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Monolayers of the Caco-2 human intestinal cell line exhibit active and passive uptake systems for the imino acid
L-proline. The active transport component is saturable and it is respensible for about two thirds of the observed flux
over the nanomolar concentration range, at 37°C and pH 7.4. In contrast to L-phenylalanine, specific L-proline
uptake has a high degree of sodium dependency and the efficiency of the carrier system is significantly reduced
when protein synthesis (cycloheximide), Na*/K *-ATPase (ouabain) or cellular metakiolism (sodium azide) are
inhibited. The expression of the v-proline carrier by Caco-2 cells was under some degree of nutritional control.
Glucose deficiency, over the time scale of the experiment, had no effect. The temperature-dependence of the specific
uptake process followed the Arrhenius model with an apparent activation energy of 93.5 kJ nmol ~*. This pathway
also disptayed Michaelis-Menten concentration-dependence with 2 K9 of 528 mM and a maximal transport flux
(J23.) of 835 pmol min ~" (10° cells) ~', Although the passive component was uachanged, the pH of the donor phase
exerted a profound effect on the active carrier component. Within the physiological pH range a local maximum
efficiency was found at pH 7.4 but dramatic increases were noted as pH 5.0 was approached. In competition studies,
with 100-fold excess of a second amino acid, strong inhibition of uptake wzs found with a-aminsisobutyric acid,
r-alanine and v-serine whereas moderaie inhibition was observed with glycine, p-proline and y-aminoisobutyric
acid. Aromatic and branched amino acids showed weak (L-valine) or no interaction (L-phenylalanine, L-ieucine)
with the carrier system. These data indicate that the carrier system for the uptake of L-proline has many features in
commen with the A system fi:r amino acid transport.

Introduction

Amino acids traverse biological membrancs by pas-
sive diffusion and a multipiicity of carrier systems.
These carriers are classified as sodium-dependent or
sodium-independent and sub-classified on the basis of
kinetic parameters and cross-inhibition profiles for
amino acid pairs. Distinct L-alanine-preferring and 1-
leucine-preferring amino acid carriers were first de-
fined in the non-epithelial Ehrlich ascites tumour cells,
and named the A and L systems, respectively [1]. At
least twelve different amino acid carriers have subse-
quently been characicriscd in non-epithelial cells of
vertebrates [2,3). In addition to a number of these,
epithelial cells possess a complement of carriers not
present in non-epithelial cells [4].
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Delineation of intestinal epithelial amino acid trans-
port is complicated by their overlapping carrier speci-
ficity, rcgiona! and inter-species variation {5] and the
different models employed to study them. This situa-
tion is especially true for imino acids. Early reports
described an exclusive imino acid transport system in
the hamster small intcstine [6-9) whereas in the rat,
L-proline shares an uptake system with glycine [10-12]
from which betaine (N-trimethylglycine) is excluded
[11]. A later report suggested that the imino acid
transporter of the rat small intestine resembled the A
system [13]. This supposition was also postulated for
the, ~uinca pig ileum based on a 9870 inhibition qf
t-proline uptake by a-(methylamino)isobutyric acid
(MeAIB) into brush-border membrane vesicles [14],
however, in the absence of a comprehensive amino
acid cross-inhibition profile, the involvement of other
systems cannot be discounted. Indeed, in rabbit je-
junual brush-border membrane vesicles,the sodium-de-
pendent L-proline uptake can be totally inhibited by
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MeAIB but it is insensitive to L-alanine and to glycine
and excludes B-alanine {15]. Therefore, uptake occurs
via a system distinct from the A mediation and was
denoted the IMINO carrier. An equivalent system has
been described in intact epithelial preparations from
the rabbit distal ileum [16). However, a second
sodium-dependent uptake pathway for imino acids
which accepts neutral, cationic and non-a-amino acids
present in the intact preparation [16] was not observed
in brush-border membrane vesicles [15]. The intestinal
transport of imino acids and non-a-amino acids has
been linked in the rabbit and rat but each species has
different characteristics [17). A single study has shown
L-proline uptake into adult human ileum is sodium-de-
pendent but this was not extended to analysis of the
Michaelis kinetic parameters or cross-inhibition pro-
files {18]. Recently, sodium-dependent carrier-media-
ted uptake of L-proline into brush-border membrane
vesicles from human foetal small intestine has been
demonstrated [19]. Uptake was attributcd to the
IMINO system, but this was not confirmed by inhibi-
tion studies.

The inter-species variation prevents extrapolation ot
animal data to the human situation and the lack of
available tissue and rapid loss of viability on excision
[20] has severely restricted human studies. Carrier-
mediated uptake of r.-alanine, t-phenylalanine [21] and
dicarboxylic amino acids {22] im0 human jejunal
brush-border membrane vesicles has been observed.

The mechanism of 1-proline uptake into the adult’

human small intestine has not be studied in detail to
date. Considerable research effort has been involved it
deveioping an in vitre model of the human gastroiites-
tinal epithelium. Primary culture of small intestinal
enterocytes has been limited by poor retention of
anatomical and biochemical features in vivo {23]. Re-
cently, attention has concentrated on colon adeno-
carcinoma cell lincs which display propertics similar to
intestinal enterocytes. The human intestinal Caco-2
cell line {24] exhibits spontancous enterocyte-like dif-
ferentiation under standard culture conditions [25]
These coiumnar cells show morphological polarity hav-
ing apical microvilli, with associated brush-border hy-
drolases {25,26], and basolaterally positioned nuclei.
They form electrically tight monolayers and character-
istically, for a functionally polar vpithelium, form domes
[25]. Initially, they were studied as a celiular model for
diticrentiation of intestinal enterocytes [27]. More re-
cently, however, carrier-mediated uptake and transport
of nutrients by Caco-2 cells has been investigated and a
siimitarity with many transporters normally present in
the small intesiine has been established. Transported
ligands include methyl a-glucoside (glucose analoguc)
(28], bile-acids [29,30], cephalexin [31,32], folic acid
{33], inorganic phosphate [34], L-phenylalanine [35,36)
and vitamin B-12 [37). Caco-2 monolayers have been

proposed as a useful iri vitro model of small intestinal
epithelivm [29,38].

This present study was undertaken to investigate
carricr-mediated uptake of the imino acid, L-proline,
by monolayers of human intestinal absorptive (Caco-2)
cells.

Materials and Methods

Materials

The Caco-2 cell line was obtained from Professor
Colin Hopkins, Imperial College, University of London
and confirmed mycoplasma-ncgative using the Hoechst
33258 test [39). Dulbecco’s modified Eagle’s medium
(DMEM), fortal calf serum (FCS), glutamine, non-es-
sential amino acids (NEAA) and penicillin-strepto-
mycin (10000 ju mi~! and 10 mg mi~!) were obtained
from Gibco (Paisley, Scotland, UK). Culture plastics
were purchased from Sterilin (Hounslow, UK). L-f5-
*H]Proline (specific activity 26 mCi mmol~!} and ¢-
{":1]phenylalanine (specific activity 106 Ci mmol~")

"~ were obtained from Amersham, UK and shown to be

chromatographically homogeneous prior to use. Phos-
phate buffered saline (PBS) tablets were from Oxoid,
UK. a-(Methylamino)isobutyric acid (MeAIB) was ob-
tained from Aldrich Chemical Company (Gillingam,
UK). All other chemicals were of cell culture grade or
the highest purity available from Sigma Chemical Com-
pany (Poole, UK) unless otherwise indicated in the
text.

Cell culture

Caco-2 cells were cultured in 150 em? plastic T-flasks
with DMEM containing 10% v/v FCS. 1% v/v NEAA
and i% v/v glutamine (maintenance medium). They
were incubated at 37°C in a humidified atmosphere of
10% CQO, in air, The culture mcdium was renewed on
alternate days. Stock cultures were sub-cultured (1:3)
weekly by trypsinisation with 0.25% trypsin and 0.2%
disodium ethylencdiamine tetraacetate in PBS. Cells
were used between passages 94 and 112,

For uptake experiments’ Cuaco-2 monolayers were
cultured on six-well plates. The cells (2-3 d post-con-

uent) were trypsinised and resuspended in mainte-

nance medium supplemented with 1% v/v penicillin
and streptomycin (plate medium). The viable cell den-
sity was measured using a hacmocytometer with trypan
blue exclusion and reduced o 2.0- 10° cells mi~} by
dilution with further plate medium. Each well was
seeded with 5 ml of the diluted cell suspension (1.0 - 10°
cells). The six-well plates wers incubated at 37°C in a
humidified atmosphere of 10% CO, in air. Plate
medium was renewed every 48 h and monolayers used
for uptake studies after six days in ¢ 'ture.



Amino acid-free incubation media

Amino acid-free medium (AAFM) used for i-pio-
line uptake experiments comprised 1% bovine serum
albumin, 3.2 mM calcium chloride, 1.2 mM magnesium
chioride, 4 mM potassium chloride, 150 mM sodium
chloride and 5 mM glucose in double distilled water,
buffered to pH 7.4 with 14 mM N-2-hydroxyethyl-
piperazine-N '-2-ethanesulphonic acid (Hepes). A
sodinm-free amino acid-free medium was prepared by
equimolar substitution of sodium chloride with choline
chloride (AAFM _y,cc)or lithium chloride
{AAFM _ ;). A glucose-free medium (AAFM _;,,.....)
was prepared by omitting glucose from the above for-
mula. The osmolalities of these media were measured
by freezing point depression (Knauer Kithlgerat, Tem-
peratur-messgerit und Regler) and were identical to
that of plate medium at 330 mosmol /kg.

Uptake experiments

-{*H]Proline uptake experiments were performed
in the absence (total uptake) and presence (non-specific
uptake) of a 1 0-10° molar excess of r-proline (50
mM), allowing specific uptake to be calculated by sub-
traction.

The plate medium was aspirated and the Caco-2
monolayer washed with PBS (2 X5 mit X5 min) and
finally with incubation medium (1 X 2 ml X 15 min) tc
remove extracellular amino acids. The cells were incu-
bated with 2.0 1.Ci of L-[*H]proline in 2 m! (ie: 44 nM)
of incubation medium, with or without excess (50 mM)
L-proline, at 37°C for 30 min. Washing and incubation
solutions were equilibrated to 37°C for 1 h prior to use.
At the end of the incubation period the medium was
removed from each well and added to 10 m] of scirtil-
lation cocktail (OptiPhase HiSafe 3, LKB). Each mono-
layer was rinsed carefully three times with ice-cold
PBS-azide 0.05% w/v and solubilised with 2 ml of
0.1% v/v (aq) Triton X-100 (Aldrich Chemical Com-
pany, UK). The solubilised monclayers were added to
10 ml of sciatillation cocktail. The tritium-content of
each monolayer was determined using a Packard Tri-
Carb 2000CA liquid scintillation analyser and cor-
rected for the amount of L-[*H]proline in the incuba-
tion chamber. A similar procedure was used for L-
[*H]phenylalanine uptaks except the tritium-content
was determined using Lumagel (Lumac, Netherlands)
and a Beckman LS1801 liquid scintillation analyser.

Thin-layer chromatography (TLC) of the non-TCA pre-
cipitable Cace-2 cell fraction

Caco-2 monolayers were incubated with 44 M L-
{3H]proline for 30 min at 37°C then the tritium-loaded
cells were scraped off the bottom of each well and
resuspended in double distilled water. The pooled cell
suspensions were homogenised by 10 strokes in a Pot-
ter-Elvehjem homogeniser at 2000 rpm. The proteins
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in the homogenate were precipitated with trichioro-
acetic acid (TCA) and pelleted by centrifugation at
11600 X g for 5 min (MSE minifuge). The supernatant
was collected and lyophilised in an Edwards freeze
dryer. The lyophilised residue was reconstituted and
spotted onto a cellulose TLC plate (Whatman, Maid-
stone, UK). The chromatogram was developed with a
mobile phase of butan-i-ol (60%), acetic acid (25%)
and double distilled water (159). At completion. the
TLC plate was dried rapidly at 76°C and dwvided verti-
cally into 1 em blocks. Each block of cellulose was
scraped into a scintillation vial together with 10 ml of
OptiPhase Hisafe 3 and its tritium-content determined
using a Packard Tri-Carb 2000CA liquid scintillation
analyser. A reference sampie was made by preparing a
non-TCA precipitable Caco-2 cell fraction as described
above but omitting radiolabel from the incobation stage.
A tracer of 1/ Hlproline wis added just before freeze
drying.

Kinetics of 1-proline uptake

1-Proline uptake into Caco-2 monolavers was deter-
mined, as described above, after 1.75, 2.5, 5, 10, 20, 30
and 45 min incubations. The distribution ratio (i.e.
[Pro),gpotayer/ EPTOdincubiiion medium) after each incubation
time was calculated. The monolaycr volumc used to
calculate [Pro],,,1.yer Was derived by multiplication of
cell height from transmission electron microscopy (15
wm, unpublished data) and monolayer area (9.62 cm?).

Inhibition of 1.-proline uptake by experimenial conditivits

Uptake experiments were performed as described
above (control) or in the presence of inhibitors of the
Na*/K*-ATPase (10 pM cuabain}, oxidative phospho-
rylation (10 mM sodium azide) or protein synthesis
(500 1M cycloheximide) and over a range of pH values
(5.0 to 8.5). The sodium-dependence of t-proline up-
take was further investigated by measuring uptake from
normal and sodium-free incubation media. Precise ex-
perimental conditions for each study are given in the
appropriate figure legends.

Sodium-dependence of L-proline uptake

Uptake of v-proline over a range of sodium ion
concentrations (0, 10, 20, 30, 50, 70, 100 and 140 mM)
was investigated. Each incubation madium was suppie-
mented with choline chloride to give a combined con-
centration of 140 mM. Monolayers were washed (2% §
ml X 5 min) with PBS followed by incubation medium
with the appropriate sodium ion concentration. Uptake
studies were performed over 20 min at 37°C as de-
scribed above.

Concentration-dependence of L-proline uptake
Monolayers were incubated at 37°C, for 20 min, with
a range of L-proline concentrations (5-107% M to
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5-10-2 M} spiked with 2.0 1 Ci of 1-{ ‘H]proline. Paral-
lel experiments were performed as described above in
the prescnce and absence of sodium. Total vL-proline
uptake was calculated by multiplication of 1-{*H]pro-
line uptake with the dilution factor due to the addition
of non-radicactive 1-proline during prcparation of cach
concentration. Kinctic parameters for uptake, K3 and
J4.. were calculated using Enzpack 3 (Biosoft, Cam-
bridge, UK).

Feeding regimen and 1-proline uptake

Monolayers were fed with plate medium 48 h (usual
regimen) and 12 h prior to uptake studies. Addition-
ally, some monolayers were fed 24 h before uptake
experiments with a protein-free amino acid-free
medium comprising Hanks’ balanced salt solution
(HBSS) buffered to pH 7.4 with Hepes. Uptake studies
were performed at 37°C over 20 min.

Results are presented as the mean values of one
experiment (n = 3, unless otherwise stated) and experi-
mental crrors are given as standard deviations about
that mcan. Significance testing was performed using an
unpaired Student’s r-test.

Results

Sceding of 1.0-10° cells per well resulted in a
confluent monolayer after 4 days of culturc. After 6
days of culture there were (3.4 £ 0.3) - 10" (1 = 9) cells
per monolayer. Over the incubation period for all
experimental conditions, no cell detachment or alter-
ation of monolayer appearance was observed by
phasc-contrast microscopy.
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Fig. 1. ientification of 1.1 H)proline post-uptake. Thin-layer radio-
chromatograms of tritium-distribution in the non-TCA precipitable
fraction of 1-{*H]proline loaded Caco-2 cells (A) and a reference
14 *Hlproline-spiked non-TCA precipitable cell fraction (B).
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Fig. 2. Kinetics of 1-proline uptake by Caco-2 monolayers. Monoliy-
ers were washed with PBS (2x5 ml x5 min) followed by AAFM
(1 X2 mIx 15 min). Total 14 H]proline uptake was determined 2fter
175, 2.5, 5, 10, 20, 30, and 45 min at 37°C. Data points represent the
mean + 8.0, of three samnkes,

Tritium entering the Caco-2 monolayers was posi-
tively identified as 1.-[*Hlproline by TLC of the non-
TCA precipitable cell fraction (Fig. 1). Less than 1% cof
the tritium was removed by TCA precipitiation of the
Caco-2 cell homogenate and this was abolished (>
80%) by a 30 min pre-incubation with an inhibitor of
protein synthesis, 500 uM cycloheximide (results not
shown). This indicates that only a small proportion of
1-[*Hlproline is assimilated to protein by the cells over
the experimental period.

The kinetic profile of 1-[*Hlproline uptake (Fig. 2)
shows an initial linear phase (uptake proportional to
incubation time) for at least 20 min, thereafter, uptake
tended to u platcau. A distvibution ratio greater than
unity (i.e. 3.26 + 0.05 at 45 mir) implies concentrative
uptake. Therefore, L-proline uptake has an active com-
ponent in addition to passive diffusion. This was con-
firmed by measuring uptake in the presence of 50 mM
1-proling to estimate the passive uptake component,
Typically, the unsaturable passive uptakc component
accounted for 32.2 + 1.9% (n = 18) of the total uptake.
It is the saturable, carrier-mediated, component which
is considcred further.

Parallel uptake studies in the presence and absence
of sodiun: ions, showed carrier-mediated uptake to be
significantly reduced by replacing sodium ions with
choline chloride (87.7 + 1.0%; P <0.001) and lithium
chloride (77.0 + 1.2%:; P <0.001). Similarly, pre-in-
cubation with 10 uM ouabain, an inhibitor of the
Na*/K*-ATPase, reduced uptake by 82.6 + 2.8% (P
<0001, Fig. 3). In contrast, L-phenylalanine uptake
from sodium-free (choline chloride) medium is not
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Fig. 3. Sodinm-denendence of w-pheaylalanine and 1-profine upiohe
into Caco-2 monolayers, Monoluyers were washed with PBS (2%S§
mix$ min) then AAFM (closed bar), AAFM _y ¢ (open bar) or
AAFM _ ., ; (shaded bar. 1-proline unly) as appropriate. Uptake of
1= *Hlphenylalanine and 11 H)proline were determined from these
media. In addition, monolayers were pre-incubated with 10 p M
ounbaii {1 X5 mlx 120 min} then washed with AAFM containing 10
1M ouabain (2x2 mix 5 min), Specific 1| *Hlproline uptake in the
presence of 10 xM ouabuin was determined (hatched bar. -proline
oni; ). Data bars represent the mean £ 5.D. of three samples. * de-
notes significant reduction, £ = 0401,

significantly different from control values. L-Proline
uptake displays a sigmoidai relationship to sodium ion
concentration. Uptake initially incrcased slowly at
sodium ion concentrations below 30 mM before in-
creasing rapidly between 30 and 50 mM but did not
become maximal untit much higher sodium concentra-
tions (100 to 140 mM; Fig. 4).

Total L-proline uptake (J) in the presence of sodium
ions is the sum of sodium-dependent (J*'), sodium-in-
dependent (J¥) and diffusional (J9) uptake mecha-
nisms. In the absence of sodium ions it is the sum of
(/%) and (JY) (Fig. 5A). Therefore, subtraction of
concentration-depen:dent uptake curves performed in
the presence and absence of sodium ions provides J™
which depicts Michaelis-Menten saturation kinetics for
the sodium-dependent uptake component (Fig. 5B).
An Eadie-Hofstee plot of these data (Fig. 5C), accord-
ing to the transformation shown below (Eqn. 1), was
employed to calculate the following kinetic parameters;
Michaelis constant, K3 =5.28 1 0.83 mM and maxi-
mat velocity, J33, = 835 + 83 pmol min~' (10° cells)~".

L)

Moo e w
J K x [Pro] + Join [1)]
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L-Proline uptake from glucose-free medium was not
significantly different from control levels but was re-
duced by 10 mM sodium azide (P < 0.02; Table 1). ¥a
addition, 1-proline uptake was significantly (P <0.61)
reduced by decreasing the temperature beiow 37°C
(77.5 + 3.1 and 94.3 + 0.3% reductions at 20 and 4°C,
respectively; Fig. 6). An activat'on energy (E,) for
1-profine uptake of 95.3 kJ mol~' was calculated by
lincar lcast-squares regression analysis of a plot of
log & against 1 /T according to the Arrhenius cqueation
(Fig. 6 insct and Egn. 2 below) for these data.

log &k =log A~ TKU;TF )

To explore the substrate selectivity of the r-proline
carrier system, vytake of 50 uM t-[*Hjproline alune or
in the presence of 5 mM concentrations of amine
(including imino) acids and three synthetic analogues,
a-, y-aminoisobutyric acid and MeAlB, were compared
(Tabte 1I). A differential ability to inlwbit L-proline
untake was obscrved. L-Aspartic acid (— 1.7 + 3.2%),
an acidic amino acid did not inhibit L-proline uptake.
Similarly. aromatic amino acids (1-phenyialanire (3.0
+2.6%) and vL-tryptophan (—5.1 + 1.4%)) ard ihe
branched aliphatic side-chain amino acid L-leucine
(—0.41 + 6.4%) failed to significantly interferc with
L-proline uptake. 1-Valine (10.2 + 1.9%) showed a
small but significant inhibition. y-Amino iscbutyric acid
(33.4 + 13.0%), glycine (30.7 + 2.0%), and the
stereoisomer p-proline (36.9 + 3.3%), oniy partially in-
hibited L-proline uptake. Moderate inhibition was ob-
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Fig. 4. 1-proline uptake¢ as a function of sodium ion coacentra-
tion. Monolayers were washed (1 x5 mlx 15 min} with AAFM con-
tining the appiopriawe =odium jon concentration L-Proline uptake
over 20 min at 37°C in the presence of (1, 10, 20. 30, 50, 70, 100 oy
140 mM sodium jons. Law'a points renresent the mean+S.D. of
three samples,
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Fig. 5. G ion-dependence of i-profine uptake, Monolayers

were washed with PBS (25 mIx 5 min) followed by AAFM or
AAFM _ oo (1 X2 mI X 15 min) as appropriate, then incubated for
20 min at 37°C with a range of 1{*H]praline concentrations (0.5 mM
to 50 mM) in the presence and absence of sodiem ions. The concen-
tration dependence of preline uptake in the p {closed circles)
and absence of sodium ions {open circles) is shown above (A). The
difference between the two curves, as a function of concentration
(open squares; B), was analysed using an Eadic-Hofstee plot (closed
squares: C). Data points represent the mean +5.D. of three samples,

TABLE 1

Effect of cycloheximide, glucose depletion and sodiem azide on specific
w-proline uprake

Cycloheximide: Monolayers were pre-incubated for 45 min with S0
1M cycloheximide, washed once with AAFM. and the specific up-
take of 1-|*Hlproline determined after 30 min m 37°C. Glucose
depleti Monolay were hed with PBS (2X5 mix5 min)
followed by AAFM or AAFM _ i (1% 2 mb> 15 min} as appro-
priate. Specific uptake of 1-[*H]proline from AAFM and
AAFM _ (e a5 described above, Sodivm azicc: Mosvlayers were
washed with PBS (2% 5 mlx S min) then pre-incubiated with AAFM
containing 10 mM sodium azide (1 X2 mlx30 min). Specilic 1-
[*Hlproline uptake in the presence of 10 mM sodium azide was
deizrmined as described above. The results are expressed as mean +
SD of three observations,

Condition Specific uptake.
“% control (£ S.D.)
+ Cycloheximide (500 u M) 585 (LD *
— Glucose 102.8 (20.6)
+ Sodium azide (10 mM) 414 (185 *
* P,

1.51
loset: Arhenius plgy
as
29| a0
; x 25
£ g 2
g 0,91 '
°
E 10
= a0 34 as
2 o'si T (K x100
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03
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o
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Fig. 6. Tempesature dependence of -proline uptake. Monolayers
were washed with PBS (2x5 mlx 5 min) followed by AAFM (1x2
mlX 15 min} pre-equilibrated to 4, 20 or 37°C as appropriate. Spe-
cific 1-[ *Hlproline uptakes after 30 min incubation at 4, 20 and 37°C
were determined. Data bars represent the mean4S.D. of three
samples and * denotes sigificamt difference from uptake at 37°C,
P < 0.01), The uptake activation energy, E, was calculated from an
Arrhenius plot (inset),

served by amide, basic and sulphur containing amino
acids as well as 1L-nydroxyproline (50.2 £ 6.2%). The
most potent inhibitors were a-aminoisobutyric acid
(75.2 + 10.0%), L-alanine (69.2 + 7.4%), MecAIB (58.3
+ 4.3%), 1-serine (74.1 £ 1.7%) and L-proline (68.3 &
0.3%) itself,

The expression of the L-proline carrier can be signif-
icantly up- and down-regulated by the monolayer feed-
ing regimen (Table 1il). Uptake into monolayers that
had experienced the normal feeding regimen (48 h;
942 + 49 fmol (20 min)~') was significantly higher than
after a recent replacerent of maintenance medium (12
h: (844 + 11 fmol (20 min)~'). This suggests that up-
and down-regulation of the rL-proline carrier is under
some degree of nutritional control, Similarly, a 24 h
incubation in protein-free amino acid-free medium
¢HBSS + Hepes) produced a ‘narked up-regulation of
carrier-mediated uptake (1411 4 69 fmol(20 min)~").
Tnis may again reflect nutritional control or a be
caased by the absence of a specific ‘down-regulating’
component present in the maintenance medium, A
significant inhibition of uptake (Table I; 41.5 + 1.7%)
occurred after a 45 min pre-incubation with an in-
hibitor of protein synthesis, S00 uM cycloheximide.
One possible explanation for this is that the vL-proline
transporter is a protein with rapid catalytic and syn-
thetic turnover.

L-Proline uptake exhibited 2 complex pH-depen-
dence (Fig. 7). Specific uptake was pH-dependent
whereas non-specific uptake remained relatively con-



TABLE 1
Inhibition of t-proline uptake by amino acids and their analogues

Monolayers were washed with PBS (2%X5 mix5 min) followed by
AAFM (1x2 mix 15 min). They were incubated with 50 uM 1.
[*Hlproline alone (control) or in tite presence of a 100-fold excess of
competing amino (imino) acid. The inhibition of 1-{*Hlprofine up-
take is expressed as a percentage of control+SD of three observa-
tions.

Side-chain type Amine acid % inhibition of
specific uptake
(+S.D.)
Acidic 1-aspartic acid -17 (5.2)
Aliphatic 1-alanine 69.3 (7.4) ***
1-alanine (50 mM) 1014 (7.4) ***
-alanine (50 mM)
+MeAIB (5§ mM) M5 (31 **+
B-alanine 435 (3.6) **
glycine 30.7 Q0 %>
Aliphatic hydroxyl 1-serine T4 ALT)***
Amide L-asparagine SLd (45) ***
Aromatic t-phenylalanine 30 (26)
1-tryptophan =51 (L3
Basic r-arginine 320 (1.2 **
-histidine 50.2 (9.9 **
Branched aliphatic  1-leucine -04 (64)
1-valine 192 (L9 *
Imino 1-hydroxyproline 50.2 (6.2) **
L-profine 6R.3 (0,3) ***
p-proline 369 (3.3) **
Sulphur containing  t-cysteine 48.7(12,1) **
1-methionine 534 (3.8)***
Synthe tic analogue a-aminoisobutyric
acid 75.2(100) ***
y-aminoisobutyric
acid 334 (130 **

MeAIB

583 (4.3)%*x

4 P=005%*P=001,*** P <0001

TABLE 111

Feeding regimen and -profine uptake

Monolayers were fed with plate medium 48 h or 12 b ur with

HBSS + Hepes 24 h prior to experiments. ‘They were Washica with
PBS (2> 5 mIx 5 min) followed by AAFM (1 X2 ml X 15 min) before
uplake studies were performed as described above. The results are
expressed as mean + S.D. of threc observations,

Last medivm Specific uptake:
replacement; mean (+£S.D.)
time tapse (type) (fmol 20 min) ")
48 h (plate medium) 942 (49.4)

12 h (plate mediuny) 844 (11.3)*
24 .. (HBSS + Hepes (14 mM)) 1411 (69.6) >

* P=001
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Fig. 7. Tke effect of pH on 1-p uptake. Monolayers were
washed with PB3 pH 7.4 (2% 5 mix 5 min) followed by AAFM at pH
50, 60, 70, 7.4, 8.0 or 85 as appropriate (1x2 mix |5 min).
1-{*Hlproline uptake was Getermined in the presence (non-specific,
open bar) and absence (specific, closed bar) of 50 mM unlabelled
1-profine at each pH value. (¥ and ** denote significantly different
uptake to that at pH 7.4, P= 005 und P =001, respectively). The
inset shows the effect of sodium depletion on 1-proline uptake at pH
5.0. Data bars represent the mean +5.D. of three samples.

stant between pH 5.0 and 8.5. At pH values slightly
higher or lower than 7.4, significant reductions in spe-
cific L-proline uptake (P = 0.05 and P=0.01 at pH 8.5
and 7.0, vespectively) were observed. Therefore, under
neutcal to mildly alkaline conditions specific uptake
ocenrred maximally at pH 7.4. At acidic pH values,
however, specific uptake was stimulated (4.6-fold at pH
5.0) but was only 29.4 + 5.4% sodium-dependent at pH
5.0 compared to 87.7 + 1.0% at pH 7.4.

A high degree of coincidence between the 1-
[*H]proline reference and post-uptake sample radio-
TLC chromatograms shows that L-proline was not ap-
preciably metabolised prior to, during or after uptake
over the duration of the experiments. Therefore, up-
take of tritium into Caco-2 monolayers overwhelmingly
reflected intact L-{*H]proline.

The results from the above experiments, designed to
probe the mechanism(s) of 1-proline entry into Caco-2
cells, suggest that uptake predominantly occurred (=
70%) via carrier-mediation. Firstly, uptake was concen-
trative, implying Caco-2 cells are able to actively accu-
mulate t-proline beyoud a concentration that can be
explained by simple (passive) equilibration across their
brush-border membranes. Secondly, uptake was dra-
matically reduced at temperatures below 37°C. The
calculated activation energy of 95.3 kJ mol ™! for L-pro-
line exceeds that anticipated for simple diffusion (<
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16.8 k¥ mol~") and is within the usuai range for car-
rier-mediated processes (29.4 to 105.0 kJ mol~') [40].
Additionally, L-proline uptake was significantly re-
duced in the presence of 10 mM sodium azide suggest-
ing a reliance on metabolic cnergy. The most likely
explanation is that sodium azid< interrupts the produc-
tion of metabolic energy required to maintain the
inward sodium ion electrochemical gradient which
drives upiake (see later). Furthermore, L-proiine up-
take was concentsation-dependent. This is consistent
with the hypothesis that two modes of uptake into
Caco-2 cells exist; {a) Saturable uptake via a finite
number of ‘carriers’ and (b) non-saturable passive dif-
fusion (uptake proportional to concentration). Experi-
ments were performed on confluent monolayers which
exhibit tight junctions between cells [25]. Therefore,
the L-proline carrier described here is probably located
at the brush border membrane. This is supported by
r-proline transport experiments across Caco-2 mono-
layers, cultured on permeable supports, which show
flux to be vectorial, occurring three times faster in the
apical-to-basolateral direction (manuscript in prepara-
tion).

The activation encrgy for L-proline uptake is almost
twice that described for 1-phenylalanine transport
across Caco-2 monolayers cultured on pcrmeable sup-
ports [36]. Although the modeis ased in these studies
are not directly comparable, the different activation
cnergies suggest that 1.-proline and r-phenylaianine are
recognised by different carricrs.

Aming (and imino) acid transporters are principally
classified according to their reliance on sodium. The
sodium-dependence of L-proline uptakc was investi-
gated by reducing the inward sodium ion gradient by
performing uptake studies from sodium-frec amino
acid-free incubaiicn medium or in the presence of 10
#M ouabain. Under both experimental conditions, the
specific uptake ot i.-proline was reduced by approxi-
mately 85% and is therefore sodium-dependent. This
agrees with previous work in other species [14,16] and
in brush-border membrane vesicles prepared fror: adult
[18] and foetal [19] human smal} intestine which showed
that the initial uptak= rate of L-proline was reduced in
the sbscnce of sodium ions. High extracellular sodium
ion concentrations weie icquiicd to drive L-proline
uptake maximally which explains its striking sensitivity
to ouabain. Interestingly, similar uptake experiments
for 1{*H]phenylalanine failed to demonstrate sigrifi-
cant sodium-dependence. This contests the previcusly
published observation that 1-phenylatanine transport
across Caco-2 monolayers cultured on permeable sup-
ports is reduced by 33% in the presence of 100 uM
ouabain (implying sodium-dependence) [36). Further-
more, an eariier report by the same workers found that
L-phenylalanine transport was not reduced from
sodium-free (choline chloride) incubation medium or

by 2-5 mM ouabain, suggesting sodium-independent
transport [35]. Their initial observation agrees with the
results of L-phenylalanine transport experiments per-
formed within our laboratories (manuscript in prepara-
tion),

Uptake was identical in the presence and absence of
glucose indicating the intracellular carbohydrate puool
is able to satisfy the energetic demands of the cells
over the time-course of the experiment, Clearly, there
is no direct interaction between glucose and the L-pro-
line carrier. 1.-Phenylalanine transport was reduced in
the absence of glucose [36] but whether this was a
result of a reduced availability of metabolic energy or
reduced solvent drag through the paracellular shunt
pathway in the absence of glucose [41,42] was uncer-
tain. Similarly, the transport of L-proline across Caco-2
monolayers cultured on permeable supports is reduced
in the absence of glucose (results not shown).

The uptake of L-prolinc was performed over a range
of concentrations (0.5 mM to 50 mM) in the presence
and absence of sodium ions. The difference between
the uptake profiles follows Michaelis-Menten satura-
tion kinetics and the Eadie-Hofstee analysis yields a
straight line suggesting a single agency is responsible
for the sodium-dependent uptake of L-proline into
Caco-2 cells. The Michaclis constant (K%} of 5.28 +
0.83 mM is an order of magnitude higher than that for
brush-border membrane vesicles prepared from guinea
pig ileum (K =0.67 mM) [14] and rabbit jejunum
(K, =0.55 mM) [I5]. This discrepancy may be an
artefact of the different models used in these studies
but more probably reflect functional differences be-
tween the uptake systems. Unfortunately, data con-
cerning L-proline uptake into normai human tissues is
limited and does not extead to the analysis of kinetic
parameters for comparison [18,19].

The structural requirements of the carrier were in-
vestigated by observing the inhibition of carrier-media-
ted uptake of v-proline by a 100-fold excess of other
amino (and imino) acids or synthetic analogues. The
inhibition profile for 1L-proline uptake shows that
aliphatic neutral amino acids can effectively compeie
but branching or aromatic content in the side chain
dramatically reduced its ability to inhibit uptake. L-Pro-
line uptake was inhibited by the non-a-amino acid
PB-alanine and y-aminoisobutyric acid but to a iesser
extent than by their a-analogues. Interestingly, p-pro-
line significan:ly inhibited vr-prolinc uptake (36.9 +
3.3} suggesting that the carrier involved in L-proline
uptake has only moderate stereo-selectivity., The large
neutral amino acid (LNAA) transporter in Caco-2 cells
displays an opposite substrate specificity preferring
neutral amino acids with bulky side chains and being
very sterco-selective [36]. Additionally, glycine inhibits
L-proline uptake but failed to influence L-phenyl-
alanine trausport across Caco-2 monolayers [36). It is



noteworthy that L-phenylalanine did not significantly
inhibit L-proline uptake (3.0 + 2.0%) confirming they
are recognised by different carriers in the Caco-2 cell
line. These two discrete inediations share the proper-
ties of being reduced by basic but not acidic amino
acids.

To our knowledge, this is the first detailed charac-
terisation of L-proline uptake into an adult human
unestinal preparation, therefore, a comparison cf ihe
cross-inhibition profile in Caco-2 cells with those de-
scribed for other spccies is merited. In non-cpithetiat
cell types and at the basoiatcral surface of enterocytes
a sodium-dependent, and highly stereo-specific ASC
system which excludes MeAIB can serve v-proline [43).
The moderate stereo-selectivity,its strong inhibition by
MeAIB and a-aminoisobutyric acid and the inubility of
lithium ions to substitute for sodium ions [44] indicates
the ASC system is not responsible for L-proline uptake
in Caco-2 cclls. Similarly, uptake is not mediated by
the IMINQ system which serves L-proline and MecAIB
but excludes B-alanine and is insensitive to L-alanine
and glycine. This was confirmed by the fact that MeAIB
could not inhibit L-proling upiake beyond the L-
alanine-sensitive component. In agreement with obser-
vations in the rat small intestine, the cross-inhibition
uptake profile for L-proline resembles the A system.
Firstly, uptake is sodium-dependent and secondly.it is
strongly inhibited by a-aminoisobutyric acid, MeAIB
and small aliphatic neutral amino acids (c.g. L-alanine,
L-serine) but not by branched or aromatic neutral
amino acids {e.g. vL-leucine, L-phenylalanine, L-tryp-
tophan, L-valine). However, this profile is dissimilar in
that the inhibition potency of non-e-amino acids is
lower than their a-analogues according to the se-
quence y> B> a. This is clearly not the case in
Caco-2 cells where the inhibition potency of L-alanine
is greater than thgt of B-alanine and «-aminoisobutyric
acid is greater than a-aminoisobutyric acid. The rabbit
small intestine possesses a high affinity, sodium-depen-
dent carrier of neutral and cationic amino acids which
serves imino acids and accepts non-a-amino acids ac-
cording to the sequence o > B > y but is more sensi-
tive to L-leucine than the Caco-2 system. The involve-
ment of the A system in L-proline uptake was also
postulated for the guinea pig ileum [14], however, in
the absence of cross-inhibition studies, other systems
cannot be rejected and its Michaelis kinetic parameters
were very similar to the IMINO system of the rabbit
jejunum [15). Variance with observations for imino acid
uptake by other species may reflect inter-species het-
erogenicity or that this system is artificially induced in
this tumour cell line. The precise nature of this dis-
crepancy awaits experiments in normal adult human
small intestinal preparations,

Under neutral to mildly alkaline conditions, L-pro-
line uptake occurs optimally at pH 7.4. This local pH
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optimum is identical to that of the A system. The
ionisation state of L-proline is pH-dependent and is
largely cationic at pH values below its isoelectric point,
pl = 6.3 [45]. The large stimulation of L-proline uptake
may vc & result of enhanced carrier efficiency, how-
ever, the concomitant reduction in sodium-dependence
and predicted change in the ionisation state of L-pro-
line suggests another uptake mechanism may prevail at
acidic pH values.

We have characterised an amino acid uptake carrier
that seives L-proling and which is distinct from the
LNAA (v-phenylalanine) transporter previously re-
ported in Caco-2 cells [36}. In two carlier rcports,
v-alanine uptake into [46] and transport across [47]
Caco-2 cells were suspected of being carrier-mediated
but were not studied in detail. Our work probably
represents a detailed description of that system which
serves both L-alanine and v-proline,

Caco-2 monolayers have been proposed as a useful
predictive model of the adult human small intestinal
epithelium [29,38]. However, the major barrier to eval-
uating this hypothesis is the lack of data for the normal
human small intesting, and comparison with other
species is inappropriate due to inter-species variation.
At best, Caco-2 monolayers only partially explain the
intestinal uptake mechanism of imino acids in the
normal adult human small intestine. This can be de-
duced indirectly from our knowiedge of clinical disor-
ders of amino acid absorption. Hartnup’s disease re-
sults from a congenital defect in the absorption of
neutral amino acids n which imino acids do not be-
come clinically deficient [48]. Thereforz. at least one
uptake carrier, selective for imino acids and excluding
neutral amino acids, must be present in the human
small intestine. The predicted exclusive imino acid
pathway was not observed in Caco-2 cells. This study,
therefore, highlights the caution which should be em-
ployed when inferring ‘normal’ uptake phenomena
from the Caco-2 in vitro model of the human small
intestine.
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