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Succinyl-CoA synthetase or succinate-CoA ligase deficiency can result from biallelic
mutations in SUCLGI gene that encodes for the alpha subunit of the succinyl-CoA
synthetase. Mutations in this gene were initially associated with fatal infantile lactic
acidosis. We describe an individual with a novel biallelic pathogenic mutation in
SUCLG] with a less severe phenotype dominated by behavioral problems. The muta-
tion was identified to be ¢.512A>G corresponding to a p.Asnl71Ser change in the
protein. The liquid chromatography tandem mass spectrometry-based enzyme activity
assay on cultured fibroblasts revealed a markedly reduced activity of succinyl-CoA

Texas synthetase enzyme when both ATP and GTP were substrates, affecting both ADP-
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1 | INTRODUCTION

Succinyl-CoA synthetase (ADP-forming EC 6.2.1.5 and
GDP-forming EC 6.2.1.4) deficiency (OMIM 611224), due
to defects in the alpha subunit of succinate-CoA ligase
(SUCLG]1), is a rare autosomal recessive disorder in which
coenzyme A cannot be cleaved from succinate, thus limiting
the availability of succinate for Krebs cycle function. The
resulting combination of lactic acidosis and methylmalonic
acidemia is not known to occur in any other metabolic disor-
der except SUCLG1 and SUCLA2 deficiencies. The first
report of SUCLG1 deficiency is that of three siblings from a
consanguineous mating, who died in infancy with profound
lactic acidosis as well as elevations of urine methylmalonic
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forming and GDP-forming functions of the enzyme.

lactic acidosis, methylmalonic aciduria, mitochondria, succinate-CoA ligase

acid and Krebs cycle intermediates, respiratory chain enzyme
deficiency, and mitochondrial DNA depletion." A later fatality
has also been reported in a child who died at 3 years of age.”
Further patient reports demonstrate a range of phenotypic
expression in SUCLGI deficiency.®> A recent report describes
two siblings who died at 29 and 31 months due to a homozy-
gous mutation in the SUCLGI protein mitochondrial targeting
sequence.* The SUCLA2 deficiency has been a relatively less
severe disorder characterized by a Leigh-like encephalomyopa-
thy with psychomotor retardation, poor growth, neurosensory
deafness, and dystonia.”'® The mean age of death of patients
with an SUCLA2 gene defect was 20 years, whereas it was
20 months for patients with SUCLGI gene defects.'’ A con-
tributing factor may be the addition of liver disease and/or car-
diomyopathy in SUCLG! deficiency.
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We report a child who has a novel homozygous mutation
in SUCLG1 and a much less severe phenotype than reported
cases. He is 13 years old with moderate disabilities and diffi-
cult behavior. There are few genotype-phenotype relation-
ships reported and only two descriptions of Krebs cycle
enzyme activity in patients with SUCLGI gene defects.>*!!*12
To further characterize the SUCLGI gene defect in our patient,
we developed an liquid chromatography tandem mass spec-
trometry (LC-MS/MS)-based enzyme assay to verify that the
hypomorphic mutations were indeed pathogenic."

2 | CASE REPORT

A Chinese boy, the product of a consanguineous mating (first
cousins), was seen for evaluation of frequent vomiting, poor
tone, poor coordination, and developmental delay. The preg-
nancy was full-term and uncomplicated. Labor and delivery
were normal at 38 weeks. Birth weight was 2.8 kg and birth
length 50.8 cm. He was breastfed. From birth, he was noted
to have poor movement and hypotonia as well as frequent
vomiting. Despite multiple formula changes, the vomiting
persisted and his weight fell from the 50th percentile at birth
to below the Sth percentile by 15 months of age. Metabolic
evaluation revealed elevated levels of blood lactic acid
(7.7 mmol/L; normal <2.2) and urine methylmalonic acid
(134 mmol/mol creatinine; normal <5). Urine ethylmalonic,
methylcitric, and 3-hydroxyisovaleric acids were mildly ele-
vated. Plasma C3- and C4OH-acylcarnitines were also mildly
increased. A repeat urine organic acid analysis revealed multi-
ple increases including lactate, 3-hydroxypropionate, 3-hydro-
xyisobutyrate, 3-hydroxyisovalerate, methylmalonic acid,
ethylmalonic acid, succinic acid, glyceric acid, and fumaric
acid. This was considered to be a nonspecific profile, not
clearly indicative of any metabolic disease.

Brain magnetic resonance imaging demonstrated an inci-
dental left hemispheric cyst, and a lactate doublet in the mag-
netic resonance spectrum of a left basal ganglia voxel. Because
of the possibility that he might have vitamin B12 responsive
methylmalonic acidemia, hydroxocobalamin was administered
but there was no response over 2 weeks. Dietary protein intake
was empirically reduced. The plasma methylmalonic acid
levels continued to be markedly elevated, ranging from 3100
to 3600 nmol/L. (normal 70-271). Mutation analyses of
methylmalonyl-CoA-mutase gene and multiple mitochondrial
genes in a panel were unrevealing. His cultured skin fibroblasts
complemented all mutase and cobalamin deficient cell lines
associated with increased plasma methylmalonic acid levels
and no identifiable abnormality in the synthesis of adenosylco-
balamin (courtesy of Dr David Rosenblatt). However, [14C]
propionate incorporation into the tricholoroacetate precipitate
was slightly reduced. The ['“C]methyltetrahydrofolate content
was not decreased in a complementary macromolecular

Synopsis

While most of the patients with succinate-CoA
ligase deficiency due to SUCLGI gene mutations
exhibit life threatening organ dysfunction, this is
another example of a hypomorphic form of the dis-
ease. To validate the novel biallelic mutations as
being pathogenic, we had created a new liquid chro-
matography tandem mass spectrometry assay for
quantification of enzyme activity.

labeling study. These results were interpreted as ruling out a
methylmalonic acidemia due to methylmalonyl-CoA mutase
deficiency, a deficiency in cobalamin (B,) metabolites, as well
as an intracellular B, transport defect.

At 33 months of age, he was hospitalized for a febrile ill-
ness with recurrent vomiting initially treated intravenously; he
was then started on gastric feeding. He has had two episodes
during which the serum bicarbonate was less than
15 mmol/L. Muscle biopsy revealed reduced activity of com-
plex I and III, as judged by the activity of rotenone sensitive
NADH-cytochrome C reductase (12.9% of the mean) of the
electron transport chain, but was otherwise unremarkable (Cen-
ter for Inherited Disorders of Energy Metabolism [CIDEM],
courtesy of Dr. Chuck Hoppel). Mitochondrial DNA content
analysis in skeletal muscle was 72% of control. Because of the
combination of lactic acidosis, elevated methylmalonic acid
levels in plasma and urine, elevated levels of 2-methylcitrate in
serum and urine, as well as elevated levels of propionylcarni-
tine in plasma, we considered the possibility that the patient
may have a deficiency of succinate-CoA ligase. We subse-
quently sent genomic DNA for direct sequencing of SUCLA2
and SUCLG1 to Baylor Medical Genetics Laboratory.

Over the first decade of his life, the patient's course was
largely one of a static encephalopathy without episodes of
acute metabolic decompensation. He was clearly handi-
capped and exhibited explosive behavior that at times could
be dangerous for individuals in his vicinity. While there was
no overt liver disease, he had a chronic lactic acidosis.

The patient is currently 13 years of age and making little
progress. He eats solid food, but fluids are administered
through a G-tube. Developmental assessment was performed at
26, 32, and 43 months using Bayley Scales, and Vineland
Adaptive Behavior Scales. The language scores were 62, 62,
and 50. The cognitive results were 55, 60, and 65, while the
motor result was 52, 52, and 55. He can walk, though he has
an unsteady gait and hyperkinesia. He is inattentive, aggressive,
and kicks and bites frequently, although he is generally happy.
His current laboratory results include the following: plasma lac-
tic acid 4.5 mmol/L. (normal range: 0.5-2.2), elevated serum
pyruvate 0.32 mmol/L (normal range: 0.03-0.11), plasma total
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carnitine 69.9 pmol/L (normal range: 32-84), plasma free
carnitine 30.9 pmol/L. (normal range: 26-60), plasma propio-
nylcarnitine 6.94 pmol/L  (0.00-0.87), urine methylmalonic
acid 85.8 pg/mg creatinine (0.0-10.0), serum methylmalonic
acid 2833 nmol/L. (normal range: 73-271), and lastly serum
2-methylcitric acid 328 nmol/L (normal range: 60-228).

3 | METHODS

3.1 | Molecular genetic analysis: Sanger
Sequencing

SUCLG]I sequencing was performed in the Baylor Medical
Genetics Laboratory by PCR amplification of the coding
exons and the immediately flanking intronic sequences of the
SUCLG]I gene located on chromosome 2p11.2, followed by
sequencing of the PCR product in both forward and reverse
directions using automated fluorescent dideoxy sequencing
method. The Genbank NCBI ID NM_0038491 sequence is
used as the reference sequence.

3.2 | Liquid chromatography tandem mass
spectrometry analysis of ATP- and
GTP-succinyl-CoA synthetase activities

in fibroblasts

3.2.1 | Cell culture

The patient was enrolled in the IRB-approved Manton Center
for Orphan Disease Research Center at Boston Children's Hos-
pital. The control fibroblast cell line was between 20 and
26 passages and disease line from the patient was between
10 and 15 passages. The fibroblast cell lines were grown in
MEM medium (11090-081, GIBCO) with 10% fetal bovine
serum (100-106, BenchMark) supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin (15140-122, GIBCO)
in a 37°C incubator with humidified atmosphere of 5% CO..
Cell pellets were harvested from 90% to 100% confluent cells
by removing the media, rinsing twice with phosphate buffered
saline (PBS) and scraping. Upon centrifugation and washing
twice with PBS, the cell pellets were stored at —80°C freezer
until lysis for enzymatic analyses.

3.2.2 | Enzyme assay

Enzyme assays were performed as previously described."
Briefly, the cell pellets were resuspended in PBS, lysed by soni-
cation, and protein concentration in the homogenate was deter-
mined after centrifugation at 14 000g for 10 minutes at 4°C. An
aliquot of the homogenate to yield a final concentration of
1 mg/mL was incubated in 50 mM Tris buffer pH 8.0 (154563,
ALDRICH), 5 mM MgCl, (M2670, Sigma), 10 mM
DA4-succinate (DLM-584, Cambridge Isotope Laboratories),
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1 mM ATP (A7699, Sigma) or 1 mM GTP (G8877, Sigma),
1 mM CoA (C3144, Sigma), and oligomycin 2 pg/mL (75351,
Sigma) in a 37°C water bath for 6 minutes. Following incuba-
tion, one volume of reaction mixture was mixed with nine vol-
ume mixture of 25 pL of 0.2 M formic acid (695076, Sigma),
10 pL of 50 pM malonyl-CoA (M4263, Sigma) as internal stan-
dard and 100 pL of acetonitrile (A955-4, Fisher Scientific), and
centrifuged at 14 000g for 10 minutes. Then a 40 pL
supernatant was transferred to an auto-sampler vial containing
100 pL of acetonitrile/water (8:2 vol:vol) for LC-MS/MS
analysis.

The calibrators were prepared by mixing 25 pL of 0.2 M
formic acid, 10 pL of 50 pM malonyl-CoA, 100 pL of acetoni-
trile with 15 pL of succinyl-CoA concentrations of 166.67,
55.56, 18.52, 6.17, 3.09, and 1.54 pM. The LC-MS/MS analy-
sis were performed using an LC BEH amide column
(186004801, Waters) in a Shimadzu HPLC with two LC-
20AD XR pumps and SIL-20AC XR auto-sampler and an AB
Sciex QTRAP 5500 mass spectrometer in negative-ion electro-
spray ionization mode with multiple reaction monitoring scan-
ning. The parameters for LC-MS/MS are listed in Table 1.

3.3 | Mitochondrial DNA content analysis

Mitochondrial DNA content analysis was performed in Baylor
Medical Genetics Laboratory. The mtDNA and nuclear DNA
(nDNA) copy numbers are determined by real-time quantita-
tive PCR using specific primers for the mitochondrial

TABLE 1 LC-MS/MS settings and conditions

Liquid chromatography gradient conditions

Time (min) Flow rate (mL/min) Solvent A%" Solvent 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

Mass spectrometer settings

Curtain gas 15 psi
Ion spray voltage —4500 V
Dissolvation temperature 600°C

GS1 and GS2 20 and 40 psi, respectively

Declustering potential -110 V

Collision energy (CE) for different MRM transitions

866.2 > 408 (CE —55 eV)
870.2 > 408 (CE —55 eV)

852.2 > 808 (CE —40 eV)

Succinyl-CoA
D4-Succinyl-CoA
Malonyl-CoA

“Solvent A, 10 mM ammonium formate in acetonitrile/water (90/10, vol/vol);
Solvent B, 10 mM ammonium formate in acetonitrile/water (20/80, vol/vol).
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tRNALeu(UUR) gene and the nuclear B-2-microglobulin
gene'* in duplicate. The control range was for muscle control
specimens from over 300 individuals with suspected mitochon-
drial disease without defects in genes that cause mtDNA deple-
tion. The total amount of mtDNA in DNA samples was
calculated from the difference in threshold cycle numbers of
nuclear gene and mtDNA.

3.4 | Pyruvate dehydrogenase complex and
electron transport chain complexes analysis

The analyses for pyruvate dehydrogenase complex and elec-
tron transport chain complexes in skeletal muscle was per-
formed in the CIDEM Facility. Pyruvate dehydrogenase
complex activity was determined by employing thiamine pyro-
phosphate, NAD and CoA-dependent decarboxylation of
1-"*C-pyruvate after activation/inactivation (by preincubation

with dichloroacetate/fluoride) as previously described.'>'

3.5 | Molecular modeling

Using Swiss-Protein database Viewer, homology model of
human SUCLGI1 (UniProtKB—P53597) was visualized based
on the crystal structure of porcine protein (2fp4.pdb).

4 | RESULTS AND DISCUSSION

The clinical history and physical examination, lactic acidosis,
and the elevations of methylmalonic acid, propionylcarnitine,
2-methylcitric acid, and the enzymology data suggested
that this patient may have a variant form of SUCLGI
deficiency. In genomic DNA from the patient, a biallelic
¢.512A>G variant was found in the SUCLGI gene. This cor-
responds to a p.Asnl71Ser replacement in the protein (NCBI
Reference Sequence: NM_003849.3). Both mother and father
were found to be carriers of the ¢.512A>G variant. This vari-
ant was not observed in individuals of European and African
American ancestry in the NHLBI Exome Sequencing Project.
The p.Asnl71Ser variant is reported at an allele frequency of
0.00001 in ExAC database (1 in 121350) and of 0.000004064
(1 allele in 246072 alleles) in the gnomAD database. It is pre-
dicted to be probably damaging by Polyphen and deleterious
by SIFT using in silico analyses. This variant occurs at a posi-
tion that is conserved in human, rhesus, mouse, dog, elephant,
chicken, and zebrafish (UCSC Genome Browser).

The SUCLGI gene encodes for the a-subunit of succinate-
CoA ligase (succinyl-CoA synthetase). As shown in Figure 1,
the activity of succinyl-CoA synthetase enzyme using ATP or
GTP as substrate in fibroblasts from the patient revealed a

O Patient
® Control
SCS-GTP
SCS-ATP
0 2 4 6 8 10 12
Enzyme activity (nmol/min/mg protein)
nmol/min/mg protein ATP-SCS GTP-SCS
Control line | Patient line Control line Patient line
1.64 0.082 11.86 0.81
1.42 0.096 10.81 0.90 .
Average 153 0.089 11.34 0.855 FIGURE 1  Succinyl-CoA
Mean of 3 control lines* | 1.01 9.03 synthetase activity of cultured patient
Percentage activity 8.8% 9.5% fibroblasts and control fibroblasts is
with respect to control shown using ATP or GTP as substrate.
mean The activity of the enzyme in patient

* Percent activity was calculated using previously established control mean value from
Huang et al. 2017, the mean value was obtained using 3 different control fibroblast cell
lines by performing multiple measurements (28 times or more) [13].

fibroblasts was 8.8% of control when
ATP is the substrate, 9.5% of the control
when GTP is the substrate
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FIGURE 2 Views of the a-chain of
porcine SUCLG1 within 8 A of the active site
histidine 259: (A) shows the normal wild-type
asparagine at amino acid 131, while (B) shows
the serine mutation. Hydrogen bonding is
indicated by the dashed green lines. The human
N171 corresponds to pig N131, and H299 at the
active site of human protein corresponds to
H259 in pig protein. The homology between the
human and porcine proteins is 95.7%

markedly reduced activity when both ATP and GTP were sub-
strates. The activity of the enzyme was 8.8% of control when
ATP was the substrate and 9.5% of control when GTP was the
substrate. The patient has a phenotype that is milder than the
infantile fatal phenotype of the original siblings reported with
SUCLGI1 disorder,l but also milder than the child in the second
report who died just before 3 years of age. This is not surpris-
ing as most genetic disorders are heterogeneous, and even more
variability is to be expected. The major problems have been in
behavior and language development.

Succinate-CoA ligase is an enzyme in the citric acid cycle;
it plays several important roles such as catalyzing the conver-
sion of succinyl-CoA to succinate, allows for substrate level
synthesis of a nucleoside triphosphate, either ATP or GTP, and
is linked to the synthesis of deoxynucleotide triphosphates.
Both ATP and GTP are required for the synthesis of essential
molecules in the mitochondrial matrix and either may play a
role in the synthesis of deoxynucleotide triphosphates in nondi-
viding cells as succinate-CoA ligase is in complex with
the nucleoside diphosphate kinase (NDPK) and GABA trans-
aminase (ABAT).'"'® Catalyzing the exchange of phosphate
between tri- and diphosphoribonucleosides it operates the
essential ANTP salvage pathway during mtDNA synthesis.'”
Succinate-CoA ligase plays a role in the maintenance of the
mitochondrial DNA pool through action of NDPK. We do not
understand why the patient did not develop mitochondrial
DNA depletion. This is a very important conundrum and
whether other more severe mutations in SUCLG1 affect its
interaction with NDPK more severely than the p.Asnl71Ser
mutation requires further study. The succinate-CoA ligase
enzyme also serves at the junction of the catabolism of
amino acids and lipids for energy production. It is

universally distributed, being present as two isoforms in
mammals, one utilizing ADP and the other GDP.?**! The «
chains of each are identical, with the specificity residing in
the variant § forms. In the mouse embryo, all of the subunits
are expressed in muscle, nervous system, kidney, liver, gas-
trointestinal tract, adrenal and salivary glands, with lower
expression of the GDP forming f§ unit in most of the nervous

system.22

Individuals with mutations of either the a-chain (SUCLG1I),
or of the ADP utilizing B chain (SUCLA2) have been discov-
ered. There is as yet no reported incidence of a disorder involv-
ing the GDP utilizing p-chain (SUCLG2). The biochemical
phenotype includes methylmalonic acidemia and lactic acido-
sis; the latter may be, at least in part, a result of mitochondrial
DNA depletion.”>** Yet that was not to be found in the subject
of this report, nor in two siblings with SUCLAZ2 gene defects
that we previously studied.'® These children, including our
patient, have abnormal metabolites associated with the disor-
ders, propionic and methylmalonic acidemias; these pathway
metabolites may inhibit other mitochondrial enzymes essential
for energy metabolism.?* This might also be one of the reasons
for having reduced activity of complex I and III in a muscle
biopsy sample when mtDNA depletion is absent.

While functional studies of the p.Asnl71Ser were not
performed, the marked reduction in enzyme activity with
both substrates confirms the diagnosis and supports pathoge-
nicity for the c.512A>G variant. Also, the site of the residue
is highly conserved and appears to be facing the active site
(Figure 2). Interestingly, the ¢.509C>G variant causing a
change in the neighboring amino acid from proline to argi-
nine at location 170 (p.Prol170Arg) was reported in a case of
SUCLG] deficiency with severe antenatal manifestations.?
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It has become clear that the presence of lactic acidosis and
methylmalonic acidemia may indicate mutations in either of
the two forms of succinyl-CoA synthetase: the ADP or GDP
binding.® The former appears to be associated with tissues that
are more catabolically active, while the latter is associated with
anabolic reactions. It also functions in the regulation of ATP
production through the binding of phosphate.”® We do not
know the details of the pathway from the mutation to the phe-
notype, but it is conceivable that in addition to toxic metabo-
lites and impaired energetics, there may be other mechanisms
that lead to cell dysfunction.
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