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ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Dear Dr. van Ommen, Thank you very much for the thorough reviewing of our manuscript (MS No: 590-10-EJHG) entitled "SUMF1 mutations affecting stability and activity of formylglycine generating enzyme predict clinical outcome in Multiple Sulfatase Deficiency". We are pleased to hear that the manuscript has been well received by the reviewers and in principle has been recommended for publication. Enclosed please find a revised version of the manuscript that we wish to resubmit for publication in EJHG.

Below we would like to respond to the points raised by the reviewers. The indicated change numbers correspond to those given in the margin of the new text.

Reviewer #1 1) One very surprising result of this paper was the finding that a deletion of 25 amino acids results in a hypomorph with some, albeit very low residual activity (0.3% of wildtype). It was technically very demanding from the beginning to determine this reliably. We made this effort to verify or falsify the concept that only hypomorphic mutations (at least one per patient) cause the disease. Hence we consider the wording "thus challenging the concept that only hypomorphic mutations cause MSD" justified at this point of the manuscript, i.e. when describing the objective of the study. In retrospect the data obtained give further proof to the validity of the concept, as is discussed in the text. 2) Changes #1 & 2: Both suggested changes have been made. 3) Changes #3 & 4: Changed as suggested. 4) Change #5: Changed as suggested.

Reviewer #2 1) Changes #6-10: As suggested, in the text we have changed "mild" into "attenuated", "milder" or "comparatively mild" for describing PATIENT phenotypes, in order to avoid speaking of a mild phenotype. For classification of the CLINICAL disease types (see also tables 1 to 3), we have to use the established term "late infantile mild" (LIM) form in order to discriminate it from the "late infantile severe" (LIS) form. It is an internationally established disease classification for MSD and has been adopted by other authors. 2) Changes #11-19: Wording ("mutated") changed throughout, mostly into "variant" as suggested. 3) Change #20: "100 µCi" was replaced by "3.7 MBq". 4) There seems to be a misunderstanding. The two mentioned mutations are not listed among the missense mutations in this paragraph. Rather, they are clearly contrasted from those and mentioned separately in the preceding paragraph. 5) Changes #21-24: (Figure 4): "Relative secretion" is secretion corrected for degradation during the measured time interval and is calculated as defined in the legend, namely: medium FGE/total FGE after 6 h (A) or 1.5 h (C). This definition is now amended by a short explanation in the legend. Thus, for FGE-G247R and -G263V we have 66% and 77% relative secretion, respectively, after 1.5 h (wt only 9%) and we have 100% relative secretion for both mutants after 6 h (wt only 52%).

The pulse-chase data clearly demonstrate that FGE-G247R and -G263V show drastically reduced intracellular stability. These variants after 6h have completely disappeared from the cells. Surprisingly, 45% of the initially synthesized G263V (23% for G247R), i.e. EVERYTHING surviving the 6h period, has been secreted (while the remaining 55% or 77%, respectively, was degraded). For other variants (S155P, R327X, A149-179del) we observe total degradation and no (or almost no) secretion. Conclusion: FGE-G247R and -G263V escape to a considerable extent from the ER quality control system and reach the ER exit pathway. Secretion is also observed for wild-type FGE (54% under the conditions of Fig. 4A) and has been described even for endogenous FGE, i. S1), substitution of these residues may well interfere with ER retention and hence with delivery for degradation. Importantly, both degradation and secretion lead to loss of FGE from the ER and hence contribute to disease severity.

For clarification we made four amendments to the Discussion and the figure legend (see changes# 21-24).

Reviewer #3 1) Change #25: The requested expression data for patient fibroblasts have been included into a new figure, which is provided as supplemental material (new Fig. S2). Clearly, the expression in patient cells was too low to allow detailed studies. (Please find a further comment below, point 6).

A comparison with recombinant expression in HT-1080 cells is not meaningful, as this varies among different clones. For our experiments we selected well expressing clones showing comparable expression for the different mutated FGE variants (with the exception of the low expressing FGE-S155P). Interestingly, like in patient cells ALL MSD-causing FGE variants showed less efficient expression in comparison to wild-type FGE also in HT-1080 cells. This information is included in the legend to the new Fig. S2.

2) Change #26: The requested patient history data have been included into a new table, which is provided as supplemental material (new Tab. S1).

3) Change #27: The suggested crystal structure, onto which the mutations have been mapped, is provided as supplemental material (new Fig. S1). Reference to this figure is given throughout the text.

4) The suggested experiments using proteasome inhibitors in order to test for a possible secretion of unstable FGE mutants (as an indication of prolonged association with the ER folding machinery) are very interesting from a cell biological point of view. [We do have some preliminary data for a few other mutants (published earlier) showing that proteasome inhibitors increase intracellular lifetime of the mutants without much effect on secretion. Cells, however, suffered from the treatment.] Due to limited space (editorial obligation: 25% reduction of the text, 4 figures maximum) and time (four weeks deadline for resubmission), however, we find that these experiments are beyond the scope of this part of the manuscript, which aims at quantifying FGE mutant stability as one important parameter with regard to the clinical outcome in MSD. Here we feel that the data presented on steady-state FGE levels and, in particular, the detailed pulse-chase data are adequate and conclusive. Given the deadline for resubmission, we see no chance to perform reliable proteasome inhibitor experiments. and later onset beyond the second year of life [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] . Late infantile forms include the majority of MSD cases; a Saudi variant form was described separately [START_REF] Al Aqeel | Saudi variant of multiple sulfatase deficiency[END_REF] . Up to now, only one juvenile case of MSD has been published with an onset of symptoms in late childhood [START_REF] Blanco-Aguirre | Unusual clinical presentation in two cases of multiple sulfatase deficiency[END_REF] .

In MSD, enzymatic activity of every sulfatase is reduced or even absent. 17 sulfatases are encoded in the human genome, 13 of them have been characterized biochemically and eight are associated with diseases due to single sulfatase deficiencies [START_REF] Dierks | Molecular basis of multiple sulfatase deficiency, mucolipidosis II/III and Niemann-Pick C1 disease -Lysosomal storage disorders caused by defects of non-lysosomal proteins[END_REF][START_REF] Diez-Roux | Sulfatases and human disease[END_REF] . At least five sulfatases are necessary for non-redundant desulfation of glycosaminoglycans in the lysosome. Defective sulfatase function in MSD thus leads to intralysosomal storage and cellular damage [START_REF] Dierks | Molecular basis of multiple sulfatase deficiency, mucolipidosis II/III and Niemann-Pick C1 disease -Lysosomal storage disorders caused by defects of non-lysosomal proteins[END_REF] .

The primary defect in MSD, causing deficiency of a whole enzyme family, affects a specific post-translational modification of sulfatases that is strictly required for catalytic activity. All sulfatases contain in their active site the so-called sulfatase signature I, comprising the linear amino acid sequence CxPxR. The cysteine within this motif has to be converted to Cαformylglycine (FGly) [START_REF] Dierks | Conversion of cysteine to formylglycine: a protein modification in the endoplasmic reticulum[END_REF][START_REF] Schmidt | A novel amino acid modification in sulfatases that is defective in multiple sulfatase deficiency[END_REF][START_REF] Dierks | Sequence determinants directing conversion of cysteine to formylglycine in eukaryotic sulfatases[END_REF] . This modification occurs late co-or early post-translationally in the endoplasmic reticulum (ER) and is mediated by the FGly-generating enzyme (FGE), an unusual mono-oxygenase using molecular oxygen for oxidation of Cβ of the substrate cysteine through its catalytic cysteines 336 and 341 [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF][START_REF] Mariappan | ERp44 mediates a thiol-independent retention of formylglycine-generating enzyme in the endoplasmic reticulum[END_REF] . FGE is encoded by the sulfatase modifying factor 1 gene (SUMF1). Patients with MSD carry mutations in this gene [START_REF] Cosma | The multiple sulfatase deficiency gene encodes an essential and limiting factor for the activity of sulfatases[END_REF][START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] . Null mutations result in the complete absence of sulfatase activities, as shown in a SUMF1 gene trap mouse [START_REF] Settembre | Systemic inflammation and neurodegeneration in a mouse model of multiple sulfatase deficiency[END_REF] . Expression of FGE carrying MSD patient mutations in SUMF1 deficient mouse fibroblasts results in detectable, albeit extremely low sulfatase activities, underlining that MSD is a monogenetic disease caused by hypomorphic mutations [START_REF] Annunziata | Multiple sulfatase deficiency is due to hypomorphic mutations of the SUMF1 gene[END_REF] . Until now, more than 30 different SUMF1 mutations were found, most of which are missense mutations [START_REF] Diaz-Font | Clinical and mutational characterization of three patients with multiple sulfatase deficiency: report of a new splicing mutation[END_REF][START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF][START_REF] Cosma | Molecular and functional analysis of SUMF1 mutations in multiple sulfatase deficiency[END_REF][START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF][START_REF] Artigalas | Multiple sulfatase deficiency: clinical report and description of two novel mutations in a Brazilian patient[END_REF] .

In a first approach we investigated the consequences of four different MSD causing SUMF1 mutations on FGE [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] expression, localization, stability and activity in either an over-expressing cell culture model or in patient fibroblasts. We found that all four variant FGE proteins could be expressed in HT-1080 cells, correctly localizing to the ER. Expressing FGE A177P and W179S led to stable proteins, whereas FGE A279V and R349W both were unstable. The specific enzyme activity of the purified FGE proteins varied between 1 and 23% as compared to wild-type (wt) FGE. All three patients with both unstable FGE protein and low residual activity expressed FGE R349W and presented a LIS clinical phenotype. All other patients exhibited a LIM phenotype and expressed either unstable FGE with high residual activity or stable FGE with low residual activity. Intracellular sulfatase activities were massively reduced in fibroblasts from patients with the LIS phenotype. However, when measured in cultured fibroblasts of more mildly affected patients these sulfatase activities were surprisingly variable. Therefore, the molecular analysis of FGE activity and stability seems to provide a more convincing correlation with the clinical presentation of patients of a given genotype.

In this study we further tested this hypothesis. We extended our previous clinical and biochemical characterization of MSD patients to confirm a potential genotype/phenotype correlation. We included another ten patients showing different clinical presentations and various MSD causing SUMF1 missense and also nonsense mutations. For the first time, a neonatal very severe case with nonsense mutations on both alleles is studied at the molecular level, thus challenging the concept that only hypomorphic mutations cause MSD.

MATERIALS AND METHODS

Patients and patient cells. Clinical data were obtained from patients' relatives by personal communication, patient data sheets and from already published case reports [START_REF] Steinmann | A newly recognized cause of low urinary estriol in pregnancy: multiple sulfatase deficiency of the fetus[END_REF] . For ethnic origin and family history of the nine homozygous patients see Tab.S1. Patient skin fibroblasts were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 1% penicillin/streptomycin (Invitrogen, Karlsruhe, Deutschland) under 5% CO 2 at 37 °C.

Western blot analysis. Equivalent aliquots of medium (40 µl) or cell lysate (50 or 100 µg cell protein) were analyzed by Western blotting using FGE antiserum or a Hexa-His antibody (Sigma) as described earlier [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF][START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF][START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF][START_REF] Mariappan | ERp44 mediates a thiol-independent retention of formylglycine-generating enzyme in the endoplasmic reticulum[END_REF] . ECL signals were quantified using the AIDA software package (Raytest, Straubenhardt, Germany). Endogenous FGE in MSD fibroblasts was detected using ECL femto substrate and enhancer diluted 1:10 in ECL solution (Pierce).

Enzyme assays. Sulfatase activities were measured from whole cell lysates as described [START_REF] Rommerskirch | Multiple sulfatase deficiency: catalytically inactive sulfatases are expressed from retrovirally introduced sulfatase cDNAs[END_REF][START_REF] Voznyi | A fluorimetric enzyme assay for the diagnosis of MPS II (Hunter disease)[END_REF] .

FGE activity assays were performed with FGE enriched from cells and media using the synthetic ASA-derived peptide P23 as substrate [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] . See also supplementary informations.

Metabolic labeling and immunoprecipitation. Cells stably expressing FGE proteins were grown on 3 cm plates to 80-90% confluence, starved for 1h in medium depleted of methionine and cysteine and pulsed with 3.7 MBq/ml [ 35 S]methionine/cysteine also for 1 h. Medium was changed to 2 ml medium with 10% fetal calf serum, supplemented with 200 µg/ml methionine and 100 µg/ml cysteine, for 20 min. Cells and medium were harvested either directly or after another change of medium and growth for 1.5, 3 h or 6 h (chase). Immunoprecipitation of FGE was performed with FGE antiserum according to a protocol described earlier [START_REF] Gieselmann | In vitro mutagenesis of potential Nglycosylation sites of arylsulfatase A. Effects on glycosylation, phosphorylation, and intracellular sorting[END_REF] . Proteins were solubilized and subjected to SDS-PAGE. Dried gels were analyzed by phosphorimaging (BAS 1000, Fuji) and densitometric quantification using the MacBAS software (Raytest).

Molecular analysis of SUMF1 mutations, FGE expression, FGE purification, immunofluorescence microscopy. See supplementary informations.

RESULTS

Clinical presentation and mutational analysis of ten patients with MSD

Based on Eto's classification [START_REF] Eto | Pathochemistry, pathogenesis and enzyme replacement in multiple-sulfatase deficiency[END_REF] we distinguished one neonatal (NVS) and nine late infantile patients. The latter were further subdivided into seven severe (LIS) and two milder (LIM) cases [START_REF] Dierks | Molecular basis of multiple sulfatase deficiency, mucolipidosis II/III and Niemann-Pick C1 disease -Lysosomal storage disorders caused by defects of non-lysosomal proteins[END_REF][START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] . For classification we considered ten frequent clinical symptoms and also the time point of manifestation of every single symptom (Tab.1). In NVS cases every symptom appears in the first months of life, as holds true for patient 1; (skeletal changes had not been defined). The patient was compound heterozygous for two mutations: one in-frame deletion resulting in a loss of 25 amino acids (p.A149_A173del; Fig. S1) and one mutation leading to a premature stop thereby disrupting the active site of FGE (p.R327X; Fig. S1). All other patients, homozygous for four different SUMF1 missense mutations, did not show all of the ten symptoms and their onset varied between LIS and LIM patients, as the latter displayed less symptoms or a later onset of symptoms. Accordingly, the two patients with FGE G263V

were assigned to the LIM group, whereas all other patients, expressing FGE S155P (3 patients), G247R (3), or R345C (1) (Fig. S1), belong to the LIS group (Tab.1).

Expression of recombinant FGE mutant proteins

All FGE proteins, resulting from the individual SUMF1 mutations, were stably expressed in HT-1080 fibrosarcoma cells. Expressed protein was detected in cell lysates by Western blotting using either an anti-hexahistidine or a polyclonal FGE antibody (Fig. 1). Expression levels were comparable among different cell lines; only FGE S155P was expressed at a severely reduced level. Even the two nonsense mutations, p.R327X and p.A149_A173del, showed intracellular protein expression, resulting in smaller versions of FGE (Fig. 1, upper panel). Wild-type (wt) FGE is secreted and processed in the Golgi leading to an N-terminally truncated form in the medium [START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF][START_REF] Mariappan | The noncatalytic N-terminal extension of formylglycine-generating enzyme is required for its biological activity and retention in the endoplasmic reticulum[END_REF] . Only three of the FGE variants under study also showed secretion into the cell culture medium (p.G247R, p.G263V, p.R345C). All other variants, despite their comparable intracellular expression, were not secreted (Fig. 1, lower panel).

Functionally impaired FGE protein, which is not secreted, is retained intracellularly (and degraded, see below). Among the retained proteins are those resulting from the two nonsense mutations probably leading to a drastically impaired FGE structure (see Fig. S1). For all secreted FGE variants it is concluded that they are able to pass quality control mechanisms of the ER in spite of protein instability predictions [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF] .

Subcellular localization of mutant FGE proteins

Immunofluorescence analysis of HT-1080 cell clones revealed a correct localization of each FGE variant in the ER, as revealed by co-localization with the ER marker PDI (Fig. 2). In addition, the secreted FGE proteins (p.G247R, p.G263V, p.R345C) were also visible in the Golgi (Fig. 2 R, S, U; red staining) showing co-localization with a Golgi marker (not shown).

No co-staining was visible with a lysosomal marker (data not shown). The ER localization could be confirmed for the endogenous FGE proteins in MSD patient fibroblasts even though protein expression was extremely reduced and material cross-reacting with the anti-FGE antibody was hardly detectable (Fig. 3). Localization of patient FGE protein in the ER is one necessary precondition for residual FGly generation in newly synthesized sulfatases.

Residual catalytic activity of FGE protein variants

The enzymatic activity of FGE variants was measured using a synthetic peptide derived from arylsulfatase A as substrate (at saturating concentration, 15-times above K M of wt FGE) [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] .

FGE was partially purified from cell lysates or conditioned medium. The activities of variant proteins, relative to wt, ranged from 0 to 15.9% (Fig. 4B). FGE R327X, with a disrupted active site, displayed no activity; p.A149_A173del with a 25 amino acid deletion at the surface of the FGE core domain (Fig. S1), showed detectable, albeit very low residual activity of 0.3±0.04%. FGE S155P and R345C showed slightly, but significantly higher residual activities of 1.6±0.4% and 2.0±0.2%, respectively. The highest residual activity was measured for p.G263V (15.9±1.2%). Thus, apart from the catalytically fully impaired FGE R327X all investigated FGE proteins were able to catalyze at least some FGly generation in vitro.

Stability and intracellular retention of FGE protein variants

Based on the crystal structure of wt FGE, all chosen SUMF1 mutations were expected to impair protein stability [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF] . To prove this prediction we metabolically labeled FGE expressing HT-1080 cell clones with [ 35 S]methionine/cysteine. Labeled FGE protein was determined before and after 6 h of chase time, as detected by immunoprecipitation of intracellular and secreted FGE, followed by SDS-PAGE and phosphorimaging (Fig. 4A). As expected [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] , wt FGE was fully stable during the 6 h chase with ~50% of initial protein remaining inside the cells and ~50% being secreted (Fig. 4A). FGE variants A149_A173del and R327X both were unstable with only about 1% of cross-reacting material detectable after 6 h; also FGE S155P was unstable (about 2%). These three variants likewise could not be detected in the secretions (Fig. 4A). The other FGE variants (G247R, G263V, R345C) showed clearly reduced stability as well. In fact, intracellular protein was hardly detectable after the chase also here (0-2% of the initial protein amount); however, considerable amounts of protein were secreted indicating the passing of intracellular protein quality control.

To further analyze degradation and secretion kinetics, we repeated the experiment with chase times of 1.5 and 3 h (Fig. 4C and data not shown). FGE R327X showed the lowest (12% residual protein after 1.5 h) and R345C the highest (44%) stability (at 91% stability observed for wt FGE) (Fig. 4C). For FGE G247R and G263V rather low levels of intracellular protein were detected (~20%), which in part is due to intense secretion. These results confirm the data of Fig. 4A. Taken together, all investigated mutations severely affect intracellular FGE protein levels. Apart from degradation, in some cases also increased secretion, i.e. impaired protein retention, contributes to reduced intracellular FGE levels.

Expression level of endogenous FGE protein in MSD patient fibroblasts

We analyzed the amount of endogenous FGE protein in whole cell lysates from patient fibroblasts by immunofluorescence detection (Fig. 3) and also by Western blotting (Fig. S2).

Fibroblasts from healthy persons served as a positive control. FGE amounts were extremely reduced for all studied patients. No or only faint bands of cross-reacting material were detectable in Western blots (Fig. S2). The extremely reduced levels of defective protein in the patient cells agree with the results from the pulse-chase experiments showing that all analyzed MSD causing mutations lead to unstable proteins that are degraded inside the cells and, in some cases, also secreted (see above).

Residual sulfatase activities in MSD patient fibroblasts

To determine the functional consequences of MSD mutations on endogenous sulfatase activities we measured the residual activities of three sulfatases, namely arylsulfatase A (ASA), arylsulfatase C (ASC) and galactose 6-sulfatase (Gal6S) in cell lysates from patient fibroblasts (Tab.2). For FGE G263V we used a fetal fibroblast cell line, as no other patient cells were available. The lowest sulfatase activities were found in the fibroblasts from the NVS patient displaying no detectable activity for ASA, less than 1% for ASC and 1.4% for Gal6S (relative to wt activities, Tab.2). The highest activities were measured in the fetal fibroblasts expressing p.G263V found also in the LIM patients 9 and 10 (Tab.1). Residual activities of these cells were 17% for ASA, 61% for ASC and 39% for Gal6S (Tab.2).

All other cell lines originated from patients with the LIS form of MSD and displayed reduced sulfatase activities, with 2-12% residual activity measured for ASA and 1-22% for Gal6S.

ASC activities were also clearly reduced, but even more variable for the different mutations.

Whereas only <1 to 5% residual ASC activity was measured for fibroblasts expressing FGE R345C and G247R, ASC activity in FGE S155P fibroblasts reached values between 14% and 31% of wt activity. It should be noted that patient 2, from whom the fibroblasts with highest ASC activity were derived, developed ichthyosis like all other patients of this study (Tab.1).

DISCUSSION

In a first study [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] we were able to show a correlation of both residual activity and stability of FGE variants with the clinical presentation of selected MSD patients. As this study included only four different SUMF1 mutations (homozygous in the patients), it remained open to discussion if the observed genotype/phenotype correlation holds true also for other mutations and for MSD in general. Here we extended our analysis including another set of clinically thoroughly characterized and genetically defined patients with different forms of disease.

Robust phenotype classification based on the clinical presentation of MSD patients

We investigated ten MSD patients, either historical or actual cases, and classified the patients according to their clinical presentation into groups of NVS, LIM or LIS cases. Our neonatal patient exhibited the whole range of symptoms possible, which agrees with all published neonatal cases [START_REF] Perlmutter-Cremer | Unusual early manifestation of multiple sulfatase deficiency[END_REF][START_REF] Vamos | Multiple sulphatase deficiency with early onset[END_REF][START_REF] Burch | Multiple sulphatase deficiency presenting at birth[END_REF][START_REF] Busche | Neonatal manifestation of multiple sulfatase deficiency[END_REF] . Most symptoms were present at birth and the patient showed a rapidly progressive course of disease. The group of late infantile patients [START_REF] Diaz-Font | Clinical and mutational characterization of three patients with multiple sulfatase deficiency: report of a new splicing mutation[END_REF][START_REF] Mancini | Pitfalls in the diagnosis of multiple sulfatase deficiency[END_REF][START_REF] Loffeld | Mild ichthyosis in a 4-year-old boy with multiple sulphatase deficiency[END_REF] included in this study could be clearly distinguished from the neonatal patient, as symptoms varied in their age of onset with some features presenting only in later life or others lacking completely. Two of the late infantile patients could be sub-grouped as LIM versions of MSD (Tab.1), and differentiated from the very rare juvenile form [START_REF] Blanco-Aguirre | Unusual clinical presentation in two cases of multiple sulfatase deficiency[END_REF] , (which is not included in our patient collection). Importantly, we can infer from this classification that independent patients with an identical mutation (in homozygous form) display a comparable clinical phenotype.

Molecular phenotype of MSD: differential functional impairments of recombinant FGE

For extending our pathobiochemical understanding of MSD we expressed all patient SUMF1 mutants in the established HT-1080 cell line [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF][START_REF] Blanco-Aguirre | Unusual clinical presentation in two cases of multiple sulfatase deficiency[END_REF][START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF][START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF][START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF] . Our approach was substantiated by mapping the amino acid substitutions on the crystal structure of wt FGE (see Fig. S1), which allowed a solid prediction of structural consequences. Without exception, all missense mutations affected strictly conserved residues and were expected to impair FGE protein stability due to unfavorable side chain interactions resulting in clashes with other residues (p.S155P, p.G247R, p.G263V) and/or losses of specific hydrogen bonds (p.R345C) [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF] .

However, the consequences on FGE activity remained difficult to predict, because the substitutions did not directly affect the substrate binding groove, the oxygen binding pocket or even the catalytic site close to the redox active cysteines [START_REF] Roeser | A general binding mechanism for all human sulfatases by the formylglycine-generating enzyme[END_REF] .

All FGE variants could be expressed, including even the variants resulting from nonsense/ deletion mutations. Thus, translation of these mRNAs is not attenuated. All FGE proteins localized to the ER (Tab.3), thereby fulfilling one important precondition for function, as generation of FGly is a post-translational modification of nascent, yet unfolded, sulfatase proteins inside the ER [START_REF] Dierks | Conversion of cysteine to formylglycine: a protein modification in the endoplasmic reticulum[END_REF][START_REF] Fey | Characterization of posttranslational formylglycine formation by luminal components of the endoplasmic reticulum[END_REF] . Nevertheless, we cannot exclude that the ER localization of defective FGE proteins just mimics a correct localization and in fact is mainly caused by the quality control mechanism inside the ER [START_REF] Vembar | One step at a time: endoplasmic reticulum-associated degradation[END_REF][START_REF] Christis | Protein folding includes oligomerization -examples from the endoplasmic reticulum and cytosol[END_REF] . Importantly, the four studied FGE variants with single substitutions were more (p.G247R, p.G263V, p.R345C) or less (p.S155P) efficient in passing this quality control mechanism, as these proteins were also secreted -just like wt FGE (Figs. 1, 2 and 4), which is secreted even at normal expression levels [START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF][START_REF] Fraldi | Multistep, sequential control of the trafficking and function of the multiple sulfatase deficiency gene product, SUMF1 by PDI, ERGIC-53 and ERp44[END_REF][START_REF] Zito | Sulfatase modifying factor 1 trafficking through the cells: from endoplasmic reticulum to the endoplasmic reticulum[END_REF] .

In fact, all FGE variants except p.R327X and p.A149_A173del (see below) were able to catalyze a significant substrate turnover in vitro, as determined after isolation from the medium or cell lysates. The highest residual activity (16 % of wt) was exhibited by FGE G263V and the lowest by FGE S155P (1.6%). These data, obtained by measuring directly the FGly formation in a sulfatase substrate peptide [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF][START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF][START_REF] Peng | Identification of formylglycine in sulfatases by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry[END_REF] , are in accordance with observations made by Annunziata et al (ref. 23), who expressed different MSD causing SUMF1 mutations together with reporter sulfatases in FGE deficient cells and observed detectable, albeit reduced sulfatase activities in all cases. Thus, all MSD causing mutations analyzed so far are hypomorphic -at least one per patient. In conclusion, a combination of two null mutations should be lethal. This concept, however, was challenged by our NVS patient, who carried two alleles with nonsense mutations, one of which (p.R327X) definitely disrupting the active site (Fig. S1), as confirmed in our experiments by the total absence of activity. The other mutation, p.A149_A173del, leads to an internal in-frame deletion of 25 amino acids. Interestingly, this defective FGE at high concentrations of purified protein indeed led to detectable substrate turnover corresponding to a residual activity of 0.3%. Thus, the protein obviously adopts a conformation allowing substrate turnover, albeit with strong impairments. Notably, the deleted 25 residues (pink colored in Fig. S1) are located on the surface of the FGE core domain. Residues 161-176 form a loop that is easily cleaved off by proteases [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycinegenerating enzyme[END_REF] . The deletion further removes β-strand 5 (residues 153-158, pink), which normally pairs with the adjacent β-strand 6 (residues 180-184, blue) to form an antiparallel two-stranded sheet on the surface of the molecule. The residues forming β-strand 6 are also present in FGE A149_A173del.

Upon losing the anti-parallel interaction partner β-strand 5, β-strand 6 is predicted to change at least its orientation, which obviously allows bridging the distance to the deletion breakpoint at position 148 without complete disruption of the catalytic core domain architecture.

Taken together, we found extensive instability for all FGE variants, thereby confirming the predictions from mapping the amino acid substitutions onto the FGE crystal structure. The degradation kinetics, however, varied among the different proteins (Fig. 4). Furthermore, we found different secretion properties of FGE variants. About 50% of wt FGE protein is secreted after 6 h. Three impaired FGE proteins, among them the two expressed nonsense mutations, were completely or almost completely (p.S155P) retained inside the cells and degraded. The other three (p.G247R, p.G263V, p.R345C) were partially secreted, two of them (p.G247R and, in particular, p.G263V) even much more rapidly than wt FGE (Fig. 4C). Since expression was comparable or even reduced, the enhanced secretion is not caused by simple saturation of retention mechanisms inside the cells. Rather the interaction with the retention machinery might be affected, which is compatible with the surface exposure of both glycine residues G247 and G263 (Fig. S1). For wt FGE an interaction with ERp44, protein disulfide isomerase and ERGIC-53 is already known; these components act in different ER and Golgi sub-compartments [START_REF] Mariappan | ERp44 mediates a thiol-independent retention of formylglycine-generating enzyme in the endoplasmic reticulum[END_REF][START_REF] Fraldi | Multistep, sequential control of the trafficking and function of the multiple sulfatase deficiency gene product, SUMF1 by PDI, ERGIC-53 and ERp44[END_REF] . The exact way of retention of defective FGE variants as well as their delivery for degradation is still unknown. As secretion of wt FGE was described also at physiological expression levels [START_REF] Zito | Sulfatase modifying factor 1 trafficking through the cells: from endoplasmic reticulum to the endoplasmic reticulum[END_REF] , we conclude that impaired retention contributes to disease severity in patients with p.G247R and p.G263V mutations. Specific interactions with impact on the degradation and secretion kinetics may be affected. Whatever mechanism applies, impaired retention in addition to impaired stability, observed for all FGE variants tested, both lead to reduced intracellular levels of FGE.

Cellular phenotype in MSD fibroblasts: impairments of endogenous FGE and sulfatases

The consequences of impaired FGE structure and function, as observed in overexpressing cells, could be confirmed in patient fibroblasts. FGE was hardly detectable here, probably due to degradation. Also no intracellular mislocalization was visible. The activities of endogenous sulfatases were differentially reduced, roughly mirroring residual FGE functionality. Lowest activities were found in fibroblasts combining the two FGE nonsense/deletion mutations, i.e.

in the NVS case. Highest sulfatase activities were found in LIM fibroblasts homozygous for the p.G263V mutation leading to FGE that is unstable but shows considerable residual activity (as high as 16 %). This observation confirms our previous results of high sulfatase activities in fibroblasts expressing unstable mutant FGE with high residual activity [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF] .

In LIS fibroblasts residual sulfatase activities can vary considerably. Residual ASC activities in the three p.S155P patients reached 14-32 %, whereas only 0.3-3 % were measured for the other three patients of this phenotypic group. Interestingly, the variability was clearly less pronounced for the other two sulfatases tested. This might indicate that individual sulfatases exhibit different affinities to the various compromised FGE proteins. The resulting differential residual activities of specific sulfatases, however, can not be correlated with the onset of specific clinical symptoms during manifestation of the MSD syndrome. Nevertheless, the severity of the disease is reflected by the total residual sulfatase activity (Tab.3).

Perspective: Genotype/phenotype correlation and clinical predictions in MSD patients

Comparing Such factors can be expected to have an impact on the clinical presentation of patients [START_REF] Conary | Synthesis and stability of steroid sulfatase in fibroblasts from multiple sulfatase deficiency[END_REF][START_REF] Steckel | Multiple sulfatase deficiency: degradation of arylsulfatase A and B after endocytosis in fibroblasts[END_REF][START_REF] Steckel | Synthesis and stability of arylsulfatase A and B in fibroblasts from multiple sulfatase deficiency[END_REF] .

Identification and characterization of these interacting factors as well as understanding their role in the molecular and cell biological functioning of FGE will be the basis for designing therapeutic targets. Likely these targets will be specific for different groups of mutations with similar functional properties. Clear hints towards the existence of such mutant groups come from the observation that despite early degradation of most protein variants, some of them, at comparable expression levels, are rapidly secreted, thereby escaping quality control. Beside enzyme replacement and gene therapy approaches [START_REF] Dierks | Molecular basis of multiple sulfatase deficiency, mucolipidosis II/III and Niemann-Pick C1 disease -Lysosomal storage disorders caused by defects of non-lysosomal proteins[END_REF][START_REF] Zito | Sulfatase modifying factor 1 trafficking through the cells: from endoplasmic reticulum to the endoplasmic reticulum[END_REF] , a promising therapeutic approach would thus be to enhance the stability and/or the intracellular retention, and in turn the total residual FGE activity inside the ER, which represents the bottleneck in MSD patients. The use of small molecule chaperones, meanwhile tested in the therapy of some inborn errors of metabolism, are therefore likely to be beneficial also in MSD [START_REF] Sawkar | Gaucher disease-associated glucocerebrosidases show mutation-dependent chemical chaperoning profiles[END_REF][START_REF] Ulloa-Aguirre | Pharmacologic rescue of conformationally-defective proteins: implications for the treatment of human disease[END_REF] . A: Stable cell lines were labeled with [START_REF] Fey | Characterization of posttranslational formylglycine formation by luminal components of the endoplasmic reticulum[END_REF] S methionine/cysteine for 1 h and chased for 6 h in label-free medium. FGE was immunoprecipitated from cells and medium and quantified by densitometry after SDS-PAGE and phosphorimaging. The results shown are representative for three independent experiments. All variant FGE proteins were unstable. Relative secretion (calculated as medium FGE/total FGE after 6 h to correct for degradation within the 6 h) varied, as indicated; n.d., cannot be determined due to massive FGE degradation after 6 h. B:

His-tagged FGE was purified from secretions or cells, respectively. FGE amounts were adjusted according to Western blot quantification. Its activity was measured as FGly modification of the synthetic arylsulfatase A substrate peptide P23 using mass spectrometry (see Methods). Specific activities were calculated and expressed as percentage of wt FGE activity. Mean values and SD were calculated from three independent analyses. C: For a better resolution of FGE secretion and degradation, the pulse chase experiment was repeated, as above (see A), this time with a chase period of only 1.5 h; (relative secretion: medium FGE/total FGE after 1.5 h). b +++, age of onset between 0-2 years of life; ++, 2-4 years; +, after 4 years; -, symptom is missing; nd, not defined.

Table 2: Residual activities of selected sulfatases in MSD fibroblasts

a The results and SD were calculated from three independent experiments using total cell lysates of MSD fibroblasts and an unaffected fibroblast cell line as a control.

b Clinical data were analyzed in patients with the same mutation. 
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 1 Figure 1: Expression and secretion of mutant FGE in HT-1080 cells.
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 2 Figure 2: Subcellular localization of FGE variants expressed in HT-1080 cells.
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 3 Figure 3: Subcellular localization of endogenous FGE in MSD fibroblasts.
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 1 Clinical characterization and mutational analysis of 10 patients with MSD a The patients were grouped into neonatal very severe (NVS), late infantile severe (LIS) and late infantile mild (LIM) forms of MSD according to manifestation and time point of appearance of each single symptom.
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  e. at physiological expression levels (see e.g. Zito et. al (2007) EMBO J.26, 2443-2453). FGE-G247R and G263V are secreted much faster and at higher levels than wild-type FGE, as can be recognized from Fig.4C: 60% of initial G263V but only 9% of wt FGE leave the cell within 1.5h. So we observe at about similar expression levels an increase of both absolute secretion (60 vs. 9% of what was synthesized initially) and relative secretion (60/78 vs. 9/100, i.e. 77 vs. 9% of what remained undegraded). As G247 and G263 are both surface exposed (see new Fig.

  the biochemical impairments of FGE caused by individual SUMF1 mutations with the clinical phenotype of the corresponding MSD patients, we find clear correlations (see Tab.3). Patients with drastic impairments of both FGE stability and residual enzyme activity displayed the most severe clinical phenotype. In our present study this was the case for the NVS MSD patient. The mildest phenotype presented in the patient with FGE G263V, which is associated with the highest residual FGE activity among the studied variants; further FGE G263V, though present at only rather low intracellular levels, can be assumed to truly perform this residual activity, as it efficiently passed intracellular quality control mechanisms. Taking all available molecular, biochemical and clinical data into account it is now possible to establish a genotype/ phenotype correlation for MSD and to roughly predict the clinical course for patients with the studied SUMF1 mutations. Missense mutations affecting crucial functional or structural residues in FGE as well as nonsense mutations will cause severe forms of the disease, whereas missense mutations not fully abrogating a functional conformation of the FGE protein will lead to attenuated forms. This does not exclude that other factors (mostly

putative as yet) act as disease modifier, e. g. proteins interacting with FGE for ER retention, intracellular trafficking and degradation, redox protection, substrate presentation or co-factor regeneration as well as unknown factors regulating expression levels of FGE (and sulfatases).
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SUPPLEMENTARY MATERIALS AND METHODS

Molecular analysis of SUMF1 mutations. mRNA was extracted from patient fibroblast cell lines using the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's procedure, transformed into SUMF1 specific cDNA, and completely sequenced as described earlier [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] . Genomic DNA was extracted using the DNeasy blood & tissue kit (Qiagen) following the procedure suggested in the kit manual. Nine exons and all intron/exon regions of the SUMF1 gene were fully sequenced as described before [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] . For mutational analysis we used the SeqMan II software (DNAstar, Madison, USA). FGE expression. FGE cDNA served as template for an add-on PCR reaction using primers FGE_SP_EcoRI (5'-GGAATTCGGGACAACATGGCTGCG-3') and FGE_XbaI_nc (5'-GCTCTAGACCTTGGTTGTCAGTCCATGG-3'), creating FGE-His cDNA as described earlier [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF][START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF] . The PCR product was cloned into the pSB4.7pA expression vector [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] any PCR error. HT-1080 cells were stably transfected with these plasmids as described earlier [START_REF] Schlotawa | Molecular analysis of SUMF1 mutations: stability and residual activity of mutant formylglycine-generating enzyme determine disease severity in multiple sulfatase deficiency[END_REF][START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF] . Different clones were tested for FGE expression and selected for further studies.

Immunofluorescence microscopy. Endogenous FGE in human skin fibroblasts or mutant FGE in stably transfected HT-1080 cells was detected by indirect immunofluorescence using a procedure previously described [START_REF] Preusser-Kunze | Molecular characterization of the human Calpha-formylglycine-generating enzyme[END_REF] . Cells were grown on coverslips for 24 h and colocalization studies were done using FGE antiserum and monoclonal antibodies against PDI (Biomol, Hamburg, Germany), LAMP1 (Abcam, Cambridge, United Kingdom) and Golgi protein 58K (Abcam). Confocal images were taken on a Leica TCS SP2 AOBS laser-scanning microscope (Leica, Solms, Germany).

Enzyme assays. Sulfatase activities were measured from whole cell lysates as described [START_REF] Rommerskirch | Multiple sulfatase deficiency: catalytically inactive sulfatases are expressed from retrovirally introduced sulfatase cDNAs[END_REF][START_REF] Voznyi | A fluorimetric enzyme assay for the diagnosis of MPS II (Hunter disease)[END_REF] .

FGE activity assays were performed with FGE enriched from cells and media using the synthetic ASA-derived peptide P23 (200 nM) as substrate [START_REF] Dierks | Multiple sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-formylglycine generating enzyme[END_REF] . After incubation for different time intervals at 37 °C, FGly formation was determined using MALDI-TOF mass spectrometry. The specific activity was calculated in relation to the FGE protein amount determined by Western blotting. FGE amounts were adjusted in order not to exceed 50% turnover of P23 in 30 min at 37 °C. (residues 153-158, pink) and a loop of unknown structure (residues 161-176, pink dotted line). This deletion mutation as well as mutations p.G247R and p.G263V affect surface exposed residues (see also Discussion). The nonsense mutation p.R327X is a null mutant (Fig. 4B), as it lacks the camel colored parts of the structure, thereby disrupting the catalytic core, where FGly in the sulfatase substrate (red colored stick model) is generated close to the oxygen binding pocket (green circular area). See references 25 and 34 for further explanation.

Grey spheres represent calcium ions. 

SUPPLEMENTARY TABLE (Schlotawa et al.)

Table S1: Ethnic origin and family history of the nine patients with homozygous SUMF1 mutations.

Patients with a given mutation belong to the same ethnic origin. Apart from patient 8 all other patients were children of consanguinous parents. No family data are available for patients 2, 3 and 4; nd: not defined.