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Abstract

We report an inborn error of metabolism caused by TKFC deficiency in two unrelated families. Rapid
trio genome sequencing in Family 1 and exome sequencing in Family 2 excluded known genetic
aetiologies, and further variant analysis identified rare homozygous variants in the TKFC gene. TKFC
encodes a bifunctional enzyme involved in fructose metabolism through its glyceraldehyde kinase
activity and in the generation of riboflavin cyclic 4’,5’-phosphate (cyclic FMN) through an FMN lyase
domain. The TKFC homozygous variants reported here are located within the FMN lyase domain.
Functional assays in yeast support the deleterious effect of these variants on protein function. Shared
phenotypes between affected individuals with TKFC deficiency include cataracts and developmental
delay, associated with cerebellar hypoplasia in one case. Further complications observed in two
affected individuals included liver dysfunction and microcytic anaemia, while one had fatal
cardiomyopathy with lactic acidosis following a febrile illness. We postulate that deficiency of TKFC
causes disruption of endogenous fructose metabolism leading to generation of by-products that can
cause cataract. In line with this, an affected individual had mildly elevated urinary galactitol, which
has been linked to cataract development in the galactosaemias. Further, in light of a previously
reported role of TKFC in regulating innate antiviral immunity through suppression of MDAS5, we
speculate that deficiency of TKFC leads to impaired innate immunity in response to viral illness, which

may explain the fatal illness observed in the most severely affected individual.



Report

Undiagnosed complex multisystem genetic disorders presenting to the paediatric intensive care unit
pose a management conundrum. The need to identify (or exclude) a treatable underlying cause is of
paramount importance and is a critical factor dictating management decisions. In recent years next
generation sequencing has increasingly been adopted in critically ill children,! both to identify or
exclude known treatable disorders as well as to discover novel disease-causing genes. Here we
demonstrate the utility of rapid genome sequencing followed by functional studies to identify
deficiency of TKFC, a bifunctional enzyme involved in fructose metabolism and the generation of
riboflavin cyclic 4’,5’-phosphate (cyclic flavin mononucleotide, cFMN)? as a cause of a fatal infantile

multisystem disorder.

Affected individual 1-1 (P1-1) was the first child born to consanguineous (first cousin) parents of
Gujarati ancestry at term. Concerns about eye movements led to the identification of bilateral
congenital nuclear cataracts at 5 months of age. Bilateral lensectomy was performed. Subsequently
she had developmental delay, with evidence of motor delay (cruising at 26 months, walking
independently at 36 months but with a wide-based gait) and speech delay (babbling at 26 months,
first words at 4 years, slowly improving understanding). Initial hearing assessments were normal,
although there was possible low frequency hearing impairment at 4 years of age. She had a simple
febrile convulsion at 2 years of age but no other seizures, and has continued to make slow
developmental progress. General examination revealed microphthalmia but no specific dysmorphic
features, and no organomegaly. Magnetic resonance imaging of the brain at 29 months revealed
cerebellar hypoplasia, with mild delay of myelin maturation (Figure 1). Cardiac investigations including
electro- and echocardiograms were normal, and remained normal up to the most recent assessment

at 4 years of age. Extensive metabolic investigations revealed no diagnostic abnormalities (Table S1).

Her younger sister, affected individual 1-2 (P1-2), was diagnosed on day 1 of life with congenital
cataracts, which were subsequently excised at 1 month of age. Poor feeding and difficult weight gain
were noted from the neonatal period. After her first primary immunisations at 8 weeks, she developed
vomiting and loose stool, and was subsequently admitted to hospital, where she was found to be
hypotensive and tachypnoeic with hypoglycaemia (1.6 mmol/L) and severe lactic acidosis (pH 7.15,
lactate 16 mmol/L). Cardiomegaly was evident on a chest radiograph, and echocardiography
demonstrated dilated cardiomyopathy with poor systolic function. Liver function was abnormal, with
hypoalbuminaemia (23 g/L, reference 32-52) and elevated plasma alanine transaminase (900 U/L,

reference 10-25). Supportive treatment with intubation, ventilation, inotropic support and fluid and



base therapy led to improvement in the lactic acidosis. Cranial ultrasound demonstrated
lenticostriatal vasculopathy, a nonspecific finding which can be seen with viral infections, lactic
acidosis and mitochondrial disease. Magnetic resonance imaging and angiography of the brain was
normal at 2 months of age. Attempts at extubation led to deterioration in cardiac function and
recurrence of lactic acidosis. Care was redirected and she died aged 11 weeks. Extensive metabolic
investigations were unremarkable (Table S1) except for a markedly elevated fibroblast growth factor

21 (FGF21) level of 4350 pg/mL (reference 44 - 1515).

An open muscle biopsy was performed to investigate the possibility of a mitochondrial disorder, since
lactic acidaemia, cataracts, cardiomyopathy and multi-system critical illness are well-recognised
features of paediatric mitochondrial diseases. The elevated level of FGF21, which has been postulated
as a biomarker of mitochondrial disease,? also indicated the possibility of an underlying mitochondrial
disorder. Muscle histology did not demonstrate any characteristic features of mitochondrial disease,
such as ragged-red or cytochrome oxidase-negative fibres. On electron microscopy, mitochondria
appeared slightly enlarged but with a normal morphology. There was a moderate excess of lipid and
glycogen content. Blood vessel endothelial and smooth muscle cells contained no atypical inclusions.
Respiratory chain enzyme activities in muscle, expressed as a ratio to citrate synthase as a
mitochondrial marker enzyme, were essentially within their reference ranges although there was a
mild reduction of complex IV activity: Complex | 0.251 (reference 0.104-0.268), Complex II+111 0.111
(0.04-0.204) and Complex IV 0.012 (0.014-0.034).

In view of the critical illness of P1-2 and urgent need to identify any treatable cause of her life-
threatening condition, rapid trio genome sequencing of the affected individual and her parents was
performed in the RaPS project! in tandem with muscle biopsy, array CGH and mitochondrial DNA
(mtDNA) analysis. Array CGH was normal (other than extended regions of homozygosity, as expected
from the pedigree) and mtDNA analysis showed no large-scale rearrangements in blood and normal
mtDNA sequence in muscle. Written consent was obtained from the parents of P1-1 and P1-2 to
perform trio genome sequencing (of P1-2 and parents) on a research basis under ethics number
08/H0713/82 approved by the NHS Health Research Authority NRES Committee of London
Bloomsbury. For research-based whole genome sequencing (see Supplemental Data for detailed
methods), genomic DNA (gDNA) libraries were prepared using Illumina TruSeq DNA PCR-Free Library
Prep (lllumina, USA) following the manufacturer’s advice starting with 1 ug of sheared gDNA. Parental
samples were pooled at equimolar concentrations and sequenced on an lllumina NextSeq 550 in High-

Output Mode (29 hours). The sample from individual 1-2 was sequenced on an Illumina HighSeq 2500



Dual Flow Cell, Rapid Run Mode (27 hours). Mapping and variant calling were performed using a
Genalice appliance running Genalice Map 2.5.5 including Mapping, Variant Calling and the Population
Calling module for trio analysis (Genalice Core BV, Netherlands). Genalice default configuration files
were used for WGS mapping and trio variant detection. Ingenuity Variant Analysis software (Qiagen,
USA) was used for variant filtering. No potentially pathogenic variants were detected in any known
disease genes associated with primary mitochondrial disorders or other inborn errors of metabolism,
cardiomyopathy or intellectual disability. The filtering pipeline prioritised a homozygous variant
€.1628G>T;p.Arg543lle in TKFC (DAK, ENSG00000149476, NM_015533.3, MIM: *615844) encoding

triokinase/FMN cyclase.

Using Genematcher® we were able to identify an unrelated family with two affected individuals who
also had biallelic variants in TKFC, identified by exome sequencing. Affected individual 2-2 (P2-2), a
boy, is the second child of consanguineous parents of Turkish ancestry. Pregnancy and birth history,
anthropometric data at birth and the neonatal course were all unremarkable. Poor weight gain and
diarrhoea were noted from early infancy. Dietary exclusion of cow’s milk protein was not associated
with any clinical improvement. The affected individual had oral hypersensitivity and did not tolerate
introduction of solid foods. At 22 months he was noted to have global developmental delay and
ophthalmological evaluation revealed bilateral cataracts. Lens extraction/replacement was
performed. Based upon the exome sequencing results a fructose and sucrose free diet was introduced
(via gastrostomy in view of oral hypersensitivity) but did not lead to any improvement in weight gain
or the diarrhoea. Subsequently the diarrhoea worsened and he developed progressive non-cholestatic
liver failure with fatty degeneration of the liver. He has been dependent on parenteral feeding since
the age of 34 months. His clinical course has been complicated by an episode of pancreatitis. Several
attempts to reintroduce significant amounts of enteral feeding failed, and currently he tolerates only
5 x 40 ml of an amino acid based formula. At 3 years 10 months weight (10.1 kg) and height (87 cm)
are both below the first percentile. He has hepatomegaly but no splenomegaly. He cannot walk
independently and has no words. An older sister, affected individual P2-1, has delayed speech
development and learning difficulties. She is otherwise well, and ophthalmological examination did
not show cataracts. See Table S1 for results of biochemical and haematological investigations. As the

affected individual P2-1 is relatively well, she has not had detailed metabolic investigations.

Exome sequencing and variant prioritizing was performed in the index case P2-2, his sister P2-1 and
parents as reported previously.® Studies in Family 2 were approved by the Ethics Committee of the

Land Salzburg (number 415-E/2552/10-2019). A known homozygous variant c.941C>A; p.Pro314His in



PAH (NM_000277.1, MIM: *612349) was identified in both children, who were both known to have
mild hyperphenylalaninemia identified by newborn screening. This variant has been reported as a
cause of benign hyperphenylalaninemia (MIM: #261600),° but does not explain the additional
phenotypes observed in Family 2. We therefore searched for other potentially disease-causing gene
variants and a homozygous variant c.1333G>A; p.Gly445Ser was identified in TKFC in P2-1 and P2-2.
Biallelic variants in TKFC were confirmed by Sanger sequencing and segregated with disease in both
families (Figure 1). Genetic evidence for pathogenicity of these variants included the segregation data
and the overlapping phenotypes in two unrelated families from distinct geographical regions. In silico
predictions for both TKFC variants are supportive of a deleterious effect (Table 1). The ¢c.1628G>T
variant in Family 1 is present in the gnomAD database at a very low frequency (2.40E-05) with no

homozygous variant reported. The c.1333G>A variant is not present in gnomAD.

TKFC encodes a bifunctional protein that has been annotated as a homodimeric triokinase and FMN
cyclase.? Triokinase (EC 2.7.1.28) is a component of the fructose metabolism pathway first described
by Hers and is responsible for the ATP-dependent phosphorylation of D-glyceraldehyde and
exogenous dihydroxyacetone (DHA).” 8 Both identified variants affect evolutionarily conserved amino
acid residues of TKFC (Figure 2a). Site-directed mutagenesis experiments localised amino acid residues
1-339 to the DHA kinase (K) domain and residues 359-575 to the FMN lyase (L) domain, connected by
a linker region and assembling into a functional homodimer.? Thus, the variants in families 1 and 2
affect the L domain. The variants observed in the affected individuals were modelled on the crystal
structure of the Citrobacter freundii DHA kinase, which has structural and functional similarities to
human TKFC (Figure 2b).° The arginine residue at position 543 is located at the surface of the enzyme,
and this position is always occupied by a basic residue (almost invariably Arg) among orthologues.
Although its precise function is not known, substitution by isoleucine is likely to have impact. The
glycine at 445 is close to an ATP/flavin adenine dinucleotide (FAD) binding site and substitution to
serine may affect ATP/FAD binding.

In order to quantify the enzyme activities, recombinant human TKFC proteins were expressed and
purified from Escherichia coli (for details see Supplemental Data). TKFC activity was quantified using a
coupled spectrophotometric assay and either D-glyceraldehyde or dihydroxyacetone as substrates.?
As shown in Figure 3A the TKFC activities of p.Gly445Ser and p.Arg543Ser were reduced to 1.92 % +
0.31 and 1.45 % + 0.75 of wild-type, respectively, when using D-glyceraldehyde as substrate. When
using dihydroxyacetone as substrate, the relative activities of p.Gly445Ser and p.Arg543Ser were 6.33

% +1.67 and 6.22 % * 0.04 of wild-type, respectively (Figure 3B). Equal amounts of protein were used



for this enzyme activity assay (Figure 3C). In addition, the TKFC homozygous variant in affected
individuals P1-1 and P1-2 (Family 1) results in significantly reduced protein levels in both individuals
as indicated in the western blot showing reduced protein content in cultured skin fibroblasts (Figure
3D). Taken together, these results confirm the deleterious effect of these variants on protein

function.

TKFC is widely expressed with highest expression noted in the liver and small intestine. This is
consistent with a role of TKFC in fructose metabolism, since liver and small intestine are the main
fructose metabolising tissues.’® Functional relevance of observed high expression of TKFC in the
adrenal glands is less straightforward to explain, but fructose metabolism has been implicated in

corticosteroid hormone production.!

Since it was not possible to identify a robust phenotype in cells of affected individuals (cultured skin
fibroblasts), functional confirmation of pathogenicity of the mutant alleles was performed using yeast
models of TKFC deficiency. We utilised the sequence and predicted functional similarity of TKFC to
two yeast DHA kinases Dakl and Dak2!? (Figure S1) to interrogate the functional significance of the
TKFC variants identified in the affected individuals presented here. First we tested yeast wild-type and
mutants containing a deletion of DAK1, DAK2 or both DAK1 and DAK2, as well as yeast cells over-
expressing DAK1 or DAK2. We observed that over-expression of DAK1 or DAK2 in yeast (WT, Adak1,
Adak2, Adak1&2) allowed the cells to use DHA as a carbon source, as previously reported.’? We then
expressed wild-type human TKFC in yeast and demonstrated that human TKFC allowed the
transformed yeast cells to use DHA as carbon source (Figure 4), confirming the functional overlap of
human TKFC and yeast Dak1/2. Finally, we tested the effect of the TKFC variants observed in the
affected individuals, namely R5431 and G445S (R5521 and G458S in yeast Dak2), in the yeast model.
Yeast cells overexpressing mutant human TKFC or mutant yeast DAK2 failed to grow on DHA as a
carbon source (Figure 4). This result thus directly demonstrates the biochemical effect of the variants

on TKFC/DAK function, from which we can infer their likely pathogenicity.

The exact function of TKFC remains unclear to a certain extent. The two yeast orthologues Dak1 and
Dak2 are expressed in stress conditions, such as heat or osmotic stress, and encode an enzyme
involved in detoxification of DHA.'2 A single study investigating the function of this enzyme in humans
revealed that it is a bifunctional enzyme with triokinase and FMN cyclase activities,? but it is possible
that it has other roles. Three inborn errors of fructose metabolism are known: essential fructosuria

(fructokinase deficiency, MIM: #229800), a rare non-disease), hereditary fructose intolerance



(aldolase B deficiency, MIM: #229600) and fructose-1,6-bisphosphatase deficiency (MIM: #229700).%3
In hereditary fructose intolerance, fructose ingestion may trigger acute liver failure and proximal renal
tubular dysfunction. Fructose-1,6-bisphosphatase deficiency is a disorder of gluconeogenesis and
presents with hypoglycaemia and lactic acidosis. The most severely affected individual in our study,
P1-2, had not been weaned or exposed to fructose, so it seems unlikely that toxicity from fructose or
its metabolites played a significant role in disease pathogenesis. In P2-2 a fructose-free diet did not

lead to clinical improvement.

Cataracts were present in 3 of the 4 individuals identified to have homozygous TKFC variants.
Pathogenicity of TKFC deficiency may be by glyceraldehyde formation from impaired fructose
catabolism. Glyceraldehyde is a reactive molecule (for instance with hydroxyl and amino groups) and
increased production may lead to dysfunction of multiple proteins. Although P1-2 was not exposed to
exogenous fructose, she did receive lactose/galactose in milk, so endogenous fructose production via
the sorbitol pathway'* may have contributed to her symptomatology. The observation of mildly
increased urinary galactitol (Table S1) in P1-1 is interesting, given the primary role of galactitol in
cataract development in the galactosaemias (MIM: #230400, #230200, #230350). The polyol pathway
normally metabolises glucose to sorbitol to fructose, the first step being catalysed by aldose reductase
using NADPH—> NADP+, and the second step by sorbitol dehydrogenase reducing NAD+ to NADH.
Galactose is also a substrate for the pathway; aldose reductase can convert galactose to galactitol, but
sorbitol dehydrogenase cannot metabolise the galactitol that accumulates, possibly accounting for
the cataract formation in affected individuals with TKFC deficiency since aldose reductase is expressed
in the lens. The pathway of endogenous fructose production from sorbitol is not well characterised
and may be differentially expressed in different tissues and between different individuals, possibly
accounting for the phenotypic variability observed in our affected individuals with TKFC deficiency.
Another possibility is that the cataracts could be caused by accumulation of DHA due to deficiency in
TKFC’s DHA kinase activity. Endogenous increase in DHA levels leads to accumulation of advanced
glycation end products®® which are linked to cataract formation.® 7 Similarly, DHA can itself be a
glycation end product or may be metabolized to methylglyoxal, a metabolite previously associated
with cataract formation.'® Additionally, DHA accumulation was shown to induce mitochondrial stress?
and alter mitochondrial membrane potential leading to apoptotic cell death?® which might explain the
phenotypes mimicking a mitochondrial disorder. Levels of fructose metabolism and endogenous

fructose production are cell-specific, and metabolism of DHA also appears to be tissue specific.?



The critical illness of P1-2 following a febrile illness in early infancy suggests a vital function of TKFC,
at least at this developmental stage. The homozygous p.Arg543lle mutation in this individual affects
the cFMN synthase domain. The function of cFMN remains completely unknown, but it has been
speculated that it may be a signalling molecule, act as a minor redox flavocoenzyme (although
enzymes which might use cFMN as a flavocoenzyme have not been identified)?? or simply be an
intermediate in FAD degradation.?® TKFC has been shown to be a negative regulator of melanoma
differentiation—associated gene-5 (MDAS5, encoded by IFIH1, MIM: *606951),%* %> which is involved in
RNA and virus-mediated type | interferon (IFN) production and antiviral responses.2® Gain of function
IFIH1 variants cause heterogeneous phenotypes associated with upregulated type | IFN signalling
(MIM: #615846, #182250),”” while MDAS deficiency impairs viral double-stranded RNA (dsRNA)
sensing and is associated with susceptibility to severe paediatric respiratory syncytial virus and
rhinovirus infections in humans.?® ?° Three other genes have been associated with the gene ontology
(GO) term “negative regulation of MDA-5 signalling” (GO: 0039534): C1QBP (MIM: *601269), RIOK3
(MIM: *603579) and DHX58 (MIM: *608588).3%32 Bjallelic C1QBP variants in humans cause combined
oxidative phosphorylation deficiency 33 (MIM: #617713), a highly variable multisystem mitochondrial
disorder with phenotypes ranging from death in infancy to adult-onset progressive external
ophthalmoplegia and myopathy. A common finding is cardiomyopathy and increased serum lactate,??
phenotypes observed in P1-2 in the present study. RIOK3 phosphorylates MDAS, interfering with its
assembly and attenuating the innate immune response.3 DHX58 was shown to function in the RIG-
I/MDA5/MAVS protective IFN response in rotavirus-infected intestinal epithelium in mice.3? The mild
loss of complex IV activity observed in the muscle biopsy of P1-2 might reflect secondary damage, for
example as a result of oxidative stress following immune response activation. Taking all of these
findings into consideration, we postulate that TKFC, via cFMN generation, may modulate innate
immune signalling, and that lack of cFMN production in response to a viral insult in a critical
developmental window may have led to the fatal illness of P1-2. The TKFC-MDAGS signalling pathway

may represent a potential therapeutic target for individuals with TKFC deficiency.

In conclusion, this study demonstrates the power of genome sequencing to exclude a treatable cause
of a complex multisystem disorder rapidly in a critical care setting. Extensive metabolic investigation
did not reveal any diagnostic clues other than an elevated FGF21 level. This, combined with the clinical
features of cataract and cardiomyopathy reminiscent of Sengers syndrome,® led to an initial suspicion
of mitochondrial disease in P1-2. However further investigation was not in keeping with a primary
mitochondrial disorder. This study demonstrates the utility of genome sequencing and data sharing

via Genematcher in the identification of an inborn error of metabolism. Yeast biology is extremely



helpful in dissecting the contribution of variants in housekeeping genes to human disease, and here
supports the pathogenicity of biallelic TKFC variants as a cause of human multisystem disease, variably
including cataracts, developmental delay, liver dysfunction, microcytic anaemia, cerebellar hypoplasia

and fatal cardiomyopathy with lactic acidosis.
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Table 1. Details of TKFC homozygous variants identified in affected members of families 1 and 2.

Variant details

Family 1

Family 2

Position (GRCh37)

11:61113875

11:61112824

Canonical transcript NM_015533.3 NM_015533.3
cDNA change c.1628 G>T c.1333 G>A
Protein change p.Arg543lle p.Gly445Ser

In silico predictions

SIFT Prediction/score

deleterious/0

deleterious/0.01

PolyPhen prediction/score

probably damaging/1

probably damaging/0.99

Mutation taster prediction/score

disease causing/1

disease causing/1

PROVEN prediction/score

damaging/-7.11

damaging/-5.59

Condel prediction/score

deleterious/0.945

deleterious/0.858

CADD PHRED score 32 32

Minor allele frequency

gnomAD 2.40E-05 not in gnomAD
homozygous allele none none

SNP/variant accession number

dbSNP (rs547013163)
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Web Resources

1. Online Mendelian Inheritance in Man: https://www.omim.org/

2. gnomAD genome aggregation database: https://gnomad.broadinstitute.org/

3. GTEx Portal (gene expression data): https://gtexportal.org/
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Figure legends

Figure 1:
Family pedigrees, biallelic TKFC variants observed in affected individuals and brain MRI of P1-1.
Representative MRI findings in affected individual P1-1 at 29 months indicating cerebellar hypoplasia.

Homozygous TKFC variants segregating in each family were confirmed by Sanger Sequencing.

Figure 2:

A. Multiple sequence alignment of TKFC amongst different representative species, and location of
homozygous variants within TKFC domains. Homozygous protein variants detected in Family 1
(p.R5431) and Family 2 (p.G445S) are indicated and shown to affect highly conserved amino acid
residues.

B. Dimer of TKFC subunits (with K domain shown in yellow and L domain in blue), based on in silico
modelling of human TKFC structure.? The homozygous TKFC variants identified in the two families are
located within the FMN lyase (L) domain (blue). For simplicity, the two mutation sites (red spheres)
are shown only for the dimer subunit A. The ATP ligands from both subunits are represented in green
sticks. The p.G445S variant may moderately affect ATP/FAD binding side due to its close proximity.
The p.R453I variant may have a more severe effect due to predominant preference for only Arg

amongst orthologues.

Figure 3:

Enzyme activity of recombinant human TKFC protein expressed and purified from Escherichia coli, and
western blot of TKFC in patient fibroblasts.

Enzyme activity was measured using either 10 mmol/L D-glyceraldehyde (A) or 10 mmol/L
dihydroxyacetone (B) as substrate. Equal amounts of recombinant protein was used for activity assays

as adjusted by polyacrylamide electrophoresis (representative gel in C). Bars show average activity,
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error bars standard deviation. Recombinant protein was isolated in three replicates in case of wild-
type (WT) and the p.G445S variant and in two replicates for the p.R543I variant.

D) TKFC protein studies in Family 1 show significant reduction of TKFC protein levels in P1-1 and P1-2
compared to metabolic disease controls. Protein levels were calculated as a ratio of TKFC levels to
vinculin levels. Data are expressed as median with individual data points. One-way ANOVA with
Tukey’s multiple comparisons test post hoc was performed to determine significance as indicated by
* p< 0.05 and ** p < 0.01. Representative western blot show lane 1: Protein ladder (L), lane 2:

metabolic control (C), lanes 4-6: affected individual P1-1, lanes 7-9: affected individual P1-2.

Figure 4:

Functional studies in yeast

Effect of mutations in wild-type and mutated human and yeast DAK on yeast growth using DHA as sole
carbon source. Yeast cells freshly grown on pre-culture plates were inoculated in DHA medium at an
initial OD600Nnm of 0.2. The cultures were incubated for four days at 28°C with vigorous agitation. The
0D600nm were then recorded. The growth experiments were repeated at least twice and the data
averaged. Error bars represent standard deviation. Control, cells (Adakl or Adak1&Adak2) without
DAK overexpressing plasmid; yDAK2, cells overexpression yeast DAK2; hDAK, cells overexpressing the
wt human DAK/TKFC gene; hR5431 and hG445S, cells overexpressing mutated human DAK/TKFC;

yR5521 and yG458S, cells overexpressing mutated yeast DAK.
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Family 1 (p.R543I)

I
Dictyostelium_d MIAKKGRSSYLGERTS-—-—--—--— HIMDPGAHAIEIIFKSFLSIKK--—-——-——
Streptomyces_coelicolor LLPRRGRARPHAEKSL-—-—-——— GTPDAGAHSLALITRAVHGALLDHH---—
S_cerevisiae_ DAK1 FEAKFGRASYVGDS-—-—-———— SQVEDPGAVGLCEFLKGVQSAL---—————
S_cerevisiae DAK2 MDALVGRASYVAKEELRKLDSEGGLPDPGAVGLAALLDGFVTAAGY-——-——
S:pombe - MQAKLGRAVYVGDD-——————~ VKVPDAGALGVVAIVEGFTK-——-——-———-——
Leishmania_donovani LPAQLGRSRYMEGKEV--—-—-—— GKKDPGAELVVAWVEALAWESS----—---
C_elegans QTATVGRASYTSSEAQ-—————— TKPDAGATAISLWLRACWTAYKSEK--—-—
A _thaliana MOAQAGRSSYVSAENL--—-—-. ATVPDPGAMAAAGWYNAAARAVKEQYEGSS
Glycine_max MOAQAGRSTYISGEIL-----— STIPDPGAMAAATWYRAAALAVKAKYQS--
Danio_rerio LTARAGRASYVASEHL------- TQPDPGAVAVAAILRAVLDALKA-—-—-——
Homo_sapiens MEAGAGRASYISSARL------- EQPDPGAVAAAAILRAILEVLQS------
Mus_musculus MEAGAGRASYISSAQL------- DQPDPGAVAAAAIFRAILEVLQTQGA--—
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1:

Sequence comparison between human TKFC and yeast DAK1 and DAK2
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Supplementary Table 1: Results of laboratory investigations

mmol/mol creatinine)

Parameter (reference | Patient 1-1 Patient 1-2 Patient 2-1 Patient 2-2

range)

Full blood count Microcytic Normal Normal Microcytic
anaemia anaemia

Vacuolated Not seen Not seen ND ND

lymphocytes in

peripheral blood film

Renal Function Normal Normal Normal Normal

Liver function: Normal Abnormal: Normal Abnormal:

Albumin (35-52 g/L) 45 23 23-38

ALT (10-25 U/L) 29 900 20- 386

Prothrombin time ND 15.1-23.5 ND

(8.2-14.1 seconds)

INR (<1.2) ND ND <12-14

Blood lactate 1.2 16 Normal 0.9-2.4

(<2 mmol/L)

Ammonia ND 25 ND 18

(<40 umol/L)

FGF21 ND 4350 ND ND

(44 — 1515 pg/mL)

Blood carnitine profile | Normal Normal ND Normal

Plasma amino acids Normal profile Normal profile | Mildly elevated | Phenylalanine

(Phenylalanine 21-93 phenylalanine 376-404

umol/I)

Very long chain fatty Normal profile Normal profile | ND ND

acids

Phytanate and Normal Normal ND ND

pristanate

Transferrin ND Normal ND ND

electrophoresis glycoforms

Cholesterol Normal Normal ND Normal

(112-189 mg/dl) 91-147

Triglycerides Normal Normal ND Elevated

(29-102 mg/dI) 58-604

Creatine kinase 86 125 ND ND

(75-230 U/L)

Urine organic acids Elevated Mildly raised ND 3-
pyruvate, 3- pyruvate (and methylglutaconic
hydroxbutyrate | dopamine aciduria and
and metabolites elevated lactate
acetoacetate reflecting excretion on one

inotrope occasion, but
therapy) normal at other
times

Urine reducing Negative ND ND ND

substances

Urine galactitol (3-17 | 31 ND ND ND




Urine lactose (0-34 61 ND ND ND
mmol/mol creatinine)

Other urine polyols Normal ND ND ND
Urine Not elevated ND ND ND
glycosaminoglycans

Urine/plasma Normal ND ND ND
guanidino-acetate and

creatine

Red cell galactose-1- <0.10 ND ND ND
phosphate (<0.10

umol/gHb)

Galactose-1- 23.3 ND ND ND
phosphate

uridyltransferase (15-

35 umol/h/g Hb)

Galactokinase (0.9-2.2 | 2.2 ND ND ND
mol/hr/g Hb)

Biotinidase (3.9 - 18.9 5.9 ND ND
nmol/mL/min)

Bloodspot acid ND Normal ND ND
maltase activity

Viral serology ND Negative ND ND

Key: ALT Alanine aminotransferase, FGF21 fibroblast growth factor 21




Supplementary methods

Whole genome sequencing in Family 1

1.

Genomic DNA (gDNA) preparation: Whole genome sequencing (WGS) was performed on the trio
of father, mother and affected individual P1-2. gDNA was extracted from blood samples in a
diagnostic accredited lab (NE Thames Regional Genetics Lab).

High quality gDNA was used for whole genome library preparation. 1ul gDNA was run on a 1%
agarose gel to confirm absence of degradation. gDNA concentration was measured using Cubit
dsDNA Broad Range Assay Kit (Invitrogen product #Q32850).

DNA was diluted to 1.1ug in total volume of 55ul in HT1 buffer and transferred to Covaris 50uL
individual tubes. gDNA was sheared to 350bp using E220 Focused-ultrasonicators (Covaris) for 60
seconds with the following parameters: target peak BP 400, Peak Incident Power 140, Duty factor
10% and 22 cycles of burst. Successful shearing was assessed on 1% agarose gel prior to starting
library preparation.

Library Preparation: Whole genome gDNA libraries were prepared using TruSeq DNA PCR-Free
Library Prep (Illumina FC-121-3001) following manufacturer advice starting with 1ug of sheared
gDNA (in 50ulL). Libraries were single indexed using lllumina’s indexed adapters (Set A FC-121-
3001 or Set B FC-121-3002). Library concentration was measured using quantitative PCR (qPCR)
following the manufacturer’s advice (KAPA Biosystems). Briefly, 2ul of library was diluted 10000x
and 20000x in dilution buffer (100uL Tween, 2mL 1M Tris and 198mL dH,0) and incubated
overnight. qPCR was performed in triplicates in a total volume of 16ulL each and run on an Applied
Biosystem 7300 qPCR machine.

Library normalization and sequencing: Libraries were normalised to 2nM with Tris HCI (10mM)
pH8.5 supplemented with 0.1% tween 20. Libraries were denatured with 0.2N NaOH and
stabilised with 200mMTris HCI. gDNA libraries for the parents were pooled and sequenced on an
Illumina NextSeq550 with a 2.7 pM loading concentration. The proband was sequenced on a
double flow cell on an lllumina HiSeq Rapid Mode starting with 9pM loading concentration.

Bioinformatics: Read mapping and variant calling: Basecalling of raw sequencing reads was
performed on BaseSpace Sequence hub (basespace.illumina.com). Fastq files for each individual
were downloaded from BaseSpace, and reads from different lanes were merged together.
Mapping and variant calling were performed using a GENALICE appliance running GENALICE Map
2.5.5 including Mapping, Variant Calling and the Population Calling module for trio analysis
(GENALICE BV, Netherlands). GRCh build 37 and GENALICE default configuration files were used
for WGS mapping, and trio variant detection. Aligned reads were stored in the GAR format
(GENALICE Aligned Reads), using less than 5GB per sample. Variants were stored in a GVM
(GENALICE Variant Map) per trio, using less than 200MB per sample. A standard multi sample VCF
with Mendelian inheritance annotation using Context Based Call Enhancement was extracted
from each GVM.

Variant interpretation:
i Pre-filtering step
a. Common variants were filtered out (< 0.5% in 1000G*, ExAC? and Exome Variant Server
(evs.gs.washington.edu/EVS/) databases). For homozygous and hemizygous variants in
proband, Minor Allele Frequency (MAF) was increased to <10% and variants with no
homozygotes/ hemizygotes in EXAC were investigated.



b. Effect of variant on protein function was set to include predicted pathogenic, likely
pathogenic and uncertain significance (benign or likely benign variants were
investigated if further evidence of pathogenicity was available).

c. Variants associated with loss of function were kept, causing either: frameshift, in-frame
in/del, missense or splice site (7 nucleotides) alterations.
d. 5’UTR and 3’UTR variants were also investigated for genes known to be disease-causing

or with compelling evidence for candidate genes.

iii. Exclusion of known genetic causes: This comprised setting a virtual gene panel as a filter
to investigate genes associated with the patients’ reported phenotypes as the first line of
investigation. The gene panel was constructed by converting clinical phenotypes to HPO
terms retrieving associated genes from different sources: The Genomics England
PanelApp (https://panelapp.genomicsengland.co.uk/),Phenotips (https://phenotips.org/)
OMIM Gene Map (https://www.omim.org/search/advanced/geneMap), established
panels, UCL Great Ormond street Institute of Child Health disease experts and literature
search in PubMed. A broader gene panel was analysed which consisted of variants in
disease-associated genes from OMIM and DDG2P? databases.

6. Allele Segregation: allele segregation of the TKFC variant (c.1628G/T) was analysed in the family
by PCR amplification followed by capillary sequencing (Sanger sequencing) using the following PCR
primer set:

TKFC_forward primer: 5’-TCCCTGCTGGAAGTAGATGAG-3’
TKFC_reverse primer: 5’-CTGCAAGACCTCCAAGATGG-3’

Exome sequencing in Family 2

Exome sequencing was performed using the SureSelect Human All Exon 60 Mb Kit (Agilent) for
enrichment and a HiSeg4000 (lllumina) for sequencing. The average coverage was 93-fold in P2-1,
138-fold in P2-2, 108-fold in the mother, and 126-fold in the father. The 20-fold coverage was 97.2%
in P2-1,99.0% in P2-2, 98.3% in the mother, and 98.3% in the father. We used BWA (version 0.5.8) for
read alignment to the human reference assembly (hg19). Single-nucleotide variants (SNVs) and small
insertions and deletions were detected with SAMtools as well as GATK. We excluded variants present
with a frequency higher than 1% in 18000 control exomes in our database and public databases
including gnomAD. Autosomal recessive, autosomal dominant, X-linked and inheritance via the
mitochondrial DNA were considered.

Skin fibroblast culture and western blot in Family 1

Skin fibroblasts were subcultured in DMEM medium supplemented with 10% FBS, 10,000 U/mL
penicillin-streptomycin, and 100 pg/mL uridine. Multiple cell passages were used as replicates for
TKFC patient fibroblasts and multiple passages of fibroblasts from two metabolic disease control
patients were used as controls. All cells were confirmed to be mycoplasma-free and collected at 90%
confluency for protein extraction.

Protein was extracted with cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail in RIPA buffer for
30 minutes on ice. The lysed cell solution was centrifuged for 10 minutes at 16,000 xg and protein
containing supernatant was collected. Protein concentration was measured by Pierce BCA assay kit as
per the manufacturer’s instructions.

Loading buffer (x6 solution) was added to samples prior to heat treatment for 10 mins at 70°C. Protein
samples (30 ug of protein per lane) and ladder (Precision Plus Protein Kaleidoscope) were loaded into



Novex tris-glycine SDS 10% gels and SDS-PAGE ran at 120V for approximately 60 minutes in tris-glycine
SDS running buffer.

Proteins were transferred onto Trans-Blot Turbo PVDF membrane via a Trans-Blot Turbo transfer
system (Bio-Rad) at mixed molecular weight setting (1.3 A, 25 V for 7 minutes).

Blots were blocked with 0.1% skimmed milk-tris buffered saline-0.05% Tween 20 solution for 1 hour
at room temperature. Primary antibodies were added to blocking solution (St Johns Laboratory Rabbit
Anti-TKFC, STJ117616 at 1:1000; Proteintech Rabbit Anti-Vinculin; 26520-1-AP at 1:2000) and blots
were probed overnight at 4°C. Membranes were washed for 5 minutes 3x prior to probing with
secondary antibody (Cell Signaling Technology Goat Anti-Rabbit, 7074 at 1:2000 in blocking buffer) for
1 hour at room temperature. Blots were washed for 5 minutes x3 prior to visualisation by Thermo
Scientific Pierce ECL Western blotting substrate (Vinculin after 5 second exposure; TKFC after 33
second exposure).

Image) 1.51j8 Java 1.8.0_112 (64-bit) was used to measure protein band density after converting
images to 8-bit images; and GraphPad Prism v8.1.1 (330) for Windows 64-bit was used for graph
generation and data analysis.

Preparation of recombinant TKFC protein

Wild-type human TKFC gene was cloned into the BamHI (...TAAGGATCCgATGACCTCC...) and Bglil
(...CAGAGCTAAAGATCTGCA...) sites of the pRSET-B vector providing an N-terminal 6xHis-tag. The two
variants p.R5431 and p.G445S were generated by site-directed mutagenesis (NEB-Builder, New
England Biolabs) of the wild-type plasmid. The wild-type and mutated plasmids from several clones
were Sanger sequenced in order to verify the mutated positions and to exclude any other variants.
Wild-type or recombinant protein was expressed in Escherichia coli strain BL21(DE3)pLysS (Promega)
grown on LB medium (yeast extract 5 g/l, tryptone 10 g/I, NaCl 5 g/I, pH 7.4) containing ampicillin (100
mg/l) and chloramphenicol (50 mg/l). Overnight cultures were inoculated into 100 ml of growth
medium at a cell density of 0.1 optical density at 600 nm (OD600) and grown to an OD600 of 0.3 at
37°C under shaking at 200 rpm (revolutions per minute). The expression of recombinant TKFC was
induced by the addition of 0.5 mmol/I IPTG (isopropyl B-D-1-thiogalactopyranoside) and shifting the
temperature to 30 °C. The cells were harvested after three hours by centrifugation at 4500 rpm for 5
minutes. Cell pellets were washed with sterile water and resuspended in 6 ml of equilibration buffer
(300 mmol/I NaCl, 10 mmol/Il imidazole, 50 mmol/I sodium phosphate pH 7.4) and shock-frozen in
liquid nitrogen. All following purification steps were performed either under ice-cooling or at 4°C
(centrifugation steps).

After thawing, the cell suspensions were treated by ultrasonification with a micro sonification tip and
sonification blast for 0.5 seconds and break for 2.5 seconds (Branson digital sonifier). Total sonification
time, including brakes, was 5 minutes. After sonification the cell homogenates were centrifuged at
15000 x g for 20 minutes. The supernatants were loaded on HisPur cobalt spin columns (1 ml columns,
Pierce Biotechnology)®. Spin columns had been washed twice with equilibration buffer before loading
by centrifugation (700 x g, 2 minutes) to remove the column storage buffer. After the first 2 ml aliquot
of the supernatant of the E. coli cell homogenates was loaded, the columns were closed on both ends,
incubated for 10 minutes under ice cooling and shaking. Then they were centrifuged to separate the
flow-through (700 x g, 2 minutes). This step was repeated since the volume of the cell homogenate
exceeded the loading volume of the columns. After completing the loading step, the columns were
washed three times with equilibration buffer. Finally, the His-tagged proteins were eluted with 3 x 1
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ml of elution buffer (300 mmol/I NaCl, 150 mmol/I imidazole, 50 mmol/l sodium phosphate pH 7.4).
The elution was performed by allowing the elution buffer to drip through (no centrifugation) and
collecting the eluent in separate tubes. In order to remove the imidazole containing elution buffer,
the eluent was diluted with dilution buffer (30 mmol/l NaCl, 30 mmol/I Tris pH 8.0) to a final volume
of 15 ml, loaded on ultra centrifugal devices (Amicon Ultra 15, size exclusion 10 kDa) and centrifuged
at 2500 x g for 25 minutes to reduce the volume to approximately 500 pl. This washing step was
repeated twice and the remaining protein solution was stored in aliquots, which were shock frozen
with liquid nitrogen and stored at -80 °C. Recombinant protein was quantified by polyacrylamide
electrophoresis and equal amounts of wild-type and variant TKFC protein were used for enzymatic
assays. At least two biological replicates were performed for wild-type and mutated proteins.

TKFC enzyme assay

The phosphorylation activity of TKFC was measured with either D-glyceraldehyde (GA) or
dihydroxyacetone (DHA) as substrates in coupled assays, following the decrease of NADH at 340 nm
by spectrophotometry in a 96 well plate reader at 37 °C for 20 minutes®:

1. D-glyceraldehyde ATP ADP+PI D-glyceraldehyde-3-P
1triose-phosphate NADH NAD*
TKEC isomerase
2. dihydroxyacetone dihydroxyacetone-P glycerol 3-phosphate
glycerol-3-
phosphate
dehydrogenase

The reaction mixture for GA phosphorylation contained a final concentration of 100 mmol/| Tris-HCl,
pH 7.5, 0.18 mmol/l NADH, 10 mmol/l MgCl,, 5 mmol/l ATP, 3 units/ml glycerol-3-phosphate
dehydrogenase, 15 units/ml triose-phosphate isomerase and 0.1 mg/ml bovine serum albumin.
Recombinant TKFC protein (25 ul of either wild-type, p.G455S or p.R543l) was added to the above
mentioned mixture and pre-incubated for 5 minutes. The reaction was started by the addition of 12.5
pl of a 10 mmol/I D-glyceraldehyde (GA) stock solution to result in a final concentration of 0.5 mmol/I
and final reaction volume of 250 pl.

For measuring the activity on dihydroxyacetone (DHA) the reaction was started by DHA instead of GA
and did not contain triose-phosphate isomerase. Each measurement was performed in triplicate and
from at least two replicates of recombinant protein purifications. The activity of the mutant proteins
was related to wild-type protein, which was set to 100% activity.

Materials and Methods for Yeast Studies

Yeast strains

The control strain BY4742 (a, his3, leu2, lys2, ura3) and its derived isogenic deletion strains
Adak1 and Adak2, were from Euroscarf (Frankfurt, Germany). The double mutant
Adak1Adak2 was constructed by PCR-based deletion.



Overexpression of yeast DAK2 was obtained by transforming the control strain BY4742 and
Adak mutants with a multi-copy plasmid (yEP352) containing DAK2 under the control of
the PGK1 promoter.

Overexpression of human DAK was obtained by transforming the control strain BY4742 and
Adak mutants with a yeast expression plasmid bearing human DAK under the control of
the TEF1 promoter (from VectorBuilder, vectorbuilder.com)

Yeast growth media

The pre-culture medium contains 0.7% yeast nitrogen base, 2% glucose, 2% agar and 0.8 g/I
of a complete supplement mixture with/without uracil or leucine supplied by Bio 101
(San Diego, CA, USA).

The DHA medium contains 0.7% yeast nitrogen base, 50 mM dihydroxyacetone (DHA), and
0.8 g/l of a complete supplement mixture with/without uracil supplied by Bio 101 (San
Diego, CA, USA).
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