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ABSTRACT
We report a Caucasian boy with intractable epilepsy and global developmental delay. Whole-exome
sequencing identified the likely genetic etiology as a novel p.K212E mutation in the X-linked gene
HSD17B10 for mitochondrial short-chain dehydrogenase/reductase SDR5C1. Mutations in HSD17B10 cause
the HSD10 disease, traditionally classified as a metabolic disorder due to the role of SDR5C1 in fatty and
amino acid metabolism. However, SDR5C1 is also an essential subunit of human mitochondrial RNase P,
the enzyme responsible for 50-processing and methylation of purine-9 of mitochondrial tRNAs. Here we
show that the p.K212E mutation impairs the SDR5C1-dependent mitochondrial RNase P activities, and
suggest that the pathogenicity of p.K212E is due to a general mitochondrial dysfunction caused by
reduction in SDR5C1-dependent maturation of mitochondrial tRNAs.

Abbreviations: AdoMet, S-adenosyl methionine; CADD, combined annotation dependent depletion; DTT, dithio-
threitol; ESP, exome sequencing project; FPLC, fast performance liquid chromatography; GI, gastrointestinal; HSD10,
17b-hydroxysteroid dehydrogenase type 10; LOD, logarithm (base 10) of odds; MRPP, mitochondrial RNase P pro-
tein; mt-tRNA, mitochondrial tRNA; mtDNA, mitochondrial DNA; NAD, nicotinamide adenine dinucleotide; PRORP,
protein-only RNase P; PAGE, polyacrylamide gel electrophoresis; SDR5C1, short-chain dehydrogenase/reductase
5C1; SDS, sodium dodecyl sulfate; TRMT10C, tRNA methyl transferase 10C
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Introduction

HSD17B10 (17b-hydroxysteroid dehydrogenase type 10) enco-
des SDR5C1, a protein of 261 amino acids that is a member of
the NADC/NADP-dependent short-chain dehydrogenase/
reductase (SDR) family.1,2 SDR5C1 is the only hydroxysteroid
dehydrogenase (HSD) family member localized to mitochon-
dria.3-8 It acts by oxidoreduction of L-2-methyl-3-hydroxy-
butyryl-CoA at the penultimate step in the b-oxidation of
isoleucine.9 In vitro, SDR5C1 also acts on other substrates,
including branched short-chain fatty acids, hydroxysteroids,
and sex hormones.3-6,10,11 SDR5C1 deficiency causes a mito-
chondrial disorder known as ‘HSD10 disease’.7 Biochemical
diagnosis of HSD10 disease has traditionally relied upon the
detection of elevated metabolites from isoleucine breakdown,12

which are the same metabolites elevated in patients with
a-ketothiolase (AKT) deficiency.13 However, the clinical pre-
sentations of these two metabolic disorders are distinct. HSD10
disease is characterized by progressive neurodegeneration and
cardiomyopathy in early childhood,7 whereas AKT deficiency
presents intermittent ketoacidosis with typically normal

development and no symptoms between crises.13 Yet, their
overlapping biochemical signature has led to clinical misdiag-
nosis.14 HSD10 disease has been reported only in a small
number of families world-wide, mostly occurring in males,
consistent with HSD17B10 being located on the X-chromo-
some.7 DNA sequencing analyses to date have identified 10
missense mutations in HSD17B10.7,14,15, and a splice variant
that reduces the protein expression level.16,17 Among the differ-
ent HSD17B10 missense mutations, the clinical manifestations
are diverse,7 including a neonatal-onset form (associated with
mutations p.D86G, p.R226Q, and p.N247S), an infantile-onset
form (associated with mutations p.L122V, p.R130C, and p.
P210S), a milder atypical form (associated with mutation
p.Q165H), and a later-onset form (associated with mutation p.
E249Q).

Here we report a new case of HSD10 disease in which a
novel p.K212E mutation was identified by exome sequencing.
The proband was a 9-year-old Caucasian boy with suspected
mitochondrial disease based on intractable epilepsy, global
developmental delay, static encephalopathy, optic atrophy and
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blindness, and chronic lactic acidemia. His family history was
notable for 2 similarly affected maternal uncles, making partic-
ularly likely an X-linked etiology. However, enzymatic analysis
of the dehydrogenase activity of SDR5C1 revealed only a mod-
est decrease by the p.K212E mutation. Additional biochemical
analyses revealed that this HSD17B10 mutation caused a global
deficiency in mitochondrial tRNA processing and maturation.

SDR5C1 (HSD17B10) is naturally present in the mitochon-
drial RNase P holo-complex required for processing mitochon-
drial tRNAs (mt-tRNAs).18 The human mitochondrial DNA
(mtDNA) genome encodes 22 mt-tRNAs, each of which is used
to translate 13 mtDNA-encoded proteins for assembly into the
electron transport chain for ATP synthesis. Transcription of
the mtDNA genome generates primary polycistronic tran-
scripts, from which individual mt-tRNAs are processed and
post-transcriptionally modified. The mitochondrial RNase P
complex is composed of 3 subunits.18 SDR5C1 (MRPP2) forms
a sub-complex with TRMT10C (MRPP1), a mitochondrial
tRNA methyl transferase that synthesizes the methylated m1G9
or m1A9 on mt-tRNAs.19 This methylation is crucial for proper
folding of mt-tRNALys 20 and may be important for folding of
19 of the 22 mt-tRNAs that contain purines at position 9. The
sub-complex forms a ternary complex with PRORP (MRPP3),
which cleaves polycistronic mitochondrial transcripts to gener-
ate 50-processed mt-tRNAs.18 We show here that the p.K212E
mutation in HSD17B10 adversely affects the enzymatic activi-
ties of both TRMT10C and PRORP. This result demonstrates
the secondary propagation of the mutational effect from
SDR5C1 to the entire mitochondrial RNase P holo-complex,
possibly leading to the global impairment of processing and
maturation of mt-tRNAs. Our data suggest that the deficiency
in mt-tRNA processing and maturation is the major pathoge-
netic mechanism underlying HSD10 disease.

Subject description

The proband was a 9-year-old Caucasian boy who presented to
the Mitochondrial-Genetics Diagnostic Clinic at The Children’s
Hospital of Philadelphia for evaluation of a presumed mito-
chondrial cytopathy. He displayed intractable epilepsy, devel-
opmental regression, static encephalopathy, optic nerve
atrophy, non-verbal, GI dysmotility, multi-systemic dysfunc-
tion, and chronic lactic academia. His family history was sug-
gestive of X-linked disease. His epilepsy onset at age 21=2 years
coincided with progressive developmental regression that was
characterized by the loss of ability to walk and stand by age 4 y
as well as increased drooling, constipation, urinary dysfunction,
and swallowing dysfunction. His seizures were initially charac-
terized by quick head drop events with syncope, and currently
characterized as Lennox Gastaut syndrome occurring in daily
clusters under one minute duration involving tonic stiffening
with arm extension, typically in the morning and occasionally
in the evening. His seizures were treatment refractory to benzo-
diazepines, clorazepate, topiramate, lamotrigine, rufinamide,
levetiracetam, and clobazam. Episodic sustained and uncon-
trollable laughters with difficulty breathing also occurred,
although whether these represent seizures or pseudobulbar
effect was unclear. Other neurologic problems include promi-
nent choreoathetotic movements that have worsened overtime

with severe spastic tetraparesis. His brain MRIs were normal at
15 months and at 5 y old, but by 9 y old revealed diffuse cere-
bral atrophy, with minimal worsening by age 12.5 y. His brain
MRS revealed a lactate couplet at age 15 months, with
decreased n-acetylaspartate seen at 9 y old. His muscle biopsy
at age 1 y was suggestive of a mitochondrial myopathy with
increased lipid content, abnormal mitochondrial histology, and
mitochondrial proliferation. Consistently, succinate dehydroge-
nase activity was 3-fold increased. This enzyme activity is
derived from proteins in complex II, which are nucleus-
encoded, whereas all other electron transport chain enzyme
complexes contain proteins made within mitochondria. Indeed,
although electron transport chain enzyme activities of I, III, and
IV were within the normal range, they were below normal
when normalized to citrate synthase to compensate for mito-
chondrial proliferation. No mitochondrial DNA mutation was
identified. His additional multi-systemic features, physical
examination findings, biochemical and genetic diagnostic
investigations, and detailed muscle biopsy testing results are
described in the Supplemental File.

Results

Identification of HSD17B10mutation by research-based
whole exome sequencing

The exome in blood from the proband was sequenced using
Agilent SureSelect Human All Exon V4 kit capture followed by
2 £ 101 basepair paired-end sequencing with an Illumina
HiSeq 2000 sequencer. Variants were detected, annotated, and
analyzed as described.21-24 A total of 18,466 coding variants
were identified in the proband across the genome, including
18,131 single nucleotide variants and 335 indels. Because the
proband’s 2 maternal half-uncles died of a similar-spectrum
disorder, analysis was focused on X-linked genes. Given the
apparent rare nature of the maternal half-uncles’ disorder, we
only examined rare variants in the proband with allele frequen-
cies below 0.5 percent in the general population based on the
1000 Genomes Project and the UK10K Project, and with occur-
rence less than 10 times in 1,334 internal control exomes that
we had analyzed.21-24

After applying these data filters, only one non-synonymous
hemizygous variant was found on the X chromosome in the
proband. This X-linked variant was located within the gene
HSD17B10 (X:g.53458504T>C), resulting in a p.K212E amino
acid change. This variant occurs at a highly evolutionally-con-
served position (GERP,25 score D 5.88 and a phastCons LOD
score,26 of 259). Pathogenicity predictions were discordant: it is
predicted to be benign in PolyPhen-2,27 tolerated by SIFT,28

and disease-causing by MutationTaster,29 with the latest and
most comprehensive Combined Annotation Dependent Deple-
tion (CADD) algorithm,30 yielding a scaled phred-like score of
21.7. This variant is completely novel, having never been
reported by the NHLBI Exome Sequencing Project (ESP)
(http://evs.gs.washington.edu/EVS/), the 1000 Genomes Project
(http://www.1000genomes.org/), the UK10K Project (http://
www.uk10k.org/), and the Exome Aggregation Consortium
(ExAC; http://exac.broadinstitute.org/) that includes sequence
data from 60,706 unrelated individuals. Nor was the variant
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found in any of the more than 1,400 exomes from different dis-
ease cohorts that we have analyzed. No parental or maternal
uncles’ samples were available for sequence analysis.

Structural mapping of the p.K212E mutation in SDR5C1
(HSD17B10)

Human SDR5C1 is a tetramer of a single-domain structure31 of
261 amino acids (Fig. 1A), which shares 88% sequence identity
with its rat counterpart. In crystal structures of the human and
rat enzymes in complex with NADC and a bound substrate or
substrate analog,31,32 this single domain structure adopts a typi-
cal dehydrogenase “Rossmann” fold made up of a central
b-sheet of 7 parallel strands and 3 connecting a-helices both
above and below the b-sheet. NADC is bound to a conserved
motif GGxxGxG at residues 17-23 near the N-terminus. The
catalytic triad for hydride transfer consists of 3 conserved resi-
dues S155, Y168, and K172 at the dehydrogenase active site

(Fig. 1A). Two insertion loops, between residues 100-110 and
140-150, are unique to SDR5C1 and related enzymes and are
absent from other short-chain dehydrogenases. These two
insertion loops are involved in subunit-subunit interaction to
form a dimer, while the C-terminal residues 256-261 are
involved in bridging dimers to form a tetramer (Fig. 1B). Bind-
ing of a ketobutyrate substrate is accompanied by closure of
the active site using the substrate-specificity loop at residues
203-220, whereas binding of a steroid substrate does not
require the closure.32 Indeed, because the enzyme makes no
direct interaction with the hydroxyl end of steroids, this
explains its capacity for a range of diverse steroid substrates.

The p.K212E mutation is in the substrate-specificity loop
that moves into the active site upon binding of a ketobutyrate
substrate. Among vertebrates, this loop consists of highly con-
served residues (Fig. 1C), which form 2 helices (residues 204-
208 and residues 211–217) separated by a sharp turn.32 K212 is
in the second helix acting as the “lid” to close the active-site

Figure 1. The p.K212E mutation of human SDR5C1. (A), The position of p.K212E in the domain structure of the 261 amino acids of human SDR5C1, showing the NADC

binding domain (residues 17–23), the insertion segments for subunit-subunit interaction (residues 100–110 and residues 141-146), the catalytic triad for the dehydroge-
nase (S155, Y168, and K172), and the substrate-specificity loop (residues 203–220)32. (B) The position of p.K212E in the tetramer structure of human SDR5C1. The mutation
(in blue) and the bound NADC (in red) are only mapped to one subunit for clarity of presentation. (C) Multiple sequence alignment of the region surrounding p.K212E.
Abbreviations: H. sapiens (Homo sapiens), M. musculus (Mus musculus), R. norvegicus (Rattus norvegicus), B. taurus (Bos taurus), D. rerio (Danio rerio), X. laevis (Xenopus lae-
vis). The 3D-structure rendering of SDR5C1 was generated with PyMol 1.7.
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cleft and it is strictly conserved among mammalian SDR5C1
enzymes (Fig. 1C). The mutation substitutes a positively
charged side-chain with a negatively charged one, thus altering
the electrostatic environment of the lid and likely interfering
with the active-site closure.

Effects of the p.K212E mutation on SDR5C1 and the
mitochondrial RNase P enzyme activities

We determined whether the p.K212E mutation decreases the
dehydrogenase activity of SDR5C1. While other HSD10-disease
associated mutations had decreased the enzyme’s dehydroge-
nase activity, some of these mutations were analyzed in homo-
genates of patient fibroblasts,7,33 where SDR5C1 levels among
samples were not controlled. We chose to determine the muta-
tional effect by comparing known quantities of purified wild-
type and mutant enzyme, each expressed and purified from an
E. coli over-expression strain.19,34 The assay used acetoacetyl-

CoA (3-ketoacyl-CoA) as the substrate and monitored its
reduction to 3-hydroxyacetyl-CoA accompanied by oxidation
of NADH to NADC. While the wild-type enzyme had an activ-
ity of 3.18 § 0.18 units/mg, similar to other reported values,34

the mutant showed an almost 4-fold decrease of the activity to
0.84 § 0.12 units/mg (Fig. 2A). Notably, while the mutational
defect is modest, it is similar to that of the p.P210S mutation,34

which is separated from the p.K212E mutation by 2 residues in
the enzyme sequence and is associated with the infantile form
of HSD10 disease.7

We next determined whether the p.K212E mutation
decreases the methyl transferase activity of TRMT10C, which
requires the presence of SDR5C1 to be active.19,34 We assayed a
reconstituted and recombinant form of the TRMT10C-SDR5C
sub-complex with AdoMet as the methyl donor and the N1 of
G9 in the unmodified transcript of mt-tRNALeu(UUR) as the
acceptor (Fig. 2B). The binary complex with wild-type SDR5C1
displayed a kobs of methyl transfer of 1.02 § 0.09 min¡1, similar

Figure 2. Impairment of SDR5C1-dependent activities by the p.K212E mutation. (A) The mutational effect on the dehydrogenase activity of SDR5C1, showing the rate
constant of NADH oxidation to NADC upon reduction of acetoacetyl-CoA to 3-hydroxy-acetyl-CoA. (B) The sequence and cloverleaf structure of human mt-tRNALeu(UUR).
The mature sequence is in black, whereas the 50-precursor sequence is shown in red. (C) The mutational effect on the synthesis of m1G9-mt-tRNALeu(UUR), showing the
kobs of methyl transfer of the TRMT10C-SDR5C1 sub-complex with wild-type (WT) and p.K212E mutant of SDR5C1. (D) The mutational effect on the 50-processing activity
of mitochondrial RNase P to convert the precursor of mt-tRNALeu(UUR) to the mature form, showing a time-course of the processing activity (top) and the kobs of the proc-
essing by the WT and p.K212E mutant forms of SDR5C1 in the holo-complex (bottom).
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to reported values,34 whereas the mutant complex displayed a
2-fold reduced activity with kobs of 0.52 § 0.10 min¡1 (Fig. 2C).
Thus, the p.K212E mutation impairs the methyl transferase
activity of the TRMT10C-SDR5C1 complex.

We then determined whether the p.K212E mutation
decreases the 50-processing activity of the mitochondrial RNase
P holo-complex. The endonucleolytic subunit of mitochondrial
RNase P is PRORP, which requires TRMT10C and SDR5C1 to
be active.18 We reconstituted the holo-complex in a molar ratio
of 1:2:1 with purified TRMT10C, SDR5C1, and PRORP, respec-
tively. A precursor form of mt-tRNALeu(UUR) carrying a 50-
extension (Fig. 2B) was synthesized by in vitro transcription,
30-end labeled, and used as a substrate. Quantification of
the fractional conversion of substrate to product over time
determined the cleavage rate. Under a single turnover assay
condition, the mitochondrial RNase P holo-complex contain-
ing the wild-type SDR5C1 efficiently catalyzed 50-processing of
the precursor mt-tRNA, with the reaction reaching 80% com-
pletion in 45 min and a kobs of 0.8 § 0.1 min¡1. The complex
with the p.K212E mutation was much less efficient, with the
reaction reaching only 15% completion and a 4.5-fold reduc-
tion of kobs to 0.18 § 0.04 min¡1 (Fig. 2D). Thus, the p.K212E
mutation of SDR5C1 impairs the processing activity of mito-
chondrial RNase P. Notably, the rate of 50-processing of mt-
tRNALeu(UUR) by the wild-type complex (kobs D 0.8 §
0.1 min¡1) was slower compared to the reported value for mt-
tRNAIle (kobs D 4.63 § 0.61 min¡1),34 possibly reflecting a
sequence-dependent tRNA effect and differences in assay con-
ditions. However, the decrease in the 50-processing activity by
the p.K212E mutation is comparable to that seen with the p.
P210S mutation in SDR5C1 (4.5-fold vs. 8.0-fold).34

Effects of the p.K212E mutation on the TRMT10C-SDR5C1
sub-complex stability

The ability of the p.K212E mutation to reduce the enzymatic
activity of both TRMT10C and PRORP raised the possibility that
the mutation decreased the stability of the mitochondrial RNase
P holo-complex. In this complex, the sub-complex TRMT10C-
SDR5C1 is highly stable and is made up of 2 monomers of the
methyl transferase (a2, 86 kDa) and a tetramer of the dehydroge-
nase/reductase (a4, 116 kDa) in a mass ratio of 3:4. We assem-
bled the sub-complex using purified recombinant proteins in
vitro and determined its stability by gel filtration through a
Superdex 200 column that had been calibrated with proteins of
known molecular weights. The wild-type and the K212E mutant
sub-complex eluted at the same position corresponding to a
molecular mass of 170 kDa, consistent with its expected molecu-
lar weight (»200 kDa) (Fig. 3A). In both cases, the excess
SDR5C1 protein after formation of the sub-complex eluted later,
corresponding to the expected molecular mass of 116 kDa. Anal-
ysis of the elution peak for the sub-complex on an SDS-PAGE
confirmed the co-existence of both proteins, and similar analysis
of the later peak confirmed the presence of SDR5C1 (Fig. 3B).

Because the gel filtration assay was performed with saturat-
ing SDR5C1, there was no apparent effect of the p.K212E muta-
tion on the stability of the sub-complex. We then used a
separate pull-down assay to detect the formation of the sub-
complex under a non-saturating condition and in the context

of potentially competing proteins. As shown previously, when
TRMT10C was expressed in E. coli in the native form without
any tag, it can be specifically pulled down from cell lysates by a
His-tagged SDR5C1 bound to a solid support.34 This pull-
down reflects the ability of the 2 proteins to form a stable sub-
complex in a cellular environment. Using this assay, we applied
the same amount of SDR5C1 (wild-type or the K212E mutant)
to an E. coli cell lysate that expressed a tag-free TRMT10C.
After extensive washes to remove non-specific binding, we
found that the mutant SDR5C1 was less able to pull down
TRMT10C than the wild-type. On average, the pull-down abil-
ity of the mutant is 2-fold reduced as compared to the wild-
type enzyme (Fig. 3C). This suggests that the p.212E mutation
has reduced the ability of SDR5C1 to form a stable sub-com-
plex with TRMT10C.

Discussion

The major pathogenic mechanism underlying HSD10 disease
has been elusive. The initial mechanism was thought to relate
to a primary biochemical defect in isoleucine metabolism.
Indeed, both SDR5C1 and AKT are involved in the b-oxidation
of isoleucine, where SRD5C1 catalyzes oxidation of 2-methyl-
3-hydroxy-butyrate-CoA to 2-methyl-acetoacyl-CoA, and AKT
catalyzes breakdown of 2-methyl-acetoacyl-CoA to propionyl-
CoA and acetyl-CoA.35 Because these 2 enzymes function in 2
consecutive steps of the same pathway, loss-of-function muta-
tions in either enzyme show nearly identical urine organic acid
profiles in patients.36 This has led to misdiagnosis of the more
severe clinical disorder caused by SRD5C1 deficiency as AKT
deficiency.14 Furthermore, initiating an isoleucine-restricted
diet does not alter or improve the neurodegeneration and
developmental disabilities of HSD10 disease, despite a bio-
chemical reduction in the excretion of 2-methyl-3-hydroxy-
butyrate and tiglyl-glycine.12,37 Thus, the severe clinical course
of HSD10 disease cannot be readily explained by a blockade of
isoleucine catabolism.

An alternative pathophysiologic mechanism for HSD10 dis-
ease postulated that an imbalance occurred in neurosteroid
metabolism associated with the dehydrogenase activity of
SDR5C1.38 While SDR5C1 is ubiquitously expressed in all tis-
sues, it is predominantly found in liver, heart, and brain. In the
brain, it is primarily expressed in neural rather than in glial
cells, implying that the loss of the dehydrogenase activity could
cause neurodegeneration. However, the residual dehydrogenase
activity of the enzyme has little correlation with the clinical
manifestations of HSD10 disease. For example, a severe neona-
tal presentation associated with the p.D86G mutation in
SDR5C1 retains 30% of the dehydrogenase activity, whereas an
atypical form with normal intellectual and neurological devel-
opment associated with the p.Q165H mutation has no dehy-
drogenase activity.39 Also, embryo and animal model studies
have demonstrated that the dehydrogenase activity of SDR5C1
is not required for cell survival. In particular, although Xenopus
cells with HSD17B10-knockdown and mouse models with con-
ditional HSD17B10-knockout have disintegrated mitochondrial
structure and apoptotic cellular features, these defects can be
prevented by introducing the “dehydrogenase-dead” p.Q165H
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variant of SDR5C1, but not by the “partially active” dehydroge-
nase variants p.R130C or p.D86G.39

A third, and most plausible, pathophysiologic mechanism
for the severe phenotype of HSD10 disease relates to the recent
realization that SDR5C1 functions as an integral component of
human mitochondrial RNase P. This ‘moonlighting’ function
raises the possibility that pathogenic mutations in SDR5C1 dis-
rupt mt-tRNA processing and maturation. Rather than relying
on metabolites as the primary diagnosis indicators, we per-
formed exome sequencing on the proband and used his family
history as a guide to identify the p.K212E mutation in SDR5C1
as the most likely cause of the genetic etiology. The severe
multi-system manifestations of the HSD17B10 p.K212E muta-
tion in the proband, including congenital hypotonia, absent
speech, static encephalopathy, intractable epilepsy, progressive
neurodegeneration, optic atrophy, blindness, gastrointestinal
dysfunction, and lactic acidemia, are similar to those reported

for infantile-onset HSD10 disease.7 Despite devastating clinical
presentations, we show here that the p.K212E mutation causes
only a modest defect in the dehydrogenase activity of SDR5C1.
However, in additional experiments, we show that the mutation
reduces the purine-9 methylation and 50-processing activities
on mt-tRNA and destabilizes the TRMT10C-SDR5C1 sub-
complex in the mitochondrial RNase P holo-enzyme. These
data suggest that the mutation, by disrupting the methyl trans-
ferase sub-complex and in turn the mitochondrial RNase P
holo-complex, can compromise the processing and maturation
of mt-tRNAs, and thereby impair mitochondrial protein syn-
thesis. Consistently, the patient’s muscle biopsy showed clear
evidence for reduced electron transport chain activities specifi-
cally in complexes that contain proteins synthesized by the
mitochondrial translation apparatus.

The p.K212E is a novel mutation. We showed that its
effects on the mitochondrial RNase P holo-complex are

Figure 3. Destabilization of the TRMT10C-SDR5C1 sub-complex by p.K212E. (A) Elution profile of gel filtration of a pre-assembled sub-complex through Superdex 200. The
first peak eluted at 12.7 mL corresponding to the molecular mass of 200 kDa of the sub-complex, while the second peak eluted at 14.0 mL corresponding to the molecular
mass of 116 kDa of the homotetramer of SDR5C1. The sub-complex WT:WT refers to wild-type TRMT10C and wild-type SDR5C1, while the WT:K212E refers to wild-type
TRMT10C and the p.K212E mutant of SDR5C1. (B) SDS-PAGE analysis of gel filtration. From left to right, lane 1 was loaded with a marker of TRMT10C, lane 2 a marker of
SDR5C1, lane 3 the first peak of gel filtration of the WT-WT sub-complex, lane 4 the first peak of gel filtration of the WT-K212E sub-complex, lane 5 2 molcular weight
markers, and lane 6 the second peak of gel filtration of the WT-WT sub-complex. (C) Pull-down of an untagged TRMT10C from E. coli cell lysates by a His-tagged SDR5C1
bound to a solid support and analyzed by SDS-PAGE for the WT-WT or WT-K212E sub-complex.
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quantitatively similar to those of other mutations causing
HSD10 disease. For example, 2 mutations associated with
the infantile form (p.R130C and p.P210S) and 2 mutations
associated with the neonatal form (p.R226Q and p.N247S)
all impair the processing activity of mitochondrial RNase
P.34 In each cases, the degree of damage on the 3 activities of
the RNase P holo-complex is similar to the effect of p.K212E
reported here. Collectively, these data suggest that the major
pathogenic effects of HSD17B10 mutations may be related to
their secondary disruption of the mitochondrial RNase P
holo-complex, thereby resulting in the impairment of the
processing and maturation of mt-tRNAs. We postulate that
pathogenic HSD17B10 mutations decrease the processing
and maturation of mt-tRNAs, possibly leading to secondary
mitochondrial myopathy and dysfunction that culminates in
the severe multi-system clinical presentation of HSD10
disease.

Methods

Human subjects research consent

The proband was evaluated in Mitochondrial-Genetics Diag-
nostic Clinic at The Children’s Hospital of Philadelphia
(M.J.F.) and his blood DNA was extracted following informed
consent per the Children’s Hospital of Philadelphia Institu-
tional Review Board approved protocol #08–6177.

Expression and purification of recombinant proteins

Recombinant human proteins TRMT10C (C-terminus myc-
His tagged), SDR5C1 (N-terminus His-tagged), and PRORP
(C-terminus His-tagged) were each expressed from a pET28-
derived plasmid in E. coli BL21 Rosetta 2 cells and purified by
binding and elution from Ni-NTA (nickel-nitrilo triacetic acid)
agarose resin.19,34 Protein concentration was determined by
Bradford assay relative to bovine serum albumin standards and
adjusted by image analysis of purity on SDS-PAGE. The muta-
tion p.K212E was introduced into the plasmid-encoded recom-
binant HSD17B10 gene by site-directed mutagenesis and
verified by sequence analysis.

Enzyme activity assays

The dehydrogenase activity of SDR5C1 was measured as
described34 in the reverse direction for the reduction of acetoa-
cetyl-CoA to L-3-hydroxyacyl-CoA accompanied by oxidation
of NADH (nicotinamide adenine dinucleotide) to NADC.
SDR5C1 (10 nM) was assayed with acetoacetyl-CoA (30 mM)
and NADH (100 mM) and the decrease of NADH upon the
synthesis of NADC was monitored as the decrease of absor-
bance at 340 nm.

The methyl transferase activity of TRMT10C was mea-
sured using [3H-methyl]-S-adenosyL-methionine (AdoMet)
as the methyl donor, similar to other AdoMet-dependent
methyl transferase assays.40-47 The transcript of human mt-
tRNALeu(UUR) was used as the substrate for the synthesis of
m1G9. The radioactive methyl donor was purchased from
Perkin-Elmer. The tRNA transcript was made by in vitro

transcription from an oligonucleotide-derived double-
stranded DNA template,48 and was purified by denaturing
gel electrophoresis. For each experiment, the tRNA transcript
was heat denatured at 85�C for 3 min, and annealed at 37�C
for 15 min before use. Recombinant TRMT10C (10 mM) was
mixed with SDR5C1 (20 mM) to form the sub-complex,
which was used to catalyze [3H-methyl]-AdoMet (15 mM)-
dependent methyl transfer to human mt-tRNALeu(UUR)
(0.5 mM) in single turnover conditions. The reaction was
performed at 30�C in a buffer of 50 mM Tris-HCl, pH 8.0,
20 mM NaCl, 4.5 mM MgCl2, 1 mM DTT, and 0.02 mg/mL
BSA. Aliquots were acid precipitated on filter pads. After
extensive acid washes, filter pads were measured for radioac-
tivity, corrected for the filter quenching factor, and converted
to pmoles of methyl transfer. Data points over a time course
were fit to the single-exponential equation:

yD yo CA£.1¡ e¡ kapp£t/ (1)

where yo is the y intercept, A is the scaling constant, kapp (or
kobs) is the apparent (or observed) rate constant, and t is the
time in seconds to determine kobs.

The processing activity of mitochondrial RNase P was mea-
sured on a precursor form of human mt-tRNALeu(UUR) made
by in vitro transcription and 30-end labeled with [a-32P]ATP by
Bacillus stearothermophilus CCA enzyme.49-51 The mitochon-
drial RNase P holo-enzyme complex was formed by mixing
recombinant TRMT10C, SDR5C1, and PRORP at a final con-
centration of 1 mM, 2 mM, and 1 mM, respectively, to catalyze
50-endonucleolytic cleavage of the precursor tRNA (5 nM) at
22�C in the buffer of 50 mM Tris-HCl, pH 8.3, 50 mM NaCl,
2.5 mMMgCl2, and 1 mM DTT. The cleavage product was sep-
arated from the precursor tRNA on a 12% PAGE/7M urea gel
in a mini apparatus and the fractional conversion of substrate
to product was measured by image analysis of the gel. Data
points over a time course were fit to equation 1.

Analysis of the TRMT10C-SDR5C1 sub-complex

Gel filtration analysis of the sub-complex, pre-assembled with
purified recombinant proteins, was performed on a Superdex
200 column on €Akta FPLC in the buffer of 50 mM Tris-HCl,
pH 7.5, 400 mM NaCl, and 5% glycerol. The column was cali-
brated with cytochrome c from horse heart (14.4 kDa), car-
bonic anhydrase from bovine erythrocytes (29 kDa), alcohol
dehydrogenase from yeast (150 kDa), b-amylase from sweet
potato (200 kDa), and blue dextran (2,000 kDa). Absorbance of
protein elution was monitored at A280 and peak fractions were
analyzed by a 10% SDS-PAGE. For pull-down analysis of the
sub-complex, a native form of the recombinant protein
TRMT10C, without any tag, was expressed in E. coli Arctic
Express cells at OD600 of 2.0 and at 6�C for 48 hours with IPTG
(0.25 mM). Cells (100 mL) were harvested, broken by gentle
sonication, and the cleared cell lysates were incubated with
His-tagged SDR5C1 (50 mg) in the presence of Ni-NTA resin
equilibrated in the buffer of 50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 50 mM imidazole, 10% glycerol, 10 mM DTT, and 1 mM
NAD. After incubation for 2 hours at 4�C, the resin was
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collected and washed with 10 volumes of the binding buffer.
The proteins stably bound to the resin were resuspended in the
SDS loading buffer, heated at 95�C, and analyzed on a 10%
SDS-PAGE.

Statistical analysis

Activities and reaction rates were compared between the wild-
type and mutant enzymes of SDR5C1. Each data point was the
average of at least 3 independent measurements. Error bars rep-
resent standard deviation (SD).
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