
EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  39,  2020

Abstract. Mitochondrial 3‑hydroxy‑3‑methylglutaryl‑CoA 
synthase (HMGCS2) deficiency is a metabolic disorder caused 
by mutations in the HMGCS2 gene. The present study describes 
the identification of four cases of HMGCS2 deficiency in 
Japan. Hepatomegaly and severe metabolic acidosis were 
observed in all cases. Fatty liver was identified in three cases, 
which suggested the unavailability of fatty acids. All patients 
presented with a high C2/C0 ratio, suggesting that the fatty 
acid oxidation pathway was normal during metabolic crisis. 
Genetic analyses revealed five rare, novel variants (p.G219E, 
p.M235T, p.V253A, p.S392L and p.R500C) in HMGCS2. To 
confirm their pathogenicity, a eukaryotic expression system 
and a bacterial expression system was adopted that was 
successfully used to obtain affinity‑purified HMGCS2 protein 
with measurable activity. Purified M235T, S392L and R500C 
proteins did not retain any residual activity, whilst the V253A 
variant showed some residual enzymatic activity. Judging 

from the transient expression experiment in 293T cells, the 
G219E variant appeared to be unstable. In conclusion, the 
present study identified five novel variants of HMGCS2 that 
were indicated to be pathogenic in four patients affected by 
HMGCS2 deficiency.

Introduction

Ketone bodies, which are mainly generated from fatty acids, 
are important alternative energy sources during fasting (1,2). 
Mitochondrial 3‑hydroxy‑3‑methylglutaryl‑CoA synthase 
(HMGCS2; Nomenclature Committee of the International 
Union of Biochemistry and Molecular Biology classification 
no. EC 2.3.3.10) catalyzes the condensation of acetoacetyl‑CoA 
and acetyl‑CoA to form 3‑hydroxy‑3‑methylglutaryl‑CoA 
(HMG‑CoA), which is the rate‑limiting step of ketone body 
synthesis (3,4).

HMGCS2 deficiency (Online Mendelian Inheritance in 
Man reference no. 605911) is a metabolic disorder caused by 
mutations in the HMGCS2 gene, which consists of 10 exons 
located on chromosome 1p12‑13 (5). To date, nearly 30 cases 
that have been reported in the literature describe an autosomal 
recessive inheritance pattern (6). Most patients present with 
symptomatic hypoketotic hypoglycemia and hepatomegaly 
after a period of prolonged fasting or intercurrent illness (6). 
Metabolic acidosis is often noted during the acute phase (7‑12). 
During the metabolic crisis, the serum concentration of free 
fatty acids (FFAs) is relatively high when compared with that 
of the total ketone bodies (TKBs) (6). The clinical presentation 
is similar to that observed with fatty acid β‑oxidation defects, 
but the urinary organic acids and blood acylcarnitine profiles 
are non‑specific in cases of HMGCS2 deficiency. Urinary 
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4‑hydroxy‑6‑methyl‑2‑pyrone (4HMP) is a possible specific 
marker of the disorder (10). While the use of liver samples 
for an enzyme assay or immunoblotting aids in diagnosis (13), 
obtaining these samples is an invasive procedure. The diag‑
nosis of HMGCS2 deficiency is therefore usually based on 
genetic analysis.

Genetic analyses were performed on several suspected 
cases referred to Department of Pediatrics, Graduate School 
of Medicine, Gifu‑University (Gifu, Japan) from 2005. From 
these cases, four patients carried six rare non‑synonymous 
variants of HMGCS2, among which five of the variants have, 
to the best of our knowledge, not been reported previously. 
To confirm their pathogenicity in vitro, the variant enzymes 
were expressed in 293T cells and the Escherichia coli strain 
BL21(DE3).

Materials and methods

Cases. The patients in all four cases were born to non‑consan‑
guineous Japanese parents with no family history of inherited 
metabolic disease. All of the patients were born unevent‑
fully following an uncomplicated term pregnancy. Only 
patient 3 was a light‑for‑date infant; the others had normal 
birth weights. After birth, physical growth and neurological 
development until the onset of disease were normal except 
for in patient 4. Clinical features and the results of first blood 
examinations showing metabolic decompensation are listed 
in Table I. Before enrolling the four patients into this study, 
written informed consent was obtained from the parents of 
each patient by their attending pediatrician. This study was 
approved by the Ethical Committee of the Graduate School of 
Medicine, Gifu University, Japan (approval no. 29‑503).

On the day of symptom onset, in July 2013 (the exact day 
remained anonymous to protect the patient's identity), patient 1 
was 8 months old. She took breast milk in the early morning. 
Afterward, she could not obtain sufficient nutrition orally and 
gradually became lethargic, before she began vomiting at 
6 PM. At Nagoya City University Hospital (looked after by 
TI; Nagoya, Japan), she presented with tachypnea, tachycardia 
and hepatomegaly, prompting the first blood test. In spite 
of the immediate correction of hypoglycemia with intrave‑
nous 20% glucose infusion, metabolic acidosis progressed. 
Continuous hemodiafiltration was performed for 12 h to 
improve severe acidosis. Urinary organic acid analysis showed 
increased excretion of dicarboxylic acid. In total, 5 µl serum 
was used for acylcarnitine analysis using NeoSMAAT kit 
(cat. nos. 509254, 509261 and 509278; https://www.sekisui‑
medical.jp/business/diagnostics/others/neosmaat/; Sekisui 
Medical Co., Ltd.) and the LCMS‑8040 instrument (Shimadzu 
Corporation). Her metabolic state was stabilized within 2 days 
from the onset and she recovered with no neurological compli‑
cations.

On the day of symptom onset, in November 2014, 
patient 2 was 6 months old. He had a low‑grade fever and 
showed loss of appetite. The next day, he began having diar‑
rhea and vomited three times in the evening. After showing 
impaired consciousness 2 days later, the first blood test was 
performed. Ultrasonography revealed an enlarged and fatty 
liver. He was transferred to Fujita Health University Hospital 
(Toyoake, Japan), where continuous hemodiafiltration was 

performed for 18 h in a similar procedure to that performed 
on patient 1. In total, 6 µl serum was used for acylcarnitine 
analysis using MS2 Screening Neo II kit (https://www.siemens‑ 
healthineers.com/jp/newborn‑mass‑screening/ms2‑screening‑series; 
Siemens Healthineers) and API 3200™ LC‑MS/MS System 
(SCIEX). He recovered without neurological complications, 
similar to patient 1.

On the day of symptom onset, in October 2015, patient 3 
was 7 months old. He appeared drowsy in the afternoon and 
then gradually developed tachypnea and loss of appetite. The 
next morning, the first blood examination was performed 
and hepatomegaly was identified at Kitasato University 
Hospital (looked after by KA; Sagamihara, Japan). Two dried 
blood spots were used for acylcarnitine analysis using MS2 
Screening Neo II kit (https://www.siemens‑healthineers.com/
jp/newborn‑mass‑screening/ms2‑screening‑series; Siemens 
Healthineers) and API 3200™ LC‑MS/MS System (SCIEX). 
A computed tomography scan revealed an enlarged and fatty 
liver. Hypoglycemia was immediately corrected by glucose 
infusion. Metabolic acidosis was corrected by continuous 
bicarbonate infusion (about 2 mEq/kg/h) for 5 h. He recovered 
without neurological complications.

As a newborn, patient 4 was fed with both breast milk 
and infant formula and showed normal physical growth until 
3 months of age. Thereafter, she was fed with only breast 
milk and her physical growth and development slowed down. 
On the day of symptom onset, in November 2016, she was 
7 months old. She vomited twice around noon and then gradu‑
ally developed tachypnea and impaired consciousness. She 
was hospitalized at Kurume University Hospital (Kurume, 
Japan) early the next morning because of severe hypoglycemia 
and metabolic acidosis. An infusion of glucose and bicar‑
bonate was started immediately. The patient's enlarged liver 
showed homogeneous hyperechogenicity compared with the 
kidney, which suggested a fatty liver. After 11 h, her metabolic 
status and consciousness had almost fully recovered. In total, 
6 µl serum was used for acylcarnitine analysis using Quattro 
Premier MS/MS (cat. no. 7200000594; Waters Coporation). 
Labeled carnitine standards set B‑op (cat. no. NSK‑B‑OP‑1; 
Otsuka Pharmaceutical Co., Ltd.) was used as internal 
standards.

In all 4 cases, urinary organic acids were analyzed using 
GCMS‑QP2010 Plus (Shimadzu Corporation). Urine samples 
containing 0.1 mg creatinine were used for this analysis. In 
Patient 4, QP5050 GC/MS (Shimadzu Corporation) was also 
used for confirmation. Urine sample containing 0.2 mg creati‑
nine was used for this analysis. Urine samples were prepared 
according to the previous report (14). The mass/charge 
ratios (m/z) used to detect 4‑HMP were 73, 99, 127, 139, 155, 
170, 183 and 198 (10). The details of blood acylcarnitine 
analyses were summarized in Table SI.

On first evaluation, the results of urinary organic acid 
analyses and blood acylcarnitine profiles in the acute phases of 
all four cases were regarded as non‑specific. Patients 1, 2 and 
3 were suspected of having HMGCS2 deficiency, because they 
presented with hypoketotic hypoglycemia and a high ratio of 
FFAs/TKBs, which prompted sequencing of their HMGCS2 
alleles immediately. In the case of patient 4, because the value 
of TKBs during hypoglycemia was unknown, a gene panel 
analysis was instead performed. After their critical episode, 
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each patient was advised to avoid prolonged fasting and to 
receive glucose infusion prophylactically during anorexia, to 
prevent another hypoglycemic episode. Patients 1, 2 and 4 have 
been followed for 6, 5 and 3 years, respectively. They have 
grown and developed normally without neurological sequelae 
and fatty liver disappeared in all three. No data were obtained 
regarding the prognosis of patient 3 due to the loss of follow‑up.

Mutational analysis. To obtain the white blood cells, ~4 ml 
whole blood sample was added to an equivalent volume of solu‑
tion consisting of 3% (W/V) dextran and 0.9% (W/V) NaCl, 
which was incubated for 1 h at room temperature to precipitate 
the red blood cells and to obtain the supernatant. The super‑
natant was then centrifuged at 1,730 x g for 10 min at room 
temperature to precipitate the white blood cells. Genomic DNA 
was purified from the white blood cells using a Sepa Gene kit 
(EIDIA Co., Ltd.) following the manufacturer's protocol. The 
genomic HMGCS2 sequence was obtained from the National 
Center for Biotechnology (NCBI) Reference Sequence 
Database (accession no. NG_013348.1/NM_005518.3). The 10 
exons of HMGCS2 from patients 1, 2 and 3 were amplified by 
PCR using a TaKaRa Taq™ (Takara Bio Inc.) and flanking 
intronic primers (listed in Table SII) under the following ther‑
mocycling conditions: Initial denaturation at 94˚C for 1 min, 
followed by 35 cycles of 94˚C for 1 min, 54˚C for 1 min and 72˚C 
for 1 min. DNA electrophoresis in 2% agarose gel was used to 
verify successful amplification. The amplified DNA in the gel 
was visualized with EtBr solution (cat. no. 315‑90051; Nippon 
Gene Co., Ltd.). Each amplified DNA was sequenced by bidi‑
rectional Sanger sequencing using BigDye™ Terminator v1.1 
Cycle Sequencing kit (cat. no. 4337450; Applied Biosystems; 
Thermo Fisher Scientific, Inc.) and a 3130xl Genetic Analyzer 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The same 
primers as those listed in Table SII were used to sequence the 
amplified DNA.

In the case of Patient 4, the NextSeq Sequencing System 
(Illumina, Inc.) at the Kazusa DNA Research Institute 
(Kisarazu, Japan) was used to perform a mutation analysis 
based on a DNA panel consisting of 193 genes (Table SIII). 
In the present study, additional 25 genes were added to a 
previous DNA panel containing 168 genes to detect various 
inherited metabolic diseases, including fatty acid oxidation, 
ketone body metabolism and transport and glycogen storage 
diseases (15). The customized probe was designed for target 
enrichment of the panel genes by SureSelect DNA Advanced 
Design Wizard (v5.5; https://earray.chem.agilent.com/sure‑
design/) and obtained from Agilent technologies, Inc. (cat. 
no. 5190‑4859; Agilent technologies, Inc.). Because genomic 
DNA was subjected to enzymatic fragmentation using a 
KAPA hyperplus library construction kit (cat. no. KK8510; 
Roche Diagnostics) for Illumina short‑read next‑generation 
sequencing, the insert DNA size of the resultant library, but not 
the integrity of genomic DNA, was monitored on a MultiNA 
microchip electrophoresis system (cat. no. MCE®‑202; 
Shimadzu Corporation). DNA sequencing was done using 
a NextSeq 500/550 Mid Output kit v2.5 (75 bp paired end; 
150 cycles; cat. no. 20024904; Illumina, Inc.) using a NextSeq 
500 system (Illumina, Inc.). The loading concentration of 
the library was 1.8 pM, which was quantified with a KAPA 
library quantification kit (cat. no. KK4824; KAPA Biosystems; 
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Roche Diagnostics). Variants in protein‑coding exonic regions 
and their 10‑base flanking regions were detected with the 
pipeline that was previously described (15). Briefly, sequence 
reads were aligned with the reference human genome (hg38; 
GCA_000001405.2) using the Burrows‑Wheeler Aligner 
‘MEM’ v0.7.5a35 algorithm (16). The duplicate reads were 
removed using Picard‑1.84's ‘MarkDuplicates’ command 
(http://broadinstitute.github.io/picard/). SNPs and indels 
were called using VarScan2's v.2.3.3 (http://varscan.source‑
forge.net) (17) and Genome Analysis Toolkit‑3.6.0 (GATK) 
HaplotypeCaller and UnifiedGenotyper (18,19).

In silico analysis of identified novel rare variants in 
the HMGCS2 gene was performed for all 4 cases using 
MutationTaster (https://www.mutationtaster.org/) (20), 
Polymorphism Phenotyping version 2 (http://genetics.bwh.
harvard.edu/pph2/), Protein Variation Effect Analyzer 
(PROVEAN) and Sorting Intolerant from Tolerant (SIFT) (11 
Dec, 2019; https://provean.jcvi.org/index.php).

Construction of two HMGCS2 expression vectors: One 
eukaryotic and one prokaryotic. The first step was to clone 
wild‑type full‑length HMGCS2 cDNA (NCBI sequence no.: 
NM_005518.3), which contains a mitochondrial targeting 
sequence, into the EcoRI site of the eukaryotic expression 
vector pCAGGS (21), which was performed by DNA Synthesis 
Services (GenScript Japan, Inc.). Next, the cDNA fragment 
encoding HMGCS2 without the mitochondrial targeting 
sequence was amplified by PCR from the eukaryotic expression 
vector using KOD FX Neo (Toyobo Life Science) and primers 
containing BamHI and EcoRI restriction sequences (italics), 
respectively: Forward, 5'‑CGC GGA TCC CTG GAA GTT CTG 
TTC CAG GGT CCT ACA GCC TCT GCT GTC C‑3'; and reverse, 
5'‑GAG GAG TGA ATT CTT AAA CGG‑3' under the following 
cycling conditions: Initial denaturation at 95˚C for 2 min, 
followed by 45 cycles of 98˚C for 10 sec, 58˚C for 30 sec and 
68˚C for 45 sec. The underlined segment of the forward primer 
is the recognition sequence of PreScission protease (GE 
Healthcare), which was used in subsequent experiments. The 
amplified fragment was digested by BamHI and EcoRI, then 
subcloned into the bacterial expression vector pGEX‑6P‑1 (GE 
Healthcare), which included the coding sequence of the fusion 
protein glutathione s‑transferase (GST). The synthesized 
constructs were transformed into the E. coli strain JM109 
(Toyobo Life Science). Positive clones were confirmed by the 
Sanger method and agarose gel electrophoresis to analyze the 
size of DNA fragments after enzymatic digestion of plasmid 
DNA (data not shown). These plasmid constructs were puri‑
fied by an Automatic DNA Isolation system PI‑50 (Kurabo 
Industries, Ltd.) and stored for subsequent experiments. The 
simplified map of the bacterial expression vector is illustrated 
in Fig. S1. A pGEX‑6P‑1 empty vector was used for the expres‑
sion of an isolated GST protein. Each variant was introduced 
into the two HMGCS2 expression vectors (one eukaryotic 
and one prokaryotic) using a KOD‑Plus mutagenesis kit and 
KOD‑Plus‑Neo by following the manufacturer's instructions 
(Toyobo Life Sciences, Ltd.).

Transient expression of HMGCS2 in HEK293T cells and 
western blotting. 293T cells (RIKEN Bioresource Center) 
were used for expression experiments. Mycoplasma testing 

was done using an EZ‑PCR Mycoplasma test kit (Biological 
Industries) according to the manufacturer's instructions. Each 
eukaryotic expression construct (2 µg) containing wild‑type 
or variant HMGCS2, or empty vector was transfected into 
3x105 293T cells using Lipofectamine® 2000 (Thermo Fisher 
Scientific, Inc.). After 1 day, the transfected cells were lysed 
with 200 µl hypotonic lysis buffer (10 mM Tris‑HCl, 10 mM 
NaCl, 0.5% Triton X‑100, 10 mM EDTA, pH 7.5). Protein in 
the soluble fraction was quantified by the Bradford protein 
assay using Bio‑Rad Protein Assay Dye Reagent Concentrate 
(cat. no. 500‑0006; Bio‑Rad Laboratories, Inc.) (22). Each 
protein sample (HMGC2, 20 µg; β‑actin, 5 µg) was subjected 
to electrophoresis in a 10% polyacrylamide gel containing 
sodium dodecyl sulfate (SDS‑PAGE), then transferred to 
0.2‑µm PVDF membrane using iBlot 2 Dry Blotting System 
(Thermo Fisher Scientific, Inc.). The membranes were then 
blocked in TBS supplemented with 0.1% Tween 20 and 5% 
BSA (cat. no. 015‑21274; FUJIFILM Wako Pure Chemical 
Corporation) for 70 min at room temperature. The membranes 
were probed with a rabbit polyclonal antibody (1:795; cat. 
no. ab104807; Abcam) against a synthetic peptide corre‑
sponding to a region within C‑terminal amino acids 444‑493 
of human HMGCS2 (NCBI reference sequence: NP_005509) 
or a monoclonal anti‑β‑actin antibody produced in mouse 
(1:10,000; cat. no. A5441; Sigma‑Aldrich; Merck KGaA) 
for 1 h at room temperature. This is followed by incubation 
with the secondary antibodies for 1 h at room temperature 
and Amersham™ ECL™ Prime Western Blotting Detection 
Reagent (GE Healthcare) for detection. The secondary anti‑
body used to detect HMGCS2 was horseradish peroxidase 
(HRP)‑conjugated anti‑rabbit IgG H + L (cat. no. W4011; 
Promega Corporation), whilst that used to detect β‑actin was 
Amersham ECL sheep anti‑mouse IgG, HRP‑linked whole 
Ab (cat. no. NA931‑1ML; Cytiva). Both antibodies had been 
diluted to 1:10,000 before use.

Expression in E. coli, purification and western blotting 
of HMGCS2. Wild‑type and mutant HMGCS2 expression 
vectors were transformed into the E. coli strain BL21 (DE3; 
BioDynamics Laboratory Inc.) grown in lysogeny broth (LB) 
medium (0.5% NaCl, 1% tryptone and 0.5% yeast extract; 
Thermo Fisher Scientific, Inc.) containing 0.1 mg/ml ampi‑
cillin to an A600 of 0.9‑1.1 at 37˚C. Optimal protein expression 
was induced with 0.3 mM isopropyl‑β‑D‑thiogalactopyrano
side (FUJIFILM Wako Pure Chemical Corporation) at 18˚C 
for 16 h. Cells were recovered by centrifugation at 1,800 x g at 
4˚C for 10 min, resuspended in lysis buffer A [50 mM HEPES, 
200 mM NaCl, pH 7.5, 10% glycerol, 1 mM dithiothreitol 
(DTT), 1.1 mM 4‑(2‑Aminoethyl)‑benzenesulfonyl fluoride] 
and disrupted by sonication at 0˚C, with 10‑sec sonications 
repeated 25 times. The interval between each sonication was 
50 sec. After centrifugation at 15,000 x g at 4˚C for 30 min, 
the soluble fraction was loaded into a column containing 
Glutathione Sepharose 4 Fast Flow (GE Healthcare) before 
the column was washed with lysis buffer B (50 mM HEPES, 
200 mM NaCl, pH 7.5, 10% glycerol, 1 mM DTT) followed 
by wash buffer (50 mM HEPES, 200 mM NaCl, pH 7.5, 
10% glycerol, 1 mM DTT, 0.5% [v/v] Triton X‑100). Triton 
X‑100 was removed by washing the column again with lysis 
buffer B. The GST fusion protein was eluted from the column 
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using elution buffer (50 mM Tris‑HCl, 9.8 mM reduced gluta‑
thione, pH 8.0). After exchanging the buffer with cleavage 
buffer (50 mM Tris‑HCl, 150 mM NaCl, 1 mM EDTA, pH 7.5, 
1 mM DTT) by filtration and dialysis, GST was separated 
from HMGCS2 by treatment with PreScission protease (GE 
Healthcare) at 4˚C for 12 h. PreScission protease and separated 
GST were removed from the mixture by running it through 
the Glutathione Sepharose 4 Fast Flow column again. Purified 
HMGCS2 was quantified by absorbance at 280 nm using a 
NanoDrop™ 1,000 Spectrophotometer (Thermo Fisher 
Scientific, Inc.). An isolated GST protein was created using the 
same procedure for HMGCS2 proteins. To compare the purity 
of each enzyme, 600 ng each partially purified wild‑type or 
variant HMGCS2 was separated by 10% SDS‑PAGE trans‑
ferred onto a nitrocellulose membrane. The membrane was used 
for Ponceau staining and subsequent Western blotting. TBS 
supplemented with 5% BSA was used as the blocking agent. 
The nitrocellulose membrane was then blocked for 3 h at room 
temperature. The membrane was probed with a rabbit poly‑
clonal antibody (cat. no. ab104807; Abcam) against a synthetic 
peptide corresponding to a region within C‑terminal amino 
acids 444‑493 of human HMGCS2 (NCBI reference sequence: 
NP_005509) for 17 h at room temperature before being probed 
with the alkaline phosphatase‑conjugated anti‑rabbit IgG 
(Fc) secondary antibody, (1:7,500; cat. no. S3731; Promega 
Corporation) for 70 min at room temperature.

In another experiment, 450 ng each sample was separated 
by 10% SDS‑PAGE before the proteins in the gel were stained 
with Coomassie brilliant blue R‑250 (cat. no. 031‑17922; 
FUJIFILM Wako Pure Chemical Corporation) for 20 min at 
room temperature. These samples were not transferred onto a 
membrane.

Enzymatic activity assay for purified HMGCS2. The spectro‑
photometric method described by Clinkenbeard et al (23) was 
used with modifications. Each protein sample (16.4‑43.2 µg) 
was incubated in 900 µl enzyme assay buffer (100 mM 
Tris‑HCl, 100 µM EDTA, 0.2% v/v Triton X‑100, pH 8.2) 
containing 300 µM acetyl‑CoA (Sigma‑Aldrich; Merck 
KGaA) for 17 min at 30˚C to prevent inactivation of HMGCS2 
by succinylation (24,25). Next, 35 nmol acetoacetyl‑CoA 
(Sigma‑Aldrich; Merck KGaA) were added, where HMGCS2 
activity was calculated from the rate of decrease of aceto‑
acetyl‑CoA measured by spectrophotometry at 300 nm, at 
which the absorbance of the enolate form of acetoacetyl‑CoA 
was maximum (26). The molar extinction coefficient of 
acetoacetyl‑CoA is 3.6x103 in this enzyme assay buffer (23). 
Activity measurements were performed in three independent 
experiments. Data are expressed as the mean ± SD.

Statistical analysis. One‑way analysis of variance (ANOVA) 
with Dunnett's multiple comparison test was performed using 
Prism 8 software (GraphPad Software, Inc.) to compare 
enzyme activities. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Mutational analysis. Six rare, non‑synonymous variants of 
HMGCS2 were detected in the four study cases, comprising 

compound heterozygotes of two variants (Fig. S2; Table I). 
Two of the variants, c.704T>C (p.M235T) and c.1175C>T 
(p.S392L), were identified in two unrelated patients. Five of the 
variants are novel mutations: c.656G>A (p.G219E), c.704T>C 
(p.M235T), c.758T>C (p.V253A), c.1175C>T (p.S392L), 
and c.1498C>T (p.R500C). Only the c.1499G>A (p.R500H) 
variant had been reported previously as a pathogenic muta‑
tion (27,28). In the mutation analysis of patient 4, the presence 
of any rare variants in other genes known to be related to 
abnormal blood glucose levels was not observed (Table SIII). 
All five of the novel HMGCS2 variants were evaluated 
in silico by MutationTaster, PolyPhen‑2, PROVEAN and SIFT 
to be disease‑causing, probably damaging, deleterious and 
damaging, respectively.

Transient expression and immunoblotting of HMGCS2 in 
293T cells. Full‑length HMGCS2 cDNA contains a mito‑
chondrial targeting sequence. HMGCS2 is expressed in 
cytosol as an immature protein with mitochondrial targeting 
peptide, which is cleaved in the mitochondrial matrix (5,29). 
Western blot analysis confirmed that immature HMGCS2 
protein with mitochondrial targeting peptide was expressed 
in all transfected cells except for the empty vector‑transfected 
cells, and each expression level was similar (upper‑band of 
the suitable molecular weight of immature HMGCS2 protein 
with mitochondrial targeting peptide). This result indicated by 
the western blot analysis suggested that each transfection was 
successful (Fig. 1). An antibody against β‑actin was used as a 
protein loading control, confirming that the amount of proteins 
in applied samples were similar (Fig. 1). The levels of mutant 
M235T, R500C and R500H proteins without mitochondrial 
targeting peptide were clearly detectable (lower‑band). 
However, mutant G219E protein without mitochondrial 
targeting peptide was not detectable, even though immature 
protein with mitochondrial targeting peptide was detected, as 
were wild‑type and other mutants.

Expression and purification of HMGCS2 from E. coli. A 
wild‑type HMGCS2‑GST fusion protein that was expressed 
in E. coli was successfully constructed. Wild‑type HMGCS2 
protein was then purified using Glutathione Sepharose column 
chromatography, PreScission protease cleavage and a second 
Glutathione Sepharose column (Fig. S3). Although extra 
protein bands remained in the purified wild‑type HMGCS2 
preparation, a further purification step decreased its enzyme 
activity, this partially purified preparation was used in the 
enzymatic activity assay. From 1 g of cultured E. coli 147 µg 
of wild‑type HMGCS2 was purified.

The variant HMGCS2 proteins were expressed and 
purified using the same procedure. The amounts of purified 
proteins (µg) obtained from 1 g of E. coli expressing the 
HMGCS2 variants G219E, M235T, V253A, S392L and R500C 
were 42.2, 258, 147.8, 66.5 and 99.6, respectively.

Fig. 2A‑C shows western blotting results, ponceau staining 
and coomassie brilliant blue R‑250 staining of each partially 
purified HMGCS2. The G219E variant had a weaker signal 
compared with the wild‑type and other HMGCS2 variants, 
indicating that the purity of the G219E preparation was 
lower than the others (Fig. 2A). The enzymatic activity of 
the wild‑type, V253A, R500C and S392L HMGCS2 were 
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345±58.2, 83±8.45, 12.7±1.30, and 3.6±3.43 nmol/min/mg 
protein, respectively, and these activities of the variants were 
significantly lower than that of wild‑type. Only the V253A 
variant had some residual activity. The other four variants had 
either no detectable activity or negligible enzymatic activity. 
(Fig. 2D). Based on these expression analyses, it was concluded 
that all five variants were pathogenic.

Discussion

In the present report, four cases of HMGCS2 deficiency 
have been described in Japanese patients. All four patients 
presented with severe hypoketotic hypoglycemia with severe 
metabolic acidosis, hepatomegaly or fatty liver with elevated 
liver enzymes, elevated C2 and C2/C0 ratio in acylcarnitine 
analysis and an elevated FFA level during an acute episode 
of metabolic decompensation (Table I). Although the TKBs 
measurement during the acute episode in Patient 4 was not 
available, the other three patients had high FFAs/TKBs ratios. 
Genetic analyses revealed that these patients were compound 
heterozygotes of two variants. Five out of the six identified 
variants were novel variants (Table I). Initially a transient 
expression analysis of wild‑type and variant HMGCS2 was 
conducted in human fibroblasts, which was established and 
SV40‑transformed in the laboratory from a patient with 
beta‑ketothiolase deficiency and used in previous report (30). 
In this earlier study it was difficult to detect wild‑type HMGCS 
enzyme activity. Using a bacterial expression system that was 
previously used for characterization of HMGCS2 mutants by 
other groups (28,31) it was possible to confirm that these novel 
variants are disease‑causing missense mutations. The p.G219E 
mutant enzyme appeared to be less stable than the wild‑type 
enzyme, which was also confirmed by the transient expression 
experiment in HEK293T cells.

Clinically it is still challenging to recognize HMGCS2 defi‑
ciency (10). A non‑ketotic hypoglycemic episode with a high 
FFAs/TKBs ratio is the most important feature of HMGCS2 
deficiency as well as defects in fatty acid oxidation (6). Each 
fatty acid oxidation defect has a characteristic profile in blood 

acylcarnitine analysis (32). In cases of HMGCS2 deficiency, 
some reports have described that elevated C2 and C2/C0 ratios 
were observed during acute episodes (11,12,33). In the present 
study high C2 and relatively low C0 was also observed in the 

Figure 1. Immunoblot analysis of transiently expressed wild‑type and variant 
HMGCS2 in 293T cells. Protein samples from 293T cells transfected with 
wild‑type or mutant HMGCS2 cDNA or empty expression vectors were 
probed with anti‑human HMGCS2 antibody and monoclonal anti‑β‑actin 
antibody. The upper arrow indicates HMGCS2 with mitochondrial targeting 
peptide, and the lower arrow indicates HMGCS2 without mitochondrial 
targeting peptide. HMGCS2, 3‑hydroxy‑3‑methylglutaryl‑CoA.

Figure 2. HMGCS2 expression in a bacterial system. The purified GST 
protein was used as a negative control. (A) Western blotting of 600 ng 
purified wild‑type and variant HMGCS2 expressed and purified from 
Escherichia coli and probed with anti‑human HMGCS2 antibody. 
(B) Ponceau staining was performed on the same membrane used for the 
immunoblot and shows equal protein loading and transfer. (C) Coomassie 
brilliant blue R‑250 staining of 450 ng of each sample shows equal distribu‑
tion of proteins in the gel. (D) Specific enzymatic activity (dark gray bars) 
of wild‑type and the G219E, M235T, V253A, S392L and R500C mutant 
variants of HMGCS2. Activity measurements were performed in three inde‑
pendent experiments. The error bars indicate standard deviations. Significant 
differences were observed compared to wild‑type. *P<0.0001. HMGCS2, 
3‑hydroxy‑3‑methylglutaryl‑CoA; ND, not detected.
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patients. In HMGCS2 deficiency, the β‑oxidation pathway is 
intact and produces plenty of acetyl‑CoA in times of ketogenic 
stress, but acetyl‑CoA cannot be used for ketogenesis. Hence, 
it is reasonable that acetyl‑CoA is accumulated and produces 
acetylcarnitine (C2) in hepatocytes. However, in patients 
with fatty acid oxidation defects, acetyl‑CoA production via 
β‑oxidation is impaired. It may be hypothesized that hypoke‑
totic hypoglycemia with elevated C2 and C2/C0 ratios during an 
acute crisis may be a promising indicator to identify HMGCS2 
deficiency. Urinary organic acid analysis shows non‑ketotic 
dicarboxylic aciduria in both HMGCS2 deficiency and fatty 
acid oxidation defects. Recently, Pitt et al (10) reported the 
presence of characteristic urinary organic acids such as 4HMP 
during acute episodes in patients with HMGCS2 deficiency. 
Retrospectively, 4HMP was also detected in the urine samples 
of the patients in the present study. It should be stressed that 
such findings are only detected during acute episodes in both 
acylcarnitine and urinary organic acid analyses (10).

Enzymatic assay of HMGCS2 activity is reported to be 
challenging (5) and is currently measured by the reduction 
of acetoacetyl‑CoA spectrophotometrically (13,28,31,34). 

However, another cytosolic form of HMGCS and several other 
enzymes may influence the assay because these enzymes 
utilize acetoacetyl‑CoA (34). The latter might include 
mitochondrial acetoacetyl‑CoA thiolase, mitochondrial 
3‑ketoacyl‑CoA thiolase, cytosolic acetoacetyl‑CoA thiolase, 
and acyl‑CoA hydrolase. Lascelles and Quant (34) measured 
HMGCS2 activity in human liver samples. Whole lysates of 
transfected SV40‑transformed fibroblasts, which were derived 
from a patient with mitochondrial acetoacetyl‑CoA thiolase 
(T2) deficiency (30) and chosen because T2 is one of the major 
enzymes that catalyzes acetoacetyl‑CoA and thus could affect 
the HMGCS2 enzyme assay, failed to show HMGCS2 enzy‑
matic activity. The expression level of HMGCS2 protein might 
have been too low to overcome the other intrinsic enzymes that 
use acetoacetyl‑CoA as a substrate.

When the research strategy was changed to assay the 
activity of HMGCS2 purified from a bacterial expression 
system influences from other enzymes no longer needed 
to be considered. Previously two reports described the 
successful characterization of HMGCS mutants using bacte‑
rial expression systems (28,31). In the bacterial expression 

Figure 3. Three‑dimensional structure of HMGCS2, obtained using PyMOL Molecular Graphics System version 2.2.0. (A) The whole structure of wild‑type 
HMGCS2, shown as a homodimer. Each subunit is indicated by a green or cyan ribbon diagram. The residues substituted in patients are shown as yellow 
spheres. HMG‑CoA is indicated by magenta spheres. (B) A partial structure of wild‑type HMGCS2. Ser392 and the main chain of Leu374 are shown as a 
stick model colored by atom type (cyan or green, C; red, O; blue, N; white, H; and gold, S). The hydrogen bond between Ser392 and Leu374 is shown as a 
dotted red line. (C) A partial structure of wild‑type HMGCS2 in cross‑eye stereo view. The side chains of Asp496 and Arg500, and those of Tyr239 and 
Tyr242 in another subunit, are shown as a stick model. Hydrogen bonds are shown as dotted red lines. The side chain of Arg500 forms two hydrogen bonds 
with Asp496. Arg500 is also exposed to Tyr239 and Tyr242 in another subunit. The shortest interatomic distances to Arg500 from Tyr242 and Tyr239 
(shown as dotted orange lines) are 170 and 280 picometers, respectively. (D) The side chain of Met235 shown as a stick model. Cyan spheres indicate another 
subunit. (E) The side chain of Val253 shown as a stick model. HMG‑CoA is indicated by magenta spheres. Cyan spheres indicate another subunit. HMGCS2, 
3‑hydroxy‑3‑methylglutaryl‑CoA.
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system in the present study, enzyme assays were performed 
without adding Mg2+. Mg2+ can increase the absorbance of 
acetoacetyl‑CoA (26), but it inhibits HMGCS2 in a concentra‑
tion‑dependent manner; for example, 10 mM Mg2+ in the assay 
buffer inhibits the reaction by 50% (35). The concentration of 
free Mg2+ in the matrix of liver mitochondria is estimated to 
range from 0.8 to 1.2 mM (36), so the in vivo inhibition effect 
of Mg2+ would seem to be quite small. While adopting this 
physiological concentration of Mg2+ would have been ideal, 
a reliable molar extinction coefficient of acetoacetyl‑CoA at 
this physiological condition was not found in the literature. 
Thus, in the present study no Mg2+ was added to the enzyme 
assay buffer, even though a previous report adopted 5‑10 mM 
Mg2+ (34).

Enzymatic activity of the V253A variant was approximately 
one quarter that of the wild‑type enzyme, which was much 
higher than the other four variants. The V253A variant was 
found in patient 4. Patient 4 C2/C0 and C2 (acetylcarnitine) 
levels were the lowest of all four patients, which is compatible 
with the fact that this variant showed some residual activity in 
the experiments. It may be hypothesized that a small amount 
of acetyl‑CoA in hepatocytes was transformed into ketone 
bodies in Patient 4 by the V253A variant. The data suggest 
that the V253A variant may be a disease‑causing mutation. It 
shows lower enzymatic activity than the R505Q variant, which 
was reported to be a disease‑causing mutation (31).

The enzyme kinetics of HMGCS2 were also challenging. 
The V253A variant showed some residual activity, which led 
to further analysis. Kinetic analysis of the V253A variant 
and wild‑type protein was performed. However, Km values 
for acetoacetyl‑CoA were too low to be evaluated accurately 
(data not shown). An attempt to identify the Km value for 
acetyl‑CoA was also made. The Km value for acetyl‑CoA in 
this experiment was higher compared with that described 
previously (data not shown) (28). This could be because large 
amounts of acetyl‑CoA were consumed during preincubation. 
Enzyme kinetics of the variant should be further researched to 
elucidate its pathophysiology in more detail.

The three‑dimensional structure of human HMGCS2 
(Protein Databank ID: 2WYA) is shown in Fig. 3A. In this 
structure, two subunits form a homodimer, which is crucial 
for its enzymatic activity (31). The residues Glu132, Cys166 
and His301 catalyze the reaction directly (37). The residues 
Ser392 and Leu374, each a part of an α‑helix, are connected 
by the only hydrogen bond between these two alpha‑helices 
(Fig. 3B). Replacing Ser392 with a Leu residue (S392L) would 
remove this hydrogen bond and may alter the tertiary structure 
of HMGCS2. Arg500 is located on the neighbor region of 
a beta‑turn, and is also located on the dimerization surface. 
Because the side chain of Arg500 forms two hydrogen bonds 
with Asp496 (Fig. 3C), this beta‑turn may become unstable 
when these hydrogen bonds are lost due to the replacement 
of Arg500 with Cys (variant R500C), which also could affect 
dimerization. Met235 is located on the dimerization surface 
(Fig. 3D). Because replacement of this amino acid with Thr 
(M235T) would change the hydrophilicity of this surface, it 
may affect dimerization. Val253 is one of the residues that 
compose the active site of this enzyme (Fig. 3E), but is not 
directly involved in the chemical reaction. Replacing this 
amino acid with Ala (V253A) could alter the interaction 

of residues that compose the active site, and would make it 
difficult to stabilize the substrates in an appropriate position. 
In summary, the secondary structure may be affected by 
R500C, the tertiary structure may be affected by S392L, the 
quaternary structure may be affected by M235T and R500C 
and the V253A variant would be expected to affect the binding 
to substrates.

In conclusion, in vitro analysis has shown that the 
p.G219E, p.M235T, p.V253A, p.S392L and p.R500C variants 
of HMGCS2 are disease‑causing mutations. In acylcarnitine 
analysis, C2 and C2/C0 in the acute phase may be promising 
indicators to differentiate HMGCS2 deficiency from fatty acid 
oxidation defects.
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