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Abstract

Mutations in SUCLAZresult in succinyl-CoA ligase (ATP-forming) or succinyl-CoA synthetase
(ADP-forming) (A-SCS) deficiency, a mitochondrial tricarboxylic acid cycle disorder. The
phenotype associated with this gene defect is largely encephalomyopathy. We describe two
siblings compound heterozygous for SUCLAZ mutations, ¢.985A>G (p.M329V) and ¢.920C>T
(p-A307V), with parents confirmed as carriers of each mutation. We developed a new LC-MS/MS
based enzyme assay to demonstrate the decreased SCS activity in the siblings with this unique
genotype. Both siblings shared bilateral progressive hearing loss, encephalopathy, global
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developmental delay, generalized myopathy, and dystonia with choreoathetosis. Prior to diagnosis
and because of lactic acidosis and low activity of muscle pyruvate dehydrogenase complex (PDC),
sibling 1 (S1) was placed on dichloroacetate, while sibling 2 (S2) was on a ketogenic diet. S1
developed severe cyclic vomiting refractory to therapy, while S2 developed Leigh syndrome,
severe GI dysmotility, intermittent anemia, hypogammaglobulinemia and eventually succumbed to
his disorder. The mitochondrial DNA contents in skeletal muscle (SM) were normal in both
siblings. Pyruvate dehydrogenase complex, ketoglutarate dehydrogenase complex, and several
mitochondrial electron transport chain (ETC) complexes activities were low or at the low end of
the reference range in frozen SM from S1 and/or S2. In contrast, activities of PDC, other
mitochondrial enzymes of pyruvate metabolism, ETC and, integrated oxidative phosphorylation,
in skin fibroblasts were not significantly impaired. Although we show that propionyl-CoA inhibits
PDC, it does not appear to account for decreased PDC activity in SM. A better understanding of
the mechanisms of phenotypic variability and the etiology for tissue-specific secondary
deficiencies of mitochondrial enzymes of oxidative metabolism, and independently mitochondrial
DNA depletion (common in other cases of A-SCS deficiency), is needed given the implications for
control of lactic acidosis and possible clinical management.

Keywords

succinyl-CoA synthetase deficiency; pyruvate dehydrogenase complex deficiency; electron
transport chain complexes; propionyl-CoA,; liquid chromatography tandem mass spectrometry;
SUCLA2

1. Introduction

Mutations in the SUCLAZ gene result in succinyl-CoA ligase (ATP-forming) (EC 6.2.1.5)
deficiency, a mitochondrial tricarboxylic acid enzyme converting succinyl-CoA to succinate,
ATP and free CoA in the forward direction. This enzyme is also known as succinyl-CoA
synthetase (ADP-forming) and A-SCS in the reverse direction, physiologically or when
assayed. Succinyl-CoA ligase (SCS or SUCL) is a heterodimer composed of an invariant a-
subunit, SUCLGL1, and a substrate-specific p-subunit, in which the SUCLAZand SUCLGZ
gene products represent the ADP- and GDP-specific p-subunits of SUCLA2 and SUCLG2,
respectively. Only the ADP-specific isoform, SUCLAZ2, catalyzes the conversion of ADP
and succinyl-CoA to succinate and ATP in the tricarboxylic acid cycle. Defects in A-SCS
lead to the accumulation of succinyl-CoA, methylmalonyl-CoA and propionyl-CoA and
their metabolites such as methylmalonic acid, succinylcarnitine, methylmalonylcarnitine and
propionylcarnitine. Most mutations in SUCLAZ are associated with mitochondrial DNA
(mtDNA) depletion by an uncertain mechanism. The binding of the nucleoside diphosphate
kinase (NDPK) to the SUCLA2 complex may be important in the pathogenesis of mtDNA
depletion [1-4].

The SUCLAZ gene is expressed primarily in the brain and skeletal muscle (SM) and the
phenotype associated with this gene defect is primarily encephalopathy and myopathy. Leigh
disease with bilateral striatal lesions and lactic acidosis has been described in patients with
SUCLAZ mutations as well. Other findings in this disorder include hypotonia, myopathy,
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dystonia, sensorineural hearing loss, peripheral neuropathy and renal Fanconi syndrome. To
date, a total of 71 cases due to SUCLAZ mutations have been described in the literature [2,
4-12].

We report two siblings who are compound heterozygous for SUCL A2 mutations ¢.985A>G
(p-M329V) and ¢.920C>T (p.A307V). To establish the degree of enzyme deficiency in each
sibling, we established a novel SCS enzyme assay method, utilizing stable isotope-labeled
succinate and liquid chromatography tandem mass spectrometry (LC-MS/MS) as the
detection method. Unusually, mtDNA depletion was not detected in SM. We demonstrate for
the first time deficiencies of pyruvate dehydrogenase complex (PDC) and other
mitochondrial enzymes of oxidative metabolism in SM.

2. Case reports

2.1 Sibling 1(S1)

S1 was born 5 Ibs 11 oz. He failed his newborn hearing screen and was subsequently found
to have bilateral progressive hearing loss. By three months of age, he exhibited
developmental delay and irritability. A brain MRI was normal. Blood lactate (10.6 mM, ref
range 0.5-2.2) and pyruvate (0.19 mM, ref range 0.03-0.08) were elevated, and the L/P ratio
was 56. Urine organic acids showed a small increase in methylmalonic acid. By six months
of age, he had feeding problems and poor growth, and was diagnosed with gastroesophageal
reflux disease (GERD). On physical examination the weight, length and head circumference
were <3 %ile, 10t %ile, and 10t %ile, respectively. There was increased muscle tone with
elements of dystonia. A repeat plasma lactate was 2.9 mM. The pyruvate level was 0.18
mM. The L/P ratio was 17. The CSF lactate was 3.1 mM (ref range 0.5-2.8). A muscle
biopsy was performed at six months of age for investigation of a possible mitochondrial
disorder. The pathology showed variation in fiber size and coarse mitochondrial stippling
with Gomori trichrome staining, and some myofibers that have subsarcolemmal
accumulation of mitochondria and some nearly devoid of cytochrome oxidase staining,
suggestive of a mitochondrial myopathy. The predominant feature of electron microscopy
was the small size of fibers. Dichloroacetate (DCA) was initiated at 25 mg/kg/day. He was
also started on thiamine 100 mg/day, riboflavin 100 mg/day, vitamin E 400 IU/day, vitamin
C 500 mg/day, coenzyme Q10 10-20 mg/kg/day, L-carnitine 77 mg/kg/day. Subsequently,
plasma lactate decreased to 1.5 mM. At 7 months of age, a brain MRI showed thinning of
the corpus callosum.

By one year of age, he received coenzyme Q10 at 240 mg/day and lipoate 400 mg/day. The
plasma lactate remained essentially normal. A cochlear implant was performed at 14 months
of age. He exhibited severe developmental delay, severe truncal hypotonia, moderate
hypotonia of the extremities, bilateral ptosis and facial weakness, with limited upper gaze.
There was concern for peripheral neuropathy. Because of poor feeding, a G-tube was placed.

By four years of age, he displayed a pattern of cyclic vomiting. He continued to have
profound muscle weakness and hypotonia, and developed scoliosis and kyphosis. The deep
tendon reflexes were accentuated in the legs. He had several episodes of aspiration. Pubic
and axillary hair development was noted at 6-7 years of age eventually leading to a
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diagnosis of precocious puberty. There was no language. Thymidine phosphorylase enzyme
activity in WBC was normal. Serum methylmalonic acid level was elevated at 1,733 nM (ref
range: 73-271), while 2-methylcitrate was normal.

By eight years of age, he developed diabetes mellitus. He could not sit without support. He
had bilateral ptosis, oculomotor apraxia, bilateral facial weakness, generalized hypotonia
with intermittent increased tone in extremities, bilateral extensor plantar responses and
generalized weakness. His medications consisted of Lantus, Prevacid, Zyrtec, L-carnitine
(1.2 g/day), DCA and propranolol.

By nine years of age, dystonia was more evident. Baclofen, Reglan and Leucovorin were
started. Despite his many medications, the cyclic vomiting syndrome persisted. He had
evidence of bone demineralization and at least one fracture. He developed migraine
headaches. He manifested an intermittent metabolic acidosis largely associated with elevated
lactate levels and that led to sodium bicarbonate administration. At ten years of age, the
blood lactate was 4.4 mM and plasma alanine was 504 pM (ref range 161-602).

By 12 years of age, he began to manifest marked choreoathetosis, in addition to the dystonia.
Presently, the patient is 14 years old with encephalopathy, generalized myopathy,
intermittent hypotonia, intermittent involuntary movement disorder, recurrent emesis,
diabetes mellitus, abnormal eye movements, bilateral ptosis and long-tract findings.

2.2 Sibling2 (S2)

S2 was born 5 Ibs. 7 oz. He failed the newborn hearing screen and went on to manifest
bilateral neurosensory hearing loss. While relatively asymptomatic in the newborn period,
the initial blood lactate level at 2 months of age was 8.6 mM and the pyruvate level was 0.14
(L/P ratio 61). The plasma alanine was 332 UM (ref range 120-499). A CSF lactate was 2.0
mM. The CSF pyruvate was 0.09 mM (ref range 0.06-0.19). Developmental delay was
evident in the extended neonatal period. On physical exam, he had an exaggerated Moro
response and slightly elevated muscle tone in the upper extremities. There was a sacral
dimple and a low lying conus medullaris at the upper aspect of the L3 vertebral body was
noted. He was started on thiamine 50 mg/day.

At 5 months of age, his height was <3 %ile. He exhibited motor weakness and could not
keep his head erect or roll over. Hypertonia was also noted. At 10 months of age, he had
feeding problems, recurrent emesis, GERD, a subacute dystonic reaction to Reglan and
metabolic acidosis usually associated with plasma lactate elevations requiring sodium
bicarbonate administration. He received a G-tube for feeding. There was a history of
constipation. He exhibited bilateral ptosis, mild facial weakness, truncal hypotonia with
some mild increase in the muscle tone in the extremities, hyper-reflexia and weight <3
%ile. A brain MRI showed T2-weighted signal abnormalities in the basal ganglia while
MRS revealed a low N-acetylaspartate peak, but no overt lactic acid elevation. A CT of
temporal bones showed thinning in bones of left inner ear. Therapy also included coenzyme
Q10 150 mg/day, thiamine 100 mg/day, riboflavin 50 mg/day, vitamin E 400 1U/day, vitamin
C 250 mg/day, L-carnitine 240 mg/day, Zantac and Prevacid.
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By 13 months of age, a port had to be placed to secure fluid intake and nourishment via
parenteral nutrition. At 16 months of age a muscle biopsy was performed. It showed fiber
type disproportion, mildly abnormal succinate dehydrogenase and electron microscopy
which showed increased glycogen. A few days after the muscle biopsy, he was started on a
ketogenic diet (3:1 ratio). The ketogenic diet resulted in ketosis (plasma 3-hydroxybutyrate
5.5 mM, ref range 0-0.29 for the non-fasting or fed state) and normal plasma lactate (1.8
mM). Additional medications included potassium supplement, Clarinex, Cephrazole, Bicitra,
Protonics plus Pulmicort and Albuterol as needed. By 21 months of age, the ketogenic diet
had to be stopped because of severe lethargy. He had had surgery for a cochlear implant, and
developed a blood clot in the vicinity of a central line, which necessitated removal. Because
of the development of a left subclavian thrombosis, Lovenox was administered. His sleep/
wake cycle was severely perturbed. New medications included Clonidine and Klonopin.
Bilateral fractures in his shoulders were detected.

At two years of age, a serum methylmalonic acid level was 1,909 nM (ref range: 73-271)
and serum 2-methylcitrate level was elevated at 454 nM (ref range: 60-228). CSF lactate
was normal. A blood transfusion was administered because of anemia. A bout of pneumonia
led to a worsening of the anemia. A systemic yeast infection developed and subsequently,
hypogammaglobulinemia was diagnosed and I1VIG therapy initiated. A peripheral
neuropathy was identified before age 2. Palliative care was instituted. By 3 years of age, the
patient was receiving total parenteral nutrition via a central line. His speech was poor and
suffered from chronic gagging and choking. Chronic reactive airways disease was
diagnosed. He developed gallstones. There was a history of osteopenia, scoliosis and
anemia. There was poor visual tracking with obvious ophthalmoplegia. He was not
ambulatory and scoliosis, generalized muscle weakness and an involuntary movement
disorder were appreciated. By 6 years of age, he spent most of his time hospital because of
intermittent chronic pulmonary disease. He was started on a BIPAP device. On physical
examination, he had generalized dystonia and tightening of his hamstrings. No deep tendon
reflex was elicited. His mitochondrial cocktail was discontinued. His other medications
consisted of Baclofen, Methadone, Valium, ferrous sulfate, Senna, Celexa and IVIG. He was
restarted on ubiquinol 150 mg/day and leucovorin 10 mg/day. For the next three years, his
condition continued to deteriorate. He developed pulmonary insufficiency requiring BIPAP
and intermittent O,, blindness, progressive scoliosis, gastroparesis and overall
gastrointestinal dysmaotility, myopathy, peripheral neuropathy, hypertonia (mixed spasticity
and dystonia) with transient use of Baclofen pump, immunodeficiency (humoral),
thrombocytopenia and splenomegaly. By seven years of age, physical examination revealed
bilateral contractures of the elbows, fingers, knees and ankles, hands in a fisted
configuration, pes cavus and eversion with volitional movements of arms that appear jerky
and dyskinetic. Further complications included bowel obstruction due to cecal volvulus with
subsequent ileocolic anastomosis. Palliative care with transition to home was eventually
instituted and he succumbed to his disorder at 9 years of age.

3. Materials and Methods

The proband (S1), both parents, and the affected sibling (S2) were enrolled in the IRB-
approved Manton Center for Orphan Disease Research Gene Discovery Core at Boston
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Children’s Hospital. Informed consent was obtained from the parents/guardians for
additional investigative studies by inclusion in the University Hospitals Cleveland Medical
IRB-approved Disorders of Pyruvate Metabolism study, for additional functional and/or
molecular analyses, before they were performed at CIDEM on pre-existing clinical biopsy
specimens.

3.1 Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of fibroblast
ATP- and GTP-succinyl-CoA synthetase (SCS) activities

3.1.1 Fibroblast cell lines—The fibroblast cell lines were grown in MEM medium
(11090-081, GIBCO, USA) with 10% fetal bovine serum (100-106, BenchMark, USA)
supplemented with 100 U/ml penicillin and 100 pg/ml streptomycin (15140-122, GIBCO) at
a 37°C incubator with humidified atmosphere of 5% CO». These cells were used for
enzymatic analyses and Western blot after being expanded in 15cm dish. Cell pellets were
harvested by centrifugation and washed twice with PBS then stored at —80°C freezer for
future analysis.

3.1.2 SCS Assay procedure—This novel assay of SCS activity uses D4-succinate, ATP
(or GTP) and CoA as substrates, and quantitates directly the reaction product, D4-succinyl-
CoA by LC-MS/MS.

The cell pellets were dispensed in 150 pl PBS (10010-023, GIBCO, USA) and lysed at 4°C
by a total of 3 rounds of 15s sonication at level 1 (Sonic Dismembrator model 100, Fisher
Scientific, USA). The lysate was centrifuged at 4°C and 14,000g for 10min (5402R,
Eppendorf). The supernatant was measured for protein concentration (DC protein assay Kit,
Bio-Rad). Homogenate (final concentration in reaction 1 mg/ml) was incubated at 37°C
water bath for 6 min in 50 mM Tris buffer pH 8.0 (154563, Aldrich), 5 mM MgCl, (M2670,
Sigma), 10 mM Dg4-succinate (DLM-584, Cambridge Isotope Laboratories), 1 mM ATP
(A7699, Sigma) or 1 mM GTP (G8877, Sigma), 1 mM CoA (C3144, Sigma) and
oligomycin 2 pg/ml (75351, Sigma). Please note it is important to mix stock solutions of
Tris buffer, MgCl, and D4-succinate first then adjust pH to 8.0. Upon completion of the
incubation one volume, 15 pl, of reaction mixture was taken out to a tube which consisted of
9 volume mixture of 25 pl of 0.2 M formic acid (695076, Sigma), 10 pl of 50 uM malonyl-
CoA (M4263, Sigma) as internal standard and 100 pl of acetonitrile (A955-4, Fisher
Scientific) to stop the reaction. The tubes were thoroughly mixed and centrifuged at 14,0009
for 10 min. Then 40 pl of supernatant was transferred to an auto-sampler vial containing 100
ul of acetonitrile/water (8:2 vol:vol) for LC-MS/MS analysis.

A series of standards were prepared by mixing 25 ul of 0.2 M formic acid, 10 pl of 50 uM
malonyl-CoA, 100 pl of acetonitrile with 15 pl of succinyl-CoA concentrations of 166.7,
55.6, 18.53, 6.17, 3.09 and 1.54 uM. The further steps were same as above.

An AB Sciex QTrap 5500 mass spectrometer equipped with a Shimadzu HPLC of 2
LC-20AD XR pumps and SIL-20AC XR auto-sampler was operated in negative-ion
electrospray ionization mode with multiple reaction monitoring scanning. The LC BEH
amide column (186004801, Waters) was run at room temperature and the auto-sampler tray
was thermostated to 4°C. The parameters for LC-MS/MS are listed in Table 1. LC-MS/MS
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peak areas were integrated with Analyst 4.0 software. We perform the further data analysis
in Excel (Microsoft) and GraphPad Prism. K, and Vax Values were determined using non-
linear regression function of GraphPad Prism.

3.2 Whole Exome Sequencing (WES) Analysis

Sanger sequencing of the genes commonly associated with PDC deficiency was already
performed because of functional PDC deficiency noted in SM and was negative.
Furthermore, next-generation sequencing of 23 genes associated with pyruvate metabolism
was also negative for the following genes: BOLA3, PDHA1, PDHB, DLAT, DLD, PCB,
PDHX, PDK1, PDKZ, PDK3, PDK4, PDP1 (PPM2C), PDP2 (PPMZ2C2), LIAS, LIPT],
LIPT2, NFU1, PCK1, PCK2, SLC19A2, SLC19A3, SLC25A19, and TPKI. This led to
performance of WES analysis in the CIDEM facility, before knowing about the SUCLAZ
mutations.

The WES pipeline used here is summarized in Fig. 1. DNA was isolated from fibroblasts
using standard methods. Quality control of genomic DNA samples was executed using Qubit
dsDNA BR Assay Kit (Invitrogen, USA) and running on a 2% agarose gel. Only DNA of
high quality was selected. DNA was diluted to 5 ng/ul and a total of 50 ng DNA was then
subjected to Nextera Rapid Capture Exome kit (Illumina, USA). Each DNA sample was
enzymatically sheared and then tagged with a unique index-adapter necessary for
sequencing. Final libraries were purified and pooled in sets of 12, using 500 ng of each
tagged library. Final library preparation included validation using the Agilent High
Sensitivity DNA Kit (Agilent, USA), quantification via qPCR (KAPA Biosystems, USA),
dilution and denaturation. High-throughput sequencing was carried out using an Illumina
HiSeq2500 instrument and a rapid run paired-end flowcell, with an average depth of
coverage of 138 £ 22 (mean * SD; range 106-174, n = 10). Fastq files were uploaded to
CLC Genomics Workbench 7.0.4 (CLC Bio, Qiagen Company, USA) for variant calling,
analyzing, processing and visualizing reads. Data was exported as VCF files which were
uploaded either to Illumina Variant Studio 2.2 for annotation and filtering of variants or, in a
parallel way, to Omicia Opal 4.8.0 for annotation and filtering through Omicia Miner Pro
followed by ranking and sorting of variants sequentially using Omicia Variant Annotation,
Analysis and Search Tool (VAAST) and Omicia Phevor software tools (Omicia
Biotechnology Company, USA). Sanger sequencing of the SUCLAZ gene was carried out at
the Baylor Miraca Genetics Laboratories (Houston, TX).

3.3 Acylcarnitine analysis

Ages at muscle biopsy of S1 and S2 were 6.2 and 16.2 months, respectively. SM samples
were frozen in liquid nitrogen, shipped on dry ice to CIDEM, and stored at —80°C until
analysis. Samples from both siblings were processed and acylcarnitines analyzed using
UHPLC-MS/MS as previously described [13, 14].

3.4 Western blot

Fibroblasts were cultured and harvested in the same condition as for LC-MS/MS analysis
and lysed in RIPA buffer (R0278 Sigma) with 1% proteinase inhibitor (P8340 Sigma). After
constant agitation at cold room for half hour the lysate was sonicated and centrifuged same
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as in section 3.1.2 and about 30 g sample were analyzed by SDS-PAGE and
immunoblotting. The PVDF membrane was blocked by 5% milk overnight at 4°C then
incubated with primary antibody against SUCLA2 (SC-68912 Santa Cruz) 1:200 for 4 hours
at 4°C. After washing off the primary antibody the membrane was incubated with 1:2500
dilution of secondary antibody, chicken anti rabbit IgG HRP (SC-2963 Santa Cruz), at room
temperature for 1 hour. Signals were detected with ImageQuant LAS4000 (GE Healthcare)
after applying the chemiluminescent substrate (34095 ThermoFisher Scientific) to the blot
and the result was quantified with Image J and Excel.

3.5 Mitochondrial DNA depletion

Flash frozen SM (~150 mg) was embedded in OCT compound and then used for
quantification of mtDNA copy number. Real-time quantitative PCR analysis of mtDNA
content was performed at Baylor Genetics Laboratories (Houston, TX) as published [15].

3.6 Pyruvate dehydrogenase complex (PDC), a-ketoglutarate dehydrogenase complex
(KDC), pyruvate carboxylase and phosphoenolpyruvate carboxykinase (PEPCK) assays

Assay of PDC, both activated-dephosphorylated and inactivated phosphorylated, KDC,
pyruvate carboxylase, PEPCK and dihydrolipoamide dehydrogenase (E3) activities in
disrupted blood lymphocytes (for PDC and E3), disrupted cultured skin fibroblasts (for
PDC, KDC, E3 and pyruvate carboxylase), or SM (for PDC, E3 and KDC) homogenates,
were determined as previously described [16, 17]. PEPCK total enzyme activity (including
cytoplasmic isomer of PEPCK, PEPCK-C, and mitochondrial isomer of PEPCK, PEPCK-
M) was assayed in disrupted cultured skin fibroblasts by PEP (phosphoenolpyruvate)-
dependent 14CO, fixation as previously described [18]. Purified porcine heart PDC used was
from Sigma (P-7032). Control fibroblasts and frozen muscle samples were obtained from
unused de-identified extra material retained in CIDEM.

3.7 Assay of propionyl-CoA inhibition of PDC

Coenzyme A, methylmalonyl-CoA and propionyl-CoA were from Sigma-Aldrich (St. Louis,
MO; Cat. Nos. C3019, M1762, and P5397, respectively). Succinyl-CoA was from Santa
Cruz Biotechnology, Inc. (Paso Robles, CA; Cat. No. sc-215917). For kinetic analyses of
propionyl-CoA inhibition of PDC, PDC was assayed with increasing concentration of
propionyl-CoA with three different pyruvate (substrate) concentrations (31, 62 and 125 mM
as a mixture of 1-14C-labeled and unlabeled pyruvate) by pyruvate dependent 14CO; release,
as previously described [18]. The final concentration of thiamine pyrophosphate (TPP),
dithiothreitol (DTT) and CoASH in the reaction mixture were 0.1, 0.8, and 0.64 mM,
respectively. The y- and x-axis intercepts (1/Vmax and —1/K,, respectively) and slope (Kp/
Vmax) from linear regression of data on double reciprocal (Lineweaver-Burk) plots were
used to calculate the apparent Vhax and apparent K, values, and subsequently determine K;,
the inhibitor concentration at which the reaction rate (Vax) is half maximum.

3.8 Electron transport chain (ETC) and oxidative phosphorylation assays

Quantitate oxidative phosphorylation in harvested cultured skin fibroblasts permeabilized
with digitonin was measured as described previously [19]. Specific spectrophotometric ETC
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complex I-1V assays in cultured skin fibroblasts and frozen SM were measured as specific
donor-acceptor oxidoreductase activities as described previously [20-22]. The North
American Mitochondrial Disease Consortium (NAMDC) criteria for evaluating the
significance of ETC activities were followed (https://www.sac-cu.org/NAMDC/Site/
DocCenter.aspx and [23]).

The two siblings presented here had separate but parallel diagnostic findings in Boston and
Cleveland. The Boston path of investigation found initial metabolic and phenotypic findings
that led to Sanger sequencing and the finding of compound heterozygosity of two mutations
in SUCLAZ, and consequently the diagnosis of A-SCS deficiency. It was discovered that
mtDNA was not depleted, although this is a common finding in other cases of A-SCS
deficiency.

The finding of lactic acidemia led to investigation of a disorder of mitochondrial function in
Cleveland, with the finding of PDC and partial ETC deficiencies in SM, but not in
lymphocytes or fibroblasts. In Cleveland, failure to identify any mutations within the known
PDC genes and normal activity of most other mitochondrial enzymes lead to WES and
follow-up analysis of muscle acylcarnitines, which lead to the same diagnostic conclusion
that these siblings had heterozygosity for A-SCS deficiency.

4.1 Succinyl-CoA synthetase (SCS) activity

Because the compound heterozygosity of these SUCLAZ variants had not previously been
described in an individual and the phenotypes differed in the two siblings, we proceeded
with developing the SCS activity assay and performing blot analysis. The LC-MS/MS assay
confirmed the defect in the reaction of the ADP forming isoform of SCS activity. The
method had linearity from 0 to 9 min and with protein final concentration ranging from 0 to
1.25 mg/ml in the reaction. The apparent Ky, and Vmax Of succinate were determined to be at
1.33 mM and 1.22 nmol/min/mg protein (Fig. 2). We measured both ATP and GTP
dependent-SCS activities in 3 control fibroblast lines, 1 line from S1 and 2 lines from patient
S2 (Table 2). Consistent with the pathogenicity of mutations of SUCLAZ, decreased ATP-
SCS activity and normal GTP-SCS activity in the two patients’ fibroblast samples, we found
by Western blot analysis that the SUCLAZ2 protein was also markedly reduced in fibroblasts
with 8.4%, 10.9% and 13.3% of control samples in S1, S2 line 1 and S2 line 2, respectively

(Fig. 3).

4.2 ldentification of SUCLAZ2 variants by WES

Target specificity and depth of coverage for the WES analysis that identified the SUCLAZ
gene variants were as follows: 72.9% and 60.0% on-target reads and bases, respectively;
99.8% target bases covered at =10x; and 108.8 average depth of coverage. There were
2,764,862 reads in total. Omicia Opal Miner Pro identified 13,961 variants, VAAST Solo
ranked 426 variants, and Phevor ranked 214 genes with SUCLAZ as #1, after the input of the
following phenotype characteristics: chronic lactic acidosis, increased serum lactate, global
developmental delay, dystonia, muscular hypotonia, increased CSF lactate, and intellectual
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disability. Phevor and phenotype/gene association scores were 5.79 and 0.998, respectively.
The candidate SUCLAZ variants identified by VAAST were ¢.985A>G (p.Met329Val) and
€.920C>T (p.Ala307Val) with Omicia scores of 0.94 and 0.79, respectively. The Omicia
score represents a composite score using PolyPhen, MutationTaster, PhyloP and SIFT /n
sifico prediction algorithms [24]. A score of =0.85 = 1% false-positive prediction rate [24].
Furthermore, a variant with an Omicia score of >0.85 is considered likely pathogenic, while
one with a score between 0.5 and 0.85 is considered potentially pathogenic [24]. The reads
for the candidate SUCLAZ variants were non-overlapping. The ¢.985A>G (p.Met329Val)
and ¢.920C>T (p.Ala307Val) variants were 178 nt apart (chr13:48,528,397 and
chr13:48,528,575, respectively; hgl19) and phased /n trans, with 100 and 113 depth of
coverage, respectively. Other key prediction parameters and allele frequencies of the
identified SUCLAZ2 variants are shown in Supplementary Table 1.

Independently, and unknown before the undertaking of WES analysis, Sanger sequencing of
SUCLAZhad identified the same two candidate variants noted above, following a suspicion
of succinyl-CoA synthetase deficiency because of elevation of serum methylmalonic acid in
both siblings. Parents were subsequently confirmed to be carriers with c.985A>G
(p-M329V) and ¢.920C>T (p.A307V) variants inherited from father and mother,
respectively.

4.3 Skeletal muscle (SM) acylcarnitine analyses

The SM quantitative acylcarnitine analyses showed increased succinylcarnitine and
methylmalonylcarnitine in both siblings. Succinylcarnitine was 14.2 and 149 nmol/g wet
weight in S1 and S2, respectively, with 3.3 nmol/g wet weight as control mean and ref range
<9.4. Methylmalonylcarnitine was 6.8 and 11.7 nmol/g wet weight in S1 and S2,
respectively, with 0.4 nmol/g wet weight as control mean and ref range <2.7.
Propionylcarnitine was increased at 72 nmol/g wet weight in S2 only, with 4.7 nmol/g
weight as control mean and ref range <14.3, while propionylcarnitine was not detected in
SM of S1. The acetylcarnitine concentrations in SM of S1 and S2 were 145 nmol/g weight
and 922 nmol/g weight, respectively, with 484 nmol/g weight as control mean and ref range
158-1069. The increases in succinyl-, methylmalonyl- and propionyl-carnitines were
consistent with a biochemical diagnosis of SUCL deficiency.

4.4 Mitochondrial DNA depletion

The mitochondrial DNA contents in SM were 62% and 149% of that of tissue and age-
matched controls for patient S1 and S2, respectively.

4.5 Pyruvate dehydrogenase complex (PDC) and other mitochondrial function deficiencies

in SM

Prior to the diagnosis of A-SCS deficiency, as part of the differential diagnostic workup,
PDC activity was assayed in SM, blood lymphocytes and cultured fibroblasts from both
siblings. Functional PDC deficiency was noted only in SM but not in lymphocytes or
fibroblasts (Table 3). PDC activities in frozen SM from S1 and S2 were similar, showing 27
+ 17% (range 9-43%; n = 3) and 23% of the control mean for S1 and S2, respectively.
Fibroblast pyruvate carboxylase and PEPCK (where the mitochondrial isoform, PEPCK-M,
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predominates) activities in both siblings were normal. KDC activity in SM of S2 was
decreased at 22% of the control mean (there was not enough remaining muscle from S1 to
assay KDC). Fibroblast KDC activities in both siblings were normal.

ETC activities in fibroblasts from S1 and S2 (Table 4), and integrated oxidative
phosphorylation in permeabilized fibroblasts in S1 and S2 (data not shown) were essentially
normal. SM ETC I-11l activity in S1 and S2 were at the low end of the reference range, 25
and 33% of the ref range, respectively (Table 4). SM ETC II-111 activity in S2 was also at the
low end of the ref range, 19% of the ref range, and SM complex Il activity in S2 was 38%,
below the ref range, while 111 in S1 was normal (Table 4).

4.6 Inhibition of PDC by propionyl-CoA

Understanding the etiology for the observed apparent tissue-specific low activities of PDC
and other mitochondrial enzymes involved in oxidative metabolism has implications for
control of lactic acidemia and other mitochondrial functions. We hypothesized that elevation
of a specific acyl-CoA metabolite(s) in SM secondary to A-SCS deficiency, may inhibit
PDC function. Thus, we tested whether succinyl-, methylmalonyl- and propionyl-CoA can
inhibit PDC /n vitro. Succinyl- and methylmalonyl-CoA concentrations up to 1 mM did not
inhibit PDC (data not shown). However, propionyl-CoA did inhibit purified PDC as well as
PDC in disrupted cultured skin fibroblasts and in SM homogenate (Fig. 4). The PDC K,
(for pyruvate) and V,x measured without propionyl-CoA were 23 mM and 213
nmol/min/mg protein (purified PDC), and the apparent K., 12.4 mM and apparent Vax 4.6
nmol/min/mg total protein (disrupted fibroblasts) and 18 mM and 3.2 nmol/min/mg total
protein (muscle homogenate), respectively (Supplementary Table 2 and Supplementary Fig.
1). The propionyl-CoA K; or apparent K; were very similar for these three sources of PDC,
4.1 mM (purified PDC), 3.0 mM (disrupted fibroblasts), and 3.1 mM (SM homogenate),
respectively (Fig. 4).

5. Discussion

The ¢.985A>G and ¢.920C>T variants of SUCLAZ have been reported before [11, 12] but
not together in the compound heterozygous state as described in the two siblings here. While
both siblings had a progressive encephalomyopathy, they differed in the severity of other
manifestations of their illness. Because of their difference in clinical phenotype, we focused
on ascertaining: 1) the degree of deficiency of the enzyme, A-SCS; 2) the magnitude of
mtDNA depletion; and 3) the secondary mitochondrial functional abnormalities such as
PDC, KDC, and ETC deficiencies.

5.1 Degree of succinyl-CoA synthetase deficiency

We sought to quantify the SCS activity in cultured skin fibroblasts derived from each of the
two siblings. To that end, we established a novel LC-MS/MS based enzyme assay using
deuterated succinate as substrate. The apparent K, for succinate and Vax in A-SCS in
control human fibroblast samples has not been reported before and we determined them to
be 1.3 mM and 1.2 nmol/min/mg protein, respectively. The ligase activity of the same
enzyme probably has a different apparent K, for succinyl-CoA and Vax, and the actual
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kinetics, to our knowledge, has not been determined in the human fibroblasts. In patient S1,
the SUCLAZ protein content on Western blot analysis was 8.4 % of control and A-SCS
activity was 9.5% of control while succinyl-CoA synthetase (GDP-forming) (G-SCS) was
134%. In patient S2, the mean SUCLAZ2 protein content from two S2 fibroblast lines on
Western blot analyses was 12% of control while mean A-SCS and G-SCS activities were
13% and 135% of control, respectively. Thus, our work further supports the severe
pathogenicity of these two mutations in compound heterozygosity in SUCLAZ.

5.2 Magnitude of mitochondrial DNA (mtDNA) depletion

A very common feature of A-SCS deficiency is mtDNA depletion. As the two main targets
in this disease are SM and the brain, one would expect significant mitochondrial depletion in
these two organs. However, we did not detect significant mtDNA depletion in SM samples
from either sibling. This is somewhat unexpected as both siblings had profound myopathy.
The pathophysiology of mtDNA depletion in A-SCS deficiency has not been delineated.
However, the observed binding of the SUCLA2 complex to the NDPK protein for deoxy-
nucleoside triphosphate synthesis may be key to our understanding of the mechanism of
mtDNA depletion [25].. Restoration of the deoxy-nucleoside triphosphate pools needed for
DNA synthesis by deficiency of SUCLAZ in certain target cells which have little activity of
SUCLG?2, such as SM, may be important in DNA depletion, but that did not occur in these
siblings or in previously reported SUCLA2 deficient cultured fibroblasts, despite low
activity of cytochrome oxidase [25].

5.3 Secondary PDC deficiency and other mitochondrial function testing

In an effort to further delineate the impact of a primary A-SCS deficiency on mitochondrial
oxidative metabolism, additional studies were performed on cultured skin fibroblasts,
lymphocytes and SM. Additionally to the primary defect in A-SCS, we find in SM
deficiencies of PDC activity from both siblings, low activity of KDC in S2, and low
activities of various ETC assays in S1 and/or S2. This was not associated with deficient or
low activities of any of these mitochondrial enzymes in cultured fibroblasts, lymphocytes or
a generalized decrease of mitochondrial enzyme activity in SM, or depletion of mtDNA in
SM. Pyruvate carboxylase and PEPCK enzyme activities were normal in fibroblasts from
both siblings. The normal activities of the soluble mitochondrial matrix enzymes citrate
synthase and E3, and mitochondrial inner membrane succinate dehydrogenase (complex I1)
in SM of both siblings, is sufficient evidence against the possibility of deterioration of the
biochemical integrity of the specimens affecting PDC and other mitochondrial enzyme
activities (https://www.sac-cu.org/NAMDC/Site/DocCenter.aspx and [23]).

Others have also noted low and/or low-normal ETC activities (particularly in complexes I,
Il and 1V) in SM of patients with SUCLA2 deficiency, but these cases also had depletion of
mtDNA [5, 12]. Therefore, we conclude that the decrease in PDC, KDC and several ETC
activities is specific to SM, secondarily associated with A-SCS deficiency, and not due to
muscle sample biochemical integrity or mtDNA depletion.

We found markedly increased propionylcarnitine in SM in one sibling and showed that
propionyl-CoA inhibits PDC in disrupted cultured skin fibroblasts, SM homogenate, and in
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purified porcine heart PDC complex, but the muscle concentration of propionyl-CoA is
likely not sufficient to account for associated PDC deficiency. Because we had no remaining
muscle (S1) or insufficient amount (S2) for accurate measurement of muscle acyl-CoA
content, we resorted to extrapolating the muscle acyl-CoA content from the tissue
acylcarnitine levels. In human SM, the content of total carnitine is normally approximately
100-fold higher than total CoA; carnitine vs CoA, 3120 + 720 vs31.1 + 6.3 nmol/gm wet
weight (in a normoxia pre-exercise state) [26]. Based on this data, we estimate that the
propionyl-CoA content in the SM of patient S2 may be about 0.7 nmol/gm wet weight or 1
UM (see Supplementary Materials for details). This is about 3000-fold lower than the
measured K; of propionyl-CoA on PDC under our conditions (Fig. 4). Furthermore, the
reported K of acetyl-CoA, 5-10 uM, for end-product inhibition of PDC is 1000-3500 fold
lower than the K; of propionyl CoA measured here [27]. This implies that propionyl-CoA
has significantly lower affinity for PDC than acetyl-CoA. Therefore, the elevated
concentration of propionyl-CoA in SM from S2, appears not to be sufficient to account for
secondary functional PDC deficiency, and SM from S1 did not have an increase of
propionylcarnitine but has low activity of PDC. Inhibition of PDC by propionyl-CoA may be
relevant to other disorders where propionyl-CoA may increase to much higher levels such as
propionic acidemia.

The 13-fold higher concentration of acetylcarnitine compared to propionylcarnitine (in S2)
implies that the elevation of acetyl-CoA may be more significantly inhibiting PDC activity.
We extrapolate that the acetyl-CoA content in SM of S1 and S2 are 2 uM and 13 pM,
respectively. The extrapolated acetyl-CoA content in SM of S2 (but not of S1) would be
sufficient for end-product inhibition of PDC. Thus, A-SCS deficiency which causes a block
in the tricarboxylic acid cycle, may cause a secondary upstream increase of acetyl-CoA that
could inhibit PDC, but would not explain low PDC activity in S1.

The reasons for the observed SM-specific PDC and other deficiencies in the two siblings
with primary A-SCS deficiency presented here remains unexplained. Alternative possible
mechanisms are: 1) acyl-CoA accumulation within the mitochondrial matrix resulting in a
local 21000-fold higher concentration of propionyl-CoA or acetyl-CoA; 2) end-product
inhibition of PDC by acetyl-CoA accumulation within mitochondria; 3) presence of another
inhibitor or factor(s), more generally affecting SM mitochondrial metabolism, including
PDC, possibly KDC and ETC, and others not determined with the assays here; and/or 4)
presence of other shared deleterious genetic variation(s) in the siblings that might affect
PDC.

Recently, a significant decrease in the oxygen consumption rate was observed using
pyruvate and malate as substrates in isolated mitochondria from heart tissue of 6-month-old
heterozygous Sucla2+/— mice compared to wild type, suggesting a defect in heart muscle
PDC or ETC, but direct assay of these functions in heart and SM tissue homogenates were
not performed [28]. Assaying PDC, KDC and ETC activities in SM from individuals with
A-SCS deficiency and/or conditional homozygous deficient mouse models [28, 29], or other
genetic disorders in which acyl-CoAs accumulate could be useful in this respect.
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5.4 Study limitations

We were unable to quantify mtDNA depletion in a variety of different muscle samples or
other tissues such as liver, or explain the difference between these siblings and other cases of
A-SCS deficiency. We limited our analyses of secondary protein/complexes that might be
affected by the pathologic process, but there are many proteins and enzyme complexes in
mitochondria that were not examined. We did not have an opportunity to assay intact,
isolated mitochondrial from fresh SM for overall integrated oxidative phosphorylation. It is
possible that the difference in clinical phenotype observed between the two siblings may be
due to the fact that each of the siblings received different therapy; patient S1 was treated
with DCA, while patient S2 briefly received a ketogenic diet, but this is uncertain.
Alternatively, additional mutations (e.g. a polygenic situation with a sporadic de novo
deleterious allele) may underlie the phenotypic variability observed between the siblings and
a more detailed trio WES or whole genome analysis of siblings and parents may be
informative.

6. Summary and Conclusions

The SUCLAZ2¢.985A>G (p.M329V) and ¢.920C>T (p.A307V) mutations in a compound
heterozygous state are pathogenic, leading to low A-SCS activity and low immunoreactivity
of SUCLAZ2, and are associated with devastating variable phenotypes. The reasons for the
SM-specific low activity of PDC, KDC, and several low or low-normal ETC activities, the
atypically normal SM mtDNA content, and the differences in some phenotypic
manifestations in these two siblings remains unexplained. Although we show that propionyl-
CoA inhibits PDC, extrapolated mitochondrial propionyl-CoA is not high enough
concentration in SM in either sibling to account for low SM PDC activity. The A-SCS
deficiency may cause a secondary upstream increase of acyl-CoAs that might inhibit or
otherwise disrupt other mitochondrial oxidative metabolism enzymes. These findings are
consistent with the hypothesis that they are not secondary to mtDNA depletion, but may be
associated. There is a need for better understanding of the pathogenic mechanisms,
phenotypic variability, and the possible impact of therapeutic interventions in this
devastating disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We describe two siblings compound heterozygous for SUCLAZ mutations, c.
985A>G (p.M329V) and ¢.920C>T (p.A307V).

. We developed a new LC-MS/MS-based assay to quantify succinyl-CoA
synthetase enzyme activity.

. We describe for the first time the presence of a secondary pyruvate
dehydrogenase complex deficiency in two siblings with SUCLAZ gene
defects.
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Fig. 1.
Summary of the WES pipeline used in this work. MS, missense; FS, frameshift; SS, splice

site; and X, stop.
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A-SCS activity measurement by LC-MS/MS. (A) Time dependency was measured in control
line and patient line at 37°C for 0, 3, 6, 9 and 12 min with 50 mM Tris buffer pH 8.0, 5 mM
MgCl,, 10 mM D4-succinate, 1 mM ATP, 1 mM CoA, oligomycin 2 pg/ml and homogenate
protein concentration 1mg/ml. Activity linearity is shown within 9min. (B) Protein
dependency was measured in control line for 6 min at different protein concentrations, 0,
0.5, 0.75, 1 and 1.25 mg/ml. Other conditions were same as (A). Linear for protein
concentrations <1.25 mg/ml. (C) and (D) Apparent Ky, and Vax Of succinate were
measured from two control lines with different D4-succinate concentrations, 0.37, 1.11,
3.33, 10 and 30 mM, and 1mg/ml homogenate incubated at 37°C for 6min. Other conditions

were same as (A).
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Fig. 3.

Wgestern blot analyses result of decreased SUCLAZ in patient lines. SUCLAZ protein
detected by Western Blot and normalized to total GAPDH levels as loading controls.
Relative SUCLA2 amounts were calculated using mean value of controls, indicated as
percentages.
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determined K; or apparent K;
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Table 1
LC-MS/MS settings and conditions

LC-MS/MS settings and conditions

Mass spectrometer settings

Curtain Gas 15

lon Spray Voltage -4500v

Dissolvation 600°C

Temperature

GS1 and GS2 20 and 40 respectively
Declustering potential -110v

Collision energy (CE) for different MRM transitions

Succinyl-CoA 866.2> 408 (CE —55ev)
D4-Succinyl-CoA 870.2 > 408 (CE-55ev)
Malonyl-CoA 852.2> 808 (CE -40ev)

Chromatography Gradient conditions

Time Flow rate Solvent Solvent
(min) (ml/min) A%” B%”
0 0.15 70 30
2 0.15 30 70
6.5 0.15 30 70
7.5 0.15 70 30
10 0.15 70 30

Page 23

Solvent A, 10mM ammonium formate in acetonitrile/water (90/10, vol/vol); Solvent B, 10mM ammonium formate in acetonitrile/water (20/80,

vol/vol)
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