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Summary. Amino acids enter rabbit jejunal brush border mem- 
brane vesicles via three major transport systems: (1) simple pas- 
sive diffusion; (2) Na-independent carriers; and (3) Na-dependent 
carriers. The passive permeability sequence of amino acids is very 
similar to that observed in other studies involving natural and 
artificial membranes. Based on uptake kinetics and cross-inhi- 
bition profiles, at least two Na-independent and three Na-de- 
pendent carrier-mediated pathways exist. One Na-independent 
pathway, similar to the classical L system, favors neutral amino 
acids, while the other pathway favors dibasic amino acids such as 
lysine. One Na-dependent pathway primarily serves neutral L- 
amino acids including 2-amino-2-norbornanecarboxylic acid 
hemihydrate (BCH), but not fl-alanine or ~-methylaminoiso- 
butyric acid (MeAIB). Another Na-dependent route favors phenyl- 
alanine and methionine, while the third pathway is selective for 
imino acids and MeAIB. Li is unable to substitute for Na in 
these systems. Cross-inhibition profiles indicated that none of the 
Na-dependent systems conform to classical A or ACS paradigms. 
Other notable features of jejunal brush border vesicles include (1) 
no fi-alanine carrier, and (2) no major proline/glycine interac- 
tions. 
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Introduction 

A m i n o  acids  are t r a n s p o r t e d  across  the  smal l  in-  
t es t ina l  e p i t h e l i u m  in  two stages:  u p t a k e  f rom the  

gu t  across  the b r u s h  b o r d e r  m e m b r a n e ,  a n d  exit in to  
the b l o o d  across  the  basa l  l a te ra l  m e m b r a n e .  Al-  

t h o u g h  m e c h a n i s m s  of  i n t e s t i na l  a m i n o  acid  t rans -  
po r t  have  b e e n  ex tens ive ly  s tud ied  (see Schul tz  & 
C u r r a n ,  1970; M u n c k ,  1981), there  is still cons ide r -  
ab le  c o n f u s i o n  a b o u t  the  ac tua l  n u m b e r  of  t r a n s p o r t  
sys tems invo lved .  In  p l a s m a  m e m b r a n e s  of  n o n p o l a r  
cells, such as Ehr l i ch  cells a n d  m o u s e  f ibroblas ts ,  
there  is c lear  ev idence  of  m u l t i p l e  t r a n s p o r t  pa th -  
ways  (see Chr i s t ensen ,  1975, 1979; Lever,  1980). 
These  p a t h w a y s  i nc lude  i) diffusion,  ii) N a - i n d e p e n -  
d e n t  carriers,  e.g., the  L system, a n d  iii) Na-de -  

p e n d e n t  carr iers ,  e.g., the A a n d  A S C  systems. Mir -  

cheff, v a n  Os a n d  W r i g h t  (1980) have  d e m o n s t r a t e d  
s imi la r  t r a n s p o r t  p a t h w a y s  in  in t e s t ina l  basa l  la te ra l  
m e m b r a n e s .  The  p resen t  s tudy  e luc ida tes  the  a m i n o  
acid  t r a n s p o r t  p a t h w a y s  in  i n t e s t i na l  b r u s h  b o r d e r  

m e m b r a n e s .  W e  have  used  i so la ted  m e m b r a n e  ves- 
icles to explore  a n d  q u a n t i t a t e  the di f fus ional ,  N a -  
i n d e p e n d e n t ,  a n d  N a - d e p e n d e n t  p a t h w a y s  in  r a b b i t  
j e j u n a l  b r u s h  borders .  Th i s  s tudy  inc ludes  a c o m p a r -  

i son  of  ou r  resul ts  wi th  those  for s ingle  cells, a n d  for 
the  r a b b i t  r ena l  b r u s h  b o r d e r  (Mircheff,  K i p p e n ,  Hi -  
r a y a m a  & Wright ,  1982). 

Materials and Methods 

Membrane Vesicle Preparation 

The small intestine was removed from male New Zealand white 
rabbits, and flushed with ice cold buffer containing 300 mM D- 
mannitol in 10 mM HEPES/Tris, pH 7.5 ("300 MHT" buffer). Buf- 
fer containing 400mM mannitol will be referred to as 
"400 MHT'.  Thirty cm of distal ileum and proximal duodenum 
were discarded, and the mucosa was scraped from the remaining 
jejunum. Scrapings from two to four animals were pooled, frozen 
on dry ice/methanol, and stored up to 1 week ( - 2 0  ~ C) in 1-gm 
aliquots. 

Brush border membranes were prepared in batches using a 
modification of Ca 2+ precipitation methods (Schmitz et al., 1973; 
Kessler et al., 1978). All steps were carried out at 0-5 ~ C. Briefly, 
1-g aliquots of thawed mucosal scrapings were homogenized (8 ml 
of 300 MHT/g scrapings) using a Brinkman Polytron homoge- 
nizer (15sec at 4~6 setting). One hundred mM CaC12 in 1 mM 
HEPES/Tris (pH 7.5) was added to the homogenate to produce a 
final concentration of 10 mM CaC12. After stirring for 20 min, the 
solution was centrifuged at 2,500 x g for 5 min. The supernatant 
containing brush border material was centrifuged at 50,000 x g for 
30 min. The resulting pellet was resuspended in 400 MHT using a 
glass/Teflon homogenizer, and then recentrifuged at 50,000 x g for 
30 min. The final brush border membrane pellet was suspended in 
400 MHT at a concentration of 10 to 15 mg protein/ml. Aliquots 
of the final suspension were stored in liquid nitrogen as described 
by Stevens et al. (1982),Transport studies involving blocks of corn- 
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parative data (e.g., the effects of variations unlabeled inhibitors on 
labeled substrate uptake) were performed using the same batch of 
stored membranes prepared from several rabbits. Similar results 
were obtained when the experimental blocks were repeated using 
different membrane batches. In the Results, membrane batch 
numbers accompany experimental blocks. 

The brush border marker enzyme, alkaline phosphatase (p- 
nitrophenyi phosphatase E.C.3.1.3.1) was routinely assayed (Mir- 
cheff & Wright, 1976) before membranes were stored in liquid 
nitrogen. This enzyme was consistently enriched 20-fold in the 
final pellet compared to the crude homogenate. Protein was de- 
termined using the BioRad protein assay, with gamma globulin 
as the protein standard. 

Transport Measurements 

The simultaneous uptake of ~4C-labeled L-amino acids and 3H- 
D-mannitol was measured utilizing a rapid mixing/filtration tech- 
nique. All experiments were conducted at 23 ~ 

For each uptake measurement, 10gl of membrane vesicles 
and 20 gl of radioactive uptake buffer were placed separately at 
the bottom of a 12 x 100 cm polystyrene tube, The uptake buffer 
components were adjusted so that the final reaction mixture 
contained initial gradients of 100 mM NaC1 or 100 mM KC1, and 
14C-labeled amino acids and 3H-D-mannitol ranging in concen- 
tration from 0 to 100mM. In addition, the final reaction mixture 
contained 0 to 100mM inhibitors (adjusted to pH 7.5) and suf- 
ficient D-mannitol to maintain isosmotic conditions. An electroni- 
cally controlled apparatus (see Stevens, 1980) initiated the re- 
action by rapidly vibrating the tube. After a prescribed reaction 
period (1 sec to 2hr), 1 ml of ice cold 400MHT was added to 
quench the reaction. The quenched mixture was then filtered 
using a prewetted and chilled 0.45 ~tm nitrocellulose filter (Sar- 
torius SMl1306). The membranes were washed once with 5 ml of 
400 MHT, then dissolved in scintillation cocktail (Amersham 
PCS). The radioactivity of 3H and 1"C trapped by the vesicles 
was measured by liquid scintillation counting. Values for non- 
specific retention of radioactivity by the filters and vesicles were 
obtained from zero time uptakes, and were subtracted from total 
filter radioactivity. After appropriate radioisotope channel over- 
lap corrections, the radioactivity was converted to units of pmol 
solute uptake/mg protein/time period. 

Uptake was measured in the presence and absence of Na. 
Na-dependent carrier-mediated influx dz=d~(Na)-Jt(K), where 
jt is total influx measured in 100mMNaC1 or KC1. Na-inde- 
pendent carrier-mediated influx JI=Jt(K)-JD, where jD is the 
diffusional component determined by measuring total influx of 
t4C-substrate (d~) in the presence of 100 mM unlabeled substrate. 

Generally, the uptake time courses of 50 gM 14C-substrate (in 
NaCI or KC1) were linear to 5sec (see Fig. 1, Table 1), and 
therefore initial influxes were measured from 2 to 5 sec. However, 
due to the low specific activity of 14C-MeAIB, its influx time was 
extended to 10 sec to allow sufficient accumulation of radioac- 
tivity. 

Data were analyzed using a North Star computer (North 
Star, Inc., Berkeley, CA) and plotted on a Houston Instruments 
(Austin, TX) HiPlot DMP-4 digital plotter. 

The symbols used throughout the paper are: PHE, phenyl- 
alanine; PRO, proline; ALA, alanine; GLY, glycine; MeAIB, N- 
methylaminoisobutyric acid; fl-ALA, fi-alanine; BCH, 2-amino-2- 
norbornanecarboxylic acid hemihydrate; LYS, lysine; MET, me- 
thionine, OH-L-PRO, 4-hydroxy-L-proline. All amino acids are 
the L-stereoisomer unless otherwise indicated. All unlabeled re- 
agents were obtained from Sigma Chemical, St. Louis, MO, ex- 
cept 2-amino-2-norbornanecarboxylic acid hemihydrate (BCH) 
which was obtained from Aldrich Chemical Co., Milwaukee, WL 

The following radioactive substrates were obtained from 

Amersham and New England Nuclear: (U-14C)glycine, L-(U- 
l~C)alanine, fl(U-14C)alanine, L-(U-l~C)phenylalanine, L-(U- 
l~C)lysine, L-(U-14C)proline, ~(1-14C)methylaminoisobutyric acid, 
and D-(1-3H(N))mannitol. 

Results 

We investigated the differential uptakes of amino  
acids by brush border  vesicles using uptake time 

course, kinetic, and cross-compet i t ion experiments. 
In  each case, diffusional, Na- independent ,  and  Na- 

dependent  uptakes were measured. 

Uptake Time Courses 

Figure 1 shows the uptake of 501aM x+C-labeled 
PRO,  PHE, ALA,  GLY,  and  MeAIB measured in 
the presence of NaCI or KC1 (initial gradient  con- 

ditions). It is apparent  that  each substrate, except 
GLY, was rapidly accumula ted  in the vesicles 

against  a chemical gradient  (intravesicular/extravesi-  
cular) by a Na-s t imula ted  mechanism.  The peak ac- 
cumula t ion  ratios were: PRO,  7:1; PHE, 8:1; ALA, 
1.4:1; MeAIB,  1.9:1. In  the absence of Na, the initial  
influxes were reduced and  no overshoot  occurred. 
For  OLY, al though uptake did no t  occur against  a 
chemical gradient, Na  enhanced  the initial  rate of 
uptake. The uptake time courses of LYS and  fl-ALA 
(not shown) did no t  display overshoots, and  were 
unaffected by Na  (see also Table  1). 

Initial Influxes 

The ensuing kinetic data  are based on initial  influx 
Values. Table  1 summarizes the initial influxes of 

amino  acids measured under  various condit ions.  As 
the legend indicates, uptake times were sufficiently 
short (e.g., 2 sec for PRO) to ensure measurement  
dur ing  the l inear  por t ion  of the uptake time course. 
It is notable  that sizable fractions of the total in- 
fluxes (jr) of P R O  and  P H E  were Na-dependen t  
(j2), with smaller Na-dependen t  fractions (j2) of 

ALA,  MeAIB,  and G L Y  influx. Subst i tu t ing Na  
with K or Li reduced the total influxes of PHE, 
ALA, or GLY,  al though the total influxes in K or 
Li ( j t (K or Li)) were greater than  diffusion ( j r) .  This 
suggested the presence of Na - independen t  carrier- 
mediated mechanisms (j1) for these amino  acids. 
P R O  and MeAIB carr ier-mediated uptakes, on the 
other hand,  were strictly Na-dependen t  (j2); when K 
or Li were subst i tuted for Na, P R O  or MeAIB total 
influxes (jr) were reduced to passive diffusion (jo). 

The Na- independen t  LYS influx (j1) exceeded 
diffusion (see Table  1). This suggested the presence 
of a carrier-facilitated pathway for this amino  acid. 
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Influx of #-ALA occurred primarily by diffusion 
with no apparent carrier mediation (i.e., j r =  j,). The 
diffusion data in Table 1 yielded the following dif- 
fusion sequence for jejunal brush membrane vesicles: 
PHE > #-ALA > mannitol > ALA > MeAIB > PRO 
> G L Y > L Y S .  

Kinetics of Neutral Amino Acid Transport 
(PRO, PHE, ALA)  

Based on the results shown in Table 1, we investi- 
gated the Na-dependent uptake kinetics (j2) of 
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Fig. 1. Uptake of 50gN 14C-PRO (A); 14C-PHE (B); ~4C-ALA 
(C); t r  14C-MeAIB (E) in 100ram NaC1 (e) or KC1 
(m). Uptake of 50pM 3H-D-mannitol in NaC1 (A) or KCI (•) was 
measured simultaneously (shown only in Fig. 1C). In this and 
subsequent Figures, data are given as mean +sE (n=3).  sE bars 
are shown, except where sE was less than the size of the symbol 

PRO. PHE and ALA uptakes apparently occurred 
via more than one carrier-mediated pathway (j1 and 
j2); therefore, the kinetics of these amino acids were 
investigated in an attempt to resolve the characteris- 
tics of these uptake pathways. 

Pro Kinetics. The kinetics of PRO uptake were ob- 
tained in NaC1 as shown in Fig. 2. The data of 
Fig. 2A indicate that uptake occurred via a saturable 
and a diffusional pathway. The Hofstee plot 
(Fig. 2B) was dissected into the appropriate Na-de- 
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p e n d e n t  c a r r i e r - m e d i a t e d  c o m p o n e n t  ( j2 )  p lus  dif- 

f u s i o n  (jD) u s i n g  a m o d i f i c a t i o n  o f  t h e  i t e r a t i v e  s t r ip -  

p i n g  m e t h o d  o f  Spears ,  S n e y d  a n d  L o t e n  (1971). 

C a r r i e r - m e d i a t e d  in f lux  c a n  b e  d e s c r i b e d  b y  t he  re- 

l a t i o n s h i p :  

j _ Jm~ IS] (1) 
K, + FS] 

Table 1. Initial rates of e-amino acid influxes ~ 

Initial influx (pmol mg- 1 sec 1) 

PRO PHE ALA GLY MeAIB LYS fi-ALA 

J~(Na) 18.1 17.3 4.9 0.9 2.4 2.2 1.8 
Jr(K) 1.0 3.9 1.7 0.7 0.8 2.3 1.9 
Jt(Li) 0.9 2.8 1.8 0.7 - 
j2 17.0 13.5 3.2 0.13 1.6 0 0 
jD 0.8 2.0 1.0 0.6 0.9 0.5 1.8 
j l  0 2.0 0.7 0.22 0 1.5 0 

Influx values were obtained at a substrate concentration of 
50gM. The symbols used are: J~, total influx of substrate in 
100mM NaC1, KC1 or LiC1; j 2  Na-dependent carrier-mediated 
influx such that JZ=Jt(Na)-Jt(K); je, diffusional component of 
substrate influx determined by measuring total influx in the pre- 
sence in 100mg unlabeled substrate, the jo for each substrate 
was the same in 100mM NaC1 or 100mM KCL; J~, Na-inde- 
pendent carrier-mediated influx such that J~ =Jt(K)-J~ Influx 
was measured after the following times, depending on the specific 
activity and linearity of time course: PRO, 2sec; PHE, 2sec; 
ALA, 2sec; GLY, 5sec; LYS, 5sec;/~-ALA, 5sec; MeAIB, 10sec. 
The jo  of mannitol measured between 2-10sec was 1.5 
_+0.1pmolmg-~sec 1. Mean values are displayed (n>3). The 
standard errors (not shown) were generally less than 10~  with the 
following exceptions, j2 of GLY was _+54 ~o, jD of PHE was 
_+16~o, J~ of PHE was __17~o, j l  of ALA was ___13~o, j1 of 
GLY was +_36~o. Membrane batch 126. 

where J--carrier-mediated influx, Jmax =maximal in- 
flux, [S]=substrate concentration, and K t=the 
transport constant such that Kt=[S]  when J 
=Jm,~/2. Simple diffusion of substrate (jr) can be 

d e s c r i b e d  b y :  

JD=p[s] (2) 

where P= the  permeability coefficient for the sub- 
strate, and is obtained from the abscissa intercept of 
the line approaching the vertical asymptote of the 
Hofstee plot. Total influx (J~) of PRO is thus the 
sum of carrier-mediated+diffusional uptake: j t = j 2  
+jD. The appropriate constants are presented in the 
legend of Fig. 2. Kinetics of PRO measured in KC1 
were the same as diffusion, indicating that carrier- 
mediated PRO uptake is strictly Na-dependent. 

In Fig. 2B the computer plotted theoretical curve 
of the sum of Eq. (1) plus Eq. (2) (using the appro- 
priate constants given in Fig. 2B) suggests that a 
carrier mechanism plus diffusion constitute the most 
conservative model of PRO uptake kinetics. 

PHE Kinetics. The kinetics of PHE influx in NaC1 
and KC1 are shown in Fig. 3. Uptake in KC1 or 
NaC1 (Fig. 3A) was greater than diffusion. This sug- 
gests the presence of Na-dependent and Na-inde- 
pendent carrier-mediated pathways in jejunal brush 
border. The Hofstee plots (Fig. 3B, C) bear out this 
observation. 

In NaC1 (Fig. 3B) PHE uptake occurred as a 
composite of two carrier-mediated pathways plus 
diffusion. Each carrier system, designated System 1 
and System 2, fit the general Eq. (1). The computer- 
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Fig. 2. Kinetics of PRO uptake. (A) Total influx of PRO (jr) in 100 mM NaCI as a function of [PRO] (o). Passive diffusion of PRO (---) 
was estimated by measuring uptake of 50 gM 14C-PRO in the presence of 100 mM unlabeled PRO. Influx time was 2 sec. (B) Hofstee plot 
of the total PRO influx in NaC1 (jr) vs. Jt/[PRO]. Abscissa units are 10-Slmg-1 sec 1. Kinetic constants for the Na-dependent carrier- 
mediated component ( -) determined by nonlinear regression are Jm~x= 166_+ 10 pmol mg- 1 sec-1, Kt =0.55 _+0.05 mM. The total uptake 
of PRO (o) is the computer-plotted sum of the carrier-mediated influx plus diffusion (as explained in the text), where the permea- 
bility coefficient (abscissa intercept of vertical asymptote) P = 1.6 x 10-81 mg 1 sec-1. Membrane batch 421 
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plot ted curve of  this composi te  of  P H E  uptake 
(Fig. 3B) using the appropr ia te  constants  given in 
the legend suggests that  j I + j 2 + j D  appropriately 
describes the empirical data. 

The kinetic data  describing P H E  uptake  in KC1 
(Fig. 3A) were also converted to a Hofstee plot. In 
this case, System 1 plus diffusion account  for Na-  
independent  P H E  uptake (Hofstee data  not shown). 
To obtain  a better estimate of  the parameters  J~,x 
and K~, the experiment was repeated using another  
batch of membrane  vesicles (Fig. 3C). Uptake  via 
system 1 is described by Eq. (1) (the appropr ia te  con- 
stants are indicated in the legend of  Fig. 3C). The 
computer-p lo t ted  curve (Fig. 3 C) suggests that  P H E  
uptake is reasonably described by J~ +jD.  

A L A  Kinetics. A L A  influx kinetics in NaC1 are 
shown in Fig. 4. The Hofstee plot (Fig. 4B) was dis- 
sected into 3 componen ts  by iterative str ipping: 2 
carrier-mediated pathways  plus passive diffusion, J~ 
=Jl-bJ2+JD. Each carrier-mediated system is de- 
scribed by the general Eq. (1), and passive diffusion 

by Eq. (2). The appropr ia te  kinetic constants are in- 
dicated in the legend of  Fig. 4. The computer-p lo t ted  
curve (Fig. 4B) of  the composi te  uptake in NaC1 
suggests this is a reasonable description of the em- 
piricial data. 

The kinetic constants for PRO,  PHE, and A L A  
obtained from Figs. 2, 3 and 4 are summarized in 
Table 2. 

Competitive Inhibition 

Unlabeled amino acids were tested for their effec- 
tiveness in competit ively inhibiting Na-dependent  
and Na- independent  uptake  of  ~4C-amino acids. The 
inhibit ion of  Na-dependent  carrier-mediated influx 
was determined by:  

[J[ (Na)  - J~ ( K ) ]  
~o inhibit ion = 1 0 0 -  LJt(Na ) - J ' (K) ]  1 0 0  (3) 

where J r = t o t a l  uninhibited (i.e., control) initial in- 
flux of 50gM 14C_amin o acid substrate in 

500- 

'g ~75- 

'C3,~ 
E 
-5 250" 

--a 

125- 

L- PHENYLALANINE �9 
( NoCl ) ~  

/ ~ /  L-PHENYLALANINE ~ ~ 

/ o  / , . / J "  _ -  - DIFFUSION 

[S] mM 

500- 

4" 
5 7 5 -  

E 

2 5 0 -  

- 

125- L- PHENYLALANINE 
I \~  (KC,) 

I 2 
C a / [s l  

4 

5 o o - .  �9 

~ �9 �9 

,~ 3 7 5 -  

2 5 0 -  
Q. 
v ~SY 
% i " 2 ~ o  �9 

125 ~ ~ L-PHENYLALANINE (NaCI) 

1 " ",,.~(SYSTEM I + SYSTEM 2 
. . . . . .  ~_ SYSTEM I ~ +DIFFUSION ) 

" - - - - - - 4  �9 
i i i - - i 

B i 2 5 4 

d/ Is ]  

Fig. 3. Kinetics of PHE uptake. (A) Total influx of PHE (Y') in 
100ram NaC1 (*) or KC1 (•) as a function of [PHE]. Passive 
diffusion of PHE ( - - )  was estimated by measuring 50pM 14C- 
PHE uptake in the presence of 100 mM unlabeled PHE. The influx 
time was 2sec. (B) Hofstee plot of the total PHE uptake in NaC1 
(d t) vs. Jt/[PHE]. Abscissa units are 10-71mg lsec-1. The total 
influx (e) in NaC1 is the computer-plotted sum of two carrier- 
mediated systems (System 1 - - - ,  System 2 ...) plus diffusion. The 
kinetic constants for System 1, determined by linear regression, 
are: Y,l,, =68+8pmolmg l sec-1 K~=0.23+0.04mM. The con- 
stants for System 2 are dmZ,x = 622 _+ 256 pmol mg- 1 sec 1, K 2 = 8.8 
_+4.3mM. The permeability coefficient equals the abscissa inter- 
cept of the vertical diffusion component (not drawn): P=2.4 
x 10 81mg-1 sec i. Membrane Batch 126. C. Hofstee plot of the 

total PHE influx in KC1 (J') vs. J~/[PHE]. Abscissa units are 
10-7ling lsec-1. The total influx (D) in KCI was the computer- 
plotted sum of a single carrier System 1 (- ) plus diffusion 
(vertical line not indicated): Jm~ =30_+2pmolmg-~sec 1, K~ 
=0.27x0.02mM, and P=4.5x10 Slmg-lsec-1. Membrane 
batch 219 
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plot of the total A L A  influx in NaC1 (jr) vs. Jt/[ALA]. Abscissa units are 10 - 7 1 m g - l s e c  1. The total influx (e) in NaC1 was the 
computer-plotted sum of two carrier-mediated systems (System 1 - - - ,  System 2. . . )  plus diffusion (not shown) as explained in the text. 
Kinetic constants were determined by curve fitting: t _ p m o l m g  ~ K~=0.32,  z _ Jm~x - 29 sec-  1, Jmax~ 100 pmo1 m g -  1 sec-  1, KtZ =9  mM., P = 1.9 
x 10- s  1 mg-~  sec. Membrane  batch 219 

Table 2. Summary  of transport  kinetic parameters" 

Amino acid Measured in NaC1 

P K, ~ J& ~:~ J& 

PRO b 1.6 - - 0.55 166 
PHE ~ 2.4 0.23 68 8.8 622 
ALA d 1.9 0.32 29 9 100 

Measured in KC1 

PHE ~ 4.5 0.27 30 

Values were obtained as described in the text and Figs. 2, 3 
and 4. The symbols represent: P, permeability coefficient, units of 
1 0 - S l m g  l s ec -1 ;  Kt, transport constant  of transport  System l 
or Sys tem2 for the appropriate substrate, units of mM; Jmax, 
maximal influx rates for transport System 1 or System 2 for the 
appropriate substrate, units pmol mg 1 sec- 1. 
b Membrane  batch 421. 
~ Membrane  batch 126. 
a Membrane  batch 219. 

Table 3. Inhibition of Na-dependent  transport  of neutral amino acids ~ 

100mMNaC1 or KC1 media, 3~=the corresponding 
influx in the presence of amino acid inhibitor. The 
inhibition of Na-independent carrier-mediated influx 
was thus: 

. . . . . . . . . .  [ - J [ ( K ) -  J D ] 
m n l m t , o n  = t u u -  [ ~ ] - 1 0 0  (4) 

where j t  and J~ were described above, and jD is the 
diffusional influx of substrate amino acid determined 
by measuring total influx of 50 gM l~C-substrate in 
the presence of 100 mM unlabeled substrate (KC1). 

Inhibition of Na-Dependent Transport 

The inhibition of Na-dependent transport of several 
neutral amino acids is shown in Table 3. In general, 
PHE inhibited carrier-facilitated uptake of all sub- 

Substrate j2  

(pmolmg i sec-  1) 
Percent inhibition by 100 mM inhibitor 

P R O A L A  PHE MeAIB GLY ~-ALA 

PRO 17.0 _+ 1.2 100 49 94 96 21 0 
PHE 13.5 +_0.3 33 77 100 4 32 11 
A L A  3.2 _+0.1 58 100 100 6 73 22 
MeAIB 1.6 _+0.02 100 76 100 100 15 + 8 b 
GLY 0.13 __ 0.07 15 81 100 + 42 b 59 10 

a Initial Na-dependent  influx of 50 pM t4C-substrate (j2) was measured as described in the text and 
Table 1. The percent inhibition was calculated based on triplicate measurements  of influx in the 
presence and absence of unlabeled inhibitor. There was negligible inhibition of Na-dependent  neutral 
amino acid influx by 100mM LYS. /~-ALA influx was not inhibited by any amino acid indicated. 
Membrane  batch 126. 
b Stimulation compared to control influx. 
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INHIBITOR Table 4. Apparent Kf values for Na-dependent proline transport a v 
BALA 

Inhibitor EI] K i (raM) 

[] GLY OH-L-PRO 0.43 
MeAIB 0.78 
PHE 1.5 
MET 3 b 

zx ALA 
ALA 3 b 
D-PRO 6 

* MET B C H  7 

GLY 12 b _g D-PRO 
BCH 

_ _  �9 a The apparent K i was calculated using: 

K i =  [ j a i l  [ Kt[I~-] 
L[PRO] + K  tj 

where J2=to ta l  uninhibited Na-dependent *r influx at 
[PRO]=50pM ( j2=to ta l  PRO influx in 100mM NaC1 minus 
total PRO influx in KC1). j2 involves analogous influx measure- 
ments in the presence of unlabeled inhibitor. The concentrations 
of inhibitor used were (in mM): 0.5OH-L-PRO, 0.5MeAIB, 
0.5PHE, 5MET, 10ALA, 5D-PRO, 10BCH and 25GLY. K t 
=0.55ram PRO (see Table2). ,/2 and j2  were measured in tri- 
plicate. Membrane batch 424. 
b Data were adjusted to the fraction of Na-dependent 14C-PRO 
transport inhibitable by these amino acids (see Fig. 5). For exam- 
ple, based on the data of Fig. 5, the apparent Ki for ALA was 
determined assuming that the maximum inhibition (i.e., asymp- 
tote) at [ I ] = 5 0 m M  was 100~ instead of 4 9 ~  (i.e., 0 ~  of 
control instead of 51 ~ of control influx). 

i; ab 3'o 4'o ~o 

Eli mM 

Fig. 5. Inhibition of 50gM 14C-PRO Na-dependent influx by 
unlabeled amino acids. The influx times were 2sec. The values 
were determined by: )~ control=~o inhibition [see Eq. (3)] 
- 100~o. The symbols are: fl-ALA (v), GLY (n), ALA (zx), MET 
(*), D-PRO (o), BCH (.),  PHE (x) ,  L-PRO (o), OH-L-PRO (e), 
MeAIB (*,). Membrane batch 424 

strates, whereas fl-ALA affected all substrates only 
to a minor extent. PRO and MeAIB were mutually 
inhibitable, but displayed differential inhibition pat- 
terns with other amino acids. Notably, PHE and 
ALA uptakes were virtually insensitive to MeAIB, 
but not to PRO. Many of the inhibitions were par- 
tial (e.g., PRO inhibition of PHE, ALA and GLY; 
ALA inhibition of PRO, PHE, and MeAIB) which 
suggests the presence of overlapping pathways, fi- 
ALA influx was not inhibited by any inhibitor tes- 
ted. None of the substrates was appreciably inhi- 
bited by 100 mM LYS. In addition to the inhibitors 
of Table3, PRO was also inhibited 100~ by 
100mM OH-L-PRO and PHE was inhibited 100% 
by 100mM MET. The differential patterns of in- 
hibition were investigated in more detail with ad- 
ditional inhibitors for the substrates PRO and PHE. 

Inhibition of PRO. Figure 5 depicts inhibition of Na- 
dependent PRO influx by neutral amino acids. 
GLY, ALA, and MET inhibited only a fraction of 
the carrier-mediated PRO pathways, as shown by 
their incomplete inhibition of PRO uptake. PRO, 
OH-L-PRO, and MeAIB, however, produced com- 
plete inhibition, with similar inhibition curves. PHE 
also completely inhibited PRO influx, but at a high- 
er concentration. Inspection of the inhibition curves 
for BCH and D-PRO suggests that these amino 
acids should produce complete inhibition at con- 
centrations greater than 50 mM. 

The apparent inhibitor constants (K~) for Na- 
dependent PRO transport were calculated for the 
various test inhibitor amino acids (Hajjar & Curran, 
1970; Preston, Schaffer & Curran, 1974), and are 

shown in Table 4. Apparent K i values were calculat- 
ed assuming a single Na-dependent carrier-mediated 
PRO pathway exists in jejunal brush border. The 
apparent K[s for MET, ALA and GLY were esti- 
mated from the fraction of PRO transport inhibit- 
able by these amino acids (see Table 4). 

The wide range of apparent Ki's indicates vary- 
ing degrees of affinity for the PRO carrier(s). The 
K~'s of OH-L-PRO, MeAIB, and PHE were similar 
to the K t for PRO, which suggests that these these 
substrates possibly share a common carrier. The 
higher apparent Ki's for MET, ALA, D-PRO, BCH, 
and GLY indicate that these amino acids may in- 
teract with the PRO carrier, but not as its primary 
substrates. The moderately low K~ for D-PRO sug- 
gests a weak stereospecificity of this system. 

Inhibition of PHE. Figure 6 shows that MeAIB did 
not inhibit PHE transport, while PHE and MET 
produced complete inhibition. As in the case of 
PRO, several amino acids inhibited only a fraction 
of the Na-dependent PHE pathways. Inspection of 
the D-PHE inhibition curve suggests that this ste- 
reoisomer inhibition should eventually completely 
inhibit PHE transport. 

The apparent K i values for Na-dependent PHE 
transport are given in Table 5. As mentioned above 
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Fig. 6. Inhibition of 5fljiM 14C-PHE Na-dependent influx by 
unlabeled amino acids. Influx times were 2sec. The ~ control 
values were determined as explained in Fig. 5. The symbols are: 
MeAIB (v), D-PHE (e), PRO (/,), BCH ( x ), ALA (m), L-PHE (A), 
MET (�9 Membrane batch 424 

Table 5. Apparent K~ values for Na-dependent phenylalanine 
transport" 

Inhibitor [I] K i (mM) 

MET 0.3 
ALA 2 b 
BCH 8 b 
PRO 32 b 
D-PHE 122 

The apparent K i was calculated using: 

L[PHE] + KtJ 

where J2= to ta l  uninhibited Na-dependent a4C-PHE influx at 
[PHE] =50 btM (a2=total  PHE influx in 100 mM NaC1 minus total 
PHE influx in KC1). J~ involves analogous influx measurements 
in the presence of unlabeled inhibitor. The concentrations of 
inhibitor used were (in raM): 1MET, 5ALA, 5BCH, 10PRO, 
50 D-PHE. K, = 8.8 mM PHE (see Table 2). Membrane batch 424. 
u Data were adjusted to the fraction of Na-dependent a4C- 
PHE transport inhibitable by these amino acids (see Fig. 6). For 
example, based on the data of Fig. 6, the apparent Ki for ALA 
was determined assuming that the maximum inhibition (i.e., asymp- 
tote) at [I] = 50 mM was 100 ~ instead of 75 ~o (i.e., 0 ~ of control 
25 ~o of control influx). 

for PRO transport, the apparent K~'s were cau- 
tiously determined by assuming that inhibition oc- 
curred in a single PHE Na-dependent pathway. The 
low apparent Ki of MET (0.3 mM) suggests that it is 
possibly a preferred substrate of this carrier. The 
relatively low Ki's of ALA (2 mM) and BCH (8 mM) 
suggests that these amino acids also interact pre- 
ferentially with a PHE carrier. However, PRO is a 
relatively poor substrate for this system. The high 
apparent K~ for D-PHE indicates a high degree of 
stereoselectivity. 

Inhibition of Na-Independent Transport 

Neutral Amino Acids. Jejunal brush border mem- 
branes possess Na-independent carrier-mediated 
pathway(s), as suggested by the uptake time courses 
(Fig. 1), initial influxes (Table 1), and uptake kinetics 
(Fig. 3). Candidate substrates of Na-independent 
transport route(s) were tested for their cross-inhi- 
bition as shown in Table 6. PHE uptake was in- 
hibited partially by ALA, GLY, and PRO, and 
completely inhibited only by itself. ALA uptake was 
totally inhibited by PHE, ALA, GLY, and partially 
by LYS. ALA and GLY uptakes were mutually 
totally inhibitable, and GLY was totally inhibited 
only by ALA and GLY. PHE inhibited only a frac- 
tion of GLY influx. The substrates PRO, MeAIB, 
and fi-ALA were omitted from Table 6 because jt 
=je ,  and they were not inhibited by any test amino 
acid. However, PRO, MeAIB, and fl-ALA served as 
inhibitors as shown in Table 6. 

Using Ir as substrate, we determined ap- 
parent K~ values for various amino acids sharing the 
Na-independent pathway (Table 7), assuming uptake 
occurs via a single pathway. The range of Ki's was 
from 0.27 to lmM. The low K~ for D-PHE implies a 
low degree of stereospecificity for this system. 

Basic Amino Acid Transport. The data of Table 1 
imply the presence of Na-independent carrier-me- 

Table 6. Inhibition of Na-independent transport a 

Substrate ,)'1 
(pmol mg-  1 sec-  1) 

Percent inhibition by 100 mM inhibitor 

PHE ALA GLY PRO MeAIB fl-ALA LYS 

PHE 2.0_+ 0.3 100 77 47 35 15 11 10 
ALA 0.7_+0.1 100 100 100 26 +34  b 29 44 
GLY 0.2 _+ 0.08 38 94 100 46 28 47 85 

a Initial Na-independent influx of 50 JIM 14C-substrate (j1) was measured as described in the text and Table 1. 
The percent inhibition was calculated based on triplicate measurements of influx in the presence and absence of 
unlabeled inhibitor. Substrates PRO, MeAIB, and fi-ALA were omitted because their uptakes in KCI were 
equivalent to passive diffusion. Membrane batch 126. 
b Stimulation compared to control influx. 
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diated pathway(s) for LYS uptake. Preliminary ki- 
netic experiments gave an approximate K, = 
1 mM, and Jmax=30pmolmg -1 sec -1. The appar- 
ent K/s for LYS transport are shown in Table 8. 
The similarity of K~'s for the test dibasic amino 
acids and homoserine suggested that these substrates 
share a dibasic amino acid carrier site with LYS. 
The higher K/s for MET and LEU suggested a 
smaller degree of interaction of these substrates with 
the LYS carrier. PHE, GLY, fi-ALA, and ALA 
inhibited LYS influx, but only to a minor extent. 
We were unable to show inhibition of LYS influx by 
PRO, MeAIB, or BCH. The moderately low ap- 
parent K~ for D-LYS implies a relatively small de- 
gree of stereoselectivity in this system. A more com- 
prehensive treatment of dibasic amino acid transport 
is currently under investigation. 

Discussion 

Utilizing liquid nitrogen-stored membrane vesicles, 
we have attempted to delineate some of the path- 
ways by which amino acids enter the brush border 
of rabbit jejunum. A summary of the amino acid 
pathways deduced in the present study appears in 
Table 9. Three gross categories of amino acid trans- 
port systems are readily apparent: 1) simple passive 
diffusion, 2) Na-independent carriers, and 3) Na- 
dependent carriers. 

Simple Passive Diffusion 

The extent to which each test amino acid enters the 
brush border by passive diffusion (Table 1) depends 
on the substrate structure in accordance with the 
principles discussed by Diamond and Wright (1969). 
The permeability sequence for at least five of the 
solutes - PHE, mannitol, ALA, GLY~ and LYS - is 
very similar to that obtained for red blood cells (see 
Young & Ellory, 1977), and liposomes (Klein, 
Moore & Smith, 1971; Wilson & Wheeler, 1973). 

fl-ALA uptake insensitivity to Na, and to com- 
petitive inhibition indicates that fl-ALA uptake is 
solely by passive diffusion with no carrier mediation 
(Tables 1, 3, 6, 9). The fi-ALA/ALA permeability ra- 
tio of 1.8 was expected in view of the fact that at 
pH 7.5 more fi-ALA is in the uncharged form than 
ALA; the isoelectric points for fl-ALA and ALA are 
pH 6.9 and 6 (see also Christensen, 1979). Our find- 
ings agree with earlier work by Lin, Hagihira and 
Wilson (1962), and Spencer, Bow and Markulis 
(1962) who found that fi-ALA was not actively 
transported by hamster intestine, and failed to in- 
teract with L-ALA uptake. The absence of a fi-ALA 
carrier reported here for jejunal brush border appears 

to be unique among tissues investigated for multiple 
transport pathways (Christensen, 1964, 1969; Mir- 
cheff et al., 1981). 

In previous studies of amino acid uptake by in- 
testine (see Schultz & Curran, 1970; Preston et al., 
1974), the diffusional component was considered un- 
important. In the present study, it is apparent that 
at low concentrations of most amino acids diffusion 
offers a significant pathway for transmembrane 
movement in vesicles. For example, at 5mM dif- 
fusion accounts for 25 ~o of the total PHE uptake in 
NaC1 at 23 ~ C. 

Table 7. Apparent  K~ values for the Na-independent  transport 
system a 

Inhibitor [I] K i (raM) 

L-PHE 0.27 
LEU 0.20 
A L A  0.37 
BCH 0.41 
MET 0.44 
D-PHE 1 

The apparent  Kz was calculated using: 

K,=! j1 3[ K,E;3 1 

where J ~ = t o t a l  uninhibited 14C-PHE influx in KCI minus  jD at 
[ P H E ] = 5 0 g ~  ( i f = t h e  diffusional component  of PHE influx 
determined by measuring total influx in the presence of 
100m~ PHE). @ involves analogous PHE influx measurements  in 
the presence of inhibitor [ I ]=0 .5mM.  Kt=0.27m~x PHE (see 
Table 2). All influx values were measured in triplicate. Membrane  
batch 219. 

Table 8. Inhibition of lysine transport  a 

Inhibitor [I] K i (mM) 

Arginine 0.7 
Homoser ine  0.7 
Histidine 0.9 
Ornithine 1 
D-LYS 2 
MET 6 
LEU 6 

The apparent K~ was calculated using: 

[ #'  l [  K E;3 ] 
K i = t j L y _ j L y j  k [ ~ ] - + K t J  

w h e r e  jLy = total unhibited LYS influx in KC1 minus J" at [LYS] 
= 50 gM (jD = the diffusional component  of LYS influx determined 
by measuring total influx in the presence of 100rag LYS). j/Ly 
involves analogous LYS influx measurements  in the presence of 
inhibitor [ ; ]  = 1 raM. jLy = 1.5 _+ 0.1 pmo1 m g -  1 sec 1 (n = 3, + SE), 
and K~ = 1 mM (see text). Lysine influx was not inhibited by PRO, 
MeAIB, or BCH. Membrane  batch 219. 
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Table 9. Amino acid pathways in rabbit jejunum brush border" 

A. Simple diffusion 

B. Na-Independent pathways 

Primary substrates Inhibitors 

Total Partial : Minimal 

PHE, ALA, GLY 

Dibasic amino acids 

C. Na-Dependent pathways 

Primary substrates 

LEU PRO MeAIB 
BCH PRO 
MET fi-ALA 

LYS 

Total 

Inhibitors 

Partial Minimal 

Neutral amino acids 
(PHE, PRO, ALA, GLY) - 

PHE MET 

PRO, MeAIB OH-PRO MET 
PHE ALA 
D-PRO 

MeAIB 
fl-ALA 
LYS 
D-PHE 
MeAIB 
PRO 
BCH 
ALA 
D-PHE 

fi-ALA 
GLY 
LYS 

a This represents the most conservative delineation of routes 
available to amino acids, with additional possibilities explained in 
the text. The dashed line (-) indicates incomplete results. 

Na-lndependent Carrier-Mediated Pathways 

Neutral Amino Acids. The time courses in Fig. 1, and 
the initial influxes of Table 1 suggest the presence of 
Na-independent carrier-mediated pathways in je- 
junal brush border vesicles. Analysis of PHE ki- 
netics measured in NaC1 and KC1 revealed that a 
portion of the PHE carrier-mediation (i.e., j1) was 
operational in the presence or absence of Na (see 
Fig. 3, Table 2): uptake in Na masked the existence 
of j1 due to the low ~ 2 JmXax ( < 10 ~o of Jmax). Further 
investigation (Table 7) revealed that L-PHE, LEU, 
ALA, BCH, MET and D-PHE share this carrier 
with varying affinities. Although Na-independent ki- 
netics of ALA were not explicitly measured, it is 
probable that the J* for ALA is equivalent to the 
Na-independent PHE route. The bases for this con- 
clusion are: 1) ALA's apparent K i for PHE uptake 
(0.37raM) is similar to the Kr of ALA (0.32mM) 
and PHE (0.27mM), 2) the K, a and Jmlax values for 
PHE and ALA (Table 2) are virtually the same in 
membranes of the same batch (batch 219) and are 

similar between batches 126 and 219, and 3) ALA 
and PHE display cross-inhibition patterns (Table 6). 
It should be noted that a fraction of the Na-inde- 
pendent PHE influx is not sensitive to any of the 
inhibitor amino acids (Table 6). This suggests the 
presence of multiple Na-independent PHE path- 
ways. The single pathway shared by PHE, ALA, and 
GLY listed in Table 9 reflects our most conservative 
description of Na-independent neutral amino acid 
uptake. 

Using PHE as the primary substrate, the data of 
Table7  suggest that the Na-independent neutral 
amino acid pathway is not strictly stereoselective 
(ratio of inverse Ki's was about 3 : 1, L-PHE/D-PHE), 
and can be inhibited by BCH and MET. Substrates 
that are not transported by this pathway include 
MeAIB, PRO, and fi-ALA. 

The Na-independent pathway in jejunal brush 
border (Table 9) is reminiscent of the " L "  (the 
so-called "LEU  preferring") system originally 
described for the Ehrlich ascites tumor cell by 
Christensen's laboratory (Oxender & Christensen, 
1963). Key characteristics of the classical L system 
are its Na-independence, and preference for hydro- 
phobic amino acids such as LEU, PHE, MET, and 
especially BCH (Christensen, 1969, 1975; Christen- 
sen et al., 1969). Nonetheless, virtually all natural 
amino acids, including GLY and ALA, are trans- 
ported by the L system even when they show re- 
activity with other Na-dependent pathways (Chris- 
tensen, 1969, 1975; Oxender & Christensen, 1963; 
Christensen, Liang & Archer, 1967; Jacquez, Sher- 
man & Terris, 1970).Another notable similarity be- 
tween the classical L system and the Na-indepen- 
dent system reported here is that MeAIB shows no 
reactivity (Christensen, Oxender, Liang & Vatz, 
1965). The bicyclo amino acid BCH has been pur- 
ported to be a model substrate for the L system 
(Christensen et al., 1969; Tager & Christensen, 
1971). However, recent retrospect analyses of the 
transport of the isomers of BCH by various mem- 
branes indicate that BCH is not an exclusive sub- 
strate for the L system (McClellan & Schafer, 1973; 
Ullrich, Runrich & Kloss, 1974; Christensen, 1975, 
1979). In the present study BCH reacted with Na- 
sensitive and Na-insensitive pathways (Figs. 5 and 6; 
Tables 4 and 5). 

Dibasic Amino Acids. Our preliminary data indicated 
that LYS uptake occurs by a Na-independent 
pathway(s) in rabbit jejunal brush border vesicles 
(Table 1). The apparent K/s  (Table 8). are approxi- 
mately the same for all the dibasic amino acids 
tested, and the system exhibits weak stereoselec- 
tivity. The neutral amino acids inhibited Na-inde- 
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pendent LYS transport, but had substantially great- 
er Ki's, with the exception of homoserine. The high 
affinity of homoserine for cationic amino acid car- 
riers has been observed in other tissues (Christensen 
& Antonioli, 1969; Munck, 1980). Our observation 
that PRO, MeAIB, and BCH failed to inhibit LYS 
uptake is in conflict with earlier studies using intact 
rabbit ileum (Munck & Schultz, 1969; Munck, 
1980). We are currently studying dibasic amino acid 
transport in more detail. 

Na-Dependent Pathways 

Common Neutral Amino Acid Pathway. There are at 
least three Na-dependent carrier-facilitated pathways 
in jejunal brush border vesicles (Table 9). In contrast 
to rat hepatocytes (Kilberg, Christensen & Handlog- 
ten 1979), Li cannot substitute for Na in jejunal 
brush border. The time courses (Fig. 1) suggest that 
the accumulation of neutral amino acids against a 
chemical gradient is in accordance with the well- 
documented "Na-gradient hypothesis" (Crane, 1960, 
1962; Schultz & Curran, 1970). Although a portion 
of GLY uptake apparently was Na-dependent 
(Fig. 1, Tables 1, 3 and 4), the relatively slow influx 
rate (j2) possibly prevented GLY from accumulating 
against a chemical gradient before dissipation of the 
Na electrochemical gradient occurred across the ves- 
icle membrane. GLY transport against a chemical 
gradient has been reported in intact hamster ileum 
(Spencer et al., 1962). 

The cross-inhibitions shown in Table 3 suggest 
that neutral L-amino acids share a common Na- 
dependent carrier, with two exceptions: 1) /~-ALA, 
whose uptake was apparently not carrier-mediated, 
and 2) MeAIB, which failed to inhibit PHE, ALA, 
or GLY uptake (Table 3). Closer inspection of the 
data of Table 3 and Fig. 6 reveals that several of the 
cross-inhibitions are only partial. For example, mu- 
tual partial inhibitions occur between the pairs 
PRO/ALA, PRO/GLY, and ALA/GLY. Other fea- 
tures of the Na-dependent uptake mode include a 
lack of inhibition by LYS, and a high degree of 
stereoselectivity for PHE (ratio of inverse apparent 
Ki's> 10: 1, L-PHE/D-PHE). These observations, 
taken with the detailed inhibition profiles of Figs. 5 
and 6, and the K~'s of Tables 4 and 5 suggest the 
presence of an additional Na-dependent pathway 
serving PRO and MeAIB, and another serving 
PHE. 

PRO/MeAIB Pathway. A striking observation of Ta- 
ble 3 is that MeAIB can completely inhibit transport 
of only PRO or MeAIB. Conversely, PRO can to- 
tally inhibit only PRO and MeAIB transport. The 

time courses (Fig. 1) and data of Table 1 indicate 
that carrier-mediated uptake of these two amino 
acids is strictly Na-dependent. The kinetics of Fig. 2 
taken with the data of Fig. 5 and the apparent Ki's 
of Table 4 suggest that OH-L-PRO, PHE, D-PRO, 
and BCH share this pathway. It is unlikely that this 
pathway serves as a major carrier for PHE, because 
the maximal influx (J~a~) is only about 20 ~0 that of 
Na-dependent PHE transport (see Table 2). The par- 
tial inhibition of PRO uptake by the amino acids 
indicated in Tables 3 and 4~ and Fig. 5 is probably 
due to inhibition of the fraction of PRO transport 
handled by the common neutral amino acid carrier. 

Na-Dependent PHE Pathway. PHE uptake was in- 
completely inhibited by all test amino acids, with 
the exception of PHE and MET (Tables 3 and 5, 
Fig. 6). The complete inhibition by PIlE and MET 
was due to blocking of the additional Na-dependent 
PHE pathway that was inaccessible to other test 
amino acids. This additional PHE pathway is not 
resolvable from the Hofstee plot of Fig. 3B, because 
multiple components are confidently resolved from a 
Hofstee plot only when the kinetic constants differ 
greatly (Segal, 1975). 

Comparison with Previous Intestinal Studies 

Early work in rat, hamster, and rabbit offered con- 
flicting conclusions regarding the multiplicity of 
amino acid transport pathways in intact in vitro 
small intestine. For instance, Hagihira, Wilson and 
Lin (1962) suggested the presence of a specific imino 
acid transport system in addition to other neutral 
amino acid pathways. Newey and Smyth (1964) 
postulated a PRO/GLY system in hamster intestine 
in addition to a general system which could trans- 
port PRO, GLY, and MET. Conflicting with Newey 
and Smyth, Munck (1966) implicated an imino acid 
pathway in rat intestine that could be shared by 
LEU, ALA, and sarcosine. The work of Akedo and 
Christensen (1962), and Schultz and Markscheid-Ka- 
spi (1971) suggested the presence of at least two 
neutral amino acid carriers. A neutral amino acid 
inhibition study by Preston et al. (1974) found major 
discrepancies between K i and K t values, which 
suggested multiple pathways. However, Preston et 
al. agreed with Schultz and Curran (1970) that a 
single carrier offered the most conservative expla- 
nation of their data. Sepulveda and Smith (1978) 
suggested the plausibility of two neutral pathways in 
rabbit. Paterson, Sepulveda and Smith (1979) de- 
termined that one of these systems had a high af- 
finity (K~) but low capacity (Jmax), and the other was 
low affinity, high capacity. Utilizing SER, ALA, and 
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MET. Smith and Sepulveda (1979) and Paterson, 
Smith and Sepulveda (1980) speculated that only the 
high affinity, low capacity system was Na-dependent. 

In the elegant kinetic studies of Schultz, Curran 
and co-workers (see Schultz & Curran, 1970) it was 
assumed that there was only a single carrier for 
neutral amino acids. It is now clear, however, that 
multiple amino acid pathways do exist in the small 
intestinal mucosa. The resolution of the brush bor- 
der pathways in intact epithelia has been confoun- 
ded by the problems of substrate metabolism, para- 
cellular pathways, intercellular spaces, and unstirred 
layers. The problem is compounded by variations in 
transport among species and anatomical regions of 
small intestine. For  example, GLY and VAL were 
maximally absorbed to the same extent in chicken 
jejunum and ileum, but MET was maximally absorb- 
ed in jejunum at twice the rate of ileum (Mitchell 
& Levin, 1981). 

The basal lateral membrane pathways respon- 
sible for exit of amino acids from the epithelium to 
the blood are different from the brush border entry 
pathways. Mitchell et al. (1980) showed that an A- 
like, an ACS-like, and a dominant L-like amino 
acid pathway exists in rat jejunal basal lateral mem- 
brane vesicles. The Na-independent L-like system 
apparently also exists in brush border membrane 
(see Table9). However, the inability of MeAIB to 
inhibit Na-dependent GLY, ALA, or PHE uptakes 
precludes the existence of a brush border A system. 
The cross-inhibitions of Na-dependent (Li-insensitive) 
PHE, ALA, PRO, and GLY uptakes, taken with the 
exclusive PRO/MeAIB pathway prevent the con- 
clusion that a strictly classical ASC system exists in 
brush border membranes 

Comparative Renal Studies 

Based on ultrastructural, biochemical, and transport 
studies, the epithelia of mammalian small intestine 
and renal proximal tubule perform the same basic 
functions of removing nutrient solutes from the lu- 
men of the respective structure. 

Early clinical observations of renal function lead 
to the acceptance of multiple transport systems in 
kidney (see SilbernageL Foulkes & Deetjen, 1975). 
Recent work utilizing in vitro techniques including 
perfusions and purified membrane vesicles (cf Silver- 
man & Turner, 1980; Mircheff et al., 1981) have 
confirmed and extended the clinical observations. 
There are four main classes of amino acid transport 
carriers which have been elucidated by studies of 
renal malabsorption syndromes (associated diseases 
shown in parentheses): 1) PRO, OH-L-PRO, GLY 
(iminoglycinuria); 2) dicarboxylic amino acids; 3) di- 

basic amino acids including cystine (classical cysti- 
nuria); and 4) neutral amino acids (Hartnup's di- 
sease). 

Neutral amino acid transport can be further dis- 
sected. Mircheff et al. (1981) have resolved six 
amino acid transport systems in rabbit renal brush 
border membranes. The renal pathways are similar 
to the intestinal pathways (Table 9), with some not- 
able exceptions. The similarities include a distinct 
PRO/MeAIB pathway, and pathways that transport 
PHE and ALA. The most notable disparity is that 
in kidney /?-ALA uptake occurs via a Na-stimulated 
carrier that can interact with PRO. MeAIB, and 
taurine, whereas in jejunal brush border vesicles 
there is no detectable carrier-facilitated /%ALA up- 
take. Also, PHE and LYS share a transport carrier 
in kidney, as also reported for the rabbit reticulocyte 
(Christensen & Antonioli, 1969), the Ehrlich cell 
(Christensen & Liang, 1966), and intact rabbit ileum 
(Munck, 1980). In the present study LYS transport 
is exclusively Na-independent, and relatively insen- 
sitive to neutral amino acids. In kidney vesicles, and 
jejunal brush border vesicles MeAIB fails to inhibit 
uptake of any neutral amino acid, other than PRO 
or MeAIB itself. This is in contrast to the behavior 
predicted by the classical A system of the Ehrlich 
cell (Christensen, 1975). 

We conclude that both kidney and jejunal brush 
border membranes transport neutral amino acids via 
similar pathways that do not conform to the classi- 
cal A or ASC pathways of the Ehrlich cell (Chris- 
tensen, 1975), or intestinal basal lateral membrane 
(Mircheff et al., 1980). 

We thank Dr. Austin Mircheff for useful discussions during the 
preparation of this manuscript. This work was supported by 
USPHS Grants AM 19567 and NS 09666. 
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