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3-Hydroxyisobutyryl-CoA hydrolase (HIBCH) deficiency is an autosomal recessive disorder characterized by ep-
isodes of ketoacidosis and a Leigh-like basal ganglia disease, without high concentrations of pyruvate and lactate
in the cerebrospinal fluid. Only 4 cases of HIBCH deficiency have been reported. However, clinical-biochemical
correlation in HIBCH deficiency by determining the detailed residual enzyme activities has not yet been elucidat-
ed. Here, we report a case of two Japanese siblings with HIBCH deficiency carrying a new homozygous missense
mutation (¢.287C > A, [p.A96D]) at the substrate-binding site. A transfection study using HIBCH expression
vectors harboring wild type or 4 reported mutations, including the newly identified mutation (p.A96D,
p.Y122C, p.G317E, and p.K74Lfs*13), revealed a correlation between residual HIBCH activities and the severity
of the disease. All HIBCH mutants, except p.K74Lfs*13, showed residual enzyme activity and only the patient
with p.K74Lfs*13 had congenital anomalies. p.G317E showed only low enzyme activity (~3%) of that of wild-
type HIBCH. Although p.A96D had approximately 7 times higher enzyme activity than p.G317E, patients with
p.A96D died during childhood. These findings are essential for clinical management, genetic counseling, and spe-

cific meal and concomitant drug considerations as part of the treatment for patients with HIBCH deficiency.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction mutations from 4 cases of HIBCH deficiency have been reported, but the

clinical-biochemical correlation has not yet been evaluated in terms of

Essential amino acids, leucine, isoleucine, and valine, are commonly
termed as branched-chain amino acids (BCAAs). In humans, BCAAs are
found at high levels in skeletal muscle, where they contribute to energy
production by catabolism after the activation of branched-chain a-keto
acid dehydrogenase complex (BCKDC) during energy-compromised
states such as, exercise or fever [1]. 3-Hydroxyisobutyryl-CoA hydrolase
(HIBCH) localizes in the mitochondrial matrix and is crucial to prevent
the accumulation of toxic methacrylyl-CoA by removing CoA from 3-
hydroxyisobutyryl-CoA in the valine catabolic pathway [2]. HIBCH defi-
ciency is an autosomal recessive disorder characterized by episodes of
ketoacidosis and a Leigh-like basal ganglia disease. Presently, only 4
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detailed residual enzyme activities [3-5]. Here, we report a newly identi-
fied case of two Japanese siblings with HIBCH deficiency and discuss the
clinical-biochemical correlation of all 6 known cases of HIBCH deficiency
by determining the relative residual enzyme activity of the 4 mutant
HIBCH proteins. We also describe, in detail, the clinical features of both
patients and brain magnetic resonance imaging (MRI) findings for one
patient in response to treatment with frequent carbohydrate-rich meals.

2. Materials and methods
2.1. Bioethics approval

The experiments were conducted after approval by the institutional
review board at the Institute for Developmental Research, Aichi Human

2214-4269/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Service Center. Written informed consent was obtained from the pa-
tients, other members of the patients' family, and the normal controls
who participated in this study. Lymphoblastoid cell lines were
established by the Institute for Developmental Research, Aichi Human
Service Center, through Epstein-Barr virus transformation of peripheral
blood samples obtained from the patients and the normal controls.

2.2. Patients

Patient II-2 was the second child of healthy, nonconsanguineous,
Japanese parents. She was born at full term gestation after an uncompli-
cated pregnancy. Her birth weight was 2714 g, and she measured 44 cm
(—2.6 SD) in length, with an occipitofrontal circumference of 32.5 cm
(—0.5 SD). She could hold her head up at 5 months and roll over at
10 months. At 12 months, she was referred to the hospital due to gener-
alized hypotonia and a developmental delay after viral infection. Brain
MRI revealed bilateral signal abnormalities in the globi pallidi. A muscle
biopsy from the right biceps brachii showed no abnormalities. Lactate
and pyruvate levels in arterial blood (16.5 mg/dL and 1.48 mg/dL, respec-
tively; normal range: 5-20 mg/dL and 0.3-0.9 mg/dL, respectively) and
cerebrospinal liquor (13.5 mg/dL and 1.12 mg/dL, respectively; normal
range: 9.1-18.8 mg/dL and 0.26-1.32 mg/dL, respectively) measured
once in a non-acute phase were almost normal [6]. At 15 months, she
had febrile illness and impaired consciousness with severe metabolic ac-
idosis. Arterial blood ketone bodies, pH, pCO,, and base excess were
(8700 umol/L; normal range: <130 pmol/L), 7.051, 6.7 mm Hg, and
—26.9 mEq/L, respectively. She required ventilator support and frequent
infusions of bicarbonate. A brain MRI showed bilateral signal abnormali-
ties in the globi pallidi and right caudate nucleus (Fig. 1A). Consequently,
she developed subarachnoid hemorrhage, had no spontaneous respira-
tions, and demonstrated no pupillary response to light and corneal reflex.
At 17 months, electroencephalography (EEG) revealed an absence of
brain activity, and auditory brainstem response audiometry showed no
response. She used a home mechanical ventilation system until she died
at 4 years of age with acute heart failure and severe metabolic acidosis
(pH; 6.87, pCO,; 13.5 mm Hg, and base excess; —29.4 mEq/L).

Patient II-4 was the younger sister of patient II-2, and was delivered by
normal vaginal delivery at 39 weeks gestation. Her birth weight was
3245 g and she measured 51.5 cm (0.9 SD) in length, with an
occipitofrontal circumference of 33.5 cm (0.3 SD). She acquired head con-
trol and rolled over at 4 months. However, she could not sit independent-
ly even at 9 months and was referred to the hospital. She exhibited
generalized hypotonia and poor body-weight gain. Deep tendon reflexes
were mildly increased in the lower limbs and pathological reflexes were
not detected. Cranial MRI revealed no abnormalities at 11 months. She
developed bilateral signal abnormalities in the globi pallidi (Fig. 1B) at
14 months without any episodes. She also showed dystonia. Cardiac
ultrasonography performed at 16 months showed no abnormalities. At
18 months, she contracted influenza and developed impaired conscious-
ness with severe metabolic acidosis. Arterial blood pH, pCO-, and base

excess were 7.286, 20.8 mm Hg, and — 14.8 mEq/L, respectively. Plasma
levels of ketone bodies, lactate, and pyruvic acid were 5804 umol/L,
15.3 mg/dL, and 1.2 mg/dL, respectively. A brain MRI revealed the pro-
gression of the pathological lesions (Fig. 1C). EEG showed continuous,
generalized, high-voltage slow waves. She required frequent infusions
of bicarbonate and lost head control and eye pursuit. Since the patient
was found to be homozygous for a pathogenic HIBCH mutation, she was
treated with frequent carbohydrate-rich meals to avoid the onset of
fasting as suggested in a previous report [5] and coenzyme Q10 (30 mg/
day), vitamin C (375 mg/day), and vitamin E (75 mg/day), which are
known to have a positive antioxidant effect [7]. Consequently, she steadily
recovered and exhibited a social smile again. It was noted that the abnor-
mal brain regions improved with recovery of the physical condition
(Fig. 1D). However, at 3 years and 10 months, she suddenly acquired an
infection, developed impaired consciousness, and was hospitalized. At
that time, she showed severe metabolic acidosis: arterial blood pH,
pCO,, and base excess were 7.198, 21.4 mm Hg, and — 18 mEq/L, respec-
tively. Her family did not consent to intensive treatment with a ventilator
and she died 2 days after admission. Enzyme activities of multiple respira-
tory chain (RC) enzymes and the pyruvate dehydrogenase complex
(PDHc) of both patients were not determined. The clinical features of
the presented patients are summarized in Table 1.

2.3. Mutation analysis

Whole-exome analysis was performed on 3 family members [patient
[I-2, the father (I-1), and the mother (I-2)]. Genomic DNA was isolated
from peripheral blood leukocytes by standard phenol/chloroform extrac-
tion, sheared into approximately 300 bp fragments, and used to create a
library for multiplexed, paired-end sequencing (Illumina, San Diego, CA,
USA). Targeted sequences were purified, amplified, and sequenced
using an Illumina HiSeq2000 platform with paired-end 100 bp configura-
tion. The mapping result was corrected using Picard (ver. 1.73) to remove
duplicates and GATK (ver. 1.6-13) for local alignment and quality score
recalibration. Annotations of single nucleotide variants (SNVs) and indels
were based on dbSNP135, CCDS (NCBI, Nov 2011), RefSeq (UCSC Genome
Browser, Nov 2011), Encode (UCSC Genome Browser, ver. 7), and
1000Genomes (Oct 2011). We filtered the raw data based on the assump-
tion of autosomal recessive inheritance, and that penetrance was 1.0.
Variants were further filtered according to the following criteria: with
predicted functions of frameshift, nonsense, read-through, missense, de-
letion, insertion, or insertion-deletion.

To confirm the mutation identified in exon 4 of HIBCH by whole-
exome analysis, a DNA segment was amplified from genomic
DNA by PCR using the HIBCH-specific primers S1 (sense primer;
5’-gtactgtcacaaacacatatgtat-3’) and A1l (antisense primer; 5'-
tactaactgcagaaagtaagtct-3’). The resulting PCR product was purified
and then sequenced using the GenomeLab™ GeXP Genetic Analysis Sys-
tem (Beckman Coulter, Fullerton, CA, USA) and the GenomeLab™ Dye
Terminator Cycle Sequencing with Quick Start Kit (Beckman Coulter).

Fig. 1. Brain MRI of the patients. (A) Brain MRI of patient II-2 at 14 months revealed bilateral signal abnormalities in the globi pallidi and right caudate nucleus. (B) Brain MRI of patient II-
4 at 14 months showed bilateral signal abnormalities in the globi pallidi. (C) Brain MRI of patient II-4 at 18 months revealed progression of the pathological lesions, with atrophy of the
cortex and enlargement of the ventricles. (D) The brain MRI scan of patient II-4 at 24 months shows improvement in signal abnormalities in the basal ganglia when compared to scans at

14 (B) and 18 (C) months.
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Table 1
Summary of 6 Cases with HIBCH deficiency.

S1 S2 S3 S4 11-2 -4
Mutations Lys74Leufs*13 Tyr122Cys/IVS2-3C > G Gly317Glu Gly317Glu Ala96Asp Ala96Asp
Gender Male Male Male Male Female Female
Family history Consanguinity (+) Consanguinity (-) Consanguinity (+) Consanguinity (+) Consanguinity (-)  Consanguinity (-)

parents are first cousins distantly related parents  brother of S3 sister of [I-2
Initial present Dysmorphism at birth Head bobbing at 4 m Developmental Poor feeding at birth Poor head control  Sitting with support

regression at 3 m at4 m at9 m
Hypotonia + + ++ ++ + +
Seizures ND Absences of eye Myoclonus at 8 m Infantile spasmat7 m - -
rolling at 9 m generalized at 10 m

Dystonia ND + + + - +
Others Dysmorphism, tetralogy  Cerebellar ataxia Vomiting, irritability Vomiting, irritability - -

of Fallot, vertebral intention tremor sleep disturbance sleep disturbance

abnormalities
Age at death 3m 8 y (alive) 3y 2y8m 4y3m 3y10m
Abnormal signals ND Globi pallidi Globi pallidi Dentate nuclei Globi pallidi Globi pallidi
in (brain MRI) globi pallidi
CSF lactate ND 13 3.5,2.2 21,26 15 ND
(<2.0 mmol/L)
Relative HIBCH activity 0 >27.5 3 3 22 22
(WT = 100%)
References [3,5] [5] [4] [4] This study This study

+, present; —, not present; ND, not described; m, month; y, year; WT, Wild Type.

DNA fragments amplified with S1 and A2 (5’-ctttacctctgatatcacacgcg-3')
from family members and controls were subjected to restriction frag-
ment length polymorphism (RFLP) analysis using Mlul. The gcg se-
quence (underlined) in A2 was introduced to generate an Mlul
recognition site (acgcgt) in the amplified fragments from the mutant
allele.

2.4. Construction of wild-type and mutant HIBCH cDNA expression vectors

A96D HIBCH and wild-type cDNA were amplified from first-strand
cDNA of lymphoblastoid cells obtained from patient II-4 and normal con-
trols, respectively, using primers S2 (exon 1; 5'-ttcggaattcttggcgatggggca-
3’) and A3 (exon 14; 5’-gcctggatcctcaaaatttcaaatcac-3'). An EcoRI recog-
nition site (gaattc) or a BamHI recognition site (ggatcc) was introduced
into S2 or A3, respectively. After the sequences of the PCR products
were confirmed, EcoRl/BamHI fragments of wild-type and A96D HIBCH
cDNA were subcloned into the EcoRI/BamHI site of the mammalian ex-
pression vector p3 x FLAG-CMV (Sigma-Aldrich, St. Louis, MO, USA) to
yield pHIBCH and pHIBCH-A96D, respectively. Both pHIBCH and
pHIBCH-A96D contained a termination codon (TGA) upstream of
the 3 x FLAG-tag sequence. Three mutant HIBCH expression vectors,
pHIBCH-Y122C, pHIBCH-G317E, and pHIBCH-K74Lfs*13, which
contained p.Y122C, p.G317E, and p.K74Lfs*13 IVS3-9T>G mutation at
the intron 3-exon 4 boundary, a frameshift) mutations, respectively,
were generated using the in vitro mutagenesis method according to
Yamada et al. [8].

2.5. Determination of HIBCH activity in patient lymphoblastoid cells and
HEK293 cells transiently expressing mutant HIBCH

HIBCH activity was measured via a coupled enzyme assay with
crotonase using methacrylyl-CoA as a substrate, according to the meth-
od described by Shimomura et al. [9]. Briefly, cells were solubilized with
a solution containing 50 mM potassium phosphate, pH 7.5, 1 mM EDTA,
0.5% (w/v) Triton X-100, 0.1 mM phenylmethanesulfonyl fluoride
(PMSF), 10 uM N-tosyl-L-phenylalanine chloromethyl ketone (TPCK),
and, 10 pg leupeptin/mL. The assay cocktail (1 mL) contained 100 mM
Tris-HCI, pH 8.0, 1 mM EDTA, 0.1% (w/v) Triton X-100, and 0.1 mM
5,5'-dithiobis (2-nitrobenzoic acid) (Sigma-Aldrich), and the reaction
was started by mixing the enzyme solution, 0.2 mM methacrylyl-CoA,
and crotonase (10 units/mL, Sigma-Aldrich) in a cuvette at 30 °C, and
changes in absorbance at 412 nm were monitored for 2 min. One unit

of HIBCH activity catalyzes the formation of 1 pmol of CoA per minute.
Protein concentration was determined by the Bradford method,
using IgG as the standard. The Km values of HIBCH in the cells of patient
[I-4 and in 3 control lymphoblastoid cells were determined using
Lineweaver-Burk plot by measuring HIBCH activities with different
substrate concentrations.

HEK293 cells were maintained in Dulbecco's modified Eagle's medi-
um (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal calf
serum. The cells were grown to 80-90% confluence in 24-well dishes
at 37 °C with 5% carbon dioxide and then cotransfected with 10 ng
pCMV-B-gal (an Escherichia coli 3-galactosidase expression vector)
and 0.8 pg of either a human HIBCH expression vector (pHIBCH,
PpHIBCH-A96D, pHIBCH-Y122C, pHIBCH-G317E, or pHIBCH-K74Lfs*13)
or the control vector (p3 x FLAG-CMV), using the Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA). After 48 h the cells were
harvested, washed twice with PBS, and solubilized in 200 pL of ice-
cold 50 mM potassium phosphate buffer (pH 7.5) containing 1 mM
EDTA, 0.5% (w/v) Triton X-100, 0.1 mM PMSF, 10 pM TPCK, and
10 pg leupeptin/mL.

The efficiency of the DNA transfection was verified by measuring 3-
galactosidase activity using o-nitrophenyl-p-p-galactopyranoside as the
substrate [10]. Lysed cell extracts (containing 15 pg protein each) were
electrophoresed on 10% SDS-polyacrylamide gels, transferred onto
PVDF membranes (Immobilon-P, Millipore, Billerica, MA, USA), and in-
cubated with a polyclonal antibody specific for HIBCH (at a dilution of
1:1,000), which was raised in rabbit by injection of purified HIBCH of
rat liver, at 4 °C overnight. After incubation with a secondary horserad-
ish peroxidase-conjugated anti-rabbit IgG antibody (at a dilution of
1:20,000; Promega, Madison, WI, USA), the signals were visualized
with an enhanced chemiluminescence western blotting detection sys-
tem (GE Healthcare, Tokyo, Japan).

2.6. Quantitative acylcarnitine analysis

Acylcarnitines (ACs) in serum were analyzed using electrospray
tandem mass spectrometry (LCMS/MS) (LCMS-8040, Shimadzu,
Kyoto, Japan) [11]. Briefly, 150 pL methanol-extracted sample was
dried under a nitrogen stream and butyl-derivatized with 50 pL of 3 N
n-butanol-HCl at 65 °C for 15 min. The dried butylated sample was
dissolved in 100 L of 80% acetonitrile:water (4:1 v/v). The ACs in 1 pL
of the resultant aliquots were analyzed using LCMS/MS and evaluated
using LabSolutions LCMS (Shimadzu) and Neonatal software (Shimadzu).
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3. Results

3.1. Identification of a novel missense mutation (p.A96D) in HIBCH from the
2 patients

Whole-exome analysis of genomic DNA from a family member re-
vealed a novel missense mutation (c.287C > A, [p.A96D]) in exon 4 of
HIBCH on chromosome 2q32.3 (Fig. 2A). A96 is one of the substrate-
binding residues in HIBCH and is highly conserved in eukaryotes
(e.g., Arabidopsis thaliana, Caenorhabditis elegans, and other higher eu-
karyotes whose sequence information is available in the NCBI reference
protein database; Fig. 2C). The mutation is absent from the NCBI refer-
ence assembly SNP database and could not be located using the
Human Genetic Variation Browser. The mutation has a maximum pre-
dicted pathogenicity score, as determined by Polyphen-2 [12]. Direct se-
quencing and PCR-RFLP analysis demonstrated that both patients were
homozygous for the mutation and that their parents were heterozygous
(Fig. 2B). We could not trace the relationship beyond the grandparents
of the parents. However, ancestors of the grandparents of the parents
lived in the same prefecture of Japan, raising the possibility that the pa-
tients and their parents in the present study have inherited the same
mutation from a common ancestor.

3.2. HIBCH activity was decreased in lymphoblastoid cells from patient I1I-4
and HEK293 cells transiently expressing mutant HIBCH

The HIBCH activity in patient II-4 lymphoblastoid cells was de-
creased to 35% of that of the healthy controls' cells (Fig. 3A). A transfec-
tion study showed that transient expression of pHIBCH increased the
level of HIBCH activity approximately 5-fold when compared with
that in control cells mock transfected with p3 x FLAG-CMV. HIBCH
activity in cells transiently expressing the HIBCH mutants p.A96D,
p.Y122C, p.G317E, or p.K74Lfs*13 were 22%, 55%, 3%, and 0% of the
wild-type HIBCH activity, respectively (Fig. 3B). Western blot analy-
sis demonstrated that the amounts of HIBCH harboring p.A96D and
p.Y122C mutations were the same as that of wild type. However,
the amount of HIBCH harboring the p.G317E mutation decreased,
while HIBCH harboring the frameshift mutation (p.K74Lfs*13) was
not detected (Fig. 3B). The mean Km of HIBCH in the cells of patient
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[I-4 and in 3 control lymphoblastoid cells was determined to be
20.1 pM and 3.7 pM, respectively (Fig. 3C).

3.3. Serum hydroxy-C4-carnitine (C40H) was increased in patient II-2

Serum C40H levels of patient II-2 in the non-acute phase and the 6
controls (mean + SD) were 0.17 and 0.023 + 0.010 nmol/mL, respec-
tively. Thus, the serum concentration of C40H in II-2 was approximately
7 times higher than those of normal controls.

4. Discussion

HIBCH deficiency is quite a rare disease, and prior to this study, only
4 cases had been reported [3-5]. In the initial case report by Brown et al.
[3], the authors noted that specific characteristics of this disease were
caused by the accumulation of methacrylyl-CoA in multiple tissues as
the result of an enzyme deficiency in the valine catabolic pathway. It
is hypothesized that intramitochondrial methacrylyl-CoA then reacts
with thiol compounds (e.g., cysteamine, cysteine and reduced glutathi-
one (GSH)) to form cysteine, cysteamine and glutathione conjugates of
methacrylyl-CoA [3] and essential cysteine residues of mitochondrial
enzymes, including multiple RC enzymes and PDHc, and reduces their
activities [4]. This leads to cell damage, especially in the basal ganglia,
by dramatically decreasing the cellular reduction state and reducing
ATP production [4].

As the residual HIBCH activities in cultured fibroblasts derived from
previously reported patients were below detectable limits, they could
not be precisely determined [4,5]. In this study, we measured HIBCH ac-
tivity in lymphoblastoid cells, as cultured fibroblasts from patient II-4
were not available. Thus, it was not possible to compare residual
HIBCH activities in the 6 reported patients [3-5]. Therefore, to investi-
gate the clinical-biochemical correlation in this disease, we constructed
wild-type and mutant HIBCH expression vectors, transiently expressed
them in HEK293 cells, and then determined HIBCH activities (Fig. 3B).
The cells expressing p.K74Lfs*13 had no HIBCH activity in the absence
of the mature protein (Fig. 3B). Thus, HIBCH harboring p.K74Lfs*13 is
nonfunctional. However, only low enzyme activity (~3%) was detected
in p.G317E when compared with cells expressing wild-type HIBCH
(Fig. 3B). p.G317E HIBCH was detected in small amounts probably
since the mutation affected the protein structure and stability

1

A96D
K74Lfs*13
IVS82-3C>G Y122C G317E
i b v ool s a0 e el s
NH, — bkl COCH

Fig. 2. [dentification of the mutation in HIBCH. (A) Direct sequence analysis of DNA from patient [I-2 revealed a C to A substitution at nucleotide position 287 in exon 4 of HIBCH, resulting in
the substitution of alanine (GCC) with aspartic acid (GAC) at codon 96 (¢.287C > A, [p.Ala96Asp]), as indicated by the arrow. (B) The pedigree of the family with HIBCH deficiency. Affected
individuals are indicated by filled symbols, unaffected individuals by hollow symbols, and carrier individuals by half-filled symbols. PCR-RFLP analysis using Mlul-digested PCR products
from family members and 3 normal controls (C1, C2, and C3) were run on a 1.5% low-melting agarose gel. The size of the DNA markers is indicated on both sides. (C) Schematic repre-
sentation of HIBCH. The positions of the mutations identified in the previously reported cases and the patients from this study are indicated by arrows. Predicted substrate-binding residues

are indicated by arrowheads. A96 is a substrate-binding residue.
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Fig. 3. Residual activity and western blot of HIBCH mutants. (A) HIBCH activity in lymphoblastoid cells from patient II-4 and 3 controls (1 U = 1 pmol/min). (B) The black columns indicate
mean HIBCH activity, the white columns indicate relative 3-gal activity, and vertical bars indicate standard error of the mean (n = 3). Western blot analysis of HEK293 cells transfected
with each of the HIBCH-expressing vectors, using antibodies specific for HIBCH (upper panel) or a-tubulin (lower panel). Lane 1, p3 x FLAG; lane 2, wild type; lane 3, p.A96D; lane 4,
p.Y122C; lane 5, p.G317E; lane 6, p.K74Lfs*13. (C) Lineweaver-Burk plot. Triplicate measurement of Km of p.A96D HIBCH (No. 1-3) in patient II-4's lymphoblastoid cells gave
the following results: 27.7 pM, 17.1 uM, and 15.5 pM (mean =+ SD; 20.1 + 6.6 pM). The Km of HIBCH from 3 control lymphoblastoid cells was obtained as 3.7 4 0.7 uM (No. 4).

(D) Schematic illustration of the valine catabolic pathway.

(Fig. 3B). Patients homozygous for the p.G317E mutations died within
3 years of their birth [4]. The patient who was homozygous for
p.K74Lfs*13 died at 3 months of age. He presented dysmorphic features,
tetralogy of Fallot, and vertebral abnormalities in addition to features
commonly found in HIBCH deficiency (i.e., hypotonia, neurological re-
gression, developmental delay in infancy, episodes of ketoacidosis, and
abnormal MRI findings in the basal ganglia) (Table 1) [3]. In contrast,
HEK293 cells expressing the p.Y122C HIBCH had relatively high (55%)
enzyme activity when compared to cells expressing wild-type HIBCH.
The patient harboring the Y122C mutation also had a splicing mutation
(IVS2-3C > G) in another allele, and was still alive at 8 years of age [5].
Therefore, HIBCH activity caused by heterozygous Y122C mutation
was estimated to be 27.5%, from results of the transfection study. The
presented patients (harboring the p.A96D mutation) also showed a rel-
atively high HIBCH activity (22%) and did not present with symptoms of
infantile spasms or generalized seizures before 10 months of age, which
were observed in the sibling patients with homozygous G317E
mutation. Thus, our results suggest a correlation between the level
of residual HIBCH activity and severity of the disease, except the acute
phase (e.g. infection). The high (approximately 35%) residual enzyme
activity in the lymphoblastoid cells of patient [I-4 is not common in au-
tosomal recessive disease. The Km of p.A96D HIBCH in the patient's
lymphoblastoid cells is approximately 5.4-fold greater than that of
wild-type HIBCH (20.1 pM vs 3.7 M, Fig. 3C). Since we measured the
maximal enzyme activity detected under standard conditions (0.2 mM
substrate) in vitro, the enzyme activity indicated by the “35% and 22%
values” would be much more reduced with low substrate concentration
in vivo thus affecting cell metabolism. This suggestion is supported by
the results of LCMS/MS analysis, which demonstrated that increased
serum hydroxy-C4-carnitine levels in patient II-2 reflected an accumu-
lation of the substrate (3-hydroxyisobutyryl-CoA) and methacrylyl-
CoA. The slow and steady accumulation of toxic methacrylyl-CoA in

the mitochondria during normal activities of daily life and its rapid
and intensive accumulation in energy-compromised states such as ex-
ercise or fever could explain the pathogenesis of the presented patients.
Loupatty et al. suggested treating HIBCH deficiency with frequent,
carbohydrate-rich meals to avoid the onset of fasting [5]. This treatment
may prevent excess ATP production from the catabolism of BCAAs in-
cluding valine, since the main energy source for the patient would
now be carbohydrates. We started administering this therapy with an-
tioxidants (coenzyme Q10, vitamin C and vitamin E) to patient II-4 at
18 months, after the first episode of infection accompanied by a high
fever (38 °C). Although the therapy was effective where the regions
with abnormal basal ganglia improved concurrently with physical re-
covery (Fig. 1), the patient died after a second episode of infection.
This showed that therapy with frequent, carbohydrate-rich meals and
the prescribed antioxidants cannot prevent progression of the disease.
The first and rate-controlling step in the catabolism of valine is cata-
lyzed by BCAA aminotransferase (BCAT, Fig. 3D). The enzyme has a
very high Km value (2.96 mM) for valine as substrate [13]. Thus, a
low-valine diet may result in therapeutically low plasma valine concen-
trations and the administration of carnitine (to activate the excretion
of 3-hydroxyisobutyryl-CoA as 3-hydroxyisobutyryl-carnitine in
urine) [5] could reduce the production of methacrylyl-CoA in neuronal
cells. N-acetyl-cysteine (NAC), a cell membrane-permeable derivative
of cysteine, can cross the blood-brain barrier and replenish depleted
neuronal glutathione content [14-16]. NAC is used for treatment of
many diseases related to oxidative stress including neurodegenerative
diseases [17]. Therefore, administration of NAC to patients with HIBCH
deficiency to increase intramitochondrial GSH should also be consid-
ered for suppressing the consumption of GSH caused by increased
methacrylyl-CoA, since the pathogenesis of HIBCH deficiency is consid-
ered to be via the binding of thiol compounds and essential cysteine res-
idues of mitochondrial enzymes to accumulated methacrylyl-CoA.
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