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The heteromeric amino acid transporters are com-
posed of a type II glycoprotein and a non-glycosylated
polytopic membrane protein. System b%* exchanges
dibasic for neutral amino acids. It is composed of
rBAT and b°*AT, the latter being the polytopic mem-
brane subunit. Mutations in either of them cause
malfunction of the system, leading to cystinuria.
bo*AT-reconstituted systems from HeLa or MDCK
cells catalysed transport of arginine that was totally
dependent on the presence of one of the b®* substrates
inside the liposomes. rBAT was essential for the cell
surface expression of b%*AT, but it was not required
for reconstituted b>*AT transport activity. No system
bo* transport was detected in liposomes derived from
cells expressing rBAT alone. The reconstituted b®*AT
showed Kinetic asymmetry. Expressing the cystinuria-
specific mutant A354T of b%*AT in HeLa cells
together with rBAT resulted in defective arginine
uptake in whole cells, which was paralleled by the
reconstituted b*AT activity. Thus, subunit b>*AT by
itself is sufficient to catalyse transmembrane amino
acid exchange. The polytopic subunits may also be the
catalytic part in other heteromeric transporters.
Keywords: b®*AT-rBAT exchanger/b>+*AT
reconstitution/cystinuria/transport asymmetry/
reabsorption

Introduction

The heteromeric amino acid transporters (HATSs) are the
only known eukaryotic transporters of amino acids
composed of two different subunits bound by a disulfide
bridge: (i) a type II glycoprotein or heavy subunit (rBAT
and 4F2hc), and (ii) a non-glycosylated light subunit with
12 putative transmembrane domains (LAT-1, LAT-2,
ascl, y*LAT-1, y*"LAT-2, xCT and b%*AT) (for reviews
see Verrey et al., 1999, 2000; Devés and Boyd, 2000;
Chillarén et al., 2001; Wagner et al., 2001). The heavy
subunit has an ectodomain that is homologous to bacterial
glucosidases (reviewed in Chillarén et al., 2001). The light
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subunit is suspected to be the catalytic part of the
holotransporter because it is considered to be a polytopic
membrane protein and heterodimers of 4F2hc with
different light subunits yield different amino acid transport
systems: (i) with LAT-1 or LAT-2, variants of system L
(Kanai et al., 1998; Mastroberardino et al., 1998; Pineda
et al., 1999; Rossier et al., 1999; Segawa et al., 1999), (ii)
with ascl, system asc (Fukasawa et al., 2000; Nakauchi
et al., 2000), (iii) with y*LAT-1 or y*LAT-2, variants of
system y*L (Torrents et al., 1998; Pfeiffer et al., 1999a;
Kanai et al., 2000) and (iv) with xCT, system x.~ (Sato
et al., 1999, 2000; Bassi ef al., 2001).

The rBAT protein is the heavy subunit of b®*AT in
kidney brush border membranes (Fernandez et al., 2002),
and this heterodimer forms the holotransporter system b°*
[i.e. exchanger of dibasic amino acids and cystine (influx)
for neutral amino acids (efflux)] (Feliubadal6 et al., 1999;
Chairoungdua et al., 1999; Pfeiffer er al., 1999b;
Mizoguchi et al., 2001). The expression of both proteins
is needed to express system b®* transport at the cell surface
(for reviews see Verrey et al., 2000; Chillarén ez al., 2001).
These two proteins when mutated cause the inherited
disease named cystinuria, characterized by hyperexcretion
of cystine and dibasic amino acids in urine (for reviews see
Palacin et al., 2001a,b): mutations in rBAT cause type I
cystinuria (a completely recessive form of the disease)
(Calonge et al., 1994), and mutations in b®*AT cause non-
type I cystinuria (in which the heterozygotes show
moderate amino acid hyperexcretion) (Feliubadal6 et al.,
1999; Font et al., 2001). The rBAT cystinuria mutations
already studied seem to cause trafficking defects
(Chillaron et al., 1997; reviewed in Palacin et al.,
2001b), whereas there are no studies demonstrating
whether b*AT cystinuria mutations cause trafficking
defects or inactivate the transporter.

In the present study we reconstituted system b+ activity
from extracts of cells transfected with b®*AT. The
reconstituted activity is dependent on the expression of a
functional b®*AT protein and the presence of system b°*
amino acid substrates on the frans-side. In contrast, the
expression of rBAT is not necessary to reconstitute the
transport activity. Kinetic analysis demonstrated asym-
metrical interaction of L-leucine with the reconstituted
bo+AT.

Results

Expression of system b°* in rBAT/b°+AT-
transfected cells

Transient transfection of human rBAT and bo*AT resulted
in the expression of sodium-independent cystine and
arginine uptake in HeLa cells with characteristics of
system b®* (i.e. almost complete inhibition by L-ornithine,
L-leucine and L-alanine, only partial inhibition by D-ornithine,
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and no inhibition by L-glutamate) (Figure 1A). This
inhibition pattern of cystine transport is identical to that
obtained in rBAT-injected oocytes (Bertran et al., 1992).
Kinetic analysis showed an apparent K, of 132 = 36 and
226 * 64 uM for cystine and arginine uptake induced in
HeLa cells (data not shown). In contrast, transfection of
rBAT or b>*AT alone did not result in the induction of
system b°* activity (Figure 1A). Similarly, permanent
transfection of rBAT and b%*AT, but not b>*AT alone,
resulted in the expression of sodium-independent cystine
and arginine uptake in Madin—Darby canine kidney
(MDCK) cells (Figure 1B). This is in full agreement
with previous results (Chairoungdua et al., 1999;
Feliubadalé et al., 1999; Pfeiffer er al., 1999b; Font
et al., 2001) and stresses the need for both subunits to
express functional bo* transporters at the cell surface.
Indeed, expression of rBAT and b®*AT at the surface of
HeLa cells needs cotransfection of both subunits, other-
wise each of the proteins remains in an intracellular
location (data not shown). The need for b>*AT for the
routing of rBAT to the cell plasma membrane has also
been reported in transfected COS cells (Feliubadal6 et al.,
1999).

Reconstitution of arginine/leucine exchange from
extracts of b°+*AT-transfected Hela cells

Cells transfected with rBAT, b>*AT or both together were
solubilized with detergent and mixed with phospholipids
in order to reconstitute amino acid transporters. Uptake
experiments using 0.5 UM L-[*H]arginine were performed
for up to 6 hin the absence or presence of 2 mM leucine in
the interior of the reconstituted liposomes (Figure 2A).
When leucine was present, the uptake of arginine in
liposomes obtained from extracts of cells transfected with
bo*AT alone or together with rBAT revealed an overshoot
that peaked at 1 min uptake and decayed thereafter to
equilibrium values (3.9 = 0.1 pmol/mg protein; n = 11
preparations) at 6 h (Figure 2A). The uptake in b®*AT-
and rBAT/b°*AT-reconstituted liposomes at 1 min was,
respectively, 4.8 = 0.5 and 54 = 1.0-fold over the
equilibrium value (i.e. overshoot factor) (n = 6 and 3
preparations, respectively, run in triplicate). In contrast,
uptake of arginine into liposomes containing leucine and
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obtained from rBAT-transfected cells or into liposomes
containing no leucine and obtained from cells transfected
with rBAT and b%*AT, or b>*AT alone, were indistin-
guishable and reached the equilibrium plateau without
showing any overshoot (Figure 2A; and data not shown).
Similar results were obtained from extracts of cells
transfected with the arginine transport-irrelevant GABA
amino acid transporter GAT-1 (data not shown).

The transport rate of 0.5 UM arginine, measured in
linear conditions, in b®*AT- and rBAT/b®*AT-reconsti-
tuted liposomes was 10 times higher when 2 mM leucine
was present in the interior of the liposome than when no
amino acid was present (Figure 2B). The transport rate of
arginine in liposomes obtained from cells transfected with
GAT-1 or rBAT alone, irrespective of the presence of
leucine in the internal medium, was identical to the
transport rate in b®*AT- or rBAT/b%*AT-reconstituted
liposomes when no amino acid was present in the internal
medium. These results demonstrate that transfection of
b>*AT alone in HeLa cells is enough to reconstitute the
exchange of arginine and leucine in liposomes. Moreover,
reconstitution from b®*AT- or rBAT/b®*AT-transfected
cells yielded the same b°* transport rates (Figure 2B).

The expression of rBAT and b>*AT in HeLa cells and
the reconstitution of these proteins into liposomes was
followed by western blot analysis using SDS-PAGE
(Figure 2C-D). rBAT or b°*AT was present in the
corresponding cell extracts and liposomes only when
transfected (Figure 2C). Transfection of rBAT alone
resulted in the expression of the immature core-glycosyl-
ated form (i.e. endoglucosidase H-sensitive; data not
shown) of the protein. This core-glycosylated form has
higher electrophoretic mobility than the matured glycosyl-
ated form (i.e. endoglucosidase H-resistant; data not
shown) that was detected in cells cotransfected with
rBAT and b®*AT and in renal brush borders (Figure 2C).
These rBAT bands are similar to those detected during
biogenesis of the protein in oocytes (Chillarén et al.,
1997). Moreover, the level of expression of TBAT was
higher when cotransfected with b>*AT (299 = 53% of that
found when rBAT was transfected alone; n = 4), but the
expression of b®*AT seemed to be independent of the
expression of rBAT (83 = 5% of expressed b>*AT when
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Fig. 1. Expression of amino acid transport in cells cotransfected with rBAT and b®*AT. (A) HeLa cells were transfected with rBAT or b>*AT alone
or together, or were used untransfected (HeLa). Three days later transport of 20 uM L-[33S]cystine or 50 uM L-[?H]arginine was measured in linear
conditions. Only cells cotransfected with rBAT and b®*AT showed amino acid transport above background. For L-[33S]cystine transport the inhibition
pattern with the indicated amino acids at 5 mM was studied. (B) MDCK cells were permanently transfected with b®+*AT alone or together with rBAT.
The transport of 20 UM L-[3>S]cystine or 50 uM L-[*H]arginine was measured in linear conditions in non-transfected (MDCK) or transfected confluent
cells. Only cells cotransfected with rBAT and b>*AT showed amino acid transport above background.
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transfected alone; n = 4) (Figure 2C). These results suggest
that b®*AT helps the maturation and probably increases
the stability of rBAT. In non-reducing conditions, as
expected, bands corresponding to the electrophoretic
mobility of the rBAT/b>*AT heterodimers were seen
only in cell extracts and liposomes (although to a lesser
extent) obtained from cotransfected cells, but most of
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rBAT and b®*AT migrated as the monomer (Figure 2D).
In all, our results demonstrate that b>*AT in the absence of
rBAT mediates the exchange of arginine and leucine in the
reconstituted liposomes.

The cystinuria-specific A354T b°+*AT mutant
revealed inactivation of transport in

reconstituted systems

To examine whether the exchange of external arginine
with internal leucine (L-arg./L-leu;) is dependent on the
reconstitution of a functional b®*AT, two cystinuria-
specific b>*AT mutants (A182T and A354T) were studied.
Mutation A182T is one of the most common cystinuria
mutations found in SLC7A9, whereas mutation A354T has
been found in two cystinuria patients (Font ef al., 2001;
and unpublished result from the International Cystinuria
Consortium). We chose these mutations because previous
functional analysis showed complete lack of transport
activity of A354T, and ~50% residual transport activity of
A182T when cotransfected with rBAT in HeLa cells (Font
et al., 2001). Identical results were obtained here
(Figure 3A). Kinetic analysis showed an apparent K, of
256 = 59 uM (mean = SEM) for arginine in rBAT/A182T
bo*AT-transfected cells (data not shown). This value is
similar to that obtained in rBAT/wild-type bo*AT-
transfected cells (see first paragraph of Results). The
reconstituted A354T b>+*AT mutant showed <10% of the
wild-type b®*AT transport of arginine trans-stimulated by
leucine into liposomes (Figure 3B). In contrast, the
reconstituted A182T b>*AT mutant showed complete
arginine transport activity like the wild-type b®*AT, which
was totally dependent on the presence of leucine in the
internal medium (Figure 3B). Western blot analysis
revealed the presence of the wild-type and the mutated
b>*AT proteins in the cells and reconstituted systems in
similar amounts (Figure 3C). Therefore, the defective
transport activity of the A354T mutant could not be

Fig. 2. Transport of arginine in reconstituted systems from HeLa cells.
HeLa cells were transfected with rBAT or b®*AT alone or together
(rBAT/b>*AT), or with the GABA transporter GAT-1. Three days later
HeLa extracts were reconstituted into liposomes containing (Leu) or
not containing (none) 2 mM leucine in the internal medium. (A) A
time course of the transport of 0.5 UM L-[*H]arginine into the indicated
liposomes. Transport was measured at 5 s, 1 and 15 min, and at 1, 2.5,
4 and 6 h. Data (mean = SEM) correspond to a representative experi-
ment run in triplicate. When not visible, error bars are smaller than the
symbol. (B) Initial transport rates of 0.5 UM L-[*H]arginine into the
indicated liposomes. Data (mean = SEM) correspond to 12, five, five
and one experiments run in triplicate for b>*AT, rBAT, rBAT/b>*AT
and GAT-1 groups, respectively. (C and D) Western blot of rBAT (left
panels) and b>*AT (right panels) in reducing (C) or non-reducing (D)
conditions. One hundred micrograms of protein of HeLa cells extracts
(HeLa) or liposomes from the experiments shown in (A) and (B) were
subjected to SDS-PAGE in the absence (D) or in the presence (C) of
100 mM DTT. Fifty micrograms of protein of human renal brush
border membranes (BB) was loaded as control. Lanes in (C) and (D):
rBAT-transfected (r), b®*AT-transfected (b), and rBAT/b*AT-cotrans-
fected (r+b) cells (HeLa) or liposomes. (C) Black arrowhead, rBAT
band with mature glycosylation (i.e. endoglucosidase H resistant; data
not shown). White arrowhead, rBAT band with core glycosylation (i.e.
endoglucosidase H sensistive; data not shown). (D) Black arrowhead,
mature and core glycosylation bands of the rBAT monomer (left panel)
and b>*AT monomer (right panel). White arrowhead, rBAT/b>*AT
heterodimer.Black circle, high molecular weight complexes. For (C)
and (D) data correspond to two representative experiments. Two add-
itional experiments gave similar results.
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Fig. 3. Transport activity of cystinuria-specific b>*AT mutants in HeLa
cells and reconstituted systems. HeLa cells were transfected with rBAT
or b>*AT alone, or with rBAT plus wild-type b®*AT, A182T- or
A354T-mutated b>*AT. (A) Three days later transport rates of 20 uM
L-[*>S]cystine into cells were measured. Data (mean = SEM) from a
representative experiment. Three additional experiments gave similar
results. (B) Transport of arginine in reconstituted systems. Cells were
transfected with wild-type b>*AT, A182T- or A354T-mutated bo*AT.
Three days later, cells were used for reconstitution into liposomes con-
taining (Leu) or not containing (none) 2 mM leucine in the internal
medium, and the transport rates of 0.5 UM L-[*H]arginine were meas-
ured. Transport of arginine frans-stimulated by leucine was significant
in the three groups. Data (mean = SEM) correspond to a representative
experiment run in triplicate. A second experiment gave similar results.
(C) Western blot of b>*AT in reconstituted systems. Cell extracts
(HeLa) and liposomes (100 pg protein) from the experiment shown in
(B) were used for SDS-PAGE in the presence of 100 mM DTT. As a
negative control, extracts from cells transfected with rBAT are shown.

attributed to lower expression of this protein in the
liposomes. These results demonstrate that (i) L-arg,/L-leu;
exchange activity is dependent on the reconstitution of a
functional b>*AT protein, (ii) mutation A354T abolishes
b>*AT transport activity almost completely, and (iii)
mutation A182T retains full b>*AT transport activity.

Reconstituted b°*AT amino acid transport activity
shows substrate specificity and electrogenicity
characteristic of system b°+

Next, we attempted the reconstitution of system bo*
transport activity from MDCK cells permanently trans-
fected with b>*AT alone or together with rBAT. In these
reconstituted systems similar results were obtained to those
shown from HeLa transfected cells (Figure I in Supple-
mentary data). Thus, b®*AT-reconstituted liposomes
showed an overshoot of 0.5 uM L-[*H]arginine transport
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L-arginine transport

L-arg /L-leu; L-arg /L-arg,

pmol / mg prot . 5s

0

Valinomycin - + - +

Fig. 4. Effect of membrane potential on the amino acid transport activ-
ity elicited by b>*AT in reconstituted systems. b®*AT-expressing
MDCK cells were used for reconstitution in liposomes. Initial transport
rates of 0.5 UM L-[*H]arginine (L-arg,) into liposomes in the exchange
mode L-arg,/L-ley; or L-arg,/L-arg; were measured. Liposomes contain-
ing no amino acids or 2 mM leucine (L-leu;) or arginine (L-arg;) in the
internal medium were used. Transport in exchange with the internal
amino acid was calculated by subtracting transport in the absence of
amino acid in the internal medium from transport in its presence.
Valinomycin was added when indicated to liposomes containing
120 mM KP; in the internal medium to impose a membrane potential
(negative inside). Data (mean = SEM) correspond to a representative
experiment run in triplicate.

generated by 2 mM leucine in the internal medium. The
transport at the peak of the overshoot was 4.9 = 0.7 times
(i.e. overshoot factor) higher than the equilibrium values
(3.4 = 0.3 pmol/mg protein) (n = 7 preparations). Similar
results were obtained from rBAT/bo*AT-reconstituted
liposomes with an average overshoot factor of ~6 in two
independent experiments. In contrast, reconstitution into
liposomes of extracts from untransfected MDCK cells did
not show any overshoot of arginine and uptake increased
with time approaching equilibrium (data not shown). The
transport rate of 0.5 UM L-[*H]arginine in the presence of
2 mM leucine in the internal medium of b®*AT- and
rBAT/b>*AT-reconstituted liposomes was 10 times higher
than the background transport rates (i.e. transport in
liposomes obtained from non-transfected MDCK cells or
in b®*AT- and rBAT/b®*AT-reconstituted liposomes with
no amino acids inside) (Figure I in Supplementary data).
Similarly, no differences were observed between b>*AT-
and rBAT/b>*AT-reconstituted liposomes when transport
of L-[*H]arginine was measured at saturating concentra-
tions (5 and 10 uM) (data not shown).

Western blot analysis showed an identical situation
(Figure I in Supplementary data) to that described in the
HeLa experiments. (i) rBAT and b>*AT proteins were
expressed only in the liposomes obtained from the
corresponding transfected cells. (ii) In non-reducing
conditions, heterodimers of rBAT and b>*AT were visible
only in cells expressing rBAT and b%*AT. (iii) These
heterodimers were not detected in cells transfected with
bo*AT alone. These results demonstrate that b>*AT,
which does not form heterodimers with rBAT, can also
mediate the exchange of arginine and leucine in liposomes
reconstituted from b°+AT-expressing MDCK cells.

System b°* induced by rBAT in Xenopus oocytes has
been shown to be electrogenic when a neutral and a dibasic
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Fig. 5. Trans-stimulation of arginine transport by amino acids in
bo+AT-reconstituted systems. b®*AT-expressing MDCK cells (filled
bars) or non-transfected cells (open bars) were used for reconstitution
in liposomes. Initial transport rates of 0.5 UM L-[3H]arginine into the
liposomes were measured in the absence (none) or presence of the
amino acids indicated at 2 mM concentration inside the liposomes.
Data (mean = SEM) from a representative experiment run in triplicate.

amino acid are exchanged through the transporter (Busch
et al., 1994; Coady et al., 1994, 1996; Chillarén et al.,
1996). For this reason all the experiments in reconstituted
systems in this study were performed with an imposed
membrane potential (negative inside) generated by
120 mM KP; in the internal medium of the liposomes
and the addition of valinomycin. The effect of the
membrane potential on the exchange of external arginine
for internal leucine (L-arg./L-leu;) or external arginine for
internal arginine (L-arg,/L-arg;) was tested in b>*AT-
reconstituted liposomes from MDCK transfected cells. As
shown in Figure 4, the imposed membrane potential
(negative inside) doubled the transport rate of arginine in
the L-arg,/L-leu; exchange mode, whereas it did not affect
the transport rate of arginine in the L-arg,/L-arg; exchange
mode. This demonstrates that the exchange L-arg,/L-leu; in
the b®*AT-reconstituted system depends on the membrane
potential, whereas the exchange L-arg,/L-arg; is independ-
ent, as expected for system b®* transport activity.

In order to characterize further the amino acid transport
activity of the reconstituted b®*AT, several amino acids
were analysed for their capacity to trans-stimulate the
transport of arginine. Substrates of the rBAT/b>*AT-
induced system b®*, such as arginine, ornithine, alanine,
leucine or isoleucine, produced trans-stimulation of
arginine transport in b°®*AT-reconstituted liposomes,
whereas proline or glutamate, which are not substrates of
system b%*, did not frans-stimulate arginine transport
(Figure 5). The level of trans-stimulated arginine transport
elicited by these system bo* substrates parallels the
transport of these amino acids induced in cells expressing
rBAT and b®*AT (Chairoungdua et al., 1999; Pfeiffer
et al., 1999b). No trans-stimulation was detected in
liposomes from non-transfected cells (Figure 5).

Asymmetry of b°*AT

Kinetic analysis of arginine uptake into b%*AT-reconsti-
tuted liposomes revealed a high-affinity (apparent K,
~0.5 uM) exchange with 2 mM leucine in the internal
medium (Figure 6A). Next, we studied the effect of the
variation of the leucine concentration in the internal
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medium on the exchange with 0.5 UM L-[3H]arginine in
the external medium. Internal leucine trans-stimulated
transport of external arginine with saturation kinetics, and
the concentration of internal leucine needed to trans-
stimulate half-maximally the transport of arginine was
estimated to be ~2.5 mM (Figure 6B). In order to check
the interaction of leucine with b®*AT at the external face
of the liposomes, the exchange of external 0.5 uM
L-[*H]arginine with 2 mM internal leucine was measured
at different leucine concentrations in the external medium.
External leucine almost abolished the exchange at 50 uM;
similarly, 100 uM external cystine also almost abolished
the exchange (Figure 6C). To characterize the cis-inhib-
ition elicited by leucine, the exchange L-arg,/L-leu; was
measured at three different external arginine concentra-
tions and five different external leucine concentrations.
Dixon plots of these studies showed convergent lines
crossing at negative values of the x-axis, demonstrating
competitive inhibition by external leucine of the L-arg,/
L-ley; exchange, with an apparent K; of 1.6 uM. In
summary, internal leucine frans-stimulated transport of
arginine with a semi-maximal concentration in the mM
range, whereas external leucine cis-inhibited the exchange
L-arg,/L-leu; with a K; in the UM range. These results
demonstrate that the reconstituted b>*AT transporter
interacts asymmetrically with leucine.

Discussion

In this study we show system b°* transport activity in
bo*AT-reconstituted systems from HelLa and MDCK
bo*AT-transfected cells. This transport activity is depend-
ent on (i) the expression of a functional b>*AT protein in
the liposomes, (ii) the presence of system b%* amino acid
substrates on the trans-side and (iii) the membrane
potential for electrogenic arginine/leucine exchange.
System b°* transport activity in b%*AT-reconstituted
systems is independent of the expression of heterodimers
of b>*AT and rBAT. Thus, the b>*AT subunit, in the
absence of its heavy subunit rBAT, folds into an active
form that shows full transport activity. In contrast, routing
to the plasma membrane of rBAT and b>*AT (Feliubadald
et al., 1999; this study) and expression of system bo*
transport in the plasma membrane require the expression
of both the heavy and the corresponding light subunit, as
demonstrated earlier for this and other HATS (for reviews
see Verrey et al., 2000; Chillaron et al., 2001). Indeed,
processing of rBAT from the ER to the Golgi (i.e.
maturation of the N-glycosylation of rBAT) depends on
the presence of the light subunit b®*AT. Therefore we
have reconstituted functional b®*AT from an intracellular
location. Moreover, b®*AT seems to protect BAT against
cellular degradation. In contrast, the level of expression
of b>*AT seems to be independent of the expression of
rBAT. Therefore, b>*AT might act as a specific chaperone
for rBAT.

The biogenesis of the rBAT/b>*AT holotransporter
remains unknown, but the present study suggests a
working model. First, b®%*AT folds into a functional
conformation without the participation of rBAT. Then,
b>*AT recognizes rBAT and favours its folding, and
finally the rBAT/b®*AT heterodimers progress to the
plasma membrane. Further research is needed to test this



hypothesis. In any case, this is at odds with the biogenesis
of the K*-transporting P-type ATPases in eukaryotes (for a
review see Geering, 2001). These transporters also have an
oligomeric structure with a polytopic catalytic o subunit,
and a type II glycoprotein 3 subunit, which is needed for
the enzyme function. In these ATPases the § subunit acts
as a chaperone for the corresponding o subunit by
facilitating the correct membrane integration and packing,
acquisition of functional properties and routing to the cell
surface of the o subunit. It is becoming more apparent that
some transporters, besides HATs and Kt*-transporting
ATPases, require ancillary glycoproteins for their proper
plasma membrane expression and current function in
eukaryotes (Bruce ef al., 1994; Abumrad et al., 1998; Kirk
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et al., 2000). Thus, CD147 associates with the lactate
transporter MCT1 or MCT4 for the expression of
functional transporters at the cell surface (Kirk et al.,
2000; Wilson et al., 2002). Reconstitution assays of MCT2
or MCT4 alone would indicate whether the ancillary
subunit CD147 is necessary for the functional folding
of these lactate transporters like the [ subunit for the
K*-transporting P-type ATPases, or whether it is only
necessary for routing to the cell surface like the heavy
subunit for HATSs.

In addition to the chaperone function in K*-transporting
P-type ATPases, § subunits also contribute to the intrinsic
transport properties of the pump (i.e. they influence the
apparent K* affinity) (for a review see Geering, 2001).
Interestingly, some cystinuria-specific -BAT mutations, in
addition to having trafficking defects, also alter the
apparent K, for some amino acids of the system b°*
holotransporter (M.Pineda et al., in preparation). This
suggests that mutations in the heavy subunit rBAT
transmit conformational changes to the catalytic light
subunit b>*AT. Alternatively, TBAT per se might affect
the kinetic properties of the holotransporter. Interestingly,
the activity reconstituted in liposomes from bo+AT-
transfected cells is lower than that expressed by rBAT
and b®*AT at the cell surface. Moreover, arginine
transport into HeLa cells expressing the holotransporter
rBAT/b®*AT has an apparent K, of ~200 uM. This is at
odds with the estimated apparent K, of 0.5 uM for
arginine transport in b®*AT-reconstituted systems. This
difference could be due to the presence of an unstirred
layer surrounding cells not present in liposomes that
increases the apparent K, values. Indeed, this discrepancy
in apparent K, values in cells and liposomes has been
reported for other transporters (e.g. GABA, glutamate
transporters; Pines er al., 1992). Alternatively, the
holotransporter rBAT/b®*AT might have a lower apparent
affinity and a higher transport turnover for amino acids
like arginine than the catalytic subunit b®*AT alone.

Fig. 6. Kinetic analysis of system b%* amino acid transport in b®+*AT-
reconstituted liposomes. b>*AT-expressing MDCK cells were used for
reconstitution in liposomes. (A) Kinetic analysis of the leucine-trans-
stimulated L-[*H]arginine transport rates. The arginine transport trans-
stimulated by leucine was calculated by subtracting transport into lipo-
somes containing no amino acids from the transport into liposomes
containing 2 mM leucine. The estimated apparent K, for arginine out-
side (L-arginine,) was 0.53 = 0.16 uM (GraphPad Prism program).
Data (mean = SEM) correspond to a representative experiment run in
triplicate. An additional experiment gave similar results. (B) Kinetic
analysis of the leucine in the internal medium (L-leucine;) trans-stimu-
lating the transport rate of 0.5 UM L-[*H]arginine,. The estimated
apparent K, for leucine; was 2.5 = 0.6 mM (GraphPad Prism pro-
gram). Data (mean = SEM) correspond to a representative experiment
run in triplicate. An additional experiment gave similar results.
(C) Inhibition curve of the leucine-trans-stimulated arginine, transport
by the indicated concentrations of cystine (Cssc) and leucine (Leu) out-
side. The 0.5 UM L-[*H]arginine, transport trans-stimulated by 2 mM
leucine in the internal medium was calculated as in (A). Data (mean *+
SEM) correspond to a representative experiment run in triplicate.
(D) Dixon plot of leucine-trans-stimulated arginine transport inhibited
by different leucine concentrations outside (L-leucine,). The transport
of 0.25, 0.5 and 1 uM L-[*H]arginine, frans-stimulated by 2 mM leu-
cine in the internal medium was calculated as in (A). Data (mean *+
SEM) correspond to a representative experiment run in triplicate. In all
panels, when not visible, error bars are smaller than the symbol.
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Reconstitution of the holotransporter is needed to solve
this question.

In this study we were unable to reconstitute the
holotransporter rBAT/b%*AT, for two reasons. (i) Total
integrity of the disulfide bound rBAT/b®*AT heterodimers
needs the presence of N-ethylmaleimide (NEM) in the
homogenization buffer to prevent disulfide bond shuffling
(Wang and Tate, 1995). Unfortunately, NEM dramatically
inhibits human rBAT/b%*AT-elicited system b%* transport
activity, and reconstitution into liposomes of rBAT and
b>*AT in the absence of NEM diminishes the rBAT/
b>*AT heterodimers. (ii) Even in the presence of NEM,
there is an excess of b®*AT expression over that of rBAT
in both transient and permanent transfections (data not
shown), most probably due to the higher stability of b®*AT
in heterologous expression systems. One way to overcome
this situation would be the expression of a b®*AT-rBAT
concatenamer, which expresses system b®* activity in
Xenopus oocytes (Pfeiffer et al., 1999b). Reconstitution of
this b>*AT-rBAT concatenamer from HeLa transfected
cells shows system b%* transport activity but the recon-
stituted activity is very low (i.e. 2-fold over background
conditions) (data not shown). Purification before recon-
stitution will be needed to study the transport character-
istics of the concatenamer. This may allow the study of the
role of rBAT in the holotransporter function.

The reconstituted system b%* shows dramatic asymme-
try: high-affinity (UM range) interaction of arginine and
leucine from the outside and low-affinity (mM range)
interaction of leucine from the inside. Very recently,
similar asymmetry of substrate apparent affinities (extra-
cellular apparent K, in the micromolar range and intra-
cellular apparent K, in the millimolar range) has been
reported for other heteromeric amino acid transporters
(LAT-1 and LAT-2) expressed in oocytes (Meier et al.,
2002). We do not know the orientation of b>*AT protein in
our reconstituted systems. Detection of the asymmetry for
substrate affinity was possible due to the large difference
in the substrate apparent affinity on either side of the
transporter: since b®*AT is an exchanger, at very low
substrate concentration outside (UM), only the transporters
oriented with the high-affinity site outside would be active
and show low-affinity inside. Substrate affinity asymmetry
was reported in system b°*-like exchanger activity from
intestinal chicken brush border vesicles (Torras-Llort ez al.,
2001): the estimated apparent K, for arginine was ~8 uM
outside and ~180 UM inside. This suggests that the human
b>*AT may be oriented with the high-affinity side towards
the renal tubule lumen and the low-affinity side inside the
cell. This orientation has a physiological significance.
System b®* is an exchanger for the influx of cystine and
dibasic amino acids and the efflux of neutral amino acids
(for a review see Chillaron et al., 2001; Palacin et al.,
2001b). Immunoprecipitation studies in renal brush border
preparations and clinical data on cystinuria strongly
suggest that the rBAT/b%*AT heterodimer is the main, if
not the only, transporter responsible for the apical
reabsorption of cystine along the renal proximal tubule
(Fernandez et al., 2002). More than 99% of the cystine and
arginine filtered in the glomerulus is reabsorbed in the
proximal tubule (Frimpter et al., 1962; Silbernagl, 1988).
Then, a high-affinity system would ensure efficient
reabsorption of the substrates even at the end of the
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proximal tubule. Moreover, low-affinity at the intracellular
site of the b* transporter would ensure efficient exchange
with the high intracellular concentration of neutral amino
acids in the epithelial cells of the proximal tubule.

Mutation in either subunit of the rBAT/b>*AT holo-
transporter produces loss of renal reabsorption of cystine
and dibasic amino acid that results in cystinuria, and
mutations in y*LAT-1 (4F2hc/y*LAT-1 holotransporter)
impair renal reabsorption of dibasic amino acid in
lysinuric protein intolerance (LPI) (for a review see
Palacin et al., 2001b). Eighteen and seven missense
mutations have been described for b>*AT and y*LAT-1 in
cystinuria and LPI, respectively (Font et al., 2001; Palacin
et al., 2001b). These mutations may cause transport
dysfunction by affecting trafficking to the plasma mem-
brane or intrinsic transport activity (Mykkanen et al.,
2000). Here we show that reconstitution of the A354T-
mutated b®*AT yields an almost inactive transporter,
whereas A182T-mutated b>*AT retains full reconstituted
activity. This demonstrates that, in addition to possible
trafficking defects not characterized here, mutation A354T
inactivates the transporter, whereas mutation A182T may
alter the routing of the holotransporter to the plasma
membrane. The degree of the defect caused by these two
mutations correlates with the levels of urine cystine and
dibasic amino acids in their heterozygotes (i.e. higher
hyperexcretion in A354T carriers than in A182T carriers)
(Font et al., 2001). Residue A354 is located in putative
transmembrane IX and corresponds to a residue with a
short side chain (i.e. glycine, alanine or serine) in all
known catalytic subunits of HATs. In contrast, residue
A182, located in putative transmembrane V, is not
conserved among the catalytic subunits of HATs (Font
et al., 2001). Further studies are needed to characterize the
defects that cause transport inactivation of A354T bo*AT
mutated proteins and the trafficking defect suspected for
Al182T bo*AT. Reconstitution of mutated b®*AT or
y*LAT-1 proteins may help to dissect the defects associ-
ated with cystinuria and LPI mutations.

Materials and methods

Cell culture

MDCK and HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal calf serum (heat-
inactivated), 100 U/ml penicillin (Gibco) and 0.1 mg/ml streptomycin
(Gibco) (D10) at 37°C in a humidified atmosphere containing 5% CO,.
Stably transfected MDCK-derived cell lines were grown in D10
supplemented with the appropriate selection agent (400 pg/ml geneticin
and/or 100 pg/ml hygromycin B).

cDNAs and transfections in HeLa and MDCK cells

Transient transfections were performed in HeLa cells by standard calcium
phosphate precipitation in 15 cm diameter plates with a mixture of DNA
containing 4 pg of pEGFP (green fluorescence protein; Clontech), 18 ug
of pCDNA3-rBAT and 18 ug of pCDNA3-b**AT as described (Font
et al., 2001). When rBAT, b>*AT or GAT-1 was transfected alone, the
DNA transfection mixture contained 4 pg of pEGFP and 36 pg of
pCDNA3-rBAT, pCDNA3-b**AT or pCDNA3-GAT-1 (wild-type rat
GAT-1 cDNA cloned into the pPCDNA3 vector (Invitrogen) between the
HindIIl and Xbal sites). The GFP-encoding plasmid was included to
monitor transfection efficiencies, which ranged from 60 to 90% as
assessed by FACS analysis. To obtain a b>*AT MDCK cell line, parental
MDCK-J cells were transfected with pCDNA3-b>*AT following the
standard protocol (Font et al., 2001). Forty-eight hours later, cells were
plated at limiting dilution and grown in the presence of geneticin (400 pg/
ml) for 2-3 weeks. Individual clones were isolated, expanded and



analysed for expression of the b®*AT protein by western blot. One clone,
number 5, was selected for further experiments based on the high level
and stable expression of the protein. Similarly, an rBAT/b®*AT MDCK
cell line was engineered starting with the selected b*AT-expressing cell
line. Briefly, b>*AT MDCK cells were transfected with pCDNA3Hygro-
rBAT [rBAT cDNA cloned into the pCDNA3Hygro3.1 vector
(Invitrogen) between the HindIII and Xbal sites] and individual colonies
resistant to both geneticin (400 png/ml) and hygromycin B (100 pg/ml)
were isolated. Clones were screened by western blot analysis. In addition,
a functional analysis was performed on preselected clones to identify
clone 31B, which expresses a high L-cystine transport activity absent in
parental MDCK cells.

Reconstitution

For liposome preparation, soybean phospholipids (Asolectin; Sigma)
were partially purified as described (Kagawa and Racker, 1971) and crude
pig brain lipids were extracted as described previously (Folch et al.,
1957). As detergent, cholic acid (Sigma) was used, recrystallized
(Kagawa and Racker, 1971) and neutralized with NaOH to pH 7.4.
Reconstitution of the transporter into liposomes was performed as
described by Radian and Kanner (1985) with minor changes. Briefly, cells
from a 15 cm diameter plate were washed twice in phosphate-buffered
saline (PBS) and then harvested in 100 pl of PBS. A 25 pl aliquot of the
cell suspension was mixed with liposomes and cholate up to a final
volume of 200 pl. The mixture was passed through a Sephadex G-50
(Sigma) column pre-equilibrated with the reconstitution buffer (120 mM
KP; pH 7.4,5 mM Tris—SOy4, 0.5 mM EDTA, 1 mM MgSO,, 1% glycerol
and, where indicated, with the desired concentration of amino acids).
Liposomes were passed through a second spin column of identical
composition but lacking the amino acid. Control liposomes (without
entrapped amino acid) were also passed through a second spin column.
The protein concentration in the cell suspension and in the liposomes was
determined using a protein assay kit (Bio-Rad).

Uptake measurements

L-[3>S]cystine (Amersham) uptake measurements (20 M) on whole cells
were made as described (Font er al., 2001). L-[*H]arginine (American
Radiolabelled Chemicals) uptake measurements were performed follow-
ing the same protocol, using 50 uM L-arginine (40 Ci/mmol, 0.5 puCi/
well) and without L-glutamate in the uptake solution described (Font et al.,
2001). For L-[*H]arginine transport studies in the reconstituted system,
10 ul of liposomes was mixed with 180 pl of uptake solution [150 mM
choline chloride, 10 mM Tris—HEPES, 1 mM MgCl,, 1 mM CaCl,,
0.5 uCi L-[*H]arginine, 2.8 UM valinomycin (Sigma) and L-arginine to
the final concentration] equilibrated at 37°C, and incubated at 37°C for
different periods. Reactions were terminated by the addition of 1 ml of
ice-cold stop solution (150 mM choline chloride, 10 mM Tris—HEPES
and 5 mM L-arginine) and filtration through membrane filters (Sartorius,
0.45 wm pore size). Filters were then washed three times in 2 ml of stop
solution and dried, and the trapped radioactivity was counted. All
experimental values were corrected by subtracting zero-time values
obtained by adding the stop solution before the liposomes. Unless
otherwise indicated only L-isomers of amino acids were used in this
study.

Western blot analysis

Western blot analyses using anti-human b>*AT antibody (P6-870 Ab) and
anti-human rBAT antibody (hrBAT-251 Ab) were carried out as
described (Font et al., 2001; Fernandez et al., 2002). For both total cell
extracts and liposomes, 100 pg of protein in Laemmli sample buffer
containing or not 100 mM dithiothreitol (DTT) was loaded in each lane
for SDS-PAGE (10% polyacrylamide). As a control, brush border
membrane preparations from human kidney were prepared by the Ca?*
precipitation method (Malathi ez al., 1979). For brush border membrane
preparations, NEM at 5 mM was present in all buffers used (except the
resuspension buffer) following Tate and colleagues (Wang and Tate,
1995), in order to prevent artifactual reduction/shuffling of disulfides. The
reconstituted systems used in this study were prepared from cell extracts
in the absence of NEM because it inactivates system b®* in transfected
HeLa cells (data not shown). Cell extracts, liposomes and membranes
were stored at —80°C until used.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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