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SYNOPSIS
Mammalian CD98 heterodimeric amino acid transporters consist of a promiscuous single-pass
transmembrane glycoprotein, CD98hc, the ‘heavy chain’, and one of six multipass transmembrane
proteins, or ‘light chains’. The heterodimeric complexes of CD98hc and the light chains LAT1 or
LAT2 specifically promote sodium-independent System L exchange of neutral amino acids,
including leucine. CD98hc is also implicated in other processes, including cell fusion, cell
adhesion and activation of TOR signalling. Recent reports surprisingly suggested that insects lack
a membrane-bound CD98hc, but here we show that Drosophila CG2791 encodes a functional
CD98hc orthologue with conservation in intracellular, transmembrane and extracellular domains.
We demonstrate by RNAi knockdown in Drosophila Schneider cells that CG2791 and two
Drosophila homologues of the mammalian CD98 light chains, Minidiscs (Mnd) and JhI-21, are
required for normal levels of System L transport. Furthermore, we show that System L activity is
increased by methoprene, an analogue of the developmentally regulated endocrine hormone,
Juvenile Hormone, an effect potentially mediated by elevated Mnd expression. Co-expression of
CG2791 and JhI-21, but not CG2791 and Mnd, in Xenopus oocytes mediates System L transport.
Finally, mapping of conserved sequences on to the recently determined crystal structure of the
human CD98hc extracellular domain highlights two conserved exposed hydrophobic patches at
either end of the domain that are potential protein-protein interaction surfaces. Our data therefore
not only show that there is functional conservation of CD98hc System L transporters in flies, but
also provide new insights into the structure, functions and regulation of heterodimeric amino acid
transporters.
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INTRODUCTION
Transport of amino acids into all eukaryotic cells is essential for maintaining viability and
promoting growth. Physiological studies in mammalian cell culture have identified many
different amino acid transporter (AAT) ‘Systems’ [1, 2]. More recently, cloning of the genes
involved in these activities gave rise to the revised solute carrier (SLC) transporter
classification [3, 4]. However, the complexity of AAT families and the difficulty of
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developing in vivo models, where the activities of individual transporters can be assessed
under truly physiological nutrient and growth factor conditions, has until recently limited
progress in the functional analysis of these molecules [5].

System L transport activity involves the uptake of leucine and other bulky hydrophobic
amino acids independently of sodium ions [6]. It is specifically inhibited under sodium-free
conditions by the synthetic amino acid analogue, 2-aminobicyclo[2.2.1]heptane-2-
carboxylic acid (BCH; reviewed in [1]). Members of the widely expressed family of CD98
heterodimeric amino acid transporters (reviewed in [7-9]) are important mediators of System
L transport. Each CD98 transporter consists of a common single-pass transmembrane N-
glycoprotein ‘heavy chain’ [CD98hc, otherwise known as 4F2hc, SLC3A2 or FRP-1 (9)]
associated covalently with a multipass transmembrane ‘light chain’ (LAT1, LAT2, y+LAT1,
y+LAT2, asc1, or xCT in humans). CD98hc requires LAT1 or LAT2, which are members of
the SLC7 family [10], for System L transport. Substrate specificity is conferred by the light
chain, which forms all or most of the transport pore, while CD98hc has been implicated in
trafficking of the light chain to the plasma membrane [11]. These transporters are attracting
increasing attention, because there is a growing body of evidence that classical System L
transport plays a role in cell growth and in a wide spectrum of human cancers [12]. Indeed,
recent studies in cell culture suggest a role for System L transport in leucine-dependent
mTOR signalling [13, 14], a process implicated in growth activation in many tumours
[15-17].

In addition to regulating growth, work in cell culture has also suggested that CD98hc has
roles in cell fusion, cell adhesion and integrin signaling (reviewed in [9]). However, the
significance of these functions under physiologically relevant conditions in vivo is unclear.
Although CD98hc has been shown to be essential for early mouse development [18], these
knockout studies have so far failed to provide detailed insights into the critical cellular and
developmental functions of this molecule and System L transport.

The genetic tractability of Drosophila makes it a particularly powerful system to dissect
physiologically relevant roles of AATs [19]. Indeed, several studies have already
highlighted important functions for AATs in flies that would be difficult to identify purely
through cell culture studies. For example in the SLC7 class [10], the cationic AAT Slimfast
[20] and the putative heterodimeric AAT light chain Minidiscs (Mnd or CG3297; [21]) seem
to play important nutrient-sensing roles in the endocrine larval fat body, which controls
growth rates throughout the organism. More recently, we have shown that members of the
proton-assisted amino acid transporter (PAT/SLC36) family have uniquely potent cell-
autonomous effects on growth when compared to other AATs in vivo [22].

Surprisingly, two recent reports have suggested that there is no membrane-associated
CD98hc orthologue in Drosophila [23, 24], indicating that CD98hc is apparently involved in
uniquely vertebrate functions that could not be dissected in simple genetic systems.
However, here we report the identification of a functional CD98hc orthologue, CG2791,
paving the way for a detailed in vivo genetic analysis. We show that Drosophila Schneider
(S2) cells share characteristic properties of BCH-sensitive System L transport with
mammalian cells and that this transport is mediated by CG2791 and a conserved light chain,
JhI-21, as well as a second transporter involving the light chain Mnd. Furthermore, sequence
comparisons and structural modelling reveal novel conserved features of the CD98hc
extracellular domain that may be involved in its interactions with as yet unknown binding
partner(s).
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EXPERIMENTAL
Drosophila S2 cell culture

Cells were cultured in Schneider's medium (Invitrogen) with 10% heat-inactivated fetal calf
serum (FCS) and typically grown to 70% confluence prior to transport analysis.

Uptakes experiments in Drosophila S2 cells
Cells were gently washed twice in sodium-free phosphate bufferered saline, pH 7.4 (PBS)
and then incubated in a further 1 ml of PBS for 30 min. PBS was replaced with choline-
substituted PBS containing 50 μM 4,5 3H L-Leucine (specific activity: 2.25 TBq/mmol) ±
10 mM 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH; Sigma, A7902) or 10 mM
unlabelled L-leucine and incubated at room temperature for 3 min (shown in earlier
experiments to approximate initial rate conditions). External medium (with labelled
extracellular amino acid) was then aspirated and cells quickly washed with 2 ml ice-cold
stop solution (PBS + 20 mM cold leucine). Stop solution was removed and cells lysed with
1 ml of 0.1% (w/v) sodium dodecyl sulfate, 0.1% (w/v) NaOH. The radioactivity of a 500 μl
aliquot of each sample was measured by liquid scintillation counting (LSC). In this paper,
mediated transport is defined as leucine transport under specified conditions minus non-
specific leucine uptake and/or binding (see Figure 1). To measure the effect of methoprene
on uptake, a comparison between BCH-sensitive leucine uptake of cells preincubated for 36
h in the presence and absence of 50 μM methoprene was made. All transport assays were
repeated in triplicate in each experiment, and each experiment was repeated at least three
times. Figures show representative data from one experiment.

Efflux measurements in Drosophila S2 cells
Washed cells were loaded for 10 min with 50 μM 3H L-leucine in otherwise amino acid-free
PBS, pH 7.4. Following this, the cells were resuspended in an identical medium, but free of
radioactivity with or without 10 mM leucine or 10 mM BCH. Efflux rate constants were
determined by fitting a mono-exponential decay curve through the experimentally measured
cellular 3H L-Leucine at various times following the start of the washout. Values at the start
of the experiment and 90 min later were taken to represent the intracellular values at zero
time (Q0) or at equilibrium (Q∞) respectively. The data were well fitted by the equation Qt
= Q0(e−kt), where Qt is the quantity of intracellular amino acid at time t from the start of the
washout and k is the efflux rate constant. Samples from the extracellular medium were
removed in parallel and counted, allowing the appearance of radioactivity in this
compartment to give an independent estimate of efflux. These data fitted quantitatively with
the values determined from the cellular amino acid content. Washout medium obtained from
cells pre-loaded as above with 3H L-leucine was analysed by HPLC [25]; in three
independent experiments an average of 97% of the radioactivity present in this medium ran
on a 5 μm ODS C18 column with the same elution profile as L-leucine, indicating that it
was leucine and not a cellular metabolite of this amino acid that was transported out of the
cell.

Production of dsRNA (double-stranded RNA) and conditions for RNAi knockdown of target
genes in Drosophila S2 cell culture

DNA fragments of approximately 500 bp in length from the coding sequence of the target
genes that included a splice junction were generated by PCR. T7 primer sites were
incorporated at the 5′ end of both strands. dsRNA was generated with a MEGAscript® high
yield transcription kit (Ambion). One microgram of PCR product was used in each 20 μl
reaction and incubated for 16 h at 37°C. dsRNA transcripts were purified by
phenol:chloroform extraction followed by isopropanol precipitation, and resuspended in
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nuclease-free ddH2O. Primers used to generate dsRNAs from Drosophila Genomics
Resource Center clones were: CG2791 clone RE39378, sense primer 912-931, antisense
primer 1411-1392: JhI-21 clone LD39658 sense primer 1374-1393, antisense primer
1923-1904; mnd clone LD25378 sense primer 930-950, antisense primer 1424-1404. The 5′
end of the primer pairs was preceded with the T7 RNA polymerase binding site
(GAATTAATACGACTCACTATAGGGAGA).

One ml of 1 × 106 Drosophila S2 cells was plated at approximately 70% confluence in
medium containing 10% FCS in a six well cell culture dish (Corning), and incubated at 23°C
overnight to allow cells to adhere to the base of the well. Medium was aspirated and
replaced with 500 μl serum-free medium containing 15 μg of dsRNA in each well and after
1 h incubation at room temperature, 1 ml of medium containing 10% FCS was added,
followed by a further 48 h incubation at 23°C. A second 500 μl dose of serum-free medium
containing 15 μg of dsRNA was added and the cells incubated for a further 72 h.

Measurement of mRNA levels in Drosophila S2 cells
RNA was extracted using the RNeasy minikit (Qiagen). cDNA was synthesized from each
RNA preparation using the High Capacity Reverse Transcriptase kit (Applied Biosystems).
In all knockdown and methoprene experiments, levels of the knocked down mRNA and of a
control ribosomal protein mRNA, RpL32, were assessed by quantitative real-time PCR (Q-
RT-PCR), using the 7000 sequence detection system from Applied Biosystems and
Quantitect® primer assays from Qiagen for the following Drosophila genes: CG2791, mnd
(CG3297), JhI-21 (CG12317), CG13384 and RpL32 (CG7939).

Uptake experiments in Xenopus oocytes
mRNA synthesis, Xenopus oocyte preparation and injection was as described previously
[26]. Uptakes, initiated by addition of 50 μM 3H L-Leucine to individual oocytes (five
oocytes studied separately for each condition in at least three different experiments) were
carried out under initial rate conditions (30 min) in choline-buffered sodium-free media with
and without 10 mM BCH. At the end of the uptake, individual oocytes were washed, lysed
and their radioactivity measured by LSC [26].

Alignments and structural comparisons
In Figure 2 and Figure 6A, the protein sequence for the human CD98 isoform f (accession
number NP_001013269) was used because it shares the greatest homology with CG2791.
The other isoforms (a-e) all have a longer N terminus of varying lengths between 39-132
residues, but are otherwise 100% homologous with isoform f. Sequences were aligned using
the ClustalW programme at EMBL-EBI (http://www.ebi.ac.uk/clustalw/index.html) and
then processed with the Boxshade programme (http://www.ch.embnet.org/software/
BOX_form.html). Percentage identities for Figure 2B were calculated and plotted using
GraphAlign (http://darwin.nmsu.edu/cgi-bin/graph_align.cgi) [27]. Transmembrane domains
were predicted by the Technical University of Denmark CBS Prediction Server TMHMM
(http://www.cbs.dtu.dk/services/TMHMM/) and hydropathy plots produced by http://
genome.ucsc.edu/cgi-bin/pbGateway and using [28], e.g. Figure 3B and Supplementary
Figure 1. Mapping of the surface sequence conservation of CG2791 on to the structure of
the human CD98hc homodimer (PDB ID 2DH3) was performed using the WHISCY server
at http://www.nmr.chem.uu.nl/whiscy [29]. Figure 6B and Supplementary Figure 3 were
drawn using PyMOL [30].
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RESULTS
Drosophila S2 cells use System L transport to mediate sodium-independent leucine
uptake and exchange

As a first step to determine whether there is a functional homologue of CD98hc in flies, we
tested whether S2 cells can take up leucine in a sodium-independent fashion, a process that
is predominantly undertaken by CD98hc-containing System L transporters in mammals.
Mediated uptake of leucine into S2 cells was measured as described in the Experimental
section. Significant levels of sodium-independent leucine uptake were readily detected
(Figure 1A). System L transporters in mammalian cells have been shown to be inhibited by
2-aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH), which competes with leucine for
transport [1]. Such inhibition, under sodium-free conditions, is a defining feature of System
L. We found that BCH strongly inhibits sodium-independent leucine uptake in S2 cells,
suggesting that System L transport also exists in flies.

We also measured efflux of leucine (see Experimental section) from S2 cells pre-loaded
with 3H L-leucine. Efflux of the intact amino acid occurred in control cells (through
uncharacterized pathways) but was markedly stimulated by the addition of unlabelled
leucine in the extracellular medium (Figure 1B). Such trans-stimulation of amino acid
transport is characteristic of heterodimeric amino acid transporter systems in mammals.
Furthermore, extracellular BCH also enhanced leucine efflux, again strongly supporting the
hypothesis that transport of the amino acid is through System L. These results suggest that
System L is the primary sodium-independent transport system for leucine in S2 cells. In
addition, the fly System L transporters show properties similar to their mammalian
counterparts: they promote a marked exchange of intra- and extra-cellular neutral amino
acids, and use BCH as a substrate.

CG2791 encodes the Drosophila orthologue of CD98hc
We performed a sequence search to identify a homologue of human CD98hc in flies. Initial
BLAST searches highlighted a range of Drosophila gene products with strong sequence
homology to CD98hc in the extracellular α-amylase-like domain [31]. Further inspection
revealed that the product of just one of the genes identified, CG2791, shows homology with
CD98hc (isoform f) along its entire length (17% identity overall; Figure 2 and Table 1). All
three major structural domains identified in CD98hc, namely cytosolic domain, TM domain
and α-amylase domain [8, 23 and 31] are conserved in CG2791. Interestingly, apart from
the transmembrane domain (48% identity), the highest level of conservation between
CG2791 and CD98hc is seen within a short intracellular domain, which together with the
transmembrane domain has been implicated in integrin binding (46% identity [32-35], while
there is only 11% identity in the α-amylase-like region). Three residues in this latter region
that are known to be required for amylase activity are present in a second mammalian
heterodimeric amino acid transporter heavy chain, rBAT [36], although rBAT has not been
shown to have amylase activity. At least one of these residues is absent and one is displaced
in both CG2791 and CD98hc (Figure 2; [37]). rBAT also shares much more limited
homology with CG2791 and CD98hc in its transmembrane domain and intracellular C-
terminus (Table 1). Critically CG2791 also contains the cysteine residue that covalently
links CD98hc to the transporter light chains LAT1 and LAT2 (Cys109 both in CG2791 and
in human CD98hc [this is also present in rBAT]; [7]). Thus, the CG2791 gene encodes the
protein most closely related to CD98hc in flies.

Flies have several transporter light chains related to human LAT1 and LAT2
System L-like transporters not only require a heavy chain, but also a light chain (LAT1 or
LAT2) to transport amino acids [7]. BLAST homology searches with human LAT1 and
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LAT2 highlighted five fly amino acid transporters that share a significant degree of
homology (see Figure 3A; percentage identities to LAT1 and LAT2 respectively are in
parentheses): CG1607 (47% and 46%), Mnd ([21]; 49% and 44%), Genderblind (Gb or
CG6070 [38]; 44% and 40%), JhI-21 (CG12317; 49% and 44%) and CG9413 (38% and
34%). These molecules share the conserved cysteine that covalently links the light chain to
CD98hc (Cys164 in LAT1), and also contain 12 conserved transmembrane domains in
equivalent positions to the human LATs (Figure 3). This contrasts to the more distantly
related Drosophila putative cationic amino acid transporters that are also identified in a
BLAST search with the human LATs. Like human cationic AATs, these molecules appear
to have 14 transmembrane domains, and except for CG5535, do not have a cysteine in an
equivalent position to the cysteine found in all light chains that is implicated in binding to
the heavy chains (Supplementary Figure 1). Thus, flies have up to five transporter light
chains that could act as partners for CG2791.

CG2791 and at least two light chains are required for System L transport in Drosophila
To test whether CG2791 and the putative CD98 light chains are involved in System L
transport, we performed a series of transport assays in S2 cell culture, using RNAi to reduce
expression of these molecules (Figure 4A). We selected the light chain-encoding genes mnd
and JhI-21, since they had both been shown to be expressed in S2 cells [39], an observation
that we subsequently confirmed (data not shown). Similar quantities of RNA were isolated
from each sample, indicating that the RNAi treatment did not affect the overall viability of
S2 cells. Relative levels of CG2791, mnd, JhI-21 and a control ribosomal protein transcript
(RpL32) were measured using quantitative real-time PCR (Figure 4B). In all knockdown
experiments there was an approximately 80% selective reduction in levels of the knocked
down transcript and 25-30% reduction in BCH-sensitive, sodium-independent leucine
transport. By contrast, knockdown of the PAT transporter, CG13384, which we have found
reduces proton-assisted transport of alanine by more than 50% (data not shown), had no
effect on BCH-sensitive, sodium-independent leucine transport, confirming the specificity of
our knockdown experiments (Supplementary Figure 2). Membrane proteins, including
mammalian CD98hc, are often reported to be highly stable [40], and this may well explain
why we only see a partial knockdown of CD98-like transport activity in our experiments.
Interestingly, knockdown of CG2791 or mnd produced a compensatory increase in JhI-21
mRNA levels, which might also explain why transport was not more drastically reduced in
these experiments. Overall, our data show that CG2791, Mnd and JhI-21 play important
roles in System L transport in S2 cells and therefore indicate that CG2791 is indeed the
functional orthologue of CD98hc. Based on this and subsequent data we therefore renamed
this gene cd98hc.

Developmental regulation of System L transporters
Methoprene, a synthetic analogue of Juvenile Hormone (JH), has previously been shown to
regulate the levels of the Drosophila transcripts encoding JhI-21 and Mnd in S2 cells [39]
and in vivo. JH is involved in the regulation of several key events in fly development and
also responds to the nutritionally regulated insulin/insulin-like growth factor signaling (IIS)
system [41]. We reasoned that JH-dependent changes in transporter levels might modulate
System L transport and therefore tested whether methoprene altered System L transport
activity as well as heterodimeric heavy and light chain expression in S2 cells. Treatment of
Drosophila S2 cells with methoprene for six hours did not produce the substantial increases
in JhI-21 and mnd transcripts that have previously been reported [39]; however, a 55% (n =
9; P < 0.002) increase in mnd transcripts was observed. Transport analysis of S2 cells treated
with methoprene revealed a 26% (P < 0.02) increase in System L transport. These findings
suggest that altered expression of Mnd in flies in response to JH affects System L transport
activity, an effect that is likely to be important during development and in response to IIS.
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Drosophila CD98hc and light chain JhI-21 act together to mediate System L transport in
Xenopus oocytes

Our S2 cell RNAi knockdown data indicated that CG2791/CD98hc and the two light chains,
Mnd and JhI-21, mediate System L transport in flies. However, some mammalian light
chains do not bind to CD98hc to perform their functions. We therefore used the Xenopus
oocyte system to analyse the effect of expressing Drosophila CD98hc and light chains
individually and in combination with each other. In multiple experiments, injection of cRNA
for each gene alone did not significantly increase System L uptake in oocytes (see Figure
5A). However, co-expression of CD98hc with JhI-21 did produce a strong increase in
leucine uptake, the majority of which was inhibited by BCH (61%, see Figure 5B),
demonstrating that these two molecules act as a heterodimer to mediate System L transport.
In contrast, the combination of CD98hc and Mnd did not produce a detectable increase in
leucine uptake, raising the possibility that Mnd requires another cofactor or heavy chain to
mediate System L transport in S2 cells.

Inter-species sequence comparisons highlight a novel conserved hydrophobic interaction
domain at the surface of CD98hc

The identification of a Drosophila CD98hc protein allowed us to identify orthologues of this
molecule in other insect species (Figure 6A). Alignment of these sequences with their
vertebrate counterparts not only confirmed the conservation of the transmembrane domain
and intracellular putative integrin-binding domain, but also more clearly highlighted
stretches of sequence within the extracellular α-amylase-like homology domain that are
highly conserved over evolution. Mapping of these conserved regions on the X-ray crystal
structure of the dimeric human CD98hc (PDB ID 2DH3) [37] was performed with this
sequence alignment using the WHISCY server [29]. Figure 6B shows a surface
representation of the CD98hc molecule as a dimer [37], painted according to the degree of
surface conservation, from red (exposed side chain, most conserved) to blue (surface
residues not conserved or any residue with a buried side chain). This analysis revealed that
residues K462, S465, H468, G469, L513 and P514 in Drosophila CD98hc are conserved
across the human, mouse, zebrafish and Drosophila sequences (there are conservative
changes in some of these positions in other insect and nematode sequences), and N489 is in
common between sequences except zebrafish. These residues (depicted in Supplementary
Figure 2 and marked on Figure 6A) map to the dimer interface in the crystal structure of the
extracellular domain of human CD98hc. Residues that co-ordinate a zinc ion at the human
CD98hc dimer interface are not conserved in Drosophila. Interestingly these residues were
not found to be essential for homodimerisation of the human molecule in vivo [37].
Mapping of sequence conservation onto the human CD98hc dimer also identified a second
conserved surface region, distal to the dimerisation interface of the CD98hc extracellular
domain, and predicted to lie just above the plasma membrane (Figure 6B). Drosophila
CD98hc residues L187, P189 and Y191 form a small surface-exposed hydrophobic spot that
is conserved across all CD98hc sequences (except the worm CD98hc, which has a charged
group in the position of the proline residue). Such hydrophobic exposed regions often
represent areas of potential protein-protein interaction, suggesting that this part of CD98hc
may be involved in binding to either extracellular or membrane-bound proteins.

DISCUSSION
The mammalian membrane protein CD98hc has been implicated in a variety of cellular
functions, including System L amino acid transport, which provides the major route for the
sodium-independent uptake of leucine into cells. Here, contrary to recent reports [24], we
show that the fly CG2791 protein shares extensive homology to human CD98hc and using
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RNAi knockdown and expression in the heterologous Xenopus oocyte system, we
demonstrate that it is the functional orthologue of this molecule.

Drosophila CG2791 is structurally related to mammalian CD98hc
In mammals, System L transport is mediated by heterodimeric amino acid transporters,
which contain the heavy chain, CD98hc. The protein encoded by the Drosophila CG30359
gene was recently suggested to encode the closest relative of CD98hc, because it shares the
greatest similarity within the large extracellular α-amylase-like domain in this molecule
[24]. However, unlike the CG2791 protein, it has no conserved intracellular sequences, nor
even a transmembrane domain, which is vital for function in mammalian CD98 transporters.
Significantly, CG2791 lacks at least one of the three critical residues required for α-amylase
function (Figure 2A), like orthologues of CD98hc from all other species (Figure 6A). In
contrast, these residues are present in CG30359. Thus, on the basis of sequence similarity
alone, CG2791 is the CD98hc orthologue, a conclusion that is supported by our functional
data. We speculate that CG30359 encodes a secreted amylase and thus we have not studied
this molecule further in the experiments reported here.

Interestingly, apart from the transmembrane region, Drosophila and human CD98hc share
the highest levels of homology in their intracellular domains, within a region that contains at
least part of the putative integrin binding domain [23]. This region is highly conserved in
CD98hc orthologues from a range of species, including mouse, zebrafish, mosquito and
honey bee (Figure 6A). It will now be interesting to test whether Drosophila β-integrin,
which does not bind to mammalian CD98hc [23], does interact with fly CD98hc, or whether
the sequence conservation in this CD98hc intracellular domain is required for conserved
interactions with other, as yet unidentified, molecules.

Drosophila CD98 mediates System L transport like its mammalian counterpart
In mammals, in addition to CD98hc, other heterodimeric transporters have been
characterised, namely rBAT [7, 36] and the more recently discovered Collectrin [42]. These
molecules have been shown to have a distinct preference for specific light chains, making it
important to clarify which of the fly light chains we have studied form heterodimers with
CG2791. Interestingly, b0+AT, the light chain that binds rBAT in mammals, shows greatest
homology to CG9413, raising the possibility that this might be the light chain for an rBAT-
related molecule in flies. However, our sequence searches have not identified a second
Drosophila heavy chain in addition to CD98hc, suggesting that rBAT is not present in flies.
Nevertheless, mammals have three ‘orphan’ light chains, ASC2, AGT1 [7] and arpAT [43],
and such light chains might also exist in flies.

RNAi knockdowns of cd98hc, JhI-21 and mnd mRNAs all reduced System L transport.
However, we were unable to reduce System L transport by more than 25-30%, despite
producing more than 80% knockdown of mRNAs in our experiments. This is likely to be at
least partly explained by the high stability of CD98 heavy and light chain proteins over the
time course of this experiment, since the mammalian counterparts of these molecules appear
to persist for many days within the cell [40]. However, our Xenopus oocyte data also reveal
that Mnd may mediate System L transport via a mechanism that does not involve CD98hc.
With two independent System L transport system, knockdown experiments could produce
only a partial loss of System L uptake in S2 cells.

Co-expression of CD98hc and JhI-21 in Xenopus oocytes clearly demonstrated that these
molecules act together as a System L heterodimeric transporter. By contrast, CD98hc and
Mnd do not show a similar interaction, suggesting that another unidentified heavy chain or
an additional cofactor is required for Mnd to transport leucine in S2 cells. Co-injection of 50
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ng total RNA extracted from S2 cells with CD98hc and Mnd, or with any other
combinations of light chain and/or heavy chain failed to increase System L transport in
oocytes. However, this may merely reflect the fact that there is insufficient mRNA encoding
the missing factor(s) in S2 cells to produce a significant level of functional transporter in
oocytes. We believe that the most likely explanation for our results is that Mnd interacts
with another as yet unidentified heavy chain in flies, although it is always possible that the
mnd cRNA is not being properly translated in the Xenopus oocyte system.

CD98hc and System L transport is developmentally regulated in Drosophila
The identification of a CD98hc orthologue in flies has allowed us to initiate an analysis of
this molecule's physiological and developmental control, and the regulation of System L
transport. Genome-wide studies of gene expression in the fly reveal that cd98hc is very
highly expressed in early embryos and then transcribed in a broad range of embryonic
tissues (http://www.fruitfly.org/cgi-bin/ex/insitu.pl). Expression persists throughout
development into adulthood, where cd98hc transcripts are observed in all parts of the animal
([44]; http://flyatlas.org/).

We have also found that developmental regulation of the Mnd light chain by the JH
analogue methoprene may modulate System L transport activity. Interestingly, it is known
that viable flies mutant for the Insulin Receptor gene (InR), which have an extended
lifespan, have reduced JH levels [41]. Furthermore, cd98hc expression is increased when
yeast is added to the diet [45], supporting the link between nutritionally regulated IIS and
System L transport components.

The increased lifespan of mutant InR flies is reversed by administration of methoprene [41],
suggesting that decreased endocrine signalling by JH is involved in the longevity phenotype.
Our data may now provide an explanation for this effect, since the reduced System L
transport produced by lowering JH levels could decrease TOR signalling in target cells, an
effect reversed by methoprene. This might be particularly relevant in the fat body, which
plays an important role in the control of lifespan [46] and IIS-dependent growth [47]. In
response to TOR-mediated signals, this endocrine gland regulates the sensitivity of other
tissues to insulin-like molecules [20]. It seems likely that modulation of System L transport
by JH plays a role in this process, an idea that is strongly supported by the fact that the light
chain-encoding gene mnd controls growth via its effects on the fat body [21].

A new conserved structural feature in the CD98hc extracellular domain
Sequence comparison between CD98hc proteins from invertebrates and vertebrates has
highlighted features of the molecule that are conserved from worm to human, and which are
therefore presumably required for fundamental CD98hc functions in all higher eukaryotes.
In addition to identifying the most conserved residues within the CD98hc dimerisation
interface, this analysis also highlighted a second small hydrophobic conserved surface, on
the other side of the molecule that lies just above the plasma membrane. Interestingly, in
amylases such as PDB ID 1UOK (an oligo-1,6-glucosidase of Bacillus cereus), the central
proline residue in this region is replaced by a polar residue: this surface-conserved
hydrophobic spot is therefore likely to represent a protein-protein interaction region that is
not shared by α-amylases. It will now be important to test whether disruption of this
sequence alters the properties of this molecule.

Concluding remarks
The System L transporters and their components that we have identified are under
significant developmental and nutritional control in Drosophila. In light of System L's role
in leucine transport, we propose that this regulation of transport activity may in turn
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modulate the sensitivity of cells to nutrient-dependent signals mediated by IIS and TOR,
particularly in endocrine tissues like the fat body. In addition to the important role for
CD98hc in System L transport, this molecule has also been implicated in many other distinct
aspects of cell biology. The identification of CD98hc in flies should now allow the
physiological significance of a number of these other functions to be fully tested in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AAT amino acid transporter

BCH 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid

CD98hc (also known as 4F2hc,
SLC3A2, FRP-1)

CD98 heavy chain

LAT (L-type amino acid transporter) 1 and 2

SLC solute carrier

Mnd Minidiscs

Gb Genderblind

PAT (also known as SLC36) proton-assisted amino acid transporter

Slif Slimfast

IIS Insulin/IGF signaling

InR insulin receptor

JH Juvenile Hormone

RpL32 ribosomal protein L32

S2 cells Schneider cells

FCS fetal calf serum

dsRNA double-stranded RNA

LSC liquid scintillation counting

Q-RT-PCR quantitative real time PCR

PBS phosphate buffered saline
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Figure 1. System L amino acid transporters are found in Drosophila S2 cells
(A) The uptake of 3H L-Leucine in sodium-free conditions into S2 cells, which were
untreated or exposed to either a large excess of 10 mM BCH (BCH) or a large excess of
unlabelled 10 mM leucine (Leu), was measured (nmols leucine per mg protein per min).
Mediated System L transport corresponds to additional transport above the dotted line. More
than 90% of mediated transport is BCH-sensitive. (B) Leucine efflux from Drosophila S2
cells. The graph shows the intracellular 3H L-Leucine content as a function of time, after
cells loaded with 3 H-L-leucine were transferred at zero time to an amino acid-free medium
(control; grey data points and dashed curve; efflux rate constant (k [mean ± s.d.] = 0.19 ±
0.02 min−1), to a medium with 10 mM leucine (filled circle data points and black curve; k =
0.59 ± 0.03 min−1) or to a medium with 10 mM BCH (unfilled data points and dotted curve;
k = 0.54 ± 0.11 min−1). Leucine efflux is trans-stimulated by leucine and BCH as expected
for System L transport.
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Figure 2. CG2791 is the fly orthologue of CD98hc
(A) An alignment of the predicted Drosophila CG2791 protein with the most closely related
isoform of human CD98hc (isoform f [denoted as CD98hc]) and human rBAT sequences.
Arrowhead indicates the conserved Cys109 residue required for covalent linkage to a light
chain to form a functional heterodimeric amino acid transporter. The three residues required
for amylase catalytic activity (marked with an asterisk) that are conserved in rBAT, but not
all present in either CD98hc or CG2791, are boxed within each gene. Identical residues are
shaded in black and conservative changes in grey. (B) Percentage identity of conserved
sequence in CG2791 aligned against CD98hc. In both Panels A and B, domain architecture
is indicated by bars above both the sequence data and graph: the conserved intracellular
domain implicated in integrin binding (black) and transmembrane domain (stripes) show
much greater conservation than does the α-amylase-like domain (grey).
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Figure 3. Orthologues of the System L-like transporter light chains in Drosophila
(A) Alignment of the five Drosophila molecules [CG1607, Mnd (CG3297), Gb (CG6070),
JhI-21 (CG12317), CG9413] with sequence similarity to human LAT1 transporter light
chain. The 12 predicted transmembrane domains are marked with striped bars above the
sequence. The arrowhead denotes the conserved cysteine required in LAT1 and LAT2 to
form a disulphide bridge to CD98hc. (B) Alignment of hydropathy plots for the five putative
fly light chains and seven human light chains http://genome.ucsc.edu/cgibin/pbGateway.
Arrow indicates the position of a cysteine present in a conserved position, which was used to
align the sequences of all of the light chains shown in this figure and also the cationic amino
acid transporters in Supplementary Figure 1, to each other. Each set of sequences is ordered
according to similarity to human LAT1. Note the remarkable spatial conservation of TM
domains. Vertical dotted lines indicate the positions of the TM domains based on the
empirical determination from human xCT [38]. The position of the conserved cysteine
required for covalent linkage to heavy chains is indicated by a labeled arrowhead. This is
conserved in all human and fly light chains, but only one out of nine cationic amino acid
transporters.
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Figure 4. CG2791, Mnd and JhI-21 are involved in System L transport
(A) BCH-sensitive mediated uptake of 3 H L-Leucine in sodium-free conditions in control
cells and in cells treated with RNAi to knock down CG2791/cd98hc, mnd and JhI-21
transcripts. In all knockdown experiments there was a significant reduction of 25-30%
compared to untreated cells. (B) Graphs show levels of CG2791/cd98hc, mnd, JhI-21 and
RpL32 transcripts relative to untreated cells in multiple experiments, as measured by Q-RT-
PCR. There was a significant reduction of roughly 80% for each targeted transcript. For
cd98hc and mnd knockdown, JhI-21 transcript levels were significantly increased.
Experiments were done in triplicate in four different experiments.
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Figure 5. CD98hc acts with JhI-21 to mediate System L transport
(A) Injection of cRNA for Drosophila cd98hc, mnd and JhI-21 alone in Xenopus oocytes did
not significantly promote uptake of 3H L-Leucine when compared to water alone (measured
in pmol leucine per oocyte per hour). (B) However, co-injection of Drosophila cd98hc heavy
chain with JhI-21 light chain cRNA, strongly enhanced 3H L-Leucine uptake relative to the
water-injected control eggs. Comparison with the level of 3H L-Leucine uptake in the
presence of BCH (relative to water-injected controls) suggests that about 60% of the uptake
is BCH-inhibited, consistent with CD98hc and JhI-21 forming a System L heterodimeric
transporter. In contrast, co-injection of cd98hc with mnd cRNAs did not significantly
promote System L transport when compared to water alone controls.
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Figure 6. Cross-species sequence comparison and sequence conservation mapping on the human
CD98hc extracellular domain structure
(A) Sequence alignment of CD98hc orthologues from human (isoform f), mouse, zebrafish,
mosquito, fly, honey bee and nematode worm. The conserved transmembrane domain
(striped bar), conserved intracellular domain implicated in integrin binding (black bar) and
the α-amylase-like domain (grey bar) are marked, as is the conserved cysteine that
covalently links CD98hc to CD98 light chains (arrowhead), and the three residues in the
extracellular domain that are required for α-amylase catalytic activity (marked by asterices),
only some of which are conserved in these molecules (boxed in black; typically only one of
these three residues is conserved in identity and position; see also Figure 2A). In Drosophila
CD98hc, residues K462, S465, H468, G469, L513, P514 and N489 at the CD98hc dimer
interface and residues L187, P189, Y191 in a second surface hydrophobic patch have been
highlighted from the mapping analysis below as conserved residues that are exposed at the
CD98hc surface (red boxes). (B) A surface representation of the human CD98hc
extracellular domain dimer from the crystal structure in PDB ID 2DH3 [37] viewed from the
cellular side (“bottom view”). The surface is painted from red to blue across orange, yellow
and green with decreasing degrees of conservation (residues with buried side chains are all
painted blue). Two main sites of surface-exposed, conserved residues are seen in red: the
central one localises to the dimer interface, where the N-termini of the two monomers meet.
It is likely to interact with the transmembrane helices of the two monomers. The second
conserved surface hydrophobic spot is located on each monomer at the opposite end to the
dimer interface (arrows), a few Angstroms above the plasma membrane. The image was
generated with the WHISCY server [29] and PyMOL [30].
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Table 1
CG2791 and CD98hc have multiple conserved structural domains

Percentage identities between the three major structural domains conserved between Drosophila CG2791 and
the human heavy chain CD98hc. While there are comparable similarities between the amylase domain of
CG2791, and those of CD98hc and the second human heavy chain, rBAT [7], CG2791 and CD98hc are much
more related similarity to each other in their extracellular domains and extended intracellular domain
implicated in integrin binding [23].

Region human CD98hc human rBAT

Novel intracellular domain 46% 21%

Transmembrane domain 48% 26%

Amylase-like domain 11% 13%

Total 17% 15%
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