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ARTICLE INFO ABSTRACT

Objectives: Stable isotope dilution coupled with liquid chromatography-tandem mass spectrometry

(LC-MS/MS) is the sensitive method for screening for various inherited metabolic disorders using dried
blood spots (DBSs). We present a method for LC-MS/MS determination of succinyladenosine (SAdo) and
succinylaminoimidazole carboxamide riboside (SAICAr), biomarkers for adenylosuccinate lyase deficiency
(dADSL), in DBS.
Keywords: Design and methods: SAICAr and SAdo were separated on a Symmetry-C18 column and detected using
Dried blood spots positive electrospray ionisation in selected reaction monitoring mode. The quantification was performed
DBS using the isotopically labelled internal standards SAdo-'3C4 and SAICAr-'3C,, which were prepared via
ADSL-catalysed reactions of fumarate-'3C, with adenosine monophosphate and aminoimidazole
carboxamide ribotide, respectively, and subsequent alkaline phosphatase-catalysed dephosphorylation of
the resulting products.

Results: The detection of SAICAr and SAdo in DBS was linear over the range of 0-25 pmol/L. The respec-
tive intra-assay and inter-assay imprecision values were less than 10.7% and 15.2% for SAICAr and 4.7% and
5.7% for SAdo. The recoveries from DBS spiked with different concentrations of SAICAr and SAdo were
between 94% and 117%. The concentrations of SAICAr and SAdo were higher in the archived DBS from
dADSL patients (SAICAr, 0.03-4.7 umol/L; SAdo, 1.5-21.3 pmol/L; n = 5) compared to those of the control
subjects (SAICAr, 0-0.026 umol/L; SAdo, 0.06-0.14 umol/L; n = 31), even after DBSs from dADSL patients
were stored for 2-23 years.

Conclusions: We developed and validated a method of succinylpurine analysis in DBS that improves
selective screening for dADSL in the paediatric population and may be used for retrospective diagnosis to
aid the genetic counselling of affected families.

© 2014 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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Introduction

Liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) is a powerful tool for the measurement of metabolic pro-
files in biological samples. It allows simultaneous profiling of diverse
groups of metabolites in limited clinical materials such as dried blood
spots (DBSs). For high-quality quantitative analysis, the use of isotope-
labelled internal standards is highly recommended to reduce the vari-
ability caused by matrix effects, sample preparation errors or detection
sensitivity changes. High reliability, sensitivity and throughput make
stable isotope dilution tandem mass spectrometry an optimal technique

Abbreviations: ADSL, adenylosuccinate lyase; SAdo, succinyladenosine; SAICAr,
succinylaminoimidazole carboxamide riboside; PEI-TLC, polyethylenimine cellulose thin-
layer chromatography; HPLC-DAD, high-performance liquid chromatography with diode
array detection; LC-MS/MS, liquid chromatography-tandem mass spectrometry.
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for selective or neonatal screening of various groups of inherited meta-
bolic disorders [1,2].

Screening procedures for disorders of purine and pyrimidine metab-
olism are mostly based on the detection of abnormal metabolites in
urine [3-11]. However, collection of this material may be difficult, espe-
cially in newborns. Furthermore, the instability of some metabolites
requires deep freezing of the collected material before transportation
to metabolic laboratories. In contrast, DBS can be stored at room temper-
ature and requires no special shipping policy; additionally, their use pre-
cludes false negative results due to bacterial infections [12]. Moreover,
DBS samples are routinely collected on a Guthrie card from all neonates
in many countries for the screening of inborn errors of metabolism and
may be available for the screening of purine disorders without the need
for additional sample (urine, blood) collection.

In this work, we describe methods for the preparation of the isotopi-
cally labelled purine metabolites succinylaminoimidazole carboxamide
riboside-'3C4 (SAICAr-'3C,) and succinyladenosine-'3C, (SAdo-'3C,)
and demonstrate their use in quantitative LC-MS/MS analysis of SAdo
and SAICAr in neonatal DBS. This method allows inexpensive selective

0009-9120/© 2014 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinbiochem.2014.10.004&domain=pdf
http://dx.doi.org/10.1016/j.clinbiochem.2014.10.004
mailto:marie.zikanova@lf1.cuni.cz
mailto:jkrijt@lf1.cuni.cz
mailto:vaclava.skopova@lf1.cuni.cz
mailto:Matyas.Krijt@staff.cuni.cz
mailto:veronika.baresova@lf1.cuni.cz
mailto:skmoch@lf1.cuni.cz
http://dx.doi.org/10.1016/j.clinbiochem.2014.10.004
http://www.sciencedirect.com/science/journal/02637296

M. Zikanova et al. / Clinical Biochemistry 48 (2015) 2-7 3

screening of adenylosuccinate lyase (ADSL) deficiency (MIM# 103050),
which is an inherited metabolic disorder of purine metabolism [13,14],
in patients with an unspecific neurological manifestation.

Material and methods
Chemicals

Calf intestinal alkaline phosphatase (CIP) and NEB3 buffer were pur-
chased from New England Biolabs (Ipswich, MA). All other chemicals
were purchased from SIGMA Chemical Company (St. Louis, MO).

Preparation and purification of 1>C,-labelled compounds

SAdo-3C4

A reaction mixture consisting of 10 mM Tris-Cl (pH 8), 10 mM Kdl,
2 mM EDTA, 70 mM AMP, 6 mM fumaric acid->C, and 50 pg/mL
human recombinant ADSL [15,16] was incubated for 4 h at 37 °C,
concentrated under a stream of nitrogen, applied to PEI-TLC plates
(CEL 300 PEI/UV254, 10 cm x 20 cm; Macherey-Nagel) and developed
in 1 M ammonium acetate. Adenylosuccinic acid-'3C4 (SAMP-'3C,)
was detected under UV254 (RF 0.02), scraped off and extracted with
2 M ammonium hydroxide. The PEI cellulose was removed by centrifu-
gation at 5000 g for 10 min. The supernatant was concentrated under a
stream of nitrogen and analysed by high-performance liquid chroma-
tography with diode array detection (HPLC-DAD) as described below.
To each reaction, 20 U of CIP and NEB3 buffer was added, and the sam-
ples were incubated for 1 h at 37 °C. The concentration of SAdo-'3C,
after HPLC-DAD analysis was determined spectrophotometrically at
269 nm (NanoDrop, Thermo Scientific) and calculated using the extinc-
tion coefficient 19,200 L mol™' cm™ ! [17].

SAICAr-"3¢,

Areaction mixture of 10 mM Tris—Cl (pH 8), 10 mM KCl, 2 mM EDTA,
6 mM aminoimidazole carboxamide ribotide (AICAR), 70 mM fumaric
acid-"3C4 and 50 pg/mL human recombinant ADSL [15,16] was incubat-
ed for 3 h at 37 °C. Then, 20 U of CIP and NEB3 buffer was added, incu-
bated for 1 h at 37 °C and analysed by HPLC-DAD (as described below).
The reaction mixture was applied onto a Dowex 50W column, washed
with water and eluted with 2 M ammonium hydroxide [16]. The alka-
line fractions containing SAICAr-'3C, were pooled and concentrated
under a stream of nitrogen. After HPLC-DAD analysis, the SAICAr-'3C,
concentration was determined spectrophotometrically at 269 nm
(NanoDrop, Thermo Scientific) and calculated using the extinction coef-
ficient 13,100 L mol ™' cm™' [17].

HPLC-DAD analysis

The HPLC-DAD analysis of the prepared '>C,-labelled compounds
was performed using a 10A Shimadzu Liquid Chromatography System
with a diode array detector.

Twenty microlitre aliquots of the reaction mixture were injected
onto the Prontosil 120-3 C18-AQ column (200 « 4 mm, 3 um) (Bischoff,
Leonberg, Germany) and subjected to gradient elution beginning with
100% phase A containing 0.1 M KH,PO,4 and 5 mM tetrabutylammonium
hydrogen sulphate (pH 3) and 0% phase B containing phase A and
30% acetonitrile at a flow rate of 0.7 mL/min. The analysis progressed
linearly to 100% B over 0-12 min, followed by 100% B from 12 to
14 min, and 100-0% B (0-100% A) from 14 to 15 min. Then, the column
was regenerated with 100% A for 10 min.

Samples
For this study, we used DBS collected on a Whatman 903® filter

paper (Whatman, Dassel, Germany) from 31 anonymous control sam-
ples and 6 ADSL-deficient patients identified in a newborn screening.

The samples were protected from light and humidity and stored for
several months or years at room temperature.

The project was approved by the Ethics Committee of the General
University Hospital in Prague and informed consents were obtained
from the patients. Authors have complied with the World Medical Asso-
ciation Declaration of Helsinki regarding the ethical conduct of research
involving human subjects.

Sample preparation for DBS screening

Using a manual punch, three 3-mm diameter disks from the centre of
each DBS sample area were removed, placed in 100 pL of extraction buff-
er containing acetonitrile:methanol:water (1:1:1 ratio) with 100 nM
SAdo-'3C, and SAICAr-'3C, and incubated for 15 min in an ultrasonic
bath.

An 80-1L aliquot of the extract was transferred to a clean tube and
centrifuged for 5 min at 8000 g. Then, the supernatant was evaporated
to dryness under a stream of nitrogen and dissolved in 30 pL of water
for LC-MS/MS analysis.

Preparation of calibrators

Aliquots of whole blood were spiked with 0.01, 0.05, 0.25, 1 and
10 pmol/L of the succinylpurines SAICAr and SAdo. The DBSs were proc-
essed as described above, and calibration curves were constructed by
plotting the ratio of the peak areas of the succinylpurines and the corre-
sponding internal standard against the concentration of succinylpurine
added to the calibration blood sample.

LC-MS/MS instrumentation and experimental conditions

The LC-MS/MS system consisted of the Agilent 1290 Infinity LC
System (Agilent Technologies, Palo Alto, CA, USA) coupled with an API
4000 triple quadrupole mass spectrometer with an electron ion source.
The system was operated using Analyst software, version 1.4 (Applied
Biosystems, Foster City, CA, USA).

The separation was performed on a Symmetry C18 column
(100 = 2.1 mm, 3.5 micron particle size, Waters Corporation, Milford,
USA). The gradient elution was performed with 0.1% formic acid solu-
tion in water (phase A) and 0.1% formic acid solution in acetonitrile
(phase B). The gradient profile began with 100% A, followed by a linear
increase to 30% B over 7 min and an increase to 60% B at 8 min. The
column was then regenerated with 100% A for another 7 min. The
flow rate was 0.25 mL/min.

The detection of the analytes was carried out using the positive
electrospray ionisation technique and the selected reaction monitoring
mode. The precursor ions m/z 375 and m/z 384 correspond to protonat-
ed molecular ions of SAICAr and SAdo. The product ions m/z 252.2 and
m/z 243 correspond to protonated fragments after the cleavage of the
glycosidic C-N bond. The parameters of the mass spectrometer are
listed in Table 1.

Table 1
LC-MS/MS parameters for analytes and internal standards.

Compound  Retention time MRM transitions Dwell time DP* (V) CE" (V)
(min) (m/z) (ms)

SAdo 4.0 384.2/252.2 100 34 22

SAICAT 3.1 375.2/243 100 35 26

SAdo-3C, 4.0 388.2/256.2 100 34 22

SAICAr-3C, 3.1 379.2/247.2 100 35 26

2 Declustering potential.
b Collision energy.
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Results to SAdo-13C,4 (or SAICAr-13C,) by CIP (Fig. 1). The excess AMP, which
is considerably less expensive than fumaric acid-'3C,, was used in
Preparation of the '>C,-labelled standards the SAdo-'3C, preparation reaction. The disadvantage of this procedure

is the necessity of separating SAMP-13C, from AMP by TLC after the

The ADSL metabolites SAdo-'3C, and SAICAr-'3C, were prepared for first enzymatic reaction. This step reduces the yield and is time con-

LC-MS/MS analysis by two enzymatic reactions. In the first reaction, suming. Thus, excess fumarate-'>C, was used rather than AICAR in the

fumaric acid-'3C4 and AMP (or AICAR) were converted to SAMP-13C,  SAICAr-'3C, preparation reaction, due to the simpler purification and

(or SAICAR-3C,4) by human recombinant ADSL [15]. In the second reac- similar price of both input substrates. The purity of the prepared metab-
tion, the resulting SAMP-'3C, (or SAICAR-3C4) was dephosphorylated  olites as determined by HPLC-DAD analysis was 96%.
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Fig. 1. Preparation of the isotopically labelled standards. In the first reaction, human recombinant ADSL binds fumaric acid-'>C, to AMP (A/) or AICAR (B/). Subsequently, the SAMP-'3C,
product is dephosphorylated to SAdo-'>C, (A/) and SAICAR-'3C, is dephosphorylated to SAICAr-'3C, by calf intestinal alkaline phosphatase (CIP).
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Table 2
Intra- and inter-assay method imprecision and the lower limits of quantification and the
limits of detection for the LC-MS/MS method.

Sample Compounds Concentration Imprecision (CV %) LLOQ LOD
umol/L Intra-day Inter-day pmol/L - pmol/L

Control  SAICAr 0.01 10.7 15.2 0.01 0.004

Patient 2.1 2.4 2.8

Control  SAdo 0.12 4.7 5.7 0.01 0.002

Patient 22 4.2 5.7

Determination of SAdo and SAICAr in DBS

Linearity

The linearity of the method was demonstrated by high correlation
coefficients (r > 0.996) for the calibration curves, which covered clinical-
ly relevant concentrations ranging from 0.01 pmol/L up to 25 pmol/L for
both metabolites (see Data Supplement 1 for calibration curves). The
linearity within the monitored concentration range was confirmed by
Mandel's fitting test.

Imprecision and limits of detection and quantification

The method imprecision was determined using normal and high
concentrations of SAdo and SAICAr by analysing DBS samples from
one control and one ADSL-deficient patient. Intra-assay imprecision
was determined by analysing six replicates from a single DBS sample
in one day and ranged between 2.4% and 10.7% for SAICAr and between
4.2% and 4.7% for SAdo. Inter-assay imprecision was examined by
analysing two DBSs six times over a period of 14 days; the observed
range of inter-assay imprecision was between 2.8% and 15.2% for SAICAr
and 5.7% for SAdo (Table 2).

The limits of detection (LOD) were assessed using a signal-to-noise
ratio of 3:1 and were determined to be 0.004 umol/L for SAICAr and
0.002 umol/L for SAdo.

The lower limits of quantification (LLOQ) were determined as the
lowest spiked concentration of each analyte which, upon addition to
the blood sample, was experimentally determined in the DBS with im-
precision better than 20% and recovery of 100 + 20%. The determined
LLOQ were 10 nmol/L for both succinylpurines.

Recovery

Recovery was determined by analysis of DBS prepared from control
blood sample spiked with 5 concentration levels of SAdo and SAICAr.
Six replicate analyses of each DBS were performed. The percentage
recovery was determined by comparing the mean concentration of the
analytes determined in the spiked DBS to the expected value (mean con-
centration in unspiked DBS + concentration of the spike).

The results of the studies are summarised in Table 3. The recover-
ies ranged from 94% to 117% depending on the concentration of the
succinylpurines added to the DBS.

Matrix effects

The ion suppression effects were evaluated in post-column infusion
experiments by directly infusing SAdo and SAICAr dissolved in 0.1%
formic acid while the DBS extract was simultaneously injected via the
autosampler. Signal suppression was observed between 0.7 and 1.2 min
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Fig. 2. The long-term stability of SAICAr and SAdo in DBS. Squares, set-squares and crosses
represent the addition of 0.25, 1 and 10 pmol/L succinylpurines to the blood, respectively.

and 1.4 and 2 min with no signal enhancement present during the anal-
ysis. Neither SAICAr nor SAdo (retention times 3.1 and 4.1 min, respec-
tively) did elute in the region of signal suppression (Data Supplement 2).

Stability study

To evaluate the usefulness of the method in routine clinical practice,
we tested the stability of SAICAr and SAdo in DBS over a 2-week period.
We also tested the long-term stability of both metabolites in DBS over a
period of 3 to 12 months to evaluate metabolite changes in the archived
DBS from ADSL patients.

The sample stability was tested by analysing spiked DBS samples
prepared as described in the section “Preparation of calibrators” and
stored at room temperature. After 2 weeks, 3 months and 12 months,
these DBS samples were analysed, and the results were compared to
the succinylpurine determinations in the spiked DBS calibration sam-
ples, which were stored at —80 °C.

The results showed that both metabolites are stable in DBS stored for
2 weeks and that the metabolite concentrations decreased from 24% to
42% for SAdo and from 44% to 57% for SAICAr in the spiked DBS stored
for 3 or 12 months (Fig. 2).

Table 3
The recovery of SAICAr and SAdo from DBS spiked with defined amounts of SAdo and SAICAr.
SAdo SAICAr
Concentration added (umol/L) 0.01 0.05 0.25 10 0.01 0.05 0.25 1 10
Mean recovery (%) 111 94 102 102 117 104 100 106 97
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SAICAr and SAdo in DBS samples

The concentrations of SAICAr and SAdo were higher in DBS from ADSL-
deficient patients (SAICAr, 0.03-4.7 pmol/L; SAdo, 1.5-21.3 umol/L;
n = 5) compared to control subjects (SAICAr, 0-0.026 umol/L; SAdo,
0.06-0.14 pmol/L; n = 31) (see Data Supplement 3 for LC-MS/MS anal-
yses). The decrease in SAICAr concentrations determined in DBS stored
for 2 to 23 years confirms the instability of SAICAr over time (Fig. 3).

Discussion

The current trends for population and selective screening of met-
abolic disorders are to use methods based on the profiling of a wide
spectrum of metabolites in DBS using LC-MS/MS. LC-MS/MS is more
sensitive and specific than traditional assays such as HPLC-DAD. These
methods replace classical screening techniques and offer an alternative
diagnostic test for many metabolic disorders. One such disorder is ADSL
deficiency, an inherited disorder of purine metabolism.

Affected individuals present a variety of non-specific neurological
symptoms [15,18]. The correct diagnosis of ADSL deficiency prevents
further costly clinical examination and is essential for predicting the
risks associated with a subsequent pregnancy and for the possibility of
prenatal diagnosis [19].

There is strong evidence that ADSL deficiency is under-diagnosed
[20]. To date, approximately 80 patients have been reported worldwide
[20-25] (http://udmp.If1.cuni.cz/adsl). Underestimation of the preva-
lence of ADSL deficiency may be partially due to assessment based on
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the detection of the less stable biomarker SAICAr by TLC with Pauly's
reagent or the Bratton-Marshall test, which may produce false negative
results [12]. The benefits of using LC-MS/MS in the diagnosis of ADSL de-
ficiency are well illustrated in the case of the state of Victoria, Australia,
where no cases of ADSL deficiency were diagnosed, despite the availabil-
ity of the Bratton-Marshall test and HPLC-based purine and pyrimidine
screening. Immediately after introduction of the new tandem mass
spectrometry screening method in urine, which included detection of
SAdo in the negative ion mode (transitions _382.1 to _206.1 m/z) and
quantification using hexanoyl-'3C,-glycine as an internal standard,
three new cases of ADSL deficiency were diagnosed [20].

In a previous study, the possibility of using DBS for the diagnosis
of ADSL deficiency was tested [26]. In this study, the authors focused
on testing for ADSL activity. However, this enzyme was shown to be
unstable in DBS. In our laboratory, we developed a reliable and sensitive
analytical method for screening ADSL deficiency in neonatal DBS based
on LC-MS/MS analysis of the ADSL metabolites SAdo and SAICATr. Pre-
cise quantification of SAICAr and SAdo in DBS was accomplished using
the isotopically labelled standards SAdo-'3C4 and SAICAr-13C,.

This is the first report of SAICAr and SAdo concentrations in newborn
DBS samples from ADSL-deficient patients. Due to the rarity of the
disease, the number of DBS from ADSL-deficient patients was limited.
Moreover, these archived DBSs were stored at room temperature for a
long period of time (2-23 years). The stability of biomarkers for ADSL
deficiency in DBS stored for such a long time is questionable. A long-
term stability study showed a decrease in both metabolites in spiked
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Fig. 3. Concentrations of SAdo and SAICAr in the DBS of ADSL-deficient patients archived for 2 to 23 years (n = 6), controls < 6 months old (n = 25) and controls 7-12 years old (n = 6).
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DBS stored for 3 or 12 months. SAICAr was less stable than SAdo, show-
ing an approximate 50% decrease in concentration after storage for
more than 3 months. These results explain the lower SAICAr levels
determined in the archived DBS samples from patients with ADSL defi-
ciency. The SAICAr concentration in one DBS stored for 18 years before
analysis was similar to the upper range in the control samples, which
were stored for less than 6 months. In other examined DBS samples
from ADSL-deficient patients, SAICAr concentrations were above the
levels present in control DBS samples. The SAdo levels in archived DBS
from ADSL-deficient patients were greater than one order of magnitude
above the levels determined in control DBS, which demonstrates the
usefulness of the presented method in screening ADSL deficiency in new-
born DBS from patients with non-specific neurological manifestations.

Conclusions

The presented method allows extensive screening of ADSL deficien-
cy in a population of patients with neurological involvement and opens
up opportunities for the further development of screening methods for
other, not-yet-identified defects in de novo purine synthesis. Due to the
long-term stability of the metabolite SAdo in DBS, the presented meth-
od may be used for retrospective diagnosis to aid genetic counselling of
affected families.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clinbiochem.2014.10.004.
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ABSTRACT

Purines are essential molecules for nucleic acid synthesis and are the most common carriers of chemical energy in
all living organisms. The cellular pool of purines is maintained by the balance between their de novo synthesis
(DNPS), recycling and degradation. DNPS includes ten reactions catalysed by six enzymes. To date, two genetical-
ly determined disorders of DNPS enzymes have been described, and the existence of other defects manifested by
neurological symptoms and the accumulation of DNPS intermediates in bodily fluids is highly presumable.

In the current study, we prepared specific recombinant DNPS enzymes and used them for the biochemical prep-
aration of their commercially unavailable substrates. These compounds were used as standards for the develop-
ment and validation of quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS). To simulate
manifestations of known and putative defects of DNPS we prepared CRISPR-Cas9 genome-edited HeLa cells de-
ficient for the individual steps of DNPS (CR-cells), assessed the substrates accumulation in cell lysates and growth

Human cellular model media and tested how the mutations affect assembly of the purinosome, the multi-enzyme complex of DNPS en-
Purinosome zymes. In all model cell lines with the exception of one, an accumulation of the substrate(s) for the knocked out
enzyme was identified. The ability to form the purinosome was reduced.
We conclude that LC-MS/MS analysis of the dephosphorylated substrates of DNPS enzymes in bodily fluids is ap-
plicable in the selective screening of the known and putative DNPS disorders. This approach should be considered
in affected individuals with neurological and neuromuscular manifestations of unknown aetiology. Prepared in
vitro human model systems can serve in various studies that aim to provide a better characterization and under-
standing of physiology and pathology of DNPS, to study the role of each DNPS protein in the purinosome forma-
tion and represent an interesting way for the screening of potential therapeutic agents.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction their de novo synthesis (DNPS), recycling and degradation. DNPS in-

cludes ten reactions catalysed by six enzymes (Fig. 1). To date, two ge-

Purines comprise essential molecules for nucleic acid synthesis and netically determined defects of DNPS have been identified, including
are the most common carriers of chemical energy in all living organ- the adenylosuccinate lyase (ADSL, EC 4.3.2.2) deficiency (OMIM
isms. The cellular pool of purines is maintained by the balance between 103050) [1] and AICA-ribosiduria (OMIM 608688) [2]; both defects
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cyclohydrolase; CAIR, carboxyaminoimidazole ribotide; CAlr, carboxyaminoimidazole riboside; CHO, Chinese hamster ovarian cells; CIP, calf intestinal alkaline phosphatase; CRISPR,
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ribotide; GART, trifunctional enzyme glycinamide ribonucleotide synthetase/aminoimidazole ribonucleotide synthetase/glycinamide ribonucleotide transformylase; HPLC-DAD, high
performance liquid chromatography with diode-array detection; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MBP, maltose binding protein; N'°-formyl-THF, N'°-
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are accompanied by serious neurological involvement and are caused
by missense mutations in the ADSL and ATIC genes, respectively. Defects
in the other four genes have not been identified.

The range of the genetic variabilities and allele frequencies available
in the Exome Aggregation Consortium (ExAc) database indicate that
similar to the ADSL and ATIC genes, there is (with the exception of the
PPAT gene) no evolutionary constraints against loss of function or mis-
sense mutations in other DNPS genes GART, PFAS and PAICS (Supple-
mentary data 1). Thus, it may be expected that individuals with
biallelic mutations in these genes should exist and, similar to the other
DNPS defects, may manifest nonspecific neurological and neuromuscu-
lar symptoms and the accumulation of specific DNPS intermediates in
bodily fluids.

The main limitation regarding the diagnosis of these defects is the ab-
sence of a method for their detection. In the current work, we utilize the
technique of liquid chromatography-tandem mass spectrometry (LC-MS/
MS) for the determination of accumulated DNPS intermediates. The
major constraint was the lack of standards. We previously developed pro-
cedures for the preparation of ADSL substrates and used them as stan-
dards in the diagnosis of ADSL deficiency via the LC-MS/MS method [3,
4]. We subsequently prepared substrates of the DNPS enzymes
phosphoribosylformylglycinamidine synthetase (PFAS, EC 6.3.5.3), bi-
functional PAICS - phosphoribosylaminoimidazole carboxylase (EC
4.1.1.21)/phosphoribosylaminoimidazole succinocarboxamide synthe-
tase (EC 6.3.2.6), and together with the commercially available substrate
of 5-aminoimidazole-4-carboxamide ribonucleotide transformylase (EC

PPAT
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0 D
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O—I;’—O o 00— I;‘ (o]
o (o}
—OH
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2.1.2.3)/inosine monophosphate cyclohydrolase (ATIC, EC 3.5.4.10), we
used these substrates as the standards in the LC-MS/MS detection of
DNPS defects and as substrates for the development of individual enzyme
activity assays. To model the situation in the bodily fluids of patients with
DNPS disorders, we prepared clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas9 genome-edited HeLa cells (CR-cells) defi-
cient for specific steps of DNPS and analysed DNPS metabolites in cell
lysates and growth media. We also tested the ability of the CR-cells to
form purinosome, a multi-enzyme complex of DNPS enzymes, which
cells transiently assemble in their cytoplasm upon depletion or an in-
creased demand for purines [5,6].

2. Materials and methods
2.1. Chemicals and standard solutions

Succinylaminoimidazolecarboxamide ribotide (SAICAR), SAICA-
riboside (SAICAr), succinyladenosine (S-Ado) and N'°-formyl-tetrahy-
drofolate (N'°-formyl-THF) were prepared as previously described |3,
7]. Calf intestinal alkaline phosphatase (CIP) and NEB3 buffer were pur-
chased from New England Biolabs (NEB), and Dulbecco's minimum es-
sential medium (DMEM), F12 nutrition mix and foetal bovine serum
(FBS) were obtained from Life Technologies, Thermofisher Scientific,
Czech Republic. All other chemicals were purchased from Sigma-Al-
drich, Czech Republic.
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Fig. 1. De novo purine synthesis (DNPS): The basic molecule of purine inosine monophosphate (IMP) is generated within 10 reactions from organic and inorganic acids, amino acids and
phosphoribosyl pyrophosphate (PRPP) using six enzymes. In the first reaction, glutamine transfers an NH, group to PRPP, creating a phosphoribosylamine and the side products glutamate
and pyrophosphate. In subsequent reactions, other functional groups are added (from glycine, N'°-formyl tetrahydrofolate, glutamine, hydrogen carbon acid, aspartate and again from
N'°-formyl tetrahydrofolate) to initiate the imidazole cycle followed by the pyrimidine cycle, the completion of which results in IMP formation.
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2.2. Recombinant protein preparation

We prepared the ¢cDNA trifunctional glycinamide ribonucleotide
synthetase (EC 6.3.4.13)/aminoimidazole ribonucleotide synthetase
(EC 6.3.3.1)/glycinamide ribonucleotide transformylase (EC 2.1.2.2.)
(GART), PFAS, PAICS, ADSL and ATIC genes using previously described
methods [8]. We introduced constructs with the correct sequences
into the E. coli strain DH5aF'IQ (Invitrogen) and expressed the recombi-
nant protein via IPTG. The pellets were resuspended in buffer A (10 mM
Tris [pH 8.2], 2 mM EDTA, 10 mM KCl, 1 mM DTT, and 4% glycerol), son-
icated four times for 15 s at 40 W, and centrifuged (9000g, 30 min); the
lysates were applied to amylose affinity columns (NEB). We subse-
quently eluted the recombinant protein fused with maltose binding
protein (MBP) from the column and performed SDS-PAGE analysis ac-
cording to standard procedures.

2.3. Preparation and purification of substrates

2.3.1. Aminoimidazole ribotide (AIR) and Al-riboside (Alr)

We incubated 400 pl of a reaction mixture that contained 100 mM
sodium phosphate (pH 6), 35 mM MgCl,, 6 mM ADP, 6 mM SAICAR
and 0.5 mg/ml human recombinant MBP-PAICS at 37 °C for 5 h and
analysed the mixture via high performance liquid chromatography
with diode-array detection (HPLC-DAD). We applied the reaction mix-
ture to an activated Strata X-AW (33 um; 200 mg/3 ml) column
(Phenomenex) and immediately eluted the column using 100 mM sodi-
um acetate pH 5.1. AIR was not captured by the column in contrast to
SAICAR, ADP and ATP. We concentrated the single fractions under a
stream of nitrogen and analysed them via HPLC-DAD. AIR was deter-
mined at 250 nm using a NanoDrop spectrophotometer (Thermo Scien-
tific), and the concentration was calculated using an extinction
coefficient of 3830 M~ ! cm~! [9]. We subsequently prepared Alr from
the 3 mM AIR solution in the standard reaction mixture of 1XNEB3 buff-
er and 1 U CIP via incubation for 2 h at 37 °C.

2.3.2. Carboxyaminoimidazole ribotide (CAIR) and CAl-riboside (CAlIr)

Four hundred microliters of a reaction mixture that contained
50 mM Tris-Cl (pH 8), 1.3 mM MgCl,, 500 mM NaHCO3, 3 mM AIR
and 0.5 mg/ml human recombinant MBP-PAICS were incubated at 37 °
C for 4 h and analysed via HPLC-DAD. We applied the reaction to an ac-
tivated Strata XL-A (100 pm; 200 mg/3 ml) column, washed the column
with 3 ml of 100 mM ammonium acetate (pH 8.2) and 3 ml of methanol
and dried it under a vacuum. CAIR was eluted with 5% formic acid in
methanol and analysed via HPLC-DAD. The amount of CAIR was deter-
mined at 250 nm using a NanoDrop spectrophotometer, and the con-
centration was calculated using an extinction coefficient of
10,580 M~ ! cm™ ! [9]. We subsequently prepared CAIr from the 3 mM
CAIR solution in the standard reaction previously described.

2.3.3. Formylglycineamide ribotide (FGAR) and FGA-riboside (FGAr)

Four hundred microliters of a reaction mixture that contained
85 mM Tris-Cl (pH 9), 5.7 mM MgCl,, 10 mM NH4OH, 11 mM glycine,
0.7 mM ATP, 30 mM ribose-5-phosphate, 0.1 mM N!°-formyl-THF and
0.5 mg/ml human recombinant MBP-GART were incubated at 37 °C
for 4 h and analysed via LC-MS/MS. We dephosphorylated the obtained
FGAR to formylglycineamide riboside (FGAr) in the standard reaction
previously described. We applied the reaction mixture to the activated
column Strata X-C (33 pm; 200 mg/3 ml) and washed it with 3 ml of
0.1 N HCl. FGAr was not captured by the column in contrast to the
other compounds. The FGAr fractions were concentrated under a stream
of nitrogen and analysed via LC-MS/MS.

2.4. HPLC-DAD detection

The HPLC analyses were performed using a 10A Shimadzu Liquid
Chromatography System with a PDA detector.

2.4.1. AIR/AIr

We applied 20 pl of the reaction mixture to a Prontosil 120-3 C18-
AQ column (200 = 4 mm, 3 um) (Bischoff Chromatography), which
was subsequently eluted using a gradient initiated with 100% of phase
A (0.1 M potassium phosphate buffer [pH 1.5] and 5 mM
tetrabutylammonium hydrogensulfate) and 0% of phase B (phase A
plus 30% of acetonitrile) at a flow rate of 0.7 ml/min. The mobile
phase was adjusted linearly to 100% phase B over 0-13 min, followed
by 100% B at 13-15 min and 100-0% B and 0-100% A at 15-16 min.
The column was regenerated with 100% A for 19 min.

24.2. CAIR/CAIr

CAIR/CAIr detection was performed using the same column as the
AIR detection. The gradient started with 100% of phase C (5 mM potas-
sium dihydrogen phosphate, 75 mM dipotassium hydrogen phosphate
buffer [pH 8.1] and 10 mM tetrabutylammonium bromide) and 0% of
phase D (phase C plus 30% of acetonitrile) at a flow rate of 1 ml/min
for 10 min. The mobile phase was adjusted linearly to 100% D and 0%
C over 10-15 min, followed by 100% D at 15-17 min and 100-0% D
and 0-100% C at 17-18 min. The column was regenerated with 100%
C for 17 min.

2.5. CR-cell preparation

We used the GeneArt® CRISPR Nuclease Vector with an OFP Report-
er Kit (Life Technologies) to knockout the genes that encoded DNPS en-
zymes in HeLa cells. We prepared the vectors according to the
manufacturer's protocol. We transfected 5 x 10° HeLa cells using the
Neon® Transfection System (Life Technologies, pulse voltage 1005 V,
pulse width 35 ms, 2 pulses and 10 pl tip). The cells were seeded on
40 mm diameter Petri dishes. At 24 h post-transfection, we selected sin-
gle cells positive for OFP and seeded them onto 96-well plates. We
maintained the cells in DMEM with 10% FBS, 1% penicillin/streptomycin
and 0.03 mM adenine. We tested the cells for protein deletion, the pres-
ence of mutations and DNPS substrate accumulation.

2.6. Mutation analysis

We isolated genomic DNA (gDNA), transcribed cDNA from the total
RNA of the HeLa cells and performed PCR analysis according to standard
procedures. The PCRs were conducted in 25 pl reaction mixtures that
contained Red PCR Master Mix (Rovalab), 1.5 mM MgCl,, 8% DMSO
and 0.4 uM specific primers. We gel-purified the amplification products
and sequenced the amplicons using the ABI BigDye method (Applied
Biosystems).

2.7. Preparation of cell lysates

A pellet of 1 x 10° HeLa cells was dissolved in 50 pl of buffer A with
Protease Inhibitor Cocktail Tablets (Roche), sonicated four times for 15 s
and centrifuged at 17,000g for 20 min at 4 °C.

2.8. Activity assays

2.8.1. GART

The reaction was performed for 6 h at 37 °C in a 30 pl reaction mix-
ture that contained 85 mM Tris (pH 9.0), 5.7 mM MgCl,, 10 mM NH,4OH,
11.4 mM glycine, 0.7 mM ATP, 5.7 mM ribose-5-phosphate, 0.1 mM N*°
formyl-THF and cell lysate (12.6 g of protein). We analysed the formed
FGAR/FGAr using the LC/LC-MS method.

2.8.2. PAICS

The reaction was performed for 30 min at 37 °C in a 50 pl reaction
mixture that contained 50 mM Tris (pH 7.4), 13 mM MgCl,, 0.45 mM
ATP, 180 mM KHCOs, 0.2 mM AIR and cell lysate (20 pg of protein).
We measured the concentration of the formed SAICAR using the
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Table 1
LC-MS/MS parameters for analytes.

Compound Retention time MRM transitions Dwell time DP* CEP (V)

(min) (m/z) (ms) V)
GAr 451 207.1-133/73 100 35 25
FGAr 5.48 235.1-217.1/103.1/86.1 100 41 25
Alr 5.01 216.3-94/84 100 35 25
CAIr 6.89 260.2-110.0/128.2 100 35 25
SAICAT 11.31 375.2-243.0 100 35 22
AICAT 8.52 259.2-127.2/110.0 100 20 18
S-Ado 13.53 384.2-252.2 100 34 26

@ Declustering potential.
b Collision energy.

HPLC-DAD method according to the previously described AIR/Alr detec-
tion procedure.

2.8.3. ADSL

The reaction was performed for 20 min at 37 °C in 50 pl of buffer A
with 0.12 mM adenosine5’-(o,3-methylene) diphosphate and cell ly-
sate (16 pg of the protein). The substrate concentrations were 0.14
and 0.09 mM for succinyladenosine monophosphate (SAMP) and
SAICAR, respectively. We measured the concentrations of the formed
adenosine monophosphate (AMP) and aminoimidazolecarboxamide
ribotide (AICAR) using the previously described HPLC-DAD method.

2.84. ATIC

The reaction was performed for 1 h at 37 °Cin 100 pl of solution that
contained 33 mM Tris (pH 7.4), 25 mM KCl, 2.3 mM beta-
mercaptoethanol, 0.1 mM N'°-formyl-THF, 0.5 mM AICAR and cell ly-
sate (20 pg of protein). We analysed the concentration of the formed
IMP using the previously described HPLC-DAD method.

2.9. Western blots of cell lysates

We separated the denatured protein samples via 10% SDS-PAGE and
blotted them onto a PVDF membrane. The membrane was blocked with
5% BSA in PBS and probed with the following primary antibodies:
mouse monoclonal anti-GART (Abnova), rabbit polyclonal anti-PFAS,
mouse monoclonal anti-ATIC (Abcam), mouse monoclonal anti-PAICS
(Origene) or rabbit polyclonal anti-ADSL (Atlas) diluted in 5% BSA in
PBS. The target proteins were detected using species appropriate HRP
labelled secondary antibodies. Chemiluminescent detection was

Table 2
Mutations and predicted protein changes in the CR-cells.

performed using the Clarity Western ECL Substrate (Bio-Rad) and X-
ray visualized.

2.10. LC-MS/MS analysis

We added 12.5 pl of 5% perchloric acid to 30 pl of the prepared lysate/
medium sample, incubated for 5 min on ice, centrifuged and adjusted to
pH 5-8 by the addition of 2.5 M KHCOs.

The LC-MS/MS system consisted of an Agilent 1290 Infinity LC Sys-
tem (Agilent Technologies) coupled with an API 4000 triple quadrupole
mass spectrometer with an electron ion source, which was operated
using the Analyst software (Applied Biosystems).

We applied 5 pl of the sample to a Symmetry C18 column
(100 = 2.1 mm, 3.5 pm, Waters Corporation). The gradient elution was
initiated with 100% of A (0.1% formic acid), followed by a linear increase
to 30% of B (0.1% formic acid solution in acetonitrile) over 7 min, an in-
crease to 60% of B at 8 min and regeneration with 100% of A for 7 min.
The flow rate was 0.25 ml/min. The detection of the analytes was con-
ducted using the positive electrospray ionization technique in the reac-
tion monitoring mode. The mass spectrometry parameters are listed in
Table 1, and chromatographs are presented in Supplementary data 2.

2.11. Purinosome formation

2.11.1. Cell culture

Knockout and control HeLa cells were maintained in Dulbecco's min-
imum essential medium (DMEM, Gibco, Invitrogen), supplemented
with 10% foetal bovine serum (FBS) (Gibco, Invitrogen) and penicillin/
streptomycin (Sigma Aldrich); knockout cells were enriched with
3 x 107> M of adenine (purine rich (PR) medium). The purine depleted
(PD) media were supplemented with dialysed 10% FBS [5] and 1% pen-
icillin/streptomycin (Sigma Aldrich). The cells were seeded in the PR or
PD medium for the immunofluorescence experiments. After 24 h, the
immunofluorescence labelling was performed.

2.11.2. Immunofluorescence

The cells were fixed with 4% paraformaldehyde in PBS, perme-
abilized in 0.1% TRITON, blocked with 5% BSA in PBS and incubated at
4 °C overnight with the following primary antibodies: anti-rabbit poly-
clonal IgG anti- phosphoribosyl pyrophosphate amidotransferase
(PPAT, Sigma Aldrich), mouse polyclonal IgG anti-GART (Novus Biolog-
icals), and mouse monoclonal IgG anti-ATIC (Abcam). Species appropri-
ate secondary antibodies, Alexa Fluor® 488 and 555 (Molecular Probes,
Invitrogen), were used. Slides were mounted in ProLong® Gold Antifade

Cells Edited cDNA change Predicted protein
gene change

CR_GART1 GART c.368delA p.(GIn123Hisfs*16)
¢.367_368insA p.(Trp124Metfs*8)

CR_GART2 GART c.368delA p.(GIn123Hisfs*16)
€.367_368insTTGATAGAGTTCTCATGAGATCTGGTTGTCTAAAAGTGT p.(GIn123Leufs*14)

CR_PFAS  PFAS €. 2683_2684insA p.(Thr895Asnfs*17)
€.2683_2700insAGGCCCTCCTGGCCCCAGACTCTGTTGGACCCCCAACTCCCCCTCCAGCAGGCATCTGG + p.(Thr895Lysfs*31)
€.2684_2699delTCACTCAGGGGCTGCTGAA

CR_PAICS  PAICS ¢.284_5insT p.(Glu97*)
¢.285delT p.(Ile96Metfs*8)

CR_ADSL1 ADSL c.113_114insA p.(Trp39Metfs*22)
c.115delT p.(Trp39Glyfs*27)

CR_ADSL2 ADSL ¢.114_115insT p.(Trp39Leufs*22)
¢.115_125delTGGCGGCAGCT p.(Trp39Valfs*18)

CR_ATIC1  ATIC ¢.81_92delTGGTTTGAATCT p.(Gly28_Leu31del)

Second allele is not expressed
c. 81_91delTGGTTTGAATC
c. 81_91delTGGTTTGAATC

CR_ATIC2  ATIC

p.(Leu29Argfs*21)
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Fig. 2. Accumulation of the DNPS intermediates in HeLa cell lines deficient in specific steps of DNPS: The intermediates of the DNPS were measured by LC-MS/MS method in the cell growth
media. A) FGAr was accumulated in the growth media of CR_PFAS cells. B) Alr was accumulated in the growth media of CR_PAICS cells. C) No accumulation of CAlr in growth media of any
cells was observed. D) SAICAr was accumulated in the growth media of CR_ADSL cells. E) AICAr was accumulated in the growth media of CR_ATIC and in one line of CR_ADSL cells. F) S-Ado

was accumulated in the growth media of CR_ADSL cells.

Mountant with DAPI (ThermoFisher Scientific). All immunofluores-
cence experiments were repeated at least twice.

2.11.3. Image acquisition and analysis

Prepared slides were analysed via confocal microscopy. XYZ images
were sampled according to the Nyquist criterion using a LeicaSP8X confo-
cal microscope, HC PL APO OIL CS2 objective (60x%, N.A.1.40), and 470-
670 nm 80 MHz pulse continuum WLL2 (488 and 543 laser lines). Images
were restored using a classic maximum likelihood restoration algorithm
in Huygens Professional Software (SVI). The colocalization maps, which
employed single pixel overlap coefficient values that ranged from O to 1,
were created in Huygens Professional Software. The resulting overlap co-
efficient values are presented as pseudocolors, and the scale is shown in
the corresponding lookup tables (LUT).

3. Results
3.1. Preparation and purification of DNPS intermediates

The strategies used for substrate production were based on the prep-
aration of the human recombinant enzymes MBP-GART and MBP-
PAICS.

The PAICS metabolite AIR was converted from SAICAR in an enzy-
matic reaction with MBP-PAICS and purified on a weak anion-
exchange functionalized polymeric sorbent with a production yield
of 22%. The purity of the prepared metabolite determined by HPLC-

DAD analysis was 84%. In the second reaction, we dephosphorylated
the resulting AIR to Alr via CIP.

CAIR was produced from AIR in a forward reaction catalysed by
MBP-PAICS and purified on a strong anion-exchange polymeric sor-
bent. CAIR was contaminated by AIR, and the purity determined by
HPLC-DAD was 60%. The resulting CAIR was dephosphorylated to
CAlIr by CIP.

The PFAS substrate, FGAR, is the resulting product of three reactions
that occurred in one step. The first reaction is the formation of 5-
phosphoribosylamine (PRA) from ribose-5-phosphate and ammonium
hydroxide as a function of the pH [10]. In the second and third enzymat-
ic reactions, PRA is converted by MBP-GART to form FGAR via the inter-
mediate glycineamide ribotide. Due to FGAR instability, we immediately
dephosphorylated FGAR to FGAr via CIP and purified the product on a
strong cation-exchange polymeric sorbent.

3.2. Preparation of HeLa cells deficient for specific steps of DNPS

We knocked out genes that coded DNPS enzymes in HeLa cells
using the CRISPR-Cas9 genome editing system. We detected positive
clones via cDNA and gDNA sequencing, western blot analysis, LC-MS/
MS and activity assays, if available. We prepared cell lines with
knocked-out GART, PFAS, PAICS, ADSL and ATIC. All mutations in the
targeted genes comprised insertions or deletions of at least one
nucleotide, which resulted in a disrupted reading frame (Table 2)
and no detectable protein expression.
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3.3. Determination of DNPS metabolites in HeLa cells deficient for specific
steps of DNPS

3.3.1. Linearity, limits of detection (LOD) and quantification (LOQ)

We confirmed the linearity of the method via the generation of lin-
ear calibration curves with high correlation coefficients (r > 0.9911) in
the range of the indicated concentrations.

The LOD and LOQ were defined using signal-to-noise ratios of 3:1
and 10:1, respectively. The LOD and LOQ values were determined to
be 0.0094 and 0.031 umol/l, respectively, for FGAr, 0.048 and
0.16 pumol/l, respectively, for Alr, 0.077 and 0.25 pmol/l, respectively,
for CAlr, 0.0023 and 0.0076 umol/l, respectively, for AICAriboside
(AICAr), 0.019 and 0.063 pmol/l, respectively, for SAICAr and 0.014
and 0.0046 pmol/l, respectively, for S-Ado.

3.3.2. DNPS metabolites in CR-cell lysates and growth media

We analysed the metabolites in the CR-cell lysates and growth
media using the LC-MS/MS method with DNPS intermediate inner stan-
dards. We detected increased levels of FGAr in the growth medium of
the PFAS-deficient cells (CR_PFAS, Fig. 2A), increased levels of Alr in
the growth medium of the PAICS-deficient cells (CR_PAICS, Fig. 2B), in-
creased levels of SAICAT (Fig. 2D) and S-Ado (Fig. 2F) in the growth me-
dium of the ADSL-deficient cells (CR_ADSL), in the growth medium of
CR_ADSL1 cells was further observed slightly increased level of AICAr
(Fig. 2E) and increased levels of AICAr (Fig. 2E) and SAICAr (Fig. 2D) in
the growth medium of the ATIC-deficient cells (CR_ATIC). We did not
detect CAIr (Fig. 2C) or the GAr metabolite (data not shown) in the

A
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cell media or lysates. No metabolite of DNPS was identified in the cell
lysates.

3.4. Activity assays

The enzyme activity was measured by HPLC in the CR_PFAS,
CR_PAICS, CR_ADSL, CR_ATIC and control cell lysates. The protein activ-
ity measured in the control cells was set to 100%, and the activity of spe-
cific proteins in the CR-cells was set to relative numbers to the controls.
We did not identify activity of the knockout protein in the CR_PFAS,
CR_PAICS or CR_ATIC cells, and in the CR_ADSL cells, the activity de-
creased to 2.6 4 3% of the control cells (Fig. 3A).

3.5. Western blots

To determine the ability of the CR-cells to process the proteins, we
performed Western blot analyses of the cell lysates. The CR-cells did
not produce a specific knockout protein (Fig. 3B).

3.6. Purinosome formation

To determine whether the mutations of the GART, PFAS, PAICS, ADSL
and ATIC genes affect the intracellular compartmentalization of DNPS
proteins in vivo, we investigated purinosome formation in CR-cells. To
detect purinosome formation, we cultured Hela cells in PD and PR
media, and we immuno-labelled the combination of PPAT and ATIC in
the CR_GART cells and PPAT and GART in the remaining cells.
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Fig. 3. Characterization of the CR-cells: A) Activity assays: The activity of GART, PFAS, ADSL and ATIC in control Hela cells was set as 100%. Compared to controls CR_GART cells have 0%
activity of GART, CR_PFAS have 0% activity of PFAS, CR_ADSL have 1,7% activity of ADSL and CR_ATIC have 0% activity of ATIC. B) Western blot analysis of DNPS proteins in cell lysates

demonstrating absence of GART, PFAS, PAICS, ADSL or ATIC in the knockout cells.



276 V. Baresova et al. / Molecular Genetics and Metabolism 119 (2016) 270-277

purine depleted medium
PPAT ATIC

colocalization map

colocalization map PPAT ATIC
C b

purine rich medium
colocalization map

GART colocalization map

Fig. 4. Purinosome formation: The purinosome formation in the purine depleted medium was disrupted in cell lines where GART (A, B, C), ADSL (J, K, L) and bifunctional enzyme ATIC (M,
N, O) were knocked-out. In cell lines with the knockout of PFAS (D, E, F) and PAICS (G, H, I) was the purinosome formation reduced when compared to control Hela cells (P, Q, R). In the
purine rich medium the proteins remained diffuse and did not colocalize (a-r). Colocalization maps (C, F,I,L, O,R; ¢, f,i,1, 0, r) display the values of the coefficients of the fluorescent signals
overlaps. The values are transformed into pseudocolor which scale is shown at right bottom in corresponding LUT.

In the CR_GART (Fig. 4A, B, C), CR_ADSL (Fig. 4], K, L) and CR_ATIC
(Fig. 4M, N, O) cells grown in the PD medium, there was no granular
staining of the immunolabelled proteins with no signal overlaps
(Fig. 4C, L, O), which suggests the disruption of purinosome formation.
In the CR_ PFAS (Fig. 4D, E, F) and CR_PAICS (Fig. 4G, H, I) cell lines
grown in the PD medium, there was fine granular staining, and the
image analysis indicated very low signal overlaps (Fig. 4F, I), which sug-
gests highly reduced purinosome formation compared with the control
Hela cells (Fig. 4P, Q, R). Regarding the cells grown in the PR medium,
the proteins remained diffuse and did not exhibit colocalization
(Fig. 4a-1). The colocalization maps (Fig. 4C,F,I,L,O,R; ¢, f, 1,1, 0, 1) in-
dicate the values of the coefficients of the fluorescent signal overlaps.

4. Discussion

As aresult of the low incidence of known DNPS disorders, including 80
published cases of ADSL deficiency [11] and one case of AICA-ribosiduria
worldwide [2], these diseases are most likely under-diagnosed. Patients
with DNPS disorders are disadvantaged because of the broad, unspecific
neurological symptoms; therefore, screening for known DNPS metabolic
disorders is delayed. In cases with a severe phenotype, which typically
end with early death, the diseases remain undiagnosed. Prenatal diagno-
sis in a subsequent pregnancy is therefore excluded.

Furthermore, specialized laboratory screening for metabolic disor-
ders may not produce satisfactory results because of the limits of the di-
agnostic methods. Thus, laboratories primarily focus on ADSL deficiency
and rarely on AICA-ribosiduria. To date, no other genetically determined
defects of the DNPS have been described; however, the existence of de-
fects is highly likely.

In the current study, we prepared individual recombinant enzymes
of the DNPS pathway and used them in the biochemical preparation of
the commercially unavailable enzyme substrates. These compounds
were used in parallel as standards for the development and validation

of their quantitative LC-MS/MS detection, as well as substrates for the
development of enzyme activity assays.

We subsequently prepared CRISPR-Cas9 genome-edited HeLa cells
deficient for specific steps of DNPS to demonstrate the potential situation
in the bodily fluids of patients with genetically determined defects of the
DNPS enzymes. It is a first human cellular model of all possible genetically
determined defects of DNPS. Previously there were described and charac-
terized models of Chinese hamster ovary (CHO) cells defected in PAICS
and ADSL enzymes. The authors detected the accumulation of AIR in ly-
sates of PAICS defected CHO cells. The accumulation of SAICAR, SAMP
and in presence of SAICAR in growth media AIR was detected in lysates
of ADSL deficient CHO cells [12,13]. In contrast to our findings, the DNPS
intermediates were undetectable by LC-MS/MS in cell lysates of all pre-
pared human model CR-cells. However, we identified an accumulation
of the dephosphorylated substrate(s) for the defective enzyme in the
growth media of model cells, with the exception of the cells with defec-
tive GART enzyme. This finding is a result of the instability of the GART
substrate phosphoribosylamine, which has a half-life of 5 s under physio-
logical conditions and is hydrolysed to ribose 5-phosphate, an intermedi-
ate of the pentose phosphate pathway [14]. Furthermore, we have
unexpectedly detected, together with dephosphorylated ADSL substrates,
dephosphorylated enzyme product AICAr in the CR_ADSL1 cells. AICAR
crossroads between two metabolic pathways - DNPS and histidine me-
tabolism. After the blockage of the ADSL reaction, a significant amount
of AICAR can be provided through the alternative pathway [15]. Thus
the accumulation of the AICAr in the growth media of CR_ADSL1 cells
may be a result of the regulatory crosstalk between these two pathways.

We did not analyze substrates of affected enzymes such as amino
acids, N'°-formyl-THF and bicarbonate considering their role in multi-
ple pathways in organism. Therefore, we did not expect a measurable
increase in their concentration.

Finally, using fluorescence microscopy, we determined that each of
the DNPS enzyme deficiencies disrupted the formation of the purinosome
in CR_cells. It is in accordance with previously published results that the
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purinosome formation in ADSL deficient and AICAribusiduria fibroblasts
is fully dependent on the presence of structurally intact ATIC and ADSL
protein complexes and presumably also on the presence of all the other
DNPS proteins [6]. CR_cells with mutated DNPS genes resulting in no de-
tectable DNPS protein expression can serve as useful human model sys-
tems for the analysis of purinosome assembly and function. The study
of purinosome formation by the endogenous proteins immunodetection
in previously prepared CHO cells [12,13] has failed due to the unavailabil-
ity of functional primary antibodies against hamster proteins (unpub-
lished results).

5. Conclusion

We conclude that LC-MS/MS analysis of the dephosphorylated sub-
strates of PFAS, PAICS, ADSL and ATIC enzymes in bodily fluids, such as
urine, plasma and cerebrospinal fluid, is applicable in the selective
screening of known and putative DNPS disorders. Similar to known dis-
orders ADSL deficiency and AICA-ribosiduria, which are manifested by
accumulation of metabolites SAICAr and S-Ado, or AICAr, respectively,
in the bodily fluids of patients, the putative genetically determined de-
fects of the enzymes PFAS and PAICS will manifest by the accumulation
of their dephosphorylated substrates FGAr or Alr, respectively. More-
over, this approach should be considered in patients with neurological
and neuromuscular diseases of unknown aetiology. In the case of posi-
tive results, a molecular biological examination of individual genes
may follow, and genetic counselling may be established.

Human cellular models of HeLa cells deficient in particular steps of
DNPS provide important insights about the pathogenesis of DNPS disor-
ders and represent an interesting way for the screening of potential
therapeutic agents. Furthermore, these cellular models offer advantages
in various studies that investigate the mechanisms of purinosome for-
mation and regulation.
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Abstract

Purines are essential molecules for all forms of life. In addition to constituting a backbone of
DNA and RNA, purines play roles in many metabolic pathways, such as energy utilization,
regulation of enzyme activity, and cell signaling. The supply of purines is provided by two
pathways: the salvage pathway and de novo synthesis. Although purine de novo synthesis
(PDNS) activity varies during the cell cycle, this pathway represents an important source of
purines, especially for rapidly dividing cells. A method for the detailed study of PDNS is lack-
ing for analytical reasons (sensitivity) and because of the commercial unavailability of the
compounds. The aim was to fully describe the mass spectrometric fragmentation behavior
of newly synthesized PDNS-related metabolites and develop an analytical method. Except
for four initial ribotide PDNS intermediates that preferentially lost water or phosphate or
cleaved the forming base of the purine ring, all the other metabolites studied cleaved the gly-
cosidic bond in the first fragmentation stage. Fragmentation was possible in the third to sixth
stages. A liquid chromatography-high-resolution mass spectrometric method was devel-
oped and applied in the analysis of CRISPR-Cas9 genome-edited HeLa cells deficient in the
individual enzymatic steps of PDNS and the salvage pathway. The identities of the newly
synthesized intermediates of PDNS were confirmed by comparing the fragmentation pat-
terns of the synthesized metabolites with those produced by cells (formed under pathologi-
cal conditions of known and theoretically possible defects of PDNS). The use of stable
isotope incorporation allowed the confirmation of fragmentation mechanisms and provided
data for future fluxomic experiments. This method may find uses in the diagnosis of PDNS
disorders, the investigation of purinosome formation, cancer research, enzyme inhibition
studies, and other applications.
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Introduction

Purine nucleotides have vital functions in numerous pathways in both prokaryotes and
eukaryotes. As a part of many essential biomolecules, purine nucleotides participate in nucleic
acid synthesis, transcription, translation, cell signaling processes, and maintaining energetic
homeostasis and act as cofactors, neuromodulators, and cotransmitters. The supply of purine
nucleotides is provided by two pathways: the salvage pathway and de novo synthesis. Purine de
novo synthesis (PDNS) is a sequence of ten reactions catalyzed by six enzymes. Three of these
enzymes are multifunctional in PDNS (Fig 1), and bifunctional adenylosuccinate lyase (ADSL)
also participates in the purine nucleotide cycle, catalyzing the conversion of adenylosuccinic
acid (SAMP) to adenosine monophosphate (AMP).

Initially, ribose-5-phosphate (R5P), which is synthesized in the pentose phosphate pathway,
is converted by ribose-phosphate pyrophosphokinase (PRPS, EC 2.7.6.1) to PRPP, the first
metabolite of PDNS. The formation of PRA is catalyzed by amidophosphoribosyltransferase
(PPAT, EC 2.4.2.14). The trifunctional enzyme GART (phosphoribosylglycinamide synthetase,
EC 6.3.4.13; phosphoribosylglycinamide formyltransferase, EC 2.1.2.2; and phosphoribosyla-
minoimidazole synthetase, EC 6.3.3.1) catalyzes steps 2, 3, and 5, respectively. Formation of
FGAMR from FGAR is catalyzed by phosphoribosylformylglycinamidine synthase (PFAS, EC
6.3.5.3). The bifunctional enzyme PAICS consists of phosphoribosylaminoimidazole carboxyl-
ase (EC 4.1.1.21, step 6) and phosphoribosylaminoimidazolesuccinocarboxamide synthase
(EC 6.3.2.6, step 7). The enzyme ADSL (EC 4.3.2.2) catalyzes the formation of AICAR from
SAICAR. The last two steps are catalyzed by the bifunctional ATIC enzyme phosphoribosyla-
minoimidazolecarboxamide formyltransferase (EC 2.1.2.3, step 9) and IMP cyclohydrolase
(EC 3.5.4.10, step 10). PDNS contributes to the cellular pool of purines at times when there is
an increased demand for purines, particularly during the G1 and S phases of the cell cycle, and
supplies enough purines for the synthesis of RNA and DNA [1]. The highest activity of PDNS
has been found in the skeletal muscles, even exceeding the activity in the liver. In contrast,
minimal activity has been found in the heart and brain (except developing brains). Erythro-
cytes, as an example of nondividing cells, lack an intact purine de novo synthetic pathway [2].

Recent studies focusing on protein-protein interactions have revealed that the individual
enzymes of PDNS group together sequentially to form multienzyme complexes called purino-
somes, which facilitate the synthesis of purines. It has been proposed that the formation of pur-
inosomes inside cells occurs in the G1 and S phases of the cell cycle [1]. This is well described
by immunofluorescence imaging of mammalian cells under purine-rich or purine-depleted
conditions [1, 3, 4] and by monitoring the overall flux through the pathway [4]. Direct tracing
of the intermediates of the pathway has thus far only been possible with the use of radioactive
labeling [5].

To date, two genetically determined defects of this metabolic pathway (out of ten that are
theoretically possible) have been identified: ADSL deficiency (OMIM 103050) and AICA-ribo-
siduria (ATIC deficiency, OMIM 608688). Almost eighty cases of ADSL deficiency [6] and
only one case of AICA-ribosiduria [7] have been reported worldwide to date. There are three
possible explanations for this limited number of cases: the first two are that the clinical condi-
tions associated with these particular enzyme deficiencies are either benign or incompatible
with fetal development. The third reason is that the available screening/diagnostic tools are rel-
atively laborious and expensive, which limits their widespread use. The methods used for
studying purine metabolism and diagnosing related metabolic diseases include proton nuclear
magnetic resonance, electrophoresis, and chromatography. Chromatography dominates the
field and has historically used UV absorbance, radiometric and tandem mass spectrometric
detection [4, 8-10]. PDNS ribosides excreted into growth media in four genetically modified
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https://doi.org/10.1371/journal.pone.0208947.9001

cell lines were detected in a recent study [11]. Currently, there is no published method for the
detection of all natural PDNS intermediates. The only published report utilizes radioactive
tracing [5]. Mass spectrometric fragmentation analysis of the compounds is of value because
of the biological importance of such compounds and the lack of experimental fragmentation
spectra. Mass spectral databases contain either no PDNS metabolites or in silico fragmentation
spectra of the metabolites, as these compounds are not commercially available (except AICAR,
AICAr and SAMP).

The aim of this work is to fully describe the mass spectrometric fragmentation behavior of
PDNS metabolites. Based on this knowledge, we analyzed individual PDNS-defective cell lines
to describe metabolic changes in the pathway with the objective of predicting metabolic
changes in analogous human conditions. The method that was developed for the detection of
PDNS intermediates could serve in pathway kinetic studies (enzyme activity measurements or
inhibition experiments, since a number of compounds are claimed to be PDNS inhibitors) and
in the diagnostics of inherited metabolic disorders. The method can also be applied in cancer
research, as some genes encoding PDNS enzymes have been reported to be up- or downregu-
lated in some tumors [12, 13]. In the first part, we synthesized 16 metabolites of PDNS and
their dephosphorylated analogues and performed in-depth multistage mass spectrometric
fragmentation analysis.
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In the second part, we analyzed edited HeLa cells that were enzymatically deficient in the
individual steps of PDNS and treated with isotopically labeled glycine. The aim was to confirm
the identity of the newly synthesized intermediates of PDNS by comparing the fragmentation
patterns of the synthesized intermediates with those produced by cells (formed under patho-
logical conditions of known and theoretical possible defects of PDNS). Data obtained from the
comparison of high-resolution mass spectrometry (HRMS) fragmentation and mass shifts in
labeled and natural intermediates provided additional structural certainty in the form of
knowledge of the labeling position.

Finally, experiments with PDNS-deficient HeLa cell lines provided data for stable isotope
fluxomic analysis and allowed a deeper understanding to be gained of the biochemical changes
under those circumstances.

Materials and methods
Chemicals

Isotopically labeled glycine (U-'>C,, '°N) was purchased from Cambridge Isotope Laboratories
(Andover, MA, USA). AICAR, 5-aminoimidazole-4-carboxamide riboside (AICAr) and adenylo-
succinic acid (SAMP) were purchased from Toronto Research Chemicals Inc. (North York, Can-
ada). SAICAR, succinylaminoimidazolecarboxamide riboside (SAICAr), succinyladenosine
(SAdo), AIR, 5-aminoimidazole riboside (Alr), CAIR, carboxyaminoimidazole riboside (CAIr),
and N'"-formyl-tetrahydrofolate (N'°-formyl-THF) were prepared as previously described [11, 14].
Calf intestinal alkaline phosphatase (CIP) and NEB3 buffer were purchased from New England Bio-
labs (NEB, Ipswich, MA, USA), and Dulbecco’s minimum essential medium (DMEM), F12 nutri-
ent mix, and fetal bovine serum (FBS) were obtained from Life Technologies, ThermoFisher
Scientific (MA, USA). Minimum Essential Medium (MEM) was obtained from BioSera (Nuaille,
France). All other chemicals were purchased from Sigma-Aldrich (St. Louis, USA).

Preparation and purification of substrates

GAR, FGAR, and FGAMR intermediates were synthesized biochemically using bacterial
recombinant enzymes. FAICAR was prepared by inorganic synthesis. We did not attempt to
synthesize PRA, as it is known to be unstable in vivo [15, 16].

The initial concentration of all compounds ranged from 57 uM in samples of FGAMR/r to
124 pM in samples of GAR/r (see S1 Table).

The bacterial recombinant enzymes phosphoribosylglycinamide synthetase (GARS) and phos-
phoribosylglycinamide formyltransferase (GARTF) were expressed and purified as fused protein
maltose binding protein MBP-GARS and MBP-GARTF using the pMAL™ Protein Fusion and
Purification System (New England Biolabs Inc., USA), as described previously [17].

To produce recombinant bacterial phosphoribosylformylglycinamide synthetase fused with
a C-terminal polyhistidine tag (6H-PurL), the gene was introduced into the p6H vector,
expressed in Escherichia coli, and purified on a Co>*-immobilized metal affinity chromatogra-
phy column (GE Healthcare) according to standard procedure.

GAR/r preparation. The reaction mixture containing 5.7 mM ribose-5-phosphate, 0.7
mM ATP, 10 mM glycine, 10 mM ammonium hydroxide, 12.7 mM magnesium chloride, 20
mM phosphate buffer pH 7.4, and 0.4 pg/pL purified MBP-GARS was incubated at 37°C for
four hours. The reaction was analyzed by high-performance liquid chromatography coupled
with mass spectrometry (HPLC-MS). The riboside form was prepared by dephosphorylation
with 1 U of CIP from NEB at 37°C for four hours.

FGAR/r preparation. The reaction mixture containing 5.7 mM ribose-5-phosphate, 0.7
mM ATP, 10 mM glycine, 10 mM ammonium hydroxide, 12.7 mM magnesium chloride, 0.1
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mM N'’-formyl-THF, 20 mM phosphate buffer pH 7.4, 0.4 pg/uL MBP-GARS, and 0.4 pg/uL
MBP-GARTF was incubated at 37°C for four hours. The subsequent procedure was the same
as in GAR/r preparation.

FGAMR/r preparation. A total of 200 pL of the reaction mixture from the synthesis of
FGAR was incubated with 2 mM glutamine, 2 mM ATP, and 0.25 pg/uL of purified 6H-PurL
at 37°C for four hours. The subsequent procedure was the same as in GAR/r preparation.

FAICAR/r preparation. FAICAr was prepared according to Lukens et al. [18]. FAICAR
was prepared by adjusting the procedure used for the synthesis of FAICAr. In brief, we incu-
bated 10 mg of AICAR with 11 mg of NaOH, 136 uL of formic acid and 250 uL of acetic anhy-
dride for 1 hour at 37°C. The product of the reaction was analyzed by HPLC-MS.

Cell cultivation and harvesting

We used the CRISPR-Cas9 genome-edited HeLa cells CR-GART, CR-PFAS, CR-PAICS,
CR-ADSL, and CR-ATIC prepared by Baresova et al. in 2016 [11]. CR-HGPRT cells (hypoxan-
thine-guanine phosphoribosyltransferase deficient) were prepared analogously [19]. HeLa cells
were cultured in a humidified atmosphere and incubated with 5% CO, at 37°C. All cells (knockout
and control) were maintained in DMEM/F12 nutrient mix medium supplemented with 10% FBS
(Gibco, Invitrogen) and 1% penicillin/streptomycin. The medium of the knockout cells was
enriched with 3x10° M of adenine. Twenty-four hours prior to the experiment, all the cell types
were cultivated in purine-depleted DMEM supplemented with dialyzed 10% FBS [11] and 1% pen-
icillin/streptomycin. Two hours prior to cell harvesting, the cells were washed with PBS and placed
into 5 mL of glycine-free MEM with 500 uM of isotopically labeled glycine (U-">C,, '*N) added.
Each deficient cell line was cultivated in hexaplicate in 75-cm” flasks (approx. 5 million cells).

Cells were harvested by means of the modified quenching method described by Wojtowicz
et al. [20]. Initially, the medium was transferred into a 15-mL plastic tube for subsequent ana-
lytical preparation. Cellular metabolism was quenched by spraying 40 mL of 60% aqueous cold
methanol (v/v, -50°C) by means of a plastic syringe with a needle. The culture flasks were kept
on ice and extracted with 1 mL of 80% methanol (v/v, -50°C), and the cells were mechanically
detached using a cell scraper. The cell debris was drained out with a pipette. For an additional
extraction, another 2 mL of cold methanol was added. The methanol extracts were combined,
sonicated (30 s), and centrifuged (1800 g, 5 min, 4°C), and the supernatants were freeze-dried.

Preparation of cell lysates

A total of 500 pL of cold 80% methanol was added to each lyophilizate and thoroughly mixed.
The samples were centrifuged at 15,000 g for 15 min at 4°C, and the supernatants were taken
for analysis.

Preparation of cell media

The media were mixed using a vortex; then, 100 pL of each sample was taken and 300 pL of
80% methanol was added. The samples were left at -80°C overnight. The extracts were centri-
fuged at 15,000 g for 15 min at 4°C, and the supernatants were analyzed.

Fragmentation analysis of PDNS intermediates and their
dephosphorylated analogues (HPLC-HRMS")

Chromatographic separation was achieved with hydrophilic interaction liquid chromatogra-
phy using an Ultimate 3000 RS (ThermoFisher Scientific, MA, USA). The aminopropyl col-
umn (Luna NH, 3 um 100 A, 100 x 2 mm, Phenomenex, Torrance, USA) was maintained at
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35°C. The mobile phase consisted of 20 mM ammonium acetate in water at pH 9.75 (mobile
phase A) and acetonitrile (mobile phase B). The gradient elution was performed as follows:
t=0.0,95% B; t = 7.0-13.0, 10% B; t = 14.0-17.0, 95% B. The flow rate was set to 0.3 mL/min,
and the injection volume was 2 pL.

Multistage fragmentation analysis was performed on an Orbitrap Elite (ThermoFisher Sci-
entific, MA, USA) operating in positive mode using electrospray ionization (capillary tempera-
ture 350°C, source heater temperature 300°C, sheath gas 10 arb. units, auxiliary gas 35 arb.
units, sweep gas 0 arb. units). The electrospray voltage was set at +3.0 kV. Fragmentation for
the most abundant fragments with intensities higher than 1E4 was performed using data-
dependent analysis (DDA) or TreeRobot (HighChem, SK); otherwise, the selection of frag-
ments was performed manually. Up to five of the most intense signals in MS> were isolated
and further fragmented. Then, one to six of the most intense signals from each MS” spectrum
were subjected to fragmentation to MS®*. The subsequent MS" stages were also dependent on
the intensities of the emerging fragments, usually producing spectra of the one or two most
intense fragments from MS*/MS”. The fragmentation spectra were produced via collision-
induced dissociation (CID) using 30 units of normalized collision energy; the isolation width
was 2 Da, and the injection time was 200 ms. All the fragmentation spectra were measured
with a resolution of 120,000 full-width at half-maximum (FWHM) and with a mass error
below 3 ppm. The multistage fragmentation spectra of each compound were organized into
mass spectral trees. In every spectrum, the structures of the fragments belonging to the precur-
sor (target) compound/fragment were identified with the predictive fragmentation software
MassFrontier 7.0.5.09 SP3 (HighChem, SK).

Analysis of cell lysates and media

The chromatographic conditions were the same as in the HPLC-HRMS" analysis mentioned
above. Detection was performed on an Orbitrap Elite operating in positive ionization mode
with the same setting as above. The detection method was divided into four time segments.
Full scan analysis within the mass range m/z 70-1000 was performed in the first (0.0-3.0 min)
and fourth (12.0-17.0 min) segments. The selected ion monitoring (SIM) method was applied
in the second segment (3.0-7.0 min) for the analysis of ribosides (mm/z 177-417) and in the
third segment (7.0-12.0 min) for the analysis of ribotides (/z 257-497) to enhance the sensi-
tivity towards these metabolites (except for the measurement of SAdo and SAMP, which had
different m/z ranges: 379-389 and 459-469, respectively). The resolution was set to 60,000
FWHM. The mass error was below 3 ppm. All cell lines were measured in hexaplicate, and the
intensity values are presented as averages. The identities of the accumulated compounds in
both cell lysates and media were confirmed by MS? fragmentation analysis. Fragmentation
spectra were produced via CID with the fragmentation energy set to 30 units of normalized
collision energy.

Results and discussion

Preparation and purification of PDNS intermediates and their
dephosphorylated analogues

The ribosides Alr, CAlr, SAICAr, AICAr, FAICAr, and SAdo and ribotides AIR, CAIR, and
SAICAR were synthesized according to previously published procedures [11, 14]. AICAR and
SAMP were commercially available.

New methods have been developed for the preparation of GAR, FGAR, and FGAMR. The
strategies were based on the preparation of the bacterial recombinant enzymes MBP-GARS,
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MBP-GARTF, and 6H-PurL. The GAR metabolite was produced in two reactions that
occurred in one step from ribose-5-phosphate. The first reaction was the formation of PRA
from ribose-5-phosphate and ammonium hydroxide as a function of pH as described earlier
[11]. In the second reaction, PRA was converted by MBP-GARS to GAR with a production
yield of 10%. Then, GAR was dephosphorylated to GAr via CIP. FGAR was produced in the
same reaction as GAR with added N'*-formyl THF and MBP-GARTF. The resulting FGAR
was dephosphorylated to FGAr by CIP. FGAMR was prepared from FGAR in the reaction cat-
alyzed by the 6H-PurL enzyme and dephosphorylated by CIP to FGAMr.

FAICAR/FAICATr was prepared inorganically from AICAR/AICAr. We applied a formylat-
ing environment consisting of formic acid, acetic anhydride, and NaOH to convert AICAR to
FAICAR within one hour at 37°C.

MS" fragmentation analysis of PDNS intermediates and their
dephosphorylated analogues

In total, eight biologically stable PDNS intermediates (GAR, FGAR, FGAMR, AIR, CAIR,
AICAR, SAICAR, and FAICAR) and their dephosphorylated forms (GAr, FGAr, FGAMTr, Alr,
CAIr, AICAr, SAICAr, and FAICAr) were subjected to HRMS" fragmentation analysis. More-
over, other PDNS-related purine metabolites, SAMP, SAdo, and IMP, were measured.

The compounds were sequentially fragmented up to MS°. The structure of the frag-
mented compound or fragment is shown in every spectrum, and up to six of the most
intense fragments are depicted in the structure (see one example in Fig 2; the rest are pro-
vided in S1 Fig). More than half of the compounds were fragmented up to MS*. The number
of fragmentation steps was determined by the concentration of the synthesized compound
in the reaction mixture (57-124 uM), molecular mass, ionization efficiency in positive
mode and ion suppression (relatively minor effect due to experimental set-up). In our view,
the richest information about the fragmentation behavior of PDNS metabolites lies within
the MS® and MS* spectra. Higher MS stages (MS” and MS®) usually offered just one or two
additional fragments to the whole spectral tree (e.g., FAICAR, SAdo, SAICAr). The loss of
intensity observed in increasing MS stages caused higher noise levels, making the spectra
less reliable for interpretation. Nevertheless, even these spectra could help with the identifi-
cation of unknown molecules in mass spectral databases. One of the greatest advantages of
spectral trees is based on the comparison of substructural information of similar com-
pounds—precursor ion fingerprinting (PIF)—assuming that similar compounds share
identical substructures and the uniqueness of a compound is given by the way in which sub-
structures combine [21-23].

Generally, the instability of the majority of ribotides and ribosides was observed as a result
of ion-source fragmentation. MS” fragments were visible in full MS scans of nearly all com-
pounds, most often not exceeding 5% of the intensity of a molecular ion. The intensity of some
MS? fragments in full MS scans reached 17, 20, and 540% of the intensity of the molecular ions
for GAr, SAdo, and FGAr, respectively. GAr was the first compound to be identified with such
profound in-source fragmentation and was chosen for the optimization of the measurement
conditions. The initial parameters of the electrospray ionization (ESI) source were a 3 kV
spray voltage, 300°C source heater temperature, 350°C capillary temperature, and 60% S-Lens
RF level. ESI measurements under various conditions were performed (spray voltage 2.5 and 2
kV; heater and capillary temperatures lowered to 250 and 300°C, respectively; and S-lens
parameters of 10, 20, and 40%) to reduce the ion-source fragmentation of fragile ions. No
change in these parameters resulted in significantly better stability (see S2-S4 Figs). For com-
pounds suffering from ion-source fragmentation and with low molecular ion intensity, the
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Fig 2. Fragmentation spectral tree of AIR. Every m/z assigned with accurate mass in the spectra (in red) belongs to the fragmented structure. The other m/z represent
coeluting compounds or masses belonging to the fragmented structure that could not be identified using the given procedure.

https://doi.org/10.1371/journal.pone.0208947.9002

strategy for obtaining MS" spectra was modified. MS> analysis of the ion-source fragments
(corresponding to MS?) belonging to the compound in the full MS spectrum was performed.

Ribotides showed considerable variability in their fragmentation patterns compared to
ribosides (Fig 3). Losses of water or the phosphate group from ribose were the dominant
events for the most intense fragments of the first part of the PDNS pathway (up to AIR). Other
fragments appeared with the build-up of the purine ring, starting with CAIR and proceeding
to consecutive PDNS intermediates. The most intense fragments of the ribotides of the second
part of the pathway originated from the breaking of the N-glycosidic bond and the loss of an
amino group from the base, similar to their dephosphorylated analogues.

All the ribosides shared common fragmentation behavior when the MS? spectra were com-
pared (see S5 Fig). The most intense fragment ion always belonged to the part of the base
forming the purine ring, suggesting that the N-glycosidic bond had the highest susceptibility
to breaking. In some cases (FAICAr and SAdo), the formation of this fragment greatly pre-
dominated, and all the other fragments were found at below 1% of the intensity of the domi-
nant fragment ion but still above the lowest detectable signal. The majority of the second-
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Fig 3. MS” fragmentation spectra of PDNS ribotides. The structure of the fragmented compound is shown next to every spectrum, and up to six of the most intense
fragments are depicted in the structure.

https://doi.org/10.1371/journal.pone.0208947.9003

most-intense fragment ions were represented by a basic part that had lost either the amino or a

hydroxyl group. The loss of one or more molecules of water from the ribosidic part of nucleo-
sides was characteristic of the subsequent fragments.
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To identify unknown structures, free online databases of fragmentation spectra can be used
in advance. In the case of PDNS metabolites, databases (Metlin, HMDB, mzCloud) [24] do not
contain experimental fragmentation spectra, just in silico predictions. Moreover, in silico frag-
mentation spectra are available for PDNS ribotides but not for ribosides. The MS” spectra of
the PDNS ribotides acquired in our study were compared with in silico spectra provided by the
Metlin database (Fig 4), except for AICAR and IMP, which both have only experimental spec-
tra in the database.

Generally, the experimental spectra match the in silico predictions by roughly one-third.
Metlin in silico spectra generated by a machine learning approach are characterized by priori-
tizing low-molecular-weight ions (less than #1/z 100) under all three different fragmentation
sets of conditions tested in positive mode (10, 20, and 40 eV). In contrast, our experimental
spectra offered many ions higher than m/z 100; the low-molecular-weight ions were sup-
pressed because of the mechanism of CID fragmentation. The diversity of the ions in the
experimental spectra can be attributed to combined sites of fragmentation leading to a particu-
lar ion. For example, in the MS* experimental spectrum of GAR (Fig 4), the most significant
fragments originate from the loss of one or two molecules of water from ribose (mm/z 251 and
269) or the loss of one or two molecules of water from ribose in combination with the loss of
the phosphate group (m/z 153 and 171). Of these four most significant ions, the in silico MS®
spectrum of GAR (MID 3411) offers just the ion of m/z 269, suggesting that only one fragmen-
tation site is preferred for in silico fragment prediction. This assumption could explain the dif-
ference observed between the in silico and experimental spectra of the PDNS metabolites.
Another reason for the spectral disagreement could arise from the existence of predicted ions
that would probably not be generated in a given ionization mode (in our case, positive). An
example is the ion of m/z 98.9842, annotated as a positively charged phosphate group (using
MassFrontier for annotation). This ion appears in all the in silico spectra of PDNS ribotides
but is unlikely to arise in positive ESI mode. In silico fragmentation approaches often use
experimental spectra of commercially available compounds in the prediction process of com-
mercially unavailable compounds (e.g., PDNS metabolites). AICAR is an example of a com-
mercially available PDNS metabolite whose experimental spectra are present in the Metlin
database. Generally, a greater number of equivalent fragment ions were found when compar-
ing the experimental and predicted spectra of metabolites that structurally resemble the
AICAR metabolite from the second part of PDNS. In contrast, the fragmentation spectra of
metabolites from the first part of PDNS (GAR, FGAR) differ significantly from the in silico
predictions. Despite the known limitations, in silico spectra can be helpful in the process of the
identification of unknown structures or confirmation of supposed structures.

The analysis of the HeLa cells enzymatically deficient in the individual steps of PDNS pro-
vided data for confirmation of the structures of the synthesized PDNS intermediates. The frag-
mentation patterns of the PDNS intermediates produced by cells were compared with those
obtained by fragmentation analysis of the synthesized compounds. The HeLa cell lines (defi-
cient and control) were cultivated in a glycine-free medium with the addition of isotopically
labeled glycine. Glycine enters PDNS in the second enzymatic reaction catalyzed by a trifunc-
tional GART enzyme, incorporating a glycine backbone into the forming purine structure.
The PDNS pathway was stimulated by cultivating cells in purine-depleted media 24 hours
before stable isotope labeling. Applying this procedure, we obtained naturally labeled PDNS
intermediates serving as another means of confirmation of identity. Identity was confirmed by
comparing the MS? spectra of synthesized compounds to the MS” spectra of these isotopically
labeled metabolites on the basis of mass shift and considering the position of glycine incorpo-
ration and fragmentation. An example of the results of the mass shift experiment is shown in
Fig 5. The majority of the PDNS metabolites detected in both cell lysates and growth media
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Fig 4. MS” spectral comparison. PDNS metabolites present in the Metlin database (either as in silico or experimental
fragmentation spectra) were compared with experimental spectra acquired in our study. The mass range of fragmentation spectra
from the database was adjusted to the mass range of the spectra from our study.

https://doi.org/10.1371/journal.pone.0208947.9004

were found in the labeled forms. PRA was not detected as a result of its known chemical insta-
bility [16]. We were not able to detect FAICAR, probably because of the specific kinetic prop-
erties of ATIC [25]. ATIC is a bifunctional enzyme catalyzing the final transformylation of
AICAR and cyclization of FAICAR to IMP. The spatial proximity of the two active sites, in
which the formylation reaction favors a backward direction while the terminal cyclohydrolase
is essentially unidirectional, makes FAICAR difficult to diffuse.

Metabolic changes in edited HeLa cell line cultures

The regulation of PDNS has been studied since the 1950s. Enzyme kinetics experiments, as
well as theoretical calculations, have proposed that only the first step of PDNS is limiting for
the pathway and that no change in other steps has an impact on the overall flux [26-28].
AICAr and SAICAr are the only PDNS intermediates detectable in the bodily fluids of healthy
humans by current analytical technologies [10, 17, 29, 30]. These observations imply that other
regulatory places might exist within the PDNS pathway.

The first knockout human cellular models of both known and potentially novel genetically
determined defects of PDNS, published in 2016 by Baresova et al. [11], were used in the study.
The aim was to model the situation in the bodily fluids of patients. All cells were transferred
into purine-depleted medium for 24 hours prior to the experiment to stimulate PDNS. The
HPLC-HRMS method was applied to analyze the accumulated PDNS metabolites in the cell
lysates and growth media. Overall, six CRISPR-Cas9 genome-edited defective HeLa cell lines
(CR-GART, CR-PFAS, CR-PAICS, CR-ADSL, CR-ATIC, and CR-HGPRT) and control HeLa
cells were analyzed. All the ribotides and ribosides detected in control and ADSL-defective
HeLa cells are listed in Fig 6 (see other defective cell lines in S6 Fig). The majority of the PDNS
metabolites detected in both cell lysates were found in the labeled forms. In all the deficient
cell lines, we were able to detect both intracellular and extracellular metabolites, except GART-
deficient cells, because of the instability of the theoretically expected accumulating PRA, which
has a half-life of 5 s under physiological conditions [15, 16]. The accumulation of intermediate
ribotides of a particular defective enzyme causes a shift in the equilibria of upstream enzymatic
reactions. Because of this effect, we also observed an accumulation of intermediates of PDNS
enzymes up to five steps prior to the defective step. In these cases, we usually did not observe
an accumulation of metabolites one by one in the opposite direction preceding the main
enzyme block. Not all such intermediates were detected because of the chemical instability of
the metabolite, differing enzyme kinetics across PDNS, and different ionization efficiencies of
PDNS intermediates. The fragmentation method used generally favors ribosides over the more
negatively charged ribotides. This might be the reason why ribotides are not detected in cells
in some cases but the dephosphorylated analogues of the ribotides are present. Some of the
dephosphorylated forms of PDNS intermediates were detected in both cell lysates and media.
This is a usual route for defective cells in both the de novo and salvage purine pathways to elim-
inate toxic accumulated intermediates via equilibrative nucleoside transporters. These sug-
gested mechanisms hold for purine salvage pathway defects [31] and are also supported by
biochemical observations in patients deficient in ADSL and ATIC, where only ribosidic forms
of substrates are detected in the body fluids of the patients [7, 32]. These mechanisms are of
the utmost clinical importance because extracellular nucleosides are used as diagnostic bio-
markers of these diseases [31]. Human equilibrative transporters possess highly different
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Fig 5. Confirmation of the identity of FGAR. The MS? spectrum of synthesized FGAR was compared to the MS? spectra of FGAR (A) and isotopically
labeled FGAR-L (B), both of which were accumulated in CR-PFAS HeLa cells. In B, fragments with a mass shift of 3.0038 Da (because of the U-C,, N
labeling) are marked with an asterisk. The retention time of all compounds was 8.98 min.

https://doi.org/10.1371/journal.pone.0208947.9005

catalytic activities towards their substrates, and these substrates compete for the active site

[33]. Additionally, there is an unknown specificity of purine nucleoside phosphorylase towards
our metabolites. These facts make the interpretation of the levels of both natural and labeled
PDNS metabolites difficult, and Fig 6 represents just an illustrative view.

In the cytoplasm of control HeLa cells cultured in purine-free medium (Fig 6), AICAR and
SAICAR were detected, as were their dephosphorylated forms, which is in agreement with pre-

vious reports [29, 30]. Moreover, we were able to detect natural GAR/r and Alr in control cell
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Fig 6. Ribotides and ribosides detected in cell lysates of ADSL-deficient and control HeLa cells. The deficient cell line is graphically represented by a PDNS pathway
with an enzyme block marked by a red rectangle. Accumulating metabolites are marked with red bold letters with an arrow. Cell lines were measured in hexaplicate, and
the value of the unlabeled peak intensity given above the baseline represents the average of a particular metabolite. Chromatographic peaks of metabolites that were
detected also in labeled form are shown as an asterisk. Note: The ionization efficiency of ribotides and ribosides is substantially different, so the responses of these

compounds are not directly comparable.
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lysates for the first time, suggesting higher sensitivity of the method. PDNS is considered to be
a pathway with an initial rate-limiting step regulating the overall flux, leading to an assumption
that its substrates are at low and mutually related concentrations. Thus, their detection proba-
bly depends on the ionization efficiency of the individual PDNS intermediates. The experi-
ments could be influenced by the differing viability of the individual defective cell lines used,
providing highly variable numbers of cells in each cultivation flask. There is a single study
reporting the partial detection of intermediates at trace levels by radiolabeling with autoradi-
ography [5]. The purine salvage metabolites SAMP and SAdo were also detected. Two ribo-
sides (AICAr and Alr) were excreted into the growth media of the control cells.

PFAS-deficient cells (CR-PFAS cells) accumulated FGAR and its riboside, which was also
detected in growth media. Most likely, accumulating FGAR causes a shift in equilibrium for
trifunctional GART, resulting in a detectable amount of GAR. FGAR and GAR were also
detected as isotopically labeled analogues.

The accumulation of AIR in CR-PAICS cells was previously described in Chinese hamster
ovary cells. These cells deficient in PAICS activity also accumulated a second compound that
the authors were not able to identify [8]. In our experiment, we detected three other ribotides
preceding the enzymatic block in addition to the expected accumulation of AIR. The abundant
ribotides were excreted into growth media in dephosphorylated forms. This observation sug-
gests a shift in the equilibria of enzymatic reactions up to the PFAS enzyme, as FGAR and
FGAr were the last detectable metabolites.

The deficiency of the bifunctional enzyme ADSL is characterized by the presence of the suc-
cinylpurines SAICAr and SAdo in bodily fluids [34]. In our experiment, CR-ADSL cells accu-
mulated SAICAR and SAICAr; however, SAMP and SAdo were detected but not accumulated
compared to the controls. This behavior could be explained by the experimental set-up, where
the purine-free medium forces cells to use PDNS extensively. The purine nucleotide cycle,
however, might not be used because of the low energy demands of the cultured cells, which
do not possess high proliferation. Two other PDNS intermediates were detected in the cell
lysates—AIR and GAR. These metabolites probably originate from the shifted equilibria of
enzymes preceding the ADSL blockage. Alr, FGAMr, and GAr were other ribosides detected
in cells. SAICATr, Alr, and FGAMr were found in growth media. The accumulation of AIR/Alr
in cells and growth media is in accordance with the findings from ADSL-deficient Chinese
hamster ovary cells (Adel), where the authors detected the accumulation of AIR [8].

In the one patient suffering from ATIC deficiency reported so far, a massive accumulation
of AICAr, SAICATr, and SAdo in bodily fluids was detected [7]. CR-ATIC cells accumulated
AICAR and SAICAR. Corresponding ribosides were also found in growth media. SAMP and
its riboside SAdo were not detected.

Patients with partial or complete HGPRT deficiency (Kelley-Seegmiller syndrome and
Lesch-Nyhan syndrome, respectively) are known to have increased levels of AICAR in their
erythrocytes [35] and AICAr in their urine [36]. As mentioned previously, erythrocytes lack
an intact PDNS pathway but are capable of metabolizing exogenous ribosides to their corre-
sponding mono-, di-, and triphosphates and accumulating the metabolites [35]. Several studies
reported increased AICAR contents in the brains of HGPRT-deficient mice [37, 38]. We
detected AICAR in cell lysates and AICAr in both the cell lysates and media of CR-HGPRT
cells. The bifunctional enzyme ATIC, responsible for the last two steps of the pathway, is
strongly inhibited by xanthosine-5"-monophosphate, which is accumulated in patients with
Lesch-Nyhan syndrome because of the massive flux to uric acid production [39]. Another pos-
sible hypothesis for the accumulation of AICAR is enhanced histidine biosynthesis in HGPRT
patients; however, there are no experimental data to support this hypothesis [38, 40]. As a
result of shifted enzyme equilibria, labeled SAICAR was also detected.
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Conclusion

In this study, we provide the first report of a comprehensive mass spectrometric fragmentation
analysis of synthesized PDNS intermediates and their dephosphorylated analogues. HRMS
fragmentation was possible in the third to sixth stages, and the spectra were compared with in
silico spectra present in free online databases. The data acquired allowed the development of
the method for the detection of these compounds in HeLa cells deficient in the individual
steps of PDNS. Our method is applicable in various areas of PDNS research, such as studying
cell cycle/purinosome formation. The detection of PDNS intermediates (ribotides) can be
valuable in enzyme kinetics studies since numerous compounds are claimed to be inhibitors of
this metabolic pathway. Medical applications include the development of diagnostic methods
for known/putative inherited metabolic disorders of PDNS and understanding their
pathobiochemistry.

Supporting information

S1 Table. List of initial concentrations of PDNS metabolites that were subjected to HRMS"
fragmentation analysis.
(TIF)

S1 Fig. Fragmentation spectral trees of GAR/r, FGAR/r, FGAMR/r, AIR/r, CAIR/r, SAI-
CAR/r, AICAR/r, FAICAR/r, IMP, SAdo and SAMP. All ribotides are marked with a capital
R in the name; ribosides are marked with a lowercase r. Every m/z assigned with accurate mass
in the spectra (in red) belongs to the fragmented structure. The other m/z represent coeluting
compounds or masses belonging to fragmented structures that could not be identified using
the given procedure.

(PDF)

$2 Fig. An example of in-source fragmentation. MS” spectra of GAr measured using decreas-
ing spray voltages: 3 kV (A), 2.5 kV (B), and 2 kV (C). Intensities of the depicted fragments do
not significantly change with altered conditions.

(TIF)

$3 Fig. An example of in-source fragmentation. MS” spectra of GAr measured using increas-
ing S-lens parameters: 10% (A), 20% (B), and 40% (C). Intensities of the depicted fragments do
not significantly change with altered conditions.

(TTF)

$4 Fig. An example of in-source fragmentation. MS” spectra of GAr measured using differ-
ent temperatures of the heater (H) and capillary (CA): H 300°C, CA 350°C (A); H 300°C, CA
300°C (B); and H 250°C, CA 250°C (C). Intensities of the depicted fragments do not signifi-
cantly change with altered conditions.

(TIF)

S5 Fig. MS” fragmentation spectra of PDNS ribosides. The structure of the fragmented com-
pound is shown next to every spectrum, and up to six of the most intense fragments are
depicted in the structure.

(TIF)

S6 Fig. Ribotides and ribosides detected in cell lysates of PFAS-, PAICS-, ATIC- and
HGPRT-deficient HeLa cells. Deficient cell lines are graphically represented by a PDNS path-
way with an enzyme block marked by a red rectangle. Accumulating metabolites are marked
with red bold letters with an arrow. Cell lines were measured in hexaplicate, and the value of
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the unlabeled peak intensity given above the baseline represents the average of a particular
metabolite. Chromatographic peaks of metabolites that were also detected in labeled form are
shown with asterisks. Note: The ionization efficiency of ribotides and ribosides is substantially
different, so the responses of these compounds are not directly comparable.
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Abstract

Background

The enzymes involved in de novo purine synthesis (DNPS), one of the basic processes in
eukaryotic cells, transiently and reversibly form a dynamic multienzyme complex called the
purinosome in the cytoplasm. The purinosome has been observed in a broad spectrum of
cells, but some studies claim that it is an artefact of the constructs used for visualization or
stress granules resulting from the exposure of cells to nutrient-reduced growth media. Both
may be true depending on the method of observation. To clarify this point, we combined two
previously used methods, transfection and immunofluorescence, to detect purinosomes in
purinosome-free cells deficient in particular DNPS steps (CR-DNPS cells) and in cells defi-
cient in the salvage pathway, which resulted in construction of the purinosome regardless of
purine level (CR-HGPRT cells).

Methods and findings

To restore or disrupt purinosome formation, we transiently transfected CR-DNPS and CR-
HGPRT cells with vectors encoding BFP-labelled wild-type (wt) proteins and observed the
normalization of purinosome formation. The cells also ceased to accumulate the substrate
(s) of the defective enzyme. The CR-DNPS cell line transfected with a DNA plasmid encod-
ing an enzyme with zero activity served as a negative control for purinosome formation. No
purinosome formation was observed in these cells regardless of the purine level in the
growth medium.

Conclusion

In conclusion, both methods are useful for the detection of purinosomes in HelLa cells. More-
over, the cell-based models prepared represent a unique system for the study of purino-
some assembly with deficiencies in DNPS or in the salvage pathway as well as for the study
of purinosome formation under the action of DNPS inhibitors. This approach is a promising
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step toward the treatment of purine disorders and can also provide targets for anticancer
therapy.

Introduction

Purines, essential molecules for the synthesis of nucleic acids, universal carriers of chemical
energy and components of signalling molecules in all living organisms, are synthesized in
higher eukaryotes via 10 reaction steps catalysed by six enzymes, four of which are multifunc-
tional. Once synthesized, they are efficiently recycled by the enzymes of the salvage pathway
and eventually removed from cells in the form of uric acid or allantoin (Fig 1).

An important conceptual question is whether the purine-synthesizing enzymes are orga-
nized and interact directly within the cell. Because de novo purine synthesis (DNPS) produces
unstable and/or toxic intermediates [1], the enzymes would need proximity to ensure this vital
metabolic function. Knowledge of the composition and regulation of this multienzyme struc-
ture, the purinosome, would have important implications regarding human diseases and the
treatment of cancer, inflammation and infections. The existence of purinosome has been
therefore addressed by various biochemical, molecular and structural approaches [2].

The first direct evidence of purinosome formation was the detection of the spatial signal
overlap of transiently expressed fluorescently labelled DNPS proteins in HeLa cells grown in
purine-depleted media [3]. This model and its eventual utility for further research on purino-
some structure and regulation has however been challenged. The formation of the purinosome
bodies has been attributed to the aggregation of overexpressed proteins and to stress granules
resulting from the exposure of cells to dialyzed and therefore nutrient-depleted growth media

[4].
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Fig 1. Scheme of de novo purine synthesis (DNPS), the salvage pathway, the degradation pathway and the
purinosome. The initial substrate in DNPS is phosphoribosyl pyrophosphate (PRPP). Six enzymes are involved in
DNPS and the purinosome multienzyme complex: phosphoribosyl pyrophosphate amidotransferase (PPAT), the
trifunctional enzyme GART (glycinamide ribonucleotide synthetase/glycinamide ribonucleotide transformylase/
aminoimidazole ribonucleotide synthetase), phosphoribosylformylglycinamidine synthetase (PFAS), the bifunctional
enzyme PAICS (phosphoribosylaminoimidazole carboxylase/phosphoribosylaminoimidazolesuccinocarboxamide
synthetase), adenylosuccinate lyase (ADSL), and the bifunctional enzyme ATIC (5-aminoimidazole-4-carboxamide
ribonucleotide transformylase/inosine monophosphate cyclohydrolase). The final product is inosine monophosphate
(IMP). IMP is converted into adenosine monophosphate (AMP) and guanosine monophosphate (GMP) and is also
degraded to uric acid via the degradation pathway. The hypoxanthine intermediate can be recycled by the enzyme
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) into IMP or GMP.

https://doi.org/10.1371/journal.pone.0201432.g001
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Further studies with transiently expressed fluorescently labelled DNPS proteins showed
that a microtubule network appears to physically control the spatial distribution of purino-
somes in the cytoplasm [5], that purinosomes colocalize and can be isolated together with
mitochondria [6] and that they differ in size and cell density from stress granules and aggre-
somes [7].

Another way to detect purinosome complexes is the immunofluorescent labelling of endog-
enous proteins involved in the DNPS pathway. By this method, purinosome formation was
observed in several cell types, including both cancer cell lines and primary cells, grown in
purine-depleted medium [8]. The detection of endogenous proteins avoided the need for arti-
ficial protein overexpression. The disadvantage of this method is the inability to study purino-
some formation in vivo.

Recently, we have developed model HeLa cell lines with DNPS enzyme knockouts. These
cells represent human purinosome-free model systems [9]. In this work, we prepared model
HeLa cells deficient in hypoxanthine-guanine phosphoribosyltransferase (HGPRT, EC
2.4.2.8), one of the key enzymes in a purine salvage pathway, that form purinosomes regardless
of the level of purines in the medium. We combined both methods previously used for purino-
some study, transfection and immunofluorescence, to investigate the effect of transiently
expressed, fluorescently labelled recombinant wild-type (wt) and mutant human DNPS pro-
teins on the formation of purinosome bodies in cells that otherwise never or always formed
purinosomes.

Materials and methods
dx.doi.org/10.17504/protocols.io.qxfdxjn

Chemicals

Dulbecco’s minimum essential medium (DMEM), F12 nutrition mix and foetal bovine serum
(FBS) were obtained from Thermo Fisher Scientific, MA, US. All other chemicals were pur-
chased from Sigma-Aldrich, Czech Republic.

HelLa cell line

The General University Hospital in Prague and Charles University, First Faculty of Medicine
has possessed the HeLa cell line for many years; the original cells were obtained from ATCC
(American Type Culture Collection).

CR-HGPRT cell preparation

We used the GeneArt® CRISPR Nuclease Vector with an OFP Reporter Kit (Life Technolo-
gies) to knockout the HPRT1 gene in HeLa cells as described previously [9]. The sgRNA target
sequence was designed by the program http://crispr.mit.edu/. We tested the cells for the pres-
ence of mutations, HGPRT enzyme activity and thioguanine inhibition.

Mutation analysis

We isolated gDNA and total RNA from HeLa cells according to standard procedures and tran-
scribed the mRNA into cDNA with the ProtoScript ™ II Reverse Transcriptase Kit (New
England BioLabs, MA, United States). PCR analysis was performed in 25 pul reaction mixtures
containing Red PCR Master Mix (Rovalab, Germany), 1.5 mM MgCl,, 8% DMSO and 0.4 pM
specific primers. We gel-purified the amplification products and sequenced the amplicons by
the ABI BigDye method (Thermo Fisher Scientific).
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HGPRT enzyme activity assay

The reaction was performed for 1 h at 37°C in a 40 pl reaction mixture containing 50 mM Tris
(pH 7.4), 10 mM MgCl,, 1.5 mM phosphoribosyl pyrophosphate (PRPP), 1 mM hypoxanthine,
37.5 mM KH,PO, and cell lysate (4 pg of the protein). We measured the concentration of ino-
sine monophosphate (IMP) formed using the previously described HPLC-DAD method [10].
The retention time of IMP was 10.8 min.

Thioguanine inhibition method and growth curves

First, 5 x 10* normal HeLa or CR-HGPRT cells were seeded in 6-well plates containing normal
growth medium or medium supplemented with 0.03 mM 6-thioguanine (TG). Every 24 h, the
full amount of cells grown in one well was harvested into 1 ml of growth medium and counted
with a LUNA™ Automated Cell Counter (Logos Biosystems, Korea). Growth curves were
established from the number of cells in 1 ml.

Cell culture

CRISPR-edited HeLa cells deficient in the trifunctional enzyme GART (glycinamide ribonu-
cleotide synthetase (EC 6.3.4.13)/glycinamide ribonucleotide transformylase (EC 2.1.2.2.)/ami-
noimidazole ribonucleotide synthetase (EC 6.3.3.1)), phosphoribosylformylglycinamidine
synthetase (PFAS, EC 6.3.5.3), the bifunctional enzyme PAICS (phosphoribosylaminoimida-
zole carboxylase (EC 4.1.1.21)/phosphoribosylaminoimidazolesuccinocarboxamide synthetase
(EC 6.3.2.6)), adenylosuccinate lyase (ADSL, EC 4.3.2.2), the bifunctional enzyme ATIC
(5-aminoimidazole-4-carboxamide ribonucleotide transformylase (EC 2.1.2.3)/inosine mono-
phosphate cyclohydrolase (EC 3.5.4.10)), or HGPRT were maintained in DMEM/F12 nutrient
mixture supplemented with 10% foetal bovine serum (FBS), 1% penicillin/streptomycin and
0.03 mM adenine. DMEM supplemented with dialyzed 10% FBS and 1% penicillin/streptomy-
cin served as the purine-depleted media. The FBS was dialyzed against 0.9% NaCl at 4°C for 48
h with a 10 kDa MWCO dialysis membrane to remove purines.

Cloning of mammalian expression plasmids

Wild-type (wt) DNPS genes were amplified from previously prepared pMAL-c2wt vectors [9,
11] and inserted into the pTagBFP-C vector (Evrogen, Russia). The vector pTagBFP_Y114-
H_ADSL was prepared by introducing the mutation ¢340T>C (p.Y114H) into the initial vec-
tor pTagBFP_ADSL by using the GeneArt Site-Directed Mutagenesis System (Thermo Fisher
Scientific) according to standard procedures. All sequences were verified by DNA sequencing.

Transfection

For transfection, 1 x 10° CRISPR-edited HeLa cells were transiently transfected with 1.5 ug of
constructs using the Neon™ Transfection System (Thermo Fisher Scientific) with the follow-
ing parameters: pulse voltage: 1400 V, pulse width: 20 ms, number of pulses: 2, tip type: 10 pl
and seeded on 1.7 cm” glass chamber slides (Thermo Fisher Scientific). After 24 h, the cells
were washed and subsequently incubated with purine-depleted or purine-rich medium. After
another 24 h, immunofluorescence labelling was performed. PAICS-, PFAS-, ADSL- and
ATIC- deficient cells transfected with wt proteins were grown on 6-well plates for 24 h in
purine-depleted medium and then tested for DNPS substrate accumulation by LC-MS/MS as
described previously [9]. The cells were not synchronized for the cell cycle.
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Immunofluorescence

For immunofluorescence labelling, the cells were fixed with 4% paraformaldehyde in PBS, per-
meabilized in 0.1% TRITON, washed, blocked with 5% BSA in PBS and incubated in a humid-
ified chamber for 1 h at 37°C with the following primary antibodies: rabbit polyclonal IgG
anti-PPAT (Sigma-Aldrich), mouse polyclonal IgG anti-GART (Abnova, Taiwan), and mouse
monoclonal IgG2xk anti-PAICS (Sigma-Aldrich). For fluorescence detection, species-appropri-
ate Alexa Fluor™ 488 and 555 secondary antibodies (Thermo Fisher Scientific) were used.
Slides were mounted with ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific) as
the fluorescence mounting medium and analysed by confocal microscopy. All immunofluores-
cence experiments were repeated at least twice.

Image acquisition and analysis

The prepared slides were analysed by confocal microscopy. XYZ images were sampled accord-
ing to the Nyquist criterion by using a LeicaSP8X laser scanning confocal microscope with an
HC PL APO objective (63x, N.A. 1.40) and 405, 488 and 543 laser lines. The images were
restored by a classic maximum likelihood restoration algorithm in Huygens Professional Soft-
ware (SVI, Hilversum, The Netherlands) [12]. Colocalization maps with single-pixel overlap
coefficient values ranging from 0-1 [13] were created in Huygens Professional Software. The
resulting overlap coefficient values are presented in pseudocolour, and the scale is shown in
the corresponding lookup tables (LUT). Image analysis was performed on at least ten cells
from each cell type. The conditions for image acquisition were the same for all cells included
in the experiment.

Results
Preparation of HeLa cells deficient in HGPRT (CR-HGPRT cells)

We knocked-out the HPRT1 gene in HeLa cells using the CRISPR-Cas9 genome editing sys-
tem. We detected positive clones via cDNA and gDNA sequencing, the thioguanine inhibition
method and subsequent growth curves and activity assays (Fig 2). The homozygous mutation
in the targeted gene c. 373_378delTTAACT (p. 125-126del) (Fig 2A) resulted in the expression
of an HGPRT protein with undetectable enzyme activity (Fig 2B). The lack of HGPRT activity
was also tested by establishing growth curves with and without the addition of 0.03 mM TG to
the growth media. After the addition of TG, normal HeLa cells underwent cell death within 72
h (Fig 2C, dark blue), while CR-HGPRT cells survived for at least 6 days (Fig 2C, dark red). In
normal medium, both cell types grew normally (Fig 2C, light red and blue).

Purinosome formation in CR-HGPRT cells

To determine whether mutations in the HPRT1 gene affect the intracellular compartmentaliza-
tion of DNPS proteins in vivo, we investigated purinosome formation in CR-HGPRT cells. We
cultured HeLa cells for 24 h in purine-rich or purine-depleted media and immunolabelled the
combination of the PPAT and GART enzymes. We observed purinosome formation indepen-
dently of the amount of purines in the growth media (Fig 3A-3C and 3]-3L).

Transfection of knockout HeLa cells by constructs encoding wt proteins

We transiently transfected previously prepared HeLa cells with the knockout of individual
DNPS genes (CR-DNPS cells) [9] and CR-HGPRT cells with vectors encoding pTagBFP-
labelled wt proteins to restore or disrupt purinosome formation. We transfected HeLa cells
deficient for GART (CR-GART) with the pTagBFP_wt GART vector (Fig 4), HeLa cells
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Fig 2. Characterization of the HGPRT knockout cells. (A): Illustration of the sgRNA targeting sequence in exon 4 of
the HPRT1 gene in control and CR-HGPRT cells and the protein sequences of wild-type and mutated HGPRT. The
20-bp target sgRNA sequence is indicated in the blue box, adjacent to the NGG (TGG) PAM motif sequence (red
coloured). The probable Cas9 cut site is indicated by the red flash-shaped object. CR-HGPRT is shown with the
appropriate ¢.373-378del TTAACT mutation. In the HGPRT protein sequence, the affected amino acids are coloured
red; the CR-HGPRT protein shows a p. 125-126del deletion. (B): The activity of the HGPRT enzyme was determined
in the control and CR-HGPRT cells. The activity of the enzyme in the CR-HGPRT cells was 0% of the activity in the
control cells (n = 3). (C): Growth curves of CR-HGPRT cells and control HeLa cells. The cells were grown in normal
growth medium and in growth medium containing 0.03 mM thioguanine (TG). The CR-HGPRT cells grew in the
normal growth medium (light red line) and more slowly in the growth medium containing TG (dark red line). All the
control cells in the medium containing TG died within 72 h (dark blue line), while the control cells in the normal
medium showed ten times more growth at the same time point (light blue line).

https://doi.org/10.1371/journal.pone.0201432.g002

deficient for PFAS (CR-PFAS) with the pTagBFP_wt PFAS vector (Fig 5), HeLa cells deficient
for PAICS (CR-PAICS) with the pTagBFP_wt PAICS vector (Fig 6), HeLa cells deficient for
ADSL (CR-ADSL) with the pTagBFP_wt ADSL vector (Fig 7), HeLa cells deficient for ATIC
(CR-ATIC) with the pTagBFP_wt ATIC vector (Fig 8), and CR-HGPRT cells with the
pTagBFP_wt HGPRT vector (Fig 3).

purine depleted medium purine rich medium
GART colocalization map PPAT GART colocalization map

Fig 3. Inmunodetection of GART and PPAT in CR-HGPRT cells. Non-transfected CR-HGPRT cells exhibited endogenous GART (B, K) and PPAT (A, J) proteins in
the form of fine granules, and their fluorescent signals showed a high degree of overlap in both the purine-depleted medium (C) and the purine-rich medium (L). In
cells transfected with a vector encoding the wt HGPRT protein, the endogenous proteins formed fine granules with high signal colocalization in the purine-depleted
medium (D, F), whereas in the purine-rich medium, the proteins remained diffuse (M, N) with no colocalization (O). The values of the fluorescent signal overlaps are
shown in pseudocolour, and the scale is shown at the lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9003
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Fig 4. Inmunochemical labelling of the endogenous proteins PPAT and PAICS in CR-GART cells transfected with constructs encoding wt-GART proteins. In
cells transfected with constructs encoding the wt-GART protein, the endogenous proteins PPAT (A) and PAICS (B) were observed in the form of fine granules with
their fluorescent signals showing a high degree of overlap in purine-depleted medium (C), whereas in purine-rich medium, the proteins PPAT (G) and PAICS (H)
remained diffuse and did not colocalize (I). The same behaviour was observed in the control HeLa cells (Fig 9). Endogenous proteins in the non-transfected cells
remained diffuse regardless of the level of purines in the media (D, E, J, K) and did not colocalize (F, L). The values of the fluorescent signal overlaps are shown in
pseudocolour, and the scale is shown at the lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9004

All the transfected cells were grown in purine-rich and in purine-depleted medium. After
24 h, we immunofluorescently labelled and observed the colocalization of the DNPS protein
phosphoribosyl pyrophosphate amidotransferase (PPAT) with GART (Figs 3 and 5-8) or with
PAICS (CR-GART cell line, Fig 4). We observed the restoration of purinosome formation in
CR-DNPS cells in the purine-depleted medium (Figs 4-8A-8C), whereas in the purine-rich

purine depleted medium purine rich medium
PPAT GART colocalization map PPAT GART colocalization map

CR-PFAS
transfected with
wt PFAS protein

CR-PFAS_NT

Fig 5. Inmunodetection of PPAT and GART in CR-PFAS cells transfected with constructs encoding wt-PFAS proteins. In cells transfected with constructs
encoding wt-PFAS protein, the endogenous proteins PPAT (A) and GART (B) were observed in the form of fine granules with their fluorescent signals showing a high
degree of overlap in purine-depleted medium (C), whereas in purine-rich medium, the proteins PPAT (G) and GART (H) remained diffuse and did not colocalize (I).
The same behaviour was observed in the control HeLa cells (Fig 9). When the cells were not transfected, the endogenous proteins remained diffuse regardless of the level
of purines in the media (D, E, ], K) and did not colocalize (F, L). The values of the fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at the
lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9005
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Fig 6. Inmunodetection of PPAT and GART in CR-PAICS cells transfected with constructs encoding wt-PAICS proteins. In cells transfected with constructs
encoding wt-PAICS protein, the endogenous proteins PPAT (A) and GART (B) were observed in the form of fine granules with their fluorescent signals showing a high
degree of overlap in purine-depleted medium (C), whereas in purine-rich medium, the proteins PPAT (G) and GART (H) remained diffuse and did not colocalize (I).
The same behaviour was observed in the control HeLa cells (Fig 9). Endogenous proteins in the non-transfected cells remained diffuse regardless of the level of purines
in the media (D, E, ], K) and did not colocalize (F, L). The values of the fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at the lower right
in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9006

medium, the proteins remained diffuse (Figs 4-8G-8I). In CR-HGPRT cells transfected with
the pTagBFP_wt HGPRT vector, we observed the disruption of purinosome formation in the
purine-rich medium (Fig 3M-30), while purinosome formation remained unchanged in the
purine-depleted medium (Fig 3D-3F). The control HeLa cells exhibited similar behaviour to
the CR-DNPS and CR-HGPRT cells transfected with wt proteins (Fig 9). We also tested CR-

PFAS, CR-PAICS, CR-ADSL and CR-ATIC cells grown in PD media and transfected with wt

purine depleted medium I purine rich medium

PPAT GART colocalization map PPAT GART colocalization map

CR-ADSL
transfected with
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CR-ADSL_NT

0 10 104 1

Fig 7. Inmunodetection of PPAT and GART in CR-ADSL cells transfected with constructs encoding wt-ADSL proteins. In cells transfected with constructs
encoding wt-ADSL protein, the endogenous proteins PPAT (A) and GART (B) were found in the form of fine granules with their fluorescent signals showing a high
degree of overlap in purine-depleted medium (C), whereas in purine-rich medium, the proteins PPAT (G) and GART (H) remained diffuse and did not colocalize (I).
The same behaviour was observed in the control HeLa cells (Fig 9). When the cells were not transfected, the endogenous proteins remained diffuse regardless of the level
of purines in the media (D, E, ], K) and did not colocalize (F, L). The values of the fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at the
lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9007
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Fig 8. Immunodetection of PPAT and GART in CR-ATIC cells transfected with constructs encoding wt-ATIC proteins. In cells transfected with constructs
encoding wt-ATIC protein, the endogenous proteins PPAT (A) and GART (B) were observed as fine granules with their fluorescent signals showing a high degree of
overlap in purine-depleted medium (C), whereas in purine-rich medium, the proteins PPAT (G) and GART (H) remained diffuse and did not colocalize (I). The same
behaviour was observed in the control HeLa cells (Fig 9). When the cells were not transfected, the endogenous proteins remained diffuse regardless of the level of
purines in the media (D, E, ], K) and did not colocalize (F, L). The values of the fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at the
lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9008

proteins for DNPS substrate accumulation in the cell lysates. The levels of N-formylglycina-
mide ribotide/riboside (FGAR/r) decreased after pTagBFP_wt PFAS vector transfection in
CR-PFAS. Decreases were also observed in aminoimidazole ribotide/riboside (AIR/r) after
pTagBFP_wt PAICS vector transfection in the CR-PAICS cells, succinylaminoimidazolecar-
boxamide ribotide/riboside (SAICAR/r) and succinyladenosine monophosphate (SAMP)/suc-
cinyladenosine (S-Ado) after pTagBFP_wt ADSL vector transfection in CR-ADSL cells and
aminoimidazolecarboxamideribotide/riboside (AICAR/r) after pTagBFP_wt ATIC vector
transfection in CR-ATIC cells (Table 1, S1 Fig).

Transfection of ADSL-deficient HeLa cells by a mutant ADSL protein

As a control to examine whether cells undergoing transient transfection and nutrition starva-
tion formed purinosomes or stress bodies, we transfected CR-ADSL cells with the

purine depleted medium
PPAT GART colocalization map colocalization map

Hela I8 .
control 7 ¥

purine rich medium

Colocalization map colocalization map

Hela
control .

Fig 9. Immunodetection of PPAT, GART and PAICS in control HeLa cells. Control HeLa cells were
immunolabelled with PPAT and GART (A, B, C, G, H, I) or with PPAT and PAICS (D, E, F, ], K, L). Both
combinations of the endogenous proteins formed granules (A, B, D, E) with high signal colocalization in the purine-
depleted medium (C, F), whereas in the purine-rich medium, the proteins remained diffuse (G, H, J, K) with no
colocalization (I, L). The values of the fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at
the lower right in the corresponding LUT.

https://doi.org/10.1371/journal.pone.0201432.9009
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Table 1. Purine metabolites in cell lysates of non-transfected (non TR) and wt transfected (TR) CR-cells (n = 3).

HeLa
metabolite umol/l
FGAr nd
FGAR nd
Alr nd
AIR nd
SAICAr nd
SAICAR nd
S-Ado ~LOQ
SAMP ~LOQ
AICAr nd
AICAR nd

nd-not detected

~ LOQ—Values close to limit of quantification.

CR-PFAS CR-PAICS CR-ADSL CR-ATIC
non TR TR non TR TR non TR TR non TR TR
umol/l umol/l umol/l umol/l umol/l umol/l umol/l umol/l
12.1£2.1 0.32+0.22 0.28+0.06 nd nd nd nd nd
2.1+0.9 0.07+0.06 0.13+£0.04 nd nd nd nd nd
nd nd 1.0£0.1 0.004+0.001 nd nd nd nd
nd nd 2.93+0.16 0.33+0.01 nd nd nd nd
nd nd nd nd 0.40+0.04 0.072%0.002 0.05+£0.01 ~ LOQ
nd nd nd nd 0.21+0.03 nd nd nd
~ LOQ ~ LOQ ~ LOQ ~ LOQ 10.5%1.1 1.94£0.2 ~ LOQ ~ LOQ
~1L0Q ~L0Q nd nd 22.742.5 nd nd nd
nd nd nd nd nd nd 0.09+0.03 nd
nd nd nd nd nd nd 1.2+0.4 nd

https://doi.org/10.1371/journal.pone.0201432.t001

pTagBFP_Y114H_ADSL vector encoding the ADSL enzyme with the mutation Y114H. This
mutation is one of the most common mutations in patients suffering ADSL deficiency and
results in zero enzyme activity [10]. We used the same conditions as for the transfection of the
pTagBFP_wt ADSL vector into the CR-ADSL cells. We observed that the immunofluores-
cently labelled endogenous proteins remained diffuse regardless of the quantity of purines in
the growth media (Fig 10).

Discussion and conclusions

Purinosomes have previously been detected in cells [3], but the argument was made that they
may be artefacts of the constructs used for visualisation [4]. Both conclusions seemed possible
depending on the cell state and the method of observation. The aim of this work was to detect
purinosome formation by two previously described methods in non-purinosome-forming

cells and in cells that form purinosomes regardless of purine levels. Furthermore, we aimed to
determine the suitability of these systems for purinosome studies.

We built upon findings that purinosome formation is disrupted in fibroblasts deficient in
ADSL and ATIC [8], which are affected by the flow of DNPS intermediates. By contrast, puri-
nosome formation is increased in fibroblasts that are deficient in HGPRT, which results in a
nonfunctional salvage pathway and therefore primarily depends on DNPS to generate purine
nucleotides [14].

Fig 10. Immunochemical labelling of the endogenous proteins GART and PPAT in CR-ADSL cells transfected
with a construct encoding a mutant inactive protein, p.Y114H ADSL. CR-ADSL cells were transfected with a vector
encoding the BFP-labelled inactive protein p.Y114H ADSL (A, E) and seeded in purine-depleted medium (A, B, C, D)
or purine-rich medium (E, F, G, H). The endogenous proteins PPAT (B, F) and GART (C, G) remained diffuse, and
the signals did not colocalize, regardless of the amount of purines in the growth media (D, H). The values of the
fluorescent signal overlaps are shown in pseudocolour, and the scale is shown at the lower right in the corresponding
LUT.

https://doi.org/10.1371/journal.pone.0201432.9010
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In our previous study, we introduced knockouts of individual DNPS genes into HeLa cells,
in which we observed disrupted or greatly reduced purinosome formation (CR-DNPS cells) [9].
In this work, we prepared a CRISPR-Cas9-edited model HeLa cell system in which the purino-
some forms independently of the purine level in the growth medium (CR-HGPRT cells).

Using the existing purinosomes-free systems, we checked whether purinosome assembly
was restored in CR-DNPS cells grown in purine-depleted medium after transfection with vec-
tors encoding BFP-labelled wt GART, PFAS, PAICS, ADSL or ATIC proteins. We also tested
whether purinosome formation was affected in CR-HGPRT cells grown in purine-rich
medium after transfection with a vector encoding BFP-labelled wt HGPRT protein.

To demonstrate purinosome formation, we used confocal microscopy and applied an estab-
lished method of signal colocalization analysis based on single-pixel overlap coefficient values
[13]. As the causal genetic defects often affect the amount of the corresponding mutant protein
in vivo, we studied the intracellular localization of selected combinations of endogenous DNPS
enzymes. Using this approach, we detected shared compartmentalization and spatial overlaps
that suggested purinosome formation.

Purinosome formation in CR-DNPS cells transfected with constructs encoding wt DNPS
proteins was restored to the level in the control HeLa cells in purine-depleted medium,
whereas in purine-rich medium, the proteins remained diffuse. To prove that the structural
bodies observed were real purinosomes, we transfected ADSL-deficient cells with a vector
encoding a mutated ADSL protein (p.Y114H) with low enzyme activity [10]. We did not
observe any purinosome assembly, and the proteins remained diffuse. This result is consistent
with our knowledge that the fibroblasts of patients with the ADSL mutation Y114H likewise
do not form purinosomes [8]. Based on these data, we conclude that purinosome formation by
endogenous proteins can be restored by transiently introduced constructs encoding wt pro-
teins. Furthermore, the restoration of purinosome function was verified in CR-DNPS cell lines
transfected with wt proteins by measuring the level of substrates normally accumulated by
deficient cells [9]. After transfection, substrate accumulation was significantly reduced or not
detected.

HGPRT-deficient model cells transfected with a construct encoding the wt HGPRT protein
ceased to form purinosomes in a purine-rich medium, which corresponds to the behaviour of
healthy HeLa cells. This result supports the theory that the bodies observed are putative
purinosomes.

We conclude that both methods, transient transfection and immunofluorescence, are useful
for the detection of purinosome formation in HeLa cells. Moreover, the HGPRT knockout
model of HeLa cells provides the ability to study purinosome formation in purine-rich
medium without the need to expose the cells to stress conditions involving dialyzed and there-
fore nutrient-depleted growth media.

Cell-based models with specific deficiencies in the DNPS or salvage pathway provide a unique
system for evaluating the efficacy and selectivity of DNPS inhibitors and activators at the bio-
chemical level and the purinosome assembly level. The purinosome is a higher level of organiza-
tion and regulation of metabolic enzymes in purine biosynthesis, and selective DNPS modulators
can be used to better understand the role of its formation in both normal and disease states. This
approach is a promising step toward the treatment of DNPS disorders and could provide a target
for the treatment of cancer in which purine synthesis plays an essential role [15].

Supporting information

S1 Fig. LC-MS/MS chromatograms of purine metabolites in non-transfected and wt trans-
fected CR-cell lines. Metabolites in non-transfected cells are labelled with a dashed line and in
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transfected cells with a full line. The decrease in FGAR/r levels after pTagBFP_wt PFAS

vector transfection in CR-PFAS cell lysate is shown in (A). The decrease in AIR/r levels after
pTagBFP_wt PAICS vector transfection in CR-PAICS cell lysate is shown in (B). The decrease
in SAICAR/r and SAMP/SAdo levels after pTagBFP_wt ADSL vector transfection in CR-
ADSL cell lysate is shown in (C). The decrease in AICAR/r levels after pTagBFP_wt ATIC vec-
tor transfection in CR-ATIC cell lysate is demonstrated in (D).

(TIF)
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Metabolic Tools for Identification of New Mutations of
Enzymes Engaged in Purine Synthesis Leading to Neurological

Impairment

(de novo purine synthesis / aminoimidazole ribotide / 5-formamidoimidazole-4-carboxamide ribotide /

PAICS / PFAS)
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Medicine, Charles University and General University Hospital, Prague, Czech Republic

Abstract. The cellular pool of purines is maintained
by de novo purine synthesis (DNPS), recycling and
degradation. Mutations in genes encoding DNPS en-
zymes cause their substrates to accumulate, which
has detrimental effects on cellular division and organ-
ism development, potentially leading to neurological
impairments. Unspecified neurological symptoms ob-
served in many patients could not be elucidated even
by modern techniques. It is presumable that some of
these problems are induced by dysfunctions in DNPS
enzymes. Therefore, we determined the concentra-
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Abbreviations: ADSL — adenylosuccinate lyase, AICAR/r — ami-
noimidazole carboxyamide ribotide/riboside, AIR/r — aminoimi-
dazole ribotide/riboside, ATIC — 5-aminoimidazole-4-carboxa-
mide ribonucleotide transformylase/inosine monophosphate
cyclohydrolase, CAIR/r — carboxyaminoimidazole ribotide/ribo-
side, CSF — cerebrospinal fluid, DBS — dry blood spot, DNPS — de
novo purine synthesis, FAICAR/r — 5-formamidoimidazole-4-car-
boxamide ribotide/riboside, FGAM — formylglycineamidine ri-
botide, FGAR/r — formylglycineamide ribotide/riboside, GAR/r
— glycineamide ribotide/riboside, GART — glycinamide ribonu-
cleotide synthetase/aminoimidazole ribonucleotide synthetase/
glycinamide ribonucleotide transformylase, HPLC — high-perfor-
mance liquid chromatography, IMP — inosine monophosphate,
LC-MS/MS — liquid chromatography tandem mass spectrometry,
PAICS — phosphoribosylaminoimidazole carboxylase/ phosphor-
ibosylaminoimidazolesuccinocarboxamide synthase, PFAS —
phosphoribosylformylglycinamidine synthase, PPAT — amidophos-
phoribosyltransferase, SAdo — succinyladenosine, SAICAR/r
— succinylaminoimidazolecarboxamide ribotide/riboside

tions of dephosphorylated DNPS intermediates by
LC-MS/MS as markers of yet unpublished mutations
in PFAS and PAICS genes connected with dys-
functions of carboxylase/phosphoribosylaminoimi-
dazolesuccinocarboxamide synthase (PAICS) or phos-
phoribosylformylglycinamidine synthase (PFAS).
We determined the criteria for normal values of me-
tabolites and investigated 1,447 samples of urine and
365 dried blood spots of patients suffering from vari-
ous forms of neurological impairment. We detected
slightly elevated aminoimidazole riboside (Alr) con-
centrations in three urine samples and a highly ele-
vated S-formamidoimidazole-4-carboxamide ribo-
side (FGAr) concentration in one urine sample. The
accumulation of Alr or FGAr in body fluids can indi-
cate PAICS or PFAS deficiency, respectively, which
would be new disorders of DNPS caused by muta-
tions in the appropriate genes. Measurement of DNPS
intermediates in patients with neurological symp-
toms can uncover the cause of serious cellular and
functional impairments that are otherwise inacces-
sible to detection. Further genetic and molecular
analysis of these patients should establish the causal
mutations for prenatal diagnosis, genetic consulta-
tion, and reinforce the DNPS pathway as a therapeu-
tic target.

Introduction

Purines are essential molecules for nucleic acid syn-
thesis and universal carriers of chemical energy in all
dividing cells (Yin et al., 2018). The cellular metabolism
of purines is managed by de novo purine synthesis
(DNPS), salvage pathways and purine degradation.
DNPS is one of the metabolic pathways crucial to cell
division and to neural development. Mutations in genes
encoding DNPS enzymes may lead to congenital neuro-
logical disorders. DNPS includes 10 reactions, in which
six enzymes are involved, with three of them being mul-
tifunctional (Fig. 1). DNPS enzymes are organized into
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Fig. 1. Scheme of de novo purine synthesis (DNPS)

Phosphoribosylpyrophosphate (PRPP) substrate is metabolized by enzyme amidophosphoribosyl transferase (PPAT) to
phosphoribosylamine (PRA) in the step 1. Steps 2, 3 and 5 are catalysed by trifunctional enzyme glycinamide ribonu-
cleotide synthetase/aminoimidazole ribonucleotide synthetase/glycinamide ribonucleotide transformylase (GART). In
step 2, the whole molecule of glycine is connected to the amine group of PRA, resulting into glycineamide ribotide
(GAR). The N'°-formyl tetrahydrofolate provides the formyl group to produce formylglycineamide ribotide (FGAR) during
step 3. In step 4, the enzyme phosphoribosylformylglycinamidine synthase (PFAS) exchanges the oxo group of FGAR for
the imino group provided by glutamine in order to create formylglycineamidine ribotide (FGAM). Step 5 leads to cycliza-
tion of FGAM into aminoimidazole ribotide (AIR). Steps 6 and 7 are catalysed by bifunctional enzyme phosphoribo-
sylaminoimidazole carboxylase/ phosphoribosylaminoimidazolesuccinocarboxamide synthase (PAICS), which produces
carboxyaminoimidazole ribotide (CAIR) and succinylaminoimidazolecarboxyamide ribotide (SAICAR), respectively.
The bifunctional enzyme adenylosuccinate lyase (ADSL) catalysis occurs in step 8, when the cleavage of fumarate from
SAICAR occurs and forms aminoimidazolecarboxamide ribotide (AICAR). Steps 9 and 10 are catalysed by bifunctional
enzyme S-aminoimidazole-4-carboxamide ribonucleotide transformylase/inosine monophosphate cyclohydrolase (ATIC),
which forms 5-formamidoimidazole-4-carboxamide ribotide (FAICAR) and inosine monophosphate (IMP), respectively.

a multienzyme complex called purinosome (An et al.,
2008; Baresova et al., 2012). To date, two genetic de-
fects in DNPS have been described: adenylosuccinate
lyase (ADSL) deficiency (OMIM 103050) (Van den
Berghe and Jaeken, 1986) and AICA-ribosiduria (OMIM
608688) (Marie et al., 2004). Both of these deficiencies
result in serious damage of cellular homeostasis and
functions manifested as neurological symptoms present
at birth, causing accumulation of substrate(s) for the de-
fected enzyme in cellular models or body fluids such as
urine, plasma and/or cerebrospinal fluid (CSF) (Van den
Bergh et al., 1991; Baresova et al., 2016).

The ADSL enzyme (ADSL, EC 4.3.2.2) catalyses the
eighth reaction of DNPS (Fig. 1) and the second reac-

tion of the purine nucleotide cycle. Mutations in this en-
zyme lead to ADSL deficiency (Kmoch et al., 2000).
The cellular impairment clinically manifests in various
disabilities classified as three basic types: (1) a neonatal
form consisting of prenatal hyperkinesia, pulmonary
hypoplasia and prenatal abortion of growth, followed by
fatal neonatal encephalopathy and early death (Mou-
chegh et al., 2007); (2) a severe infantile form associat-
ed with severe psychomotor retardation and frequently
with early death (Jacken et al., 1988); (3) a mild/moder-
ate form associated with less severe psychomotor retar-
dation, hypotony and autism (Jacken et al., 1988). The
biochemical diagnostics of this condition is based on the
detection of two dephosphorylated substrates of ADSL
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— succinyladenosine (SAdo) and succinylaminoimid-
azolecarboxamide riboside (SAICAr). These substrates
can be measured in the urine, plasma and/or CSF (Van
den Bergh et al., 1991; Krijt et al., 2013). The genetic
diagnosis of this condition is made through the detection
of mutations in the ADSL gene (Jurecka et al., 2015).

AICA-ribosiduria is a recently identified autosomal
recessive inherited disorder of DNPS (Marie et al.,
2004). The cause of this condition is deficiency of bi-
functional enzyme ATIC-5-aminoimidazole-4-carb-
oxamide ribonucleotide transformylase (EC 2.1.2.3)/in-
osine monophosphate cyclohydrolase (EC 3.5.4.10),
which catalyses the last two reactions of DNPS (Fig. 1).
Similarly to patients with ADSL deficiency, the dephos-
phorylated substrate of the defective ATIC enzyme,
aminoimidazolecarboxamide riboside (AICAr), accu-
mulates in body fluids. SAICAr and SAdo accumulate
as well, but at a lower level than in ADSL deficiency.
The main pathogenic mechanism of ADSL and ATIC
deficiencies has been attributed to the cytotoxicity of the
accumulated dephosphorylated substrates (Stone et al.,
1998; Marie et al., 2004; Jurecka et al., 2015).

To date, no other genetically determined defects of
the DNPS pathway have been identified. However, the
existence of such defects is highly probable. It is hy-
pothesized that these defects will similarly manifest as
nonspecific neurological symptoms accompanied by ac-
cumulation of DNPS intermediates in body fluids. Based
on this hypothesis, we previously prepared and charac-
terized DNPS deficiencies in a HeLa cell model system
(Baresova et al., 2016; Madrova et al., 2018). Accumu-
lation of dephosphorylated substrate(s) of the defective
enzyme occurred in four DNPS knock-out cell lines,
with the exception of cells deficient in trifunctional en-
zyme GART — glycinamide ribonucleotide synthetase
(EC 6.3.4.13)/aminoimidazole ribonucleotide synthetase
(EC 6.3.3.1)/glycinamide ribonucleotide transformylase
(EC2.1.2.2).

The main problem in developing analytical methods
for detection of DNPS defects is the lack of commercial
availability of DNPS intermediates. In our previous
work, we developed procedures for preparation of phos-
phorylated and dephosphorylated DNPS substrates,
which we characterized and detected by LC-MS/MS
(Madrova et al., 2018).

In the presented work, we established physiological
levels of DNPS metabolites 5-formamidoimidazole-
4-carboxamide riboside (FGAr), aminoimidazole ribo-
side (Alr) and carboxyaminoimidazole riboside (CAlr)
in 40 control urine samples and in 50 control dried blood
spots (DBS), and detected these metabolites in 1,447
urine samples and in 365 DBS of patients with various
undiagnosed neurological defects. FGAr can serve as a
marker for mutations in PFAS, which encodes phos-
phoribosylformylglycinamidine synthase (PFAS, EC
6.3.5.3) — for the fourth reaction of DNPS (Fig. 1). Alr
and CAlr are markers for mutations of PAICS, which
encodes the phosphoribosylaminoimidazole carboxyl-
ase (EC 4.1.1.21)/phosphoribosylaminoimidazolesucci-

nocarboxamide synthase (EC 6.3.2.6) (PAICS) bifunc-
tional enzyme — for the sixth and seventh reactions of
DNPS (Fig. 1). We hypothesized that the cytotoxicity of
these markers would lead to neurological impairment
similar to ADSL and AICA-ribosiduria deficiencies.
Recently, a study of PFAS and PAICS expression in the
rat brain and hippocampal neurons suggests the possi-
bility of direct influence on neuronal functions caused
by the cytotoxicity of accumulated substrates due to
DNPS enzymatic deficiencies (Williamson et al., 2017).

Material and Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated in the text.

Preparation of DNPS intermediates

DNPS substrates FGAr, Alr, CAlr and SAdo-"C,
were synthesized utilizing human and bacterial recom-
binant enzymes as described previously (Zikanova et
al., 2005; Baresova et al., 2016; Madrova et al., 2018).

Briefly, enzymes catalysing each individual step of
DNPS were prepared and used for synthesis of DNPS
intermediates. Ribotidic forms of DNPS substrates ob-
tained in enzymatic reactions were dephosphorylated in
potassium phosphate buffer, pH 8.0 with calf intestine
phosphatase (CIP) (New England Biolabs, Ipswich,
MA) to ribosidic forms.

Preparation of samples

Control and neurologically impaired samples were
anonymized prior to analysis.

Urine samples

Urine creatinine measurements were performed in a
standard manner. All samples were adjusted to a creati-
nine concentration of 1 mmol/l and frozen. Prior to the
analysis, the defrosted samples were spun down for 60 s
in a mini centrifuge in order to remove any residual pro-
teins. The supernatant, with a volume of minimum 30 pl
to maximum 200 pl, was then pipetted into the insert
and embedded into an HPLC vial for the purpose of LC-
MS/MS analyses.

Dried blood spots

From each DBS sample, three 3-mm diameter disks
were punched from a Guthrie card and placed in 100 pl
of extraction buffer containing acetonitrile : methanol :
water (1 :1: 1 ratio) with 100 nmol/l SAdo-"C, internal
standard. Samples were incubated for 15 min in an ultra-
sonic bath. An 80 pl aliquot of the extract was trans-
ferred to a clean tube and centrifuged for 5 min at 8,000
g. The supernatant was evaporated to dryness under a
stream of nitrogen, dissolved in 30 pl of LC-MS water
and embedded into an HPLC vial for the purpose of
LC-MS/MS analyses.
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HPLC-MS/MS analysis

The Agilent 1290 Infinity LC System (Agilent Tech-
nologies, Palo Alto, CA) coupled with an API 4000 tri-
ple quadrupole mass spectrometer operated with Analyst
software version 1.4 (Applied Biosystems, Foster City,
CA) was applied for identification and quantification of
all DNPS substrates. The separation was performed
with Prontosil 120 — 3 C18 — AQ column (200*4 mm,
3 um) (Bischoff Chromatography, Leonberg, Germany)
at 30 °C. The gradient elution consisted of 0.1% formic
acid solution in water (mobile phase A) and 0.1% formic
acid solution in acetonitrile (mobile phase B). The flow
rate of 400 ul/min was performed by changing % B as
follows: 0.0-12.0 min: 0 % to 20 %, 12.0-13.0 min:
20 % to 60 %, 13.0-15.5 min: 60 %, 15.5-16.0 min: 60
to 0 %. The column was then regenerated with 100 % A
for 9 min, with an increased flow rate 700 ul/min be-
tween 16.2 and 24.2 min. The injection sample volume
was 5 pl. The parameters of MS detection were set as
previously (Baresova et al., 2016).

Results

The aim of our work was to study the flux of DNPS
intermediates under physiological conditions and its al-
teration under pathological conditions designated by
neurological symptoms. The levels of DNPS intermedi-
ates FGAr, Alr and CAlIr were determined by LC-MS/
MS in the urine and DBS in patients with undiagnosed
neurological impairment.

Linearity and limits of detection (LOD) and quantifi-
cation (LOQ) were defined using signal-to-noise ratios
of 3:1and 10: 1, respectively. We confirmed the linear-
ity of the method by generating linear calibration curves
with high correlation coefficients (1> > 0.9911) in the
indicated concentration range (Table 1).

Reference values of metabolites in the urine and DBS
were determined by analysis of 40 control urine samples
and 50 control DBS samples. The physiological values
of FGAr, Alr and CAlr detected in urine samples vary
from tens to hundreds of nmol/l concentrations (Table 2).
In DBS samples, only FGAr was detected; Alr and CAlr
were below LOD.

Screening of DNPS metabolites was performed in
1,447 anonymized samples of urine and 365 samples of
DBS of patients suffering from neurological disability
(Fig. 2). We detected an elevated FGAr level (386 times
vs controls) in one patient (Fig. 2A); the elevated FGAr
levels may be a marker of defective PFAS enzyme. In
three urine samples, we detected slightly elevated Alr
levels, a marker for defective PAICS enzyme (Fig. 2C).
In DBS samples, we did not detect any markedly elevat-
ed values of the analysed DNPS metabolites.

Discussion

Purines play irreplaceable roles in all living organ-
isms, utilized as universal energy source and storage,
coenzymes, neurotransmitters, basic building blocks of
nucleic acids, as well as for signal transduction and en-
zyme activity alterations. DNPS supplies the organism
with newly synthesized molecules of purines during
times of higher purine consumption, such as cell divi-
sion and development. This pathway consists of 10 reac-
tions driven by six enzymes. Mutations in genes encod-
ing enzymes of DNPS lead to genetically determined
disorders with a primary effect on neurological func-
tions and physiological growth. Detection and investiga-
tion of DNPS disorders is difficult due to the nonspecific
nature of the neurological findings caused by cytotoxic
accumulation of substrate(s) of deficient enzymes and
by the absence of commercially available DNPS sub-
strates for development of analytical methods. In the

Table 1. Limits of detection (LOD) and quantification (LOQ) of DNPS metabolites in the urine and DBS

URINE DBS
LOD [amol/l] LOQ [pmol/] LOD [amol/l] LOQ [pmol/l]
FGAr 0.001 0.004 0.05 0.16
Alr 0.023 0.076 0.03 0.11
CAIr 0.003 0.009 0.03 0.09
Table 2. Physiological ranges of DNPS intermediate concentration detected in the urine and DBS
URINE [pmol/mmol creat.] DBS [umol/1]
min max median min max median
FGAr 0.00 0.32 0.098 0.24 0.55 0.35
Alr 0.00 0.43 0.068 n.d. n.d. n.d.
CAIr 0.00 0.17 0.052 n.d. n.d. n.d.

n.d. — not detected
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Fig. 2. De novo purine synthesis (DNPS) metabolites determined in urine samples and dried blood spots (DBS)
Randomized urine samples of 40 controls and 1,447 patients with neurological impairment were screened for the presence
of A/ formylglycineamide riboside (FGAr), B/ aminoimidazole riboside (Alr) and C/ carboxyaminoimidazole riboside
(CAlIr) metabolites by the HPLC-MS/MS method. With the same approach we also screened DBS samples of 50 controls
and 365 patient samples; however, only D/ formylglycineamide riboside (FGAr) was detected. The box extends from the
25% to 75" percentiles with plotted median by the horizontal line, and whiskers mark the 5% and 95% percentiles.

case of severe phenotypes, mostly resulting in early
death, the disease often remains undiagnosed (Mouchegh
etal., 2007). This lack of diagnosis results in inadequate
genetic counselling and inability to predict the outcomes
of future pregnancies.

Furthermore, specialized laboratory investigation for
metabolic disorders may not show satisfactory results
due to the limited number of diagnostic methods that
can detect DNPS disorders (Hartmann et al., 2006;
Chrastina et al., 2007). Most of the specialized meta-
bolic laboratories test only for ADSL deficiency, and
rarely also AICA-ribosiduria. To date, no other geneti-
cally determined defects of DNPS enzymes have been
identified. However, the range of the genetic variation
provided in the gnomAD database indicates that, except
for PPAT, there are no evolutionary constraints against
loss of function or missense mutations in these genes in
the population (Baresova et al., 2016). It can be antici-
pated that these mutations will be manifested by severe
neurological impairment caused by the cytotoxicity of
accumulated DNPS intermediates in body fluids, as

shown in HeLa cell models (Baresova et al., 2016;
Madrova et al., 2018).

In this work, we determined DNPS intermediates in
the urine and DBS samples from patients with undiag-
nosed neurological impairment. We detected a higher
urinary concentration of Alr in three samples and accu-
mulation of FGAr in one sample. The accumulation of
Alr or FGAr in body fluids can indicate mutations in the
PAICS or PFAS gene and lead to the discovery of cur-
rently undiagnosed genetic disorders. Subsequently,
Alr and FGAr nominate among applicable diagnostic
markers.

Based on our results, we conclude that detection of
DNPS intermediates, especially Alr and FGAr in pa-
tients with neurological symptoms, can show serious
cellular and functional impairments resulting in novel
metabolic defects of DNPS that have previously been
inaccessible to detection. Genetic and molecular analy-
sis of these patients should follow to establish the causal
mutation(s) for future prenatal diagnosis and genetic
consultation. Proving the existence of putative DNPS
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disorders provides a new insight in the cellular metabo-
lism. Broader cognitive knowledge brings possibilities
to investigate the physiological and pathological condi-
tions of the DNPS pathway and the effects on general
and neurological development. Better understanding of
the DNPS metabolism may also reveal the mechanisms
of the pathway modulation, which could support not
only the treatment of DNPS disorders, but also man-
age uncontrolled cell division (Chakravarthi et al., 2018;
Meng et al., 2018), reinforcing DNPS as a potential thera-
peutic target.
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PAICS deficiency, a new defect of de novo purine
synthesis resulting in multiple congenital anomalies
and fatal outcome
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Abstract

We report for the first time an autosomal recessive inborn error of de novo purine synthesis (DNPS)—PAICS deficiency. We
investigated two siblings from the Faroe Islands born with multiple malformations resulting in early neonatal death.
Genetic analysis of affected individuals revealed a homozygous missense mutation in PAICS (c.158A>G; p.Lys53Arg) that
affects the structure of the catalytic site of the bifunctional enzyme phosphoribosylaminoimidazole carboxylase (AIRC, EC
4.1.1.21)/phosphoribosylaminoimidazole succinocarboxamide synthetase (SAICARS, EC 6.3.2.6) (PAICS). The mutation
reduced the catalytic activity of PAICS in heterozygous carrier and patient skin fibroblasts to approximately 50 and 10% of
control levels, respectively. The catalytic activity of the corresponding recombinant enzyme protein carrying the mutation
p.Lys53Arg expressed and purified from E. coli was reduced to approximately 25% of the wild-type enzyme. Similar to other
two known DNPS defects—adenylosuccinate lyase deficiency and AICA-ribosiduria—the PAICS mutation prevented
purinosome formation in the patient’s skin fibroblasts, and this phenotype was corrected by transfection with the wild-type
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but not the mutated PAICS. Although aminoimidazole ribotide (AIR) and aminoimidazole riboside (Alr), the enzyme
substrates that are predicted to accumulate in PAICS deficiency, were not detected in patient’s fibroblasts, the cytotoxic
effect of Alr on various cell lines was demonstrated. PAICS deficiency is a newly described disease that enhances our
understanding of the DNPS pathway and should be considered in the diagnosis of families with recurrent spontaneous

abortion or early neonatal death.

Introduction

Purines are critical to energy production and are the fundamen-
tal units that transmit the genetic code. De novo purine synthesis
(DNPS) includes a series of 10 enzymatic reactions that are
critical to purine formation (Fig. 1). To date, two genetically deter-
mined defects of DNPS have been identified—adenylosuccinate
lyase (ADSL) deficiency (ADLSD [OMIM 103050]) (1,2) and 5-
aminoimidazole-4-carboxamide ribosiduria (AICA-ribosiduria)
(OMIM 608688) (3), which are caused by mutations in ADSL or
ATIC genes, respectively. Both disorders are characterized by
neurological involvement of variable severity (4).

Inherited defects in the four other enzymes involved in the
early steps of DNPS—phosphoribosyl pyrophosphate amido-
transferase (PPAT, EC 2.4.2.14), trifunctional GART—glycinamide
ribonucleotide synthetase (EC 6.3.4.13)/phosphoribosylglyci-
namide formyltransferase (EC 2.1.2.2)/phosphoribosylaminoimi-
dazole synthetase (EC 6.3.3.1), phosphoribosylformylglycinami-
dine synthetase (PFAS, EC 6.3.5.3) and bifunctional enzyme
phosphoribosylaminoimidazole carboxylase (AIRC, EC 4.1.1.21)/
phosphoribosylaminoimidazole  succinocarboxamide  syn-
thetase (SAICARS, EC 6.3.2.6) (PAICS)—have not yet been
identified in humans and have been found to be lethal in
respective knockout models in mouse (5), zebrafish (6) and
Drosophila melanogaster (7). However, the range of genetic
variation provided in the gnomAD database (https://gnomad.
broadinstitute.org/) indicates that, except for PPAT, there are no
evolutionary constraints against loss of function or missense
mutations in these genes in the population (8).

In this investigation, we report for the first time an autoso-
mal recessive condition resulting from mutations in PAICS. We
demonstrate similar laboratory findings as in ADSL deficiency
and AICA-ribosiduria and a similar but very severe neonatal phe-
notype with fatal outcome. PAICS deficiency is a newly described
disease entity that increases our understanding of the DNPS
pathway and the critical nature of the participating enzymes.

Results

A family with recurrent polyhydramnios associated
with fetal malformations and resulting in early
neonatal death

Through an international collaboration and GeneMatcher (9), we
investigated a family from the Faroe Islands that had total of
seven pregnancies (Fig. 2A). Four pregnancies were uneventful
and resulted in three healthy unaffected males and one healthy
unaffected female. One pregnancy ended in a spontaneous abor-
tion at 13 weeks of gestation based on polyhydramnios, and two
pregnancies led to the live births of two children with multiple
malformations who died on Days 2 and 3 based on progressive
hypotension and hypoxia.

Case 1 (I1.4). The index case was a male noted to have polyhy-
dramnios during a routine ultrasound at 20 weeks of gestation.
Ultrasound images also indicated an unspecified malformation

Figure 1. De novo purine synthesis (DNPS) and purine nucleotide cycle
(PNC). The inosine monophosphate (IMP), the final product of DNPS, is gen-
erated from phosphoribosyl pyrophosphate (PRPP) in 10 enzymatic reac-
tions catalyzed by six enzymes: phosphoribosyl pyrophosphate amidotrans-
ferase (PPAT), trifunctional GART glycinamide ribonucleotide synthetase/phos-
phoribosylglycinamide formyltransferase/phosphoribosylaminoimidazole syn-
thetase, phosphoribosylformylglycinamidine synthetase (PFAS), bifunctional
PAICS phosphoribosylaminoimidazole carboxylase/phosphoribosylaminoimida-
zole succinocarboxamide synthetase, adenylosuccinate lyase (ADSL) and bifunc-
tional ATIC 5-aminoimidazole-4-carboxamide ribonucleotide transformylase/i-
nosine monophosphate cyclohydrolase. In response to purine need, these
enzymes transiently assemble into a multi-enzyme structure, the purinosome.
The IMP is transformed in PNC to adenosine monophosphate (AMP) in reactions
catalyzed by adenylosuccinate synthetase (ADSS) followed by ADSL. AMP could
by converted back to IMP by adenosine monophosphate deaminase (AMPD).
PAICS deficiency should lead to accumulation of aminoimidazole ribotide (AIR)
and its dephosphorylated derivative aminoimidazole riboside (Alr).

of one leg. Spontaneous birth occurred at 36 weeks accompanied
by discharge of 7 1 of clear amniotic fluid. Moderate asphyxia
was noted at birth, with APGAR scores of 3/1, 5/8 and 8/8. The
birth weight was 1850 g (P3—200 g), length 41 cm (P3—2.5 cm)
and head circumference 33.5 cm (P50). Multiple malformations
were identified, including a small body, short neck, short stature,
brachycephaly, craniofacial dysmorphism especially of midface
with flat face, severe nasal hypoplasia, low nasal bridge, antev-
erted nostrils, bilateral choanal atresia, hypertelorism, low-set
and poorly modulated ears, mild clinodactyly of the fifth fingers
bilaterally, shortened distal part of the left leg with club foot,
duplication of the left first toe, broadened first toe on right
foot, small penis with subcoronal hypospadias, bilateral cryp-
torchidism, esophageal atresia without tracheoesophageal fis-
tula, several costal and vertebral malformations and hypoplasia
of left lung (Fig. 2B and C). Normal muscle tone and reflexes,
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Figure 2. Pedigree and clinical picture of the proband II.4 with PAICS deficiency. (A) Pedigree of the family with several common ancestors. Black symbols denote
affected individuals, open symbols denote unaffected parents and siblings. (+/—) denotes presence (+) or absence (—) of the chr4:57307970 A/G variant. (B) Multiple
malformations including small body, short neck, flat face with hypertelorism, nasal hypoplasia, low nasal bridge, low set ears, small penis, clubfoot left in Proband 1
(patient is breathing through an oral Guedel tube for bilateral choanal atresia). (C) Whole body X-rays of proband showing multiple aplasias of costae (only eight rips
present), hypoplasia of left thorax, multiple deformations of cervical and thoracic vertebrae (multiple butterfly and hemi-vertebrae) and hypoplasia of left tibia leading

to clubfoot.

good spontaneous movements and reactions were noted. Ultra-
sound of the heart, kidneys and brain was without abnormal-
ities. The patient was intubated 2.5 h after delivery based on
respiratory failure. Progressive hypotension and hypoxia devel-
oped despite standard ventilation. The baby succumbed from
cardiorespiratory failure on Day 3 before further diagnostics
could be performed.

Case 2 (I1.6). An affected sister of the index case was born
spontaneously at 34 weeks of pregnancy. Polyhydramnios was
observed. The APGAR scores were 7/1 and 8/5. The umbilical
cord pH was 7.28. The weight was 2020 g (P10-P25). Short neck,
brachycephaly, flat face, low-set ears and small nose with a
low nasal bridge were noted. There was right choanal atresia
and left choanal stenosis. No fluid was returned with naso-
gastric suction. An X-ray confirmed esophageal atresia with
a tracheoesophageal fistula. Malformation of several ribs and
lumbar hemivertebrae were observed. Cystic malformation of
the left lung was suspected. The infant had a similar downhill
course with progressive hypotension and hypoxia and died at
28 h of age.

Homozygosity mapping and exome sequencing
identified a candidate homozygous missense variant in
the PAICS

Genealogy and pedigree structure revealed that both parents
have several common ancestors (Fig. 2A), and genomic analysis
was pursued. We first genotyped genomic DNA using the
Affymetrix 250K Nspl SNP array. Using data derived from
SNP probes, we did not identify any copy-number alterations
that were compatible with an expected autosomal recessive
inheritance model. In agreement with the expected founder
effect, we identified three homozygous regions, on Chromosome

6 (chr6: 26393539-28 555 894), Chromosome 8 (chr8: 70174745-
73185849) and Chromosome 4 (chr4: 54484130-62069735),
which were shared by both probands (data not shown).

To identify potential disease-causing mutations, we sequenced
and analyzed the exomes of the father, mother and two
affected children. We searched for variants that had allele
frequencies less than 0.1% in the gnomAD database (10)
and whose genotypes were compatible with an expected
autosomal recessive model of the disease. This analysis
revealed in the homozygous region on Chromosome 4 a
single homozygous missense variant (chr4: 57307970 A/G)
in the PAICS. The identified variant, rs192831239, located in
Exon 2 of PAICS (c.158A>G; NM_001079525.1), encodes the
substitution of a lysine 53 to an arginine (p.Lys53Arg) of the
PAICS (NP_001072993.1). Using Sanger sequencing, we confirmed
homozygosity for the chr4: 57307970 A/G variant in both affected
children and the heterozygous status of the healthy parents
and siblings (Fig. 2A). The ‘G’ allele has been identified in a
heterozygous state at a maximum frequency of 0.001 in non-
Finnish Europeans. At lower frequencies, it has been identified
in Finnish (0.0002), Africans (0.0002), and Latinos (0.0007) (https://
gnomad.broadinstitute.org/gene/ENSG00000128050). All 143
Faroe individuals tested for this SNP showed the homozygous
wild-type genotype A/A.

p-Lys53Arg mutation is predicted to affect the catalytic
site of PAICS

The human PAICS assembles into octameric complexes that
form well-defined tunnels connecting the AIRC and SAICARS
catalytic sites (11). Using the available crystal structure of
PAICS (PDB 4JAO, http://www.rcsb.org/pdb/home/home.do)
and structural modeling, we found that the presence of the
arginine residue at position 53 (R53) may lead to more favorable
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Figure 3. Structural effect of the p.Lys53Arg mutation and its impact on PAICS in cultured skin fibroblasts. (A) Analysis of PAICS structure (PDB 4JA0) suggesting that
presence of the arginine residue at the position 53 (R53) may lead to a more favorable interaction of this residue with aspartic acid residue at the position 212 (D212). This
may move the beta sheet 13, destabilize the catalytic pocket of the SAICARS and alter enzymatic activity of PAICS. (B) PAICS cDNA analysis; agarose gel electrophoresis
profiles of RT-PCR products amplified from total RNA isolated from fibroblasts of control and proband. (C) Western blot analysis of PAICS in cell homogenates; detection
with mouse monoclonal anti-PAICS antibody shows a specificimmune-reactive protein of a molecular weight ~ 46 kDa corresponding to the predicted molecular weight
of the processed PAICS. The amounts of PAICS were comparable in the proband and control when normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
detected with mouse monoclonal anti-GAPDH. (D) Enzyme activity of PAICS in lysates of fibroblasts was reduced to 10% in the proband and to 50% in heterozygous
carriers in contrast to controls. Each data point represents the mean of three experiments. Whiskers represent 10 to 90 percentile values, and the mean is shown as
plus and median as line (n=3). (E) Enzyme activities of the recombinant maltose binding PAICS fusion proteins expressed in E. coli and purified on amylose resin. PAICS
activity of mutated protein MBP-PAICS_K53R was reduced to 25% in contrast to the wild-type protein MBP-PAICS_wt. Each data point represents the mean of three
expression experiments. Whiskers represent 10 to 90 percentile values, and the mean is shown as plus and median as line (n=3).

interaction with the aspartic acid residue at Position 212 (D212), p-Lys53Arg mutation compromises PAICS activity in the
which would cause movement of beta sheet 13 and thus patient’s skin fibroblasts and of the corresponding
destabilize the catalytic pocket of the SAICARS. To further purified recombinant protein

examine these structural effects, we performed bioinformatic To characterize the molecular consequences of the identified

analysis using mCSM software, which revealed significant mutation, we investigated cultured skin fibroblasts obtained
destabilization of the mutant protein (AAG=-0.165 kcal/mol). from proband I1.4 (Case 1), the heterozygous parents (I.1 and 1.2),
These findings suggest that Lys53Arg mutation affects PAICS one heterozygous sibling and three healthy controls.

catalytic activity for succinyl aminoimidazole carboxamide We isolated total RNA and performed reverse transcription
ribotide (SAICAR) production based on impaired structural polymerase chain reaction (RT-PCR) analysis and found a single
stability (Fig. 3A). PCR product of an expected size of 1509 bp in an amount that was
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Figure 4. Purinosome formation in skin fibroblasts cultured in purine depleted media. (A-D) In control fibroblasts, (A) PPAT and (B) GART show coarsely granular
staining and (C, D) significant colocalization in the cytoplasm that is characteristic for purinosome formation. (E-H) In affected fibroblasts, (E) PPAT and (F) GART show
diffuse intracellular staining with (G, H) no significant signal overlap suggesting that the formation of purinosome is affected by the presence of structurally mutated
PAICS. (I-L) Transfection of affected fibroblasts with wild-type PAICS restores purinosome formation as shown by granular staining of (I) PPAT and (J) GART and their (K,
L) colocalization in the cytoplasm. (M-P) Transfection of affected fibroblasts with mutated PAICS does not restore purinosome formation. (D, H, L and P) The degree of
PPAT and GART colocalization is demonstrated by the fluorescent signal overlap (Manders) coefficient values that range from 0 to 1. The resulting overlap coefficient
values are presented as the pseudocolor whose scale is shown in the corresponding lookup table.

comparable to control specimens suggesting that the mutation
has no negative effects on PAICS mRNA expression, splicing and
stability (Fig. 3B).

Using western blot analysis, we found that the amounts of
the PAICS enzyme were similar in the proband and controls
(Fig. 3C). Using AIR as a substrate, we found in cell lysates, in
contrast to controls, the enzyme activities of PAICS were reduced
to approximately 10% in the proband and to 50% in heterozygous
carriers (Fig. 3D).

Using established methods (12,13), we cloned the c.158A>G
mutation into the pMAL-c2 vector and expressed and purified
the wild type (MBP-PAICS_wt) and mutated MBP-PAICS_K53R
proteins from E. coli. Using AIR as a substrate, we found that the
mutant protein had reduced activity to 25% in contrast to the
wild type (Fig. 3E).

Identified mutation prevents purinosome formation in
the patient’s skin fibroblasts, and this phenotype can
be corrected by transfection with the wild-type but not
the mutated PAICS

We showed earlier that mutations of DNPS enzymes affect
purinosome assembly in fibroblasts from individuals with
ADSL deficiency and AICA-ribosiduria (14) and in CRISPR-
Cas9 genome-edited Hela cells deficient for the individual
steps of DNPS (12). To assess the effect of the K53R PAICS
mutation on purinosome formation, we cultured skin fibrob-
lasts of the proband in purine-depleted (PD) medium and
immunodetected PPAT and GART using confocal fluorescent
microscopy as previously described (14). When cultured in
the PD medium, control fibroblasts demonstrated purinosome
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Figure 5. Cytotoxicity of Alr and SAICAr. Cells were cultured in a growth media containing either Alr (circles) or SAICATr (squares) at 14 concentrations ranging from
1.7 pmol/l to 1 mmol/l. Cell viability was assessed 72 h later with luminescent reagent ATPlite™ (PerkinElmer), which takes the level of intracellular ATP as a measure
of cell viability. Data were normalized, and IC50 values were calculated using GraphPad Prism software. (A) Alr is cytotoxic to control fibroblasts with IC50 = 120 pmol/1
in contrast to SAICAr which does not show any effect in the tested range of concentrations. (B) Alr and SAICAr are only mildly toxic to CADS cells with IC50 values 332
and 618 pmol/l, respectively. Each data point represents the mean of three experiments. Vertical bars represent S.D. (n=3).

formation with characteristic granular staining and significant
colocalization of PPAT and GART in the cytoplasm (Fig. 4A-
D). In contrast, affected fibroblasts cultured under identical
conditions showed diffuse intracellular staining of PPAT and
GART with no significant signal overlap (Fig. 4E-H). Purinosome
formation was restored in affected fibroblasts cultured in the
PD medium after transient transfection with the eukaryotic
expression vector encoding the wild-type PAICS (pTagBFP-
PAICS_wt) (Fig.4I-L). Transfection with the vector encoding
mutant PAICS (pTagBFP-PAICS_K53R) did not restore purinosome
formation (Fig. 4M-P).

AIR and Alr that accumulate in the cellular models of
complete PAICS deficiency were not detected in the
patient’s skin fibroblasts

The other two known DNPS defects—ADSL deficiency and
AICA-ribosiduria—are characterized by the accumulation of
two dephosphorylated substrates of ADSL—succinyladenosine
(SAdo) and succinylaminoimidazole carboxamide riboside
(SAICAr). These substrates can be measured in the urine,
plasma, cerebrospinal fluid (CSF) and dried blood spots of
affected patients (15,16). Recently, we developed a quan-
titative liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method for detection of AIR and Alr, which are
predicted to accumulate in the body fluids of patients with
PAICS deficiency (17,18) similar to the accumulation of these
metabolites in the growth media of Chinese hamster ovary
(CHO) cells and HeLa cells that are completely deficient in
PAICS (8,19). As there were no body fluids available from the
affected individuals, we measured but could not detect AIR
or Alr in the cell lysate and growth medium of the patient
fibroblasts cultured in purine-depleted media and in purine-
rich media. The limits of detection (LODs) and quantification
(LOQs) of Alr (defined using signal-to-noise ratios of 3:1
and 10:1, respectively) were 12 and 62 nmol/l, respectively,
in growth medium and 3.6 and 18.6 nmol/l, respectively, in
water.

The metabolite Alr that is predicted to accumulate in
the body fluids of patients with PAICS deficiency
demonstrates higher cytotoxicity then SAICAr

The main pathogenic mechanism of ADSL and ATIC deficiencies
has been attributed to the cytotoxicity of accumulated dephos-
phorylated succinylpurines, especially of SAICAr (20). To assess
the cytotoxic and neurotoxic effects of Alr, which is expected to
accumulate in PAICS deficiency, and compare it to SAICAr, which
accumulates in ADSL deficiency, we cultured control fibroblasts
and Cath a-differentiated catecholaminergic cells (CAD 5) (21) in
a growth medium containing Alr or SAICAr in a concentration
gradient from 1.7 pmol/l to 1 mmol/L.

Cell viability was assessed after 72 h of cultivation by
determining the level of intracellular ATP with ATPlite™
(PerkinElmer) luminescence system. We observed cytotoxic
activity of Alr on both fibroblasts and CAD 5 cells with an
estimated half-maximal inhibitory concentration (IC50) of
120 and 332 umol/l, respectively. In contrast to Alr, SAICAr
demonstrated weaker cytotoxicity on both cell types. It was
negligible on fibroblasts (IC50 > 1 mmol/l) and showed an IC50
of 618 pmol/l on CAD 5 cells (Fig. 5).

Stimulatory effects of Alr and SAICAr in concentrations
<14.3 uM in CAD 5 cells and a stimulatory effect of Alr in
concentrations <41.4 uM in fibroblasts were identified as well

(Fig. 5).

Discussion

We describe two siblings from The Faroe Islands with multiple
malformations and early neonatal death who were born to con-
sanguineous parents. Both affected individuals were homozy-
gous for a rare missense mutation in PAICS encoding PAICS, a
bifunctional enzyme involved in DNPS. We demonstrate simi-
lar laboratory findings as in two known DNPS disorders, ADSL
deficiency and AICA-ribosiduria, and a similar but very severe
neonatal phenotype with fatal outcome (Table 1). The mutation
affects the catalytic site of the enzyme and causes enzyme
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Table 1. Comparison of malformations in three DNPS disorders processed by the OMIM database

AICA-ribosiduria ADSL deficiency PAICS deficiency
Growth retardation + + (Intrauterine)
Polyhydramnios +
Brachycephaly + + +
Microcephaly (+)
Short neck +
Prominent forehead +
Prominent metopic suture +
Flat face +
Hypertelorism +/—
Low-set ears + + +
Poorly modulated ears +
Congenital blindness + n.a.
Optic atrophy + n.a.
Strabismus/nystagmus +
Small nose + +
High nasal bridge +
Low nasal bridge +
Anteverted nostrils + + +
Choanal atresia +
Wide mouth + +
Thin upper lip + +
Long smooth philtrum +
Atrial septal defect +
Pulmonary hypoplasia/malformation +
Esophagus atresia +
Genitourinary abnormalities Prominent clitoris, Micropenis, subcoronal
fused labia minora hypospadias
Multiple skeletal malformations +++
Cognitive difficulties/encephalopathy + + -

deficiency in affected skin fibroblasts and in corresponding
recombinant mutant proteins. Moreover, it disturbs purinosome
formation in the patient’s skin fibroblasts, which can be cor-
rected by transfection with the wild-type but not the mutated
PAICS.

ADSL deficiency and AICA-ribosiduria lead to a diagnostic
accumulation of the corresponding dephosphorylated enzyme
substrates—SAICAr, SAdo and aminoimidazole carboxamide
riboside (AICAr)—in the bodily fluids of patients (2,3). Similarly,
PAICS deficiency should lead to intracellular accumulation of the
enzyme substrate AIR and the presence of its dephosphorylated
analog Alr in body fluids. Using liquid chromatography coupled
either with electrochemical detection (LC-EMD) or with tandem
mass spectrometry (LC-MS/MS), we also showed earlier that CHO
cells and CRISPR-Cas9 genome-edited HeLa cells deficient in
PAICS accumulate Alr in the growth medium (8,19). Based on the
lack of body fluids from affected individuals, we measured but
detected neither AIR nor Alr in patients’ fibroblasts. This is simi-
lar to fibroblasts from individuals with ADSL deficiency, in which
we did not detect SAICAr (data not shown). Our inability to detect
Alr could be attributed to the approximatively 4-times higher
LOD and LOQ of Alr in the growth medium in contrast to water.

The main pathogenic mechanism of ADSL deficiency has
been attributed to the cytotoxicity of SAICAr (20), which has
previously been reported to have levels of 0.12 mwm in cere-
brospinal fluid and 1.3 mwMm in the urine samples of affected
individuals (22). Therefore, higher levels of Alr metabolite in bod-
ily fluids may cause similar clinical impairment (Table 1). The
neurotoxic and cytotoxic effects of presumably accumulating Alr
were demonstrated on CAD5 and fibroblasts cells. Moreover, we

found stimulatory effects of both Alr and SAICAr in these cells.
The biphasic dose-response effect has been shown recently in a
study of the anti-cancer effect of L-ascorbic acid in a colorectal
cancer cell line (23,24). This phenomenon called also hormetic
dose-response model is a biological feature commonly found
in toxicological studies (25). The mechanism of stimulatory/in-
hibitory action can be explained by different affinity of molecule
to particular receptor or part of the signaling pathway within
the metabolism of the cell (26). This hypothesis considers further
examination.

In conclusion, we have identified a new inherited metabolic
disorder of de novo purine synthesis—PAICS deficiency. The pre-
vious lack of detection and rarity of this condition may be based
on recurrent spontaneous abortion or early neonatal death. We
are interested to study other similar cases and can provide the
genetic testing and biochemical screening described here. Please
contact marie.zikanova@Ifl.cuni.cz.

Material and Methods
Study subjects and clinical examination

The study was approved by the appropriate institutional review
boards and the investigations were performed according to the
Declaration of Helsinki principles. Adults provided informed
consent, and the siblings of the affected individuals provided
assent with parental consent. Participants provided venous
blood samples, and genomic DNA was isolated using standard
technology. Punch skin biopsies were obtained under local
anesthesia, and fibroblasts were cultured according to standard
protocol.
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Chemicals

DNPS intermediates—SAICAR, AIR and their dephosphorylated
forms SAICAr and Alr—were synthesized as previously described
(8,27). Dulbecco’s minimum essential medium (DMEM), Opti-
MEM/Reduced Serum Medium, F12 nutrition mix, Glutamax and
fetal bovine serum (FBS) were obtained from Life Technologies.
All other chemicals were purchased from Sigma-Aldrich unless
otherwise stated in the text.

Homozygosity mapping and sequencing analysis

DNA was isolated by standard methods from venous blood
and fibroblasts obtained after skin biopsies. Genotyping was
performed on the Affymetrix 250K Nspl array (262000 SNPs)
according to the manufacturer’s instructions. SNP calling was
calculated using the BRLMM algorithm in the Genotyping
Console 3.0.2 software (Affymetrix). Homozygous regions
were determined using the MERLIN algorithm. Whole exome
sequencing (WES) was performed at the genomic platform of
the Imagine Institute, Paris, France. Agilent SureSelect libraries
were prepared using the exome capture kit 51 Mb SureSelect
Human All Exon kit V5 (Agilent Technologies) from 3 pg
of sheared genomic DNA with a Covaris S2 Ultrasonicator.
NGS was carried out using HiSeq 2500 (Illumina) generating
paired-end reads.

After demultiplexing, paired-end sequences were aligned to
the reference human genome (NCBI build37/hg19 version) using
the Burrows-Wheeler Aligner. Downstream processing was
carried out with the Genome Analysis Toolkit (GATK), SAMtools
and Picard (http://www.broadinstitute.org/gatk/guide/topic?
namebSbest-practices). Variant calls were made with the GATK
Unified Genotyper. For each sample, the mean depth of coverage
obtained was 103 with at least 94% of the exome covered at least
30x. An in-house software (Poly-Web based on Ensembl release
71, http://www.ensembl.org/index.html) was used to annotate
and filter variants according to a homozygous genetic model. We
excluded variants from public data bases (dbSnp, 1000 genomes,
Evs, Exac and gnomAD) with a frequency >1% as well as variants
previously identified in ‘in house exomes’.

In order to verify the familial segregation of the variant a
bidirectional Sanger sequencing was performed using the ABI
BigDye Terminator v.3.1 Cycle Sequencing Kit (Life Technolo-

gies).

RNA analysis and cDNA sequencing

Total RNA and cDNA were isolated from cultured skin fibroblasts
of proband 1I.4 (Case 1) and the control by ProtoScript II First
Strand cDNA Synthesis Kit (NEB). PCR analysis was performed
according to standard procedures. The PCR was conducted in
25 plreaction mixtures containing Red PCR Master Mix (Rovalab),
1.5 mm MgCl,, 8% DMSO and 0.4 pM specific primers covering
cDNA from start to stop codon. The amplicons were sequenced
using the specific 813L primer by Sanger sequencing service
(Eurofins Genomics).

Structural impact of the identified mutation

For structural mapping, available crystal structure of PAICS (PDB
ID 2H31) (11) was analyzed. Structural models were visualized
using the PyMOL Viewer (DeLano Scientific, Palo Alto, CA, USA).
Protein stability of the mutant was further assessed using mCSM
software (28).

Cell cultures

Primary skin fibroblasts were maintained in Dulbecco’s mini-
mum essential medium/F12 nutrient mixture (DMEM/F12, Gibco,
Life Technologies) supplemented with 10% FBS (Gibco, Life
Technologies), 1% penicillin/streptomycin (Sigma-Aldrich) and
0.03 mM adenine. The purine-depleted media was prepared from
DMEM (Gibco, Life Technologies) supplemented with dialyzed
10% FBS and 1% penicillin/streptomycin. FBS was dialyzed
against 0.9% NacCl at 4°C for 48 h using a 10 kDa MWCO dialysis
membrane to remove purines.

CAD-2A2D5 (CADS) cells derived from Catha-differentiated
(CAD) cells were provided by Sukhvir Mahal, The Scripps
Research Institute, FL, USA. CADS cells were maintained in
modified Eagle’s Minimum Essential Media (Opti-MEM/Reduced
Serum Media, Gibco, Life Technologies) supplemented with 10%
FBS, 2 mM Glutamax, 1 mm pyruvate, 1% penicillin/streptomycin
without phenol red.

Preparation of fibroblasts’ lysates

Cells (1.5 x 10°) were washed with PBS and centrifuged at 400g
for 5 min at 4°C. The pellet was suspended in 30 pl of lysis
buffer containing 30 mm KH,PO4, pH 6.0, 0.5% polyethylene
glycol ether W-1 (Sigma-Aldrich) and Protease Inhibitor Cocktail
Tablets (Roche) and incubated on ice for 45 min. The solution was
sonicated four times for 5 s and centrifuged at 17000g for 20 min
at 4°C.

Catalytic activity of PAICS enzyme in patient’s skin
fibroblasts

Proband 114 1.5 x 10° (Case 1), the heterozygous parents (1.1 and
1.2), a heterozygous sibling and three control skin fibroblasts
were lysed, and protein concentrations were determined by
Bradford reagent (Sigma-Aldrich). PAICS activities were assayed
at 37°Cin 50 mm Tris, pH 7.4, 5 mM aspartate, 0.3 mM ATP, 180 mM
KHCOs3, 24.5 mm MgCl,, 350 mg/l SF lysate and 0.25 mm AIR
for 2 h. The reaction product SAICAR was quantified by HPLC
analysis as previously described (8,13). All experiments were
repeated three times.

Western blot

The cell lysates were separated by 10% SDS-PAGE, and pro-
teins were blotted onto a PVDF membrane. The membrane was
blocked with 5% BSA in PBS-T (PBS with 0.05% Tween 20) and
probed with primary antibodies: mouse monoclonal anti-PAICS
(OriGene) and mouse monoclonal anti-GAPDH (Sigma-Aldrich)
diluted in 5% BSA in PBS-T. The target proteins were detected
using peroxidase conjugated secondary antibodies: goat anti-
mouse IgG (Sigma-Aldrich) and goat anti-mouse IgM (Pierce).

Chemiluminescent detection was performed using the Clar-
ity Western ECL Substrate (Bio-Rad) and visualized by x-ray
imaging.

LC-MS/MS analysis

Before analysis, the cell media were concentrated from 1 mL to
60 pL under a nitrogen stream at 37°C. Five percent perchloric
acid (16.6 pl) was added to 30 pl of concentrated medium or
cell lysate, and samples were incubated 5 min at 4°C. After
centrifugation, the supernatants were neutralized with 3.2 pl of
2.5 M KHCOs, incubated 10 min at 4°C and centrifuged again.
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Five microliters of the sample was injected into the LC-MS/MS
system consisting of an Agilent 1290 Infinity LC System (Agilent
Technologies) equipped with a ProntoSIL 120-3-C18 AQ column
(200%x4 mm, 3 pm, Bischoff) coupled with an API 4000 triple
quadrupole mass spectrometer with an electron spray ionization
operated by Analyst software (Applied Biosystems), as previously
described (8). The limits of detection and quantification were
determined using signal-to-noise ratios of 3:1 and 10:1, resp.
from 3 nM to 50 uM concentrations of Alr standard diluted in
water or in the purine-depleted (PD) media. The Alr samples
were treated in the same manner as the growth media of patient
fibroblasts before LC-MS/MS analysis. A retention time of Alr in
PD media was 5.2 min, in water 4.7 min.

Cloning of pMAL-PAICS_wt, pMAL-PAICS_K53R,
pTagBFP-PAICS_wt and pTagBFP-PAICS_K53R

The cDNA coding for wild-type PAICS was cloned into the expres-
sion vectors pMAL-c2 (NEB) and pTagBFP-C (Evrogene) as pre-
viously described (8,12). The mutation K53R was cloned into
both vectors by the GeneArt™ Site-Directed Mutagenesis Sys-
tem (Thermo Fisher Scientific) using standard procedures.

Catalytic activities of recombinant PAICS proteins

The proteins MBP-PAICS_wt and MBP-PAICS_K53R were expressed
in E. coli and affinity purified as previously described (29). PAICS
activities were assayed as described previously, using 25 mg/1 of
the purified fused protein.

Transfection and immunofluorescence

For transfection, 1x 10° of patient or control skin fibroblasts
were transiently transfected with 1.5 pg of pTagBFP-PAICS_wt
or pTagBFP-PAICS_K53R. The transfection and immunofluores-
cence labeling was performed as previously described (12) with
the following primary antibodies: rabbit polyclonal IgG anti-PPAT
(Sigma-Aldrich) and mouse polyclonal IgG anti-GART (Abnova).
For fluorescence detection, species appropriate Alexa Fluor® 488
and 555 secondary antibodies (Thermo Fisher Scientific) were
used. All immunofluorescence experiments were repeated at
least twice.

Image acquisition and analysis

Slides were mounted with ProLong® Gold Antifade Mountant
(Thermo Fisher Scientific) as the fluorescence mounting
medium and analyzed by confocal microscopy as previously
described (12,14). The resulting overlap coefficient values
are presented in pseudocolor, and the scale is shown in
the corresponding lookup tables (LUT). Image analysis was
performed on at least 10 cells from each cell type. The conditions
for image acquisition were identical for all cells evaluated in the
experiment.

Substrate toxicity testing

Cells (7 x 10%) cells in 24 pl volume were seeded per well in
a 384-well plate format. Cells were maintained in Dulbecco’s
minimum essential medium (DMEM) or a modified Eagle’s Min-
imum Essential Media (Opti-MEM/Reduced Serum Media) sup-
plemented with 10% FBS, 2 mm Glutamax, 1 mM pyruvate and
1% penicillin/streptomycin. For feeding experiments, cells were
transferred to DMEM without phenol red supplementation as
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mentioned earlier or Opti-MEM for CADS cells, respectively. Cells
were grown in 12 pl of media overnight at 37°C using a 5% CO,
incubator. The following day, individual substrates, SAICAr and
Alr, were prediluted in a media in a series of 14 concentrations
between 1.7 pM and 1 mm. Twelve microliters of prediluted
substrates was added to cells to achieve final concentration in
a total volume of 24 ul per well.

The ATPlite™ luminescence assay system was purchased
from Perkin Elmer. A luciferase-catalyzed reaction of ATP and
luciferin results in production of light. The ATP concentration
(representing cell viability) is proportional to emitted light. A
total volume of 24 pl of media with cells was treated with
11 pl of ATPlite solution followed by 15 min incubation at room
temperature and shaking on an orbital shaker. After the incu-
bation step, luminescence was recorded on an EnVision plate
reader (PerkinElmer) with proper optical aperture for a 384-well
plate. Subsequent analysis was performed on standard software
Microsoft Office Excel and GraphPad Prism software.
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