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Sir, 

We have read with great interest the article published recently in Brain by Coutelier et 

al. (2015) “Alteration of ornithine metabolism leads to dominant and recessive hereditary 

spastic paraplegia”. In support of the message of this paper, we would like to report that 

mutations in ALDH18A1, the causative gene in Coutelier's paper, are the cause of SPG9 

(MIM#601162), a rare form of autosomal dominant hereditary spastic paraplegia (HSP) 

complicated with vomiting and congenital bilateral cataracts that was reported by our groups 

in one British family and one Italian family (Slavotinek et al.,1996, Seri et al.,1999). 

Actually, the British family we report presents one of the dominant mutations reported by 

Coutelier et al. (2015). Furthermore, we show that the mutations we report here are loss-of-

function mutations by using site-directed mutagenesis and enzyme activity studies with 

purified recombinant Δ
1
-pyrroline-5-carboxylate synthetase (P5CS), the enzyme encoded by 

ALDH18A1. Finally, we provide some experimental and structural evidence that renders 

plausible a dominant negative mechanism for the dominant inheritance of the disease for 

these mutations and for other ALDH18A1 mutations exhibiting this type of inheritance. 

 We searched for mutations in ALDH18A1 in the two SPG9 families because this gene 

is located within the SPG9-linked region of 10q23.3-q24.2 (Seri et al.,1999), not having been 

discarded as a candidate gene by rounds of fine positional mapping and gene exclusion within 

this 4.78 Mb region (Lo Nigro et al.,2000; Panza et al.,2008). Furthermore, we focused on 

ALDH18A1 because its mutations were known to cause a condition (MIM#219150) 

presenting some phenotypic resemblance with SPG9, including a neurodevelopmental 

syndrome with cataracts and recurrent vomiting (Baumgartner et al., 2000 and 2005; Bicknell 

et al., 2008; Skidmore et al., 2011; Martinelli et al.,2012; Zampatti et al.,2012; Fischer et al., 

2014; Handley et al.,2014; Wolthius et al.,2014). Sequencing of the entire  coding region of 

ALDH18A1 gene identified in the patients of the Italian and the British pedigrees the 
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transversion c.727G>C and the transition c.755G>A, respectively. The last of these mutations 

is the same found by Coutelier et al. (2015) in a French family and a sporadic USA patient 

with autosomal dominant HSP. These mutations, which cause the respective non-synonymous 

amino acid substitutions p.Val243Leu and p.Arg252Gln, were found in heterozygosis with 

the normal allele in the patients and were not present in unaffected members in the Italian 

family and the British family, strictly co-segregating with the disease (Fig. 1A). Exome next 

generation sequencing (NGS) within the SPG9 interval in one patient of the Italian family 

(data not shown; they will be provided on request) showed that only two of the 46 sequence 

variants identified were not recorded in existing public gene variation databases including the 

EXAC database. One of these two variants was the ALDH18A1 mutation that was responsible 

for the p.Val243Leu change, whereas the other caused the p.Arg1383His substitution in 

MYOF. However, this last change was unlikely to be disease-causing since Arg1383 is poorly 

conserved, with many vertebrates bearing at this place a His. Thus, these results agree with 

the disease-causing role of ALDH18A1 mutations in SPG9.  

In further support of the disease-causing role of these mutations, none of them was 

observed in 466 chromosomes from geographically matched healthy individuals, nor in the 

relevant literature (Hu et al.,2008) or databases (dbSNP-Build142, 1000 Genomes, NHLBI 

Exome Sequencing, EXAC Browser compiling >120000 alleles). Furthermore, the bases 

affected are given high conservation scores (2.76 and 2.81 for the c.727G and c.755G bases, 

respectively) by PhyloP (Pollard et al.,2010), near the top of the -5.56 to 2.93 score range for 

all the ALDH18A1 bases in placental mammals. In addition, the mutated amino acids, Val243 

and Arg252, are invariant in animal P5CSs from, respectively, birds or prochordates to 

humans (Fig. 1B), and, as indicated in  Coutelier's report,  the p.Arg252Gln mutation was 

predicted to be probably damaging by dedicated servers. 
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P5CS catalyzes the first two steps of the de novo biosynthesis of proline, ornithine, 

and arginine (Fig.2A, top) (Alonso and Rubio,1989; Phang and Valle,2000; Perez-Arellano et 

al.,2010). Consistent with the possibility that the mutations decreased P5CS activity, plasma 

amino acids determined after a night fast in six Italian patients gave in most cases values at or 

below the lower limit of the reference range for ornithine, citrulline and hydroxyproline 

(Table1). This evidence adds to the one on loss of P5CS function based on plasma amino acid 

levels provided in Coutelier's work (Coutelier et al., 2015) with families having other 

disease-associated ALDH18A1 mutations.   

This potential loss of function was not due to dramatic changes in P5CS protein level 

or to cellular mislocalization, judged  by the similar (Fig. 3A) punctate mitochondrial 

distribution of the P5CS-GFP fluorescent signal in CHO cells transfected with a plasmid 

encoding GFP-tagged wild-type or either p.Val243Leu or p.Arg252Gln mutant P5CS (along 

with the mitochondrial marker DsRed2-Mito). Similarly, immunofluorescent localization of  

natural P5CS in skin fibroblasts from an Italian SPG9 patient and from a control (Fig. 3B) 

confirmed that  the p.Val243Leu mutation does not cause dramatic changes in P5CS level or 

localization, co-localizing in the mitochondria with PYCR1, the next enzyme in the route of 

proline biosynthesis (Martinelli et al.,2012) (Fig.3B, bottom right panel). Nevertheless, 

western blot analysis of these fibroblasts (Fig.3C) suggested a modest decrease (~45%, bar 

diagram to the right of Fig.3C) in the amount of P5CS in the patient. 

We next examined the effects of the p.Val243Leu and p.Arg252Gln mutations on the 

enzyme activity of human P5CS, purified (Fig. 4A, WT) from insect cells that were 

expressing it recombinantly from a baculovirus. This enzyme, a 795-residue polypeptide (Fig. 

2A, bar), is bifunctional, converting glutamate into Δ
1
-pyrroline-5-carboxylate (P5C) in two 

steps, catalyzed sequentially by its L-glutamate 5-kinase (G5K) and L-glutamyl-5-phosphate 

reductase (G5PR) domains (residues 57-352 and 358-795, respectively, of the P5CS 
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sequence, Fig. 2A). Both enzymatic steps can be assayed separately, as well as jointly in the 

whole reaction. The recombinant wild type form was active, catalyzing the total P5CS 

reaction and the two partial G5K and G5PR reactions (Fig. 4A, bottom). In agreement with 

the observations made in intact cells using fluorescent microscopy, none of the mutations, 

when introduced into the protein by site-directed mutagenesis, prevented enzyme production 

(Fig. 4A), excluding that they caused gross misfolding. However, none of the mutant forms 

exhibited P5CS activity (Fig. 4A, bottom; limit of detection, 3% activity of the wild-type 

enzyme) or substantial G5K partial activity ( 1% of normal; very close to the detection 

limit). In contrast, their G5PR partial activity was close to normal (Fig.4A, bottom), in 

agreement with the mapping of the p.Val243Leu and p.Arg252Gln mutations in the G5K 

domain of P5CS (Fig. 2A, highlighted with thick arrows). 

Coutelier et al. (2015) point out that although loss-of function ALDH18A1 mutations 

could cause dominant inheritance because of haploinsufficiency, this mechanism appears 

non-plausible given the report of patients with obligatory null mutations in which the 

heterozygous parents did not exhibit a disease condition (Skidmore et al, 2011; Fisher et al., 

2014). In contrast, we show here that negative dominance is a plausible possibility for the 

dominant inheritance of the disease. Dominant negative effects typically require a homo-

oligomeric protein architecture in which a single mutant subunit disturbs the oligomer 

architecture needed for proper function (Zankl et al., 2005; Saitsu et al., 2010). The fact that 

P5CS is bifunctional, requiring the collaboration of two different catalytic domains to 

complete the two-step enzyme reaction (Fig. 2A), strongly suggests that architectural factors 

may play a key role in the proper function of the enzyme. This function might require proper 

contacts between the G5K and the G5PR domains of different subunits. By using size 

exclusion chromatography (Fig. 4B, top left graph) we concluded that P5CS is an hexamer 

(Fig. 4C). If the P5CS hexamer must be entirely devoid of mutant subunits to be active, as 
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demanded by the hypothesis of negative dominance, the heterozygous patients we report 

would be expected to exhibit an activity of 1.6% (0.5
6
) relative to the activity of normal 

subjects, thus presenting very marked deficiency. 

A dominant-negative effect would only be expected for those mutations that disturb 

the architecture of the P5CS hexamer. We obtained evidence for such disturbance by the 

p.Val243Leu and p.Arg252Gln mutations, since we showed that these mutations promote the 

dissociation of the hexamer to dimers (Fig. 4B, middle and right column). Thus, a large 

fraction of the p.Arg252Gln mutant was already dimeric when freshly prepared (Fig. 4B, top 

right panel), and dissociation to dimers was essentially complete after two days of standing at 

4ºC (Fig.4B, rightmost column). Similarly, much of the p.Val243Leu mutant dissociated to 

dimers after just one day (Fig.4B, central column). In contrast, the wild type enzyme 

dissociated much less rapidly to dimers (Fig. 4B, leftmost column). This increased tendency 

to dissociate of the p.Val243Leu and p.Arg252Gln mutant forms of P5CS must reflect 

disturbances by these mutations in the intersubunit interactions within the hexamer. 

The occurrence of dominant or recessive inheritance for the disease-causing effects of 

ALDH18A1 mutations appears to be mutation-specific, as illustrated by the dominant 

inheritance for the p.Arg252Gln mutation, observed redundantly in three apparently unrelated 

families, two of them of Coutelier's series (Coutelier et al., 2015) while the other one is the 

British SPG9 family. If dominant mutations disturb the hexamer architecture, these mutations 

might be expected to map in regions of interaction between different domains, and therefore 

in certain parts of the enzyme surface. In agreement with this expectation, the two dominant 

mutations reported by Coutelier et al. (2015) that map in the G5PR domain, p.Ser652Phe and 

p.Arg665Leu, are found highly exposed in the crystal structure of this human domain at the 

domain surface, as required for domain-domain interacting residues, each one quite close to 

the other. In contrast, six of the eight ALDH18A1 mutations that map in the G5PR domain 
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and that cause recessively inherited disease, when placed in the crystal structure, correspond 

to inward-pointing residues (Fig. 2B).  

Although the structure of the human (or animal) G5K domain of P5CS has not been 

determined, structural modelling (Fig. 2C) based on the structure (Marco-Marin et al.,2007) 

of the bacterial G5K homologue (a separate polypeptide in bacteria) suggests that the 

dominant disease-associated mutations mapping in this domain [Val243, Arg252; Val120 

(Coutelier et al., 2015); Gly93, a mutation reported (Martinelli et al., 2012) as dominant but 

wrongly labeled as recessive in Coutelier et al., 2015) sit at the domains surface or near it 

(Fig. 2C). Three of the mutations are close to each other in the structure, sandwiching the 

entry to the site for L-glutamate (Fig. 2C). In fact, the E. coli G5K residues corresponding to 

three of these four dominant mutation-hosting residues of the human G5K domain are 

involved in the interactions with other subunits or domains of the bacterial G5K oligomer (a 

tetramer) (Fig. 2C). Therefore, although indirect, the present evidences are compatible with 

dominant negative effects of some ALDH18A1 mutations as the cause for the autosomal 

dominant inheritance of the resulting pathological condition, including SPG9. 
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Legends to Figures 
 

Figure 1. Cosegregation of the V243L and R252Q mutations with SPG9, and 

conservation of the mutant residues. (A) Members of the Italian and the British families 

that were studied for mutations in the ALDH18A1 gene, indicating their genotypes (wt, 

normal allele; V243L and R252Q, mutant alleles). (B) Amino acid (single-letter code) 

sequence of the region hosting the mutations aligned with the corresponding region of P5CS 

of other species or with bacterial monofunctional G5K. Identities are highlighted in red and 

conservative replacements in green.  

 

Figure 2. Steps and metabolic position of the P5CS reaction, P5CS domain structure 

and mapping of functions and of disease-associated mutations. (A) The reactional steps 

are overlaid and colored similarly to the corresponding catalytic domain of P5CS. At the top, 

in grey, reactions converting P5C to ornithine or proline. OAT, Ornithine aminotransferase; 

PYCR1, Δ1-pyrroline-5-carboxylate reductase. Multiple sequential arrows indicate multiple 

steps.The red broken line denotes ornithine inhibition (encircled minus sign) of P5CS short 

form. The bar below schematizes P5CS in liner representation to show its domain 

composition, with residue numbers for domain limits, mapping in the sequence, in green, the 

two residues missing in the short form, as well as the catalytic Cys612 of the G5PR domain; 

and with red and blue vertical lines, respectively, the mutations reported in HSP or in cutis 

laxa-metabolic- neurodevelopmental syndrome (MIM#219150). Mutation identification is in 

single letter code, with grey and black letters denoting recessive or dominant mutations. The 

thick arrows mark the positions of the mutations found in the Italian and the British families. 

(B) Stereoview of the backbone of the structure of the dimer of the G5PR domain of human 

P5CS [Protein DataBank (PDB) http://www.rcsb.org entry 2h5g].The two subunits are 

colored diferently.  In one subunit the side chains are shown for amino acids reported to be 

http://www.rcsb.org/
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changed by disease-associated missense mutations, with labeling of the residue in red or blue 

for dominant or recessive inheritance, respectively. The side chain of the catalytic cysteine is 

also shown and is labeled in green. (C) The structure of the G5K domain of human P5CS , 

modeled by Swiss-Model (Bordoli et al., 2009)  using as template the crystal structure of the 

catalytic domain of Escherichia coli G5K (Marco-Marín et al., 2007; PDB 2j5t entry) is 

shown in violet cartoon, superimposed on the catalytic domain (in blue) of one subunit of the 

E.coli G5K tetramer. Other elements of the E.coli tetramer are shown in surface 

representation. The residues of the human domain reported to host dominant disease-related 

mutations are shown as red spheres and are labeled. Asterisks mark breaks in the human 

structure where modeling was not possible. 

 

Figure 3. Expression and mitochondrial localization of wild type and mutant P5CS. 

 (A) CHO-K1 cells were transfected with a pAcGFP-N1 (Clontech) plasmid in which the 

long P5CS was cloned, (wt or mutated; mutations were introduced with the Quickchange kit 

of Stratagene) C-terminally fused to a GFP tag and with the mitochondrial marker pDsRed2-

Mito. Mitochondrial localization of wild type and mutant P5CS was verified by live-cell 

epifluorescence microscopy (B) Fibroblasts derived from the skin of an Italian patient who 

was heterozygous for the p.Val243Leu mutation, as well as fibroblasts from a control were 

grown and P5CS and PYCR1 were localized by confocal fluorescente microscopy using 

rabbit-antiP5CS (courtesy of Dr. J.Cervera) and mouse-antiPYCR1 antibodies (Sigma 

product SAB14006356).  (C) Western blot analysis was performed on extracts of confluent 

monolayers of control fibroblasts and of fibroblasts from a patient of the Italian family 

(carrying in heterozygosis the p.Val243Leu mutation) using the anti-P5CS primary antibody, 

and, after stripping, anti-actin IgG (Sigma product A2066; to detect actin as as a loading 
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control). Luminiscent signal for P5CS, related to that of actin (both quantified with a 

LAS3000 Imager, Fuji Film). 

 

Figure 4. Recombinant production, purification and assay for enzyme activities and for 

the oligomeric state of human wild-type and mutant forms of P5CS. (A) SDS-PAGE and 

enyme activity analysis of the purified wild-type and the indicated mutant forms of the 

recombinant mature short form of the enzyme (residues 67-795, lacking residues 238-239). 

St, protein markers. Details on recombinant production using baculovirus and insect Sf9 cells 

(Berrow et al 2007; Zhao et al, 2003) and of enzyme purification by affinity chromatography 

will be given elsewhere. P5CS activity as well as the G5K and G5PR partial activities were 

determined at 37ºC, monitoring NADPH absorbance at 340 nm in a mixture containing 50 

mM Hepes pH 7.5, 10 mM ATP, 40 mM MgCl2, 1.2 M L-glutamate (Na salt), 0.2 mM 

NADPH, 1 mg/ml bovine serum albumin and up to 15 g/ml of wild type P5CS, or up to 50 

g/ml of the P5CS mutants. The partial G5PR activity was measured in the same system by 

adding a 10-fold excess (in terms of activity) of pure G5K from E. coli (Pérez-Arellano et al., 

2004). The G5K partial activity of P5CS was determined as ADP production, monitored as 

NADH oxidation (Pérez-Arellano et al., 2004). (B) Size exclusion chromatography of wild 

type and mutant forms of human P5CS on a Superdex 200HR (10/300) column fitted on Äkta 

Fast Protein Liquid Chromatography system (GE Healthcare) at 4ºC. Buffer was 50 mM 

Hepes pH 7.5, 0.2 M NaCl and 1 mM EDTA, monitoring the effluent absorbance at 280 nm. 

Samples were analyzed when prepared and aftere 1 or 2 days at 4ºC (C) Semilogarithmic plot 

of molecular mass as function of elution volume (open symbols, protein standards of known 

masses). Expected positions for hexamers and dimers of the basic 81-kDa subunit are 

indicated in (B) and (C). 
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Table 1. Plasma levels of selected amino acids in SPG9 patients. 

Analyte Levels in patient and corresponding reference range (in parenthesis) ( mol/L) 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5  

Ornithine 72 (41-119) 50 (41-119) 63*(63-133) 63*(63-133) 37** (63-133) -  

Citrulline 17* (17-53) 13**(17-53) 20 (15-57) 21 (15-57) 14** (15-57) -  

Arginine 87 (38-135) 81 (38-135) 101 (36-172) 139 (36-172) 131 (36-172) -  

Proline 186 (117-332) 150 (117-332) 144 (50-350) 215 (50-350) 199 (50-350) -  

Hydroxyproline 5** (16-53) 14**(16-53) 12 (0-50) 12 (0-50) 15 (0-50) 

 
 

Patients belong to the Italian pedigree and were heterozygotes for the mutation V243L. 

*Levels are at the lower limit of the reference range. 

**Levels are below the reference range. 

 



 

 

 

Homo sapiens                  -NVISVKDNDSLAARLAVEMKTDL 261 

Mus  musculus                 -NVISVKDNDSLAARLAVEMKTDL 261 

Canis familiaris              -NVISVKDNDSLAARLAVEMKTDL 261 

Gallus gallus                 -NVISVKDNDSLAARLAVEMKTDL 266 

Xenopus laevis                --VISIKDNDSLAARLAVEMKADL 260 

Tetraodon nigroviridis        --VISIKDNDSLAARLAVEMKADL 211 

Dario rerio                   -NVISIKDNDSLAARLAVEMRADL 241 

Branchiostoma floridae        -GVISVKDNDSLAARLAAEVQADL 294 

Drosophila melanogaster       RRGIPIKDNDSLSAMLAAEVQADL 248 

Caenorbabditis elegans        ---MHISDNDSLAARLSAEIEAEL 195 

Nematostella vectensis        -GVISLKDNDSLAALLAVEIRADL 219 

Strongylocectotus purpuratus  -GVISIKDNDSLAARLAIEINADL 214 

Hydra magnipapillata          -DEIKFGDNDTLGALVANLVEADA 173 

Triticum aestivum             ----IFWDNDSLAGLLALELKADL 191 

Zea mays                      ----IFWDNDSLAGLLAIELKADL 192 

Glycin max                    ----IFWDNDSLSALLALELKADL 191 

Medicago sativa               ----IFWDNDSLSALLALELKADL 191 

Vigna vinifera                ----IFWDNDSLAGLLALQLKADL 193 

Vigna unguiculata             ----IFWDNDSLAGLLALELKADL 225 

Brassica napus                ----IFWDNDSLAALLALELKADL 191 

Arabidopsis thaliana          ----IFWDNDSLAALLSLELKADL 191 

Picea sitchensis              ----IFWDNDSLAALLALELRADI 188 

Physcomitella patens          ----IFWDNDSLAALLALELQADL 191 

Saccharamyces cerevisiae      -REIKFGDNDTLSAITSALIHADY 170 

Escherichia coli              -AEIKVGDNDNLSALAAILAGADK 164 

Campylobacter jejuni          -EEIVFGDNDSLSAYATHFFDADL 157 
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Fig. 2: Immunofluorescences 
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(C) Western blot of fibroblasts 
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