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ABSTRACT

All molybdenum-containing enzymes other than the bacterial nitrogenase share an identical
molybdenum cofactor (MoCo), which is synthesized via a conserved pathway in all organisms
and therefore also is called “universal molybdenum cofactor”. In humans, four molybdoenzymes
are known: aldehyde oxidase, mitochondrial amidoxime reducing component (mARC), xanthine
oxidoreductase and sulfite oxidase. Mutations in the genes encoding the biosynthetic MoCo
pathway enzymes abrogate the activities of all molybdoenzymes and result in the “combined”
form of MoCo deficiency, which is clinically very similar to isolated sulfite oxidase deficiency,
caused by mutations in the gene for the corresponding apoenzyme. Both deficiencies are
inherited as an autosomal-recessive disease and result in progressive neurological damage and
early childhood death in most cases. The majority of mutations leading to MoCo deficiency have
been identified in the genes MOCS] (type A deficiency), MOCS2 (type B deficiency), with one
reported in GPHN.. For type A deficiency an effective substitution therapy has been described

recently.

KEYWORDS: molybdenum cofactor, MoCo, MOCS1, MOCS2, MOCS3, GEPH
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Historical Background

The existence of a molybdenum-containing cofactor had been first postulated in 1964 (Pateman,
et al., 1964) after the discovery of a series of pleiotropic mutations in the fungus Aspergillus
nidulans, all of them affecting the enzymes nitrate reductase and xanthine dehydrogenase (hence
the gene symbol cnx for cofactor of nitrate reductase and xanthine dehydrogenase, Table 1). The
biosynthetic pathway leading to the cofactor and shared among all free-living organisms (Fig. 1)
was elucidated mainly in the bacterium Escherichia coli, where its absence leads to chlorate
resistance under anaerobic conditions (Rajagopalan and Johnson, 1992). This resulted in the gene
symbol chl, which later in an attempt to unify the different nomenclature (Shanmugam, et al.,

1992) was changed to moa through mog (see also Table 1).

The first case of a MoCo deficiency (MIM# 252150) has been described no earlier than in 1978
(Duran, et al., 1978) and the precise nature of the disease was only recognized in 1980 (Johnson,
et al., 1980). The observation of two complementation groups among fibroblasts from different
MoCo-deficient patients (Johnson, et al., 1989) was the basis to the understanding of the
molecular basis of the human disease, which finally resulted in the identification of the gene
MOCSI (Reiss, et al., 1998a; Reiss, et al., 1998b) mutated in the type A deficiency (MIM#
603707), and the gene MOCS?2 (Stallmeyer, et al., 1999a) and its mutations (Reiss, et al., 1999b)
resulting in MoCo deficiency type B (MIM# 603708). Subsequently a mutation in the GEPH
gene, resulting in the only described case of a type C deficiency (MIM# 603930), was reported

(Reiss, et al., 2001).
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Molybdenum deficiency versus MoCo deficiency

Anecdotic reports on molybdenum toxicity in humans might originate from the well-documented
adverse effects of elevated molybdenum levels on ruminants.This effect, however, is strictly
limited to the special conditions in the rumen (Clarke and Laurie, 1980). In fact, the human body
can adapt to a wide range of molybdenum uptake (Novotny and Turnlund, 2007). Due to the
ubiquitous presence of molybdenum in organic food a dietary-induced deficiency of
molybdenum cannot be induced in animal models (Rajagopalan, 1988). Accordingly, only one
case of molybdenum deficiency has so far been described worldwide , which has been observed
after prolonged total parenteral nutrition of a Crohn’s disease patient under omission of
molybdenum supplementation (Abumrad, 1984). The possibility of a beneficial effect of
drastically elevated levels of molybdenum on type C MoCo deficiency patients will be discussed

below.

In contrast to molybdenum or molybdate, respectively, MoCo or its precursors cannot be
recycled from nutritional sources. The simultaneous absence of endogenous rescue pathways
requires all MoCo molecules to be synthesized de novo. All proteins involved in MoCo
biosynthesis are encoded by autosomal genes and heterozygous mutations do not result in a
noticeable phenotype. Homozygosity for non-functional mutant forms of any of the involved
proteins, however, abolishes MoCo biosynthesis completely and thereby the activity of the
MoCo-dependent enzymes sulfite oxidase, xanthine oxidoreductase, mARC (Havemeyer, et al.,

2006) and aldehyde oxidase.

4
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Phenotype and diagnosis

Four MoCo-dependent enzymes are known in humans: aldehyde oxidase, mARC, xanthine
oxidoreductase and sulfite oxidase. No isolated form of aldehyde oxidase or mARC deficiency
are known, which might originate from overlapping substrate specificities of the enzymes.
Classical xanthinuria type I is the result of an isolated xanthine oxidoreductase deficiency
(Ichida, et al., 1997), while classical xanthinuria type Il is caused by a defect in the molybdenum
cofactor sulfuration by HMCS (Fig. 1) prior to incorporation into xanthine oxidoreductase and
aldehyde oxidase (Ichida, et al., 2001). In symptomatic patients xanthine stones due to elevated
levels of xanthine are the most prominent effects, although they are not life-threatening. Isolated
sulfite oxidase deficiency (MIM# 606887) is also an autosomal-recessive genetic disease even
rarer than the “combined” MoCo deficiency. 21 cases worldwide have been summarized

previously (Tan, et al., 2005).

Isolated sulfite oxidase deficiency and the combined deficiency of all MoCo-dependent enzymes
due to MoCo deficiency are clinically indistinguishable and can be differentiated only by
biochemical parameters like elevated xanthine and lowered uric acid as a result of the
simultaneous loss of xanthine oxidoreductase deficiency in the combined form. They should be
considered in the differential diagnosis of hypoxic-ischemic encephalopathy (Topcu, et al., 2001)
and neonatal hyperekplexia (Macaya, et al., 2005). Both forms can simultaneously be detected
by the use of commercial strip tests originally developed to measure sulfite concentrations in

5
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wine and other beverages. False-negative results, however, are frequent, when the test is used
shortly after birth (when the sulfite has not accumulated sufficiently for a positive test
(Carragher, et al., 1999)) or when urine samples are not tested immediately and the sulfite is
oxidized non-enzymatically. Sulfur-containing drugs can cause false-positive results. Metabolic

changes are summarized in Fig. 2.

Elevated sulfite levels lead to progressive neurological damage (Sass, et al., 2003; Zhang, et al.,
2004), while the contribution of other metabolites such as taurine, S-sulfocystein and thiosulfate
to the disease progression is not yet fully understood (Abbas, et al., 2008). Usually seizures start
shortly after birth and feeding difficulties remind of amino acid intolerance. Those patients who
survive the neonatal period in most cases show severe mental retardation as well as dislocated
lenses and usually do not learn to sit or speak. The first 15 patients have been summarized
elsewhere (Johnson and Wadman, 1989). Further reports followed (Appignani, et al., 1996;
Arnold, et al., 1993; Coskun, et al., 1998; Hahnewald, et al., 2006; Ichida, et al., 2006; Ichida, et
al., 2001; Kavukecu, et al., 2000; Leimkuhler, et al., 2005; Macaya, et al., 2005; Parini, et al.,
1997; Per, et al., 2007; Pintos-Morell, et al., 1995; Salman, et al., 2002; Salvan, et al., 1999;
Sass, et al., 2010; Schuierer, et al., 1995; Serrano, et al., 2007; Slot, et al., 1993; Teksam, et al.,

2005; van Gennip, et al., 1994).

In general, the disease is not apparent at birth. Within the first week, feeding difficulties are
observed accompanied by tonic/clonic seizures refractory to anticonvulsants with a prominent

opisthotonus and an exaggerated startle reaction. A cerebral atrophy results in microgyria,

6
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bilateral ventricular enlargement and is probably also responsible for facial dysmorphic features.
A few patients with relatively mild symptoms have been described with presumedly at least one
mutation allowing for significant residual enzyme activity. Although uric acid levels here
occasionally were found to be normal (Arenas, et al., 2009; Johnson, et al., 2001), the
biochemical parameters apparently do not correlate with the severity of the disease (Hughes, et

al., 1998; Mize, et al., 1995; Ngu, et al., 2009).

It had been suggested that the observed brain anomalies could at least in part be also attributable
to a sulfate deficiency rather than sulfite toxicity (Rajagopalan and Johnson, 1992), but
neuropathological investigation (Salman, et al., 2002) and studies in animal models (Reiss, et al.,
2005) did not support this hypothesis. The disease has been found in a variety of ethnic groups
and all over the world, although it might be under-recognised in many countries. De novo
mutations so far have not been described, but recently the first case of an uniparental disomy
responsible for MoCo deficiency has been reported (Gumus, et al., 2010). Obligate heterozygotes
display no symptoms. Prenatal diagnosis by enzyme activity assays has been described using
amniotic cells and chorionic villi (Johnson, 2003; Johnson, et al., 1991), but nowadays can be

substituted by DNA analysis (Reiss, et al., 1999a; Shalata, et al., 2000).

The MOCS genes and alternative splicing

7
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The first cDNAs derived from MOCS1 (Reiss, et al., 1998b) carried two open reading frames
(ORFs) each coding for a protein homologous to different proteins known to be involved in
MoCo synthesis in bacteria (Supp. Fig S3; Rajagopalan and Johnson, 1992) [TO
COPYEDITOR: QUERY AUTHOR ON PLACEMENT OF CITE FOR SUPP. FIG. S3].
Later, an alternative splicing pattern was described leading to different monocistronic domain-
specific transcripts (Gray and Nicholls, 2000). A full length transcript contains a stop codon in
exon 9 (Fig. 3A) and encodes the protein MOCS1A with 385 amino acids homologous to MoaA
in E. coli, both carrying the glycine-glycine C-terminus conserved across all examined species
except Archea ( Supp. Fig. S1A) and shown to be functionally important (Hanzelmann, et al.,
2002; Reiss, et al., 1998a). Splice forms 2 and 3 omit the stop codon by skipping exon 9
completely or partially (Fig. 3A), thus elongating the ORF into exon 10, which encodes the
MOCS1B domain exclusively expressed as a MOCS1AB fusion protein (Supp. Fig. S1B). The
physiological role of the alternative first exons and start codons (Gross-Hardt and Reiss, 2002) as
well as other alternative splicing patterns (Arenas, et al., 2009) so far is unknown (Fig. 3B). A

processed pseudogene (MOCSIPI) is located on chromosome 16 (NCBI NG_001271).

The MOCS2 gene encodes the small and large subunit of molybdopterin synthase in two
overlapping ORFs, i.e. the start codon of the second frame lies within the first frame (Fig. 4 and
Supp. Fig. S4) [TO COPYEDITOR: QUERY AUTHOR ON PLACEMENT OF CITE FOR
SUPP. FIG. S4]. Both ORFs are shifted relative to each other and thus do not share identical
codons. Since the genomic structure of the gene was not completely characterized in the original
report (Stallmeyer, et al., 1999a), a leaky scanning mechanism was suggested to allow

expression of the second ORF. Within the human genome project an alternative first exon (exon

8
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1b) was identified, which is located between exon 1(a), carrying the start codon of the first ORF,
and the original exon 2. The use of the corresponding transcription start leads to a mature
transcript rendering the start codon of the second OREF the first translation initiation site on the
mRNA (Hahnewald, et al., 2006) thus allowing translation of MOCS2B according to a regular
scanning mechanism (Kozak, 1978). MOCS2A, encoded by the first ORF, again carries a
conserved glycine-glycine C-terminus (Supp. Fig. S2), whose free accessibility appears to be

essential for catalytic function as in the case of MOCSI1A (Unkles, et al., 1999).

The gene MOCS3 encodes a protein believed to catalyze both the adenyl transfer and subsequent
thiocarboxylation at the C-terminus of the small subunit of molybdopterin synthase (Matthies, et
al., 2004), thus providing the sulfur to be incorporated into cPMP (Fig. 1). This gene is located
on chromosome 20 and contains no introns. A pseudogene (MOCS3P1) is located on
chromosome 14 (NCBI NG_002557). No disease-causing mutation has so far been described in

MOCSs.

The GEPH gene

The protein Gephyrin was originally identified by copurification with the mammalian inhibitory
glycine receptor and named “bridging protein” due to its proposed function as a receptor-
microtubule linker in subsynaptic receptor-clustering (Kirsch, et al., 1993; Prior, et al., 1992). Its

9
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homology to MoCo biosynthesis genes was described in comparison to corresponding sequences
from bacteria, fruitflies and plants (Kamdar, et al., 1994; Stallmeyer, et al., 1995). Later, a dual
function in receptor clustering and MoCo biosynthesis was confirmed by the investigation of a
murine Geph knockout model (Feng, et al., 1998), reconstitution assays (Stallmeyer, et al.,
1999b) and by the detection of a disease-causing GEPH mutation in a deceased MoCo-deficient
patient (Reiss, et al., 2001). The Gephyrin protein has two distinct domains, whose function is

depicted in Table 1 and Fig. 1.

Mutations in MoCo deficiency

With the exception of the above described GEPH mutation in a single patient (Reiss, et al.,
2001), disease-causing mutations in MoCo deficiency have been described in MOCS! and
MOCS?2 only (Reiss, 2000; Reiss and Johnson, 2003). Table 2 gives an update of the hitherto
identified pathological mutations. The detection rate in biochemically confirmed cases (i.e.
elevated sulfite and lowered uric acid levels) is > 99 %. Due to multiple start codons in different
exons plus additional alternative splicing events, the nomenclature of mutations in the MOCS
genes is not trivial. The first mutation reports preceded elucidation of the correct expression

mechanisms.
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As we know now, the MOCS 1B domain is not expressed as a distinct protein but rather as a
fusion protein “MOCS1AB” (Fig. 3A) rendering some previously used numbers of

corresponding mutation designations on the protein level not conform to nomenclature

©CoO~NOUTA,WNPE

guidelines. This should be changed as listed in Table 2. For both MOCS1 and MOCS2, we

13 suggest to use the start codon of the first open reading frame for cDNA numbering throughout

15 the complete gene on the basis of a full length transcript (Supp. Figures S1 and S2). In case of

18 multiple first exons the first described should be used to keep changes in nomenclature to a

20 minimum. In case of MOCS1, the “Larin” exon la upstream of the first described start codon (in
exon 1b) should be addressed explicitly (Table 2), while an identical length of 41 amino acids for
25 the “Larin” trailer (encoded by exon 1a) and the “Reiss” trailer (encoded by exons 1b and 1c)

27 does not interfere with downstream amino acid numbering (Fig. 3B). For the MOCS1AB fusion
protein, splice form II should be the basis, i.e. the longer form in comparison to the splice form

32 III protein (Fig. 3).

35 In case of the MOCS2 gene the nucleotide numbering upstream of the start codon will depend on
the specification of the affected protein, i.e. into exon la in case of MOCS2A and into exon 1b in
40 case of MOCS2B (Fig. 4). It is noteworthy that compound heterozygous patients carrying one

42 mutation in the A domain and one in the B domain have not been observed in type A (MOCS1)
neither in type B (MOCS2), indicating intragenic complementation via the different above

47 described transcripts. An exception is the frameshift mutation ¢.1000insT located in the

49 MOCS1A ORF (Table 2) and found together with c.1826T>C affecting the MOCS1B domain,
50 which could be explained by a polar effect of the insertion (Fig. 3A). Within Europe a founder

54 effect for most of the repeatedly identified mutations is still visible (Supp. Figure S5).

60 11
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Animal models and experimental therapies

Knockout mice have been described for Geph (Feng, et al., 1998) and Mocs1 (Lee, et al., 2002).
Homozygous Geph -/- mice die within 1 day after birth, but the comparison with Mocs1 -/- mice
suggests that this is due to neurological deficits caused by the loss of synaptic clustering of
glycine receptors — the second function of Gephyrin besides MoCo biosynthesis. “Pure” MoCo-
deficient mice such as the Mocs1 -/- mice die approximately 1 week after birth and are an
excellent model for therapeutical studies since they truly reflect the biochemical characteristics
of the human disease. The absence of neuropathological findings in the MoCo-deficient mice
might be explainable by (i) an improved maternal clearance due to reduced spatial conditions for
biochemical gradients and/or (ii) the drastically accelerated progression of the sulfite poisoning
(Reiss, et al., 2005). In this animal model, a substitution therapy with cPMP (Fig. 1) had already

been described some years ago (Schwarz, et al., 2004).

Using the same animal model, a gene therapy option with AAV vectors has been demonstrated
(Hahnewald, et al., 2009; Kugler, et al., 2007). Although the MoCo deficiency phenotype could
be completely reverted by just a single injection of AAV capsids carrying a MOCS1 expression
cassette, these long term experiments revealed an increased risk for malignancies after
recombinant AAV injections. Similar observations have been described by others albeit with

different interpretations. While the first corresponding report could not offer an explanation at all
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(Donsante, et al., 2001), specific transgenes such as the lacZ reporter have been held responsible

for tumorigenesis (Bell, et al., 2006).

Our data do not support a transgene hypothesis since we introduced the same expression cassette
that was used for AAV studies also into the germline of MoCo wild-type and deficient mice via
microinjection of fertilized oozytes and observed a tumor frequency of only 9 % over 2 years in
46 animals. In contrast, over 20 % of 44 AAV-treated animals, injected either neonatally or 40
days after birth, developed tumors in different organs. After intrahepatic injections
predominantly hepatocellular carcinomas were seen, while intravenous applications resulted in a

variety of tumors (data not shown).

Clinical studies

Early attempts to ameliorate the symptoms of MoCo deficiency included repeatedly the
administration of high levels of inorganic molybdenum, which was found to be inefficient
(Bamforth, et al., 1990; Endres, et al., 1988; Johnson, et al., 1980). It has been demonstrated in

cell cultures, that this approach is sensible for type III patients with GEPH mutations (Reiss, et

13
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al., 2001). The above cited molybdate treatment of patients, however, preceded gene and
mutation identification, which revealed that GEPH mutations as the cause of MoCo deficiency
are extremely rare. Most likely, patients with other mutations have been treated with molybdate
in the published studies. The only patient with GEPH mutations described so far deceased before
molecular analysis. It should be kept in mind, however, that this type of MoCo deficiency indeed
might be curable with high molybdate concentrations. A diet low in sulfur amino acids has in
some cases resulted in a significant reduction of abnormal sulfur metabolites although no

neurological improvement could be observed (Johnson, et al., 1980).

For decades it had been speculated that at least a part of the MoCo-deficient patients might profit
from substitution with precursor Z (now called cPMP, Fig. 1). This pursuit culminated in the
decision of an Australian court to allow experimental treatment of “baby Z” (as it was called in
the popular press) with a cPMP preparation tested before exclusively in mice (Veldman, et al.,
2010). Before, animal studies had ruled out convincingly any adverse effects (Schwarz, et al.,
2004). The affected baby was homozygous for the MOCS 1B mutation G588R (Table 2) and
thereby classified as type A defective in cPMP synthesis (Fig. 2). Cranial ultrasound
examinations at 1 month showed cerebral atrophy and loss of gray/white-matter differentiation,
Intravenous replacement therapy with cPMP started on day 36 by extrapolating the dose that had
been most efficient in the mouse model (Schwarz, et al., 2004). Since the cPMP infusions were
well tolerated and triggered no observable adverse effects, they were continued on a daily basis
with occasional dosage adjustment. Within a few days normalization of the previously markedly
elevated levels of S-sulfocysteine and thiosulfate were achieved. Within 2 days the infant

became more alert and at an age of 18 months she is clinically free of seizures. In summary, the

14
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substitution therapy cannot reverse cerebral injury observed before commencing cPMP
supplementation. However, ongoing neurotoxicity and further deterioration definitely can be
excluded. Four more type A patients are currently cPMP-treated with similar outcome (Glinter

Schwarz, personal communication).

Future prospects

The availability of a causative treatment immediately raised the question about screening
possibilities for MoCo deficiency. A practicable (and affordable) way to the early identification
of curable patients might be the routine determination of the ratio of uric acid and xanthine
concentrations, which in case of lowered values and in the absence of other immediate
explanations should be followed by a test for elevated sulfite levels. If the latter confirms a lack
of active MoCo, the precise type of the deficiency must be determined either biochemically or by
genetic testing. Although the ethnic origin of a patient often renders specific mutations to be
found more likely than others (Supp. Figure S5), the speed of sequencing complete genes (if not
genomes) reached by now suggests a complete analysis of MOCSI and MOCS?2 in a first step,
which results in a mutation detection rate of more than 99 percent. Only in the case of negative

results up to here, sequencing of the genes GEPH and MOCS3 appears to be indicated.
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Despite the demonstration of successful treatment possibilities for type A in clinical studies and
for type C in cell culture experiments, type B deficiencies so far appear to be incurable. The
relative instability of molybdopterin (with or without molybdenum) hampers substitution therapy
analogue to cPMP supplementation. Theoretical options still to be explored are enzyme
replacement therapy with MOCS?2 proteins or functional sulfite oxidase and safe avenues of gene
therapy. The latter might include the use of AAV vectors, if parameters such as titer, serotype

and route of application are optimized in terms of a minimal malignancy risk.
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10 Figure 1. Biosynthesis of MoCo via an ancient pathway common to all free-living species and
12 types of diseases as a consequence of mutations in the different genes. MOCS1A belongs to the
15 superfamily of S-adenosylmethionine-dependent radical enzymes, members of which catalyze
17 the formation of radicals by a protein-bound [4Fe-4S] cluster (Hanzelmann, et al., 2004). It is
speculated that the B domain of the MOCS1AB fusion protein might function as a radical

22 acceptor (Teschner, et al., 2010). The two MOCS?2 proteins A and B are subunits of

24 molybdopterin synthase incorporating sulfur groups delivered by the MOCS3 sulfurylase
(Matthies, et al., 2004). Finally, molybdenum is attached to these sulfur groups in a two step-
29 reaction catalyzed by the GEPH-encoded two domain-protein Gephyrin (Kuper, et al., 2004;

31 Llamas, et al., 2006).

38 Figure 2. Metabolites influenced by MoCo deficiency.

44 Figure 3. Alternative splicing of the MOCS] transcript. (A) Use of the first stop codon in exon 9
leads to an active MOCS1A protein with the strictly conserved and functionally obligate two

49 glycine residues at the C-terminus in splice form 1. Splice forms II and III lead to a fusion protein
51 with an inactive A domain and the functional B domain. (B) The exons 1a and 1b are mutually
exclusive. The two different trailers of the most common Larin and Reiss variants have an

56 identical length of 41 amino acids.

60 27
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Figure 4. Expression of the MOCS2 gene. Exons 1a and 1b are mutually exclusive and lead to
the expression of two distinct proteins via spliceforms I and III, respectively. Spliceform II
cannot be found in the databases anymore and probably was an artifact. The open reading frames
of the small and large subunit of molybdopterin synthase overlap in exon 3. The essential Gly-

Gly C-terminus of MOCS2A is in red color.
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Table 1. Nomenclature of homologous genes or protein domains, respectively, involved in

MoCo synthesis among different species

Synthesis of Bacteria, old | Bacteria,new | Fungi/Plants | Human/Mice NCBI (human)
cPMP chlA MoaA cnxA/2 MOCS1A NG_009297
cPMP chlA MoaC cnxB/3 MOCS1B NG_009297
molybdopterin | chlA MoaD cnxG/7 MOCS2A NM_176806
molybdopterin | chlA MoaE cnxH/6 MOCS2B NM_004531
molybdopterin | chlE MoeB cnxF/5 MOCS3 NM_014484
MoCo chlE MoeA cnxE/1(E) Gephyrin E domain | NG_008875
MoCo chlG MogA cnxE/1(G) Gephyrin G domain | NG_008875
S-MoCo - XdhC/NifS4 | HxB/ABA3 HMCS/MOCOS NM_017947
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1

2

2 Table 2. Mutations causative of MoCo deficiency as described through September 2010
gGene/Protein Nucleotide change' Location  Predicted effect Legacy name  Reference

;MOCS 1A ¢.99_100delGG Exon la’ p.E34fsLarin Personal communication’
9 c.195_212del18 Exon 1d p-G66_Y71del 195del18 Reiss et. al. [1998a]

. ¢.199C>T Exonld  pR6TW R6TW Leimkiihler et. al. [2005]
12 c.217C>T Exon 1d p-R73W R73W Reiss et. al. [1998a]

13 c.218G>A Exon 1d p-R73Q Personal communication’
1‘5‘ c.238T>G Exonld  p.C80G C80G Leimkiihler et. al. [2005]
16 c.250T>C Exon 2 C84R This study

17 c.251G>T Exon 2 p.C84F C84F Leimkiihler et. al. [2005]
18 c.253C>T Exon 2 p.Q85X This study

e c256T>G Exon2  p.Y86D This study

21 c.291delC Exon 2 p-A99fs Reiss and Johnson [2003]
22 c.367C>T Exon 2 p.R123W R123W Reiss and Johnson [2003]
gj c.377G>A Exon 2 p.G126D G126D Reiss et. al. [1998a]

o5 c.379G>A Exon 2 p.G127R G127R Reiss et. al. [1998a]

26 ¢.394C>T Exon 2 p-R132W This study

217 c.418+1G>A Intron 2 Skipping exon 2 418+1G>A Reiss et. al. [1998a]

;g ¢.583+1G>A Intron 3 Skipping exon 3  583+1G>A Leimkiihler et. al. [2005]
30 ¢.603_623del21 Exon 4 p-G202_E208del This study

31 c.664C>T Exon 5 p-R222X This study

gé c.666_667insCGA Exon 5 R222 G223insR  667insCGA Leimkiihler et. al. [2005]
34 c.721delC Exon 5 p.L241fs Personal communication’
35 c.722delT Exon 5 p.L241fs 722delT Reiss et. al. [1998b]

36 c.956G>A Exon 7 p.R319Q R319Q Reiss et. al. [1998a]

g; c.970G>A Exon 7 p.G324R G324R Reiss and Johnson [2003]
39 c971G>A Exon 7 p-G324E G324E Reiss et. al. [1998a]

40 ¢.1000insT Exon 8 p-S334fs This study

j; ¢.1015_1018del4 Exon 8 p-R339fs 1015delCGGG Leimkiihler et. al. [2005]
43 c.1027C>T Exon 8 p-R343X L342X Leimkiihler et. al. [2005]
44 c.1064T>C Exon 8 p.I355T Macaya et. al. [2005]

45 c.1102+1G>A Intron 8 Skipping exon 8 1102+1G>A Reiss et. al. [1998a]

jg c.1150G>A Exon 9 p-G384S G384S Reiss et. al. [1998a]

48 c.1165+6 T>C Intron 9 Skipping exon 9 Arenas et. al . [2009]

49

g§40CS 1AB  c.1313_1314insG Exon 10 p.P434fs 1313insG Reiss et. al. [1998a]

52 ¢.1502_1507del6 insCT Exon 10 p.-V496fs This study

53 c.1523_1524del2 Exon 10 p-ES03fs 1523delAG Reiss et. al. [1998b]

54 c.1640del A Exon 10  p.Q542fs This study

o c.1777G>A Exon 10  p.G588R G175R Leimkiihler et. al. [2005]
57 c.1798A>C Exon 10 p.T595P T182P Reiss et. al. [1998a]

58 c.1826T>C Exon 10 p.L604P This study

5

60
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Exon la
Exon 1a
Exon la
Exon 1a
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 3

Exon 3

Exon 4
Exon 5
Exon 5
Exon 5
Intron 5
Exon 6
Exon 6
Exon 7
Exon 7
Exon 7
Exon 7

Intron1-3

Human Mutation

p-C608fs

Initiation failure
Initiation failure
Initiation failure
p-Q6X

p.V7F

p-Y11X

p-SI5SR

p-Q30X
p-Q36X
p-R44X
p.-Q74X

MOCS2A: 185fs
MOCS2B: L23fs

p-G76R
p.K105fs
p.V116fs
p.G126A
Skipping exon 5
p-A150 del
p.L158__K159del
p-E168K
p.G178fs
p.K180fs
p-X189Y

p-V22fs

MII

YI1X
SI5R
Q30X
Q36X

252insC

533del4

E168K

726del2
X189Y

Exon2/3del

Personal communication®

Hahnewald et. al. [2006]
Personal communication®
Reiss et. al. [1999]
Johnson et. al. [2001]
Johnson et. al. [2001]
Leimkiihler et. al. [2005]
Reiss and Johnson [2003]
Reiss and Johnson [2003]
Reiss and Johnson [2003]
Per et. al. [2007]

This study

Reiss et. al. [1999]

Reiss and Johnson [2003]
This study

Reiss et. al. [1999]

Reiss and Johnson [2003]
This study

Reiss and Johnson [2003]
Reiss and Johnson [2003]
Reiss et. al. [1999]

Reiss and Johnson [2003]
Reiss et. al. [1999]
Leimkiihler et. al. [2005]

Reiss et al. [2001]

'Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence GenBank AJ224328.1 for MOCSI (see also
Supp. Fig. S1) and Genbank AF091871.1 for MOCS2 (see also Supp. Fig. S2), according to

journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

1

2

2 ¢.1838_1843del6insCC  Exon 10
5

6

7

8

9

10

11

12

13

14

1IMOCS2A  ¢.-9_14del23
i? c.1A>G

18 c.3G>A

19 c.16C>T

20 c.19 G>T
2 ¢.33T>G

23 c.A45T>A

24 c.88C>T

25 ¢.106C>T
g? ¢.130C>T
28 ¢.220C>T
29

gflé/locszA/B ¢.252_253insC
32

33

3MOCS2B c.413G>A
32 c.501delA
o ¢.533__536del4
38 c.564G>C
39 c.564+1G>A
j‘; c.635_ 637del3
42 .658__664del7insG
43 c.689G>A
jg c.714__718del5
P c.726__727delAA
47 c.754A>C
48

gg}ephyrin ¢.65-2_102+2del
51

52

53

54

55

56

57

58

59

60
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*This mutation affects only the Larin variant (see also Fig. 3B), which is not included in the
reference sequence, but in Supp. Fig. S1.

3 Cecile Acquaviva, Service Maladies Hereditaires du Metabolisme, Centre de Biologie Est —
Groupement Hospitalier Est, 59, bd Pinel — 69677 BRON cedex
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Purine degradation
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Human Mutation

Methionine 4
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A spliceform I: bicistronic transcript - active MOCSIA B Larin - variant

1383 G384 G385 X
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12 TGA TGA ATG

14 spliceform II: monocistronic transcript - inactive MOCSI1A and active MOCS1B Reiss - variant

1383
15 N A A N E42 A /\ ;
16 N .,‘\\.Il\ ! \E384... A636 X - SN N/
17 e

18 TGA TG

20 pliceform III: istronic transeript - inactive MOCS1A and active MOCS1B Gross-Hardt - variant
E13
21 \ A = N N A 7
o n VRN 7\ /\ /\ /
| FY 4 \, / /N I

\
—————— e - o - -
TGA ATG

29 . coding region I untranslated region

32 158x114mm (600 x 600 DPI)
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Human Mutation

spliceform I: bicistronic transcript - active MOCS1A B

1383 G384 G385 X

TGA TGA

spliceform II: monocistronic transcript - inactive MOCS1A and active MOCS1B

1383

hoAV
N ./' \ /\ ! \E384.. A636 X

TGA

spliceform I11: monocistronic transcript - inactive MOCS1A and active MOCS1B

. coding region

AN

A
\ n VRN

AN -

TGA

. untranslated region

158x114mm (600 x 600 DPI)

John Wiley & Sons, Inc.

Larin - variant

Gross-Hardt - variant
E13,
AN N\
/\ / N\ /\ /
/ \ Ji N

/
.-
ATG

Arenas - variant
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10 spliceform T [ B
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Q

A

B4

R Q E Y V EL D QL L VL Q P G D ETIA AUV IUPUPTI S G G X
13 cgtcaagaatatgtcgagecttggagatcagetectegtgetteagectggagacgaaattgeegttatecceeccattagtggaggatagtgettttgag
M s §S L E I 8 s s C F 8§ L E T K L P L S P P L V E D S A F E

14 | I

15 1T
spliceform II1
16 p L EEE

17 ATG TGA

18 . mocszB

20 B coding region [ untranslated region

23 104x41mm (600 x 600 DPI)

John Wiley & Sons, Inc.
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Human Mutation

ATG T
v
spliceform T | B

Q

A

B4

R Q E Y V E L 66D Q L L VL Q P GDETIAUV I P PI S G G X
cgtcaagaatatgtcgagcttggagatcagetectegtgetteagectggagacgaaattgeegttateccecccattagtggaggatagtgettttga
M s 8§ L E I 8 s s C F 8 L E T K L P L S P P L V E D S A F E

)

spliceform III m 2 ! BEE B F
ATG TGA
~ Mmocs2B
. coding region [ untranslated region

104x41mm (600 x 600 DPI)

John Wiley & Sons, Inc.
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Reiss et al., Human Mutation 1
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H. sapiens Reiss 1 MWESWELRT A--- PGLS- - - -5 - e
H. sapiens Larin 1 ----MAARPLSRMLRRLLRSSAR--- ASCS SGAFVTQPCPGESARAASEFEVERR- - ===~ ROFEREHAA--==--==-PFBA==-===-cemone =u-F QHS - -YLRI: ANL-LTTEEIL
M. musculus 1 ----MAARPAFGIVRQLLRSNAR- GCSSGAPVTQFRPGEPSRPTRE GLSLR: ~LOFLOEHAA---~----PFSA--- QHS - -¥YLRI PEADL-LTTEEIL
C. elegans 1 -MCLOAGKKLPOWSRTES--=---==-==- SAGRIVEQLTVP-=-====== =sesccesscenas LREHAEFIVLLTFEQEREAVEVEIQEI F - -¥LRI IPLEFK LSNSEVL
D. melongaster 1 ==m=a] MRLLARHAIRLLGQENSAGEVASLSRGAIRLEATTGY - - - -LNL ATASVQPLEPEKQVLR-----===s-=u- KNHB-=-==es==n== ===F - -¥LRI L L
A. thaliana 1- MRRCPSKITDCHLGFENSN- - - -FLLVGEEV----=-=-==--~ GEG EVTRTITTTTSERLFSSSY] 5D - ==-MLI - -¥LRI QL-LSQSEIV
E. coli 1- - MASQLTDAFAR - - KFYYLRLS TREGFLTVDEIR
0 T. acidephilum 1 - - --MPIYDRYGR- - PVL TQLNT -=-GT EEIE
1 1 H. sapiens 109 mmm:n:u&munpmwmmn— -LEGLRTIGVTTHGINLARLLPQLOFAGLSAINT REFEF HEAIELGYNP VEVHCV NEDELLDFAALTEGL IEYMPFDGHN.
M. musculus 106 IRPDVVDT -LEGLRTIGLTTNGI! RLLPRL T HEATELGYKP - NEDELL PL
12 C. elegans 115 RL ARNIH.WA\I’B(:ASS—-TPGIW'A VLPRFLPFLEDAGLTKINISI AIELAR - - GYFPK] N VOF IRF
D. melongaster 111 mstummmmmwsﬂnm VLTRLLLPLQ SLDTLERDRFEKI IAGIDLAVQOLGYRP - - KVNCVL o 5
13 A. thaliana 114 RLAGLF EEICLQLSS - - LKGLENLAITTHNGITLAKKLERLEECG] JRVMKSIDTAIELGYNE VEVNCVI [ INVRFI v
E. coli 54 RV SL TDIIA--AV IRQIAVT I ITGQDEFNOVMAGIDA EE VEVNT DTFLNWIQHRPIQLRFIELMETGEGS
14 T. acidophilum 48 mrsnnmrmmxm:- --IGRIRKHITGNISHMTTHGTMLPK IAKDLKE] ITGTRMIC TP VEINFVWLEDLNVNDIPRMLEIAAENNAILOLIEYE-TDREG
15 H. sapiens 256 WNFEEMVSYKEML-DTVRQOWPELEEV--P IFGFLGQISE. RAG--ASEQE- - -LLRI v ISQMENRPMILIGG
M. musculus 256 WNFEEMVEYNEML- m‘l R EXL--F IPGFOGQISE GTCNRLR RAG- - ASEEE- - -LLRI : Iaammm.m
16 C. elegans 265 FKNDSF TRL- - SDL QGQFGE RCGE - - -LSEVIQ' : LENL
D. melongaster 261 um‘xnusnm:.—m- CAL- - QVGFITSHTEH-HCRT I -SVSEEQ--LVDL NL LIGG
17 A. thaliana 251 WNVEELVPYAEVM- nwmr!smnﬂ--onmsrmmcusvsnm Le L LRSG- -ADDEA- - -LRET AHAGMLDIAKTANRPMIHIGG
E. coli 201 ELFREHHI L - -RAQVFC] IGLIMPYEED- ﬁ- I L - ISAAL HFLHQNN-TGITQNLSYIGE
18 T. acidophilum 193 ESSEEYRRYHISLDPIEAQIRKKAI ¥ VEIEFVEPQ (CRHCFRLRITSRGEFEACEM---- - - RSDT T ROLFRI-AVSLREPYWKPGDEQQTEETYDSAISESK
19 B
20 H. pi 1 - ¥y ‘ASS---QP---GSRGPCFLPGLESQE----- LR-E LTD. RQH: TPRANLLTTEEILTLARLFVEEGIDKIRLTGGEPLIRF
21 M. musculus 1 --MAARPAFGIVRQLLRSNARGCSSGAFVTQPRF-GE--=~-~ PERPTREG- - - -LSLRLOFLQ - E- HAAPFSAFLTDSFGRQHS - - YLRISLTE! L y TPEADLLTTEEILTLARLFVEEGVDEIRLTGGEPLIRP
C. elegans 1 --MSCRAG---KEKLFQWSRVESSTEEIVEQLTVPLREHAEPILTLTPEQKR - - - - EAVRLEIQEIE-HTKGQPFFF -DMFM - - REHTYLRI E NELFAA IPTIRK
22 D. melongaster 1 --MRLLARHAIRLLGQENSAGEVASLSRGAI---------=--=-- RLEATTGYLNLATASVOPLEPERQVLRENSPLTDSFG -HETYLRI LLTTEEILRLARIFVEQGVRKIRLTGGEFTVRR
A. thaliana 1 MISTLRRAVFLRRF------cceennnnn - -PAVVEPIKRA--------==c=u=n FSSRIDDEFD- -
23 E. coli L --
T. acidophilum b §
24 H. sapiens 134 DVVDIVA--QLQRLECLRTIGVITHGINLARLLPQLOKAGLSAINISLDT IVR IHEAIELG- - ¥NPVEVNCY NEDELLDFAALTEGLPL mv:sxmmmwsm
25 M. musculus 136 DVVDIVA--RLHGLEGLRTIGLTTNGINLARLLPRL ISLDT T IHEAIELG- - YKPVEVHCVVMRGLNEDELLDFVALTEGLPL EEMV EMLDT IRQ:
C. elegans 140 DIV--HIVEGISSTPGIKEVEITT VLORFLPOL IN DREKFA AIELA--RE-YY VVLEH( VDF THDRNL NLIVDEYGD- -
D. melongaster 134 DIVEIVA--CMEALPELEQIGI! VLTRLLLPLORAGL ISLOTLERDRFEKIT IAGIDLAVQLE- - ¥RP - KVNCVLMRDFNEDEICDFVEFTRNRF TERLISYKDTLQII! K
26 A. thaliana 36 QIMNI---
E. coli 1l ===-
27 T. acidophilum L o e NN e A R N R R A N RN NN EEEEEEEEEEEEEEEEEEEEEEEEEEEE e
28 H. sapiens 280 K---V KIPGFQGQISE FSFﬁNHI- ok -LLRI | LMF )y HVQGL QVA--T
M. musculus 286 K---L KIPGFQGRISF : -LLRITS IAQMENRPMILIGVLLML ROCLSDOM- -AS
29 C. elegans 289 GVIRL EAYKIDGFQGQFGFI H I IRCGDSD E QLSEVI( HA-----mmmmmmmmmmmmnas VFRHGRSEEPAKSSNDS - - YRGLTP----- - -
D. mel 279 ---AL AV I {EFSLRDAME KQHAD - A -
30 A. thaliana 54 -------EPSPDG----- ~FSELKSSKIEPLRSENIDFRQQI------------==- -
E. coli 1- -
31 T. acidophilum 1 ==---c-=cc=sc-ccmeccesmmcammccssmcnmmmaaens
32 H. sapiens 407 LWEGCRVPQTPFLAQQRL Q! ¥ SPGSWASARA "Mamsmﬁmm- -MVDVGRKFPDTERVAVASAVVLLGPVAFKLVQUNOLEKG - - DALVVAQLAGVQAAKVTSOLIPLCHHVALS - - HIQVQ
M. musculus 435 LWERHCIFKALPLSQQCLGSGSPQRH-YSEYPDPDTHEKCLSTGSQAFDAFPSGPGE ETER’ LGFVAFPELVOONQLEKG - - DALVVAQLAGVQAAKLTSQLIPLCHHVALS - - HVQVH
33 €. elegans 408 ------ VIESASSILVHLFESSLYHSHLHESR - - ---H--n:sqursnwsvssnmmm-- ILTA IEEG- - SIL IRLDFVDTVFN
D. melongaster 365 - == -AAPRLHHHLEPY SYHHAYHTSRLOLOARN - - - - - - s oo mmmcmm e oo A--Qf vov LTQLIADNQVAKG - - DVLT IPLCENISLSSVEVQAT
34 A. thaliana BE -memmeeseeseeseeeee.— EYHESTHSSENDSQAIEQYAKVASDM - == -SKLTHVGIAGEA - -W!SKDNSKITMCC“ILGKRWDLW- -DVLGVAKIAGINGAKQTSSLIPLCHNIALT - - HVRVD
E. coli B e e - IHARGEA- - VTMRSETLAMI T -DVFATA RTWDLI LMLS - - - -KVE
35 T. acidophilum 1 MINISERAISARTATATGRIHLRRSTIQAIRERKVEKG- - DVLEVSRVVGTQHAKNTFLOIPYCENIPIEGVDVDFN
36 H. sapiens 550 LELDSTR-HAVEIQASCRARG- RVAR IVLEEIELISKTGG- -QR- -GOFHRA- -~ = ===~~~
M. musculus 582 LELDSTR-HAVLIQASCRARG-- AMAR - - LT DIVVE! ISKTGG- -QR- -GDFHRA- - - -
37 €. elegans 542 HDIENSELHCI---STARCSG- TIA--LLTV I8QK I -ETTYTIDNENQI---------
D. melongaster 487 L---LETEQSVRLEATVRCSG- LTV ICITNV SKS8GGE- -KR- - -DFQREEPQNGIVTEVE
38 A. thaliana 200 LRLNF-EDFSVDIEGEASCTGE- - KTGVEMEAMTAVSVAG- DIs =-ES--GSWSRL--=========
E. coli 85 JSGRIETLCRLTG- -K ASVAR IYDMCKAVOKDMVIGPVRLLAKSGE - -K5- -GDF - KVEADD- -
39 T. acidophilum 76 VGED-====-== YVEVSCTLTTTYRTGIEMEATISCVEGA - - LINIWDMVEYLEKD - = == === = = = ESGNYPETRIDGIHVVEERKTPV-~--~-

A DB D
WNPFO

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Supp. Figure S1. Alignment of the proteins MOCS1A (A) and MOCS1AB (B). Conserved amino acid
positions are shaded. The essential Cys clusters (Menendez, et al., 1996) are boxed.

John Wiley & Sons, Inc.
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Human Mutation

Reiss et al., Human Mutation

A

H. sapiens

M. musculus

C. elegans

D. melongaster
A. Thaliana

E. coli

T. acidophilum

sapiens

. musculus

. elegans

. melongaster
thaliana
coli
.acidophilum

HEPpPOOE @

. sapiens

. musculus

. elegans

. melongaster
thaliana
coli
.acidophilum

HEFOOZ @

. sapiens

. musculus

. elegans

. melongaster
thaliana
coli
.aecidophilum

Hm ? onEm

. sapiens

. musculus

. elegans

. melongaster
thaliana
coli
.acidophilum

HEPOOI D

----------- MVPLCQVEVLYFAKSAEITGVRSETISVPQEIKALQLWKE- - - IETRHPGLADVRENQI I FAVRQEYVELGDQLLVLOPGDEIAVIPRISGE
--MVPRCQIDVLYFAKSAEIAGVRSETISVPQEIKASELWKE---LESLEPGLADVRNQVIFAVROEYVELGDQQLLLOPGDEVAIIPPISGE
T MISIKVLFFGEACQLVGKREEAIDFEEETDYEEIRKT--~-ILENYPALQKIEKVMMLAVDQEYANPGDRFELVR-FTEIAVIPELSGG
-------- MNADGPVVNVHVLFFAKSRELANT PRSTVEVPTEITATELLDH- - -LVSKF-GLTSIRDNLILAHNESY IDNLSDRILFKEGDELATIPPLSGG

1 MDKEVTKIESDDTSSVEIKVLLFARARELTGVPDLTLEMPSGSTTQKCLDE---LVLKFPSLEEVRSCVVLALNEEY---TTDSAIVQHRDELAIIPPISGG

140
140
292

a8
104
100

97

---------------- MIKVLFFAQVRELVG--TDATEVAADFPTVEALRQHMAAQSDRWALALEDGKLLAAVNQTLVSFDHP -~ -LTDGDEVAFFPEVTGG
---------- MRCVOMDVTIVKYFAYYRERVGKDSEKIQLDQGKRISDLI - ~--DMLMARY PGIFNEKN-LFVARNYRYADRGE - --ALSDGDVVAIMPHVSGG

--------------------------------------------------------------------- MSSLEISSSCFSLETKLPLSPPLVEDSAFEP
————————————————————————————————————————————————————————————————————— MSSLEISNSCFSPEMRLPSSRQSVEDNASEP
MTSTKAYVLALAGCTNSGKSTLAKEFQRFFGAGETTIINQDEFYKTENEVEKI YHPDAEHLTDEGY YWSFDEKEAINIDQFRQRILNESKVYKNVIIDGN

SRKDMD ~ — == = = = = = = EVEE----- KSKDVINF---—-------
SR DVID = = == = = = = = = e s DVQE----- KPKDIIQF-----------
MITEMDEIVDLCDRIVVMTLDFRTCKRRREARTDYVPADTPGYFVNVAFPAYVRHLERARQRSRTDSRLTFIDVSESKFDDENKSIVNFRQQILDDHIKL
e B e e et e e e e e e e e e e e e e e e e e e e s o HVEL----- VHDPIDIA--—-—-—--———-—-
e e T e SAEE----- KNLIEILE-----------
___________________________________________________________________________________________________ M
. e YV mm e DII--===m=mmmmmm
TAEKLSVDEVSQLVIS---PL----- CGATSLEVGTTRNNFEGKKV ISLEYEAYL PMAENEVRK - ICSDIRQKWEV-KHIAVFHRLGLVEVSEAST ITAV
TAEKLSVGEVSQLVVS---PL---—- CGAVSLFVGTTRNNFEGKKVISLEYEAYVPMAENE IRK - ICNDIRQKWEV-RHIAVFHRLGLVEVSEASTVIAV
TDEVIDVKVVDQLV--~-SHPS-~~-~ CGAISTFNGVTRDNHGGRDVSNLSYDCHDLMAYKKLR-GICAEIRAEY PDVKKIAIFHRLGKVDIGESSVIIST
HIHQLLADE----------- G----- CGASSVEVGTTRDNFOGKKVLSLAYEAYDSMALKEMNK - ICSDLRSKWLDLKHIVI YHRLGTVEVCEASVVIAA
EGHKVDVVKYIDYVSA---BQ----- AGAIATFSGTTROMFEGKTVLELRYEAYVPMATRCLSS - ICTTARSTWD THK - IAVAHRLGPVEVGETSVLIAV
AETKIVVGPQPFSVGEEYPWLAERDEDGAVVTFTGKVRNHNLGDSVNALTLEHY PGMTEKALAE - IVDEARNRWBLGRVT-VIHRIGELWPGDEIVEFVGY
----ESEIPVMDLIDRIRNPK----- AGAIVIFEGTVREDSDGVEVDALFYESYREMATREIRDMIEYCIRQF- - GITDAAVVERIGRVNLTEDSVVIAV

SSAHRAASLEAVSYAIDTLRAKVPIWKKELYEES - ST~ -~ ~HKGNKECFWASNS — — = == == == = = = = m e m e e e
SSAHRAASLEAVSYAIDSLKAKVPIWKREIYEESTSS - -~ ~HERNKECFHARGD - = == = = = = = = = = e
SSPHRKTATIQATEKCIDLLKEHAPIFKYE- - EYSNGEVDGVHKSNIEDSK- — - — == == == = o o oo oo o 0
SSPHRSEALESVSFAIDQLKTRVPIWKKEIYDGDNDSE- - ~WKENKES I RPKKSKSGFNYAACPCKVEESHDVPRTLVQIRVNDAELTKRLECEVNRERD

Page 42 of 47

2

SSVHRADGLDACKFLIDELKASVPIWKKEVY --TNGEI---WKENSEFMEKRLELAEKRDS IVKKTVVEEHRRRGCCGSEVRVEEDEEHKDITGDNKSSS + 146 AAs

TSAHRSSAFEAGQFIMDYLETRAPFWEREATPEGDR- - - -~ WVEARESDQQARK RN~ — == = == = = == = = = o oo e
SAPHRGQAFDACRY I IDQTKERARTHRRD IVQGS PASH -~ —Ho = == = = = = — o o o o o o o e e e

Supp. Figure S2. Alignment of the proteins MOCS2A (A) and MOCS2B (B). Conserved amino acid
positions are shaded.

John Wiley & Sons, Inc.
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Reiss et al., Human Mutation

Larin-variant (exon 1la)

1 atggcggcgcggccactgtcccggatgctgcggcggcttctgaggtccagcgecccggagce

M A ARPULSIRMULIRWRLILWR RS S AR S 20
61  tgcagctcaggggctccggtgacccagccctgccccggggagteccgegcgagetgectceg

CcC S S G APV TOQWPTCUPGESARAA S 4
121 gag..

E 41

Reiss-variant (exon 1b and c)

1 atgtggaagagttggaagctccgcacagatgtcagagtaagggagggggcaggcggttct

M W K S WKLRTDVIRVREGATGTG S 20
61  ccttgtgcctcttcccagcccggtagcaggggcccatgettccteccctggtctgtectceg

P CASSQ?PGSRGWPTCFULUPGUL S s 40
121 cag..

Q 41

Both variants (exons 1d — 10)

124 ..gaggtgtccaggcggaggcagttcctgcgggagcatgcggeccccttctecgectte
E VSR RRQFL REHAAWPEF S A F 60

181 ctcacagacagcttcggccggcagcacagctacctgcggatctccctcacagagaagtge
L T bS F G R QH S Y L R 1 S L T E K C 80

241 aacctcagatgtcagtactgcatgcccgaggagggggtcccgctgacccccaaagccaac
N L RCOQYCMU®PEEGV P L TP K A NI100

301 ctgctgaccacagaggagatcctgaccctcgcccggetcectttgtgaaggaaggcatcgac
L L T TEE 1T L T L ARULUFV KE G I D120

361 aagatccggctcacaggtggagagccgcttatccggeccggacgtggtggacattgtggec
K I R L T GG GG E P L I' R P DV V D 1 V AI1l140

421 cagctccagcggctggaagggctgagaaccataggtgttaccaccaatggcatcaacctg

Q L QQRL EGLRTI1 GV TTNG 1 N L 160
John Wiley & Sons, Inc.
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481

541

601

661

721

781

841

901

961

1021

1081

1141

1201

1261

1321

1381

gcccggctactgccccagcttcagaaggctggtctcagtgccatcaacatcagectggac
AR L L P QL Q K A G L S A 1 N T S L D180
accctggtgcctgccaagtttgagttcattgtccgcaggaaaggcttccacaaggtcatg
T L VP AKFEIF 1 VRR K G F H K V MZ200
gagggcatccacaaggccatcgagctgggctacaaccctgtgaaggtgaactgtgtggtg
E G I HK A1 E L GY NPV KV N C V V22
atgcgaggccttaacgaggatgaactcctggactttgcggccttgactgagggcctcccc
M R G L NEDETULULDU FAATLTE G L P24
ctggatgtgcgcttcatagagtatatgccctttgatggcaacaagtggaacttcaagaag
L bV RF I EYMPFUDGNIKWN F K K260
atggtcagctataaggagatgctagacactgtccggcagcagtggccagagctggagaag
M VvV S Y K EMULDTVRQQ WP E L E K280
gtgccagaggaggaatccagcacagccaaggcctttaaaatccctggcttccaaggecag
VP EEE S STAIKAZFI K1 P G F Q G Q300
atcagcttcatcacatccatgtctgagcatttctgtgggacctgcaaccgcctgcgaatc
Il S F 1 T S M S EHFCGTT CNRL R 1320
acagctgatgggaacctcaaggtctgcctctttggaaactctgaggtatccctgcgggat
T AD G N L KV CL F G N S E V S L R D340
cacctgcgagctggggcctctgagcaggagctgctgagaatcattggggctgectgtgggce
H LRAGASUEOQTE ETLILWRTI1T I G A A V G360
aggaagaagcggcagcatgcaggcatgttcagtatttcccagatgaagaaccggcccatg
R K K R QHAGMUEFS 1T S QM K N R P M380
atcctcatcggtgggtgacccatcaagttatttttgatgttccccaattccccaccagcec
I L 1 G G - 385 (end of MOCS1A in spliceform 1)
/ /(spliced out i1n spliceform 11 for MOCS1AB)
384 E L F L M F P N S P P AZ395
aatccaagcattttctcctgggacccgctccatgttcagggtctaagacccagaatgagt
NP S T F S WDWPULMHV Q G L R P R M S415
ttctccagccaggtggccactttatggaaaggatgcagggtcccccagacccctectcta
F S S Q V A TULWIK G CIRV P Q T P P L4355
gcccagcagcggctggggtctggctectttcagagacactacacttcccgtgcagactca
A Q QR L G S G SF QR RHY T S R A D S455
gatgccaactcaaagtgccttagcccaggttcctgggcttctgctgccccctcaggaccc

b ANS KCL S P G SWASAAWP S G PA475
John Wiley & Sons, Inc.
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Human Mutation

Reiss et al., Human Mutation

1441

1501

1561

1621

1681

1741

1801

1861

1921

Supp.

cagctaacctcagaacaactaactcatgtggactcggaaggacgggcagctatggtagat
Q L T S EQ L T HV D S EGR A A M V DA495
gtgggcaggaagccagacacagagcgggtggctgtggcttcagccgtggtcctcctggga
vV G R K P DTEWRV AV A S AV V L L GS515
ccggtagccttcaagcttgtccagcagaaccagctcaagaaaggagatgccctagtggtg
PV AF KL V Q Q N Q L K K G D A L V V53
gcccagctggcectggagtccaggcagccaaggtgaccagccagctgatceccctctgtgecac
A Q L A GV Q A A KV T S QL I P L C HS555
cacgtggccctgagccacatccaggtgcagctggagctggacagcacacgccatgccgtg
H Vv AL S H 1T Q V QL E L D S TR H A V575
aagatccaggcatcttgccgggctcggggccccaccggggtggagatggaggccctgacc
K 1 Q AS CRAWRGUP TGV E ME A L T259
tctgctgcagtggccgeccctcaccctgtatgacatgtgcaaggctgtcagcagggacatc
S AAAV AAL TLYDMZCI KAV S R D 1615
gtgttggaggagatcaagctcattagcaagactggtggtcagcggggggacttccatcgg
v L E E I K L I $ K TG G Q R G D F H RB®B635
gcttag

A - 636 (end of MOCS1AB)

Figure S3. Sequences of the MOCS1 cDNA and the proteins MOCS1A and MOCS1AB.

Nucleotide numbering refers to the full length transcript including the complete exon 9 (spliceform I).
Mutations in exon la should be explicitly marked “Larin variant” since they are not included in the
reference sequence (GenBank AJ224328.1). Mutations in exon 10 affect the MOCS1AB fusion
protein, which should be specified in the nomenclature for the predicted effect.
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1 atggtgccgctgtgccaggttgaagtattgtattttgcaaaaagtgctgaaataacagga
M Vv P L CQV E VLY F A K S A E I TG

61 gttcgttcagagaccatttctgtgcctcaagaaataaaagcgttgcagctgtggaaggag
vV R S E T 1 SV P Q E I K AL Q L W K E

121 atagaaactcgacatcctggattggctgatgttagaaatcagataatatttgctgttcgt
Il E T R H P G L A DV RNOQT I F A VR

181 caagaatatgtcgagcttggagatcagctcctcgtgcttcagcctggagacgaaattgcc
Q EY VvV EL GDQULULVL QP GDETITI A
(moCs2zB) MM S S L E I §$S §$ §$S C F S L E T K L P
241 gttatcccccccattagtggaggatagtgcttttgagccatctaggaaagatatggatga
v.1 P P 1 S G G - 88 (end of MOCS2A)
L S PP LV EDSAFUEWPSR KD MD E
301 agttgaagagaaatctaaagatgttataaactttactgccgagaaactttcagtagatga

vV E E K S K D V I N F T A E K L S V D E
361 agtctcacagttggtgatttctccgctctgtggtgcaatatccctatttgtagggactac

v §$ Q L v I §$S P L CGAI S L FV G TT
421 aagaaataactttgaagggaaaaaagtcattagcttagaatatgaagcatatctacccat

R NN F E G K K V I S L EY E A Y L P M
481 ggcggaaaatgaagtcagaaagatttgtagtgacattaggcagaaatggccagtcaaaca

A E NE V R K I C S DI R Q K W P V K H
541 catagcagtgttccatagacttggcttggttccagtgtcagaagcaagcataatcattgc

Il AV FHRLGLV PV S EAZS 111 A
601 tgtgtcctcagcccacagagctgcatctcttgaagctgtgagctatgccattgatacttt

v S S AHRAASULIEA AV S Y A1 DT L
661 aaaagccaaggtgcccatatggaaaaaggaaatatacgaagagtcatcaacttggaaagg

K A K v P 1 W K K E I Y E E S S T W K G
721 aaacaaagagtgcttttgggcatccaacagttaa

N K E CF WA S N S - 188

Supp. Figure S4. Sequences of the MOCS2 cDNA (spliceform 1) and the proteins MOCS2A (upper

one letter code) and MOCS2B (lower one letter code).
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Slyrocsi

@ c956G=A 7 c418+1G=A
B c.1523 1524del2 @ c¢.217C>T
¢ 377G=A 3 c.1777G=A
. 1150G=A ([P ¢.250T=C
7 c.583+1G=A = c.118G=A

MOCS2
@ c.726_727dd2 c.501deld |
i c.533_53adeld c413G=4

W c.653_664delTinsG

Supp. Figure S5. Geographical distribution of MOCS1 and MOCS2 mutations found in more than one
family within Europe. Each box represents one allele. For each family only one index patient was counted.



