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This study aimed to investigate the clinical variability and factors implied
in the outcome of 6-pyruvoyl-tetrahydropterin synthase deficiency
(PTPSd). Biochemical and clinical phenotype, treatment variables, and
6-pyruvoyl-tetrahydropterin synthase (P7S) genotype, were explored
retrospectively in 19 Italian patients (12 males and 7 females, aged

4 months to 33 years).

According to the level of biogenic amines in cerebrospinal fluid (CSF) at
the diagnosis, the patients were classified as mild (6) (normal level) or
severe (13) (abnormal low level) form (MF and SF, respectively). Blood
Phe ranged from 151 to 1053 pmol/l in MF (mean + SD: 698 + 403) and
342-2120 pumol/l in SF (mean £ SD: 1175 &+ 517) (p = 0.063). Patients
with MF showed a normal neurological development (a transient dystonia
was detected in one), while all SF patients except one presented with
severe neurological impairment and only four had a normal neurological
development. The outcome of the SF was influenced by the precocity of
the treatment. Serial CSF examinations revealed a decline of
5-hydroxyindolacetic acid in MFs and an incomplete restoration of
neurotransmitters in SFs: neither obviously affected the prognosis. PTS
gene analysis detected 17 different mutations (seven so far unreported)
(only one affected allele was identified in three subjects). A good
correlation was found between genotype and clinical and biochemical
phenotype.

The occurrence of brain neurotransmitter deficiency and its early
correction (by the therapy) are the main prognostic factors in PTPSd.
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6-Pyruvoyl-tetrahydropterin synthase (PTPS) defi-
ciency (PTPSd) (MIM# 261640) is an autosomal
recessive disorder of tetrahydrobiopterin (BH4)
synthesis, which results in BH4 deficiency, hyper-
phenylalaninemia (HPA), and brain serotonin and
dopamine depletion (1). In spite of the large num-
ber of patients reported so far (2), the factors con-
ditioning the outcome and the genetic background
of this disorder are only partially known. To con-
tribute to these topics we report clinical presen-
tation and course of 19 Italian patients, who were
characterized from a biochemical and genetic point
of view.

Patients and methods

Nineteen Italian PTPSd patients (12 M/7 F,
aged 4 months—33 years) from 16 families were
enrolled for the study. Cases 14—17 have been
partially reported in previous papers (3,4).

The diagnosis of PTPSd was based on the
following diagnostic work-up: (i) blood amino
acids (19/19), (ii) CSF pterins [Biopterin (Bio)
and Neopterin (Neo)] and biogenic amines [5-
hydroxyindolacetic acid (5-HIAA) and homovanil-
lic acid (HVA)] (19/19), (iii) Bio and Neo in
the urine (19/19), (iv) molecular analysis of
6-pyruvoyl-tetrahydropterin synthase (P7S) gene
(19/19), (v) Phe/BH4 loading test (17/19), and
(vi) 6-pyruvoyl-tetrahydropterin synthase (PTPS)
activity on peripheral cells (blood erythrocytes or
fibroblasts) (8/19). In 18 out of 19 subjects, HPA
was detected by the neonatal screening, while the
diagnosis of PTPSd was achieved later: in 11
cases by the second month of life; in 3 by the
fifth month (the delay was due to technical and/or
logistic problems in the diagnosis confirmation).
Five patients were misdiagnosed as phenylalanine
hydroxylase deficiency. In order to evaluate the
level of biogenic amine restoration in the brain,
serial CSF examinations were performed in most
of the patients during the entire follow-up. As part
of the diagnostic work-up and therapy monitor-
ing, blood prolactin was also assessed in 18 out of
19 patients according to the recommended guide-
lines (5). The blood samples were collected 1 h
after the awakening, and prolactin was considered
increased or normal on the base of more than one
assessment.

PTS genotype

Molecular analysis of patients 10, 14—17 were
previously reported (3,4); the other patients were
investigated in the present study, once the parents’
written consent was obtained. Genomic analysis
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was performed by exon and intron—exon bound-
aries amplification by PCR, sequencing analysis
using BDT v1.1., and automated analysis on 3130
genetic analyzer (Applied Biosystems). Primer
sequence and PCR conditions are available on
request. DHPLC (Varian Helix) was used to screen
128 normal alleles.

RNA was extracted from patients’ fibrob-
last cell culture using RNeasy Mini Kit (QIA-
GEN) and reverse transcription was performed by
High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems).

Computational modeling was performed using
‘Scratch protein predictor’ (6) and Protein Inter-
faces, Surfaces and Assemblies service PISA at
European Bioinformatics Institute, (7) authored by
E. Krissinel and K. Henrick (8).

Results

The patients were diagnosed as affected by a mild
or severe form of PTPS deficiency according to
their biochemical phenotype. Whereas, in both
conditions Bio was low and/or Neo was high
in urine, and CSF with a resulting increase of
Neo/Bio ratio, the levels of 5-HIAA and HVA in
CSF were normal in the mild form and low in the
severe form (Table 1: cases 1-6, and cases 7—19,
respectively).

All the patients out of one with mild form were
normal at the first examination and showed nor-
mal neurological and mental development during
the entire follow-up (Table 2, cases 1-6). They
were treated with BH4, whose dosage was adjusted
in order to keep blood Phe in the normal range
(Table 2). Five patients (cases 1, 2, 4—6) under-
went repeated (1-6) CSF examinations during
1.5-7 years of follow-up. While the level of HVA
remained in the normal range, an asymptomatic
mild decline of 5-HIAA was detected in all sub-
jects from the second year of life.

Almost all the patients affected by the severe
form were neurologically impaired at the diagno-
sis, and 8 out of 13 had an abnormal neurological
and mental development afterwards (Table 2, cases
7-19).

Patients 12 and 13 with the lowest level
of CSF biogenic amines at the diagnosis were
also the most neurologically compromised. In
the only patient born prematurely (Table 1, case
19), CSF examination at the gestational age of
27 weeks disclosed an extremely low level of
biogenic amines. Nevertheless, the neurological
development of this child was still compatible
with its gestational age. The birth weight, that was
low in 5 subjects and normal in the others, was
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not obviously associated with the outcome of the
disease. Among the five subjects who started the
treatment by the age of 2 months, three showed an
almost normal neurological development and two a
moderate mental retardation associated with motor
impairment. In late (>2 months) treated subjects,
two out of eight had a normal mental development
with minor motor abnormalities, while all the
others were neurologically impaired.

Phenylketonuria (PKU) was diagnosed in patient
11 at the age of 13 months when he was examined
because of a progressive psychomotor retardation
and paroxysmal dystonic movements of the trunk.
At the age of 13, as a consequence of the diet dis-
continuation, he experienced neurological deterio-
ration and recurrence of a paroxysmal trunk dysto-
nia. The diet was resumed and continued until the
age of 32, when he developed profound asthenia,
restlessness, sleep disorder, and social withdrawn-
ness. On examination he showed: moderate mental
retardation, hypokinetic-asthenic syndrome, trunk
rigidity, mild dystonia and tremor of upper limbs,
mild balance disorders, and dystimia. The diag-
nostic work-up leaded to the definitive diagnosis
of PTPSd.

The treatment of the patients with the severe
form is summarized in Table 2 (cases 7—19). An
obsessive-compulsive syndrome, associated with
low CSF level of 5-HIAA and improving with
the increase of 5-hydroxytryptophan dosage, was
observed in case eight during the adolescence. In
patient 11 the attempt to increase Levodopa (L-
DOPA)/Carbidopa and 5-hydroxytryptophan over
the dosage of 1/0.25 and 1 mg/kg bw day, respec-
tively, or to add a dopamine agonist (Pramipexole),
resulted in a marked restlessness, panic attacks,
and delusion.

Serial (1-14) CSF samples were performed in
8 out of 13 subjects along 2—16 years of follow-
up. Only in two cases (8, 16), a normal level of
biogenic amines was restored by the treatment; in
all the others CSF HVA and/or 5-HIAA remained
well under the reference values. Nevertheless,

in three of them (cases 7, 15, 17) neurological
development was normal.

Focusing on the other biochemical markers, CSF
HVA/5HIAA ratio at the diagnosis was normal
in the patients with the mild form and in 7 out
of 13 affected by the severe form, and was not
associated with the clinical outcome. CSF Bio was
normal in 4 out of 6 cases with the mild form
(and only mildly reduced in 2 cases), and in 2
out of 13 with the severe form. CSF Neo was
increased in all patients and higher in patients with
the severe form (164.07 + 109.05 nmol/l) than
in those with the mild form (75.3 £ 18.9 nmol/l)
(p = 0.068). Urine excretion of Neo was increased
in all patients, while Bio was reduced in all out of
two. No significant difference was found between
patients with mild and severe form.

HPA was found in all the subjects at the
diagnosis (mild form: 698 £ 403 wmol/l; severe
form: 1175 £ 517 pmol/l; p = 0.063). In patient
2, blood Phe was no far from the cut off value
(120 wmol/l) adopted by the Italian screening pro-
gram.

Blood prolactin was higher than normal in 15
out of 18 subjects at the diagnosis (4 out of 5 with
the mild form and 11 out of 13 with the severe
form) (Table 1).

PTS genotype

A high allelic heterogeneity was found in patients
with PTPSd: 17 pathogenetic mutations were
found in the 35 alleles carrying a sequence alter-
ation: five patients were homozygous; all the oth-
ers were compound heterozygotes (Table 1 and
Fig. 1). In three cases the second mutation was
not found.

Seven mutations are so far unreported: p.R9C
(c.25C>T), p.JI8T (c.52A>C), c.82_83insA,
p-H49R  (c.146A>G), p.KIIE (c.271A>GQ),
p.-V103A(c.308T>A) and IVS3-37insG (c.187-
37insG). Four were associated with SF phenotype
and three with MF. For eight patients (cases 1, 3,

R9C P87L
18T V57del K91E
c.82_83insA V103A
FVS3-37insG
ex1 ex2 3 ex4 ex5 ex6
t N47D L T106M
. . . 47 K129E
gall(tgi.eflisf)TTShe Izzizgrllonrslov(eileterfltsgltiolgs g;fe: VS1-8C-G HA9R T67M €.393delA
N52S D136V

expressed in bold.
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5,6,7,9, 18, and 19) the allelic segregation was
confirmed in the parents.

To evaluate the pathogenicity of the novel vari-
ations and to rule out the presence of polymor-
phisms, 128 normal alleles were screened for the
presence of the seven new mutations by using
DHPLC and none of them was found in the exam-
ined alleles.

The alignment of the protein among different
species showed that the five residues interested by
the missense mutations were conserved with the
exception of Isoleucine 18. To evaluate the effects
of ¢.82_83insA and c.187-37insG insertions, RNA
was extracted from patient’s fibroblasts and, the
cDNA obtained by reverse transcription, was
divided into two fragments by nested PCRs and
analyzed by sequencing. The c.82_83insA causes
a frame shift, which creates a stop codon at amino
acid position 29. Furthermore, as it occurs at
the second-last nucleotide of exon 1, it probably
also affects RNA splicing. At the RNA level, we
observed three species: a fragment carrying the
complete skipping of exons 2 and 3, a fragment
carrying the A insertion and a fragment, due to the
second allele (IVS1-3C>G@), carrying a skipping
of 12 nucleotides of exon 2. The intronic insertion
(IVS3-37insG), instead, showed only the complete
skipping of exon 3.

Discussion

PTPS deficiency is the most common alteration
of BH4 metabolism and one of the more fre-
quent causes of autosomal recessive Parkinson-
ism in childhood (1). The extension of newborn
screening in new emerging countries has revealed
some important population based differences in the
frequency of this disease (9,10). As HPA is gener-
ally, also if not obligatorily [see, for example, case
1 in (11)], one of the metabolic markers of this
disorders, PTPSd diagnosis can be precociously
addressed according to the diagnostic work-up
flow chart designed for subjects with HPA (1). Our
data support the importance of assessing the pat-
tern of pterin excretion in any patient with HPA,
independently from the level of blood Phe. As a
result of the progressive implementation of this
procedure, the youngest patients in our series took
advantage of a more precocious diagnosis. We
also recommend considering this condition in all
patients presenting with movement disorders of
unknown etiology.

According to our data, the first and most rel-
evant prognostic factor in PTPSd is the occur-
rence of biogenic amines depletion in CSF at the

PTPS defect: phenotype and genotype

moment of the diagnosis: based on this biochem-
ical feature the patients are classified as affected
by generalized (severe) or peripheral (mild) form
of PTPSd (12,1). These different biochemical phe-
notypes reflect the degree of PTPS impairment
and the selective sensitivity of phenylalanine, tyro-
sine, and tryptophan hydroxylases to BH4 defi-
ciency (12,1).

Mild form

This rare condition, which involves less than
20% of all PTPSd patients (1,2), is generally
associated with normal neurological and mental
development (1). However, a number of clinical
and biochemical data from our patients and the
literature suggest the mild form as a condition in
which biogenic amine homeostasis in the brain,
even if preserved, is more vulnerable and perhaps
unstable in time: (i) blood prolactin was altered in
four out of five patients at the diagnosis, suggesting
a scarcity of Dopamine at level of D, receptors
located on lactotroph membranes (13) (which was
not reflected by HVA dosage in CSF) (14); (ii)
CSF Neo/Bio ratio was slightly increased in all
patients; (iii) in spite of the positive clinical course,
serial assessment of biogenic amines revealed in
our cases a decline of 5-HIAA in CSF starting from
the second year of life. A similar trend, without
any associated symptom, was previously reported
either under BH4 treatment (15) or after BH4
discontinuation [(12), patient GT]. On the contrary,
the child reported by Scriver et al. [(16); proband
L], notwithstanding a normal biogenic amine level
in CSF, suffered from irritability, truncal hypotonia
and developmental delay, and exhibited reversible
neurological deterioration and limb dystonia after
BH4 discontinuation.

Even if these cases suggest a wider than so
far thought phenotypic spectrum, as rule, the
prognosis of this condition is good. Moreover,
it remains to be established, if the decline of
CSF 5-HIAA needs to be corrected by precursor
supplementation. In the lack of data concerning
long-term outcome of this condition, we suggest
monitoring clinically all these patients until the
adulthood and treating only those who manifest
neurological or behavioral disorders.

PTS genotype is reported in a few patients
with mild form recorded in the International BH4
Database (2). We characterized four patients, while
only a mutant allele (carrying a so far unreported
alteration) was identified in two brothers. Homozy-
gous KI29E genotype was already found in
another Italian patient (3,15), who presented with
mild and transient HPA associated with an increase
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of Neo/Bio ratio in urine (while CSF pterins and
biogenic amine were normal). In comparison with
this case, in our patient the HPA was persistent and
Neo/Bio ratio was high both in urine and CSF.

Two affected siblings were compound heterozy-
gotes for the severe p.P87L mutation associated
with a so far unreported mutation (p.V103A).
Computational modeling analysis suggests for this
mutation a role only in conformational structure
variation that would be compatible with a high
residual enzymatic activity.

Finally, the association between the new p.I18T
mutation, which involves the important phosphory-
lation motif (17), and p.N47D mutation results in
a mild phenotype. A possible dominant negative
effect has been supposed for p.N47D in a sub-
ject with mild phenotype also carrying p.D116G
mutation (18).

Severe form

When compared with the mild form, the clin-
ical course of the severe form is characterized
by a much more large variability and a poorer
prognosis. Similarly to what reported for other
autosomal recessive disorders of biogenic amine
metabolism (19), a derangement in mental devel-
opment was generally associated with the dis-
orders of movement. On the contrary, in the
autosomal dominant form, due to the defect of
GTP-cyclohydrolases (or Segawa disease), men-
tal functions remain usually unaffected (20). This
observation confirms the importance of the bio-
genic amines in the pre-natal and early post-natal
brain development and differentiation (21).

The occurrence of high percentage of PTPSd
patients with a low weight at birth (22,23) has sup-
ported the view of a possible pre-natal onset of the
disease in the most compromised cases (22). We
have detected a severe depletion of CSF biogenic
amines as early as 27 weeks of gestational age in
a PTPSd child born prematurely. On the practical
ground, we suggest to assess repeatedly blood Phe
in the pre-term newborns and to look as soon as
possible for PTPS deficiency in case of HPA.

We confirm the early initiation of treatment as
one of the main factors affecting the outcome of
severe PTPSd. The beginning of the therapy by the
first month of life and high dosages (10—15 mg/kg/
bw/day) of L-DOPA have been recently associated
with a normal mental development in PTPSd
patients (24). Such high dosages could be tolerated
only by a few of our patients. The retrospective
design of our study as well as the different
approach in patient classification (that in our cases
included the levels of CSF biogenic amines at the
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diagnosis) make difficult the comparison of our
results with those of this study.

The occurrence of psychiatric disorders in
PTPSd patients has not been systematically explo-
red so far. In two patients we diagnosed behavior
disturbs, such as obsessive-compulsive disorder or
depression with panic attacks, revealing a possible
serotonergic imbalance, which improved (in a
case) by handling the dosage of the biogenic
amines precursors.

Four new mutations were found in these
patients. Two are missense mutations involving the
binding site for zinc (p.H49R) and the oligomer-
ization site (p.R9C). The other two are single
nucleotide insertions, causing severe molecular
modifications. The skipping of 12 nucleotides
associated to IVS1-3C>G alteration has been
already reported (3, patient 16). Patient 18 car-
ried homozygous c.187-37insG mutation, which
was confirmed in the parents, who were both het-
erozygote for the mutation. As the family origi-
nated from a small town, the parents’ consanguin-
ity could not be definitively ruled out.

The lack of correlation between in vitro enzyme
activity and clinical phenotype (12, 25) coupled
with the existence of milder forms suggest that
PTS gene expression could be differently regu-
lated in different tissues. In this respect, a possible
regulatory role has been ascribed to the ‘physio-
logical’ skipping of exon 3 (in adjunction of that
observed as result of several sequence variations)
whose extent is different in different tissues and
is probably associated with the adjacent stretch
of polypyrimidine (26). This mechanism has been
well described in the expression of other genes,
such as the CFTR gene, where the presence of
polypyrimidine-binding proteins, which regulate
exon 9 skipping and therefore the amount of func-
tional transcripts, was demonstrated (27).

In conclusion, the main prognostic factor in
PTPSd is the occurrence of biogenic amines
depletion in the brain as detected in early post-natal
period by CSF examination. An early diagnosis
and treatment influence the outcome of the disease
in subjects with CSF neurotransmitter deficiency.
According to the repertoire of the pathogenetic
alterations so far reported, genotype generally
helps in predicting phenotype. A more systematic
molecular characterization of these patients is
strongly recommended.
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