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Summary. By screening nucleotide databases, sequences containing the
complete genes of the human cationic amino acid transporters (hCATs) 1, 2
and 4 were identified. Analysis of the genomic organization revealed that
hCAT-2 consists of 12 translated exons and most likely of 2 untranslated
exons. The splice variants hCAT-2A and hCAT-2B use exon 7 and 6, re-
spectively. The hCAT-2 gene structure is closely related to the structure of
hCAT-1, suggesting that they belong to a common gene family. hCAT-4
consists of only 4 translated exons and 3 short introns. Exons of identical size
and highly homologous to exon 3 of hCAT-4 are present in hCAT-1 and
hCAT-2.
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Abbreviations: AC, accession number; hCAT, human cationic amino acid
transporter; kB, kilobases; UTR, untranslated region.

Introduction

The amino acid L-arginine, beyond being precursor in protein synthesis, is
substrate for two mediator pathways, the nitric oxide synthase and arginase —
polyamine pathway, whereby the availability of L-arginine can become a
limiting factor (e.g. Hey et al., 1997). In most mammalian cells L-arginine
supply is carried out by uptake of extracellular L-arginine via multiple
transporter systems, among these are the cationic amino acid specific
transport system y* and several broad scope amino acid transport systems
(y*'L, b®*, and B%*) (for review see Devés and Boyd, 1998). In many cells,
system y* appears to be functionally the most important mechanism for the
uptake of L-arginine. Recent studies have identified several homologous
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cDNAs from different species, encoding proteins which were characterized as
specific cationic amino acid transporters (CATs) with properties of system y*
(for reviews see Closs, 1996; MacLeod and Kakuda, 1996; Devés and Boyd,
1998). The nucleic acid sequences of CAT-1 had first been described as
putative murine ecotropic retrovirus receptor (Albritton et al., 1989), but
short time later its properties as cationic amino acid transporter were
recognized (Kim et al., 1991). So far, four additional members of this family,
the splice variants CAT-2A and CAT-2B (MacLeod et al., 1990; Closs et al.,
1993), CAT-3 (Hosokawa et al., 1997; Ito and Groudine, 1997) and CAT-4
(Sperandeo et al., 1998), have been identified. Initially the nomenclatur of
CAT-2B was CAT-2 because it was the first of the two CAT-2 isoforms to be
isolated (MacLeod and Kakuda, 1996). The nucleic acid sequences of the
human transporters (hCATs) are known at present for hCAT-1 (Yoshimoto
etal., 1991), hCAT-2A and hCAT-2B (Hoshide et al., 1996; Closs et al., 1997)
and hCAT-4 (Sperandeo et al., 1998). hCAT-3 has been cloned (Vékony et
al., 2000), but its sequence is not yet available.

So far, the genomic structure of CAT genes is only partially known
for hCAT-1 (Yoshimoto et al., 1991). On the other hand, the progressing
identification of the human genome (Brown, 2000) provides huge sequence
data with large amounts of hidden information which will have to be
uncovered. With the exception of hCAT-3 all chromosomal positions of
the human cationic amino acid transporter genes are described by the
“International Human Genome Project”. There the nomenclature solute
carrier family 7 member 1-4 and the abbreviations SLC7A1, SLC7A2,
SLC7A3 and SLC7A4 for the four hCAT transporter genes is used. We tried
to illuminate the genomic organization of hCAT genes by aligning known
mRNA sequences of hCATs with the so far published human genomic
sequences.

Methods

The CAT sequences were aligned via internet by the BLASTN (version 2.0.14) program
(Altschul et al., 1997) against the human contigs of all chromosomes published by the
“International Human Genome Project” (November 2000). To search also unfinished
human genome sequences, alignment was additionally performed against the “htgs”
database. The alignment was carried out with the following sequences: hCAT1 (accession
numbers (AC): X59155, X57303 and AF078107), hCAT-2A (AC: U76368), hCAT-2B
(AC: U76369 and D29990), mouse CAT-3 (AC: U70859), rat CAT-3 (AC: AB000113),
and hCAT-4 (formerly named CAT-3; AC: AJ000730). Alignment between sequences of
corresponding exons or regions within the exons was performed with PC-Gene™ (version
6.85).

Results and discussion
hCAT-1

The partial genomic organization of hCAT-1 had already been described by
Yoshimoto et al. (1991). They have concluded from a cosmid clone, obtained
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from a cosmid library derived from human lymphocytes, that the open
reading frame of hCAT-1 consists of 11 exons and 10 introns. The genetic
position was localized to chromosome 13q12—-q14 (Albritton et al., 1992). In
agreement with this, we have identified two genomic DNA sequences located
to chromosome 13 (AC: AL353601 and AL163532) with the highest align-
ment score for hCAT-1 mRNA sequence in the “htgs” database. It was
possible to identify the consecutive hCAT-1 gene sequence from exon 1-11
within the 5 unordered piece of the sequence AL353601 which consists of
6 unordered pieces (contigs). The untranslated exons (—1) and (—2) were
localized within the 9" and the 3 unordered piece of the sequence AL163532
(consists of 9 unordered pieces), respectively. Accordingly, a genomic
structure of at least 13 exons (11 translated and 2 untranslated) is deduced
(Fig. 1A), and a size of 21.8kb was estimated for the gene region containing
only the translated exons. The introns between the untranslated exons seem
to be very large because overlapping regions of the published sequences
can not be detected. All exon-intron junctions showed 5’-gt-donor and ag-3’-
acceptor sites and are therefore conform to eukaryotic consensus splice
junction sites (Breathnach and Chambon, 1981). Arrangement, boundaries
and lengths of the exons are shown in the lower part of Fig. 1A and Table 1.

Alignment of the three published hCAT-1 cDNA sequences (X59155,
X57303 and AF078107 shows only in one position a discrepancy which results
in a change of deduced amino acid sequence (Table 2). The genomic sequence
is identical to the cDNA sequence X59155 except for one nucleotide (C to G
change of position —129; the first nucleotide of the start codon ATG being
position 1) in the untranslated exon (—2).

hCAT-2

Hoshide et al. (1996) showed that the hCAT-2 gene is localized to
chromosome 8p21.3—p22. In agreement with this, we have identified a ge-
nomic DNA sequence located to chromosome 8p21.3-p22 (AC: AB020863)
with the highest alignment score for hCAT-2A and hCAT-2B mRNA se-
quences. The first nucleotide of exon (—1) starts at position 52,697 and the
last nucleotide of the last exon (12) ends at position 78,957. Altogether 13
exons and 12 introns could be identified in this sequence (Fig. 1B, upper part),
and a size of 21.6kb was estimated for the gene region containing only the
translated exons. As the published cDNA (AC U76368) contained additional
47 nucleotides downstream to exon (—1) which could not be identified in the
genomic sequence (AC AB020863), it may be assumed that an additional
untranslated exon (—2) may exist, located at least 52,7kb downstream to
exon (—1). This assumption is supported by the fact that a similar structure
was identified in the gene of hCAT-1. Again, all exon-intron junctions showed
5'-gt-donor and ag-3'-acceptor sites. Arrangement, boundaries and lengths of
the exons are shown in the lower part of Fig. 1B and Table 1. The splice
variants hCAT-2A and hCAT-2B use exon 7 and 6, respectively, at the same
position of the mRNA. The splicing occurs within a triplet (Ser 352) and the



R. Hammermann et al.

214

4} L'99 1 zIs % €1z 4} ST 1
€ 9 1 € 90L 01 1 L'69 01 601 € 601 1 601 01

01 $'69 6 L9T 01 L91 6

6 $'99 8 902 6 81C 8

14 669 8 14 0°L9 L 8 c'es L €01 8 €01 L

(V) L 0€L 9 LET (V) L

(@9 008 9 79 14 ov1 (@9 ovl1 9

S SeL S €72 S €T S

% v'SL % vET % l %

€ 669 € 991 ¢ SLY €

14 769 14 9ST 14 651 14

I 6TL T 86€ I 8¢ T
I— 0vS 1= STO°T T 9Z1 I— 001 -
¢ - ¢ - ce= i~
xq [%] Xq xq [%] xq Xq [%] xgq [dq] xq [dq] xq [dq] xq
P-LVD 01 7-LVD -LVD 01 [-LVD -1LVD 01 [-LVD -LVO -1VO 1-LVO
A3o[owoy elielg)

JUSIUSAUOD JOU 9I0J2IaY} oIk pue sisjoweled arem)jos uo A[oSre] puadop sjuewuSI[e ISY)O0 JO SINSOI Y, “9ZIS [BOIIUIPT M SUOXD o)
woJy pue A3ojowoy 3saySIY Yim U031 9} WOIJ UMOYS AJUO IR - VD 01 ‘A[0A1n0adsal ‘z- 1, v pue [- V) U2am1aq SAIS0[0WOoH ‘- VDY pue
“C-1VOU ‘T-LVOY s1errodsuen) proe ourwe druoned uewiny aY) Jo suoxa Jurpuodsarrod Jo ssrojowoy pue syiSus] uoxa Jo uostredwo)) °T S[qel



Exon-intron structure of human CATs 215

Table 2. Documentation of sequence differences between published cDNA and genomic sequences of
hCAT-1 and hCAT-2 which lead to changes in deduced protein sequences. Compared are the cDNA
sequences X59155, X57303, AF078107 (hCAT-1), U76368 (hCAT-2A), D29990 (hCAT-2B) and the
genomic sequence AB020863 (hCAT-2). The amino acids (three-letter symbols) which are deduced
predominatly from the corresponding nucleic acid sequences are highlighted in bold letters

Nucleotides  Amino acids Nucleotides  Amino acids Nucleotides  Amino acids
position  name position name position  name
hCAT-1
X59155 (CAT-1 cDNA) X57303 (CAT-1 cDNA) AF078107 (CAT-1 cDNA)
G 23 Arg C 23 Pro G 23 Arg
hCAT-2
U76368 (CAT-2A cDNA) D29990 (CAT-2B cDNA) AB020863 (CAT-2A/B genomic
DNA)
T 134 Trp G 134 Gly T 134/134 Trp
T 364 Ile A 364 Asn T 364/364 Ile
AC 519 Thr TA 520 Tyr AC 519/520 Thr
A 530 Thr G 531 Ala G 530/531 Ala
A 546 GlIn A 547 GlIn T 546/547 Leu
A 551 GlIn G 552 Arg A 551/552 GlIn
G 565 Ala A 566 Thr G 565/566 Ala
GC 567 Ser CG 568 Thr GC 567/568 Ser

first five deduced amino acids are identical between the two variants. Thus,
the splicing starts earlier than expected from differences in the amino acid
sequences (Closs et al., 1997).

Furthermore, the genomic sequence allows the clarification of the un-
identified position (—34) of the mRNA sequence (AC U76368): N should
be replaced by GC. Of the few differences between the published mRNAs
and the genomic sequences only those resulting in changes of the deduced
amino acids might be mentioned and are summarized in Table 2. Whether
these differences reflect sequencing errors or genetic variability within the
population which might even have functional significance remains to be
evaluated. Noteworthy, most of the differences are located at the carboxy
terminus of the protein.

hCAT-3

Although hCAT-3 has already been cloned, its nucleotide sequence is not yet
available, but its deduced amino acid sequence has been given as 83.4% and
81.6% identical to rat and mouse CAT-3, respectively (Vékony et al., 2000).
Using the mouse or rat CAT-3 nucleotide sequence a homologous human
genomic sequence could not be identified in the databases.

hCAT-4

hCAT-4 had been localized to chromosome 22q11.2 (Sperandeo et al., 1998).
In agreement to this, we have again identified two genomic sequences located
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to chromosome 22q11.2-q13.2 (AC: AC002472 and AB002059) with the high-
est alignment score for hCAT-4 mRNA sequence. The first nucleotide of exon
1 starts at position 71,086 and the last nucleotide of the last exon (4) ends at
position 74,217. This results in a gene structure of only 4 translated exons and
3 short introns (Fig. 1C, upper part), and a size of 3.1kb was estimated for the
gene region containing only the translated exons. As the published cDNA
(AC AJ000730) contained additional 38 nucleotides downstream to exon 1
which could not be identified in the genomic sequence (AC AB002059), it
may be assumed again that an additional untranslated exon (—1) may exist,
located at least 3.2kb downstream to exon 1. Again, all exon-intron junctions
showed 5’-gt-donor and ag-3'-acceptor sites. Arrangement, boundaries and
lengths of the exons are shown in the lower part of Fig. 1C and Table 1.

Surprisingly, the published cDNA sequence (AJ000730) and the genomic
sequences (AC002472 and AB002059) reveal sequence differences in three
positions which lead to a frame shift in deduced hCAT-4 protein sequence
over a stretch of 40 amino acids (Fig. 1C). On principle, genomic sequences
published by the “International Human Genome Project” appear to have a
higher level of verification than cDNA sequences characterized by a single
group. Furthermore, the unusual amino acid sequence deduced from the
cDNA sequence (14 prolines within this region of 40 amino acids) questioned
the cDNA sequence (Fig. 1C). Nevertheless, further studies of hCAT-4 se-
quence and future alignments to other species are needed to solve this
discrepancy.

Concluding remarks

Strikingly, the genomic organization of the genes of hCAT-1 and hCAT-2
is almost identical. All exons have similar (7 exons) or even equal length (5
exons) (Table 1), but different sizes of introns between corresponding exons
of hCAT-1 and hCAT-2. This indicates that “important information” (exons)
resulting in deduced protein sequences is much more conserved than
“unimportant information” (introns) during evolution. Nevertheless, the gene
sizes from the regions containing only the translated exons of hCAT-1 and
hCAT-2 are almost identical. Additionally, both genomic structures contain

<

Fig. 1. Genomic organization of the human cationic amino acid transporter hCAT-1 (A),
hCAT-2 (B) and hCAT-4 (C) and their relationship to the spliced mRNAs. In the upper
panel of each part, the genomic structure of the genes is illustrated schematically as
speckled bars (exons) and open regions (introns) with the exact intron length in basepairs
given under the line. Arrows indicate start and stop codons. Hatched bars represent an
exon which has an corresponding exon of exactly 109 basepairs in each of the three hCAT
genes. The black bars show the region of the highest homology between all three genes.
In the lower panel of each part the exon boundaries of the mature mRNAs are shown in
open boxes. The entries of the exons are given with respect to the ATG start codon and
the numbers of deduced amino acids (AA) are presented in parenthesis. Part C reveals
additionally the alignment of a deduced region of hCAT-4 protein sequence (AA 154
193) which is different between the two published nucleic acid sequences (Accession
numbers of mRNA sequence [AJ000730] and of genomic sequence [AC002472])
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an untranslated exon (—1) of similar size and probably an additional exon
(—2) may exist with a relatively large distance downstream to exon (—1) (Fig.
1). The high sequence homology between corresponding exons of hCAT-1
and hCAT-2 is a further argument that these two genes are evolutionary
closely related. In contrast, the genomic organization and size of the hCAT-
4 gene is largely different, indicating a greater evolutionary distance to the
two other CAT genes. This genomic distance seems to correlate to functional
differences, as hCAT-4 appears to require additionally expressed factors to
function as transporter for L-arginine (Wolf et al., 2000).

The homology analysis of the three hCAT genes (Table 1) revealed
several interesting points: 1) The highest homology is observed between exon
7 of hCAT-1 and exon 8 of hCAT-2 and both exons show high homology to a
sequence segment within exon 2 of hCAT-4 (marked in Fig. 1 as black bars,
Table 1). The high conservation of this region suggests that it may encode an
important functional or regulatory domain. 2) Exon 3 of hCAT-4 has
corresponding exons of identical length (109 basepairs, Table 1) in hCAT-1
and hCAT-2 (given as hatched bars in Fig. 1). 3) Exon 6 of hCAT-1 has a
much higher homology to exon 6 of hCAT-2 (= hCAT-2B) than to exon 7 of
hCAT-2 (= hCAT-2A). This correlates with the functional properties of
CAT-1 and CAT-2B being high affinity CATs and CAT-2A being a low
affinity CAT.

The present analysis reveal that the genes of hCAT-1, hCAT-2 and
hCAT-4 contain large 5'-untranslated sequences with at least 1-2
untranslated exons. Interestingly, the mouse CAT-2 gene shows the presence
of diverse 5’ untranslated sequences in mCAT-2 transcripts which are dis-
persed over 18kb and which were obviously expressed in a cell specific man-
ner (Finley et al., 1995). Therefore, it appears possible that the hCAT genes
may contain additional, so far unidentified, untranslated exons which may be
used alternatively. Altogether, the complex structure of CAT genes suggest
that very precise mechanisms may control their expression. The illumination
of these processes will be a very interesting, but difficult task in the future.
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