-independent component 
of stereospecific L-alanine uptake is presented in 
Fig. 6. MeAIB did not inhibit sodium-independent 
uptake. Proline inhibited a small component of L-ala- 
nine uptake. In preliminary experiments lysine had 
no consistent effect on alanine uptake; aspartic acid 
and glutamic acid inhibited L-alanine uptake, but it 
was not possible to demonstrate any uptake of these 
amino acids beyond that attributable to passive diffu- 
sion. (C.H. Van Os, A.K. Mircheff, and E.M. 
Wright, unpublished). At concentrations of 50 mM glut- 
amine, methionine, threonine, glycine, phenylala- 
nine, and valine were as effective as alanine in inhibit- 
ing all stereospecific t~C-L-alanine uptake, and, in 
preliminary experiments, glycine, phenylalanine, and 
valine were taken up more rapidly than L-glucose. 
Histidine inhibited weakly, but the pattern of inhibi- 
tion between 1 and 25 mM (Fig. 6) gives no indication 
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Fig. 5. Trans-stimulation phenomenon in L-alanine uptake. Basal 
lateral membranes at a concentration of 9.0 mg protein/ml were 
incubated for 3 hr at 0 o in 30 mM KC1, 340 mM sorbitol-THA 
containing either 0 L-alanine (control) or 4.0 mM L-alanine (pre- 
loaded). Uptake reactions were started by diluting 7.5 gl of the 
control or preloaded basal lateral membranes into a final volume 
of 120 gl uptake medium containing, respectively, either 0.25 mM 
or 0 nonradioactive L-alanine and the usual concentrations of all-L- 
glucose and 14C-L-alanine. 105-gl aliquots of the uptake reactions 
were quenched into 1.0 ml ice-cold stop solution, and 950-~tI ali- 
quots of the quenched reaction were filtered, rinsed, and counted 
as described under Materials and Methods. Each point is the mean 
of duplicate determinations 

Fig. 6. Inhibition of sodium-independent 14C-L-alanine uptake by 
neutral amino acids. Relative stereospecific L-alanine uptake was 
measured after 0.5 min incubation in the presence of increasing 
concentrations of N-methyl-aminoisobutyric acid and L-amino 
acids as described under Materials and Methods. Each point is 
the mean of triplicate determinations. The broad specificity to 
the mechanism responsible for L-alanine uptake and its inability 
to interact with proline and MeAIB is characteristic of system L 
in Ehrlich ascites cells 
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of a component of Na-independent, stereospecific L- 
alanine uptake which is not accessible to L-histidine. 
Linear regressions of Hanes transformations (e.g., 
Muflih & Widdas, 1976; Sepulveda & Smith, 1978) 
of the data from Fig. 6 had r values in the range 
of 0.98 to 0.99. The inhibitor constants and order 
of decreasing affinity calculated from these regres- 
sions are glutamine, 0.26 mN > threonine, 0.44 mu > 
alanine, 0.59 mM > phenylalanine, 0.97 mM > valine, 
1.18 raM> methionine, 1.25 mM > glycine, 1.57 mM 
>histidine, 7.97 mM. The inhibitor constant calcu- 
lated for alanine agrees well with the half-saturation 
constant estimated from an Eadie-Hofstee transfor- 
mation of the data from Fig. 3 (0.73 raM). 

Specificity of Sodium-Stimulated 
Alanine Transport Systems 

phenylalanine (Fig. 7) reveals the existence of a com- 
ponent of sodium-stimulated alanine transport which 
is insensitive to phenylalanine, i.e., of a sodium-stimu- 
lated transport system which interacts with alanine 
but not phenylalanine. Valine and proline also appear 
to inhibit only a portion (73 to 81%) of the sodium- 
stimulated alanine transport (Table 3), and addition 
of 25 mM phenylalanine to 25 mM valine or 25 mM 
proline produced no inhibition beyond that produced 
by 50 mM concentrations of valine and proline (Ta- 
ble 3). 

In a separate experiment (Table 4), MeAIB at 
25 mM inhibited a larger component of Na-dependent 
alanine uptake than did phenylalanine at concentra- 
tions of 25 or 50 mM; consistent with this result, addi- 
tion of 5 mM MeAIB to an uptake medium containing 
25 mM phenylalanine resulted in an increased inhibi- 
tion of sodium-dependent alanine uptake. MeAIB 

Increasing concentrations of L-alanine also inhibit the 
sodium-stimulated component of l~C-g-alanine up- 
take (Fig. 7). Extrapolation of a Hanes plot of the 
data from Fig. 7 leads to an estimated half saturation 
constant of 0.04 mM, and insertion of this value into 
the Michaelis-Menten equation, along with an esti- 
mated initial rate of 0.09 nmol/mg rain at 0.022 mM 
L-alanine (Fig. 1), yields a Vmax=0.26 nmol/mg min. 
Since, as will be discussed below, the sodium-stimu- 
lated component of L-alanine uptake is the result of 
several parallel transport systems, these kinetic param- 
eters give only a qualitative estimate of the charac- 
teristics of sodium-stimulated alanine transport in the 
basal lateral membrane preparation. 

At concentrations of 50 raM, threonine, glutamine, 
and methionine inhibit 91-98 % of the sodium-stimu- 
lated L-alanine uptake (Table 3). The concentration 
dependence of inhibition of L-alanine transport by 

Table 3. Inhibition of sodium-stimulated alanine uptake by neutral 
amino acids 

50 mM amino acid 25 mN amino acid 
+ 25 mM phenylalanirle 

'~176 1 
75-[I 

50-  

25-  

Alanine 

Phenylolonine 

,6 3'0 
mM I 

Fig. 7, Inhibition of sodium-dependent l~C-L-alanine uptake by 
L-alanine and L-phenylalanine. Sodium-dependent uptake was 
expressed as the difference between the relative specific L-alanine 
spaces in 30 mM NaCl, 340 mM sorbitol-THS v s .  30 mM KCI, 
340 mM sorbitol-THS after 0.5 min 

Uptake Inhi- Uptake Inhi- 
bition bition 

Control 0.88 _+ 0.04 
L-Alanine 0.05+-0.02 95% 
L-Glutamine 0.02 • 0.02 98% 0.01 +- 0.02 99% 
L-Methionine 0.02_+0.02 98% 0.00• 100% 
L-Threonine 0.08_+0.01 91% 0.10• 88% 
L-Phenylalanine 0.24• 73% 
L-Valine 0.1820.02 79% 0.16• 82% 
L-Proline 0.17+0.07 81% 0.13• 85% 

Uptake (l~C-L-alanine and 3H-L-glucose) was measured after 
0.5 min incubation. Results are sodium-stimulated relative L-ala- 
nine uptake, mean of three determinations, +- SEM. 

Table 4. Inhibition of sodium-stimulated alanine uptake by L- 
phenylalanine and N-methyl-aminoisobutyric acid (MeAIB) 

L-Phenylalanine MeAIB Uptake Inhibition 

0 0 1.13+0.11 
25 mM 0 0.54 + 0.02 52% 
50 mM 0 0.42+--0.03 63% 

0 25 mM 0.30+-0.04 74% 
25 mM 5 mM 0. I9+-0.03 83% 
25 mM 25 mM 0.11 _+0.03 90% 

L-Alanine uptake was measured after 0.5 min incubation. Results 
presented are in Tables 1 and 2. 
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Fig. 8. Time course of MeAIB uptake Standard procedure, described under Materials and Methods, was used to measure N-methyl- 
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is mean of two determinations. Time course in the presence of KC1 is similar to the time courses of uptake of D-alanine and [o-glucose 

Fig. 9. Inhibition of sodium-dependent MeAIB uptake by L-phenylalanine. Procedures described unter Materials and Methods were 
used to determine relative specific methyl-aminoisobutyric acid uptake after 3.0 rain incubation. The nonzero asymptote indicates that 
Na-dependent uptake occurs by at least two transport systems, one which is also able to interact with phenylalanine and one which 
is not; the first is similar to system A described in Ehrlich ascites celIs, and the second appears to be novel 

5'0 

(Fig. 8) is taken up by the basal lateral membranes. 
In the absence of sodium, MeAIB uptake resembles 
L-glucose and D-alanine uptake. This process is slow 
compared to L-alanine uptake, and Na-dependent 
increments in MeAIB uptake at each time point are 
an order of magnitude smaller than the Na-dependent 
increments in L-alanine uptake; however, at 3 min 
the Na-dependent increment was large enough to per- 
mit a survey of the competitive effects of other amino 
acids. Phenylalanine at 50 mM (Fig. 9) inhibited 57% 
of the Na-dependent MeAIB uptake. In a separate 
preparation of basal lateral membranes (Table 5) 
50 mM concentrations of threonine, methionine, and 
alanine inhibited virtually all of the MeAIB uptake, 
while phenylalanine inhibited 59% of the sodium- 
dependent MeAIB uptake. 

D i s c u s s i o n  

Uptake of L-alanine by preparations of isolated intes- 
tinal basal lateral membrane vesicles has a number 
of characteristics conventionally taken as diagnostic 
of carrier-mediated transport. Both the sodium-inde- 
pendent and the sodium-stimulated components of 

alanine uptake are saturable, stereospecific, and in- 
hibited by sulfhydryl reactive agents, and they have 
higher activation energies than simple diffusional 
processes. The equilibrium space for alanine is similar 
to the simultaneously measured equilibrium spaces 
of passively permeating, nonmetabolized solutes. The 
sodium-independent component of stereospecific L- 
alanine uptake is subject to a trans-stimulation phe- 
nomenon large enough to transiently increase the in- 
travesicular 14C_L_alanin e content to double its equilib- 
rium value. These results extend previous reports 
that valine is taken up by preparations of intestinal 
basal lateral membranes (Hopfer et aI., 1976) and that 
phenylalanine (Evers et al., 1976) and proline (Slack 
et al., 1977) are taken up by proximal tubular basal 
lateral membranes. 

Two lines of evidence exclude the possibility that 
the sodium-stimulated component of L-alanine uptake 
might be attributed to contamination by brush border 
membrane vesicles. First, brush border membranes 
contain a sodium-coupled mechanism for D-glucose 
uptake, yet there is no indication of a sodium-stimu- 
lated component in the time course of D-glucose up- 
take by basal lateral membrane preparations (Fig. 2). 
Secondly, it is possible to estimate the magnitude 
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Table 5. Inhibition of sodium-stimulated N-methyl-aminoisobuty- 
ric acid (MeAIB) uptake by neutral amino acids 

Uptake Inhibition 

Control 0.09 _+ 0.02 
MeAIB -0.04_+0,003 145% 
L-Alanine 0.00 + 0.02 I00% 
L-Methionine -- 0.02 + 0.02 100 % 
L-Threonine 0.01 _+ 0.03 91% 
L-Phenylalanine 0.05 _+ 0.02 59% 

Uptake of 14C-MeAIB and 3H-L-glucose was measured after 
3.0 rain reaction in the presence of 50 mN concentrations of the 
competing amino acids. Results presented are relative specific 
MeAIB uptake, mean of three determinations • SEM. 

Table 6. Summary of mediated permeation pathways for c-alanine 
in intestinal basal lateral membranes 

Sodium-dependent Sodium-indepen- 
systems dent systems 

A-like ASC-Like Novel L-Like 

Alanine + + + + 
Glutamine + + + + 
Methionine + + + + 
Threonine + + + + 

MeAIB + - + - 

Phenylalanine + - + 
Valine + - - + 

Proline + - - - 

of the sodium-stimulated flux of alanine into the 
brush border membrane vesicles present as contami- 
nants in the basal lateral membrane preparation. 
From the data of Sigrist-Nelson et al. (1975), the peak 
of sodium-stimulated uptake of alanine by brush bor- 
der vesicles occurs at 0.25 rain. When the alanine 
concentration was 1 mM, and sodium-stimulated com- 
ponent of alanine uptake was 3 nmol/mg, i.e., the 
apparent space was 3 ~tl/mg. Since brush borders ac- 
count for 2% of the protein in the basal lateral mem- 
brane preparations, at 0.25 min the brush border 
contribution to the sodium-stimulated alanine space 
would be 0.06 gl/mg, i.e., negligible compared to the 
observed total sodium-dependent increment of 1.0 ~tl/ 
mg. It is not yet certain, however, that the sodium- 
stimulated transport apparent in the membrane 
preparation is, in fact, associated with the basal lateral 
membranes, since it is known that roughly 30% of 
the protein in the preparation is associated with a 
population of membranes derived from an as yet un- 
identified intracellular structure. Attempts to measure 
transport in highly purified basal lateral membranes 
obtained by density perturbation with digitonin (Mir- 
cheff et al., 1979 b) were unsuccessfnl (unpublished re- 
sults),  apparently because digitonin destroys the 
membrane barrier to nonspecific permeation. 

The sodium-independent and the sodium-stimu- 
lated components of L-alanine transport represent the 
parallel actions of several distinct transport systems. 
Although both components are similarly sensitive to 
each of three sulfhydryl reagents (p-chloromercu- 
riphenylsulfonic acid, dithiodipyridine and N-ethyl- 
maleimide), they can be distinguished by their abilities 
to interact with selected neutral amino acids. 

The characteristics of the sodium-independent ala- 
nine transporting system-its broad sensitivity, its ex- 
clusion of proline and MeAIB, and its strong trans- 
stimulation phenomenon-are all similar to the char- 

acteristics of system L defined in Ehrlich ascites cells 
(Christensen, 1969, 1975, 1979). 

Sodium-stimulated alanine uptake can be resolved 
into three components. A major portion of the so- 
dium-stimulated alanine influx is inhibited by all of 
the neutral amino acids tested, including phenylala- 
nine, proline, and MeAIB; this broad specificity is 
characteristic of the classical system A of Ehrlich as- 
cites cells (Christensen, 1969, 1975, 1979). The flux 
which is insensitive to phenylalanine can be seen as 
partitioned between two components, one which can 
be inhibited by MeAIB, and one which cannot. A 
transport system which is insensitive to both phenyla- 
lanine and MeAIB is reminiscent of system A S C  
(Christensen, 1969, 1975, 1979). This system which 
is inhibited by MeAIB but not phenylalanine resem- 
bles neither A nor A S C ;  corroborating evidence for 
such a novel system derives from the demonstration 
that a component of sodium-stimulated MeAIB up- 
take is insensitive to phenylalanine. Table 6 contains 
a summary of the alanine transporting systems which 
the present work indicates to be present in prepara- 
tions of basal lateral plasma membranes of rat intesti- 
nal epithelial cells. 

The L-like system, because it is sodium-indepen- 
dent, has properties expected of the basal lateral mem- 
brane exit step in the overall process of amino acid 
active absorption. That this system provides the major 
pathway for transport of alanine across the basal 
lateral membranes may be seen, qualitatively, from 
Fig. 1, and, quantitatively, from a comparison of the 
kinetic parameters of the sodium-independent 
(Kin 0.7 mM and V~ x 5.3 nmol/mg min) and sodium- 
stimulated (Kin 0.04 mM and Vma x 0.26 nmol/mg min) 
transport systems. The presence of sodium-stimulated 
amino acid transport systems in the basal lateral 
plasma membranes would not be necessary for active 
absorption; in fact, such systems would tend to op- 
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pose net cel l- to-blood flux by providing pathways for 
sodium gradient-dr iven fluxes back into the cell. 
However,  it is plausible that  sodium-s t imula ted  trans- 
port  across the basal lateral membranes  might  become 
significant in providing the cells of  the intest inal  epi- 
thel ium with amino  acids in the absence of dietary 
protein. This in terpre ta t ion  is supported by a recent 
observat ion (in preparat ion)  that  there is a gradient  
of sodium-s t imula ted  a lanine  t ranspor t  activity f rom 
proximal  d u o d e n u m  to terminal  ileum. Christensen 
(1979) has also discussed evidence that  System L par- 
ticipates in concentrat ive amino  acid uptake involving 
a direct input  of metabol ic  energy. 

This work was supported by U.S. Public Health Service grants 
AM 19567 and NS 09666. 
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