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1. Introduction

Citrullinemia (OMIM 215700)! is an autosomal recessive disease that is caused by
a deficiency of argininosuccinate synthetase (ASS; EC 6.3.4.5). The clinical,
biochemical and molecular aspects of citrullinemia have been reviewed elsewhere!-3.
So far, we have analyzed almost 200 patients with citrullinemia in our laboratory and
have classified them into three types according to enzyme abnormality and into two
forms according to pathogenesis (Fig. 1)3>8.  The first form is classical form (CTLN1)
found in most patients with neonatal/infantile-onset citrullinemia (type I and type III),
first described by McMurray et al.%; the second form is adult-onset type II citrullinemia
(CTLN2) caused by a liver-specific ASS deficiency. In CTLN1, the enzyme defect is
found in all tissues and cells in which ASS is expressed3-6:10-13.  To date, we have
identificd 36 mutations in the ASS gene located on chromosome 9934 and have
clarified the pathogenesis of most CTLN1 patients at the molecular level14-19,

CTLN1 : classical citrullinemia

gene — ASS mRNA —p | Mutant ASS protein
(36 mutations) [ (35 mutations) Type | : abnormal kinetics
v Type lll : decrease of protein
DNA diagnosis (32) §
CTLN2 : adult-onset type Il citrullinemia
ASSgene __, ASSmRNA > iive;:g;clﬂc :IGCI' ease
normal normal 0 protein
(synthesls or degradation) abnormal distribution
of hepatic ASS

SLC25A13gene
(5 mutations)
v

—> high expression ot
“ hepatic PSTI

?
DNA diagnosis (5) ﬁ
P O A T AN A otha symptoms’ adun_onm

Fig. 1. Classification and characterization of citrullinemia.



In 1968, Miyakoshi et al.20 reported that blood citrulline levels were increased in
hyperammonemia patients with a special type of chronic recurrent hepatocerebral
degeneration described by Inose2l. The special type of hepatocerebral degeneration
differed from a portal-systemic encephalopathy came to be designated as
pseudoulegyric hepatocerebral disease on the basis of the pathological brain changes or
as nutritional hepatocerebral disease on the basis of the metabolic disorders caused by a
highly unbalanced diet or developmental disturbances caused by endocrinal
abnormalities. However, from the enzymological and immunological studies of late-
onset patients with citrullinemia in Japan3-6,10-13,22_ Saheki and co-workers found that
this type of hepatocerebral disease is a type of citrullinemia with a quantitative decrease
of ASS protein specifically in the liver. Saheki classified Japanese citrullinemia
patients into three types and named the quantitative type "adult-onset type II
citrullinemia" to distinguish it from classical citrullinemia type I (qualitative type with
abnormal kinetics caused by missense mutation) and type III (mainly caused by
abnormal splicing of ASS gene)3-6:17,18,

[A SLC25A13 SLC25A12
Chromosome 7921.3 2q24
Gene 160 kb not identified

{18 exons)
mRNA . 3.4kb 33,28 66kb
(liver, kidney) {muscle, brain)
Protein Cltrin Aralar
{875 aa, 74 kDa) (678 aa, 74 kDa)
Deficlency CTLN2 unknown
(8]

Ca2+-dependent mitochondrial carrier (Citrin, Alalar)
1 i
4 EF-hand domains 6 transmembrane spanners

mitochondrial carrier
{UCP, ADT, ORNT, etc)

Fig. 2. Comparison of SLC25A13 and SL.C25A12 [A] and schematic protein

structure of Ca2+-dependent mitochodrial carrier and other mitochondrial carrier
[B). Figure is summarized from the data (Refs. 8, 26, 36, 37, 52, 53 and 54). UCP,
mitochondrial uncoupling protein; ADT, ADP-ATP translocase; ORNT, ornithine
transporter.



CTLN2 is characterized by a liver-specific deficiency of ASS protein with normal
kinetic properties®-3,10-13.22 However, there are no apparent abnormalities in hepatic
ASS mRNA or within the ASS gene locus of CTLN2 patients7-23:24, and the primary
defect of CTLN2 has been unknown for a long time. We have found that 26 of 132
CTLNZ2 patients (24 of 126 families) are apparently from consanguineous parents’, and
sibling cases have been affected?5, indicating that CTLN2 is probably an autosomal
recessive disorder. Most recently, we identified the CTLNZ locus® on chromosome
7921.3 by homozygosity mapping analysis of individuals from 18 consanguineous
unions, a novel SLC25A13 gene®26 that encodes a putative mitochondrial carrier
protein by positional cloning (Fig. 2), and 5 different DNA sequence alterations8 that
account for the mutations in all CTLN2 patients examined (Fig. 3). The SLC25A13
gene encodes a 3.4 kb transcript expressed most abundantly in the liver. The predicted
SLC25A13 protein, designated citrin, encodes a polypeptide of 675 amino acids, is
bipartite in structures, the amino-terminal half harboring four EF-hand domains and the
carboxyl-terminal half having the characteristic features of a mitochondrial carrier, and

is a type of calcium-binding mitochondrial solute carrier protein.

S225X
)
EF
EF NH 2
e/ (FF _coon
851deld
IVS1341G>A

QAN D _Sytosol
’c' l’uor' (A L] o h b {(v, , ;p
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SRORNOSRESON, (X)) o8 *8 a8 L) S90S 0D &
mitochondrial
matrix
& %)
VS114+1G>A 16838Ina23

Fig. 3. Topological model of human citrin and five mutations in CTLN2.
A schematic representation of human citrin is depicted based on the prediction of the

amino acid sequence8, The approximate positions of alterations in citrin caused by the
mutations in CTLN2 patients are indicated.
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2. The Role of Mitochondria in Urea Cycle Metabolism
2.1. Components of the urea cycle

In mammals, the urea cycle is the main mechanism for detoxifying waste nitrogen
(Fig. 4). It involves five enzymes; carbamoylphosphate synthetase (CPS), ornithine
carbamoyltransferase (OCT), ASS, argininosuccinate lyase {ASL) and aigiﬂase (ARG),
and a protein, ornithine transporter (ORNT) which tfansports ornithine from the cytosol
to the mitochondria. These proteins function in different subcellular compartments:
the mitochondrial matrix (CPS and OCT), cytosol (ASS, ASL and ARG) and
mitochondrial inner membrane (ORNT). The liver is the only organ which contains all
of the enzymes and plays a role in detoxifying ammonia. Some of the enzymes are
expressed in the intestine (CPS and OCT) and kidney (ASS, ASL and ARG which but
differs from hepatic ARG), serving to provide a biosynthetic pathway for arginine27.28,
All the urea cycle enzymes except ARG are expressed in the small intestine of suckling
rat29, suggesting that before weaning, arginine biosynthesis from citrulline takes place
in the small intestine rather than in the kidney. N-acetylglutamate synthase is another
enzyme which is essential for the proper operation of the cycle. Generally,
malfunction of any of these enzymes or proteins results in hyperammonemia.

The urea cycle is also known as an ornithine cycle. Ornithine is one of the most
important regulatory factors for the operation of the urea cycle, and the concentration of
ornithine in the liver changes in response to changes in urea synthesis10-30, Other
factors necessary for urea synthesis are the electron transport system which generates
ATP, TCA cycle and aspartate aminotransferase which supply aspartate, and the dibasic
amino acid transport system at the plasma membrane of intestine and kidney celils which
supplies arginine and ornithine, the latter being a carrier of nitrogen.

2.2. Mitochondrial transport of metabolites in the urea cycle

Ommithine, which is formed in the cytosol, must enter the mitochondrial matrix
where it is carbamoylated to citrulline, and citrulline must leave the mitochondria in
order to regenerate ornithine. Early investigations into the mode of transport of
ornithine and citrulline across the mitochondrial inner membrane suggested the
existence of: (a) two independent transport systems>1, one for ornithine cation and the
other electroneutral for citrulline, and (b) an ornithine/citrulline exchange system32. In
yeast, the ARG11 gene has been identified as a mitochondrial ornithine carrier involved
in arginine biosynthesis®3. While the 32 kDa protcin transports ornithine from
mitochondrial matrix to cytosol in exchange for protons, it apparently does not transport
citrulline, thereby supporting hypothesis (a). The Argllp sequence is most similar to



that of Newrospora crassa Argl3p, which transports omnithine from cytosol to
mitochondrial matrix. Support for hypothesis (b) is found in the purification of a
putative ornithine/citrulline carrier protein from rat liver mitochondria34.

The existence of an ornithine transport molecule in man is also suggested by the
presence of a mutant protein with abnormal kinetics in patients with hyperornithinemia,
hyperammonemia and homocitrullinuria (HHH)35. Recently, the human omithine
transporter gene (ORNTI) mapped to chromosome 13q14 was isolated by using the
sequences of two fungal proteins, Argllp and Argl3p, and the mutations were
identified in the ORNT1 gene of patients with HHH syndrome36. The human and
mouse ornithine transporters composed of 301 amino acids (Fig. 2) exhibit 27%
sequence identity with the fungal proteins and are highly expressed in the liver.
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Fig. 4. Urea cycle and citrin.
CPS, carbamoylphosphate synthetase; OCT, ornithine carbamoyltransferase; ASS,
argininosuccinate synthetase; ASL, argininosuccinate lyase; ARG, arginase; ORNT,
omithine transporter; CP, carbamoylphosphate; Cit, citrulline; Asp, aspartate; ASA,
argininosuccinate; Fum, fumarate; Arg, arginine; Orn, ornithine.



2.3. Mitochondrial carrier family

The mitochondrial inner membrane harbors a set of carrier proteins for metabolite
transport that conmstitute a superfamily of related proteins3”. Many mitochondrial
metabolite transporters or carriers, such as mitochondrial uncoupling protein (UCP),
ADP-ATP translocase (ADT) and ORNT, have the features of the mitochondrial carrier
family (MCF). As shown in Fig. 2, the MCF protéins are composed of approximately
300 amino acids and consist of 3 repeated regions, each about 100 amino acids long,
that contain a conserved sequence motif, each with two hydrophobic « -helical
segments connected by an extensive hydrophilic sequence, and two putative
transmembrane (TM) domains. A topological model predicts six TM spanners with
amino and carboxyl termini on one side of the membrane and hydrophilic loops on the
other.

3. Classification and Characterization of Citrullinemia
3.1. Argininosuccinate synthetase (ASS)

ASS is a cytosolic enzyme which catalyzes the formation of argininosuccinate
from citrulline and aspartate with the rcleased energy of ATP cleavage to AMP and
pyrophosphate (Fig. 4). In ureotelic animals, such as man, the enzyme is expressed at
high levels in the liver where it functions as part of the urea cycle. ASS is thought to
be one of the regulatory enzymes of the urea cycle, because its total activity in the liver
is the lowest among the urea cycle members. The liver is not considered to contribute
to circulating citrulline or arginine levels because of its high levels of ASS, ASL and
ARG. Citrulline synthesized from glutamine in the small intestine is the main source
of circulating arginine, and ASS in the kidney plays a role in the synthesis of arginine
by utilization of the circulating citrulline27.28,  ASS is highly expressed in the suckling
small intestine to enhance arginine synthesis and declines to a hardly detectable level in
the second postnatal week?d. It may be of significance in the regulation of citrulline-
arginine-nitric oxide cycle that ASS is expressed in most tissues where the activity is
lower but detectable38-40,

The ASS purified from mammalian tissues is a homotetramer with a molecular
mass of 180 kDa. The ASS cDNA is cloned for human, rat, bovine, mouse and lower
organisms. The human processed ASS mRNA of 1.67 kb encodes a 412 amino acid
sequence with a subunit molecular weight of 46 kDa. Analyses of genomic DNA
indicate the presence of multiple dispersed processed pseudogenes (at least 14) and a
single large expressed ASS gene. The expressed ASS gene is located in human
chromosome 9934, spans 63 kb and comprises 16 exons, but the nucleotide sequences



of the introns flanking cach exon have not yet been completely identified. It is
difficult to identify ASS abnormality by analysis of genomic DNA blots using ASS
CDNA as a probe, because hybridization of the probe to pseudogenes makes the band
patterns complex.

3.2. Classical citrullinemia (CTLN1)
(1) Clinical feautures

CTLN1 is found in most patients with neonatal/infantile-onset citrullinemial-35.6.
In the severe neonatal form, irmitability, lethargy, poor feeding and tachypnea appear
within the first few days of life and usually proceed to rigidity, sometimes with
opisthotonus, apnea, convulsion, coma and death2. Many patients die in the neonatal
period, but some cases survive for more than 10 years with treatment. Some children
with mild deficiencies have been reported showing episodic hyperammonemia and
physical and mental retardation. A few cases are also found in adult-onset CTLN1
patients (oldest onset age 62 years) who suffered from disturbance of consciousness,
including mental confusion and restlessness. Some of the patients suffered from
hyperammonemia during pregnancy or at the begining of breast-feeding following
delivery when they were 24-26 years old410-13,17,18,

(2) Pathogenesis, biochemicals, and molecular genetics

As summarized in Fig. 1, the pathogenesis of most CTLN1 cases has been clarified
at the molecular level mainly by Kobayashi and co-workersl419. By sequence
analysis of ASS ¢cDNA and/or genomic DNA from approximately 60 CTLN1 patients,
we have to date identified 36 mutations in the ASS gene (35 mutations in ASS mRNA):
25 missense mutations, 2 nonsense mutations, 5 deletion mutations, 1 insertion mutation
and 3 point mutations leading to abnormal splicing,

CTLNT1 is caused by a mutation of the ASS gene which results in a mutant protein
(type I) and a very low amount of the enzyme (type III). Type I citrullinemia with
missense mutations in at lcast one allele was found in neonates/infants and also in
adults; in contrast, type III patients were homozygotes or compound heterozygotes with
deletion mutations of some exons within ASS mRNA derived from abnormal splicing
but no missense mutations and were all neonates/infants14:17,18,

Type I is qualitative: ASS displays abnormal kinetic properties, such as higher Km
values for the substrates and abnormal cooperative properties?6:10-13,  Kinetically
abnormal enzymes have been found in the liver, kidney and cultured skin fibroblasts of
type 1 patients. The specific activity of the hepatic enzyme in type I patients was
calculated to be lower than that of controls from the data on the amount of ASS protein



