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Summary. The bifunctional homooligomeric enzyme A'-pyrroline-5-carboxylate
synthetase (P5CS) and its encoding gene ALDH18A1 were associated with disease in
1998. Two siblings who presented paradoxical hyperammonemia (alleviated by
protein), mental disability, short stature, cataracts, cutis laxa and joint laxity, were found
to carry biallelic ALDH18A1 mutations. They showed biochemical indications of
decreased ornithine/proline synthesis, agreeing with the role of P5CS in the biosynthesis
of these amino acids. Of 32 patients reported with this neurocutaneous syndrome, 21
familial ones hosted homozygous or compound heterozygous ALDH18A1 mutations,
while 11 sporadic ones carried de novo heterozygous ALDH18A1 mutations. In 2015-
2016 an upper motor neuron syndrome (spastic paraparesis/paraplegia SPG9)
complicated with some traits of the neurocutaneous syndrome, although without report
of cutis laxa, joint laxity or herniae, was associated with monoallelic or biallelic
ALDH18A1 mutations with, respectively, dominant and recessive inheritance. Of fifty
SPG9 patients reported, 14 and 36 (34/2 familial/sporadic) carried, respectively,
biallelic and monoallelic mutations. Thus, two neurocutaneous syndromes (recessive
and dominant cutis laxa 3, abbreviated ARCL3A and ADCL3, respectively) and two
SPG9 syndromes (recessive SPG9B and dominant SPG9A) are caused by essentially
different spectra of ALDH18A1 mutations. On the bases of the clinical data (including
our own prior patients’ reports), the ALDH18A1 mutations spectra, and our knowledge
on the P5CS protein, we conclude that the four syndromes share the same pathogenic
mechanisms based on decreased P5CS function. Thus, these syndromes represent a
continuum of increasing severity (SPG9A<SPGIB<ADCL3<ARCL3A) of the same
disease, P5CS deficiency, in which the dominant mutations cause loss-of-function by

dominant-negative mechanisms.



Take-home message. ALDH18A1 gene mutations causing deficiency of the
ALDH18A1-encoded bifunctional ornithine/proline biosynthesizing enzyme P5CS result
in four syndromes that represent different degrees of severity of a single disease entity,
P5CS deficiency, of which two syndromes result from dominant mutations that act by

dominant negative mechanisms.
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1. Introduction

The bifunctional enzyme A'-pyrroline 5-carboxylate synthetase (P5CS) (EC
1.2.1.41 & 2.7.2.11) and its encoding gene ALDH18A1 (10g24.1) (Fig. 1A, B) were
associated with disease in 1998, when homozygous ALDH18A1 mutations were found
in two siblings presenting paradoxical hyperammonemia (alleviated by protein intake),
mental disability, short stature, cataracts, cutis laxa, joint laxity and biochemical
indications of decreased ornithine and proline synthesis. Twenty one patients from 14
families have been reported'™** with biallelic ALDH18A1 mutations associated to this
neurocutaneous syndrome called autosomal recessive cutis laxa type I1IA (ARCL3A,
MIM #219150) (Figs. 1C, top and 1D; Supplementary Table S1, rows in darker red
hue). ARCL3A usually has early onset and can be very severe, presenting cutis laxa,
mental disability, connective tissue weakness (joints hypermobility and dislocations, pes
planum, inguinal herniae) and variable degrees of progeroid facies and of intrauterine
and postnatal growth restriction leading to short stature. Cataracts and/or corneal
clouding usually occur, while failure to thrive, gastroesophageal reflux with frequent
vomiting, skeletal abnormalities and osteopenia are also observed (Fig. 1D). Plasma
levels of one or several of the four amino acids proline, arginine, citrulline and ornithine
can be low-normal or decreased.>?*"#%

In 2012 a sporadic neonatal patient was reported™ with a typical ARCL3A
presentation except for his hosting of a de novo ALDH18A1 missense mutation together
with an inherited benign variant (Table S1, family 5), strongly suggesting a dominant
nature of the de novo mutation. Ten additional sporadic patients have been reported*®*?
with monoallelic dominant ALDH18A1 pathogenetic variants and cutis laxa type 111
presentation (Fig. 1C, second panel from top, and Fig. 1D; and Table S1, rows in lighter

red hue) leading to the definition of ADCL3 (MIM #616603).



Greater clinical complexity became patent in 2015-2016, when heterozygous

ALDH18A1 missense mutations were associated*?°

with complicated spastic paraplegia
termed SPGIA (MIM #601162). Of 36 patients studied'*?? 34 familial cases ranged in
five families, while two cases were sporadic (Figs. 1C, bottom panel and 1D; Table S1,
light blue rows). A recessively inherited form of this motor presentation associated to
biallelic ALDH18A1 mutations, called SPG9B (MIM # 616586) has also been found in

14 studied patients from eight families'®%*?’

(Figs. 1C third panel from top, and Fig.1D;
Table S1, rows in darker blue). SPG9A and SPG9B are characterized by an upper motor
neuron syndrome generally of later onset, with variable degrees of weakness
(sometimes mild enough in SPG9A to be manifested, in females, only during
pregnancy, reverting afterwards; pregnancy-associated initial manifestations without
postpartum reversion has also been reported in SPG9A?), progressive spastic limb
paresis usually complicated (particularly in SPG9B?®) with learning disability, growth
retardation, dysmorphic features, microcephaly and/or cyclic vomiting and bilateral
cataracts, but without report of cutis laxa, joint hypermobility or herniae (Fig. 1D).
Low-normal or decreased plasma urea cycle amino acids and/or proline have been
reported in some patients™®#%%324

The association with ALDH18A1 mutations of two syndromes (neurocutaneous
and motor) having each one of them either dominant or recessive inheritance, calls for
clarification of the underlying mechanisms for this diversity. We provide here an
evidence-based unifying view founded on the concept of a disease continuum of
increasing severity in the order SPG9A<SPGIB<ADCL3<ARCLS3A corresponding to

progressively increasing loss of P5CS function, in which the dominant forms result

from loss of function due to dominant negative mechanisms.



2. P5CS: a crucial catalyst for de novo synthesis of ornithine and proline

Ornithine is crucial for ammonia detoxification by the urea cycle. Although not
consumed in this cycle, it is scavenged mainly by oxidation of ornithine-derived
glutamate, by conversion to putrescine or to proline, or by incorporation into body
proteins mainly as arginine (but also as ornithine-derived proline, glutamate and
glutamine) (Fig. 2A). Thus, it must be replenished by food intake (mainly as arginine)
or by de novo synthesis (revised in?®; Fig. 2B). This synthesis occurs from glutamate,
taking place in the mucosal cells of the small intestine, with subsequent conversion of
de novo made ornithine to either arginine (children of <5 years)® or citrulline (beyond 5
years).?23° These amino acids are exported to blood, with conversion of the citrulline to
arginine by the kidney, which releases arginine to the circulation. Circulating arginine
can enter the liver and replenish decaying ornithine levels.®

The coexistence in enterocytes’ mitochondria of?*?*3** p5CS ornithine
aminotransferase (OAT), ornithine transcarbamylase (OTC), carbamoyl phosphate
synthetase (CPS1) and the CPS1 activating enzyme N-acetyl-L-glutamate synthase
(NAGS) (Fig. 2B) strongly favors de novo synthesis of citrulline. Glutamate is abundant
in enterocytes and promotes ornithine synthesis by the concerted action of P5CS and
OAT, two enzymes for which glutamate is a substrate. OTC, by trapping ornithine as
citrulline using CPS1-made carbamoyl phosphate from the abundant intestinal cell
ammonia, pulls further the OAT reaction in the direction of ornithine synthesis.

Many other cell types host in their mitochondria P5CS and OAT?! (Fig. 2C).
However, unlike enterocytes, they lack NAGS, CPS1 and OTC. While in these cells
OAT is used to catabolize ornithine (as proven in OAT deficiency, which gives very
high ornithine levels?®), the P5CS is used to make proline de novo (Fig. 2C).2%*! The

P5CS polypeptide is composed of N-terminal glutamate 5-kinase (G5K) and C-terminal



glutamyl-5-phosphate reductase (G5PR) moieties (Fig. 1B).** The P5CS oligomer
(believed to be a tetramer™® or hexamer®®) makes glutamate-5-semialdehyde (G5S) from
glutamate in two sequential steps (Fig. 2D). Glutamate is first phosphorylated by the
G5K component, using ATP. The resulting unstable®* glutamyl-5-phosphate (G5P) is
reductively dephosphorylated to G5S in an NADPH-requiring reaction catalyzed by the
G5PR component (possibly of another subunit, see below). In non-intestinal cells
lacking OTC the unfavorable equilibrium of the OAT reaction leads to the lingering of
the G5S made by P5CS and to its spontaneous cyclization to A'-pyrroline-5-carboxylate
(P5C) (Fig. 2D).2* This last compound is reduced to proline in an NADPH-dependent
reaction (Fig. 2C) catalyzed by the mitochondrial A'-pyrroline-5-carboxylate
reductases PYCR1 and PYCR2%™ (the letters composing the PYCR abbreviation are
underlined). The role of PYCRL1 in proline biosynthesis is well documented, *® while
PYCR2*" may predominate functionally in the nervous system.

The key involvement of P5CS in the routes of de novo synthesis of both
ornithine and proline (Fig. 2B,C) is reflected in the existence of two molecular forms of
the P5CS polypeptide of 793 or 795 amino acids. The shorter form, resulting from the
skipping of codons 238 and 239 by alternative splicing® (Fig. 1B), is predominantly
expressed in enterocytes, where it is committed to make ornithine (Fig. 2B), being
controlled by feed-back inhibition by ornithine.** The 2-residue longer form of P5CS is
insensitive to ornithine and is prevalent in non-enteric cell types,>*! where it is involved

in proline synthesis (Fig. 2C).

3. ALDH18A1-related disorders can be manifestations of deficient production of
ornithine and proline
Loss-of-function PSCS mutations should reduce or abolish de novo production

of ornithine, citrulline, arginine and proline, explaining the decreased (although



inconstantly, possibly due to blurring by food intake and tissue catabolism) plasma
levels of these amino acids in ALDH18A1-related syndromes®*"8:1013.15-1719.2023.24 (1
3A). The ornithine needed for making urea can be limited in interprandial periods,
explaining the paradoxical hyperammonemia observed in the first two reported
ARCL3A patients.*?

Low proline synthesis might hamper production of the very abundant (~35% of
the body protein mass) connective tissue proteins collagen and elastin, which are
proline-rich (proline+hydroxyproline represent 25% and 14% of the mass of each of
these proteins, respectively). This likely explains (Fig. 1D) the cutis laxa and

connective tissue weakness and possibly also the bony alterations (dysmorphic features,

3,6,11,15-17 5,15-18

osteopenia, etc), the vascular tortuosity , cyclic vomiting and even cardiac

5,10,12,22 19,26

defects and mitral valve leaks™“” observed in some of these patients. Indeed,
elastic fiber alterations have been noted in skin biopsies of patients of ALDH18A1-
associated syndromes.>"** Alterations in collagen fiber bundle architecture have also
been reported.>*® The corneal clouding seen in the most severe ARCL3A cases>*° has
been linked to microanatomical corneal alterations affecting the extracellular matrix,
which is largely collagenous in the cornea®. The cataracts have been attributed? to
proline deficiency. This deficiency could restrict both protein synthesis and/or a proline-
mediated redox cycle in which P5C, which is present in the lens, is a crucial
component.?

Proline and hydroxyproline together represent about 12% of the whole body
protein mass.*® Therefore, poor de novo synthesis of proline may be detrimental for
rapid growth in the final stages of fetal development and the first years of postnatal life

and may contribute importantly to the intrauterine and postnatal growth restriction

resulting in short stature in ALDH18A1-associated syndromes (Fig. 1D). The role of



proline is supported by the intrauterine growth restriction that is also observed in
PYCR1 deficiency,®"* a proline biosynthesis disorder which does not primarily
affect ornithine synthesis. Interestingly, studies in cultured melanoma cells*® showed
that siRNA knockdown of P5CS dramatically increased cell doubling time, apparently
because of general metabolic slowdown and inhibition of protein synthesis linked to
activation of the general control nonderepressible 2 (GCN2) protein kinase. These
effects were reversed by proline addition.

A negative impact on the mental status of subclinical chronic mild
hyperammonemia cannot be excluded in ALDH18A1-related disorders. However,
impaired local proline production in the nervous system may have a predominant role in

the neurocognitive alterations, since PYCR1 and PYCR?2 deficiencies®’%3"%

(two pure
disorders of proline synthesis) usually cause mental disability and even neuroanatomic
alterations (e.g. corpus callosum thinning/atrophy***"*!) found in ALDH18A1-related
syndromes. The mechanisms of these alterations remain to be ascertained, although
restricted protein synthesis and reduced antioxidant protection in the central nervous
system, both due to limited proline availability, might be important determinants.
Similarly, the pathophysiology of the upper motor neuron syndrome is
uncertain. It was proposed to be linked to ornithine™ since it was not described in
PYCRL1 deficiency®”*. Furthermore, spastic paraplegia also develops in patients of
argininemia and of hyperornithinemia-hyperammonemia-homocitrullinuria
(HHH),***23 two syndromes in which, as in P5CS deficiency, there is mitochondrial

ornithine deficiency. It has been speculated*?*?

that autophagy and arginine/ornithine
imbalance could be involved in causing the paraplegia manifestations. More studies are
needed to substantiate these proposals and, particularly, to link mechanistically

mitochondrial ornithine insufficiency and upper motor neurone syndrome.



Other pathogenic possibilities remain to be explored in these syndromes, such as
the potential role of polyamines (of which ornithine is a key precursor, Fig. 2A), given
the crucial role of polyamines for development*. The close metabolic relations of
proline, ornithine, glutamate and glutamine (Fig. 2A,C) should also be taken into

account, particularly since seizures are frequent among these patients,>>"#1%

131519232426 and given the facts that glutamate is an excitatory and potentially
neurotoxic neurotransmitter while y-aminobutyric acid (GABA) derives from glutamate
and is an inhibitory neurotransmitter. A new dimension to be explored was recently

open when an important signalling role of proline and its metabolism that could affect

even autophagy was reported.*

4. Two syndromes reflecting different severities of the same disease process?

We propose here that the neurocutaneous and the spastic paraplegia syndromes
represent, respectively, higher and lower degrees of severity of the same disorder
corresponding to higher and lower degrees of loss of P5CS function. This functional
loss is reflected in the parameters listed in Fig. 3A (some of them directly reflecting
P5CS activity: rows 2, 4 and 5 of this figure), of which at least some have been reported
for all four syndromes. A number of observations support a greater loss of P5CS
function and higher severity of the presentation in ARCL3A and ADCL3 than in SPG9
presentations: 1) null ALDH18A1 mutations were observed more frequently in
ARCL3A than in SPG9B (respectively, null/missense mutation ratios, ~1:2 and ~1:5;
Figs. 1C, 3B and Table S1); 2) three patients reported with biallelic obligatory null
ALDH18A1 mutations>'? presented extremely severe ARCL3A, with two dying at < 6
months of age (Table S1, families 29, 31 and 35; filled red dots in the left and central
panels of Fig. 3 C); 3) all ADCL3 patients were sporadic cases™®™® while 34 of the 36

studied SPGOA patients were familial cases'®? (Fig. 1D; Table S1, light red and light

10



blue rows), indicating that the monoallelic mutations in ADCL3 but not in SPG9A
caused too much disability to allow reproduction; 4) the age of disease onset was
earlier, survival time was higher and disease duration was longer for pooled ARCL3A
and ADCL3 patients than for pooled SPG9B and SPG9A patients (Fig. 3C); 5) the
combined scores yielded by the Polyphen2 (http://genetics.bwh.harvard.edu/pph2) and
MutPred?2 (http://mutpred.mutdb.org) disease-causation prediction servers tended to be
higher for single amino acid variants found in ARCL3A and ADCL3 than for variants
found in SPG9 syndromes (Fig. 3D, left panel); and the scores for amino acid
conservation for the residues replaced in ARCL3A and ADCL3 tended to be higher than
for those replaced in SPG9B and SPG9A (Fig. 3D, right panel and Supplementary Fig.
S1) in line with the fact that higher conservation is characteristic for more important
residues for protein function or stability.

Fig. 1D illustrates in heat-plot style the existence of a true disease continuum for
the four syndromes, which share most disease traits although with different observed
frequencies depending on the syndrome. The most severe end of this continuum is
represented by the cutis laxa syndromes, and, in particular, by the three patients that
hosted biallelic obligatory null ALDH18A1 mutations (Table S1, families 29, 31 and
35). These ARCL3A patients prove that lack of P5CS is not lethal in utero but that it
consistently causes very important intrauterine growth restriction leading to very low
birth weight (1.5, 1.8 and 1.4 kg in these three patients)>', decreased body length and
head circumference.>'® Other characteristic features of these three patients were

postnatal failure to thrive, bilateral corneal clouding (2 of the three cases>*°

) or very
early cataract (the other case™®), and the occurrence of thin, wrinkled, loose and semi-
transparent skin with visible dermal vessels, very marked progeroid facial features, joint

contractures and, later on, joint luxations and/or herniae. Skin ultrastructure, studied in
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one of these patients, revealed abnormal elastic fibers.'® Clearly, these three patients
represent the more florid and severe end of the disease continuum. At the lower severity
end for most manifestations are the dominant forms of SPG9, which for the traits shared
with the cutis laxa forms, exhibit lower frequencies of occurrence (among patients,
families and genotypes, Fig. 1D). A patient-by-patient exemplification of the disease
continuum is illustrated in Fig. 3E for global developmental delay/intellectual disability,
essentially constant among the ARCL3A and ADCL3 patients, also observed in all but
one SPGIB patient, but absent from all but one SPG9A patient.’*** An exception to this
continuum is the lack of report of cutis laxa and of most manifestations of connective
tissue weakness (joint laxity/inguinal hernia; not shown separately) in SPG9A patients,
strongly suggesting that above a certain P5CS activity level the connective tissue
manifestations are either absent or are not prominent enough to be easily remarked. This
may be particularly so for cutis laxa, which even in the florid cases tends to ameliorate
with age.*

Concerning the upper motor neuron syndrome, it appears to be a nearly constant
element of all ALDH18A1-related syndromes, given the finding of pyramidal signs and
of tonus disturbance (hypotonia) in many patients with the cutis laxa syndromes. Given
the low age of most of these cutis laxa patients and the severity of their manifestations,
and since the motor syndrome appears to take time to develop, as noted for the SPG9
syndromes, the motor manifestations are not fully observed in most cutis laxa patients
or are overshadowed by the early and more severe neurocutaneous presentations
observed in the ARCL3A and ADCL3 syndromes. This delayed appearance of the
complete motor syndrome is clearly illustrated in the first two patients (brother and
sister) reported with ARCL3A. These patients have been followed for >10 years,

showing progressively more prominent motor manifestations with time despite the fact
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that the initial manifestations were those of the neurocutaneous syndrome.** Thus,
while both patients could walk at 4 years of age, they lost the ability to walk when 12-
15 years-old as a consequence of the motor syndrome with manifestation of severe
pyramidal syndrome.® In another ARCL3A family with four siblings of 21 to 4 years of
age,” the patients, although reported in less detail, also appear to manifest the motor
syndrome after an initial cutis laxa presentation, leading to loss of ability to walk. In
fact, motor disability occurred sooner in these six ARCL3A patients®* than in most
SPG9B patients, and appeared more severe than in most SPG9A patients.

On the occasion of our reporting of two novel SPG9B patients, we recently
showed that SPGIB is more severe than SPGIA.”® In the case of ARCL3A and
ADCLZ3, the patients’ data suggests similar degrees of severity for these two syndromes,
as exemplified with the severe presentations observed for some ADCL3 patients

1, particularly a patient*® presenting a florid clinical picture

reported in detai
associated with total motor disability, who died at about 3 years of age (blue circle in
Fig. 3C, middle panel). Motor disturbance was also reported for an ADCL3A patient™
who at 8 years of age was only able to walk with support. In any case, more ADCL3
patients must be identified before a sounder conclusion on differences in severity with
ARCL3A can be attained. What appears clear is that the dominant cutis laxa

presentations are more severe than SPG9 presentations and certainly much more severe

than the SPG9A presentations (Fig. 1D).

5. Why dominant and recessive modes of inheritance?

The clinical similarities of ARCL3A and ADCL3 agree with the operation of the
same disease mechanism for these two syndromes (different degrees of decrease in
P5CS function) irrespective of the recessive or dominant inheritance. The same can be

said for SPGYA and SPGIB. As already noted,™ the dominance cannot be attributed to
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haploinsufficiency, since patients’ parents carrying a null allele together with a wild

5,10

type allele are healthy (e.g.”™"). A dominant negative effect appears the most plausible

mechanism for the dominance in ADCL3 and SPGOA™*01°2 (Fig. 4A). If P5CS is

functional only when in oligomeric form,*>*2°

the incorporation of a subunit with a
mutation could have a dominant negative effect if it disturbs the architecture of the
hybrid oligomer composed of wild-type and mutant subunits, inactivating or decreasing
the activity of the entire oligomer'>#. This is best explained if in the normal P5CS
oligomer the unstable* G5P intermediate must be channelled between the G5K and
G5PR active centers of different subunits (Fig. 2D). The architectural defect caused by
the incorporation of a subunit with a dominant mutation could either prevent the
channelling or decrease its efficiency by altering the relations between G5K and G5PR
active centers of different subunits (Fig. 4A). Detailed knowledge of the P5CS
architecture and not only of the structures of the isolated G5K and G5PR

components™#®

(Fig. 4B,C) is needed to explain in physical terms how this channelling
occurs and how it can be hampered by certain mutations.

Only pathogenetic variants in which the mutant polypeptide is produced and is
soluble and integrable into the oligomer can have dominant-negative effects (Fig. 4A).
The formation of such hybrid mutant/wild-type oligomers was proven for dominant
forms found in ADCL3,"® whereas evidence for architecturally disturbed oligomers was
obtained for two dominant mutations found in SPG9A families.” In agreement with this
pathogenetic mechanism, no mutations that abolish the production of the mutant protein
(for example, truncating mutations) have been found in patients with the dominant
presentations ADCL3 or SPG9A, while these mutations have been observed in patients

having the recessive syndromes ARCL3A>'%11314 and SPGIB#? (Fig. 1C, 2B and

Table S1).
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There should be complete specificity on whether a missense mutations has a
recessive or a dominant negative effect. Sequence variants that cause gross misfolding,
with loss of the mutant subunit, or that inactivate active centers without disturbance of
intersubunit interactions should be recessive (Fig. 4A and D), whereas dominant
mutations should allow integration of the mutant subunit into the oligomer, altering the
architecture of the P5CS oligomer (Fig. 4A). Indeed, among the 29 missense mutations
found thus far in patients with ALDH18A1-associated syndromes, none occurred in both
a recessive syndrome and a dominant one. Only one amino acid, Arg665, was
substituted in recessive and dominant SPG9, to GlIn in the first case and to Leu in the
second. Furthermore, mutations recurring in unrelated individuals or families always
were associated with the same type of inheritance, as best exemplified for the dominant
mutations affecting codon 138 in ADCL3.%%%’

Dominant missense mutations might also be less numerous than those causing
recessive inheritance, as they can only have a dominant effect if they do not cause gross
misfolding and if they affect strategic points in the protein that are involved in
intersubunit interactions. Indeed, among the 29 missense mutations identified in
ALDH18A1-associated disorders the number of recessive ones (19) nearly doubles that
of dominant ones (10) (Fig. 1C and Table S1). The distribution of the mutations is also
very different for recessive and dominant mutations: six of the residues affected by
dominant mutations map in the G5K component of the P5CS polypeptide and only two
map in the G5PR component, possibly reflecting a predominant involvement of the
G5K component in intersubunit interactions in the P5CS oligomer (Fig. 1D).
Interestingly, in the inferred (from bacterial G5K*') and experimental (see®®) respective

structural models for the G5K and G5PR components of human P5CS, the residues
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involved in dominant mutations are in the surface or close to it in superficial structural
elements.?

The distribution of the recessive missense mutations is also different for the
neurocutaneous syndrome and for the motor syndrome, as might be expected for
mutations causing, correspondingly, more and less loss of P5CS function. Particularly
remarkable is the clustering of missense mutations towards the C-terminus of the G5PR
component in the ARCL3A syndrome. The crystal structure of the dimer of this
component (Fig. 4C,D) shows that these mutations map together towards the same zone
of the protein, where the interaction domain of one subunit sits between the other two
domains of the G5PR component of the other subunit, at the junction of these domains,
conforming the active center of the G5PR component. Although the effects of these
mutations have not been determined, it is tempting to propose that all them have as their
major effect the inactivation of the G5PR component. However, misfolding effects
cannot be excluded, particularly for Arg765, a residue likely helping stabilize the hybrid
-sheet formed between the oligomerization domain of a subunit and the catalytic

domain of the other subunit.

6. Closing remarks.

We propose here a unifying view for ALDH18A1-associated disorders in which
1) the clinical manifestations are due to loss of P5CS function (P5CS deficiency); 2) the
different presentations conform a disease continuum of decreasing severity from the
cutis laxa forms ARCL3A and ADCL3 to the motor syndromes SPG9B and SPG9A; 3)
specific mutations associate with a specific syndrome because they cause different
degrees of enzyme deficiency depending on the mutation; and 4) the specific recessive

or dominant character of each individual mutation reflects the respective lack or
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existence of negative effects of the mutation on the architecture of the whole enzyme
oligomer.

Further evidences for this unifying view could be obtained by developing
genetically modified animal models (preferably mammalian models) for each one of the
four human P5CS syndromes. In turn, the determination of the structure of human P5CS
could provide insight into the specific mechanisms of intramolecular channelling of the
G5P intermediate that is likely to be hampered by the dominant mutations, helping
predict what mutations could have a dominant-negative effect and the intensity of such

effect.
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FIGURE LEGENDS

Figure 1. The human ALDH18A1 gene, its protein product P5CS and the four
syndromes associated with ALDH18A1 mutations. (A) Linear representation of the
ALDH18A1 open reading frame, mapping to scale the different exons and
superimposing on them the sites where missense mutations have been identified in
ALDH18A1-related disorders, distinguishing the mutations occurring in each syndrome
according to the key provided. (B) Linear representation of the P5CS polypeptide in
correspondence with the open reading frame encoding it. The boundaries of the three
major components (mitochondrial targeting domain, G5K and G5PR) are marked,
giving residue numbers at their boundaries. The two lobes of the G5K component
(based on comparison with E. coli G5K*®) are mapped and colored in different hues of
green, and the three structural domains of the G5PR component (from Protein

DataBank, PDB, file 2H5G; http://www.rcsb.org/structure/2H5G) are also mapped and

are colored differentially. The two-residue deletion generated by alternative splicing
(grey), and the catalytic cysteine (green) are also mapped. (C) Definition of the four
syndromes associated to ALDH18A1 mutations, with mapping of these mutations in the
linear scheme of the P5CS polypeptide. The figures between parentheses indicate the
recurrence of a given mutation in unrelated patients from different families. (D)
Comparison of important disease traits in the four syndromes associates with
ALDH18A1 mutations, based on the clinical data for the reported patients for these
syndromes.#" *4® Number of patients, families, mutations and genotypes for each
syndrome are given on the top part. For details on the specific mutations and genotypes,
see supplementary Table S1. Red hues are deeper for higher and lighter for less frequent
occurrence of a disease manifestation, and reflect the mean of the percentages of

patients, families and genotypes presenting a given disease trait, in a continuous linear
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gradation from red (RGB scale 255/0/0/) to white (RGB scale 255/255/255). The data
on age of onset and number of reported deaths in each group are not colored. Patients
with intrauterine growth restriction were considered to have disease onset at birth (0
years). Differences in onset age are significant (ANOVA, p<0.0001, with values for
SPG9A an SPG9B groups being significantly different when mutually compared or
when compared to the cutis laxa groups, p<0.0065). The cell on reported deaths for
ARCLS3A includes one case of pregnancy interruption due to prenatal detection of
multiple fetal abnormalities that were confirmed by fetal necropsy. The item on
Connective tissue weakness is positive when any of the following traits was reported:
joint laxity, pes planus, hip dislocation and/or hip dysplasia, coxa valga, inguinal hernia,
genu valgum, coxa valga and mitral leak. When several traits separated by / are given

for an item, the item is positive when any of these traits is present.

Figure 2. Ornithine scavenging processes (A), metabolic routes involving P5CS (B,C)
and reaction catalyzed by this enzyme (D). In this figure enzymes and catalytic
processes are in italic type, and the following abbreviations are used: oKT, a-
ketoglutarate; ADC, arginine decarboxylase; ARG2, type 2 arginase; ASL,
argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate
synthetase 1; GABA, y-aminobutyric acid; GAD, glutamate decarboxylase; GDH,
glutamate dehydrogenase; GLNase, glutaminase; GS, glutamine synthetase; NAG, N-
acetyl-L-glutamate; NAGS, NAG synthase; OAT, ornithine m-aminotransferase; ODC,
ornithine decarboxylase; OTC, ornithine transcarbamylase; PSCDH, pyrroline-5-
carboxylate dehydrogenase; P5CS, pyrroline-5-carboxylate synthetase; PYCR1,2,
pyrroline-5-carboxylate reductase isoforms 1 and 2; TCA cycle, tricarboxylic acids
cycle. In (A), for clarity, only the ornithine derivatives and some of the enzymes

involved in the transformations shown are illustrated, with no inclusion of other
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products or of ancillary substrates. In (B, C) P5CS is highlighted in blue, larger type,
with superindices “short” and “long” denoting its two alternatively spliced forms (see
the text). As in (A) only the intermediates that provide the carbon skeletons of the final
products arginine and proline are shown, omitting for clarity other substrates or
products. In (B) the green double-line arrow indicates activation of CPS1 by NAG,
while the red blunt-ended broken double line indicates feed-back inhibition of the short
form of P5CS by ornithine. The cytosolic reactions in gray are those operating in the
enterocyte only until age 4-5 years®. In (C), where proline synthesis from glutamate
and from ornithine is schematized, the possibility of making proline from imported P5C
is also considered since P5C is found in blood and can enter cells.*® (D) P5CS two-step
reaction showing which component catalyzes each step. The dominance of some
disease-causing mutations strongly suggests that the highly unstable glutamyl-5-
phosphate formed by a subunit is used by the G5PR component of another subunit of

the PSCS oligomer, as reflected in the figure.

Figure 3. Evidences that all four ALDH18A1 P5CS syndromes involve loss-of-function
of P5CS, and indications supporting a higher severity of the neurocutaneous and spastic
paraplegia presentations (abbreviated, respectively, CL3 and SPG9 when dominant and
recessive presentations are pooled together). (A) Listing of references of the published
evidences that support loss of P5CS function as the disease mechanism in the four
ALDH18A1-associated syndromes. (B) Frequencies of the different types of mutations
found thus far in ARCL3A and SPG9B. The mutations that are most likely null as they
result in truncations are marked in the key provided. ADCL3 and SPG9A mutations are
not shown, since they are associated exclusively with missense changes. (C) Box plots
summarizing the ages of disease onset (left), of minimal survival (center; it corresponds

to the age at last examination) and estimated disease duration (right) for patients with

26



the neurocutaneous syndromes (CL3) or with SPG9 syndromes. The number of patients

for which these data were available or inferred from the clinical descriptions® 2" 414¢

are
given for each bar (for age of onset data for each of the four syndromes, see Fig. 1D).
Patients with intrauterine growth restriction were considered to have disease onset at
birth (0 years). The box encompasses the range between the first and the third quartile,
and the whiskers define the entire range. The transversal line is the median and the cross
gives the mean. In all cases differences are significant (Student's t-test), with the value
of p given in the figure. The onset age and maximal survival for the patients reported to
have died in infancy (including an ARCL3A fetus from a pregnancy interruption
because of multiple prenatal alterations) is shown with colored circles, which are full
when both disease alleles were null, half-full when only one allele was null and empty
when the patient hosted only missense changes. Red circles are for recessive
presentations, while the blue circle is for the single patient reported to have died with a
dominant presentation (ADCL3). (D) In silico assessment of disease causality by a
given missense mutation (left) and of conservation of the residues hosting missense
mutations (right) in these four syndromes. In the left panel the scores of the PolyPhen2
and MutPred?2 servers have been added; the highest and the lowest probabilities for
disease-causation would correspond to values of 2 and 0, respectively. The horizontal
lines give the medians. In the right panel the ConSurf estimation of the degree of
conservation of the substituted amino acid is given, with the whiskers encompassing all
the values while the box encloses the 25" to 75™ percentiles and the horizontal solid
lines give the medians. The more negative the value the higher the conservation. The
dotted line gives the mean conservation for the entire protein sequence (see legend to
Table S1 for more details, and supplementary Fig. S1 for a direct illustration of

conservation in aligned sequences). (E) Illustration of the occurrence of global
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developmental delay/intellectual disability patient by patient in the four syndromes
(shown on top in different grey shadows and labelled), with indication of different
genotypes (dark grey, both alleles are null; lighter grey, only one null allele; the
lettering code is used to differentiate the genotypes and is not explained here for
brevity). Families are also identified with letters. Finally, patients are shown in alternate
grey and white cells, encompassed in families. The bottom row shows positivity for the
examined trait as a cross and red coloring. The asterisk marks the necropsied fetus,

indicating that the trait could not be assessed in that case.

Figure 4. Rationale for the recessive and dominant effects of different PSCS mutations.
(A) Schematic explanation of why mutations that abolish protein production
obligatorily give recessive inheritance while some missense mutations are recessive
(right of the blue broken vertical line) and other ones (left of this line) are dominant
despite their causing loss of function. (B and C) Mapping on the structures of the
components of human P5CS, G5K (B) and G5PR (C), of the residues found to host
missense mutations in P5CS-associated syndromes (recognition code shown on the side

of the figure). The G5K component structure (B) is a model prepared as in*>?°

using as
template the Escherichia coli G5K tetramer*® (Protein DataBank (PDB) file 2J5T),
since P5CS may be tetrameric®® and the G5K component may have a key role in
forming that tetramer (see main text). Only one subunit has been colored (N- and C-
lobes green and light green respectively); the ADP and L-glutamate substrates have
been placed on this subunit via superimposition with the structures of bacterial G5Ks
(PDB files 2AKO and 2J5T). Some loops are missing because they have no equivalent
in the template bacterial protein (interruptions marked with asterisks). An external

missing loop has been symbolized with a broken line, to highlight that this loop

concentrates the majority of reported ADCL3 mutations. In (C) a part of the dimer
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found in the protein crystals of the human recombinant G5PR component (PDB file
2H5G) is shown, with one subunit showing its secondary structure (cartoon
representation) and having its catalytic, cofactor binding and oligomerization
(truncated) domains colored pink, cyan and dark grey, respectively. The other subunit is
represented in semitransparent light grey surface. For clarity, different panels are shown
for mapping residues involved in amino acid substitutions in the different ALDH18A1-
related disorders (as indicated). Note that ARCL3A mutations of both subunits (those of
the subunit in surface representation are distinguished with an asterisk) cluster together
in the region where the reaction takes place, as shown by the localization of the
substrates, inferred by superimposition with the homologous enzymes aldehyde
dehydrogenase (PDB 1AD3) and a-aminoadipate dehydrogenase (PDB 4ZUL). (D)
Stereo view of the active center of the G5PR component to illustrate the involvement of
the residues hosting ARCL3A mutations in either the interactions with the substrates or

in endowing this site with proper conformation.

Figure S1. Sequences of the regions hosting the reported ALDH18A1 missense
mutations, aligned (according to ClustalW) with the corresponding regions of the
P5CSs of other species or with the monofunctional microbial G5PK or G5PR (as
indicated) enzymes for yeast, E. coli, Thermotoga maritima and Burkholderia
thailandensis. Identities are highlighted in red for residues hosting ARCL3A or ADCL3
mutations and in deep blue for SPG9. Conservative replacements are highlighted cyan.
The boxes above the alignments show the mutations found in each syndrome using the
same color code. The three mutations found in codon 138 are listed in line, centered on

residue 138. X., Xenopus; D., Drosophila; C., Caenorhabditis; A., Arabidopsis.
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Summary. The bifunctional homooligomeric enzyme Al-pyrroline-5-carboxylate
synthetase (P5CS) and its encoding gene ALDH18A1 were associated with disease in
1998. Two siblings who presented paradoxical hyperammonemia (alleviated by
protein), mental disability, short stature, cataracts, cutis laxa and joint laxity, were found
to carry biallelic ALDH18A1 mutations. They showed biochemical indications of
decreased ornithine/proline synthesis, agreeing with the role of P5CS in the biosynthesis
of these amino acids. Of 32 patients reported with this neurocutaneous syndrome, 21
familial ones hosted homozygous or compound heterozygous ALDH18A1 mutations,
while 11 sporadic ones carried de novo heterozygous ALDH18A1 mutations. In 2015-
2016 an upper motor neuron syndrome (spastic paraparesis/paraplegia SPG9)
complicated with some traits of the neurocutaneous syndrome, although without report
of cutis laxa, joint laxity or herniae, was associated with monoallelic or biallelic
ALDH18A1 mutations with, respectively, dominant and recessive inheritance. Of fifty
SPG9 patients reported, 14 and 36 (34/2 familial/sporadic) carried, respectively,
biallelic and monoallelic mutations. Thus, two neurocutaneous syndromes (recessive
and dominant cutis laxa 3, abbreviated ARCL3A and ADCL3, respectively) and two
SPG9 syndromes (recessive SPG9B and dominant SPG9A) are caused by essentially
different spectra of ALDH18A1 mutations. On the bases of the clinical data (including
our own prior patients’ reports), the ALDH18A1 mutations spectra, and our knowledge
on the P5CS protein, we conclude that the four syndromes share the same pathogenic
mechanisms based on decreased P5CS function. Thus, these syndromes represent a
continuum of increasing severity (SPG9A<SPGIB<ADCL3<ARCL3A) of the same
disease, P5CS deficiency, in which the dominant mutations cause loss-of-function by

dominant-negative mechanisms.
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Take-home message. ALDH18A1 gene mutations causing deficiency of the
ALDH18A1-encoded bifunctional ornithine/proline biosynthesizing enzyme P5CS result
in four syndromes that represent different degrees of severity of a single disease entity,
P5CS deficiency, of which two syndromes result from dominant mutations that act by

dominant negative mechanisms.
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1. Introduction

The bifunctional enzyme Al-pyrroline 5-carboxylate synthetase (P5CS) (EC
1.2.1.41 & 2.7.2.11) and its encoding gene ALDH18A1 (10924.1) (Fig. 1A, B) were
associated with disease in 1998, when homozygous ALDH18A1 mutations were found
in two siblings presenting paradoxical hyperammonemia (alleviated by protein intake),
mental disability, short stature, cataracts, cutis laxa, joint laxity and biochemical
indications of decreased ornithine and proline synthesis. Twenty one patients from 14
families have been reported*'* with biallelic ALDH18A1 mutations associated to this
neurocutaneous syndrome called autosomal recessive cutis laxa type I1IA (ARCL3A;
MIM #219150) (Figs. 1C, top and 1D; Supplementary Table S1, rows in darker red
hue). ARCL3A usually has early onset and can be very severe, presenting cutis laxa,
mental disability, connective tissue weakness (joints hypermobility and dislocations, pes
planum, inguinal herniae) and variable degrees of progeroid facies and of intrauterine
and postnatal growth restriction leading to short stature. Cataracts and/or corneal
clouding usually occur, while failure to thrive, gastroesophageal reflux with frequent
vomiting, skeletal abnormalities and osteopenia are also observed (Fig. 1D). Plasma
levels of one or several of the four amino acids proline, arginine, citrulline and ornithine
can be low-normal or decreased.!?7810

In 2012 a sporadic neonatal patient was reported®® with a typical ARCL3A
presentation except for his hosting of a de novo ALDH18A1 missense mutation together
with an inherited benign variant (Table S1, family 5), strongly suggesting a dominant
nature of the de novo mutation. Ten additional sporadic patients have been reported*®-18
with monoallelic dominant ALDH18A1 pathogenetic variants and cutis laxa type IlI
presentation (Fig. 1C, second panel from top, and Fig. 1D; and Table S1, rows in lighter

red hue) leading to the definition of ADCL3 (MIM #616603).
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Greater clinical complexity became patent in 2015-2016, when heterozygous
ALDH18A1 missense mutations were associated!®2° with complicated spastic paraplegia
termed SPG9A (MIM #601162). Of 36 patients studied!®-?2 34 familial cases ranged in
five families, while two cases were sporadic (Figs. 1C, bottom panel and 1D; Table S1,
light blue rows). A recessively inherited form of this motor presentation associated to
biallelic ALDH18A1 mutations, called SPG9B (MIM # 616586) has also been found in
14 studied patients from eight families*®?-?’ (Figs. 1C third panel from top, and Fig.1D;
Table S1, rows in darker blue). SPG9A and SPG9B are characterized by an upper motor
neuron syndrome generally of later onset, with variable degrees of weakness
(sometimes mild enough in SPG9A to be manifested, in females, only during
pregnancy, reverting afterwards®!; pregnancy-associated initial manifestations without
postpartum reversion has also been reported in SPG9A??), progressive spastic limb
paresis usually complicated (particularly in SPG9B2®) with learning disability, growth
retardation, dysmorphic features, microcephaly and/or cyclic vomiting and bilateral
cataracts, but without report of cutis laxa, joint hypermobility or herniae (Fig. 1D).
Low-normal or decreased plasma urea cycle amino acids and/or proline have been
reported in some patients!®20.23.24

The association with ALDH18A1 mutations of two syndromes (neurocutaneous
and motor) having each one of them either dominant or recessive inheritance, calls for
clarification of the underlying mechanisms for this diversity. We provide here an
evidence-based unifying view founded on the concept of a disease continuum of
increasing severity in the order SPG9A<SPGIB<ADCL3<ARCL3A corresponding to
progressively increasing loss of P5CS function, in which the dominant forms result

from loss of function due to dominant negative mechanisms.
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2. P5CS: a crucial catalyst for de novo synthesis of ornithine and proline

Ornithine is crucial for ammonia detoxification by the urea cycle. Although not
consumed in this cycle, it is scavenged mainly by oxidation of ornithine-derived
glutamate, by conversion to putrescine or to proline, or by incorporation into body
proteins mainly as arginine (but also as ornithine-derived proline, glutamate and
glutamine) (Fig. 2A). Thus, it must be replenished by food intake (mainly as arginine)
or by de novo synthesis (revised in?; Fig. 2B). This synthesis occurs from glutamate,
taking place in the mucosal cells of the small intestine, with subsequent conversion of
de novo made ornithine to either arginine (children of <5 years)? or citrulline (beyond 5
years).?830 These amino acids are exported to blood, with conversion of the citrulline to
arginine by the kidney, which releases arginine to the circulation. Circulating arginine
can enter the liver and replenish decaying ornithine levels.*

The coexistence in enterocytes’ mitochondria 0f?82%31-3 p5CS ornithine
aminotransferase (OAT), ornithine transcarbamylase (OTC), carbamoyl phosphate
synthetase (CPS1) and the CPS1 activating enzyme N-acetyl-L-glutamate synthase
(NAGS) (Fig. 2B) strongly favors de novo synthesis of citrulline. Glutamate is abundant
in enterocytes and promotes ornithine synthesis by the concerted action of P5CS and
OAT, two enzymes for which glutamate is a substrate. OTC, by trapping ornithine as
citrulline using CPS1-made carbamoyl phosphate from the abundant intestinal cell
ammonia, pulls further the OAT reaction in the direction of ornithine synthesis.

Many other cell types host in their mitochondria P5CS and OAT?%3! (Fig. 2C).
However, unlike enterocytes, they lack NAGS, CPS1 and OTC. While in these cells
OAT is used to catabolize ornithine (as proven in OAT deficiency, which gives very
high ornithine levels?®), the P5CS is used to make proline de novo (Fig. 2C).2%83 The

P5CS polypeptide is composed of N-terminal glutamate 5-kinase (G5K) and C-terminal
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glutamyl-5-phosphate reductase (G5PR) moieties (Fig. 1B).3! The P5CS oligomer
(believed to be a tetramer® or hexamer?®) makes glutamate-5-semialdehyde (G5S) from
glutamate in two sequential steps (Fig. 2D). Glutamate is first phosphorylated by the
G5K component, using ATP. The resulting unstable®** glutamyl-5-phosphate (G5P) is
reductively dephosphorylated to G5S in an NADPH-requiring reaction catalyzed by the
G5PR component (possibly of another subunit, see below). In non-intestinal cells
lacking OTC the unfavorable equilibrium of the OAT reaction leads to the lingering of
the G5S made by P5CS and to its spontaneous cyclization to Al-pyrroline-5-carboxylate
(P5C) (Fig. 2D).28* This last compound is reduced to proline in an NADPH-dependent
reaction (Fig. 2C) catalyzed by the mitochondrial Al-pyrroline-5-carboxylate
reductases PYCR1 and PYCR2% (the letters composing the PYCR abbreviation are
underlined). The role of PYCR1 in proline biosynthesis is well documented, *® while
PYCR23%" may predominate functionally in the nervous system.

The key involvement of P5CS in the routes of de novo synthesis of both
ornithine and proline (Fig. 2B,C) is reflected in the existence of two molecular forms of
the P5CS polypeptide of 793 or 795 amino acids. The shorter form, resulting from the
skipping of codons 238 and 239 by alternative splicing®® (Fig. 1B), is predominantly
expressed in enterocytes, where it is committed to make ornithine (Fig. 2B), being
controlled by feed-back inhibition by ornithine.3! The 2-residue longer form of P5CS is
insensitive to ornithine and is prevalent in non-enteric cell types,?®! where it is involved

in proline synthesis (Fig. 2C).

3. ALDH18A1-related disorders can be manifestations of deficient production of
ornithine and proline
Loss-of-function P5SCS mutations should reduce or abolish de novo production

of ornithine, citrulline, arginine and proline, explaining the decreased (although
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inconstantly, possibly due to blurring by food intake and tissue catabolism) plasma
levels of these amino acids in ALDH18A1-related syndromes!7#810.13.15-17.19.202324 (Fjq
3A). The ornithine needed for making urea can be limited in interprandial periods,
explaining the paradoxical hyperammonemia observed in the first two reported
ARCL3A patients.'

Low proline synthesis might hamper production of the very abundant (~35% of
the body protein mass) connective tissue proteins collagen and elastin, which are
proline-rich (proline+hydroxyproline represent 25% and 14% of the mass of each of
these proteins, respectively). This likely explains (Fig. 1D) the cutis laxa and
connective tissue weakness and possibly also the bony alterations (dysmorphic features,
osteopenia, 6111517 etc), the vascular tortuosity®2°>8, cyclic vomiting and even cardiac
defects®101222 and mitral valve leaks'®2® observed in some of these patients. Indeed,
elastic fiber alterations have been noted in skin biopsies of patients of ALDH18A1-
associated syndromes.>"'1> Alterations in collagen fiber bundle architecture have also
been reported.>® The corneal clouding seen in the most severe ARCL3A cases®? has
been linked to microanatomical corneal alterations affecting the extracellular matrix,
which is largely collagenous in the cornea®. The cataracts have been attributed? to
proline deficiency. This deficiency could restrict both protein synthesis and/or a proline-
mediated redox cycle in which P5C, which is present in the lens, is a crucial
component.?

Proline and hydroxyproline together represent about 12% of the whole body
protein mass. Therefore, poor de novo synthesis of proline may be detrimental for
rapid growth in the final stages of fetal development and the first years of postnatal life
and may contribute importantly to the intrauterine and postnatal growth restriction

resulting in short stature in ALDH18A1-associated syndromes (Fig. 1D). The role of
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proline is supported by the intrauterine growth restriction that is also observed in
PYCR1 deficiency,®”*% a proline biosynthesis disorder which does not primarily
affect ornithine synthesis. Interestingly, studies in cultured melanoma cells*® showed
that siRNA knockdown of P5CS dramatically increased cell doubling time, apparently
because of general metabolic slowdown and inhibition of protein synthesis linked to
activation of the general control nonderepressible 2 (GCN2) protein kinase. These
effects were reversed by proline addition.

A negative impact on the mental status of subclinical chronic mild
hyperammonemia cannot be excluded in ALDH18A1-related disorders. However,
impaired local proline production in the nervous system may have a predominant role in
the neurocognitive alterations, since PYCR1 and PYCR2 deficiencies® 3373 (two pure
disorders of proline synthesis) usually cause mental disability and even neuroanatomic
alterations (e.g. corpus callosum thinning/atrophy3¢"4) found in ALDH18A1-related
syndromes. The mechanisms of these alterations remain to be ascertained, although
restricted protein synthesis and reduced antioxidant protection in the central nervous
system, both due to limited proline availability, might be important determinants.

Similarly, the pathophysiology of the upper motor neuron syndrome is
uncertain. It was proposed to be linked to ornithine!® since it was not described in
PYCR1 deficiency®’3®. Furthermore, spastic paraplegia also develops in patients of
argininemia and of hyperornithinemia-hyperammonemia-homocitrullinuria
(HHH),%4243 two syndromes in which, as in P5CS deficiency, there is mitochondrial
ornithine deficiency. It has been speculated*?“® that autophagy and arginine/ornithine
imbalance could be involved in causing the paraplegia manifestations. More studies are
needed to substantiate these proposals and, particularly, to link mechanistically

mitochondrial ornithine insufficiency and upper motor neurone syndrome.
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Other pathogenic possibilities remain to be explored in these syndromes, such as
the potential role of polyamines (of which ornithine is a key precursor, Fig. 2A), given
the crucial role of polyamines for development*. The close metabolic relations of
proline, ornithine, glutamate and glutamine (Fig. 2A,C) should also be taken into
account, particularly since seizures are frequent among these patients,>>7810-
13.15.19.23.2426 and given the facts that glutamate is an excitatory and potentially
neurotoxic neurotransmitter while y-aminobutyric acid (GABA) derives from glutamate
and is an inhibitory neurotransmitter. A new dimension to be explored was recently
open when an important signalling role of proline and its metabolism that could affect

even autophagy was reported.*

4. Two syndromes reflecting different severities of the same disease process?

We propose here that the neurocutaneous and the spastic paraplegia syndromes
represent, respectively, higher and lower degrees of severity of the same disorder
corresponding to higher and lower degrees of loss of P5CS function. This functional
loss is reflected in the parameters listed in Fig. 3A (some of them directly reflecting
P5CS activity: rows 2, 4 and 5 of this figure), of which at least some have been reported
for all four syndromes. A number of observations support a greater loss of P5CS
function and higher severity of the presentation in ARCL3A and ADCL3 than in SPG9
presentations: 1) null ALDH18A1 mutations were observed more frequently in
ARCL3A than in SPG9B (respectively, null/missense mutation ratios, ~1:2 and ~1:5;
Figs. 1C, 3B and Table S1); 2) three patients reported with biallelic obligatory null
ALDH18A1 mutations®? presented extremely severe ARCL3A, with two dying at < 6
months of age (Table S1, families 29, 31 and 35; filled red dots in the left and central
panels of Fig. 3 C); 3) all ADCL3 patients were sporadic cases'®*® while 34 of the 36

studied SPGOA patients were familial cases'®2® (Fig. 1D; Table S1, light red and light

10
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blue rows), indicating that the monoallelic mutations in ADCL3 but not in SPG9A
caused too much disability to allow reproduction; 4) the age of disease onset was
earlier, survival time was higher and disease duration was longer for pooled ARCL3A
and ADCLS3 patients than for pooled SPG9B and SPG9A patients (Fig. 3C); 5) the
combined scores yielded by the Polyphen2 (http://genetics.bwh.harvard.edu/pph2) and
MutPred2 (http://mutpred.mutdb.org) disease-causation prediction servers tended to be
higher for single amino acid variants found in ARCL3A and ADCL3 than for variants
found in SPG9 syndromes (Fig. 3D, left panel); and the scores for amino acid
conservation for the residues replaced in ARCL3A and ADCL3 tended to be higher than
for those replaced in SPG9B and SPGYA (Fig. 3D, right panel and Supplementary Fig.
S1) in line with the fact that higher conservation is characteristic for more important
residues for protein function or stability.

Fig. 1D illustrates in heat-plot style the existence of a true disease continuum for
the four syndromes, which share most disease traits although with different observed
frequencies depending on the syndrome. The most severe end of this continuum is
represented by the cutis laxa syndromes, and, in particular, by the three patients that
hosted biallelic obligatory null ALDH18A1 mutations (Table S1, families 29, 31 and
35). These ARCL3A patients prove that lack of P5CS is not lethal in utero but that it
consistently causes very important intrauterine growth restriction leading to very low
birth weight (1.5, 1.8 and 1.4 kg in these three patients)>!°, decreased body length and
head circumference.>? Other characteristic features of these three patients were
postnatal failure to thrive, bilateral corneal clouding (2 of the three cases>*°) or very
early cataract (the other case!?), and the occurrence of thin, wrinkled, loose and semi-
transparent skin with visible dermal vessels, very marked progeroid facial features, joint

contractures and, later on, joint luxations and/or herniae. Skin ultrastructure, studied in

11
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one of these patients, revealed abnormal elastic fibers.X® Clearly, these three patients
represent the more florid and severe end of the disease continuum. At the lower severity
end for most manifestations are the dominant forms of SPG9, which for the traits shared
with the cutis laxa forms, exhibit lower frequencies of occurrence (among patients,
families and genotypes, Fig. 1D). A patient-by-patient exemplification of the disease
continuum is illustrated in Fig. 3E for global developmental delay/intellectual disability,
essentially constant among the ARCL3A and ADCL3 patients, also observed in all but
one SPG9B patient, but absent from all but one SPG9A patient.1®?2 An exception to this
continuum is the lack of report of cutis laxa and of most manifestations of connective
tissue weakness (joint laxity/inguinal hernia; not shown separately) in SPG9A patients,
strongly suggesting that above a certain P5CS activity level the connective tissue
manifestations are either absent or are not prominent enough to be easily remarked. This
may be particularly so for cutis laxa, which even in the florid cases tends to ameliorate
with age.’

Concerning the upper motor neuron syndrome, it appears to be a nearly constant
element of all ALDH18A1-related syndromes, given the finding of pyramidal signs and
of tonus disturbance (hypotonia) in many patients with the cutis laxa syndromes. Given
the low age of most of these cutis laxa patients and the severity of their manifestations,
and since the motor syndrome appears to take time to develop, as noted for the SPG9
syndromes, the motor manifestations are not fully observed in most cutis laxa patients
or are overshadowed by the early and more severe neurocutaneous presentations
observed in the ARCL3A and ADCL3 syndromes. This delayed appearance of the
complete motor syndrome is clearly illustrated in the first two patients (brother and
sister) reported with ARCL3A. These patients have been followed for >10 years,

showing progressively more prominent motor manifestations with time despite the fact
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that the initial manifestations were those of the neurocutaneous syndrome.* Thus,
while both patients could walk at 4 years of age, they lost the ability to walk when 12-
15 years-old as a consequence of the motor syndrome with manifestation of severe
pyramidal syndrome.? In another ARCL3A family with four siblings of 21 to 4 years of
age,* the patients, although reported in less detail, also appear to manifest the motor
syndrome after an initial cutis laxa presentation, leading to loss of ability to walk. In
fact, motor disability occurred sooner in these six ARCL3A patients®# than in most
SPG9B patients, and appeared more severe than in most SPG9A patients.

On the occasion of our reporting of two novel SPG9B patients, we recently
showed that SPG9B is more severe than SPG9A.?® In the case of ARCL3A and
ADCLS3, the patients’ data suggests similar degrees of severity for these two syndromes,
as exemplified with the severe presentations observed for some ADCL3 patients
reported in detail, >4 particularly a patient*® presenting a florid clinical picture
associated with total motor disability, who died at about 3 years of age (blue circle in
Fig. 3C, middle panel). Motor disturbance was also reported for an ADCL3A patient!®
who at 8 years of age was only able to walk with support. In any case, more ADCL3
patients must be identified before a sounder conclusion on differences in severity with
ARCL3A can be attained. What appears clear is that the dominant cutis laxa
presentations are more severe than SPG9 presentations and certainly much more severe

than the SPG9A presentations (Fig. 1D).

5. Why dominant and recessive modes of inheritance?

The clinical similarities of ARCL3A and ADCL3 agree with the operation of the
same disease mechanism for these two syndromes (different degrees of decrease in
P5CS function) irrespective of the recessive or dominant inheritance. The same can be

said for SPG9A and SPG9B. As already noted,® the dominance cannot be attributed to
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haploinsufficiency, since patients’ parents carrying a null allele together with a wild
type allele are healthy (e.g.>%). A dominant negative effect appears the most plausible
mechanism for the dominance in ADCL3 and SPG9A*16.1%20 (Fig. 4A). If P5CS is
functional only when in oligomeric form,>1620 the incorporation of a subunit with a
mutation could have a dominant negative effect if it disturbs the architecture of the
hybrid oligomer composed of wild-type and mutant subunits, inactivating or decreasing
the activity of the entire oligomer>?. This is best explained if in the normal P5CS
oligomer the unstable3* G5P intermediate must be channelled between the G5K and
G5PR active centers of different subunits (Fig. 2D). The architectural defect caused by
the incorporation of a subunit with a dominant mutation could either prevent the
channelling or decrease its efficiency by altering the relations between G5K and G5PR
active centers of different subunits (Fig. 4A). Detailed knowledge of the P5CS
architecture and not only of the structures of the isolated G5K and G5PR
components'®?° (Fig. 4B,C) is needed to explain in physical terms how this channelling
occurs and how it can be hampered by certain mutations.

Only pathogenetic variants in which the mutant polypeptide is produced and is
soluble and integrable into the oligomer can have dominant-negative effects (Fig. 4A).
The formation of such hybrid mutant/wild-type oligomers was proven for dominant
forms found in ADCL3,%® whereas evidence for architecturally disturbed oligomers was
obtained for two dominant mutations found in SPG9A families.?’ In agreement with this
pathogenetic mechanism, no mutations that abolish the production of the mutant protein
(for example, truncating mutations) have been found in patients with the dominant
presentations ADCL3 or SPG9A, while these mutations have been observed in patients
having the recessive syndromes ARCL3A>10111314 and SPGIB?3% (Fig. 1C, 2B and

Table S1).

14



©CO~NOOOTA~AWNPE

There should be complete specificity on whether a missense mutations has a
recessive or a dominant negative effect. Sequence variants that cause gross misfolding,
with loss of the mutant subunit, or that inactivate active centers without disturbance of
intersubunit interactions should be recessive (Fig. 4A and D), whereas dominant
mutations should allow integration of the mutant subunit into the oligomer, altering the
architecture of the P5CS oligomer (Fig. 4A). Indeed, among the 29 missense mutations
found thus far in patients with ALDH18A1-associated syndromes, none occurred in both
a recessive syndrome and a dominant one. Only one amino acid, Arg665, was
substituted in recessive and dominant SPG9, to Glin in the first case and to Leu in the
second. Furthermore, mutations recurring in unrelated individuals or families always
were associated with the same type of inheritance, as best exemplified for the dominant
mutations affecting codon 138 in ADCL3.16:7

Dominant missense mutations might also be less numerous than those causing
recessive inheritance, as they can only have a dominant effect if they do not cause gross
misfolding and if they affect strategic points in the protein that are involved in
intersubunit interactions. Indeed, among the 29 missense mutations identified in
ALDH18A1-associated disorders the number of recessive ones (19) nearly doubles that
of dominant ones (10) (Fig. 1C and Table S1). The distribution of the mutations is also
very different for recessive and dominant mutations: six of the residues affected by
dominant mutations map in the G5K component of the PSCS polypeptide and only two
map in the G5PR component, possibly reflecting a predominant involvement of the
G5K component in intersubunit interactions in the P5CS oligomer (Fig. 1D).
Interestingly, in the inferred (from bacterial G5K*") and experimental (see?®) respective

structural models for the G5K and G5PR components of human P5CS, the residues
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involved in dominant mutations are in the surface or close to it in superficial structural
elements.?°

The distribution of the recessive missense mutations is also different for the
neurocutaneous syndrome and for the motor syndrome, as might be expected for
mutations causing, correspondingly, more and less loss of P5CS function. Particularly
remarkable is the clustering of missense mutations towards the C-terminus of the G5PR
component in the ARCL3A syndrome. The crystal structure of the dimer of this
component (Fig. 4C,D) shows that these mutations map together towards the same zone
of the protein, where the interaction domain of one subunit sits between the other two
domains of the G5PR component of the other subunit, at the junction of these domains,
conforming the active center of the G5PR component. Although the effects of these
mutations have not been determined, it is tempting to propose that all them have as their
major effect the inactivation of the G5PR component. However, misfolding effects
cannot be excluded, particularly for Arg765, a residue likely helping stabilize the hybrid
[-sheet formed between the oligomerization domain of a subunit and the catalytic

domain of the other subunit.

6. Closing remarks.

We propose here a unifying view for ALDH18A1-associated disorders in which
1) the clinical manifestations are due to loss of P5CS function (P5CS deficiency); 2) the
different presentations conform a disease continuum of decreasing severity from the
cutis laxa forms ARCL3A and ADCL3 to the motor syndromes SPG9B and SPG9A; 3)
specific mutations associate with a specific syndrome because they cause different
degrees of enzyme deficiency depending on the mutation; and 4) the specific recessive

or dominant character of each individual mutation reflects the respective lack or
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existence of negative effects of the mutation on the architecture of the whole enzyme
oligomer.

Further evidences for this unifying view could be obtained by developing
genetically modified animal models (preferably mammalian models) for each one of the
four human P5CS syndromes. In turn, the determination of the structure of human P5CS
could provide insight into the specific mechanisms of intramolecular channelling of the
G5P intermediate that is likely to be hampered by the dominant mutations, helping
predict what mutations could have a dominant-negative effect and the intensity of such

effect.
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FIGURE LEGENDS

Figure 1. The human ALDH18A1 gene, its protein product P5CS and the four
syndromes associated with ALDH18A1 mutations. (A) Linear representation of the
ALDH18A1 open reading frame, mapping to scale the different exons and
superimposing on them the sites where missense mutations have been identified in
ALDH18A1-related disorders, distinguishing the mutations occurring in each syndrome
according to the key provided. (B) Linear representation of the P5CS polypeptide in
correspondence with the open reading frame encoding it. The boundaries of the three
major components (mitochondrial targeting domain, G5K and G5PR) are marked,
giving residue numbers at their boundaries. The two lobes of the G5K component
(based on comparison with E. coli G5K*®) are mapped and colored in different hues of
green, and the three structural domains of the G5PR component (from Protein

DataBank, PDB, file 2H5G; http://www.rcsb.org/structure/2H5G) are also mapped and

are colored differentially. The two-residue deletion generated by alternative splicing
(grey), and the catalytic cysteine (green) are also mapped. (C) Definition of the four
syndromes associated to ALDH18A1 mutations, with mapping of these mutations in the
linear scheme of the P5CS polypeptide. The figures between parentheses indicate the
recurrence of a given mutation in unrelated patients from different families. (D)
Comparison of important disease traits in the four syndromes associates with
ALDH18A1 mutations, based on the clinical data for the reported patients for these
syndromes.127 4146 Number of patients, families, mutations and genotypes for each
syndrome are given on the top part. For details on the specific mutations and genotypes,
see supplementary Table S1. Red hues are deeper for higher and lighter for less frequent
occurrence of a disease manifestation, and reflect the mean of the percentages of

patients, families and genotypes presenting a given disease trait, in a continuous linear
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gradation from red (RGB scale 255/0/0/) to white (RGB scale 255/255/255). The data
on age of onset and number of reported deaths in each group are not colored. Patients
with intrauterine growth restriction were considered to have disease onset at birth (0
years). Differences in onset age are significant (ANOVA, p<0.0001, with values for
SPGYA an SPG9B groups being significantly different when mutually compared or
when compared to the cutis laxa groups, p<0.0065). The cell on reported deaths for
ARCL3A includes one case of pregnancy interruption due to prenatal detection of
multiple fetal abnormalities that were confirmed by fetal necropsy. The item on
Connective tissue weakness is positive when any of the following traits was reported:
joint laxity, pes planus, hip dislocation and/or hip dysplasia, coxa valga, inguinal hernia,
genu valgum, coxa valga and mitral leak. When several traits separated by / are given

for an item, the item is positive when any of these traits is present.

Figure 2. Ornithine scavenging processes (A), metabolic routes involving P5CS (B,C)
and reaction catalyzed by this enzyme (D). In this figure enzymes and catalytic
processes are in italic type, and the following abbreviations are used: oKT, a-
ketoglutarate; ADC, arginine decarboxylase; ARG2, type 2 arginase; ASL,
argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate
synthetase 1; GABA, y-aminobutyric acid; GAD, glutamate decarboxylase; GDH,
glutamate dehydrogenase; GLNase, glutaminase; GS, glutamine synthetase; NAG, N-
acetyl-L-glutamate; NAGS, NAG synthase; OAT, ornithine m-aminotransferase; ODC,
ornithine decarboxylase; OTC, ornithine transcarbamylase; PSCDH, pyrroline-5-
carboxylate dehydrogenase; P5CS, pyrroline-5-carboxylate synthetase; PYCR1,2,
pyrroline-5-carboxylate reductase isoforms 1 and 2; TCA cycle, tricarboxylic acids
cycle. In (A), for clarity, only the ornithine derivatives and some of the enzymes

involved in the transformations shown are illustrated, with no inclusion of other
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products or of ancillary substrates. In (B, C) P5CS is highlighted in blue, larger type,
with superindices “short” and “long” denoting its two alternatively spliced forms (see
the text). As in (A) only the intermediates that provide the carbon skeletons of the final
products arginine and proline are shown, omitting for clarity other substrates or
products. In (B) the green double-line arrow indicates activation of CPS1 by NAG,
while the red blunt-ended broken double line indicates feed-back inhibition of the short
form of P5CS by ornithine. The cytosolic reactions in gray are those operating in the
enterocyte only until age 4-5 years?. In (C), where proline synthesis from glutamate
and from ornithine is schematized, the possibility of making proline from imported P5C
is also considered since P5C is found in blood and can enter cells.®® (D) P5CS two-step
reaction showing which component catalyzes each step. The dominance of some
disease-causing mutations strongly suggests that the highly unstable glutamyl-5-
phosphate formed by a subunit is used by the G5PR component of another subunit of

the PSCS oligomer, as reflected in the figure.

Figure 3. Evidences that all four ALDH18A1 P5CS syndromes involve loss-of-function
of P5CS, and indications supporting a higher severity of the neurocutaneous and spastic
paraplegia presentations (abbreviated, respectively, CL3 and SPG9 when dominant and
recessive presentations are pooled together). (A) Listing of references of the published
evidences that support loss of P5CS function as the disease mechanism in the four
ALDH18A1-associated syndromes. (B) Frequencies of the different types of mutations
found thus far in ARCL3A and SPG9B. The mutations that are most likely null as they
result in truncations are marked in the key provided. ADCL3 and SPG9A mutations are
not shown, since they are associated exclusively with missense changes. (C) Box plots
summarizing the ages of disease onset (left), of minimal survival (center; it corresponds

to the age at last examination) and estimated disease duration (right) for patients with
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the neurocutaneous syndromes (CL3) or with SPG9 syndromes. The number of patients
for which these data were available or inferred from the clinical descriptions!2" 4146 are
given for each bar (for age of onset data for each of the four syndromes, see Fig. 1D).
Patients with intrauterine growth restriction were considered to have disease onset at
birth (0 years). The box encompasses the range between the first and the third quartile,
and the whiskers define the entire range. The transversal line is the median and the cross
gives the mean. In all cases differences are significant (Student's t-test), with the value
of p given in the figure. The onset age and maximal survival for the patients reported to
have died in infancy (including an ARCL3A fetus from a pregnancy interruption
because of multiple prenatal alterations) is shown with colored circles, which are full
when both disease alleles were null, half-full when only one allele was null and empty
when the patient hosted only missense changes. Red circles are for recessive
presentations, while the blue circle is for the single patient reported to have died with a
dominant presentation (ADCL3). (D) In silico assessment of disease causality by a
given missense mutation (left) and of conservation of the residues hosting missense
mutations (right) in these four syndromes. In the left panel the scores of the PolyPhen2
and MutPred?2 servers have been added; the highest and the lowest probabilities for
disease-causation would correspond to values of 2 and 0, respectively. The horizontal
lines give the medians. In the right panel the ConSurf estimation of the degree of
conservation of the substituted amino acid is given, with the whiskers encompassing all
the values while the box encloses the 25" to 75™ percentiles and the horizontal solid
lines give the medians. The more negative the value the higher the conservation. The
dotted line gives the mean conservation for the entire protein sequence (see legend to
Table S1 for more details, and supplementary Fig. S1 for a direct illustration of

conservation in aligned sequences). (E) Illustration of the occurrence of global
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developmental delay/intellectual disability patient by patient in the four syndromes
(shown on top in different grey shadows and labelled), with indication of different
genotypes (dark grey, both alleles are null; lighter grey, only one null allele; the
lettering code is used to differentiate the genotypes and is not explained here for
brevity). Families are also identified with letters. Finally, patients are shown in alternate
grey and white cells, encompassed in families. The bottom row shows positivity for the
examined trait as a cross and red coloring. The asterisk marks the necropsied fetus,

indicating that the trait could not be assessed in that case.

Figure 4. Rationale for the recessive and dominant effects of different PSCS mutations.
(A) Schematic explanation of why mutations that abolish protein production
obligatorily give recessive inheritance while some missense mutations are recessive
(right of the blue broken vertical line) and other ones (left of this line) are dominant
despite their causing loss of function. (B and C) Mapping on the structures of the
components of human P5CS, G5K (B) and G5PR (C), of the residues found to host
missense mutations in P5CS-associated syndromes (recognition code shown on the side
of the figure). The G5K component structure (B) is a model prepared as in'>%° using as
template the Escherichia coli G5K tetramer*® (Protein DataBank (PDB) file 2J5T),
since P5CS may be tetrameric'® and the G5K component may have a key role in
forming that tetramer (see main text). Only one subunit has been colored (N- and C-
lobes green and light green respectively); the ADP and L-glutamate substrates have
been placed on this subunit via superimposition with the structures of bacterial G5Ks
(PDB files 2AKO and 2J5T). Some loops are missing because they have no equivalent
in the template bacterial protein (interruptions marked with asterisks). An external
missing loop has been symbolized with a broken line, to highlight that this loop

concentrates the majority of reported ADCL3 mutations. In (C) a part of the dimer
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found in the protein crystals of the human recombinant G5PR component (PDB file
2H5G) is shown, with one subunit showing its secondary structure (cartoon
representation) and having its catalytic, cofactor binding and oligomerization
(truncated) domains colored pink, cyan and dark grey, respectively. The other subunit is
represented in semitransparent light grey surface. For clarity, different panels are shown
for mapping residues involved in amino acid substitutions in the different ALDH18A1-
related disorders (as indicated). Note that ARCL3A mutations of both subunits (those of
the subunit in surface representation are distinguished with an asterisk) cluster together
in the region where the reaction takes place, as shown by the localization of the
substrates, inferred by superimposition with the homologous enzymes aldehyde
dehydrogenase (PDB 1AD3) and a-aminoadipate dehydrogenase (PDB 4ZUL). (D)
Stereo view of the active center of the G5PR component to illustrate the involvement of
the residues hosting ARCL3A mutations in either the interactions with the substrates or

in endowing this site with proper conformation.

Figure S1. Sequences of the regions hosting the reported ALDH18A1 missense
mutations, aligned (according to ClustalW) with the corresponding regions of the
P5CSs of other species or with the monofunctional microbial G5PK or G5PR (as
indicated) enzymes for yeast, E. coli, Thermotoga maritima and Burkholderia
thailandensis. Identities are highlighted in red for residues hosting ARCL3A or ADCL3
mutations and in deep blue for SPG9. Conservative replacements are highlighted cyan.
The boxes above the alignments show the mutations found in each syndrome using the
same color code. The three mutations found in codon 138 are listed in line, centered on

residue 138. X., Xenopus; D., Drosophila; C., Caenorhabditis; A., Arabidopsis.
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G5K COMPONENT
Missense mutations classified per clinical form

ARCL3A T o] Gl Recessive

ADCL3 Rl Dominant

SPGY9B 0] Recessive

SPGY9A Dominant
HUMAN 59 KSFAH;SEL-KHAKRIVVKLGSAVVT] RLASIVEQVSVLONQG! 255
MOUSE 59 KPFAHISEL-KHAKRIVVKLGSAVVTGDECGLALERLASIVEQVSVLONQGI LAV 255
DOG 59 KSFAH3ISEL-KHAKRIVVKLGSAVVTGDECGLALERLASIVEQVSVLONQGI LAV 255
CHICK 64 KSFAHISEL-KHAKRIVVKLGSAVVTGDECGLALERLASIVEQVSMLONQGI LAV 270
X.LAEVIS 60 KPFAHISEL-KHAKRIVVKLGSAVVTGDECGLALERLASIVEQVSVLONQGI LAV 254
PUFFERFISH 59 KSFAHISEL-KQAKRIVVKLGSAVVT-DECGLALERLASIVEQVAMLONQG] 2LAV 255
ZEBRAFISH 39 KSFAH3SEL-RQAKRIVVKLGSAVVT:GDECGLALERLASIVEQVAMLONQG] JLAV 235
AMPHIOXUS 60 KAIPYISEL-KHAKRIVVKLGSAVITDDECGLALERLASIVEQVSELHAEGH! . LAA 288
D.MELANOG. 45 PTFTE3SQL-KYARRLVVKLGSAVITZEDNHGLALERLASIVEQVAECHLEG . IPIKDNDSLSAMLAA 242
C.ELEGANS 70 PLINT;;NDL-KKAQRVVVKLGSAVIT;EDECGLALERLASIVEQVSELQQSGROMLIVSSGA . .MHISDNDSLAAELSA 251
SEA ANEMONA 19 DSVYH3AELKKKAKRVIVKLGSAVITGDECGVAL RLSSIVEQLAELQNSGREMLLVTSGA . ISLKDNDSLAALLAV 213
SEA URCHIN 15 KSATS3;AEL-KSSKRIVLKLGSAVITIDDECGLALERLASIVEQVSELQSSGRQVVLVTSGA) LI IKDNDSLAAELAI 204
HYDRA 42 SPIHF;;NQL-KQCKRIVVKLGSAVIT);DDECGVALERLASIVEQVSELONAGKQMMIVTSGA} . I§LKDNDSLAAMFAV 241
MAIZE 18 TADPA;A-FVKDVKRIIIKVGTAVVTGMN-GRLAMeRLGSLCEQVKQLNFQGY)*VILVTSGA} .GIEWDNDSLAALLAA 200
SOYBEAN 3 NTDPCjH-FLKDVKRIIIKVGTAVVIZOD-GRLAVEKLGALCEQIKELNSLGYR?I ILVSSGA) .GIFWDNDSLSALLAL 185
ALFALFA 3 NADPC E—FVKDVKRIIIKVGTAWTEQD—GRLAV KLGALCEQIKELNILGY|YVILVSSGA) .GIEWDNDSLSALLAL 185
COWPEA 37 NIDPS3A-FVSKVKRLIVKVGTAVVTISD-GRLALERIGALCEQLKELSSQGFXVILVTSGA) .GIFWDNDSLAGLLAL 219
A.THALIANA 3 EIDRS;A-FAKDVKRIVVKVGTAVVTGKG-GRLALERLGAICEQLAELNSDGFIZVILVSSGA .GIEWDNDSLAALLSL 185
RAPESEED 3 ELDRS;;A-FAKDVKRIVVKVGTAVVTGKG-GRLALERLGALCEQLAELNSDGF2VILVSSGA) .GIFWDNDSLAALLAL 185
PINE 1 -MDPS;}A-FVKNAKRVIIKVGTAVVTEAN-GGLALERL.GSLCEQVKELMSFGLI*VILVTSGA) .GIEWDNDSLAALLAL 182
MOss 1 -MDRSKI-FIRDAKRVVIKIGTAVVTHD-GRLALERLGAICEQVKELITDGI]ZVIFVT .GIFWDNDSLAALLAL 185
YEAST 1 ---MKDA-NESKSYTIVIKLGSSSLVDEKTKEPKLAIMSLIVETVVKLRRMGHKVIIVSSGGIAVGLRTMiMNKR--------—--——— 71..IKFGDNDTLSAITSA 164
E.COLI 1 65. . IK[JGDNDNLSALAAI 158
T.MARITIMA 1 - -MIMKVVVKVGSNLLV-GSSGLRKSYI-AELCREVARLKSQGHI ST ITSGARAAGFTYLGKGKR: 62. . ITLGDNDTLAAMFSI 155
B.THAILAND. 1 ----MRS-IIADSKRLVVKVGSSLVTNDGRGLDHDAI- GRWAAQIAALRNEG VSSGAIAEGMQELGWSRR—— 69. . IKEGDNDTLGALVAN 162

tkak : Tikk * *kk Kk .
G5PR COMPONENT
Missense mutations classified per clinical form

ARCL3A ] Recessive

ADCL3 Dominant

SPGY9B 0] IN] K] Recessive

SPG9A Dominant
HUMAN EMALISGGR 375. . 429. . AALAIAGGNGLLL 503..KGIPVMGHSGICHMYVD 589.. 654
MOUSE 375.. 429. . AALATASGNGLLL 503..KGIPVMGHSIZGICHMYVD 589.. 654
DOG DMAIISGGR 375. . 429. . AALAIASGNGLLL 503..KGIPVMGHSIZGICHMYVD 589.. 654
CHICK EMSIZAGGR 380. . 436. .SALATASGNGLLL 510..KGIPVMGHSI*GICHVYVD 606. . 671
X.LAEVIS EMAIITGGR 393.. 449. . SALAIASGNGLLL 523..KGIPVMGHSIZGICHVYVD 609.. 674
PUFFERFISH EMARHAGR 375.. 431..SALATASGNALLL 505..KGIPVLGHSI¥GICHVYVD 591.. 656
ZEBRAFISH EMAISAGR 355. . 411..SALAIASGNALLL 485..KGIPVLGHSIGICHVYVD 571.. 636
AMPHIOXUS ENAINGGR 407. . 463. .AALATASGNGLLL 537..KGIPVLGHSIZGICHVYVD 623.. 688
D.MELANOG ENASTGSR 360. . 415. .AALAMASANGLLL 489..LHIPVLGHAXGVCHVYID 575.. 640
C.ELEGANS EKC3DAGR 368. . 423 . .ASLAMASIGNALLL 497..KGIPVLGHAZGVCHVYID 585..CNAAETILIHKDLATAPFFDSLCSMFKAEGVKLHAGPKLAALL 650
SEA ANEMONA TKARDGGR 331.. 387..ASLAISTANGLLL 461..KGIPVLGHSDGICHVYMD 547. .CNSMETLLVHEDLLGTSALDKVL 'RERGVKIYAGPRLVKEL 612
SEA URCHIN IKARDGGR 321.. 476. .AALAIS| GLLL 450..EGIPVLGHS|2GICHVYID 536..CNAMETLLIHKKFRHTQVFEDILDMFfRAENVKFNPGPRLARSL 601
HYDRA LKAISCSR 360. . 416. .AALSIASGNGLLL 490..KDIPVLG GICHVYVD 579..CNAMETLLVHENLLRTKAFDVLLDG*KNNGVTVHAGPRLCRAL 644
MAIZE VARAIDCSR 322.. 377. .ASLAIREGNGLLL 450..TKIPVLGHADGICHVYID 535..CNAMETLLVHKDLNKSEGLDDLL 'EKEGVVIYGGPVAHDKL 600
SOYBEAN VARAIDCSR 307.. 362. .ASLATRGGNGLLL 435..TKIPVLGHADGICHVYVD 520..CNAMETLLVHKDLVEKGWLNSIIIDWRTEGVTLYGGPKASPLL 585
ALFALFA VARAZDCSR 307.. 399. .ASLAIRSEGNGLLL 472..TKIPVLGHADGICHVYVD 557..CNAMETLLVHKDLVEKGWLNSISD! RSEGVTLYGGPKASELL 622
COWPEA VSAZESSR 341.. 396. .AALATREGNGLLL 469..TKIPVLGHADGICHVYVD 554..CNAMETLLVHKDLSNNGGLNEL 'OREGVKLYGGPRASGIL 619
A.THALIANA VAAZESSR 307.. 362. .ASLAIRSGNGLLL 435..TKIPVLGHADGICHVYVD 520..CNAMETLLVHKDLEQNGFLDDLI 'OTKGVTLYGGPRASAKL 585
RAPESEED VARAZENSR 307.. 362. .ASLAIRSGNGLLL 435..TKIPVLGHADGICHVYVD 520..CNAMETLLVHKDLEQNAVLNELIFAIYQOSNGVTLYGGPKASKIL 585
PINE VNAZDASR 304.. 359. .ASLAIRSGNGLLL 432..TKIPVLGHSDGVCHVYVD 517..CNAMETLLVHEAVMKTGGLAKLI. 'OTAGVRLYGGLKAADTL 582
MOSSs VAAZEGSR 307.. 362. .ASLAIRSGNGLLL 435..TKIPVLGHADGVCHVYVD 520..CNALETLLVHEDLVATGGLEMLAFAIYQSAGVTLYGGARASGIL 585
YEAST 71..TALSIKEGNAAIL 145..TKIPVLGHADGICSIYLD 236..CNAMETLLINPKFSK-W-WEVLENLTLEGGVTIHATKDLKTAY 298
E.COLI 69. .ASLCLKTGNAVIL 142..STIPVITGGIGVCHIYVD 229..CNTVETLLVNKNIAD-SFLPALSKQMAESGVTLHADAAALAQL 294
T.MARITIMA 71..TILALKEGNTILL 144..ATVPVLETGVGNCHIFVD 231..CNAAEKLLVHEKIAK-! EFLWIV’EFERKHGV'EV'RGCEKTREIV 296
B.THAILAND. 74 . .AALCLKEGNATIL 147..ARVPMIKHLDGICHVYVD 234.. CNTMETLLVAEGIAP-AVLSPLGRLYREKGVELRVDADARAVL 299

L P H Fhoo ok ok : *

ARCL3A] | 1] o] o] IcllY] Recessive

ADCL3 Dominant

SPGI9B B Recessive

SPGY9A Dominant
HUMAN PSEVKSLITEYGDLELC 674..707 AEFFLQEG MSACVFWNASTIFSDGYRFGLGAEVGI] 2GPVGLEGLL-TTKWL. 792
MOUSE PSEVKSLATEYGDLEVC 674..707 AEFFLQHVINSACVFWNAST:FSDGYRFGLGAEVGISTSRIHAIGPVGLEGLL-TTKWL: [ENLPVPQR 792
DOG PSEVKSLATEYGDLELC 674..707 AEFFLQHVBSACVFWNASTIFSDGYRFGLGAEVGISTSRIH PVGLEGLL-TTKWL ENLPVPQR 792
CHICK PSEVKSLATEYGDLECC 681..714 AEFFLQHVINSACVFWNAST:FSDGYRFGLGAEVGISTSRIHARGPVGIEGLL-TTKWL: [ENLPLPHR 799
X.LAEVIS PSEVRSLATEYGDLECC 694..727 AEYFLQHVINSACVFWNTST3FSDGYRFGLGAEVGISTARIH. PVGIEGLL-TTKWI. [EKLPVPQT 812
PUFFERFISH PSEVKSLARTEYGDLECC 676..709 AEQFLQQVIESACVFWNVSSFYDGYRFGLGAEVGISTARIHAIZGPVGLEGLL-TT! [ENIPIPQG 794
ZEBRAFISH PSEVKSLITEYGDLECC 656..689 AEQFLQQLSACVFWNASSIFADGYRFGLGAEVGISTARIH VGLEGLL-TT! [ENLPVAQL 774
AMPHIOXUS PREAKSMIVEYGGLECC 708..741 AEKFLQSVIESACVFHNASSFADGYRFGLGAEVGISTARIHS)ZGPVGVEGLL-TT! 826
D.MELANOG. PPAAKSLKHEYGALECC 660..693 ARQFLGSV|IySACVFHNASS:FADGFRFGLGAEVGIETARIH. [ETLPLD-- 776
C.ELEGANS PPPAESMSFEYGSLECT 670..702 AEHFLKHV)SACAFHNASTFADGYRFGLGAEVGISTGRIHAZGPVGVEGLL-TTKWLLIGEGHLVEDFKN--GKYS| [ENLNPSEV 787
SEA ANEMONA PLPASSMSIEYGGLECA 632..665 ANKFLKSVESACVFHNASTIFADGYRFGLGAEVGISTGRIH VGVEGLL-TTKWTLGEGHTVADFAD-GGTY!' [EALPLDSP 750
SEA URCHIN PREADSMSIEYGGLECA 621..654 ADEFMKNVBSACVFHNASTFSDGYRFGLGAEVGISTTRIHAZGPVGVEGLL-TTKWILEGSGDTVQEYAA-GGS 739
HYDRA PVPAKSLNVEYNQLECA 664..697 AEKFLKNVESACVFHNTSTFADGYRFGLGAEVGISTGRIH VGVEGLL-TT! 2GKGHVVSDFSD-SGI 782
MAIZE VPKVDSFEHEYSSMACT 618..651 AEAFLQQVISAAVFHNASTIFCDGTRFGLGAEVGISTERIHAZGPVGVDGLL-TTRCILIGSGQVVNGD - -~ -Ki 731
SOYBEAN IPMARMLHHEYNSLACT 603..636 ANVFLRQVINSAAVFHNAST) FSDGARFGLGAEVGI RIH VGVDGLL-TTRWILKGSGQIVDGD----KA! 715
ALFALFA VPLARSLHHEYCSLACT 640..673 ADVFLRQVINSAAVFHNASTiIFSDGARFGLGAEVGIETSRIHAIGPVGVDGLL-TTRWLLKGSGQVVDGD - 752
COWPEA IVETSAFHHEYSSLACT 637..670 AETFLSQVINSAAVFHNASTIFCDGARFGLGAEVGIKTSRIH VGVEGLL-TNRWIL:SGSGHVVNGD----QGIN)TYKELPLEA- 751
A.THALIANA IPETKSFHHEYSSKACT 603..636 AEIFLRQVINSAAVFHNAST:FSDGFRFGLGAEVGIETSRIHAIGPVGVEGLL-TTRWIMIGKGQVVDGD-~-~-~-NGI' [KDLPVLQR 718
RAPESEED LPEARSFNHEYCSKSCT 603..636 AELFLRQVIESAAVFHNASTIFSDGFRFGLGAEVGISTGRIH VGVEGLL-TTRWIMIGKGQVVDGD----NGI IODIPIQA- 717
PINE LPKASSFHHEYSSMACT 600..634 AEVFLHQVINSAAVFHNASTFCDGARFGLGAEVGISTSRIHAZGPVGVEGLL-TTRWLLIGNGQVVNGD--~-~-HGVKFT: KELPVDCR 715
MOSs LPRASSYHIEYSALSCT 603..637 AETFLHHVESAAVFHNASTFSDGARFGLGAEVGISTGRIH VGVEGLL-TTRWLLIGSGQLVNGD - - - -KGV( [KKLPIGED 718
YEAST ADEEQDFDKEFLSLDLA 335..368 AEKFMKGV|YSSGVYWNASTIFADGFRYGFGAEVGIKTSKIHANGPVGLDGLV-SYQYQI)IGDGQVASDYLGAGGNKA] IKDLDIKTV 454
E.COLI AVKAEEYDDEFLSLDLN 319..352 AQRFVNEV|¥SSAVYVNASTIFTDGGQFGLGAEVAVETOKLHALNGPMGLEALT-TYKWIGIGDYTIRA---—-————==—===—————— 417
T.MARITIMA PATEDDWPTEYLDLIIA 317..350 AKKFVSEIBAAAVYVNASTFTDGGQFGFGAEIGISTQORFHAIZGPVGLRELT-TYKFVVLGEYHVRE: 415
B.THAILAND. DATDEDWETEYLAPVLA 325..358 AMRFLREV))SASVMVNAST)FADGFEFGLGAEIGINDKLH. VGLEGLT-SLKYVVLGHGEGRQ-------—=———=———————— 423
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Figure S1. Sequences of the regions hosting the reported ALDH18A1 missense mutations aligned (according
to ClustalW) with the corresponding regions of the P5CSs of other species or with the monofunctional
microbial G5PK or G5PR (as indicated) for yeast, E. coli, Thermotoga maritima and Burkholderia
thailandensis. Identities are highlighted in red for residues hosting ARCL3A or ADCL3 mutations and in deep
blue for SPG9. Conservative replacements are highlighted cyan. The boxes above the alignments show the
mutations found in each syndrome using the same color code. The three mutations found in codon 138 are
listed in line, centered on residue 138. X., Xenopus; D., Drosophila; C., Caenorhabditis; A. Arabidopsis.
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Supplementary Table S1

. Mutations, genotypes and predicted and observed disease severity and effects in patients and families with ALDH18A1-
related genetic disorders.

Family # Mutant alleles E/I° Protein changes! P5CS component Syndromef Pathogenicity server prediction Conservation Clinical  Inferred P5CS-related data”
/number  (nucleotide change)® % Component Polyphen 2 MutPred2 Mutation  Base Amino acid Severity severity of
- : 7 -
i a loss in . Prediction ~ Score  Score" taster’  PhyloP Consurf ~ (0-10) issnse.
patients truncations scorel score® mutation
/14 c.191G>A E3 p.(R64H) G5K ARCL3A Prob.damaging 0.999 0.856 Dis.-causing  5.17 -1.36 9 VS
c.1321C>T E12 p.(R441%*) 80% G5PR NA NA NA Dis.-causing  3.63
2/2%3 €.251G>A E3 p.(R84Q) G5K ARCL3A Prob. damaging 0.997 0.875 Dis.-causing  5.17 0.05 7 S 1| growth of transformed CHO cells if Pro
3/1%2 (homozygous) (homozygous) not added. Long P5CSR& unstable.?
1 Glu-to-Pro flow in patient fibroblasts®
4/1% €.251G>A E3 p.(R84Q) G5K SPG9B  Prob.damaging 0.997 0.875 Dis.-causing  5.17 0.05 5
c.1741G>A El4 p.(E581K) G5PR Prob.damaging 0.954 0.824 Dis.-causing  3.65 -0.17 | G5PR active site residue
5/1 c.277G>A E8 p.(G93R) G5K ADCL3  Prob.damaging 1.000 0.918 Dis.-causing  5.17 1.71 8 VS (D) Decreased (but not absent) P5CS protein in
sporadic’® ¢ gogC>Te E8  p.(T299)) G5K Benign 0148 0692  Polymorph. 369 081 Trivial  Patient cultured fibroblasts (IF)
6/112 .332A>G E4 p.(E111G) G5K ARCL3A Prob.damaging 0.996 0.924 Dis.-causing  4.28 -0.51 8 VS
(homozygous) (homozygous)
717 €.359T>C E4 p.(V120A) G5K SPG9A  Prob.damaging 0.995 0.858 Dis.-causing  4.28 -0.85 0-3 m (D)  |Glu-to-Pro flow in cultured patient
(monoallelic) WT fibroblasts
8/1 c.377G>A E4 p.(R126H) G5K ADCL3 Possib.damaging 0.614  0.663  Dis.-causing 5.17 0.12 7 S (D)
sporadict® (monoallelic) WT
9/1% c.[30C>A;383G>A] E2 p.(F10L;R128H) Mito. targeting; SPG9B F10L: Benign 0.017 0.107 Polymorph.  0.97 -0.50 3
(homozygous) E4  (homozygous) G5K R128H:Prob.dam 0.978 0.693 Dis.-causing  5.17 0.37 R128H: m
10/4° €.383G>A E4 p-(R128H) G5K SPG9B  Prob.damaging 0.978 0.693 Dis.-causing  5.17 0.37 7
€.1910T>C E15 p.(L637P) G5PR Prob.damaging 1.000 0.968 Dis.-causing  4.81 -0.51 VS
11-13 c.412C>T E4 p.(R138W) G5K ADCL3  Prob.damaging 1.000 0.825 Dis.-causing  0.24 -0.67 7-9 S (D) R138 not conserved in plants/bacteria, maps
sporadic'® (monoallelic) WT 1 dead 3y in a loop that is shorter in plants/bacteria.
14,15 C.413G>T E4  p.(R138L) G5K ADCL3 Prob.damaging 0998  0.860  Dis-causing 517  -0.67 7 s(p) P-R138W:normal level (fibroblasts; IF,WB);
i116 ; subtly altered distribution in mitochondria
sporadic (monoallelic) WT .
- - - (IF); hybrid WT-mutant tetramers formed, but
16-19 c.413G>A E4 p.(R138Q) G5K ADCL3  Prob.damaging 0.997 0737  Dis.-causing 5.17 -0.67 7 S | o e simtensss Ol
spo® (monoallelic) WT flow in patient fibroblasts®®
20/1% c.725G> A E7 p.(S242N) G5K SPGO9B  Possib.damaging 0.493 0.720 Dis.-causing  5.30 0.20 2 vm Normal levels and mitochondrial localization
(homozygous) (homozygous) of P5CSS242N protein in transfected Hela (IF)
and HEK?293 cells (WB).
21/122022 c.727G>C E7 p.(V243L) G5K SPGO9A Benign 0.001 0.665 Dis.-causing  1.46 -0.29 1-3 m-Vm (D) Modest | in P5CS protein level (WB) with
(monoallelic) WT normal cell localization (IF). | || activity
(RP). Disturbs P5CS architecture®
22/9%02 c.755G>A E7 p.(R252Q) G5K SPGY9A  Prob.damaging 0.941 0.734 Dis.-causing  5.35 0.09 1-4 M-Vm (D) Proper production and cell localization of
23/1 spo*® (monoallelic) WT mutant PSCS. ||| activity (RP). Disturbs
24/419 P5CS architecture?
25/2% c.1112G>A E10 p-(R371Q) G5PR SPG9B  Prob.damaging 1.000 0.623 Dis.-causing  5.04 -0.25 5 7 For both mutations 80% decrease in the Vmax
C1490G>A  EI10  p.(S497N) G5PR Prob.damaging 0.998 0791  Dis-causing 275  -0.82 7, forthe G5PR partial activity of PSCS (RP)
26/1* €.1273C>T E12 p.(R425C) G5PR ARCL3A Prob.damaging 1.000 0.849 Dis.-causing  5.15 -1.26 9? VS
c.177delG E3 p.(K59Nfs*9)  100%G5K+G5PR NA NA NA Dis.-causing  NA NA Foetus




27/2° c.1273C>T E12 p.(R425C) G5PR ARCL3A Prob.damaging 1.000 0.849 Dis.-causing  5.15 -1.26 7
7
2L €.2225G>T E18 p.(S7421) G5PR Prob.damaging 1.000 0.961 Dis.-causing  5.05 -1.18 |
29/1%° 0.97373623- 114-  p.(V601Gfs*24) 50% G5PR ARCL3A NA NA NA Dis.-causing  NA NA 10 90% decrease of normal mRNA for P5CS and
97372101del E15- (homozygous) lack of P5CS protein in cultured fibroblasts
(homozygous) 115 from patient (WB)
30/1% €.1864C>T E15 p.(R622W) G5PR SPG9B  Prob.damaging 0.967 0.72 Dis.-causing  1.31 1.19 9 VS fibroblasts growth if Pro not added. P5CS
c1988C>A  E16  p.(S663%) 30% G5PR NA NA NA  Dis-causing 517 NA  Dead 4y protein in fibroblasts: 2% of normal (PROT)
31/1° €.1923+1G>A 115 p.(M5861del587  16% G5PR lost?  ARCL3A NA NA NA Dis.-causing  NA NA 10 Lack of normal mRNA and P5CS protein in
(homozygous) _657) and 50% G5PR lost1 Dead 6m cultured fibroblasts (IF, WB). Loss of
p.(V601Gfs*24)° catalytic Cys612 in both forms
32/1 €.1955C>T E16 p.(S652F) G5PR SPGO9A  Possib.damaging 0.694 0.818 Dis.-causing  5.17 1.52 2 Vm (D)
sporadict® (monoallelic) WT
33/2% €.1994G>A E16 p.(R665Q) G5PR SPG9B  Possib.damaging 0.78 0.560 Dis.-causing  5.17 1.69 67? M??
€.1321C>T E12 p.(R441%) 80% G5PR NA NA NA Dis.-causing  3.63 NA
34/2° €.1994G>T E16 p.(R665L) G5PR SPG9A  Possib.damaging 0.78 0.824 Dis.-causing  5.17 1.69 3 m (D)
(monoallelic) WT
35/11° .2131delC E17  p.(L711Cfs*3) 20% G5PR ARCL3A NA NA NA Dis.-causing  NA NA 10
(homozygous) (homozygous) Dead 3m
36/21° €.2143G>C E17 p.(D715H) G5PR SPG9B  Prob.damaging 0.999 0.948 Dis.-causing  5.59 -1.05 5 M
(homozygous) (homozygous)
37/2% €.2177G>A E17 p.(R726H) G5PR ARCL3A Prob.damaging 1.000 0.937 Dis.-causing  5.59 -1.04 9 VS
€.298G>T E3 p.(E100%) 90% G5K+G5PR NA NA NA Dis.-causing  5.17 NA Dead 2y
38/2° €.2246G>A E18 p.(R749Q) G5PR ARCL3A Prob.damaging 0.999 0.823 Dis.-causing  5.05 -1.19 7-8 Probably S Normal mRNA levels but decreased (but not
C.2294G>A  E18 (R765 G5PR Benign 0163 0634  Dis-causing 500 147 Probably s 80sent) PSCS protein level (WE) in patient
p( Q) d d Y cultured fibroblasts. Inferred | P5CS stability
39/18 €.2345A>G E18 p.(Y782C) G5PR ARCL3A Possib.damaging 0.859 0.896 Dis.-causing  4.15 -0.17 7.5 S
(homozygous) (homozygous)
40/4* €.2350C>T E18 p.(H784Y) G5PR ARCL3A Prob.damaging 0.933 0.863 Dis.-causing  5.00 -1.16 7 S Report of apparently normal level and cell
(homozygous) (homozygous) localization of P5CS (IF) and normal

Glu—Pro flow in patient cultured fibroblasts

Families have been numbered from lower to higher values corresponding to the position of the mutation believed to be disease-causing along the gene sequence. In compound heterozygotes
the order is given by the most upstream (expectedly) disease-causing allele. To facilitate distinction between the different syndromes, rows for patients and families presenting ARCL3A,
ADCL3, SPG9B and SPG9B are colored darker and lighter red and darker and lighter blue, respectively. NA, not appliable.

aThe superscript figures give the references (listed in the main text) where patients and families were reported. Spo or sporadic, sporadic patient.
b GeneBank (https://www.ncbi.nlm.nih.gov/nucleotide/) reference sequences for human ALDH18A1 gene, its mMRNA (isoform 1, long form) and protein (long form), NG_012258.1,
NM_002860.3 and NP_002851.2, respectively. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon (codonl). When the mutation affects a CpG dinucleotide, the
nucleotide change is shown in italic type.
CE/I, exon/Intron
dUniprot (KB https://www.uniprot.org/uniprot/) reference number P54886. WT, wild type.
¢ Mitoch, mitochondrial targeting sequence, residues 1-57. G5K, glutamate 5-kinase component, residues 58-354; G5PR, glutamate 5-phosphate reductase component, residues 362-795. For
mutations causing P5CS truncations, the percentage of domain loss is indicated.
TARLC3A, recessive cutis laxa type IHIA (MIM #219150); ADCL3, dominant cutis laxa type 3 (MIM # 616603); SPG9A, dominant spastic paraplegia or paraparesis due to mutations in
ALDH18A1 (MIM#601162); SPG9B, recessive spastic paraplegia or paraparesis due to mutations in ALDH18A1 (MIM#616586).



9Polyphen-2 (HumVar-trained dataset; http://genetics.bwh.harvard.edu/pph2) grades the probability of a damaging effect of an amino acid change, as Probably damaging (Prob.damag. or
damaging), Possibly damaging (Possib.damaging) and benign. Highest probability score is 1.

"The score given by MutPred2 (http://mutpred.mutdb.org/) is the probability that a given amino acid change is deleterious/disease associated.

iMutation Taster (http://www.mutationtaster.org/) predicts if an alteration is Probably deleterious (Dis.-causing) or Probably harmless (polymorphis, abbreviated polymorph.).

iPhyloP (calculated by Mutation taster) measures evolutionary conservation at individual alignment sites providing positive scores (maximum 6) at sites that are predicted to be conserved

or negative scores (minimum -14) when sites are predicted to evolve fast.

KAmino acid conservation estimate by the ConSurf server (https://consurf.tau.ac.il/). The more negative the value, the higher the conservation of a residue. 0, rate of evolution correspodning to
the average for the entire sequence. Postive values, increased rate of evolution (low conservation).

'Clinical severity in a scale from low to high (0 to 10) according to the reported information on the affected patients. When the reported information is scarce for a sound judgement, the
proposed figure is shown with question marks.

™The severity of a given missense mutation is inferred from the clinical severity in patients with informative genotypes (for example homozygosity for the mutation, compound heterozygosity
with a null allele or with a mutant allele of known severity inferred from another genotype).VS, S, I, M, m and Vm: very severe, severe, intermediate, modest, mild and very mild, respectively,
in decreasing order of severity, in which very severe is approximately identical to a null mutation and very mild may give no manifestations in some patients of a family or the manifestations
may be observed only in special circumnstances such as pregnancy. When no inference can be made for a given mutation, question marks are shown. The term trivial is applied to a
polymorphism without known phenotypic repercussion. (D) stands for dominant character.

"Abbreviations: IF, immunofluorescence; WB, western blot; RP, assays in recombinant P5SCS produced in vitro.

°Considered a polymorphism. Allele frequency > 10% annotated at the GNOMAD database (https://gnomad.broadinstitute.org/gene/ENSG00000059573?dataset=gnomad_r2_1).

PTwo alternative forms produced from the same splicing error.

dCatalytic Cys612 lost in both forms



