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Summary

A cystinuria disease gene (rBAT) has been recently iden-
tified, and some mutations causing the disease have been
described. The frequency of these mutations has been
investigated in a large sample of 51 Italian and Spanish
cystinuric patients. In addition, to identify new mutated
alleles, genomic DNA has been analyzed by an accurate
and sensitive method able to detect nucleotide changes.
Because of the lack of information available on the geno-
mic structure of rBAT gene, the study was carried out
using the sequence data so far obtained by us. More
than 70% of the entire coding sequence and 8 intron-
exon boundaries have been analyzed. Four new muta-
tions and seven intragenic polymorphisms have been
detected. All mutations so far identified in rBAT belong
only to cystinuria type I alleles, accounting for ~44%
of all type I cystinuric chromosomes. Mutation M467T
is the most common mutated allele in the Italian and
Spanish populations. After analysis of 70% of the rBAT
coding region, we have detected normal sequences in
cystinuria type II and type Il chromosomes. The pres-
ence of rBAT mutated alleles only in type I chromo-
somes of homozygous (type I/I) and heterozygous (type
I/IIT) patients provides evidence for genetic heterogene-
ity where rBAT would be responsible only for type I
cystinuria and suggests a complementation mechanism
to explain the intermediate type I/type III phenotype.

Introduction

Cystinuria (MIM 220100) is a heritable disorder of
amino acid transport, transmitted as an autosomal reces-
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sive trait. The disease is one of the most common genetic
disorders, with an overall prevalence of 1/7,000, ranging
from 1/2,500 in Israeli Jews of Libyan origin to 1/15,000
in the United States, according to newborn-screening
programs (Segal and Their 1989). Cystinuria is caused
by the defective transport of cystine and dibasic amino
acids through the brush border epithelial cells of the
renal tubule and intestinal tract (Rosenberg et al. 1965).
Three types of classic cystinuria have been described
(Rosenberg et al. 1966a). Type I heterozygotes show
normal amino aciduria, whereas types II and III hetero-
zygotes show high or moderate hyperexcretion of cystine
and dibasic amino acids, respectively. In contrast to type
I and II homozygotes, type III homozygotes show an
increase in cystine plasma levels after oral cystine admin-
istration. These differences were thought to be due to
allelism of the same gene (Rosenberg et al. 1966b).

rBAT, named in Genome Data Base “SLC3A1,” is a
human kidney cDNA that elicits the transport of cystine,
dibasic, and some zwitterionic amino acids via a b%*-
like transport system in Xenopus oocytes (Bertran et al.
1993; Lee et al. 1993). This gene is expressed in the
brush border plasma membrane of both the proximal
straight tubules of the nephron and the small intestine
(Furriols et al. 1993; Pickel et al. 1993)

Recently we have identified six cystinuria-specific mis-
sense mutations in the rBAT gene in Italian and Spanish
cystinuric patients. The most frequent mutation,
M467T, reduces the amino acid transport activity asso-
ciated with rBAT in Xenopus oocytes, thus demonstra-
ting the direct involvement of rBAT in determining the
disease (Calonge et al. 1994). Four additional mutations
were recently reported by Pras et al. (1994b). Neverthe-
less, the majority of cystinuric chromosomes had still to
be characterized in our population and correlated with
one of the three disease phenotypes.

Therefore, to increase this figure, we decided to search
for new mutations on genomic DNA using the RNA-
SSCP technique (Sarkar et al. 1992; Bisceglia et al. 1994)
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on a panel of 51 Italian and Spanish cystinuric patients.
Primers for the PCR reaction have been designed on the
genomic structure of rBAT that is now under completion
(authors’ unpublished data). Moreover, whenever possi-
ble, genotype-phenotype correlations have been per-
formed relating the rBAT mutated alleles to one of the
types of classic cystinuria described above.

Methods

Patients and Amplification of Genomic DNA

Fifty-one Italian and Spanish cystinuric patients were
collected. All patients had typical symptoms of cystinu-
ria. Urinary excretion values of cystine and dibasic
amino acids (lysine, arginine, and ornithine) were deter-
mined by quantitative ion-exchange chromatography or
reverse-phase high-pressure liquid chromatography.
Amino acid content measurements were corrected per
gram of creatinine. Patients and their relatives were
typed according to the classification of Rosenberg and
coworkers on the basis of the urinary concentrations of
cystine and dibasic amino acids corrected per gram of
creatinine (Rosenberg et al. 19664; Sally 1978; Goodyer
et al. 1993). Cystinuria patients were assigned as type I/
I when their obligate carriers (i.e., parents and offspring)
showed normal urinary excretion values. The average
and range of urinary cystine and dibasic amino acid
levels in the type I heterozygotes of this study (range of
the sum between 76 and 632 pmol/g creatinine) agree
with values reported elsewhere (Rosenberg et al. 1966b;
Sally 1978; Goodyer et al. 1993). Obligate carriers
showing urinary excretion values higher than the ranges
of type I heterozygotes for at least one amino acid and
for the sum of urinary cystine plus dibasic amino acids
were classified as non-type I heterozygotes. Among
them, it was possible to distinguish, according to the
range of values reported by Goodyer et al. (1993), be-
tween type II (range of the sum between 2620 and 15310
umol/g creatinine) and type III (range of the sum be-
tween 773 and 5055 pumol/g creatinine). Patients for
which one parent was type I heterozygote and the other
a type III were classified as type IIII, and patients for
which the parents were both type III heterozygotes were
considered as type IIVIIL Six patients were generically
classified as non—type I (type IVIII or type IVII), while
a large proportion remained undefined because urinary
excretion values of obligate carriers in their families
were not available.

Genomic DNA was isolated from peripheral blood
lymphocytes according to standard protocols. DNA am-
plification by PCR was carried out according to standard
protocols by incorporating the T7 phage-promoter se-
quence into one of the PCR primers. In this manner,
the amplified product can be processed by RNA-SSCP
technique. Ten different pairs of primers were designed
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after the partial definition of the genomic structure of
rBAT. The sequences of the primers, their location, and
the size of the amplified products are reported in ta-
ble 1.

Search for New Mutations

The search for new mutations was carried out by
RNA-SSCP technology according to protocols described
elsewhere (Sarkar et al. 1992; Bisceglia et al. 1994).
After PCR reaction, transcription was carried out with
10 U of T7 RNA polymerase in a final volume of 10 pl
containing 10 mM DTT, 40 mM Tris pH 7.5, 6 mM
MgCl, 2 mM spermidine, 10 mM NaCl, 5 nmol of each
ribonucleoside, 10 U of Rnasin, and O.2 ml of S35 UTP.
Two microliters of transcribed RNA were mixed with
48 ul of 95% formamide, 20 mM EDTA, 0.05% bromo-
phenol blue, and 0.05% xylene cyanol. The mixture was
heated at 95°C for 6 min and then chilled on ice for 10
min. An aliquot of 4.4 pl was then loaded onto a 6.5%
nondenaturing polyacrylamide gel. Electrophoresis was
performed at 30 W constant power for 13 h. After elec-
trophoresis, the gel was dried and subjected to autoradi-
ography for 12 h. Samples showing an electrophoreti-
cally altered mobility were then sequenced on an
automatic sequencer (Applied Biosystem 373A) ac-
cording to manufacturer’s protocols. New mutations
and polymorphisms found were also checked by restric-
tion enzyme digestion.

Screening for Known Mutations

The frequency of the mutations previously described
in the rBAT gene was assessed by PCR followed by
enzyme restriction digestion as described by Calonge
et al. (1994). When necessary, a modified primer was
designed to construct a restriction site according to the
restriction site—generating PCR (RG-PCR) protocol
(Gasparini et al. 1992). In both cases, the primers and
reaction conditions used were as described by Calonge
et al. (1994).

Results

The majority of the rBAT coding regions (~73% of
the total), almost half of intron/exon boundaries (8 of
18), and some intron sequences (on average, 50 bp on
each side of the exons) have been investigated in a sam-
ple of 51 Italian and Spanish cystinuric patients, includ-
ing the 13 patients analyzed in our previous work (Ca-
longe et al. 1994). The method of choice was the RNA-
SSCP technique.

Table 2 summarizes the overall number of new muta-
tions and polymorphisms detected in rBAT gene and
described in the present paper. So far, four new muta-
tions and seven polymorphisms have been identified.
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Table |

Description of rBAT Primers Utilized in the Present Work

Fragment Size Primer (nucleotide position)

1 e 370 GAAGGCACTCCGAAGACATAA (—32; —12)
AGAGAGGGCAATGATGGCTA* (333; 315)

2 e 208 AACTGGACTACATCACAGCT (443; 462)
TCATCCCCATCTTGCCCACT* (610+35; 610+16)

K IR 212 TTAGCCATTACTGTGCCTGG (611-82; 611-63)
TTCATGGGTACAGTCATGCC* (793; 774)

4 e 203 ACGGTTCTGGCTCACAAAG* (900; 918)
TAACTGGTATCTCAGGCTGAG (1011+86; 1011+66)

S e 218 ACATTCATATAGAGCGAGCTG* (1012-73; 1012-53)
AGCCTGGGAAGAAATGAGAGC (1136+37; 1136+17)

[ 290 CCTACATCTTGTACATGCAAG (1137-94; 1137-74)
GGCTAGTTTTCCAATCCAGGA®* (1308; 1278)

/. 179 GCGTTTGGGGAATCAGTATG (1365; 1384)
ATAGCTGTGATGAATAGTC? (1500+38; 1500+20)

8 s 136 GTAAATCAGGACCAAAGCACAT® (1501-72; 1501-50)
CTATTGTCCCACTGCATTGGT (1541; 1521)

L R 336 AAGACTCAGCCCAGATCGGC* (1624; 1643)
CGTGTTGTGTTCAAAGATGAG (1958; 1936)

10 ......... 344 GAGAGCTGGATGGCATCGA* (1751; 1769)
GCCAGTGTCTTCATCTCTTC (2088; 2069)

2 Primer to which the T7 phage-promoter sequence has been added, to perform RNA-SSCP analysis.
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Description of New Mutations

A deletion involving the nucleotide A at position 1749
of rBAT gene sequence (1749delA) was found in 1 chro-
mosome of an Italian patient and in none of the 100
normal chromosomes analyzed. This frameshift muta-
tion leads to a stop signal 14 codons downstream and
can be detected by RG-PCR protocol creating a Ddel
restriction site (table 2).

A C-T substitution at nt position 1093 of the gene
was found in one affected chromosome of Italian origin.
This point mutation changes an arginine codon (CGG)
to a tryptophan one (TGG) at position 365 (R365W).
It was found in a patient who was also carrying the
mutations R181Q and T652R. Because parents are de-
ceased, it was not possible to define which of the three
mutations cosegregates with the disease. Mutation
R365W destroys a Mspl and creates an AlwNI site and
was never found on 108 normal chromosomes. We were
not able to classify the cystinuric chromosomes carrying
either of these new mutations into one of the three differ-
ent biochemical types of cystinuria.

A T—-C substitution at nt 1943 of rBAT gene sequence
was also detected. The normal codon TTT, which codes
for the amino acid phenylalanine at position 648,
changes to a TCT serine codon (F648S). It was found
in a type I affected chromosome and never in normal
ones (0/108). The mutation can be analyzed using the
RG-PCR method creating a Ddel restriction site. Men-
delian inheritance from the parents was confirmed by
PCR followed by enzymatic digestion.

The fourth mutation is a T=C substitution at nt posi-
tion 1744 of the gene. This point mutation changes a
tyrosine codon (TAC) to a histidine one (CAC) at posi-
tion 582 of the rBAT gene sequence (Y582H). It was
found in an affected chromosome of a type I patient
carrying on the other chromosome the M467T muta-
tion. None of the 100 normal chromosome analyzed
carried this alteration. This mutation destroys a Rsal
and creates an Apall restriction site. Mendelian inheri-
tance from the parents was confirmed by PCR followed
by enzymatic digestion. An overall distribution of the
mutations here identified and of those previously de-
scribed, along a schematic representation of the rBAT
protein, is given in figure 1. This model of the rBAT
protein, containing four membrane-spanning domains,
is based on limited proteolysis and peptide-directed anti-
rBAT antibody studies (Mosckovitz et al. 1994), as ini-
tially proposed for the rat rBAT protein itself (Tate et
al. 1992). No mutations have yet been found in the first,
second, or fourth transmembrane domain. The stop co-
don or the frameshift mutations R270X, 1306insC, and
1749delA result in the lost of 3, 2, or 1 transmembrane
domains, respectively.

Description of Sequence Variants and Polymorphisms

Seven mutations were detected. Four of them were
found only on affected chromosomes, while the re-
maining three were also found on normal ones (table
2). At nt 114 of the rBAT sequence a substitution C—A
(114 C—A) was detected in 20 (.21) of 94 affected chro-



*$193u32 1o Juipusne syuaned |, woly Sulsize sawosoworys sumunsAd> 7y jo sjdwes € uo

PIIENJEAS U33q SBY PIQLIOSIP 213y SUOEINUI INOJ Y3 JO 3UO YB3 Jo ‘suonendod no ur ‘Aouanbay sy sj030303d YHG-OY 01 Burprodoe 1ounad sisousSeanw € 4q paread aiis UONOLISAI € 9zIuB0093 Jey) SIwAzZug ,
*30uanbss YN LV§2 10 U0Pod DLV 183§ Y3 JO FUIUSPE 3y | JquInu s SULIIPISUOD Pajunod ase

SapnospPnu Ay | ‘suoneInjy uewnp uo AINJE[OUIWON Jeuonzeusau] ay3 03 wﬂmvuOuuw pai13ja1 a1 mow-_GSO apuoadN

u 3y, s3usned sununsk> ur paynuapr swsiydiowAjod pue suoneinur mau jo uondusssq—LLON

TITT-061T /£-0D(0)VVLIDLLLODOVVOVOLLLYD-,S
790T-£¥0T +£-OVODOV.LLOLODIOOVLVID-.S 001/¥€ v6/6T e Jdnisq 6813 L 10D ALN-€ L1/0681T
SS8T-LL81 £-LOL(D)LIDDVV.LLOVIODLLYVD-,S
8¥L1-8TL1 £-D(LIDVIOLOLLOLVIOVIOOVD-,S o1 001/¥€ v6/6C JVisq ys8ren IOy 819310 N O/VYS81
8€+00S1-0Z+00S1T £-DLOVLVVOLVOLOLOOV.LYV-S
L6ET-SLET £-V(OIDLVOLODVVILOLVIOVIOLYV-.S L °01/0 ({119} 14 €13 10D a8ueyp ee oN LOELYT
ESYI-TUYT «£-D0LLVOODLLLVLVVOVLDD-,S
L6ET—SLEL £-V(D)DLVOLODVVILOLVIOVILYYV-,S L 001/0 °1/1 I3PN 86€T 38 LI0D 38ueyd ee oN L/086¢€1
LIHLETT-LE+LETT £-DOVOVOLVVYVOVVOIDOLODOV-,§
LSOT-8€01 +£"VOOVIOVIOLLOVOLVOOV.LO-.S S 08/ /e 2P €+9€1138 D 10 | 9 uonut ,¢ LIPP €+9¢11
v6E—€1Y £-LLDOLOLOV.LLOLIODLVID-,S
TI—-7¢—- £ VVLVOVOVVODDLOVIOOVYD-,S 1 091/0 ({0974t 1°ra I€cieyiIo L a8ueyd ee oN V/LIET
STI-SET /£-LOOV(V)LLOLOLOLLODVOLLY-S
T—-7¢- £-VVLVOVOVVOIDLOVOOOIVYD-,S 1 001/LT ¥6/0T JIIa#H vty 38ueyd ee ON 074441
swisiydiowdjog
Yr61-S961 £-VOLOIDLOLIOLODLLDLLYOVD-,S
8YL1-8TL1 £-2(LIDVIDLOLIOLVIOVIOOVD-,S 6 001/0 win 12Pa 6vL1 3 Y JO [9p Yiysawery VIPP6vLL
‘gonasur
‘uonspp
‘Yrysowesy
br61-5961 £ VOLOIDIOLLOLODLLOLLYOVY-,S
8¥L1-8TL1 £-D(LOVIDLOLILOLY.LOVIIOVD-,S 0t 801/0 win Bdd P61 38 DL 849 18 136-3Yq S8v94
Yr61-S961 £-VOLOIDLOLIOLODLLDLLYOVD-,S
8YL1-8TL1 £-D(LIDVIDLOLIOLVIOVIDDVD-,S 6 001/0 win 175y I12dy YrL1 3B DL 78S 38 SIH-IAL HT8SA
LI+LETI—LE+LETT £-DOVOVOLVVVOVVOIDDIDDOV-,S
LSOT—-8€0T «£-VOOVIOVIOLLOVOLYOOVLID-,S ) 801/0 win IS IN7?Y €601 38 1D  §9¢ te difSiy AT
:ISUISSTAT
NOLLISOd SHIV] ¥IWRIJ AINGWOVYY  SONNNLISAONON  SONMNNILSAD  QIAOYISA QILVIE) FONVHD FONENDIS TFNVN
FALLOTTONN dDSS-VNY AALLOTTONN ONIAOD
AONENOTIY LIS NOLLONLLSTY NO 103447

sudn | vgd a3y ui swsiydiowdjod pue suonenyy

T 3qelL



Gasparini et al.: Molecular Genetics of Cystinuria

R270X

@
1306insC F648S

T652R

sdelt1o2p (685 aa)

Figure | Localization of cystinuria-specific tBAT mutations
along a schematic representation of the model of the rBAT protein
suggested by limited proteolysis and peptide-directed anti-rBAT anti-
body studies (Mosckovitz et al. 1994). Missense mutations (P128Q,
R181Q, R365W, Y582H, P615T, F648S, T652R, and L678P) are
shown by circles, and stop codons or small deletions or insertions
(R270X, 1306insC, and 1749delA) are shown by squares. A large
deletion (5'del1992) involving the N-termini with loss of the first six
exons and of the first transmembrane domain is comprised between
two triangles. Two mutations (M467T and M467K) are located in
the third transmembrane domain, while no mutations have yet been
found in the first, second, or fourth transmembrane domain. Muta-
tions R365W, Y582H, 1749delA, and F648S are described in this
paper for the first time. Mutations R181Q, M467T, M467K, P615T,
T652R, and L678P were previously described by our group (Calonge
et al. 1994), while mutations 5'del1192, P128Q, R270X, and
1306insC were described by Pras et al. (1994b).

mosomes and in 25 (.27) of 94 normal ones. It can be
analyzed by RG-PCR, creating a HindIII restriction site.
This frequent polymorphism has a PIC value of .32.

A T-A substitution at nt 231 (231 T—A) was found
in 12 affected chromosomes in complete linkage disequi-
librium with the presence of the mutation M467T. It
could be easily detected by Ddel restriction digestion.

A deletion of a T three bases downstream the nt 1136
was found in an Italian family (1136+3delT). This mu-
tation, located at the splicing junction site, could in-
crease the strength of the splicing itself, as deduced by a
computer-model analysis performed using the SIGNAL
program (Staden 1984). The mutation creates a Maelll
restriction site.

A nucleotide substitution C=T was found at position
1398 of an Italian affected chromosome (1398 C-T).
Being a third base-position change it does not modify
the amino acid codon. It could be analyzed by RG-PCR
protocols (Ndel restriction digestion).

A C-T substitution was found at nt position 1473
(1473 C-T), on one affected chromosome. It can be
investigated by restriction digestion (Alul site).

An A—G substitution was detected at nt position 1854
(1854 A—G). This sequence polymorphism leads to an
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amino acid change from an isoleucine to a methionine.
It is frequent on both affected (29 of 94) and normal
(34 of 100) chromosomes and can be easily analyzed by
RG-PCR, creating an BsmAl site.

A T—C substitution in the 3’ UTR of the gene at nt
position 2189 (2189 T—C) was also found. This poly-
morphism is in complete linkage disequilibrium with
the 1854 A—G polymorphism. Both of these two last
polymorphisms have a PIC value of .35.

Genotype-Phenotype Relationships

Table 3 reports the distribution of the rBAT mutated
alleles in the different types of cystinuria. Seventeen of
102 affected chromosomes carry an identified mutation.
Among them, nine corresponded to the M467T muta-
tion (9 [.53] of 17), which is so far the most common
cystinuric mutation in the Spanish and Italian popula-
tion.

Among patients classified as type I/I homozygous, a
proportion of ~50% of affected chromosomes (8 of 16)
has been characterized for the presence of mutated al-
leles in rBAT gene. Three chromosomes arising from
patients classified as compound heterozygous type I/III
also carried a rBAT mutated allele (3 [.33] of 9). In all
cases, the mutated allele belongs to their type I heterozy-
gote parent. Pooling all type I chromosome, the final
figure of characterized chromosomes is 44% (11 of 25).
A proportion of 28% of type I affected chromosomes
carries the M467T mutation (7 of 25). This figure has
been further corrected to 24% (12 of 50), adding 25 new
type I chromosomes (data not shown). No cystinuria-
specific mutation has been detected in the rBAT gene of
37 type II and type III affected chromosomes.

Discussion

After the identification of a gene causing a common
genetic disease, the obvious goals are the detection of
almost all mutated alleles and the assessment of their
frequency in large samples. The knowledge of these data
could lead to a rapid and accurate molecular diagnosis
of the disease, proper genetic counseling, and the possi-
bility of planning population-screening programs.

At the beginning of the present work, three important
data were well established: there was a gene recently
identified (rBAT), some different disease-specific muta-
tions in this gene were known, and there was a general
agreement that the three cystinuria types were more due
to allelism of the same gene than to genetic heterogeneity
(McKusick 1992).

Taking this into account, we decided to assess the
frequency of the disease-specific mutations previously
reported in a large sample of cystinuric patients. This
analysis failed to be conclusive, because only few af-
fected chromosomes were positive in the screening. To
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Table 3
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Description of the Results Obtained after the Mutational Analysis of the Panel of 51 Unrelated Cystinuric Patients and

Relationship with the Three Classical Cystinuria Phenotypes

Other Type I/I

Type 1 Type V1T Type NI Type IV Undefined Total
No. patients .......c.ceeeereereeunenee 8 9 8 [3 20 51
Positive chromosomes 8 3/0 0 0 6 17
Negative chromosomes ......... 8 6/9 16 12 34 85

increase this figure it was decided to search for new
mutations by using the RNA-SSCP technology, an accu-
rate and sensitive method able to detect almost all kinds
of nucleotide alterations present in a given DNA frag-
ment (Sarkar et al. 1992; Bisceglia et al. 1994). Initially,
this strategy was applied to the analysis of patients
cDNAs according to our previous experience (Calonge
etal. 1994). Soon after, increasing the amount of prelim-
inary information we were producing on rBAT genomic
structure, it was possible to screen >70% of coding
regions of the gene and 8 intron/exon boundaries di-
rectly on genomic DNA. This approach is less time con-
suming and less expensive than the cDNA approach.

Four new mutations causing disease have been identi-
fied. One is a frameshift mutation that leads to a trun-
cated rBAT protein, while the remaining three affect
residues that are highly conserved across species (i.e.,
rat and rabbit). There are some doubts about the role
of mutation R365W, found in a patient carrying also
the R181Q and T652R mutations. Because none of these
alleles has been evaluated by functional studies (i.e.,
Xenopus oocytes expression), it is impossible to estab-
lish which one is a protein variant.

The seven intragenic polymorphisms here described
are useful tools for linkage analysis and evaluation of
informativeness in at-risk families. However, the pres-
ence of the nucleotide C at position 2189 is in complete
linkage disequilibrium with the presence of the nucleo-
tide A at position 1854, while a T at position 2189 goes
with a G at position 1854. At the same time, a C at
position 114 is frequently associated with an A at posi-
tion 1854. This finding reduces the informativeness of
these polymorphisms to the information given by any
one of them. Nevertheless, in many pedigrees, the segre-
gation pattern of one of these polymorphisms can be
sufficient to establish whether rBAT is related to the
disease. The combination of these polymorphisms also
defines two frequent haplotypes, which are equally dis-
tributed on normal and affected chromosomes.

Classifying, on the basis of their urinary parameters,
the affected patients in the three different cystinuria phe-
notypes, we were able to demonstrate that all chromo-
somes carrying an rBAT mutated allele belong to type

I. Type II and type III chromosomes never carried an
rBAT mutated allele. These data, combined with recent
linkage results (Calonge et al., in press), provide strong
evidence for the genetic heterogeneity of cystinuria. Our
findings are in contrast with the general agreement of
cystinuria as a genetically homogeneous disorder and
with a recent report of homogeneity in Jewish families
(Pras et al. 1994a). But Italians and Spaniards have dif-
ferent genetic backgrounds from those of Jews and are
more heterogeneous populations. Moreover, genetic ho-
mogeneity in Jewish families can be explained on the
basis of phenotypic homogeneity, although no pheno-
typic characterization of individuals was reported.

In addition, we demonstrated that mutation M467T
is the most common cystinuric allele in our population
and that ~50% of all type I cystinuric chromosomes
still need to be characterized. Thus, we should further
search in the coding regions not yet analyzed (~30%)
and in the promoter sequences not yet isolated.

The finding of type Utype IIl compound heterozygotes
patients positive for the presence of rBAT mutations in
the type I allele, but negative in the type IIl one, suggests
that cystinuria could be due, in many cases, to comple-
mentation, as recently hypothesized by Goodyer et al.
(1993), on the basis of biochemical data. In our case,
the complementation model provide for an interaction
and expression of mutated alleles of two different genes,
one for cystinuria type I (rBAT) and the other for cys-
tinuria type IIL

Genetic heterogeneity and the complementation
model can better explain some biochemical difference
detectable among the different cystinuria types. First-
degree relatives of type I patients had no abnormal uri-
nary amino acid excretion, while type II and type III
heterozygous individuals show increased amounts of
cystine and the dibasic amino acids in their urine. More-
over, oral cystine loading fails to raise serum cystine
levels in type I and type II patients but results in nearly
normal elevation of plasma cystine levels in type III pa-
tients, thus demonstrating a different intestinal defect.
Genetic heterogeneity also agrees with functional and
immunohistochemical data. Studies with the microper-
fusion of isolated tubules suggest that cystine uptake
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occurs by a high-affinity system located in the proximal
straight tubule (segment S3) and by a low-affinity system
located in the proximal convolute tubule (segment S1
and S2) (Volkl et al. 1982; Shafer et al. 1984). These
last portions are responsible for <90% of the L-cystine
reabsorption, while rBAT, located in the $3-segment of
the proximal tubule (Furriols et al. 1993), should be
responsible for only the remaining 10%.

Candidate genes for cystinuria type II and type III
might be new genes coding for cystine transporters ex-
pressed in the S1 and S2 segments of the proximal tubule
and/or a functionally associated subunit of an oligo-
meric rBAT transporter. First, the rBAT transporter is
localized to the microvilli of epithelial cells in the proxi-
mal straight tubule (i.e., S3 segment of the nephron)
where 10%-20% of the renal cystine reabsorption oc-
curs (Furriols et al 1993; Pickel et al. 1993; Silbernagl
1988). In contrast, the proximal convoluted tubule (i.e.,
S1 and S2 segments of the nephron) is responsible for
the bulk of renal cystine reabsorption (80%-90%)
(Silbernagl 1988). To our knowledge, these cystine
transporters have not been cloned or purified. Second,
the rBAT protein and the cell-surface antigen $F2hc are
the identified components of a family of proteins in-
volved in dibasic and neutral amino transport. It is inter-
esting that for the 4F2hc antigen and for the rBAT pro-
tein association by disulfide bridges to unidentified
subunits of 35-40 kDa has been demonstrated or sug-
gested, respectively (reviewed in Palacin 1994). The
structure and role of the rBAT and 4F2hc putative sub-
units remain to be established.

In conclusion, the present paper gives helpful informa-
tion on how to screen easily a large portion of the cys-
tinuria gene directly on genomic DNA; describes new
mutations causing disease and several intragenic poly-
morphisms helpful for linkage analysis; confirms the
M467T mutation as the most common disease mutation
in our population; and strongly suggests that only type
I cystinuria is due to mutations in rBAT. Finally, for the
first time, we provide some evidence for a possible ge-
netic complementation model able to explain the cys-
tinuria type I/type III phenotype.
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