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β-Ureidopropionase is the third enzyme of the pyrimidine degradation pathway and catalyses the conversion of
N-carbamyl-β-alanine and N-carbamyl-β-aminoisobutyric acid to β-alanine and β-aminoisobutyric acid, ammo-
nia andCO2. Todate, only a limitednumber of genetically confirmedpatientswith a completeβ-ureidopropionase
deficiency have been reported. Here, we report on the clinical, biochemical and molecular findings of 10 newly
identified β-ureidopropionase deficient individuals. Patients presented mainly with neurological abnormalities
andmarkedly elevated levels of N-carbamyl-β-alanine andN-carbamyl-β-aminoisobutyric acid in urine. Analysis
of UPB1, encoding β-ureidopropionase, showed 5 novel missense variants and two novel splice-site variants.
Functional expression of the UPB1 variants in mammalian cells showed that recombinant ß-ureidopropionase
carrying the p.Ala120Ser, p.Thr129Met, p.Ser300Leu andp.Asn345Ile variant yielded no or significantlydecreased
β-ureidopropionase activity. Analysis of the crystal structure of human ß-ureidopropionase indicated that the
point mutations affect substrate binding or prevent the proper subunit association to larger oligomers and thus
a fully functional β-ureidopropionase. A minigene approach showed that the intronic variants c.[364 + 6 T >
G] and c.[916 + 1_916+ 2dup] led to skipping of exon 3 and 8, respectively, in the process of UPB1 pre-mRNA
splicing. The c.[899C> T] (p.Ser300Leu) variantwas identified in two unrelated Swedish β-ureidopropionase pa-
tients, indicating that β-ureidopropionase deficiency may be more common than anticipated.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

β-Ureidopropionase (βUP, EC 3.6.1.6), also called β-alanine synthase
or N-carbamoyl-β-alanine amidohydrolase), constitutes the third and
last step in the reductive degradation of the pyrimidine nucleotide
bases uracil and thymine. The first and rate-limiting enzyme of the
pathway, dihydropyrimidine dehydrogenase (DPD, EC 1.3.1.2), initially
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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reduces uracil and thymine to their corresponding dihydro-
derivatives, which are hydrolyzed to N-carbamoyl-β-alanine (NCβA, β-
ureidopropionate) and N-carbamoyl-β-aminoisobutyrate (NCβAIBA) by
dihydropyrimidinase (DHP, EC 3.5.2.2). In an additional hydrolysis step,
βUP converts these compounds to β-alanine and β-aminoisobutyrate
(βAIBA), respectively, releasing carbondioxideandammonia. Inhumans,
the pathway is important for maintenance of pyrimidine homeostasis
and as a source of β-alanine, which is a modulator of neuropathic pain
[1], agonist of γ-aminobutyrate (GABA) and glycine receptors in neuro-
transmissions [2,3], and precursor of carnosine and anserine [4,5]. Also
the thymine degradation product βAIBA has been attributed signaling
functions, stimulating the conversion ofwhite into brown adipose tissue,
fatty acid oxidation [6] and production of leptin [7].

βUP from higher eukaryotes including man are nitrilase-like en-
zymes [8,9] using a conserved Glu-Lys-Cys-Glu tetrad to catalyze a
CO–N bond cleavage. Their three-dimensional structure was revealed
by X-ray crystallographic analysis of D. melanogaster βUP (DmβUP)
[10] and of an inactive variant of human βUP (HsβUP) [11]. The subunit
structures of both enzymes, which share 63% amino acids sequence
identity, are highly similar, adopting theαββα sandwich fold. Both en-
zymes exist as a mixture of different-sized homooligomers in solution.
Human βUP shows positive cooperativity towards NCβA, and in pres-
ence of high concentration of this substrate the equilibrium is shifted to-
wards species of higher molecular weight. The octameric state revealed
by the crystal structure of DmβUPdoes herebymost likely represent the
dominant and physiologically most relevant substrate-activated form.
Increasing concentrations of β-alanine cause enzyme dissociation to in-
active dimers, a state captured in the crystal structure of the T299Cmu-
tant of HsβUP [11]. Structure analysis suggested that enzyme activation
proceeds via substrate binding-induced ordering of three dynamic loop
regions called entrance loops (EL) causing insertion of a catalytically
crucial glutamate residue [12–14] in the active site, and stabilization
of their ordered state at the dimer-dimer interfaces formed upon as-
sembly of larger oligomers [10].

βUP deficiency (MIM 613161) is an autosomal recessive disease
caused by mutations in the UPB1 gene. To date, only a limited number
(< 40) of genetically confirmed patients with βUP deficiency have
been reported [15–22]. The clinical phenotype of these patients is highly
variable, but is characterized by neurological problems [15]. However,
asymptomatic individuals have also been detected [16]. Thus, the clini-
cal presentation and biochemical and genetic spectrum of patients with
βUP deficiency are still largely unknown.

The availability of βUP crystal structures [10,11] provides the oppor-
tunity to investigate novel missense variants in a three-dimensional
framework. In this study, we report the clinical, biochemical and genetic
findings in 10 newly identified individuals with a complete ßUP defi-
ciency. We produced the respective βUP variants using an eukaryotic
expression system to study the functional and structural consequences
of the mutations at the protein level and analyzed the three-
dimensional context of the mutation sites. The deleterious effect of the
intronic variants in UPB1 affecting pre-mRNA splicing was demon-
strated using the minigene approach.

2. Materials and methods

2.1. Patients

The patients in whom a ßUP deficiency was suspected were identi-
fied in France, Germany, Ireland,Norway and Sweden. Samples of all pa-
tients were forwarded to the Laboratory of Genetic Metabolic Diseases
in Amsterdam UMC, for further genetic and/or biochemical analysis.

2.2. Pyrimidine bases and degradation products in urine

Concentrations of uracil, thymine, dihydrouracil (DHU), dihydro-
thymine (DHT), NCβA and NCβAIBA in urine samples sent to the
178
Amsterdam UMC were determined using reversed-phase HPLC com-
bined with electrospray tandem mass spectrometry, essentially as de-
scribed before [23,24].

2.3. PCR amplification of UPB1 coding exons

DNA was isolated from whole blood using the QIAamp DNA Micro
kit (QIAGEN). PCR amplification of exons 1–10 and flanking intronic re-
gions of UPB1 was performed using previously described primer sets
[25]. The UPB1 sequence from patients was compared to controls and
the reference UPB1 sequence (Ref Seq NM_016327.2).

2.4. Cloning and site-directed mutagenesis

Mutations were introduced into the pcDNA3.1Zeo plasmid contain-
ingwild-typeUPB1 using site-directedmutagenesis, as described before
[16]. Compatible primers (Supplementary Table 1) were designed for
use with the QuikChange™ Site- Directed Mutagenesis Kit (Agilent).
All resulting plasmids were sequenced to confirm introduction of single
nucleotide changes.

2.5. Construction of β-ureidopropionase minigenes

One minigene was constructed for each of the novel identified vari-
ants predicted to affect splicing, namely c.364 + 6 T > G and c.916 +
1_916 + 2dupGT. One fragment of UBP1 containing exons 2, 3 and 4
(for c.364 + 6 T > G) and three fragments of UPB1 containing exons 7,
8 or 9 (for c.916+ 1_916+ 2dupGT)with flanking intronswere ampli-
fied from the patient's genomic DNA (in the case of c.364+ 6 T > G) or
from genomic DNA from a control individual (in the case of c.916 +
1_916+ 2dupGT). After initial denaturation for 30 s at 98 °C, amplifica-
tion was carried out for 35 cycles (10 s 98 °C, 1 min 72 °C) with a final
extension step of 10 min at 72 °C in 20 μl reaction mixtures containing
1X Phusion HF Buffer, 0.2 mM dNTPs, 0.5 μM of each primer and 0.4 U
of Phusion DNA Polymerase. Amplification of the fragment containing
exons 2, 3 and 4 required the extra addition of 3% DMSO. Primers
used for amplificationwere engineered to contain restriction sites as de-
scribed in Figs. 3 and 4 (for actual primer sequences see Supplementary
Table 2). The resulting fragments were cloned into the pcDNA3.1Zeo
vector.

To introduce the mutation c.916 + 1_916 + 2dupGT, the wild-type
minigene construct was subjected to site-directed mutagenesis. Com-
patible primers (Supplementary Table 3) were designed for use with
the QuikChange™ Site-Directed Mutagenesis Kit (Agilent). PCR medi-
ated site-directed mutagenesis was performed according to the manu-
facturer's recommended protocol. In the case of c.364 + 6 T > G, the
fragment containing the variant was directly amplified from the pa-
tient's genomic DNA.

All resulting plasmids were sequenced to confirm the presence of ei-
ther the wild type minigene construct or the minigene construct with
the respective variants.

2.6. Cell culture and transient transfection

For transient transfections, cell cultures of HEK293 or HEK293T
cells were set up in six-well plates 24 h prior to transfection, as
described before [16]. HEK293 or HEK293T cells were transfected
with pcDNA3.1Zeo-βUP (wild-type or variants) using X-treme GENE
HP DNA Transfection reagent (Roche). Two days after transfection,
cells were harvested and cell pellets were immediately frozen in liquid
nitrogen and stored at−80 °C until use [16]. All transfections were
performed in triplicate. Parental vector (pcDNA3.1Zeo) without insert
was transfected as negative control.

For the minigene studies, HeLa Flp-In cells were transfected with
pcDNA3.1Zeo-βUP minigene (wild-type and c.916 + 1_916 +
2dupGT) and HEK293T cells were transfected with pcDNA3.1Zeo-βUP
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minigene (wild-type and c.364+ 6 T>Gmutant), using X-treme GENE
HP DNA Transfection reagent (Roche). Two days after transfection, the
cells were harvested. Pellets were immediately suspended in TRI
Reagent (Sigma) and stored at −20 °C until use. Parental vector
pcDNA3.1Zeo without insert was used as a negative control.

2.7. β-Ureidopropionase activity assay

Cell pellets were resuspended in 300 μl isolation buffer (35 mM po-
tassium phosphate, pH 7.4 and 2.5 mMMgCl2) and lysed by sonication
on ice. Crude lysateswere centrifuged at ≥11,000 rpm for 20min at 4 °C.
The supernatant was used for analysis of the ßUP activity using
radiolabeled N-carbamyl-β-alanine, as described previously [26].

2.8. Western blot analysis

Cell supernatants (3–7.5 μg protein) were fractionated on a 4–12%
SDS-PAGE gel and transferred to nitrocellulose membranes. Blots were
incubated for one hour with a rabbit anti-UPB1 (Anti-UPB1 AV42467-
100UG, Sigma-Aldrich) andmouse antiα-tubulin antibodies in blocking
buffer. Membranes were washed and incubated with IRDye800 conju-
gated goat anti-rabbit and IRDye680 conjugated donkey anti-mouse
(both LI-COR) secondary antibodies, as described before [16]. Blots
were scanned and band intensities analyzed using the LI-COR Odyssey
infrared imaging system.

2.9. Native gel electrophoresis

Blue native polyacrylamide gel electrophoresis (5 μg protein) was
performed using 4–16% NativePAGE™ Novex® Bis-Tris Gels (Life tech-
nologies). Supernatant samples were prepared in sample buffer
(50 mM Bis Tris-HCL, 50 mM NaCl, 10% glycerol and 0.001% Ponceau
S, pH 7.2). Electrophoresis and immunoblotting was performed accord-
ing to the manufacturer's recommended protocol.

2.10. RNA analyses of the overexpressed pcDNA3.1Zeo-βUP minigenes

Total RNAwas extracted from the overexpressedminigene pellets in
TRI Reagent using the Direct-zol RNA Kit (Zymo Research), according to
the manufacturer's instruction. cDNA synthesis was performed using
the QuantiTect Reverse Transcription Kit (QIAGEN) according to the
manufacturer's instruction. cDNA was analyzed by performing a PCR
using Platinum Taq Polymerase (Invitrogen) and primers in exon 2
and 4 or exon 7 and 9 (Supplementary Table 4). Amplification was car-
ried out in 25 μl reaction mixtures containing 20 mM Tris-HCl pH 8.4,
50 mM KCl, 1.5 mM MgCl2, 0.4 μM of each primer, 0.2 mM dNTPs and
0.02 U of Platinum Taq polymerase. After initial denaturation for
5 min at 95 °C, amplification was carried out for 30 cycles (30 s 95 °C,
30 s 55 °C, 60 s 72 °C) with a final extension step of 10 min at 72 °C.
PCR products were separated on 1.5% agarose gels, visualized with
ethidium bromide, treatedwith exoSAP-IT (USB) and used for direct se-
quencing.

2.11. Crystal structure analysis

The HsβUP subunit coordinate file downloaded from the Alphafold
Protein Structure Database [27] was used to analyze the structural con-
text of the point mutations. A tetrameric model of activated HsβUP,
which contains one dimer-dimer interface, was generated by superim-
position of four copies of the HsβUP subunit model onto two neighbor-
ing dimeric units of the DmβUP crystal structure (PDB-ID:2vhi) [10].
Structure analysis and manual introduction of the amino-acid ex-
changes resulting from the mutations were performed with WinCoot
[28]. Figs. 5 and 6 were generated using PyMol [29].
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3. Results

3.1. Clinical phenotype

The clinical features of the ßUP deficient individuals are shown in
Table 1. Most patients were referred in the first four years of life, and
the most common findings at diagnosis were failure to thrive, intellec-
tual disabilities, seizures, speech delay and hypotonia. The phenotypic
variability of βUP deficiency was demonstrated in one family in which
the two index patients were clinically affected whereas the same geno-
type did not lead to overt symptoms in the sister of the affected siblings.

3.2. Pyrimidine bases and degradation products in body fluids

The urine samples of the individuals showed normal to moderately
elevated levels of dihydrouracil and dihydrothymine and strongly ele-
vated levels of NCβA and NCβAIBA when compared to those observed
in controls (Table 2). Thus, the observed N-carbamyl-β-amino aciduria
in these patients strongly suggested the presence of ßUP deficiency.

3.3. Analysis of the UPB1 variants and expression of mutant UPB1 proteins

Analysis of the genomic sequences of exon 1–11 of UPB1 including
their flanking intronic sequences in the patients showed two previously
described variants (c.[254C > A] and c.[917-1G > A]) [20] and 7 novel
variants, including 5 missense variants (c.[53C > T], c.[358G > T], c.
[386C > T], c.[899C > T], c.[1034A > T]) and two splice-site variants
(c.[364 + 6]T > G, c.[916 + 1_916 + 2dup]) (Table 1). Homozygosity
for one of the identified variants was observed in 3 out of 10 patients.
The variant c.[899C > T] was present in two unrelated patients. All
here reported variants are extremely infrequent in the general popula-
tion, with a minor allele frequency ranging from 1.8 × 10−3 to not re-
ported at all (Table 3). A relatively high allele frequency of 1.8 × 10−3

and 1.1 × 10−3 was observed for the c.[358G > T] and c.[386C > T] var-
iant in African Americans.

The five novel and/or rare missense variants were investigated in
more detail by functional expression of the ßUP variants in mammalian
cells and subsequent analysis of ßUP protein expression and activity. All
five mutant ßUP enzymes were readily expressed and those carrying
the p.Ala120Ser, p.Thr129Met, p.Ser300Leu and p.Asn345Ile variant
yielded no or significantly decreased ßUP activity (Fig. 1). Only the mu-
tant ßUP carrying p.Pro18Leu possessed a significant residual ßUP activ-
ity (Fig. 1).

Western blotting of blue native gels detected various highmolecular
weight oligomeric forms of wild-type ßUP, comparable to those ob-
served for ßUP enzymes containingp.P18L andp.A120S variants. In con-
trast, no distinct sharp bands of high molecular weight were observed
for ßUP enzymes containing p.S300L and p.T129M, although bands of
lower molecular weights were present, corresponding to lower oligo-
meric states (from monomers to dimers) of ßUP (Fig. 2). This indicates
that p.S300L and p.T129M proteins have a dramatically reduced ability
to form larger oligomers, and thus, their potential equilibrium of oligo-
merization status was shifted towards lower molecular weight species.
For the ßUP protein carrying the p.N345I variant, hardly any protein
band were detectable (Fig. 2).

3.4. UPB1 minigenes

A schematic representation of the UPB1 minigene construct used to
analyze the effect of the c.916 + 1_916 + 2dup mutation on pre-
mRNA splicing is shown in Fig. 3. The RT-PCR products of total RNA,
which was extracted from HeLa Flp-In cells transfected with the
minigene constructs, produced two splicing products of approximately
216 and 173 bp for the WT construct and one splicing product of ap-
proximately 173 bp for the mutant construct. Sequence analysis of the
PCR fragments of the WT construct showed that the 216-product



Table 1
Genetic and phenotypic findings of patients with UPB1 deficiency.

Patienta Sex Age at
diagnosis
(years)

Key symptoms at diagnosis Genotype Effect Exon/Intron
location

1 (IE) M 0.5 Seizures c.[209G > C] + [364 + 6 T > G] p.Arg70Pro; Splicing Exon 2; Intron 3
2 (SE) F 0 Congenital heart disorder; 22q11 syndrome c.[899C > T] + [917-1G > A] p.Ser300Leu; Splicing Exon 8; Intron 8
3 (DE) M 4 Seizures, failure to thrive; psychomotor retardation, speech delay. c.[1034A > T] + [1034A > T] p.Asn345Ile Exon 9
4 (NO)b F 2.5 Failure to thrive, mild MRI abnormalities, hypotonia, intellectual

disability, no speech
c.[358G > T] + [917-1G > A] p.Ala120Ser; Splicing Exon 9, Intron 8

5 (SE) M 1.5 Ataxia, strabismus, personality change, hypotonia, no speech c.[899C > T] + [917-1G > A] p.Ser300Leu; Splicing Exon 8; Intron 8
6 (DE) F 0.7 Psychomotor retardation, failure to thrive, hypotonia c.[386C > T] + [386C > T] p.Thr129Met Exon 4
7 (IE) F 1 Seizures c.[53C > T] + [53C > T] p.Pro18Leu Exon 1
8.1 (FR) M – Intellectual disability, hypertelorism, no speech c.[916 + 1_916 + 2dup] + [254C > A] Splicing; p.Ala85Glu Intron 8, Ex 2
8.2 (FR) M – Intellectual disability c.[916 + 1_916 + 2dup] + [254C > A] Splicing; p.Ala85Glu Intron 8, Ex 2
8.3 (FR) F – Asymptomatic c.[916 + 1_916 + 2dup] + [254C > A] Splicing; p.Ala85Glu Intron 8, Ex 2

a The nationality is given in parenthesis.
b Patient's father is from Norway and her mother is from Ghana.
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corresponded to the expected normal splicing product containing exon
7, 8 and 9. The 173-bp product was generated by alternative splicing.
The 173-bp product corresponded to a shorter RNA transcript, lacking
the complete UPB1 exon 8 (Fig. 3).

The effect of the c.364+6 T>Gvariant on splicing of the pre-mRNA
coding forUPB1was investigated as depicted in Fig. 4. The RT-PCR prod-
ucts of total RNA, extracted from HEK293(T) cells transfected with the
minigene constructs, generated one splicing product of approximately
291 bp, for the WT construct and the mutant construct generated one
major splicing product of approximately 203 bp and a minor splicing
product of 291 bp. Sequence analysis of the PCR fragments of the WT
construct showed that the 291 bp-product corresponded to the ex-
pected normal splicing product containing exon 2, 3 and 4. The 203-
bp band corresponded to a shorter RNA transcript, lacking the complete
UPB1 exon 3 (Fig. 4).

3.5. Analysis of the structural effects of the mutations

Since all mutation sites are located in regions that are either invisible
or show artificial conformations in theHsβUP structure deposited in the
Protein Data Bank (PDB-Id: 6FTQ) due to a T299Cmutation in one of the
entrance loops [11], or are spatially close to regions that show such de-
viations, we analyzed putative structural effects of the mutations pri-
marily based on a model of a HsβUP tetramer generated from
Table 2
Urinary concentration of pyrimidine metabolites.

Compound
Patient (age at urine sampling)

Uracil Thymine

1 (6 months)a 6 2
2 (5 months) 24 2
3 (4 years)a 12 1
4 (3.5 years)b 13 1
5 (1.3 years) 25 1
6 (7 months)a 19 3
7 (1.8 year)a 9 1
8.1 (6.7 years) 19 1
8.2 (15 years) 13 0.5
8.3 (13 years) 12 1
Control (<3 years, n = 104)c 11.8 ± 9.1 0.5 ± 0.6
Control (>3 years, n = 111)c 7.0 ± 5.4 0.1 ± 0.3

Values are shown as μmol/mmol creatinine. Controls are indicated as mean ± SD.
DHU, Dihydrouracil; DHT, Dihydrothymine; n.a., not available; NCβA, N-carbamyl-β-alanine; N

a Data reported by the referring institute.
b Analyzed in urine-soaked filter paper strips.
c Data from Nakajima et al. [48].
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subunits with folds as predicted by Alphafold [27]. Themodel combines
subunit core features of the HsβUP crystal structure with interface loop
conformations and subunit assembly mode of the DmβUP crystal struc-
ture (PDB-Id: 2VHI, Supplementary Fig. S1, Fig. 5A) [10]. Fig. 5B and C
shows the locations of themutation sites in the model. With the excep-
tion of P18, all sites and their immediate neighborhood are strictly con-
served in the βUP sequences of orangutan, mouse, D. melanogaster and
A. thaliana, and P18 is non-conservatively exchanged only in the plant
enzyme. This indicates that all five residues play crucial roles for struc-
ture and function of the enzyme.

P18 is situated on the protein surface in the short loop connecting the
two N-terminal α-helices (Figs. 5B, 6A). Joined by their counterparts
from another subunit they form a 4-helix bundle-like arrangement at
the dimerization interface. Replacement of P18 by leucine would not
cause steric clashes but put different geometrical constraints on theback-
bone conformation. Enhanced by the spatial closeness of the mutation
sites from the twoneighboring subunits, thismay hamper bundle forma-
tion. The HsβUP variant T299C crystallized in dimeric state even with a
completely disordered N-terminal region, however, the subunits were
modestly rotated compared to those constituting a DmβUP dimer [11].
Correct interaction of the N-terminal helices is thus probably not essen-
tial for dimer stability, but may fixate its geometry. The modest residual
activity (Fig. 1) andnative gel results (Fig. 2) showthat theP18Lmutation
does not prevent formation of a dimer-dimer interface and thus enzyme
DHU DHT NCβA NCβAIBA

28 77 299 508
90 196 762 406
n.a n.a 355 318
11 21 144 21
46 90 798 494
2531 400 523 169
25 29 299 282
19 36 278 187
11 18 139 73
8 15 130 95
6.3 ± 5.3 3.1 ± 2.1 11.0 ± 9.2 1.8 ± 2.3
2.1 ± 1.6 1.0 ± 0.7 2.8 ± 2.0 0.1 ± 0.4

CβAIBA, N-carbamyl-β-aminoisobutyric acid.



Table 3
Allele frequency of novel and rare UPB1 variants in the population.a

Variant dbSNP ID ESP MAF gnomAD

African American European American Total Europeanb African American

c.[53C > T] rs201084127 nr nr 8.0 × 10−6 1.8 × 10−5 nr
c.[358G > T] rs138872001 1.8 × 10−3 nr 2.6 × 10−4 2.3 × 10−5 2.4 × 10−3

c.[364 + 6T > G] rs772212502 nr nr 2.8 × 10−5 5.4 × 10−5 nr
c.[386C > T] rs145368798 1.1 × 10−3 nr 6.4 × 10−5 3.1 × 10−5 5.6 × 10−4

c.[899C > T] rs762081192 nr nr 6.0 × 10−5 1.2 × 10−4 nr
c.[916 + 1_916 + 2dup] nr nr nr nr nr nr
c.[1034A > T] nr nr nr nr nr nr

ESP, Exome Sequencing Project; gnomAD, Genome Aggregation Database; MAF, Minor Allele Frequency; nr, not reported.
a Accessed on 10 August 2021.
b Non-Finnish.
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activationper se, but full activationmaynot be achieveddue to increasing
structural distortion with each subsequent dimer attachment.

A120 is located within the active site right next to the glutamate
(E119) that activates C233 for its nucleophilic attack on the substrate
(Fig. 6B). Mutation of A120 to serine increases size and polarity of the
side chain, disturbing its interactionswith the nearby hydrophobic clus-
ter formed by F125, F127, M123 and L176. Minor structural rearrange-
ments required to avoid unfavourable contacts primarily with F125
likely position E119 sub-optimally for C233 activation, explaining the
very low residual activity of the A120S variant (Fig. 1).

T129 is located in entrance loop 1 (EL1, amino acids 128–136), spa-
tially close to EL2 (amino acids 202–211) that carries E207 involved in
catalytic protonation and deprotonation steps [13], as well as EL3
Fig. 1.ßUP activity and immunoblot analysis ofwild-type andmutant ßUP enzymes. Panel
A shows the immunoblot analysis of the expressed wild-type (WT) and mutant ßUP en-
zymes. Panel B shows the relativeßUP activity (mean+SD, n=3) of the various ßUPmu-
tants compared to the wild-type ßUP enzyme, expressed in HEK293(T) cells.
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(amino acids 295–311) from the same and the diagonally opposite sub-
unit (Figs. 5C, 6C). Conformational stabilization of these loops upon as-
sembly of dimeric units to a larger oligomer is crucial for βUP activation
as it inserts E207 into the active site [10,11]. The T129 side chain points
into a narrow space created by A126, C128, E131, W135, Y210, F294,
N296, and F298, with the hydroxyl group being hydrogen-bonded to
A126, E131, and W135. The methionine side chain introduced by the
T129M mutation cannot form hydrogen bonds and does not fit into
the available space, causing significant structural rearrangements in
this region. The catalytic inactivity of the T129M (Fig. 1) variant is prob-
ably due to inability of the EL loops to adopt their active state conforma-
tions, and of the enzyme to form larger oligomers (Fig. 2), leaving the
catalytic machinery incomplete. The sensitivity of HsβUP towards mu-
tations in this functionally important region was already previously
showcased with the mutation of the EL3 residue T299 [11].

The inactivation of the S300L variant likely follows the same
mechanism. S300 is located at the tip of EL3, which interacts with
EL2 and its own counterpart from the diagonally opposite subunit
at the dimer-dimer interface (Figs. 5C, 6D). The hydrogen bonds
formed by its hydroxyl group with H307 and either D204 or D302
stabilize the conformations EL3 and EL2 adopt upon interface for-
mation. S300 mutation to the larger, hydrophobic leucine abolishes
the hydrogen bonds and causes steric clashes with the bonding
partners. Native gel analysis (Fig. 2) confirmed that the S300L var-
iant is incapable to form larger oligomers, explaining its total inac-
tivity (Fig. 1).
Fig. 2. Native polyacrylamide gel electrophoresis of HEK293(T) cells expressing βUP pro-
tein [wild-type (WT) andmutants]. Cell supernatants (5 μg)were subjected to 4–16% blue
native page, followed byWestern blot analysis using polyclonal anti-β-ureidopropionase
antibody.



Fig. 3.UPB1minigene construct of c.916+1_916+2dup. Panel A shows a schematic diagramof theUPB1minigene construct containing a part of theUPB1 gene containing c.916+1_916
+2dup variant. The cDNAprimers Ex 7F and Ex 9R are located in exon 7 and 9, respectively. Panel B shows the gel electrophoresis of RT-PCR amplification of theUPB1 transcripts obtained
from HeLa Flp-In cells transfected with the plasmid pcDNA3.1+ UPB1WT and pcDNA3.1+ UPB1 916+ 1_916+ 2dup. The positive control represents pcDNA3.1Zeo plasmid containing
wild-type UPB1.

Fig. 4.UPB1minigene construct of 364+ 6 T>G. Panel A shows a schematic diagram of theUPB1minigene construct containing a part of theUPB1 gene containing 364+6 T>G variant.
The cDNA primers Ex 2F and Ex 4R are located in exon 2 and 4, respectively. Panel B shows the gel electrophoresis of RT-PCR amplification of theUPB1 transcripts obtained fromHEK293T
cells transfected with the plasmid pcDNA3.1+ UPB1WT and pcDNA3.1+ UPB1 364 + 6 T > G. The positive control represents pcDNA3.1Zeo plasmid containing wild-type UPB1.
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N345 is interacting with yet another surface-exposed loop
(amino acids 60–69) involved in dimer-dimer interface formation
(Figs. 5C, 6E). In the HsβUP model, its side chain is hydrogen-
bonded to the R68 carbonyl oxygen and the E64 side chain (in
DmβUP, the latter is replaced by a hydrogen bond with R70). Other
polar residues (R67, D343) are placed nearby. The N345I mutation
would cause an energetically costly exposure of a hydrophobic side
chain to a very hydrophilic environment, as well as loss of both hy-
drogen bonds, resulting in local structural rearrangements, in-
creased flexibility due to detachment of loop 60–69 from the
protein surface, and thus loss of well-defined structures important
for dimer-dimer interface formation. The decrease in activity of the
N345I variant can therefore likely be explained by a reduced stability
of the higher oligomeric, activated state (Fig. 2).

4. Discussion

ßUP deficiency is an inborn error of the pyrimidine degradation
pathway and our patients presented with strongly elevated levels of
the N-carbamyl-β-amino acids in urine, and moderately increased
levels of dihydrouracil and dihydrothymine. The latter might reflect in-
hibition of dihydropyrimidinase by N-carbamyl-β-alanine and N-
carbamyl-ß-aminoisobutyric acid [30]. However, the underlying cause
for the strongly increased concentrations of the dihydropyrimidines in
patient 6, which exceeded those of the N-carbamyl-ß-amino acids, is
unknown.
Fig. 5. The crystal structure of DmβUP and location of the mutation sites. (a) Schematic view o
ently. (b) Schematic viewof a dimeric unit of a HsβUPmodel, with one subunit coloured blue an
of the corresponding amino acid side chain, shown in blue for one subunit, and in yellow for t
cysteine (C233) in red. (c) View of the interface between two dimeric units, with the subunits
The location of the mutation sites and the active site are indicated as in (b).
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The most frequently observed clinical manifestations in the present
study groupweremainly neurological: seizures, intellectual disabilities,
hypotonia and lack of speech. The congenital heart disorder observed in
patient 2 can be explained by the fact that the patient is also suffering
from 22q11 syndrome. The majority of individuals with 22q11.2del
have a 3 Mb deletion of DNA on chromosome 22, leading to a
haploinsufficiency of ~106 genes [31]. Although the UPB1 gene maps
to chromosome 22q11.2, it is not part of the deleted region as observed
in patients with 22q11 syndrome [31,32]. The pathogenesis underlying
the various clinical manifestations in patients with a ßUP deficiency re-
mains as yet unknown. The identification of individuals with biochem-
ically complete ßUP deficiency without any clinical manifestations, and
the marked intrafamilial variability in phenotype, indicate that addi-
tional (epi)genetic and environmental factors are likely to be involved
[16,17,33]. Moderately decreased levels of ß-alanine and strongly de-
creased levels of ß-aminoisobutyric acid have been observed in patients
with a deficiency in one of the three enzymes of the pyrimidine degra-
dation pathway [20,34,35]. In particular ß-aminoisobutyric acid has
been shown to play a pivotal role in vital processes such as skeletalmus-
cle function and carbohydrate and lipidmetabolism [7,36–38]. An inter-
esting observation is that rare copy number variations in genes involved
in nucleotide metabolism, including UPB1, have been identified in indi-
viduals with autism spectrum disorder [39].

The reductive pyrimidine catabolic pathway is also responsible for
the degradation of the widely used anticancer drug 5-fluorouracil [40].
Heterozygosity for rare and more common variants in UPB1 have been
f the homooctameric DmβUP in cartoon representation with each subunit coloured differ-
d the other yellow-orange. The identifiedmutation sites are indicated by space-fill models
he other. The location of the active site is indicated by a space-fill model of the active site
of one dimer coloured as in (b), and the subunits of the other coloured green and wheat.



Fig. 6. The environment of themutation sites in theHsβUPmodel. Subunits are coloured as in Fig. 5c and shown in cartoon representation, covered by a transparent surface in A) and C-E).
The views in A-D) focus on the P18L, A120S, T129M, S300L, and N345I sites, respectively, in the wheat-coloured subunit, whereas E) focuses on the N345I site in the green-coloured sub-
unit. Stickmodels of the side chains introduced by themutations are shownwith carbon atoms inmagenta, with an energetically preferred conformation that causes the least clashes. The
replaced native side chain is shownwith carbon atoms in yellow, active site residueswith carbon atoms in cyan. For further residues discussed in the text the carbon atoms are coloured as
the subunit they belong to. Nitrogen, oxygen and sulphur atoms are depicted in blue, red, and yelloworange, respectively, hydrogen bonds are indicated by dotted black lines. Mutation
sites are labelled in bold, and the active site entrance loops EL1-EL3 in red. The location of the active site is pinpointed in (C-E).
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shown to be associated with altered catabolism of uracil and 5-
fluorouracil [41–43]. Therefore, the identification of novel genetic vari-
ants underlying a ßUP deficiency is important since it will allow the
identification of patients who might have an increased risk of develop-
ing 5FU-associated toxicity.

Mutation analysis of UPB1 showed 7 novel variants, including 5
missense variants and two intronic splice-site variants. The analysis
of the effect of variants in UPB1 on pre-mRNA splicing is hampered
by the fact that ßUP is primarily expressed in liver and kidney cells
[44]. Using a minigene approach, which can detect mRNA splicing ab-
errations using cells that do not express the endogenous mRNA, we
could show that the c.[364 + 6 T > G] variant led to skipping of
exon 3 immediately upstream of the mutated splice donor site in the
process of UPB1 pre-mRNA splicing. The c.[916 + 1_916 + 2dup] var-
iant is located in a conserved splice-donor site and the minigene ap-
proach showed that this variant leads to a shorter RNA transcript,
lacking exon 8 of UPB1. However, the minigene containing part of the
wild-type UPB1 sequence showed not only the expected normal splic-
ing product but also a shorter RNA transcript, lacking the UPB1 exon 8.
Exon definition is modulated by exonic and intronic sequence ele-
ments, which can promote or suppress splice-site recognition. A com-
plex combinatorial interplay between regulatory elements and their
cognate factors determines exon definition and regulation [45]. It is
conceivable that the minigene did not contain all exonic and intronic
sequence elements which promote splice-site recognition, resulting
partly in the skipping of exon 8 immediately upstream of the wild-
type splice donor site during UPB1 pre-mRNA splicing. Interestingly,
two previously identified splice-site variants c.[105-2A > G] and c.
[917-1G > A] led to a variety of alternative splice-variants, with dele-
tions of a single or several exons [46].

Functional analysis of the βUP proteins obtained by recombinant
expression of ßUP genes containing missense mutations yielded no
or significantly decreased activity for all of them. Furthermore, na-
tive gel electrophoresis revealed that the p.T129M and p.S300L
184
variants do not show the distribution of different homooligomeric
states characteristic for wild type HsβUP, and are incapable to as-
semble beyond the dimeric state. In contrast, variants p.P18L, p.
A120S and p.N345I can adopt a variety of homooligomeric states,
but their maximum size remains below that observed for wild type
HsβUP.

Analysis of the structural context of themutation sites revealed that
only one of them, A120, is located in the active site where an amino acid
exchange can directly alter the required precise positioning of catalytic
residues or interfere with substrate binding. Like for several of the pre-
viously reported point mutations of the human βUP gene [16,33], the
four other sites occur at or near subunit surfaces that become buried
upon dimerization (P18), or upon assembly of dimeric units to higher
oligomers (T129, S300, N345). The low residual activities observed for
these interface mutants support the hypothesis that proper subunit as-
sociation to larger oligomers induced by the substrate of the catalyzed
reaction is required for full catalytic proficiency of human as well as
other βUP [11,47]. The c.[899C > T] (p.Ser300Leu) variant was identi-
fied in two unrelated Swedish ß-ureidopropionase patients, indicating
that ß-ureidopropionase deficiency may be more common than antici-
pated.
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