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Abstract

Leigh syndrome, or subacute necrotizing encephalomyelopathy, is one of the most
severe pediatric disorders of the mitochondrial energy metabolism. By performing
whole-exome sequencing in a girl affected by Leigh syndrome and her parents, we
identified two heterozygous missense variants (p.Tyr110Cys and p.Val569Met) in the
carnitine acetyltransferase (CRAT) gene, encoding an enzyme involved in the control
of mitochondrial short-chain acyl-CoA concentrations. Biochemical assays revealed
carnitine acetyltransferase deficiency in the proband-derived fibroblasts. Functional
analyses of recombinant-purified CRAT proteins demonstrated that both missense
variants, located in the acyl-group binding site of the enzyme, severely impair its
catalytic function toward acetyl-CoA, and the p.Val569Met variant also toward
propionyl-CoA and octanoyl-CoA. Although a single recessive variant in CRAT has
been recently associated with neurodegeneration with brain iron accumulation, our
study reports the first kinetic analysis of naturally occurring CRAT variants and
demonstrates the genetic basis of carnitine acetyltransferase deficiency in a case of

mitochondrial encephalopathy.

Keywords:  Leigh  syndrome,  mitochondrial  encephalopathy, carnitine

acetyltransferase, CRAT.

Main Text

Leigh syndrome is a progressive neurodegenerative disease and the most common
pediatric presentation of mitochondrial disorders. Clinical features of Leigh syndrome
are extremely heterogeneous, yet stringent diagnostic criteria entail brainstem and/or

basal ganglia dysfunction, intellectual and motor developmental delay and evidence
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of abnormal energy metabolism, mostly supported by elevated lactate in serum or
cerebrospinal fluid (Rahman et al., 1996). Albeit biochemical defects in Leigh
syndrome can be classified into two main groups, i.e. isolated or combined deficiency
of the mitochondrial respiratory chain (RC) and pyruvate dehydrogenase complex
(PDH) deficiency (MIM# 256000), almost one hundred disease genes have been
associated with this clinical condition (Lake, Compton, Rahman, & Thorburn, 2016).
This remarkable genetic heterogeneity is due to the vast repertoire of gene functions
that contribute to mitochondrial energy production, either directly or indirectly, and
whose impairment can variably impact on disease presentations and life expectancy
(Ruhoy & Saneto, 2014).The carnitine-dependent system includes L-carnitine, a
conditionally essential nutrient, and the family of carnitine acyltransferase enzymes,
which catalyze the reversible exchange of acyl groups between CoA and carnitine
(Jogl, Hsiao, & Tong, 2004). Since acylcarnitines can traverse cellular membranes,
differently from their acyl-CoA precursors, the carnitine system impacts the
intracellular and the inter-tissue carbon trafficking for a wide spectrum of reactions
that are essential for mitochondrial energy production (Ramsay & Zammit, 2004).
The mitochondrial CRAT enzyme is the only member of the carnitine acyltransferase
family to be active toward short-chain acyl groups ranging from two to four carbon
atoms (C2 to C4)(Bloisi et al., 1990), since the peroxisomal carnitine
octanoyltransferase (CROT) and the mitochondrial carnitine palmitoyltransferases
(CPT1 and CPT2) only act on medium-chain acyl groups (C4 to C10)(Sitheswaran,
Price, & Ramsay, 2005) and long-chain acyl groups (C8 to C18)(Schaefer, Jackson,

Taroni, Swift, & Turnbull, 1997), respectively.
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Here we report a sporadic case of severe early-onset mitochondrial encephalopathy, in
which we identified compound heterozygous missense variants in the CRAT gene, and

performed cellular and in vitro functional studies.

This research was approved by the Ethics Committee of the Fondazione IRCCS
Istituto Neurologico "C. Besta", Italy, and informed consent was signed by the
proband's parent. The proband is a 9-year-old only child of unrelated healthy parents.
Starting from the first months of age, she experienced a subacute psychomotor
regression showing a typical clinical and neurological presentation of Leigh
syndrome, also associated with high levels of serum lactate (see detailed case
description and metabolic workup in Supplementary Material and Methods).
Mitochondrial RC defects were observed in the proband skeletal muscle by two
independent Institutes, although the first Institute reported a partially lowered activity
of Complex | and 1V, while the second Institute indicated a major deficiency of
Complex | (Supp. Table S1). A moderate increase in the level of plasma short-chain
acylcarnitines was also observed, which depends on acetylcarnitine (Supp. Table S2).
Whole-mitochondrial-genome Sanger sequencing excluded the presence of
pathogenic variants in the proband mitochondrial DNA. Exome sequencing was
performed on the genomic DNA of the proband and her parents (see Supplementary
Material and Methods), with a minimum on-target coverage 70x for 22,000 genes.
The sequence variants affecting protein coding sequences or RNA splicing sites were
retained if they presented a minor allele frequency < 0.005 in the EXAC database
(http://exac.broadinstitute.org), and were analyzed according to all modes of
transmissions, i.e. de novo variants (dominant) and homozygous or compound
heterozygous variants (recessive). Albeit no further filters were applied, the only

candidate gene encoding a mitochondria-targeted protein (Supp. Figure S1) was
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CRAT (NM_000755.4), which carried the heterozygous nucleotide transitions
€.329A>G, p.Tyrl10Cys, of paternal origin and c¢.1705G>A, p.Val569Met, of
maternal origin (Figure 1A). The former and the latter are annotated in the dbSNP
database (https://www.ncbi.nlm.nih.gov/projects/SNP/) with accessions rs141970897
and rs762425351, respectively, and in the EXAC database with minor allele frequency
0.0011 and 0.0001, respectively. The proband genotype has been submitted to the
NCBI ClinVar database (www.ncbi.nlm.nih.gov/clinvar/, with identifiers 617561 and
617562 for c.1705G>A and c.329A>G, respectively). Both CRAT p.Tyr110 and
p.Val569 are conserved throughout vertebrate evolution (Supp. Figure S2). The
former is also a target of tyrosine phosphorylation in human cells (Supp. Figure S2A),
while the latter corresponds to the CPT2 p.Val605 residue, whose variation causes

CPT2 deficiency (Supp. Figure S2B).

The analysis of CRAT transcripts, conducted on cDNA prepared from the
proband-derived fibroblasts, did not reveal any abnormality in the RNA sequence
length (Figure 1B) and detected both the wild-type and the variant alleles (Figure 1C),
ruling out a possible effect of the missense variants on gene expression and RNA
splicing. Similarly, immunoblotting analysis of cultured-fibroblast lysates excluded a
damaging effect of CRAT variants on protein content (Figure 1D). Spectrophotometric
assays conducted on the same samples (see Supplementary Material and Methods and
Figure 1E) instead revealed a markedly reduced carnitine acetyltransferase activity in
fibroblasts from the proband, which amount to 10.3% of the activity in control
fibroblasts (Figure 1F). In vitro enzymatic assays were performed to rule out the
possibility that the carnitine acetyltransferase deficiency observed in the proband's
cells was due to inter-individual variability or secondary alterations, and to determine

the functional consequence of each of the two missense variants of the CRAT protein,
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separately. The recombinant polyhistidine-tagged wild-type CRAT and each of the
two CRAT variations, generated by site-directed mutagenesis, were expressed in E.
coli and purified using affinity chromatography (see Supplementary Material and
Methods and Supp. Figure S3). The enzyme activity of recombinant CRAT proteins
was tested at several concentrations (7.5-150 uM) of acetyl-CoA (C2-CoA), i.e. the
most abundant CRAT-specific substrate in mitochondria, of propionyl-CoA
(C3-CoA), i.e. another short-chain CRAT-specific substrate, and of octanoyl-CoA
(C8-CoA), i.e. a medium-chain nonspecific substrate of CRAT. The activities of each
recombinant enzyme followed a classical Michaelis-Menten kinetics model (Figure
2A), which permitted to calculate the maximum activity rate (Vmax) and the
Michaelis-Menten constant (K,) of CRAT proteins toward each substrate. The CRAT
p.Tyrl10Cys variant primarily impacted on acetyl-CoA, reducing the Vyax toward
C2-CoA, C3-CoA and C8-CoA to 32%, 45% and 61% of wild-type Vmax (Figure 2B).
The CRAT p.Val569Met variant instead impacted on all the substrates, irrespective of
their chain-length, reducing the V. of C2-CoA, C3-CoA and C8-CoA to 24%, 29%
and 27%, respectively, of wild-type Vimax (Figure 2B). Further, both CRAT variants
significantly reduced the K values toward C2-CoA and toward C8-CoA, but not

toward C3-CoA, compared to wild-type (Figure 2C and Supp. Table S3).

The analysis of the CRAT protein structure revealed that both p.Tyr110 and p.Val569,
substituted by a sulfur-containing amino acid in the proband, locate within the protein
active-site tunnel on the opening side used for binding carnitine/acylcarnitine (Figure
2D). The remodeling of the CRAT protein structure, obtained after replacing each
wild-type amino acid residue with the variant residue (see Supplementary Material
and Methods), resulted in a global reshape of the amino acids participating to the

binding of acyl groups (Figure 2E). The CRAT p.Val569Met substitution also
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introduced a novel interaction with the p.Tyr110 residue, altering the binding pocket
further (Figure 2E). The quantitative and qualitative alterations of the binding pocket
(detailed in Supp. Figure S4) are most likely responsible for the slow-down of
catalytic reactions and changes in the substrate binding affinity.Here we describe the
first human CRAT sequence variants associated with a severe mitochondrial disorder
that also shows carnitine acetyltransferase deficiency. This biochemical deficiency
(MIM# 606175) has been previously observed in two sporadic cases of mitochondrial
encephalopathy that are clinically reminiscent of Leigh syndrome (Didonato, Rimoldi,
Moise, Bertagnoglio, & Uziel, 1979; Przyrembel, 1987) and that present RC defects
(Przyrembel, 1987). In contrast to those two cases, which were not screened for DNA
molecular diagnosis, our results demonstrate that the observed aberrant carnitine

acetyltransferase function is caused by a primary CRAT genetic defect.

Recently, a single CRAT homozygous variant (p.Arg321His) has been described in a
sporadic case of neurodegeneration with brain iron accumulation (Drecourt et al.,
2018). In contrast to p.Arg321His, which is in the periphery of the CRAT protein
structure and was proposed to affect CRAT protein stability (Drecourt et al., 2018),
p.Tyrl10Cys and p.Val569Met are located in the substrate binding area of the protein
and damage the CRAT enzymatic functions. While multiple studies reported
site-directed mutagenesis analyses to explore the basis of acyl-CoA selectivity in the
carnitine acetyltransferase enzyme (see Cordente et al., 2006 and references therein),
here we first characterized the kinetic properties and the substrate selectivity of CRAT
variations found in the human population. In particular, we found that both
p.Tyrl10Cys and p.Val569Met retained less than one third of wild-type activity
toward acetyl-CoA, and that p.Val569Met caused an analogous enzymatic impairment

also toward propionyl-CoA and octanoyl-CoA. In addition to the increased level of
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plasmatic short-chain acyl-CoAs in the proband, another evidence suggests that the
two CRAT variations cannot fulfil the physiological function of the wild-type protein:
the activity of the variant enzymes toward short-chain acyl-CoAs (the CRAT specific
substrates) is lower than the wild-type activity toward the medium-chain acyl-CoA (a

nonspecific and nonphysiological substrate of CRAT).

Albeit further studies are required to assess the neurometabolic consequences of
CRAT defects, multiple literature findings suggest the importance of the ubiquitous
CRAT protein for mitochondrial energy production. In particular, while the carnitine
palmitoyltransferases CPT1 and CPT2 permit the import of long-chain fatty
acyl-CoAs into the mitochondrial matrix for lipid B-oxidation (Wanders, Ruiter, ljlst,
Waterham, & Houten, 2010), a known cellular function of CRAT s exerted in the
opposite direction, i.e. buffering the overload of mitochondrial acetyl-CoA that occurs
when substrate oxidation exceeds energy demand (Seiler et al., 2014). Indeed,
skeletal-muscle specific Crat knockout (KO) mice are subject to the
over-accumulation of mitochondrial acetyl-CoA, which causes an inhibiting effect on
pyruvate dehydrogenase (PDH) (Fisher-Wellman et al., 2015; Muoio et al., 2012), the
reduction of oxygen consumption rates (Seiler et al., 2015), and the hyper-acetylation
of multiple mitochondrial proteins, including subunits of PDH and RC complexes
(Davies et al., 2016). Similar results were observed in another mouse model, in which
Crat was selectively KO in a subset of hypothalamic neurons (Reichenbach et al.,
2018). Since Crat deficiency in the skeletal muscle compromises the metabolic
flexibility of the entire organism (Muoio et al., 2012) and Crat deficiency in
hypothalamic AgRP neurons is sufficient to alter peripheral nutrient partitioning and
liver metabolism (Reichenbach et al., 2018), one might speculate that germline

carnitine acetyltransferase deficiency can even more severely damage the entire
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organism (Supp. Figure S5). It will be most interesting to establish a whole-body or
whole-brain mouse Crat KO model to explore the pathogenic phenotype of CRAT
germline variants. In fact, the few studies conducted on human CRAT-deficient cells
showed a generic role of CRAT in the resistance to oxidative stress (Sharma et al.,
2013), and in the protection from mitochondrial dysfunction and apoptosis (Song,
Kang, Yoon, Chun, & Jin, 2017). In conclusion, having shown that the catalytic
dysfunction of the carnitine acetyltransferase enzyme is due to CRAT sequence
variants in a case of Leigh syndrome, coherently with the importance of this
enzymatic activity for mitochondrial energy production in health and disease, we
propose that CRAT should be now screened in other human mitochondrial-related

phenotypes than NBIA.
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Figures

Figure 1. Detection and effect of CRAT missense variants in the proband-derived

cells.

(A) Trio-WES based detection of compound heterozygous variants, reported as
the "Integrative Genome Viewer" output, and their location along the CRAT
gene structure. (B) Gel electrophoresis and (C) Sanger sequencing of PCR
products obtained from the fibroblast-derived cDNA shows no RNA-length

alterations and biallelic gene expression. Arrows indicate the location of PCR
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primer pairs along the gene structure. (D) Western-blot of fibroblast lysates.
(E) Example output of the spectrophotometric assays conducted on fibroblast
lysates (one million cells) using the DTNB method and measuring the
Absorbance at 412 nm (A412) for two minutes at the steady-state. Carnitine
was added for the activity assays of carnitine acetyltransferase and
oxaloacetate for the activity assays of citrate synthase (CS). (F) CRAT
activity normalized to CS activity. Both enzymatic activities are measured as
nmolxmin™x10° cells. Data are presented as mean+SE of four independent
experiments. ***: p-value <0.05, nonparametric Wilcoxon two-tailed test

between proband and control.
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Figure 2. Functional and structural consequences of CRAT missense variants.

(A) Enzymatic activities of recombinant-purified CRAT proteins, measured using
the DTNB method, at different concentrations of acetyl-CoA (C2),
propionyl-CoA (C3) and octanoyl-CoA (C8); Michaelis-Menten (MM). (B)
Maximum activity rate (Vmax) and (C) MM constant K, of
recombinant-purified CRAT proteins. MM parameter estimations were
conducted in GraphPad Prism. Data are presented as mean+SE of at least

three independent experiments. ***: Non-overlapping 95% confidence
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intervals between CRAT protein variations and wild-type. (D) Complete
CRAT protein structure (PDB Identifier 1nm8). Amino acids of interest and
acetylcarnitine are indicated in mesh and stick representation, respectively.
(E) CRAT amino acids contributing to the binding pocket (<4A from acyl
groups or carnitine) are reported in surface representation in the wild-type
protein (left) and in each remodeled variant protein (right). Sticks indicate

acetyl-CoA (white), propionyl-CoA (grey) and octanoyl-CoA (black).
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Supplementary Material and Methods
Case description

The proband is a 9-year-old only child of unrelated healthy parents. The family history was
unremarkable. She was born post-term (41+4 weeks) after an uneventful pregnancy. Birth
parameters were the normal range (weight: 2.9 Kg, height: 50 cm, OFC: 34 cm, APGAR: 9). In
the firsts months feeding difficult was referred. Starting from five months of age, she presented
subacute psychomotor regression, including microcephaly (<3rd percentile), reduced spontaneous
motility, generalized hypotonia, poor eye contact, dysphagia, loss of postural control and
hypertonic seizures. She also showed epileptic breathing abnormalities with multiple apneic and
desaturation episodes that reached 36%. In the following years, clinical conditions progressively
worsened into tetraparesis with extrapyramidal signs, dystonic postures involving both upper and
lower limbs, failure to thrive (weight and length < 3rd percentile) and loss of swallowing ability.
Early and periodic EEG screenings showed multifocal epileptiform abnormalities and poorly
organized cerebral activity. A single MRI, conducted when she was six months of age, disclosed
T2 hyperintensities in subthalami, substantia nigra, putamen, globus pallidus and periaqueductal
gray matter, and a prominent lactate double peak. Quadriceps muscle biopsy was performed at
nine months of age. Biochemical analysis, conducted in two different hospitals on
biopsy-deriving muscle homogenates, showed mitochondrial respiratory chain defects that ranged
from combined mitochondrial respiratory chain deficiency to isolated complex | deficiency, while
normal activities were observed in cultured fibroblasts (Supp. Table 1). Initial metabolic workup
showed high level of glucose (155 mg/dl, normal range 45-76), high level of triglycerides (373
mg/dl, normal range 64-122) and cholesterol (241 mg/dl, normal range <180), elevated level of
lactate (up to 5605 umol/l, normal range 800-2100) and low level of carnitine (5 umol/l, normal
range 22-47), which was improved after carnitine supplementation. A non-reiterated increase in
the blood level was sporadically observed for the following metabolites: pyruvate, fumarate,
malate, 2-oxoglutarate, 3-hydroxybutyrate. At regular follow-ups, altered values essentially
regarded blood lactate level (2378 pumol/l, normal range 800-2100) and slightly low oxygen
pressure (69 mm/Hg, normal range 70-100). Tandem mass spectrometry analysis of blood
acylcarnitine, performed at six years of age, showed increase in short-chain acylcarnitines, while
medium-chain and long-chain acylcarnitines were in the normal ranges (Supp. Table S2).

WES data production and analysis

Whole exome sequencing (WES) was performed using the Exome Capture Agilent V5+UTRs
(71MDb) kit for library preparation and exome enrichment according to the manufacturer's
instructions. Sequencing was conducted on the Illlumina Genome Analyzer HiSeq2500 in
paired-end mode, with a read length of 2x100bp, to generate at least 7 Gb per sample. Reads were
filtered for sequencing quality and aligned to the human reference genome sequence (UCSC hg19,
NCBI build 37.3) via the BWA program (Li & Durbin, 2009). Sequence variants were detected
and annotated using the GATK toolkit (McKenna et al., 2009), and the VEP program (McLaren et
al., 2010), respectively. The resulting variants were retained when the minor allele frequency was
less than 0.005 in both the dbSNP146 database and in the EXAC database, or when variants were
in genomic regions non-covered by those databases. Sequence variants located in coding

1



sequences and RNA splicing sites were then compared between the proband and her parents,
using custom Perl scripts, under the following hypotheses of inheritance: dominant (de novo
heterozygous variants) and recessive (homozygous variants and compound heterozygous variants).
A visual inspection of the read alignments was performed to remove WES-mapping errors close
to nucleotide repeats and other sequencing artifacts.

Fibroblast cultures and cDNA production

Primary dermal fibroblasts were cultured at 37 °C, 5% CO, in DMEM (Euroclone, ECM0103L),
with 10% FBS (Euroclone, ECS0180L) and 1% antibiotics (Euroclone, ECM0010D). 90%
confluent cells were harvested with 1% trypsin treatment (ECM0920D, Euroclone) and counted
(Millipore, Scepter 2.0). Fibroblast RNA was extracted using the AURUM Total RNA Mini Kit
(732-6820, Biorad) and retro-transcribed into cDNA using iScript Reverse Transcription
Supermix for RT-qPCR kit (1708840, Biorad).

Immunoblotting

Fibroblasts (10° cells) were lysed in 100 uL of RIPA buffer and 20 uL of cell lysates were mixed
with Laemmli buffer (161-074, Biorad) according to data-sheet and denatured at 95 °C for 5 min.
After SDS-PAGE (TGX Stain-Free FastCast Acrylamide Kit, 12% #1610185 - Biorad), proteins
were transferred onto a nitrocellulose membrane (88018, Thermo Fisher Scientific) and incubated
with a blocking solution (5% milk-TBS). Proteins were probed with a primary anti-CRAT
antibody (1:500, Rb-HPA022815 - Atlas Antibodies). The membrane was incubated in blocking
solution overnight at 4 °C under shaking, washed (0.5 % Tween20-TBS) and incubated with
secondary antibody (1:1000, AP307P, Goat Anti-Rb) in blocking solution for 2 h at room
temperature under shaking. A mild stripping protocol (Stripping for reprobing, Abcam protocols)
was used before incubating the membrane with a primary anti-p-actin antibody (1:1000
Ms-Ab441, Sigma; secondary antibody AP308P, Goat Anti-Ms).

Enzymatic assays in fibroblasts

Citrate synthase activity was assessed using a spectrophotometric assay (Srere, 1969), and this
assay was adapted for measuring carnitine acetyltransferase activity (Muoio et al., 2012). Briefly,
fibroblasts (2x10° cells) were lysed with a cell lysis buffer (150 mM KCI, 25 mM Tris-HCI pH
8.00, 2 mM EDTA pH 8.00, 10 mM KH,PQO,, 0.1% BSA and 30 pM digitonin) and the obtained
samples were divided in two aliquots. Baseline measurements of absorbance (Varian
spectrophotometer, Cary 50 UV-Vis) were obtained by incubating the first sample aliquot (1 min)
in a reaction buffer (50 mM Tris-HCI pH 8.00, 1 mM EDTA pH 8.00, 0.1 mM DTNB, 0.45 mM
acetyl-CoA). Citrate synthase activity was determined by measuring the rate of reduction of
DTNB to TNB* (412 nm) by the free CoA-SH liberated from acetyl-CoA after adding 2mM
oxaloacetic acid and monitoring for 5 min. Carnitine acetyltransferase was determined on the
second sample aliquot using the same protocol and replacing 2 mM oxaloacetic acid by 2 mM
L-carnitine. The absorbance variation in 2 min was used as a relative estimate of enzymatic
activity.



Generation, expression and purification of recombinant CRAT proteins

A pET-21a(+) plasmid encoding the wild-type CRAT protein (NM_000755.4) was purchased
from Genscript® (OHul5347). Each DNA sequence variant (c.1705G>A, p.Val569Met or
€.329A>G, p.Tyr110Cys) was inserted by site-directed mutagenesis facilitated by Dpnl selection.
Briefly, 100 pg of the wild-type plasmid underwent PCR reactions using one of the following
primer pairs (mutated site in bold):  forward 5-TTCTTTGGTCCGATGGTTCCGGATGG-3'
and reverse 5-CCATCCGGAACCATCGGACCAAAGAA-3' for p.Val569Met; forward
5-CGTACCTGCAGTGTCGTCAACCGGT-3' and reverse
5-ACCGGTTGACGACACTGCAGGTACG-3' for p.Tyrl10Cys. PCR products were incubated
with 20 units of Dpnl restriction enzyme (NEB R0176S) at 37 °C for 2 h to degrade wild-type
plasmids, and enzyme inactivation was conducted at 80 °C for 20 min. Mutant PCR products (2
pl) were then used for transforming competent TOP10 E. coli cells, and the presence of each
CRAT variant was confirmed by plasmid extraction followed by Sanger sequencing.

Escherichia coli Rosetta (DE3) cells were transformed with wild-type or mutant plasmids, in
which CRAT proteins were expressed in frame with 6X-L-histidine-tag codons. After 12 h on
selective LB agar plates, the transformed bacterial clones were cultured over-night in a liquid LB
selective medium. The day after, bacterial cultures were diluted in fresh medium, grown to reach
optical density 0.5 OD/ml and IPTG (1 mM) was added to induce CRAT expression. After 4 h,
bacterial cells were collected by centrifugation and lysed with French press in a buffer solution
containing imidazole (10 mM). After ultracentrifugation, total protein extracts were incubated
with a nickel-charged resin (Profinity IMAC resin, #1560133). The nickel-charged resin was
washed using buffers at increasing concentrations of imidazole to remove nonspecific-bounded
proteins, and CRAT proteins were finally eluted using a 100 mM imidazole buffer solution. The
purity of recombinant CRAT proteins was assessed by SDS-PAGE (TGX Stain-Free FastCast
Acrylamide Kit, 12%, #161018, Biorad), while their concentrations were determined using two
independent methods, i.e. Bradford Protein Assays and SDS-PAGE of multiple CRAT protein
dilutions.

Catalytic properties of CRAT recombinant proteins

All acyl-CoA substrates were purchased from Sigma-Aldrich (acetyl-CoA, AZ2056;
propionyl-CoA, P5397; octanoyl-CoA, 06877), dissolved in distilled water according to the
manufacturer's instructions and diluted to the concentration required. CRAT specific activity was
measured using the same enzymatic assay applied to fibroblasts. For each experiment the CRAT
purified protein (100 ng) was mixed with the reaction buffer including the acyl-CoA (7.5-150
mM). Baseline absorbance was measured for 1 min. Reactions started by adding 2 mM
L-carnitine in a total reaction volume 500 pl and were followed for 5 min. All reactions were
conducted at the steady-state (linear increase of absorbance during time). CRAT specific activities
(AS, pmol x min™ x mg protein) were calculated as AS = AAx At™ x £* x |1 x vol x mg protein-*,
where AA x At™ is the variation of absorbance per minute (min™), & is the extinction coefficient
of TNB? (13.8 ml x umol™ x cm™), | is the path length (1 cm) and vol is the total reaction volume
(ml). CRAT specific activities were analyzed using GraphPad Prism 5
(https://www.graphpad.com/scientific-software/prism) to verify whether they fitted a
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Michaelis-Menten kinetic model and to calculate Vs and K, consequently.
Analysis and remodeling of CRAT protein structures

The PyMOL software was used to visualize the high-resolution crystallized structure of the
wild-type CRAT protein (PDB ID 1nm8, resolution 1.6 A) and to place substrates. The binding
poses of substrates within this CRAT protein structure were generated by superimposition using a
CRAT structure crystallized in complex with carnitine (PDB ID 1s50, resolution 1.8 A) and a
mouse Crat structure crystallized in complex with acetyl-CoA (PDB ID 2h3p, resolution 2.2 A).
Acetylcarnitine position was derived by acetylating carnitine in silico using PyMOL. The
structures  of  propionyl-CoA  (http://www.rcsb.org/ligand/1VU)  and  octanoyl-CoA
(http://www.rcsh.org/ligand/CO8) were fetched from PDB and superimposed over the acetyl-CoA
structure. The 3D model of each variant CRAT protein was generated by in silico mutagenesis
and protein structure remodeling according to the protocols described in (Pierri, Parisi, & Porcelli,
2010). One hundred steps of energy minimization were performed on mutant 3D models using the
Chimera tool, and the correct 3D model packing was verified (Chimera and WhatlF). After
having generated the overlap between all structures (proteins and substrates), amino acid residues
at less than 4 A from acyl groups or carnitine were selected in each CRAT 3D model (wild-type
and variations) for comparative purposes.



Supplementary Tables

First Institute Second Institute
frr?;il\fa/in’l x g tissue Muscle lr?\ng;ilvlt%in‘lx mg protein Muscle lEi:tl)Jllgub']:(sjts
Complex | 22.6 (27.5-39.5) Complex 1/ CS 0.4 (13-28) 14.3 (10.7-26.0)
Complex Il 0.72 (0.5-0.75) Complex 11/ CS 32.3(9-20) 7 (6.5-14.3)
Complex 111 - Complex 111/ CS 101 (70-130) 98 (70-120)
Complex IV 0.85 (1.8-2.45) Complex IV / CS 150 (130-250) | 183 (95-150)
Complex V - Complex V /CS 264 (120-380) | 123 (65-113)
CS 14.34 (7.8-10.9) CS 168 (60-210) 203 (100-200)

Supplementary Table S1. Activities of mitochondrial respiratory chain complexes.

Values were recovered from the medical records obtained by two Neurological Institutes.
Biochemical assays were conducted as described in (Trounce, Kim, Jun, & Wallace, 1996) for the
first Institute, and as described in (Bugiani et al., 2004) for the second Institute. The latter reports
the activities of complexes normalized to citrate synthase (CS) activity. Reference ranges are
indicated in brackets.

Despite the difficulty in reproducing results from patient-derived tissue samples with OXPHOS
deficiencies (Rodenburg, 2011), two independent Institutes found respiratory chain defects in the
skeletal muscle of the proband. There are at least two major influencing factors that might explain
the partial difference regarding the results on skeletal muscle. First, the two assay protocols are
largely different for several aspects including substrates, substrate concentrations and buffer
conditions. For example, the spectrophotometric Complex | assay is based on completely
different reactions, i.e. the first Institute measured decylubiquinone decrease in absorbance at 272
minus 247 nm after adding NADH, while the second Institute measured NADH decrease in
absorbance at 340 nm after adding coenzyme Q1. Further, the first Institute normalized the
activities of Complexes per gram of tissue, while the second Institute per microgram of total
proteins, and each Institute established its own reference ranges to which diagnostic test results
are related. Second, the two Institutes analysed distinct slices of the same biopsy tissue that is a
non-homogeneous source of cells and cell types, which might undergo non-homogeneous
metabolic alterations. Finally, respiratory chain defects in the skeletal muscle, in presence of
normal activities in fibroblasts, are coherent with an impairment of the respiratory chain that is
secondary to other mitochondrial alterations.



Plasma Carnitine Quantity (uM) Reference range (M)
Free 45.0 20.0-48.0
Short-chain esters 12.3* 2.0-8.0
Medium- and long-chain esters 0.7 0.3-1.8
Total carnitine 58.0 25.0-62.0
Medium and long-chain esters / Total x 100 1.2 <5.0

Supplementary Table S2. Plasma free and esterified carnitines in the proband.

The levels of plasma carnitine, measured using electrospray ionisation and tandem-mass spectrometry
(ESI/MS/MS), were recovered from a medical record of the proband. *: The medical record
specifies that the increased level of short-chain acylcarnitines depends on the level of acetylcarnitine,

while the other acylcarnitines are quantitatively and qualitatively normal.




Substrate Km (M)

wild-type p.Tyr110Cys p.Val569Met
C2-CoA 58.0+9.6 11.3+2.0* 23.3+3.8*
C3-CoA 36.0+3.4 28.0+x54 32.1+£6.9
C8-CoA 95.4+143 50.7 +5.4%* 342 +6.9*%

Supplementary Table S3. K, values of CRAT proteins towards different substrates.

Data are presented as mean+SE of at least three independent experiments. C2-CoA: acetyl-CoA,;
C3-CoA: propionyl-CoA; C8-CoA: octanoyl-CoA. *: Non-overlapping 95% confidence intervals
between CRAT protein variations and wild-type.
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Supplementary Figure S1. CRAT is the only candidate gene encoding a mitochondrial

protein.

Each row refers to a class of DNA sequence variants. Numbers refer to sequence variants detected
in the patient before (first column) and after (second column) having considered the parental
information for the selection of sequence variants. The third column indicates examples of allele
combinations that could be discarded using parental information. The number of genes encoding
mitochondria-targeted proteins are reported in brackets.
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Supplementary Figure S2. CRAT p.Tyr110 and p.Val569 are evolutionary conserved.

(A-B) Multi-alignment of CRAT orthologous sequences deriving from the following species: M.
musculus (mouse), S. scrofa (pig), B. taurus (cow), T. truncatus (dolphin), G. gallus (chicken), A
carolinensis (lizard), P. sinensis (turtle), D. rerio (zebrafish) and S. cerevisiae (yeast). (A) The
arrow indicates the phosphorylation of Tyr110 (Tyr110-p) detected in two experiments reported in

the PhosphoSitePlus database (https://www.phosphosite.org/).

(B) The arrow indicates

evolutionary conservation between CRAT p.Val569 and CPT2 p.Val605 that hosts the amino acid
substitution CPT2 p.Val605Leu responsible of CPT2 deficiency (Yasuno et al., 2008).
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Supplementary Figure S3. Expression and purification of recombinant CRAT proteins.

(A) SDS-PAGE of bacterial lysates before and after the IPTG-induced expression of plasmids
encoding the three recombinant CRAT proteins. (B) SDS-PAGE of recombinant-purified CRAT
proteins.
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Supplementary Figure S4. CRAT amino-acid residues interacting with acyl groups.

Stick representation of CRAT amino-acid residues within 4 A from each substrate (C2-CoA,
green sticks, C3-CoA, magenta sticks, and C8-CoA, cyan sticks) are reported the wild-type
protein structure (WT), in p.Val569Met protein structure (V569M) and in the p.Tyr110Cys protein
structure (Y110C). Each CRAT variation shows qualitative and quantitative differences,
compared to wild-type, in the amino-acid residues contributing to the binding of each substrate.
Further, both CRAT variations introduce two novel amino-acid interactions, compared to
wild-type, with acetyl-CoA (5554 ed F566) and with octanoyl-CoA (Y341 and R464), while only
one novel amino-acid interaction with propionyl-CoA (S454). Thus, propionyl-CoA appears to be
less susceptible than the other two substrates to a change in binding affinity (and then in K,
values) in CRAT variations compared to wild-type.
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Supplementary Figure S5. CRAT-mediated buffering of mitochondrial acetyl moieties.

CRAT catalyses a reversible enzymatic reaction, whose direction is essentially driven by the
concentration of substrates. Studies based on a skeletal-muscle Crat KO model demonstrated that,
when the level of nutrients, i.e. glucose and fatty acids, exceeds the energy demand of the skeletal
muscle, Crat lowers mitochondrial acetyl-CoA and regenerates free CoA (red arrow), which
together disinhibit PDH (Muoio et al., 2012). Thus, the Crat-generated acetylcarnitine can
temporary, and reversibly, stores acetyl moieties into mitochondria until acetyl-CoA lowers and
the enzymatic reaction can occur in the opposite direction (green arrow) with the net effect of
constantly fuel the Krebs cycle. Albeit acetyl-CoA can be exported out of mitochondria using the
citrate shuttle (Palmieri, 2004), this route implies multiple enzymes, is ATP-consuming and,
therefore, is expected to respond more slowly and more stably to the accumulation of
mitochondrial acetyl-CoA than the Crat-mediated route. Further, mitochondrial protein
acetylation is thought to be largely non-enzymatic and enabled by acetyl-CoA abundance (Baeza,
Smallegan, & Denu, 2016). In this respect, additional studies of the skeletal-muscle Crat KO
model showed that the over-accumulation of mitochondrial acetyl-CoA resulting from Crat
deficiency causes the lysine hyperacetylation (red sticks) of multiple mitochondrial proteins
(Davies et al., 2016), e.g. subunits of the PDH complex (DId and Pdhb), Krebs cycle enzymes and
multiple mitochondrial respiratory chain (RC) proteins, including Complex | subunits (Ndufa9
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and Ndufsl). It is worth nothing that Leigh syndrome can be caused by primary defects of either
DLD or NDUFA9 (MIM# 256000). Albeit the functional consequence of acetylation on each RC
complex subunit is still largely unknown, blocking the lysine de-acetylation of mouse Ndufa9 can
indeed cause a secondary impairment of the Complex | activity (Ahn et al., 2008). Taking
together all these findings, one might speculate that also in the skeletal muscle of the proband the
excess of mitochondrial acetyl-CoA due to carnitine acetyltransferase deficiency might cause the
inhibition of the PDH activity and the secondary impairment of the RC function, the latter due to
the lysine hyperacetylation of some RC subunits. This speculation is coherent with the excess of
plasma lactate observed in the proband and it might also explain the normal RC function observed
in the proband-derived fibroblasts, which are cells with a poor mitochondrial oxidative
metabolism, and might not require the CRAT-mediated buffering of mitochondrial acetyl moieties.
Albeit the only mouse Crat KO models are specific of skeletal muscle (Muoio et al., 2012) or
hypothalamic AgRP neurons (Reichenbach et al., 2018), CRAT is an ubiquitous protein, thus it
might be functionally relevant in other tissues than skeletal muscle. For example, liver is the
major contributor to systemic acetylcarnitine during fasting (Xu et al., 2016) and liver B-oxidation
of palmitoyl-CoA correlates with a strong increase in the Crat mRNA levels and with a reduction
of plasma acetylcarnitine (Bjerndal et al., 2018; Lindquist et al., 2017). Further, acetylcarnitine,
which is largely the most abundant plasma acylcarnitine (Giesbertz, Ecker, Haag, Spanier, &
Daniel, 2015), can cross the blood brain barrier and induce a long-studied neuroprotective effect
(Ferreira & Mckenna, 2017). Thus, CRAT might also facilitate a rapid influx of acetyl moietis
from plasma to mitochondria via acetylcarnitine. If so, the excess of plasma acetylcarnitine
observed in the proband might be explained by a reduced capability of CRAT deficient cells to
transform acetylcarnitine. Contrary to acetylcarnitine, which is an oxoester, acetyl-CoA is a
thioester, i.e. an extremely reactive donor substrate in transacetylation reactions (Yang &
Drueckhammer, 2001). In this light, and since the proband is regularly supplemented with
carnitine, the excess of plasma acetylcarnitine might simply reflect an excess of acetyl-CoA.
CACT, carnitine acylcarnitine translocase; CI-CIV, respiratory chain complexes; CIC, citrate
carrier; CL, citrate lyase; CPT1, carnitine palmitoyltransferase 1; CPT2, Carnitine
palmitoyltransferase 2; CRAT, carnitine acetyltransferase; CS, citrate synthase; LDH, lactate
dehydrogenase; MCT, monocarboxylate transporter; MDH1, malate dehydrogenase 1; MDH2,
Malate dehydrogenase 2; ME1, malic enzyme 1; MPC, mitochondrial pyruvate carrier; OCTN,
organic cation transporter; OGC, malate/2-oxoglutarate carrier; PDH, pyruvate dehydrogenase.
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