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Summary. Three related mammalian carrier proteins that mediate the trans-
port of cationic amino acids through the plasma membrane have been identi-
fied in murine and human cells (CAT for cationic amino acid transporter).
Models of the CAT proteins in the membrane suggest they have 12 or 14
transmembrane domains connected by short hydrophilic loops and intra-
cellular N- and C-termini. The transport activity of the CAT proteins is
sensitive to trans-stimulation and independent of the presence of sodium ions.
These features agree with the behaviour of carrier proteins mediating facili-
tated diffusion. The three CAT proteins, CAT-1, CAT-2A and CAT-2(B) are
encoded by two different genes (CAT-1 and CAT-2). CAT-1 and CAT-2(B)
exhibit transport properties consistent with system y*, the principal mecha-
nism for cellular uptake of cationic amino acids. In contrast, CAT-2A has ten-
fold lower substrate affinity, greater apparent maximal velocity and it is much
less sensitive to trans-stimulation. In addition to structural and functional
aspects, this review discusses the role of the CAT proteins for supplying
substrate to NO synthases and the property of the rodent CAT-1 proteins to
function as virus receptors.
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Abbreviations: CAT, cationic amino acid transporter; m, mouse; h, human;
1, rat; Tea, T cell early activation protein; CAA, cationic amino acids; TM,
transmembrane spanning domain; rBAT, related to b%* amino acid trans-
porter; 4F2hc, 4F2 heavy chain cell surface antigen; MuLV, murine leukemia
viruses; K., Michaelis Menten constant

Mammalian cells exhibit a large variety of amino acid transport activities
(for reviews see Christensen, 1990; Kilberg et al., 1993). In particular, several
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transport systems mediate the uptake of the cationic amino acids (CAA)
L-lysine, L-arginine and L-ornithine. These different systems can be distin-
guished by their affinity for CAA, by the dependence of their transport
activity on the presence of sodium ions and by their ability to also transport
non cationic amino acids (Table 1). The activity of each system is saturable
and often stimulated by substrate on the trans-side of the membrane indicat-
ing that transport is mediated by a carrier protein. To date, it has not yet
been elucidated if a transport system consists of only the carrier protein(s)
itself or also of additional regulatory proteins associated with the carrier.
Therefore, the various transport systems described in different cells could
reflect the presence of diverse carrier and/or regulatory proteins. Only re-
cently cDNAs encoding discrete transport proteins for CAA have been
cloned from mammalian cells (for reviews see Van Winkle, 1993; Bertran
et al., 1994). They can be classified into two unrelated groups of membrane
proteins: First, the tBAT (D2)/4F2hc proteins (rBAT: related to b®* amino
acid transporter; 4F2hc: 4F2 heavy chain cell surface antigen), a family of type
IT glycoproteins with 1 or 4 predicted transmembrane spanning domains (TM)
(for review see Palacin, 1994). This structure is unusual for carrier proteins
and therefore it has been speculated that the rBAT/ 4F2 proteins may repre-
sent regulatory components rather than transport proteins. The second group
comprises of three related cationic amino acid transporters (CATs) with 12 or
14 putative transmembrane spanning domains (Fig. 1). This review focuses
on the structure and function of the CAT-proteins in different mammalian

Table 1. Transport systems described for cationic amino acids

Name y* y*'L b1+ b2+ b+ B+
Ref, (Christensen, (Devés et al.,  (Van Winkle (Van Winkle (Van Winkle  (VanWinkle
1964; 1993; Harvey and Campione, and Campione, et al., 1988) et al., 1985)
Christensen et al., 1993) 1990) 1990)
and Antonioli,
1969)
Transport of cationic amino acids
+Na* + + + + Lys uptake +
inhibited
—Na* + + + + + -
Transport of small neutral amino acids
+Na+* +(low +/— - - + +
affinity)
_,Na+ — — — — + —
Transport of large neutral amino acids
+Na* - +(high + +
affinity)

Inhibition by N-ethylmaleimide (NEM)

Inhibition by 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH)

+ —




CATs, three mammalian cationic amino acid transporters 195

Fig. 1. Two alternative models for mCAT-1 in the membrane. A Model with 14 trans-
membrane spanning domains (TMs) based on the comparison of the five family members
shown in Fig. 2. The numbering of the TMs corresponds to that in Fig. 2. B 12 TM model
based on structural similarities with known permeases form bacteria and yeast. In this
model, the sequences representing TM VII and X in A are not membrane spanning but
belong to intracellular loops. Pale dashed line: third extracellular loop containing the
MuLV binding site, Dashed forked lines: predicted N-linked glycosylation sites. (For
mCAT-1 it has been shown that only the two N-linked glycosylation sites in the third
extracellular domain are glycosylated.) Dark dashed line: domain shown to determine
transport properties of the CAT proteins. Note that this domain is intracellular in A and
extracellular in B

species, the role of the CAT proteins for supplying substrate to NO syn-
thases and the property of the rodent CAT-1 proteins to function as virus
receptors.

I mCAT-1, first described as a virus receptor

Retroviral infection requires binding of the viral envelope protein to a specific
protein at the membrane of the host cell, the so called virus receptor. The
binding of viral envelope to the cellular receptor determines the host range
of the virus. For instance, infection of ecotropic murine leukemia viruses
(MuLV) is restricted to rodent cells (for review see Weiss, 1993). In their
cloning strategy, Albritton and co-workers took advantage of the narrow host
range of these viruses. They introduced genomic DNA from mouse into
human cells and obtained a human cell line susceptible for ecotropic MuL.V
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Table 2. The three mCAT-proteins

mCAT-1 mCAT-2A mCAT-24#
(mCAT-2B)
Alternative names REC-1, EcoR mCAT-2# Tea, mCAT-25
ERR, MLV-R, mCAT-2¢, y2©
ATRC1, y1+
First described as receptor for T cell early
ecotropic MuLV activation protein
No. of amino acids 622 657 658
Predicted MW (kDa) 67 71.8 71.8
TMs* 12 or 14 12 or 14 12 or 14
N-glycosylation yes yes yes
Principal sites of widely expressed liver, muscle, skin activated T cells/
expression** (absent from liver) macrophages

lung, testis

*Depending on the algorithm used to analyze the protein structure, 12 or 14 TMs
(transmembrane domains) are predicted for the mCAT proteins (Fig. 1). #In the initial
reports showing transport function of the mCAT-2 proteins, the term mCAT-2 was used
for both the high and the low affinity isoforms (Closs et al., 1993a; Kakuda et al., 1993).
The low affinity isoform is designated mCAT-2A. ** For a detailed analysis of CAT
expression, see review by MacLeod and Kakuda (1996).

infection. This cell line allowed the isolation of a full length murine cDNA
that codes for the receptor for ecotropic MuLVs (Albritton et al., 1989). The
virus receptors known until then were found to have only one TM and a large
extracellular entity. In contrast, analysis of the open reading frame of the
c¢DNA encoding for the MuLV receptor predicted a hydrophobic protein of
622 amino acids with 14 putative TMs and only small extracellular regions.
Although a search of the Genebank did not show any significant sequence
homology with known proteins, we found similarities in the predicted second-
ary structure of the receptor and the L-histidine and L-arginine permeases
of the yeast Saccharomyces cervisiae. By expressing the virus receptor in
Xenopus oocytes and performing uptake studies with different amino acids
we and others showed that the MuLV receptor mediates the transport of
CAA (Kim et al., 1991; Wang et al., 1991). To reflect its cellular function we
renamed the receptor mCAT-1 (for mouse cationic amino acid transporter).
Expression of mCAT-1 has been found in all tissues investigated with the
exception of the liver.

Several alternative names have been used for this carrier (Table 2).
Rec-1 (receptor, ecotropic) and ATRC1 (amino acid transporter, cationic)
are the symbols assigned respectively, to the genes encoding the mouse and
human CAT-1 proteins but they have also been used to describe the gene
products (Albritton et al., 1992). In this review, the name CAT-1 is used
throughout.
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II mCAT-2A and mCAT-2(B), two carriers related to mCAT-1

MacLeod and co-workers isolated several mouse cDNAs from a T-lymphoma
cell line one of which was homologous to mCAT-1 that they named Tea for T-
cell early activation (MacLeod et al., 1990; Reizer et al., 1993). In addition to
activated T cells, they found expression of Tea mRNA in liver. Using the Tea
cDNA clone provided by C. Macleod, we isolated a full length cDNA from
liver that is identical to Tea except for a stretch of 120 nucleotides encoding a
putative intracellular loop between the Tms VIII and IX according to the 14
TM model (Fig. 1) (Closs et al., 1993a). In addition, we demonstrated that Tea
transcripts expressed in activated macrophages are identical to the transcripts
isolated from T cells and constructed a full length cDNA, using the original
incomplete Tea cDNA clone (Closs et at., 1993c). The liver and T-cell/
macrophage cDNAs encode proteins of 657 and 658 amino acids respectively
that are 97% identical and differ only by 20 amino acids within a stretch of 42
amino acids. Expression in Xenopus oocytes showed that both protein medi-
ate the transport of CAA (Closs et al., 1993a; Kakuda et al., 1993; Closs et al.,
1993c). To reflect the transport function, the gene encoding both carriers was
named mCat-2. Unfortunately, the term mCAT-2 was used by the MacLeod
group and our group in papers published nearly simultaneously (Closs et al.,
1993a; Kakuda et al., 1993) to designate the two distinct mCAT-2 isoforms.
Here, mCAT-2A refers to the liver isoform as we later proposed (Closs
et al., 1993c). The term mCAT-2 (Kakuda et al., 1993; MacLeod et al., 1994)
or mCAT-2B (Closs et al., 1993c) refers to the T-cell/macrophage carrier.
To indicate that mCAT-2 and mCAT-2B designate the same carrier, this
isoform will be refered to as mCAT-2(B). A more recent report confirms
the presence of the two different mCAT-2 transcripts in mouse liver and T-
lymphocytes respectively (Kavanaugh et al., 1994b). Together the three carri-
ers form a family of closely related proteins discovered by independent groups
(Table 2).

III Transport properties of the mCAT proteins

The transport properties of each mCAT protein have been investigated indi-
vidually by expression of the carriers in Xenopus oocytes and subsequent
transport studies either using radiolabelled amino acids or measuring amino
acid-induced membrane currents by the voltage clamp technique. Using
‘both methods, mCAT-1 has been found to specifically mediate the transport
of CAA, both into and out of cells. Transport is saturable with substrate,
stereoselective and independent of the presence of sodium ions (Kim et al.,
1991; Wang et al., 1991). The apparent K,, (Michaelis Menten constant) values
for influx of L-arginine reported by different groups vary between 70
and 250uM (Table 3). K, values for L-lysine and L-ornithine are similar to
that for L-arginine, suggesting that all three substrates are recognized with
similar affinity. CAA flux mediated by mCAT-1 is voltage dependent:
hyperpolarization increases the V,,, (maximal velocity) and decreases the
apparent K,, for influx while it decreases the V,, and increases the apparent
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K,, for efflux (Kavanaugh, 1993). Therefore, one explanation for the variation
in K, values found for mCAT-1 (Table 3) might result from differences in
membrane potential of the oocytes under different experimental conditions.
The V., of mCAT-1-mediated influx or efflux is also dependent on the
concentration of substrate at the trans-side of the membrane (Closs et al.,
1993a, 1993c). In efflux experiments performed with no CAA at the outside
(zero-trans experiments), the transport rate is up to 15-fold lower compared
to efflux into 0.25mM trans-substrate. It has not been investigated if the
apparent K, of mCAT-1 also depends on the substrate concentration at the
trans-side. If true, this could also explain differences in K, values determined
by different groups. The selectivity of mCAT-1 for transport of dibasic amino
acids is shown by the pH dependence of L-histidine transport. At pH 7.4, L-
histidine is a poor substrate for mCAT-1, most likely because most of the L-
histidine is dipolar (neutral). In contrast, at pH 5.5, when most of the
L-histidine is protonated, the transport rate of mCAT-1 for L-histidine is
similar to that for L-arginine (Kim et al., 1991). Using voltage-clamped
Xenopus oocytes expressing mCAT-1, Wang and co-workers showed that
mCAT-1 also transports small neutral amino acids with very low affinity. In
contrast to CAA, transport of small neutral amino acids is sodium-dependent
(Wang et al., 1991). The transport properties and tissue distribution of
mCAT-1 are consistent with system y*, the principal transport activity of
mammalian cells, first described in Ehrlich cells (for review see White, 1985).

Like mCAT-1, mCAT-2(B) demonstrates “y*”-like activity: transport of
CAA is saturable, sodium-independent, stereoselective, and dependent on
the substrate concentration at the trans-side (Kakuda et al., 1993; Closs et al.,
1993c¢). A low affinity, sodium-dependent transport activity for neutral amino
acids has also been reported (Kakuda et al., 1993; Table 3). The apparent K|
values of mCAT-2(B) reported for L-arginine range from 38 at 380uM (Closs
et al., 1993c; Kakuda et al., 1993; Kavanaugh et al., 1994b). This variability is
probably also based on differences in the experimental conditions as discussed

Table 3. Substrate transport and apparent K, values for mCATs

L-Argh L-LysY L-OrnY L-His? L-Cys? Reference
mCAT-1 0.07 (Kim et al., 1991)
0.077 + 0.002 0.073 = 0.008 0.105 = 0.002 183 =007 247 *21 (Wangetal,1991)
0.140 - 0.25 (Closs et al., 1993a)
0.206 = 0.02 (Kakuda et al., 1993)
mCAT-2A 2.150 - 5.2 + + - - (Closs et al., 1993a)
2.7 (Kavanaugh et al,,
1994b)
mCAT-2 0187 = 0.028 0203 =0.034 0419 *0.05 389 =01 + (Kakuda et al., 1993)
(mCAT-2B) 0.250 — 0.380 + + - - (Closs et al., 1993c)
0.038 0.051 0.174 (Kavanaugh et al.,
1994b)

+: significant transport activity reported, K,, not determined; —: no significant transport activity detected.
1) Na*-independent; 2 partially Na“-dependent at pH 7.4; ¥ Na*-dependent.
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for mCAT-1. Interestingly, two groups found the apparent K for mflux
of L-ornithine to be two- to four-fold higher than for L-arginine or L-lysine
(Kakuda et al., 1993; Kavanaugh et al., 1994b, Table 3). These results could
reflect true differences in the recognition of the three substrates at the
extracellular face of mCAT-2(B) because they were obtained under similar
conditions in the two laboratories. It would be interesting to know if the same
differences are found at the intracellular face of the transporter. When com-
paring L-arginine uptake by mCAT-1 and mCAT-2(B) directly in the same
experiment, we find subtle, but reproducible differences between the two
carriers: mCAT-1 has a higher apparent affinity for L-arginine, is more sensi-
tive to trans-stimulation and accumulates less L-arginine when oocytes are
incubated in 10mM L-arginine for six hours (see also V). More experiments
under defined conditions of the membrane potential and trans-substrate con-
centration will be necessary to illuminate the functional differences between
these two “y*”-like transporters.

mCAT-2A is highly expressed in liver (Closs et al., 1993a, 1993b). Similar
to mCAT-1 and mCAT-2(B), CAA-transport mediated by mCAT-2A is satu-
rable, sodium-independent, and stereoselective. However, mCAT-2A can be
clearly distinguished from the two “y*-carriers™: it exhibits at least a ten-fold
lower apparent substrate affinity (2-5mM) and its activity is largely independ-
ent of substrate on the trans-side of the membrane (Closs et al., 1993a, 1993c;
Kavanaugh et al., 1994b). Efflux mediated by mCAT-2A into a buffer con-
taining no CAA is only 40% reduced when compared to efflux into 6.4mM L-
arginine. Although the initial rates of uptake mediated by all three carriers are
similar, incubation of oocytes in 10mM L-arginine for 6 hours leads to a ten-
times greater accumulation of L-arginine in oocytes expressing mCAT-2A
when compared to mCAT-1 or mCAT-2(B). This suggests that the apparent
substrate affinity of mCAT-2A at the intracellular face is also an order of
magnitude smaller than of mCAT-1 or mCAT-2(B). Therefore, in spite of its
97% 1dentity with mCAT-2(B), mCAT-2A does not behave like a “y*-car-
rier”. The peculiarity of CAA-transport in the liver had already been recog-
nized by White and Christensen who found only a low affinity transport of
L-arginine in primary hepatocytes that is not subject to trans-stimulation.
They concluded that y*was absent or altered in hepatocytes (White and
Christensen, 1982).

IV Structure of the mCAT proteins in the membrane

So far, little is known about the structure of the mCAT-proteins in the
membrane. Most of the information available has been gained for mCAT-1.
As mCAT-2A and mCAT-2(B) show almost identical hydrophilicity profiles
to mCAT-1, it is likely that their protein domains are arranged in the same
way. The amino termini have no signal sequences suggesting that both the
amino and the carboxy termini are intracellular. Depending on the computer
program used either 12 or 14 TMs are predicted for mCAT-1. For clarity,
numbering of the TM and intra- and extracellular domains in this review will
be according to the 14 TM domains suggested by Albritton et al. (Albritton et
al., 1989) (Fig. 1A). This model is supported by the finding of similarities in
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the localisation of TM I through VIII of mCAT-1 and protein permeases from
yeast and fungi (Kim et al., 1991; Sophianopoulou and Diallinas, 1995). In
contrast, MacLeod and colleagues point out that the mCAT proteins are
members of a larger family of transport proteins (Reizer et al., 1993) with
presumably 12 TM domains. In their model of mCAT-1 the hydrophobic
domains VII and X are not membrane spanning but are located intra-
cellularly. Accordingly, the loop between TM VIII and IX would be extra-
cellular (Fig. 1B). Performing mutational analysis, Albritton, et al. showed
that the viral binding site of mCAT-1 is located between TM V and VI,
confirming the extracellular position of the connecting loop (Albritton et al.,
1993). Evidence for the 14 TM structure also comes from immuno-staining of
unpermealized cells with antibodies raised against peptides contained in the
viral-binding (third) and also in the adjacent (fourth) extracellular loop
(Woodard et al., 1994). If the latter would be intracellular as predicted in the
12 TM model, binding of antibody could only occur after permeabilization of
the cell membrane.

Analyses of the N-glycosylation sites have brought further insight into the
membrane topology of the mCAT proteins. N-glycosylation of mCAT-1 and
mCAT-2A has been demonstrated by Western blots: mCAT-protein derived
from N-glycosidase treated lysates of oocytes or of mammalian cells migrates
as a distinct band on SDS PAGE. The sizes of the mRNA and cRNA-encoded
deglycosylated proteins are indistinguishable and in agreement with the mo-
lecular mass predicted from the amino acid sequence (67 kDa for mCAT-1
and 71 kDa for mCAT-2A). In contrast, proteins from untreated lysates
migrate slower, giving rise to a broad band between 70 and 80kDa (Closs et
al., 1993a; Kim and Cunningham, 1993). Two putative N-linked glycosylation
sites (Asn?? and Asn®’) conserved in all CAT proteins characterized to date
are present in the third extracellular loop. A third potential glycosylation
site in the 12 TM model corresponds to Asn®” of mCAT-1. In the 14 TM
model Asn®? is located intracellularly and therefore not glycosylated. Muta-
tion of Asn?? and Asn?®? to histidine in mCAT-1 results in a protein that
migrates with the same mobility as the N-glycosidase-treated wild type
mCAT-1 (Kim and Cunningham, 1993). Mutation of each asparagine residues
individually results in proteins with molecular masses intermediate between
the fully glycosylated and the deglycosylated mCAT-1. Together, the three
mutant proteins demonstrate that both Asn? and Asn?’ are glycosylated
and they represent the only glycosylated asparagine residues in mCAT-1.
These experiments show that Asn®” is not glycosylated supporting the 14 TM
model.

V Functional analysis of the mCAT proteins

The apparent substrate affinity and sensitivity to trans-stimulation of mCAT-
2A and mCAT-2(B) differ markedly suggesting that these transport proper-
ties are determined by the region of 42 amino acids divergent between the two
proteins. Exchange of the corresponding protein domains between mCAT-1
and mCAT-2A or -2(B) led to chimeric proteins with transport properties
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Table 4. Comparison between chimeric and wild type mCAT-proteins

Composition L-Arginine transport properties
K, (mM)} V_. Trans- Accumu-
stimulation lation

mCAT-1 Wild type 0.14-025 1.10-1.60 83 1.0
mCAT-2A Wild type 2.10-520 3.90-7.10 1.5 11.0
mCAT-2 Wild type 0.25-0.38 1.10-3.40 2.9 2.5
(mCAT-2B)
Chimeras Backbone *42 AA

Domain
mCAT-2/1 2 1 0.19-0.23 0.60-0.76 12.0 0.8
mCAT-112A 1 2A 1.43-1.57 8.70-9.50 1.1 8.0
mCAT-12(B) 1 2(B) 0.45-0.54 3.40-4.73 1.6 2.5
V .o NMol 1L-Arg/ oocyte/ h; Trans-stimulation Fold transport activity at high versus zero

trans-r-arginine (high r-arginine for wild type mCATs 0.25mM, for chimeras 0.1 mM);
Accumulation nmol L-arginine taken up per oocyte after incubation in 10mM vr-arginine
for 6 hours; *42 AA domain region divergent between mCAT-2A and -2 (B); data are
from Closs et al, (1993c¢).

corresponding to the donor of that region (Table 4). Interestingly, the chime-
ras mCAT-1/2(B) and mCAT-2/1 demonstrate the same subtle but reproduc-
ible differences observed between mCAT-1 and mCAT-2(B) (see III). The
exchanged transport features include the apparent affinity for L-arginine,
sensitivity to trans-stimulation and extent of L-arginine accumulation in an
experiment with saturating substrate concentrations. These findings suggest
that substrate recognition at both sides of the membrane as well as the
mechanism of substrate translocation are established by this protein domain.
Depending on the model, the domain is located either at the inside (14 TM
model) or at the outside (12 TM model) of the membrane. It will be of great
interest to find out if this domain contains the substrate binding site and
if it is translocated from the cis to the trans-side of the membrane during a
transport cycle as postulated for carrier-mediated transport.

Mutational analyses have shed further light on sites in the CAT proteins
that are important for transport function. The transport activity of the
unglycosylated Asn@His double mutant of mCAT-1 is not altered indicating
that N-linked glycosylation is not required for transport function (Kim and
Cunningham, 1993). The presence of charged residues in TMs is unfavorable
and hints at a possible involvement in substrate binding and translocation.
Glu'? is located in TM III of all CAT-proteins characterized. The conserva-
tive replacement of Glu'” by Asp led to a loss of transport activity (Wang et
al., 1994), whereas replacement by the uncharged Gin did not reduce trans-
port activity (Kim and Cunningham, unpublished results) suggesting that the
carbon backbone and not the negative charge of the amino acid is necessary
to sustain function of the carrier.
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Fig. 2. Alignment of the amino acid sequences deduced from published cDNAs encoding
mouse (m), rat (r) and human (k) CAT-proteins. Black boxes: indicate the location of the
14 predicted TMs (I through XIV) using five different algorithms (Bull and Breese, 1974;
Manavalan and Ponnuswamy, 1978; Hopp and Woods, 1981; Kyte and Doolittle, 1982;
Eisenberg et al., 1984); arrow points at charged residue (Glu) in TM IIL. Dark grey box:
third extracellular loop, dark arrowheads point to the N-linked glycosylation sites identi-
fied in mCAT-1, white arrowheads point at the sequence in rat and mouse CAT-1 that is
essential for virus binding and infection. Pale grey box: domain shown to determine the
transport properties of the mCAT proteins

VI CATs in other mammalian species

Besides mouse CAT-1, cDNAs encoding the human (Yoshimoto et al., 1991
Albritton et al., 1992) and rat (Wu et al., 1994; Puppi and Henning, 1995)
homologues have been isolated. An alignment of the deduced amino acids
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demonstrates a high degree of identity between species: 86% between mouse
and human and 95% between mouse and rat (Fig. 2). Transport of L-arginine
by hCAT-1 has been shown (Albritton et al., 1993). In order to further
characterize the CAA transporters in human cells, we cloned two cDNAs
encoding the human homologues to mCAT-2A and mCAT-2(B) (Closs, E.L.,
Grif, P., Habermeier, A., Cunningham, J., Forstermann, U. manuscript in
preparation). Analyses of these cDNAs showed 90% identity between the
deduced amino acid sequences of the murine and human proteins. Transport
studies performed with oocytes injected with cRNAs for hCAT-1, hCAT-2A
and hCAT-2(B) respectively demonstrated that, like the mouse homologues,
hCAT-1 and hCAT-2(B) are high affinity “y~”- like carrier proteins that are
sensitive to trans-stimulation. In contrast, hCAT-2A exhibits a ten times
lower substrate affinity and is largely independent of substrate at the trans-
side of the membrane. The structural and functional similarities of the mouse
and human carrier proteins suggest that transport of cationic amino acids is
regulated in a similar way in both species.

VII Function of the rodent CAT-1 as an ecotropic MuLV receptor

Both murine and rat CAT-1 serve as receptors for ecotropic MuLLV, whereas
human CAT-1 does not. By domain swapping of murine and human CAT-1
and site directed mutagenesis, Albritton and co-workers identified the se-
quence NVKYGE*>%7 within the third extracellular loop as essehtial for
both virus envelope binding and infection. This sequence is also contained
in rCAT-1 but not in hCAT-1, mCAT-2A or mCAT-2 (B) (Wu et al., 1994)
(Fig. 2). There seems to be no strict correlation between binding of the viral
envelope protein (gp70) and permissivity to infection. Substitution of the
seven amino acids KEGKPGV#$2# in hCAT-1 by NVKYGE of mCAT-1
confers both gp70-binding and ecotropic receptor function. In contrast, a
hCAT-1 mutant with only the three amino acids PGV?224 replaced by YGE
functions as virus receptor, but does not demonstrate detectable gp70-
binding. In the reciprocal mutant of mCAT-1 YGE***"PGV both receptor
function and gp70-binding are lost (Albritton et al., 1993). The CAT-2 pro-
teins can also function as ecotropic receptors when their third extracellular
loop is exchanged by that of mCAT-1 (Kavanaugh et al., 1994b; Closs and
Cunningham, unpublished observation). None of the mutations mentioned
affects transport function.

Coexpression of mCAT-1 and the ecotropic envelope protein in Xenopus
oocytes results in both an altered glycosylation of mCAT-1 and a 50 percent
reduction of transport activity (Kim and Cunningham, 1993). These effects
are not observed upon coexpression with envelope protein from non-
ecotropic viruses. Glycosylation of Asn? seems to be more affected than
Asn* indicating that it is in closer contact with the envelope protein. The
unglycosylated Asn?*@His, Asn*’@His double mutant of mCAT-1 demon-
strates the same gp70-binding activity as the wild type. Its transport activity
is also reduced by 50 percent upon coexpression with gp70, suggesting that
the altered glycosylation is not responsible for the reduced activity. A 50
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percent reduction in L-arginine transport activity has also been found in
MuLV infected cells (Wang et al., 1992). It is likely that gp70-binding to
mCAT-1 represents a steric hindrance for the conformational change re-
quired for translocation of the substrate. Understanding this interference
should shed light into the mechanism of the translocation step during the
transport process.

Binding of the viral envelope protein to its receptor is the initial step in
retroviral infection. Besides viral binding, the receptor might also be involved
in downstream events that lead to the fusion of the viral and cellular mem-
branes. Two other retroviral receptors have been found to be transport pro-
teins: the receptors for amphotropic MuLV and for gibbon ape leukemia virus
(GaLV). Both mediate the transport of inorganic phosphate (O’Hara et al.,
1990; Kavanaugh et al., 1994a; Miller et al., 1994; Vanzeijl et al., 1994). An
intriguing question is therefore if transport and receptor functions might be
coupled. The Glu'’@)Asp mutant of mCAT-1 demonstrates no transport
activity but mediates gp70-binding and susceptibility to ecotropic infection
(Wang et al., 1994), suggesting that transport and receptor function can be
discerned. However, the transport deficient carrier could still undergo a
conformational change similar to that of mCAT-1 during a transport cycle. It
needs to be elucidated if this movement is necessary for receptor function.
Understanding the virus-receptor interaction should improve the design of
new retroviral vectors with altered envelope proteins that allow tissue specific
infection. Specific targeting is a desirable goal for use of retroviral vectors in
gene therapy. For instance, introduction of a single chain immunoglobulin
fragment specific for low density lipoprotein receptor into ecotropic gp70
results in a vector targeted to cells expressing the low density lipoprotein
receptor (Somia et al., 1995).

VIII Physiological role of the CAT proteins

CAA are building blocks for proteins and are also precursors for a variety of
bioactive metabolites. L-arginine for instance, is the substrate for the synthe-
sis of urea and nitric oxide and L-ornithine for polyamines. What part do the
CAT proteins play for the CAA supply of cells that have a different require-
ment for these amino acids depending on their differentiation and activation
status? The distinct transport properties and tissue distribution of the CAT
proteins gives a first hint on the physiological role of these carriers. The
ubiquitous expression of CAT-1 suggests it is the principal y* carrier in most
cells. However, not all of the Na*-independent, high affinity CAA uptake
observed in a given cell type must be mediated by CAT-1. Other transport
proteins such as CAT-2(B), 4F2 or other still unknown carriers might also be
involved (see below). At CAA concentrations below 200uM at the trans-side
of the membrane, the transport activity of CAT-1 is greatly reduced (Closs
et al., 1993c). This might prevent CAA efflux from cells at low plasma
concentrations.

White and Christensen had already observed that the plasma membrane
of hepatocytes constitutes a barrier for CAA that protects the plasma L-
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arginine from hydrolysis by hepatocyte arginase (White and Christensen,
1982). The low affinity and high capacity of CAT-2A allows hepatocytes
to rapidly take up excess CAA at high plasma concentrations while leaving
sufficient CAA in the circulation for cells expressing carriers with higher
affinity. The transport activity of CAT-2A is largely independent of the sub-
strate concentration at the trans-side of the membrane (Closs et al., 1993a;
Kavanaugh et al., 1994b). This might facilitate uptake of CAA into hepato-
cytes that demonstrate very low intracellular CAA concentrations.

The expression of CAT-2(B) can be induced in T cells and macrophages —
cells that also express CAT-1 constitutively. The transport properties of the
two carriers are very similar and therefore difficult to distinguish when ex-
pressed simultaneously. Why do some cells need a second y* carrier under
certain conditions? In the macrophage cell line RAW 264.7, CAT-2(B) is
induced by bacterial lipopolysaccharide (LPS) (Closs et al., 1993c) in parallel
with the inducible NO synthase (NOS II), an enzyme that uses L-arginine
as its substrate. NOS II activity has been reported to be dependent on
extracellular L-arginine (Hibbs et al., 1987; Bogle et al., 1992). The expression
of CAT-2(B) probably accounts for the increased transport rate of L-arginine
observed in LPS-activated macrophages (Bogle et al., 1992), but does it have
a specific role for supplying substrate for NOS I1? To answer this question
specific inhibitor- and knock out-experiments will be required. Interestingly,
NO synthesis in endothelial cells mediated by NOS III seems to be largely
independent of extracellular L-arginine (Palmer et al., 1988). It is intriguing to
speculate that the difference in L-arginine supply of NOS might be due to the
expression of different CAA carriers in the two cell types.

IX Future aspects

In 1991, mCAT-1 represented the first mammalian amino acid transporter
whose cDNA had been cloned. Since then, a large number of cDNAs encod-
ing for mammalian amino acid transporters have been isolated. Analyses of
the structure and function of these proteins have improved our knowledge of
solute transport in mammalian cells. However, we are still far from under-
standing the cellular transport systems: their composition and association with
other proteins, their compartimentation, as well as their regulation of expres-
sion and activity. Apprehending the physiological relevance of amino acid
transporters will help to discern their involvement in disease states. Further,
the elucidation of the three-dimensional structure of the carrier proteins and
the mechanism of substrate translocation through the' membrane remains a
major scientific challenge.
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