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Al-pyrroline-5-carboxylate synthase (P5CS), a
bifunctional ATP- and NADPH-dependent mitochon-
drial enzyme, catalyzes the reduction of glutamate to
Al-pyrroline-5-carboxylate, a critical step in the
biosynthesis of proline, ornithine and arginine.
Recently, we reported the cloning and expression of
human and murine P5CS cDNAs. Previously, we
showed that mammalian P5CS undergoes alternative
splicing to generate two isoforms differing only by a
2 amino acid insert at the N-terminus of the
v-glutamyl kinase active site. The short isoform has
high activity in the gut, where it participates in
arginine biosynthesis and is inhibited by ornithine.
The long isoform, expressed in multiple tissues, is
necessary for the synthesis of proline from gluta-
mate and is insensitive to ornithine. Here, we
describe a newly recognized inborn error due to the
deficiency of P5CS in two siblings with progressive
neurodegeneration, joint laxity, skin hyperelasticity
and bilateral subcapsular cataracts. Their metabolic
phenotype includes hyperammonemia, hypoorni-
thinemia, hypocitrullinemia, hypoargininemia and
hypoprolinemia. Both are homozygous for the
missense mutation, R84Q, which alters a conserved
residue in the P5CS y-glutamyl kinase domain. R84Q
is not present in 194 control chromosomes and
dramatically reduces the activity of both P5CS
isoforms when expressed in mammalian cells. Addi-
tionally, R84Q appears to destabilize the long
isoform. This is the first documented report of an
inborn error of P5CS and suggests that this disorder
should be considered in the differential diagnosis in
patients with neurodegeneration and/or cataracts
and connective tissue disease.

INTRODUCTION

Al-pyrroline-5-carboxylate synthase (P5CS), a bifunctional
ATP- and NADPH-dependent mitochondrial enzyme, catalyzes
the reduction of glutamate to A!-pyrroline-5-carboxylate
(P5C), a critical step in the biosynthesis of proline, ornithine
and arginine (Fig. 1) (1,2). P5C is the immediate precursor for
both proline and ornithine, in reactions catalyzed by P5C
reductase and ornithine 8-aminotransferase (OAT), respec-
tively (1,2). In de novo arginine biosynthesis ornithine is
further metabolized to citrulline and arginine by the enzymes
of the urea cycle (2). This pathway is active in the epithelium
of small intestine, particularly in early postnatal life (3,4). The
physiological significance of arginine biosynthesis is high-
lighted by the observations that mice with targeted disruption
of OAT die as a result of arginine deficiency in the neonatal
period and that human infants with inherited deficiency of
OAT develop hypoargininemia and hyperammonemia (5,6).
Recently, we reported the cloning and expression of human
and murine P5CS cDNAs (7). We showed that these mamma-
lian P5CS genes undergo alternative splicing to generate two
isoforms differing only by a 2 amino acid insert at the
N-terminus of the y-glutamyl kinase (y-GK) active site. The
short PSCS isoform (P5CS.short) has high activity in gut,
where it catalyzes an essential step in the arginine biosynthetic
pathway. P5CS.short is inhibited by ornithine, providing a
mechanism for regulation of arginine synthesis. The long
isoform of PSCS (P5CS.long) is expressed in multiple tissues
and is necessary for the synthesis of proline from glutamate.
This isoform is insensitive to ornithine inhibition and, thus,
allows proline synthesis to proceed normally, even when orni-
thine levels are pathologically elevated (2).

Here, we describe a newly recognized inborn error due to
deficiency of P5CS in two siblings with progressive neuro-
degeneration, joint laxity, skin hyperelasticity, bilateral
subcapsular cataracts and a pattern of metabolic abnormalities
consistent with impaired proline and ornithine synthesis. A
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Figure 1. The metabolic pathways involved in the synthesis of ornithine,
arginine and proline from glutamate. The enzymes indicated by the numbers
are: 1, PSCS; 2, PSC dehydrogenase; 3, OAT; and 4, P5C reductase.

preliminary report of these patients by some of the authors has
also been published (8).

RESULTS

The pattern of metabolic abnormality in the patients suggested
a defect at the level of PSCS. Unfortunately, the activity of this
enzyme is undetectable in control fibroblasts (9), although P5CS
mRNA is present (data not shown). Therefore, to investigate the
possibility of a PSCS defect in these patients, we performed
RT-PCR amplification of P5CS mRNA from the cultured skin
fibroblasts of these patients. We found that both are
homozygous for a G—A transition at position 251 (where +1 is
the A of the initiation methionine) resulting in the substitution of
glutamine for arginine at position 84 (R84Q) and creating a new
restriction site for the endonuclease Styl (CCGAGG—C-
CAAGG). We found no other sequence abnormalities over the
entire length of the cDNA. To verify the 251G—A mutation,
we amplified a 91 bp fragment from genomic DNA of the
patients and their parents and confirmed R84Q by direct
sequencing (Fig. 2a) and by digestion with StyI (Fig. 2b). Both
parents are heterozygous for R84Q.

To determine whether R84Q is a common variant, we used
the Styl digest assay to screen 100 North American and 94
North African (Algerian, Moroccan and Tunisian) chromo-
somes. We did not find a single carrier among all screened
(data not shown). Consistent with this observation, R84, which
is in the N-terminal third of the y-GK domain of P5CS, is
conserved in the orthologous enzymes of mouse, Drosophila,
Caenorhabditis elegans and Vigna aconitifolia.

To test directly the functional significance of R84Q we
expressed it in Chinese hamster ovary (CHO-K1) cells. CHO-K1
cells are proline auxotrophs lacking endogenous P5CS and
OAT activities (10-12). We transfected these cells with
constructs expressing human wild-type or R84Q-P5CS.short
or long cDNAs and selected stable transformants.

First, as an in vivo test of the functional consequences of
R84Q we compared the growth of stable transformants in
medium with or without proline. In Pro* medium, the growth
of all clones was essentially the same (Fig. 3). In Pro~ medium,
the growth of clones expressing the wild-type short or long
isoforms was the same as that in Pro* medium. In contrast, the
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Figure 2. P5CS mutation analysis: G251—A (R84Q). (a) Direct sequences of
amplified genomic DNA in this region. The normal sequence is shown in the
top panel, the homozygous patient in the middle and the heterozygous father in
the lower panel. (b) Restriction digest of a 91 bp fragment amplified from
genomic DNA. In the wild-type, StyI does not cut, leaving the 91 bp fragment.
In the homozygous patients, Styl cuts and yields two overlapping fragments of
43 and 48 bp. The parents are both heterozygous.

growth of clones expressing either the short or long P5CS-
R84Q isoform was severely reduced in Pro- medium (Fig. 3).
To confirm these intact cell results, we used the same stable
transformants to examine P5CS mRNA, protein and enzymatic
activity. As expected for stable transformants, expression
levels varied from clone to clone. In the clones expressing
wild-type PSCS the amount of P5CS mRNA expression correl-
ated roughly to the amount of protein and enzyme activity
detected (Fig. 4a and b). Expression of P5CS mRNA and
protein in R84Q.short transformants was comparable to that of
wild-type. In contrast, enzyme activity in R84Q.short trans-
formants was reduced, particularly for a given expression of
P5CS mRNA or protein (Fig. 4a). We obtained similar results
with transformants expressing the long P5CS cDNAs (Fig. 4b).
The clones expressing R84Q.short had some residual activity
(mean of three clones 8.9% of wild-type), whereas in clones
expressing R84Q.long activity was undetectable. Although the
R84Q.long transformants expressed mRNA, no P5CS protein
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Figure 3. Growth of transformed CHO-K1 clones in Pro* and Pro~ media. The
columns indicate the mean and range of number of cells/plate after 4 days for
three individual clones, all of which express the indicated P5CS allele at the
RNA level.

was detectable by immunoblot analysis (Fig. 4b). This differs
from R84Q.short and suggests that the missense substitution
destabilizes the long but not the short PSCS isoform.

Because of the wide variation in expression in the stable
clones, we repeated the experiment with transient transfections
and obtained similar results (Fig. 4c). In this assay, R84Q.long
had some residual activity, and a reduced, but not absent
amount of protein.

DISCUSSION

Our results show that these two affected sibs are homozygous
for a missense mutation (R84Q) that impairs the function of
both the long and short isoforms of PSCS. A preliminary report
of molecular studies on these patients identifying a different
P5CS missense mutation, L.396S, appeared elsewhere (8). We
did not find this mutation in RT-PCR amplified fibroblast
RNA from these patients nor in two independently obtained
samples of genomic DNA from the patients and their parents.

P5CS catalyzes an essential step in the pathways by which
proline, ornithine and arginine are synthesized from glutamate
(Fig. 1) (1,2). Impaired synthesis of these amino acids is
consistent with many of the clinical and metabolic abnormali-
ties in our patients. In tissues with a high proline requirement
for protein synthesis and with limited access to amino acids in
the extracellular fluid, endogenous synthesis of proline and,
hence, PSCS activity may be especially critical (13). For
example, chondrocytes and fibroblasts synthesize large
amounts of collagen and, together, proline and hydroxyproline
derived from proline, comprise >20% of the amino acid residues
in fibrillar collagens (14). Thus, an intracellular deficiency of
proline in these cells may result in impaired collagen synthesis
that, in turn, could account for the connective tissue symptoms
(lax joints, hyperelastic skin) in these patients. Similar pheno-
typic features are present in patients with Ehlers Danlos
syndrome, a heterogeneous group of disorders caused by
mutations in collagen genes (15).

At least two pathophysiologic explanations can be consid-
ered for the development of cataracts in patients with PSCS
deficiency. First, deficient proline synthesis may impair
protein synthesis in the lens epithelium and/or fibrocytes. The
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Figure 4. RNA, protein and activity expression in stable transformants (same
clones as used for the growth study) and in transient transfections. P5CS RNA
was measured by semi-quantitative RT-PCR; P5CS protein by immunoblot
analysis with an anti-P5CS antiserum and P5CS enzymatic activity using a
radioisotopic assay (9). (a) RNA, protein and enzyme activity in three stable
P5CS.short and three PSCS-R84Q.short transformants. (b) RNA, protein and
enzyme activity in three stable PSCS.long and three PSCS-R84Q.long trans-
formants. (¢) RNA, protein and enzymatic activity in transient transfections
with the indicated P5CS alleles.

lens is an avascular tissue bathed in aqueous humor with a
proline concentration that is ~15% that of plasma (16,17). Lens
epithelial cells and fibrocytes synthesize large amounts of lens
crystallins and a variety of cytoskeletal proteins (18). These
proteins are essential for lens transparency, and inherited
defects in crystallins (19,20) or lens structural proteins (21)
cause cataracts. Alternatively, cataract formation in PSCS defi-
ciency may result from disruption of a metabolic function of
P5C other than as a proline precursor. The lens is sensitive to
oxidative stress and utilizes a glutathione redox cycle to main-
tain a reduced state (18). Phang (22) has shown that P5C/
proline interconversions can serve as an NADPH/NADP*-
linked redox couple. Furthermore, P5C is present in the aqueous
humor of mammals, including primates, at concentrations
roughly equal to or greater than plasma, and P5C-metabolizing
enzymes (reductase, dehydrogenase) are present in lens epithe-
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lium (23). Thus, it is possible that PSC metabolism contributes
to the antioxidant defense of lens and that a defect in this
system results in cataract.

The pathophysiology of the neurodegeneration in our
patients could be explained by a block in proline synthesis in
the central nervous system (CNS). PSCS activity is present in
the brain (9) and proline is thought to act as an inhibitory
neurotransmitter in the CNS (24). The extracellular fluid
concentration of proline in the CNS is virtually unmeasurable
as judged by cerebral spinal fluid proline concentrations (1).
These observations suggest that certain cells in the CNS
depend on endogenous synthesis of proline and may be parti-
cularly sensitive to PSCS deficiency.

Lack of P5CS also is consistent with the disturbances in
ammonium and arginine metabolism in our patients. PSCS
catalyzes the first committed step in de novo arginine biosyn-
thesis (Fig. 1). P5C is subsequently converted to ornithine by
OAT and then to citrulline and arginine by the enzymes of the
urea cycle (2). The arginine biosynthetic pathway is active in
the epithelium of small intestine, particularly in early postnatal
life (3,4). The physiologic significance of this pathway is high-
lighted by the observations that mice with targeted disruption
of OAT die as a result of arginine deficiency in the neonatal
period and that human infants with inherited deficiency of
OAT develop hypoargininemia and hyperammonemia (5,6).
The paradoxical fasting hyperammonemia in our patients is
consistent with a relative deficiency of arginine and its urea
cycle precursors. In the fasting state, urea cycle intermediates
(ornithine, citrulline and arginine) are low and limit ureagenesis
and ammonium detoxification. Following a meal, arginine,
derived from dietary protein, temporarily corrects this deficit
and enhances urea cycle function with the result that plasma
ammonium decreases despite the nitrogen load in the meal.

We conclude from these considerations that deficiency of
P5CS likely accounts for the entire clinical and metabolic
phenotype observed in our patients. We recognize, however,
that our patients are the product of a consanguineous union and
both could have an additional genetic disorder that was not
detected in either, despite comprehensive evaluation. Identifi-
cation of additional patients will be necessary to confirm our
hypothesis. The metabolic phenotype of PSCS deficiency is
easily missed. The combination of low levels of ornithine, citrul-
line, arginine and proline plus paradoxical hyperammonemia
should suggest this disorder. Early recognition would allow a
trial of treatment with citrulline and proline.

MATERIALS AND METHODS

Patient report

The affected siblings were born to asymptomatic first cousin
Algerian parents after an uneventful pregnancy (8). The oldest,
a boy, is 21 and his affected sister is 12 years old. They have
two healthy brothers, a third died in the neonatal period from
unknown causes. Both siblings presented in early infancy with
failure to thrive, vomiting and progressive neurological
dysfunction. By the age of 2 years, they were noted to have
bilateral subcapsular cataracts (8). Currently, both are hypotonic
with lax joints and hyperelastic skin. They lost the ability to
walk at the age of 12 years due to their motor handicap. Both
are moderately mentally retarded (IQ ~50).

Metabolic studies repeatedly displayed hyperammonemia
[60—120 uM; normal level (n.l.) <50 uM], hypoornithinemia
(33 £ 15 uM; n.l. 72 £ 25 uM), hypocitrullinemia (6 £ 5 uM;
n.l. 26 £ uM), hypoargininemia (35 = 12 uM; n.1. 77 £ 20 uM)
and hypoprolinemia (91 + 18 uM; n.1. 180 = 47 uM). Paradox-
ically, the plasma ammonium in these patients fell by 15%
after meals (8). In normal individuals, postprandial ammonium
levels increase modestly (8).

RT-PCR, genomic PCR and StyI digest assay

We extracted RNA and genomic DNA from cultured skin fibro-
blasts and/or blood using the Puregene RNA and DNA isolation
kits (Gentra Systems, Minneapolis, MN). We performed RT-
PCR using 5-10 pg fibroblast RNA and a cDNA cycle kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s recom-
mendations. To search for mutations, we used overlapping primer
pairs to amplify the complete P5CS open reading frame (ORF) in
overlapping segments. We generated first strand cDNA with
primers DV2055 (antisense, 5-CCAGAAGCATCCAGGTA-
CACTT-3’), complementary to sequence in the 3’ untranslated
region and DV1417 (antisense, 5-GTGGATGTGGTCAAT-
GGCATCCTGAACG-3'), complementary to bp 2040-2067 in
the ORF (where +1 is the A of the initiation methionine). We then
amplified first strand cDNA with primers DV4218 (sense, 5'-
GTGGTGAGGAAGATACTTTGG-3") and DV4169 (antisense,
5-ATGCATAATTCCAGGTCCCC-3") to generate a 2064 bp
fragment (40 to +2024) and DV4154 (sense, 5’-GAAGTTGAA-
GATCTTTGCCGC-3") and DV4043 (antisense, 5-TCAGTT-
GGTGTTTCTCTGAGG-3") to generate a 767 bp fragment
(+1621 to +2388). Cycling conditions were an initial denaturation
step of 7 min at 95°C followed by 30 cycles of 1 min at 94°C,
1 min at 58°C and 2 min at 72°C. We gel-purified the PCR prod-
ucts, sequenced them directly and cloned them into a TA cloning
vector (Invitrogen).

To confirm R84Q in genomic DNA, we amplified 40 ng of
genomic DNA with exonic primers DV4136 (sense, 5'-CCAA-
GAGAATCGTGGTGAAG-3") and DV4224 (antisense, 5’-CT-
CAACAATAGATGCCAAGC-3') to generate a 91 bp fragment
(+209 to +300) containing the mutation (251G—A). Cycling
conditions were 7 min at 95°C followed by 30 cycles of 1 min at
94°C, 1 min at 60°C and 1 min at 72°C. We sequenced the PCR
product directly and used the same product for digestion with
Styl resulting in a 43 and a 48 bp fragment. Using this digest
assay we screened 94 North African (Algerian, Moroccan and
Tunisian) and 100 North American chromosomes for R84Q).

To examine RNA expression of the P5CS constructs in
CHO-K1 cells we used 10 pg of total RNA treated with DNase
(Ambion, Austin, TX) to generate first strand cDNA as de-
scribed above with primer DV1417. We then amplified the
c¢DNA with human-specific primers DV4369 (sense, 5'-GCTCC-
TCTGCTGAAACGTTTA-3") and DV4368 (antisense, 5-CT-
AGCCTGGTGACCTTATCA-3') to generate a 543 bp fragment
(+1258 to +1801). Cycling conditions were 7 min at 95°C
followed by 27 cycles of 1 min at 94°C, 1 min at 60°C and 1 min
at 72°C.

All PCR reactions (50 ul) contained primers (100 ng of
each), 1x standard PCR buffer (Gibco BRL, Gaithersburg,
MD), dNTPs (200 uM) and Taq polymerase (2.5 U; Gibco
BRL).



Construction of wild-type and R84Q human P5CS
expression vectors

We subcloned the full-length human P5CS.short cDNA (=57 to
+2973) (7) into pcDNA3 (Invitrogen) at the EcoRI cloning
site. To introduce the R84Q mutation we harvested a 687 bp
Xcml fragment containing R84Q and the 6 bp of the long
isoform from cloned patient cDNA and subcloned this frag-
ment into the pHsP5CS.short construct resulting in pHsP5CS-
R84Q.long. We then digested with Espl, which cuts between
R84Q and the region of the 6 bp insert, and Pvul and ligated the
two fragments of pHsP5CS-R84Q.long with the corresponding
fragments of pHsP5CS.short resulting in pHsP5CS.long and
pHsP5CS-R84Q.short. Then, as the CHO-K1 cells are rela-
tively resistant to G418, we switched all the constructs into
pZeoSV (Invitrogen) at the EcoRI cloning site. We sequenced
pHsP5CS.short, the patient TA clone and all the ligations in
both directions to verify that the sequences were as expected.

Transfections and growth study of CHO-K1 cells

We transfected pHsP5CS.short, pHsP5CS.long, pHsP5CS-
R84Q.short, pHsP5CS-R84Q.long or pZeoSV into a subclone
(CHO-K1-NC5) of the proline auxotrophic cell line CHO-K1
(ATCC CCL61) by electroporation as described (7,25). We
selected for stable transformants in the minimal essential
medium (MEM) with 10% fetal calf serum (FCS) and Zeocin
(300 mg/1). For the transient transfection we used 2 x 107 cells
and 30 pug of plasmid DNA; we harvested the cells after 48 h.
For the growth study we selected stable transformants
expressing the P5CS allele at the RNA level and inoculated
each dish with 5000 cells. We grew them either on MEM with
10% FCS (Pro* medium) or on MEM with 10% dialyzed FCS
lacking proline (Pro- medium) and counted the cells after 96 h.
All media contained Zeocin (300 mg/l).

P5CS enzyme assay and immunoblotting

We assayed P5CS activity radioisotopically as described by
Wakabayashi et al. (9). We verified that P5SCS activity is
dependent on the presence of ATP, MgCl, and NADPH and
increases linearly with added protein at concentrations
between 100 and 1000 pg/ml (7).

To produce an antiserum against human P5SCS we selected a
peptide corresponding to the hydrophilic stretch of the
C-terminal last 15 amino acids (DV16: KYLHENL-
PIPQRNTN) of human P5CS. We conjugated DV16 to
Keyhole Limpet hemocyanin and used it to inoculate rabbits
and produce antiserum (Covance, Denver, PA). We conducted
immunoblotting experiments according to standard protocols
(26). We used a 1:500-1:1000 dilution of anti-DV 16 antiserum
to detect P5CS protein and an ECL kit to project signals. Prep-
aration of protein samples for enzyme assay and immunoblot-
ting was as described (9).
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