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Mutations in the HSD17B10 gene were identified in two previously
described mentally retarded males. A point mutation c.776G>C
was found from a survivor (SV), whereas a potent mutation,
c.419C>T, was identified in another deceased case (SF) with un-
detectable hydroxysteroid (17�) dehydrogenase 10 (HSD10) activ-
ity. Protein levels of mutant HSD10(R130C) in patient SF and
HSD10(E249Q) in patient SV were about half that of HSD10 in
normal controls. The E249Q mutation appears to affect HSD10
subunit interactions, resulting in an allosteric regulatory enzyme.
For catalyzing the oxidation of allopregnanolone by NAD� the Hill
coefficient of the mutant enzyme is �1.3. HSD10(E249Q) was
unable to catalyze the dehydrogenation of 2-methyl-3-hydroxy-
butyryl-CoA and the oxidation of allopregnanolone, a positive
modulator of the �-aminobutyric acid type A receptor, at low
substrate concentrations. Neurosteroid homeostasis is critical for
normal cognitive development, and there is increasing evidence
that a blockade of isoleucine catabolism alone does not commonly
cause developmental disabilities. The results support the theory
that an imbalance in neurosteroid metabolism could be a major
cause of the neurological handicap associated with hydroxysteroid
(17�) dehydrogenase 10 deficiency.

developmental disabilities � HSD10 deficiency �
hydroxyacyl-CoA dehydrogenase

Hydroxysteroid (17�) dehydrogenase 10 (HSD10) is a mito-
chondrial multifunctional enzyme (1, 2), which catalyzes the

oxidation of steroid modulators of �-aminobutyric acid type A
(GABAA) receptors (3), steroid hormones (4, 5), and xenobi-
otics (6). It also exhibits short-chain 3-hydroxy-2-methylacyl-
CoA dehydrogenase activity such that it is essential for the
degradation of isoleucine (7–9). This dehydrogenase is encoded
by the HSD17B10 gene (formerly the HADH2 gene) that maps
to chromosome Xp11.2 (OMIM300256) (10). Four mutations
have been identified in the HSD17B10 gene (10–12). Previously,
it had been proposed that the blockade in isoleucine catabolism
caused the neurological disorders in patients with inherited
HSD10 (formerly labeled 2-methyl-3-hydroxybutyryl-CoA de-
hydrogenase or MHBD) deficiency (9).

In the process of isoleucine degradation, the isoleucine me-
tabolite 2-methyl-3-hydroxybutyryl-CoA is reversibly converted
to 2-methylacetoacetyl-CoA, which is then cleaved into propio-
nyl-CoA and acetyl-CoA. These two consecutive catabolic steps
are catalyzed by HSD10 (EC 1.1.1.178/35/239/159/150) (8) and
mitochondrial acetoacetyl-CoA thiolase (�-ketothiolase, EC
2.3.1.9) (13), respectively. The latter enzyme is encoded by the
ACAT1 gene (OMIM607809). Loss-of-function mutations in
either the HSD17B10 gene or the ACAT1 gene block the
isoleucine degradation pathway such that patients with these two
metabolic disorders have nearly identical urine organic acid
profiles (14). However, the clinical phenotype and prognosis of

these two inherited metabolic disorders, namely HSD10 defi-
ciency and �-KT deficiency, contrast sharply. The blockade of
isoleucine degradation by loss of acetoacetyl-CoA thiolase does
not commonly cause developmental disabilities except for a few
cases with neurological sequelae attributed to severe ketoaci-
dotic attacks (13). A regimen consisting of the avoidance of
fasting and the provision of a moderate protein-restricted diet
ameliorated the developmental disabilities of patients with
acetoacetyl-CoA thiolase deficiency but not those with HSD10
deficiency (15, 16). Moreover, it was recently demonstrated that
the over-expression of HSD17B10 gene is associated with mental
retardation (17). Therefore, we propose that an imbalance in
neurosteroid metabolism (18) is likely to be a major cause of
psychomotor retardation in patients suffering from hydroxy-
steroid (17�) dehydrogenase 10 deficiency.

Here, we report a missense mutation, c.776G�C, in the
HSD17B10 gene of a male mentally retarded patient (19). This
mutation results in a single amino acid substitution E249Q. The
mutant enzyme displays diminished activity especially in a low
substrate environment. Another male patient deceased at 10
years old (16) was identified as carrying a c.419C�T transition
in his HSD17B10 gene, and this potent mutation (11) results in
the complete inactivation of HSD10. Taken together, these
observations suggest that, because of its multifunctionality, an
appropriate level of HSD10 activity is required by the brain for
normal development.

Results
Identification of HSD17B10 Mutations. The determination of the
HSD17B10 nucleotide sequence in the X chromosome of patient
SF revealed that the patient carried a c.419C�T transition that
resulted in mutant HSD10(R130C) (Fig. 1A). For the surviving
patient SV, the only mutation identified was a c.776G�C
transversion in his HSD17B10 gene. This mutation resulted in
mutant HSD10(E249Q) (Fig. 1B).

Detection of HSD10 Protein in Fibroblasts. The mutations c.419C�T
and c.776G�C are respectively located in exons 4 and 6 of the
HSD17B10 gene (11, 20). Because the mutant proteins,
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HSD10(R130C) and HSD10(E249Q), possess the same C-
terminal sequence as the WT HSD10, they can be detected by
immunoblotting analysis with the R228 antiserum (21). As
shown in Fig. 2, HSD10 protein levels in fibroblasts of HSD10
deficiency patients SF and SV were lower than in normal
controls (C1 and C2). The average of four independent exper-
iments showed that protein levels of HSD10(R130C) in patient
SF and that of HSD10(E249Q) in patient SV were �57 � 10%
and 52 � 9% of HSD10 in normal controls, respectively.

3D Structural Model of HSD10(E249Q). The C-terminal sequence of
HSD10 is highly conserved evolutionarily, and glutamate 249 is
located before the last �-strand (22) (Fig. 3A). Modeling studies,
based on the X-ray crystal coordinates of the tetrameric WT
HSD10, reveal that the carboxyl group of the glutamate 249 side
chain forms two hydrogen bonds, that is, with the imino group
of peptide bond of arginine 252 in the opposite subunit and with
that of valine 250 in its own subunit (Fig. 3B). In contrast,
modeling of the E249Q mutant predicts that the side chain of
glutamine 249 bends toward its own subunit, and no longer

contacts the opposite subunit but forms a new hydrogen bond
with the imino group of peptide bond of isoleucine 251 in its own
subunit (Fig. 3C). Consequently, a total of four hydrogen bonds
at the interface of two dimers disappear. In addition, the pKa
value of lysine 172, an ionized constituent of the reported
catalytic tetrad (23), was slightly altered by the substitution of
glutamine for glutamate 249 (see Fig. S1).

Changes in the Catalytic Properties Because of Amination of Gluta-
mate 249 or Replacement of Arginine 130 by Cystine. Six�His-tagged
HSD10 and HSD10(E249Q) catalyzed the dehydrogenation of

Fig. 1. Mutations on the HSD17B10 gene of patients with HSD10 deficiency.
(A) Chromatogram of the forward sequence of HSD17B10 gene from patient
SF showing c.419C�T transition. This mutation resulted in mutant
HSD10(R130C). (B) Chromatogram of the forward sequence of the same gene
from patient SV showing c.776G�C transversion. This mutation generated
mutant HSD10(E249Q) with the substitution of glutamine for glutamate at
residue 249 of HSD10.

Fig. 2. Immunoblotting analysis of fibroblast homogenates of patient SF, SV,
and two normal controls (C1 and C2). Ten nanograms purified HSD10 (Pu) was
run on the left-most lane as a 27-kDa molecular mass marker. In the other four
lanes, different samples containing 10 �g of protein each were loaded and
analyzed as indicated. GAPDH bands in corresponding lanes serve as an
internal control for standardizing the transfer and loading of protein.
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Fig. 3. Alterations in hydrogen bonding of HSD10 by substitution of glu-
tamine for glutamate 249. A comparison of C-terminal sequences of HSD10
orthologs (A) showed a conserved glutamate (*) before the last �-strand (�G).
Comparison of 3-dimensional structure of C-terminals in chain D (Upper) and
A (Lower) of HSD10 (B) with that of HSD10E249Q (C). The predicted hydrogen
bond was displayed as a green dash line whereas oxygen in red, nitrogen in
blue and sulfur in yellow. Hydrogen bonds in the subunit interface that will be
broken by the E249Q mutation and other H-bonds formed by the carboxyl
group of glutamate 249 side chain were indicated by arrow and small arrow,
respectively.
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2-methyl-3-hydroxybutyryl-CoA and the oxidation of allopreg-
nanolone by NAD�, respectively (Figs. 4 and 5). Kinetic con-
stants of 6�His-tagged HSD10 for catalyzing the oxidation of
allopregnanolone (3�-hydroxy-5�-pregnane-20-one) were esti-
mated to be Km � 30 � 9 �M and Vmax � 150 � 18 mU/mg,
similar to those reported for HSD10 (24). The enzymatic activity
of 6�His tagged-HSD10(E249Q) was proportional to the
amount of enzyme added to the assay system (Fig. S2 and Fig.
S3). However, the mutant enzyme appeared to adopt allosteric
regulatory kinetics rather than the Michaelis–Menten Kinetics
exhibited by WT HSD10. The specific activities of 6�His-tagged
HSD10(E249Q) were significantly lower than those of 6�His-
tagged HSD10 (P � 0.02) at low levels of allopregnanolone (Fig.
4). The Hill coefficient calculated from the sigmoid v vs.
[allopregnanolone] curve (25) of the mutant HSD10(E249Q) is
�1.3. 2-Methyl-3-hydroxybutyryl-CoA proved to be an excellent
substrate for 6�His-tagged HSD10, of which kinetic constants
were estimated to be Km � 7.1 � 1.1 �M and Vmax � 14.8 � 1.4
U/mg (Fig. 5). For catalyzing the dehydrogenation of this

short-chain 3-hydroxy-2-methylacyl-CoA thioester 6�His-
tagged HSD10(E249Q) behaves as an allosteric enzyme again. In
contrast, 6�His-tagged HSD10(R130C) exhibited almost no
catalytic activity for both substrates (Figs. 4 and 5).

Discussion
HSD10 deficiency is one of the diseases resulting from mutations
or defective expression of the HSD17B10 gene (11, 26). Attempts
were made in the present study to elucidate the basis of the
pathogenesis of HSD10 deficiency, which was previously desig-
nated as 2-methyl-3-hydroxybutyryl-CoA dehydrogenase
(MHBD) deficiency (9, 19, 27, 29 –31) or 3-hydroxy-2-
methylbutyryl-CoA dehydrogenase deficiency (16, 28). Its etio-
pathology was generally attributed to a defect of isoleucine
metabolism (9, 27–31). However, MHBD or 3-hydroxyacyl-CoA
dehydrogenase 2 (Hadh2) (10, 32) only represents one of the
multiple functions of HSD10 (1, 8). To clarify confusions of the
multiplicity of names for the gene and gene product, the Human
Genome Organization (HUGO) recently announced that
HSD17B10 gene and hydroxysteroid (17�) dehydrogenase 10
replaced HADH2 gene and hydroxyacyl-CoA dehydrogenase II
as the official gene symbol and the designation of gene product,
respectively (10, 32).

Case reports without molecular data have been published for
patients SF (16) and SV (19). In the current study, a c.419C�T
transition was identified in the HSD17B10 gene of patient SF.
This disease-causing mutation generates a mutant
HSD10(R130C), and this is a relatively common cause of HSD10
deficiency (11). The immunoblotting data indicate that there is
less HSD10 protein in the patient’s cells than in controls.
Moreover, we found that the R130C mutation eliminated enzy-
matic activity, which explains why no HSD10 activity was
detected (�1.4% of normal level) in his fibroblasts (16). This
likely is the underlying reason for the patient’s clinical presen-
tations, which included visual loss, seizures and eventually death.
This severe genotype also occurs frequently among HSD10
deficiency patients (27–31). More interestingly, a missense mu-
tation c.776G�C was found in the HSD17B10 gene of patient
SV, who has a mild phenotype. This transversion is certainly not
a polymorphism because �2,500 X chromosomes have been
tested thus far (12, 17). This mutation results in a mutant
HSD10(E249Q). This substitution may provide a possible ex-
planation for the observation that the HSD10, formerly short-
branched-chain 3-hydroxyacyl-CoA dehydrogenase (33), activity
of patient SV was greatly lower than the average of normal
controls (19). Although the disease is generally believed to result
from a blockade of isoleucine catabolism (9, 27–31), the catalytic
properties of human HSD10 (formerly HADH2) has not yet
been carefully characterized with branched-chain 3-hydroxyacyl-
CoA thioesters. Data from this study clearly indicate that HSD10
represents a good example of the ‘‘f lexible enzyme’’ originally
proposed by Koshland (34).

A regimen of isoleucine-restriction diet reduced elevated
levels of isoleucine metabolites to the normal level in HSD10
deficiency patients, but no improvement in their clinical mani-
festations or prognosis was observed (15, 16). In addition to
HSD10 and mitochondrial acetoacetyl-CoA thiolase, 2-methyl-
butyryl-CoA dehydrogenase encoded by the ACADSB gene
(OMIM600301) is also essential for the catabolic pathway of
isoleucine (35). Mutations in the ACADSB gene were found to
cause 2-methylbutyryl-CoA dehydrogenase deficiency (35). Nev-
ertheless, this inborn error of isoleucine degradation has recently
been summarized as a metabolic variant with a benign nature
(36). Although a defect in energy metabolism may be a contrib-
uting factor to the progressive infantile neurodegeneration char-
acteristic of HSD10 deficiency (19), metabolic acidosis is not
commonly associated with this disease (11, 29). It seems no
longer to be a valid explanation that the mental retardation and
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developmental disabilities of HSD10 deficiency patients are
attributed to the blockade of isoleucine catabolism.

This enzyme may have an additional role in neuropathology.
When HSD10, also known as hydroxyacyl-CoA dehydrogenase
(8, 20), was bound to amyloid-� peptide, its enzymatic activity
was shown to be slightly inhibited (37). However, we do not know
whether amyloid-� peptide has a part to play in HSD10 defi-
ciency because no neuropathological data for this inherited
metabolic disorder is available.

The 3D structure of HSD10 was perturbed by the substitution
of glutamine for glutamate before the last �-strand (Fig. 3).
E249Q-mutated HSD10 showed allosteric cooperativity, as dem-
onstrated by its decreased catalytic activity, especially at low
concentrations of substrate (Fig. 4). The protein concentration
of HSD10(E249Q) in patient SV’s cells is less than half that of
HSD10 in normal control cells (Fig. 2). The c.776G�C trans-
version is most likely the causative mutation because the
genomic analysis failed to identify another mutation in this
chromosome X region of patient SV. This was also substantiated
by kinetic data of the mutant enzyme assayed with two distinct
substrates. Compared with another kind of X-linked mental
retardation, namely X-linked mental retardation, choreoathe-
tosis, and abnormal behavior (MRXS10), a silent mutation
(c.605C�A transversion, p.R192R), which changes an arginine
codon of the HSD17B10 gene, has been identified as the
causative mutation (12). Both patients SF and SV were found to
have the same single nucleotide polymorphism (SNP) as the
majority of normal individuals (66%) at the promoter of
HSD17B10 gene.* Thus, this SNP in the promoter is unrelated
to clinical presentations of patients with HSD10 deficiency.

Mentally retarded patients may carry various mutations in the
HSD17B10 gene (11). For example, some cases were reported to
bear only a c.771 A�G mutation in exon 6 of the HSD17B10 gene
resulting in mutant HSD10(N247S) (29). The capability of this
mutant enzyme to catalyze the oxidation of allopregnanolone
was also found to be mostly lost. It suggests that adverse effects
on cognitive development from different missense mutations of
the HSD17B10 gene are probably due to an imbalance in
neurosteroid metabolism.

Allopregnanolone, an important neurosteroid, can bind to the
subunits of GABAA receptors (38). The 3�-hydroxyl group of
this kind of neurosteroid is critical for increasing the opening
frequency and duration of the receptor’s chloride channel (11,
38). The biosynthesis of allopregnanolone has been widely
studied (39), but its oxidation or inactivation had not. The
HSD17B10 gene is expressed in various brain regions (3), and the
gene product (HSD10) effectively catalyzes the oxidation of
allopregnanolone to 5�-dihydroprogesterone (DHP) by NAD�

as further demonstrated in this study (Fig. 4). Also HSD10 can
catalyze the oxidation of other neurosteroids such as estradiol (2,
5, 40). Sterol homeostasis was reported to be critical for brain
development (41). Studies on the mouse model of Neimann-Pick
C disease demonstrated that allopregnanolone significantly at-
tenuated the progression of neurodegeneration by restoring
sterol homeostasis via pregnane X receptor activation (42).
Moreover, the over-expression of the HSD17B10 gene was
associated with mental retardation (17). Taken together, results
of the present study lead to the suggestion that an appropriate
level of HSD10 is required by the brain development because of
its multifunctionality.

Materials and Methods
Patients and Cell Lines. Informed consent for molecular analyses and enzy-
matic studies was obtained from the parents of patients SF and SV, respec-
tively. Case reports on these two patients have been published (16, 19). Patient

SF was deceased at 10 years old because of pneumonia, whereas patient SV is
currently 29 years old and his clinical manifestations are relatively stable.

Patients’ fibroblasts were cultured in MEM � plus 10% FCS and 1% L-
glutamine (Invitrogen–GIBCO).

Mutation Analysis. Total DNA was purified with a DNeasy and Tissue kit
(Qiagen) from cultured fibroblasts according to the instructions of the man-
ufacturer. A fragment of X chromosomal DNA was amplified by PCR using a
pair of primers, HSDF and HSDR (see Table S1). Nucleotide sequences of PCR
products (�3.7 kb) containing the HSD17B10 gene were determined by the
dideoxy method using 10 primers listed in the beginning of Table S1. Then, the
nucleotide sequence data were compared with the human DNA sequence
from the clone RP3–339A18 on chromosome Xp11.1–11.4 (accession number
Z97054) for screening mutations. Nucleotide sequence numbering according
to the GenBank Ref. seq NM 004493.

Construction of 6�His-Protein Expression Vectors. The plasmid pSBET-HBHAD
(20) was linearized by digestion with NdeI and EcoO109I. Oligomers 6HISF and
6HISR2 were annealed together and the resulting double-stranded DNA was
subcloned into the NdeI-EcoO109I site of pSBET-HBHAD to generate pSBET-
6�His-HSD10. The c.776G�C mutation and c.419C�T mutation were intro-
duced into this 6�His-protein expression vector, respectively, with a pair of
mutagenesis primers (E776C and E776G) and another pair of primers (R419T
and R419A) (Table S1) using a QuikChange Site-Directed Mutagenesis kit
(Stratagene) according to the instructions of the manufacturer. The mutated
plasmids were designated pSBET-6�His-HSD10(E249Q) and pSBET-6�His-
HSD10(R130C), respectively. The plasmid sequences were confirmed by
sequencing.

Protein Expression and Purification. Plasmids pSBET-6�His-HSD10, pSBET-
6�His-HSD10(E249Q), and pSBET-6�His-HSD10(R130C) were transformed, re-
spectively, into E. coli BL21(DE3) pLysS by the 1-step transformation method
(43). The transformants were induced by 0.5 mM IPTG for 6 h. The preparation
of cell extracts and the purification of 6�His-HSD10, 6�His-HSD10(E249Q),
and 6�His-HSD10(R130C) were accomplished using a Ni-NTA Fast Start kit
(Qiagen) according to the instructions of the manufacturer.

Tertiary Structural Model of HSD10(E249Q). Structural differences between the
mutant HSD10(E249Q) and the WT HSD10 were ascertained by bioinformatics
analysis. The published crystal structure of human HSD10 was used as the
template structure (22). Data were extracted from a pdb file (1U7T) of the
X-ray coordinates available from Protein Data bank (www.resb.org) using
DeepView/Swiss-pdb Viewer 3.7 (44). Substitution of the best rotamer mutant
amino acid was made with the ‘‘Mutating Amino-Acids’’ function in Deep-
View/Swiss-pdb Viewer 3.7 (44). In addition, E249Q-induced pKa changes of
the catalytic residues were analyzed with the H�� program (45).

Protein Analyses and Enzyme Assay. Protein concentrations were determined
by use of the Micro BCA protein assay kit obtained from PIERCE according to
the instructions of the manufacturer. Immunoblotting was performed as
described (3, 21) except that 10 micrograms of total cellular proteins were
separated on a 10% SDS-polyacrylamide gel and then transferred to a nitro-
cellulose membrane. Protein bands were detected by use of the enhanced
chemiluminescent substrate obtained from PIERCE (#32106) according to the
instructions of the manufacturer. The band intensities were estimated by
densitometry and normalized to the internal standard GAPDH. Then the
protein level of an individual patient relative to an average of normal controls
was calculated. Tiglic acid, allopregnanolone, and other chemicals were ob-
tained from Sigma. Tiglyl-CoA was synthesized as described in ref. 7. 2-Methyl-
3-hydroxybutyryl-CoA (MHB-CoA) was converted from tiglyl-CoA under the
catalysis of crotonase, and effective concentrations of MHB-CoA were calcu-
lated by use of the reported equilibrium ratio of 0.33 for [MHB-CoA/tiglyl-
CoA] (7). Enzymatic activity was determined as reported earlier (7, 24) but a
higher concentration of NAD� (2 mM) had been added to the assay. Kinetic
data were modeled using the Michaelis–Menten equation or the Hill equation
(25); all kinetic parameters were calculated with the computer program
Leonora (46). One unit of activity is defined as the amount of enzyme that
catalyzes the conversion of 1 �mol of substrate to product per min.
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