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Background: PRPS1 encodes isoform I of phosphoribosyl-
pyrophosphate synthetase (PRS-I), a key enzyme in nucleotide 
biosynthesis. Different missense mutations in PRPS1 cause a vari-
ety of disorders that include PRS-I superactivity, nonsyndromic 
sensorineural hearing impairment, Charcot-Marie-Tooth disease, 
and Arts syndrome. It has been proposed that each mutation 
would result in a specific phenotype, depending on its effects 
on the structure and function of the enzyme.
Methods: Thirteen Spanish unrelated families segregat-
ing X-linked hearing impairment were screened for PRPS1 
mutations by Sanger sequencing. In two positive pedigrees, 
segregation of mutations was studied, and clinical data from 
affected subjects were compared.
results: We report two novel missense mutations in PRPS1, 
p.Ile275Thr and p.Gly306Glu, which were found in the propos-
iti of two unrelated Spanish families, both subjects presenting 
with nonsyndromic hearing impairment. Further investigation 
revealed syndromic features in other hemizygous carriers from 
one of the pedigrees. Sequencing of genes that are function-
ally related to PRPS1 did not reveal any candidate variant that 
might act as a phenotype modifier.
conclusion: This case of intrafamilial phenotypic variation 
associated with a single PRPS1 mutation complicates the gen-
otype–phenotype correlations, which makes genetic counsel-
ing of mutation carriers difficult because of the wide spectrum 
of severity of the associated disorders.

Phosphoribosylpyrophosphate synthetase (PRS) is a key 
enzyme in nucleotide synthesis. It catalyzes the transfer of 

the terminal pyrophosphoryl group of ATP to ribose 5-phos-
phate to generate phosphoribosyl pyrophosphate, which is 
essential in its dual role of substrate and cofactor in different 
steps of the biosynthetic pathways that generate purine and 
pyrimidine nucleotides (1). In humans, there are three differ-
ent PRS isoforms (I, II, and III), which are encoded by PRPS1 

(MIM 311850), PRPS2 (MIM 311860), and PRPS3 (also known 
as PRPS1L1; MIM 611566), respectively.
PRPS1 spans over 30 kb on Xq22.3, contains seven exons, 

and it is more ubiquitously expressed than the two other genes 
of the family (1). PRPS1 expression is subject to gene silenc-
ing by the miR-376 microRNA, for which the 3′ untranslated 
region (3′-UTR) of PRPS1 includes two binding sites (2). The 
PRS-I enzyme is a hexamer that consists of three homodimers, 
each with an active site (comprising binding sites for ATP and 
ribose-5-phosphate) and two allosteric sites (3). PRS-I activ-
ity requires Mg2+ and it is regulated by allosteric competition 
between inorganic phosphate (which is an activator) and by 
purine nucleotides (ADP and GDP, which act as inhibi-
tors) (1,2). In addition, two associated proteins, respectively 
encoded by PRPSAP1 and PRPSAP2, interact with PRS-I to 
exert a negative regulatory control on the enzyme’s activity.

Mutations in PRPS1 cause a wide variety of disorders that 
include: (i) PRS-I superactivity (MIM 300661), which results 
in purine overproduction causing hyperuricemia and hyper-
uricosuria with infantile or early childhood onset of gout, and 
with neurodevelopmental abnormalities, which may include 
intellectual disability, ataxia, hypotonia, delayed motor devel-
opment, arreflexia, and/or sensorineural deafness (4–8); (ii) 
Nonsyndromic sensorineural hearing impairment (DFNX1, 
formerly DFN2, MIM 304500) of prelingual or postlingual 
onset (9–13); (iii) Charcot-Marie-Tooth disease-5 (CMTX5, 
also known as Rosenberg-Chutorian syndrome, MIM311070), 
which may include ataxia, hypotonia, loss of deep tendon 
reflexes, early-onset hearing impairment, and optic neuropa-
thy (13–15); (iv) Arts syndrome (MIM 301835), which com-
prises the clinical signs of CMTX5 plus intellectual disability, 
delayed motor development, and increased susceptibility to 
infections of the upper respiratory tract, which can lead to 
an early death (16); and (v) A recently described very severe 
condition that associates prenatal growth restriction, dysmor-
phic facial features, short stature, intellectual disability, spastic 
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quadraparesis, seizures, hearing impairment, Leber’s congeni-
tal amaurosis, and diabetes insipidus (17).

To date, 22 different pathogenic mutations have been 
reported in the PRPS1 coding region: seven causing PRS-I 
superactivity (6–8), five causing DFNX1 (9–13), five causing 
CMTX5 (13–15), two causing Arts syndrome (16), one caus-
ing the recently described very severe syndrome (17), and two 
causing intermediate phenotypes (one in a patient with PRS-I 
superactivity and recurrent infections (18), the other in a male 
subject with an overlap of CMTX5 and Arts syndrome features 
(19)). Remarkably, all of them are missense mutations. It has 
been proposed that this variety of phenotypes would corre-
late with the different effects that the amino acid substitutions 
exert on the structure of the PRS-I enzyme, depending on the 
location in the protein and on the biochemical properties of 
the replacing residue (2).

In this study, we report two novel PRPS1 mutations that were 
found in the propositi from two unrelated Spanish families, 
both subjects presenting with nonsyndromic hearing impair-
ment. Further investigation revealed syndromic features in 
other patients of one of the pedigrees. This case of intrafamil-
ial phenotypic variation is of concern to genetic counseling of 
subjects with DFNX1 nonsyndromic hearing impairment.

RESULTS
Thirteen Spanish unrelated families with X-linked hearing 
impairment were selected for this study. In a preliminary 
step, mutations in the DFNB1 locus (GJB2, encoding con-
nexin-26, and large upstream deletions) (20), which are the 
most frequent cause of inherited hearing impairment in the 
Spanish population, were excluded in the propositus of each 
family. Subsequently, we sequenced the promoter and the 
seven exons and intron–exon boundaries of PRPS1 (GenBank: 
NM_002764.3) from each propositus. In two out of them, 
novel sequence variants were found.

In family S1583, the propositus is the eldest child of non-
consanguineous healthy parents (Figure 1a). Pregnancy and 
delivery were uneventful. At age 14 y, he presented with mod-
erate hearing impairment (Figure 1b), which is being treated 
with hearing aids. No other clinical signs have manifested to 
date (age 19 y). He has two brothers with normal hearing (ages 
17 and 14 y, respectively). His maternal grandfather presented 
with hearing impairment at age 16 y, and had two affected 
brothers whose hearing loss manifested also in adulthood. The 
genetic study revealed a c.824T>C (p.Ile275Thr) mutation in 
exon 6 of PRPS1 in the propositus (Supplementary Figure S1 
online). It was in the heterozygous state in his mother (age 42 
y), who had normal hearing (Figure 1b), and it was absent in 
his father and his two healthy brothers. Presence of the muta-
tion in the maternal grandfather and his two affected brothers 
could not be tested because of unavailability of DNA sam-
ples. The mutation was absent in 50 Spanish unrelated con-
trol subjects with normal hearing, as well as in 2,535 samples 
from the 1000-Genomes Project (European Bioinformatics 
Institute, Hinxton, UK) and in 6,503 samples from the NHLBI 
Exome Sequencing Project (Washington University, St. Louis, 

MI). This novel mutation is classified as “disease causing” by 
the Mutation Taster software, and it affects a residue that is 
conserved across vertebrates and invertebrates (Figure 1c). 
Molecular modeling of the p.Ile275Thr mutation suggests 
that it disturbs the local structure of the PRPS1 monomer by 
destabilizing a hydrophobic pocket and linking two previ-
ously unconnected β-strands (Supplementary Figure S2a–c 
online).

In family S740, the propositus (subject V:5, 30 y of age), was 
referred for genetic study because of a diagnosis of nonsyn-
dromic, prelingual, bilateral hearing impairment. It was a famil-
ial case (Figure 1a) that included up to nine affected males with 
prelingual severe to profound hearing impairment (Figure 1b). 
DNA sequencing revealed a novel mutation in the propositus, 
c.917G>A (p.Gly306Glu), in exon 7 of PRPS1 (Supplementary 
Figure S1 online). The mutation was absent in 50 Spanish unre-
lated control subjects with normal hearing, as well as in 2,535 
samples from the 1000-Genomes Project, and in 6,503 samples 
from the NHLBI Exome Sequencing Project. This novel muta-
tion affects a residue that is highly conserved, from yeast to 
humans (Figure 1c), and it is classified as “disease causing” by 
Mutation Taster. Remarkably, the same residue is affected by 
another DFNX1-causing mutation, p.Gly306Arg (10). It has 
been reported that the large side chain of arginine could be 
accommodated in this mutant PRS-I structure without desta-
bilizing either the allosteric sites or the active site of the enzyme 
(Supplementary Figure S2 d–f online). Molecular modeling of 
p.Gly306Glu indicates that the large side chain of the glutamic 
acid residue can be similarly accommodated. As it occurs with 
p.Gly306Arg (2), this would affect interactions in the interface 
of the trimer, and it was expected to result in a DFNX1 pheno-
type, as in fact it was observed in the propositus.

Search for the mutation in the available samples from other 
members of family S740 showed that it was present in the 
propositus’ affected brother (subject V:6, 25 y of age) and, in 
the heterozygous state, in their normal-hearing mother (IV:4, 
49 y of age). Affected male subjects VI:1 (13 y of age at the 
moment of the study) and VI:2 (6 mo of age) also carried 
the mutation, and their respective normal-hearing mothers 
(V:2, age 33 y; and V:4, age 29 y, Figure 1b) were heterozy-
gotes. Further investigation of the family showed that two of 
the affected males carrying the mutation (V:6 and VI:1) had 
additional clinical signs. Neurological evaluation of the four 
affected males who were available for the study revealed that 
subject V:6 had mild intellectual disability (IQ test score of 70), 
global delay in reaching developmental milestones in motor, 
language and cognitive skills, and complex partial seizures; 
array Comparative Genomic Hybridization did not reveal any 
abnormality in this patient. Subject VI:1 had left clubfoot with a 
shortened Achilles tendon, which was corrected surgically. No 
clinical sign apart from the hearing impairment was revealed 
by neurological examination of subjects V:5 and VI:2. Levels 
of uric acid in blood were normal in all these four affected 
males, and none of them presented with increased susceptibil-
ity to infections. As regards the five male subjects who were 
not available for mutation testing and neurological evaluation, 
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Figure 1.  Characterization of two families with novel PRPS1 mutations (a) Pedigrees of Spanish families S1583 and S740, segregating X-linked 
hearing loss. Blank symbols indicate normal phenotype; shaded symbols indicate different clinical signs, as follows:  nonsyndromic hearing loss; 

 hearing loss, club foot and shortened Achilles tendon;  hearing loss and seizures;  hearing loss, seizures, and intellectual disability. Subjects 
who were tested for the presence of the mutation in each pedigree are indicated by signs below the symbols, as follows: “+”, hemizygous mutation 
carrier; “–”, wild type; “±”, heterozygous mutation carrier. (b) Audiograms of subjects from families S1583 and S740. Upper row, an affected male 
and his normal-hearing mother (family S1583). Lower row, two affected males and a normal-hearing female carrier (family S740). Circles, right ear; 
crosses, left ear. (c) Alignment of phosphoribosylpyrophosphate synthetase (PRS-I) orthologous sequences from ten model organisms (human, 
mouse, cattle, grey short tailed opossum, chick, African clawed frog, zebrafish, fruit fly, nematode and yeast; accession numbers on the right of the 
alignment). Only stretches aligning to human PRS-I residues 263–318 are shown. Asterisks indicate identical residues across all sequences; colons, 
conserved positions (residues of strongly similar properties); periods, semiconserved positions (residues of weakly similar properties). The locations 
of mutations p.Ile275Thr and p.Gly306Glu are indicated by vertical arrows.
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their relatives reported that four of them (II:3, II:4, IV:12 and 
V:11) had apparently nonsyndromic hearing impairment, and 
the other (III:8) had hearing loss and seizures.

Given this intrafamilial phenotypic variability and, spe-
cifically, the differences between the two affected brothers 
V:5 and V:6, we investigated hypothetical modifier effects of 
genes encoding proteins related to PRS-I: PRPS2 (GenBank: 
NM_001039091.2), PRPS3 (GenBank: NM_175886.2), 
PRPSAP1(GenBank: NM_002766.2), and PRPSAP2 (GenBank: 
NM_002767.3). Sequencing all exons of these four genes, as 
well as the promoters of PRPS1, PRPS2 and PRPS3, the miR-
376 cluster, and the miR-376 target sequences on PRPS1, from 
subjects V:5 and V:6, did not reveal any mutation that could 
account for the phenotypic differences.

DISCUSSION
Taking into account the two novel mutations that are described 
in this study, a total of 24 different pathogenic mutations, all 
of them of the missense type, have been reported in PRPS1 
to date (Table 1). They result in a variety of disorders, so con-
siderable efforts have been made to establish solid genotype–
phenotype correlations. According to the current model, the 
predicted effects of the amino acid substitutions on the protein 
structure of PRS-I would correlate with the observed pheno-
types (2,21).

Mutations affecting the allosteric sites of the enzyme abol-
ish its feedback regulation and result in PRS-I superactivity 
(4–8,22). They include p.Asp52His and p.Leu129Ile, which 
directly disturb the local structure near allosteric sites I and 
II, respectively, and five other mutations that destabilize the 
homodimer interface, with an indirect effect on allosteric sites, 
mainly on site II (p.Asn114Ser, p.Ala 190Val, p.Asp183His, 
p.His193Leu, and p.His193Gln) (Table 1).

Another group of mutations destabilize the ATP binding site 
and result in CMTX5 (p.Glu43Asp, p.Met115Thr, p.Met115Val, 
and p.Ala121Gly) (13–15), in Arts syndrome (p.Gln133Pro and 
p.Leu152Pro) (16), or in an intermediate phenotype between 
CMTX5 and Arts syndrome (p.Gln277Pro) (19) (Table 1). 
Destabilization of the ATP binding site has been also proposed 
as the molecular effect of the p.Arg196Trp mutation, which 
results in one of the most severe forms of PRS-I deficiency 
(prenatal growth restriction, dysmorphic facial features, short 
stature, intellectual disability, spastic quadraparesis, seizures, 
hearing impairment, Leber’s congenital amaurosis, and diabe-
tes insipidus) (17).

Interestingly, a recent report described a novel PRPS1 muta-
tion, p.Val142Leu, which causes an intermediate phenotype 
of PRS-I superactivity with the recurrent infections that are a 
feature of Arts syndrome (18). It has been proposed that this 
mutation would affect simultaneously the ATP binding site 
and both allosteric sites of PRS-I, so resulting in a enzyme 
that would have partially lost its activity, but also its allosteric 
regulation.

Finally, the last group of mutations exert their effects by 
disturbing the local structure (p.Ala87Thr and p.Ile290Thr) 
or by affecting interactions in the interface of the trimer 

(p.Asp65Asn, p.Ala113Ser, and p.Gly306Arg), but not desta-
bilizing either the allosteric sites or the active site. These muta-
tions result in DFNX1 nonsyndromic hearing impairment 
(9–13) (Table 1). The novel mutation p.Ile275Thr, which was 
found in this study, would belong to this last group, accord-
ing to its molecular modeling, which predicts a disturbance 
of the local structure, and according to the resulting DFNX1 
phenotype.

The other mutation that was found in this study, 
p.Gly306Glu, affects the same amino acid as the DFNX1-
causing p.Gly306Arg mutation, which suggests that the Gly306 
residue is especially important for the function of PRS-I. Both 
substitutions replace a glycine by residues having much larger 
and charged side chains (positive charge in arginine, negative 
in glutamic acid), but they can be accommodated with no local 
structural effect, although affecting interactions in the inter-
face of the trimer, where Gly-306 must play an important role, 
given the high conservation of this residue and that it might 
be a mutation hotspot. This would lead to a DFNX1 pheno-
type. However, an unexpected intrafamilial phenotypic varia-
tion was observed in males of family S740 who carried the 
p.Gly306Glu mutation. Six affected males had apparently non-
syndromic hearing loss. This was confirmed in two of them, 
V:5 and VI:2, by neurological examination, although VI:2 is 
just 6 mo old and so it cannot be formally excluded that he 
may develop additional signs later in life. In contrast, three 
other males had hearing impairment and additional clinical 
signs: seizures (two subjects), mild intellectual disability and 
developmental delay (one subject), and a shortened Achilles 
tendon (one subject). The association of these signs in patients 
could occur just coincidentally, each having a different genetic 
cause, but they manifest just in male mutation carriers, and 
not in other members of this large family. On the other hand, 
these signs have been reported in Arts syndrome, which sug-
gests that they could result from the p.Gly306Glu mutation in 
PRPS1. Interestingly, in a former study, one of the five DFNX1-
affected males carrying the p.Gly306Arg mutation was shown 
to have mild nonprogressive choreiform tremors of the upper 
extremities (10). These data suggest that mutations affecting 
residue Gly306 would result in a loose phenotype that pre-
dominantly consists of nonsyndromic hearing loss but that 
can also include syndromic features in some patients. At this 
moment, we cannot propose a mechanism for this intrafamil-
ial variability, since mutations in the different candidate modi-
fier genes that we investigated were excluded in family S740.

Conclusion
Mutations in PRPS1 result in a great variety of disorders rang-
ing from nonsyndromic hearing impairment to very complex 
and severe clinical conditions, which include an expanding 
spectrum of clinical signs (16). The finding of intermediate 
phenotypes between the different well-defined clinical entities 
(17,18) indicates that mutations in PRPS1 have the potential of 
producing a continuum of clinical features, whose combina-
tions are sometimes difficult to classify. Molecular modeling of 
the different mutations predicts their effects on the structure 
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of the PRS-I enzyme, and so it provides a first molecular basis 
for an explanation of the resulting phenotypes. In addition, for 
loss-of-function mutations, the levels of the residual enzyme 
activity seem to correlate with the severity of the disease. 
However, intrafamilial phenotypic variability adds more com-
plexity to the picture, suggesting the existence of other modi-
fiers of the phenotype. Consequently, no diagnosis of DFNX1 
nonsyndromic hearing impairment can be firmly established 
without clear exclusion of syndromic features by thorough 

clinical (mainly neurological) examinations. Furthermore, 
genetic counseling of subjects from DFNX1-diagnosed fami-
lies must take into account the possibility that other clinical 
signs may accompany hearing loss in their descendants carry-
ing a PRPS1 mutation.

METHODS
Thirteen unrelated Spanish families segregating X-linked hearing 
impairment were enrolled in this study. After approval by the Ethical 
Committee of Hospital Universitario Ramón y Cajal (in accordance 

table 1. Pathogenic mutations of the PRPS1 coding region (GenBank: NM_002764.3)

Mutation

Clinical diagnosis Case type Hearing loss Other clinical signs and comments ReferencesDNA level Protein level

c.129A>C p.Glu43Asp CMTX5 Familial Yes (prelingual) Visual impairment, peripheral neuropathy (14)

c.154G>C p.Asp52His PRS-I superactivity Familial no Hyperuricemia and gout (7)

c.193G>A p.Asp65Asn DFNX1 Familial Yes (childhood 
onset)

Later-onset hearing loss in carrier females (12)

c.259G>A p.Ala87Thr DFNX1 Familial Yes (prelingual) Postlingual hearing loss in carrier females (9)

c.337G>T p.Ala113Ser DFNX1 Familial Yes (postlingual) Late-onset hearing loss in one carrier female (13)

c.341A>G p.Asn114Ser PRS-I superactivity Simplex Yes Hyperuricemia, gout, renal insufficiency, ataxia (5,6)

c.343A>G p.Met115Val CMTX5 Familial Yes (postlingual) Peripheral neuropathy (13)

c.344T>C p.Met115Thr CMTX5 Familial Yes (prelingual) Visual impairment, peripheral neuropathy (14)

c.362C>G p.Ala121Gly CMTX5 Familial Yes (prelingual) Peripheral neuropathy (15)

c.385C>A p.Leu129Ile PRS-I superactivity Simplex Yes Hyperuricemia, gout, intellectual disability (7)

c.398A>C p.Gln133Pro Arts syndrome Familial Yes (prelingual) Hypotonia, ataxia, delayed motor development, 
optic atrophy, areflexia, loss of deep tendon 
reflexes, intellectual disability, recurrent 
infections, early death

(16)

c.424G>C p.Val142Leu PRS-I superactivity and 
recurrent infections

Familial Yes Hypotonia, delayed motor development, areflexia, 
recurrent respiratory infections, early death

(18)

c.455T>C p.Leu152Pro Arts syndrome Familial Yes Hypotonia, ataxia, delayed motor development, 
optic atrophy, areflexia, loss of deep tendon 
reflexes, intellectual disability, recurrent 
infections, early death

(16)

c.547G>C p.Asp183His PRS-I superactivity Familial Yes Hyperuricemia, gout, intellectual disability (4,6)

c.569C>T p.Ala190Val PRS-I superactivity Simplex Yes Hyperuricemia, gout, intellectual disability (7)

c.578A>T p.His193Leu PRS-I superactivity Simplex No Hyperuricemia (the propositus is a carrier female) (8)

c.579C>G p.His193Gln PRS-I superactivity Simplex Yes Hyperuricemia, gout, intellectual disability (7)

c.586C>T p.Arg196Trp Novel syndromic 
phenotype

Familial Yes Prenatal growth restriction, dysmorphic 
facial features, intellectual disability, spastic 
quadraparesis, seizures, Leber’s congenital 
amaurosis, diabetes insipidus, short stature

(17)

c.824T>C p.Ile275Thr DFNX1 Familial Yes (postlingual) This work

c.830A>C p.Gln277Pro CMTX5/Arts syndrome 
intermediate 
phenotype

Familial Yes (prelingual) Prelingual non-syndromic hearing loss in a 
carrier female

(19)

c.869T>C p.Ile290Thr DFNX1 Familial yes (prelingual) Postlingual hearing loss in carrier females (11)

c.916G>A p.Gly306Arg DFNX1/syndromic? Familial yes (postlingual) Mild non-progressive choreiform tremors of 
upper extremities in one male

(10)

c.917G>A p.Gly306Glu DFNX1/syndromic 
hearing loss

Familial Yes (prelingual) Seizures (one subject); seizures, mild intellectual 
disability and developmental delay (one 
subject); shortened Achilles tendon (one 
subject).

This work

c.925G>T p.Val309Phe CMTX5 Familial Yes (postlingual) Peripheral neuropathy (13)

PRS-I, phosphoribosylpyrophosphate synthetase.
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with the 1964 Declaration of Helsinki), written informed consent 
was obtained from all participating subjects. Hearing was evaluated 
by pure-tone audiometry, testing for air conduction (frequencies 
125–8,000 Hz), and bone conduction (frequencies 250–4,000 Hz). 
The hearing status of infants was investigated by recording Auditory-
evoked Brainstem Responses (ABRs). The degree of hearing loss was 
determined by calculating the binaural mean of the hearing thresh-
olds for air conduction at frequencies 0.5, 1, and 2 kHz, and it was 
classified as mild (average thresholds in the range of 21–40 dB), mod-
erate (41–70 dB), severe (71–90 dB), or profound (>90 dB).

DNA was extracted from peripheral blood samples by using 
the Chemagic MSM I automated system (Chemagen, Baesweiler, 
Germany). Screening of mutations in GJB2 and large upstream 
deletions was performed as previously reported (20). Primers were 
designed for PCR amplification and Sanger DNA sequencing of 
all exons and exon-intron boundaries of PRPS1, PRPS2, PRPS3, 
PRPSAP1, and PRPSAP2, as well as the promoters of PRPS1, PRPS2 
and PRPS3, the miR-376 cluster, and the miR-376 target sequences on 
PRPS1 (Supplementary Table S1 online).

Mutation nomenclature is based on cDNA sequence (GenBank 
accession number NM_002764.3) and follows current Human 
Genome Variation Society rules as implemented by the Mutalyzer 
2.0.3 program (Leiden University Medical Center, Leiden, The 
Netherlands). The pathogenic potential of the novel missense 
mutations was evaluated by using the Mutation Taster software 
(Universitätsmedizin Berlin, Berlin, Germany). Three-dimensional 
modeling of the novel mutations was based on hexamer model 2h06.
pdb1 (23). The altered amino acid side chains in the model were posi-
tioned with a backbone-dependent rotamer library, as implemented 
in the Swiss-Prot PDB Viewer 4.1 program (Biozentrum, Basel, 
Switzerland) (24).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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