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Abstrakt

V poslednich letech se hmotnostni spektrometrie (MS) stala dominantni technologii
pouzivanou pii lipidomické analyze a siln€ ovlivnila vyzkum a diagnostiku onemocnéni
lipidniho metabolismu jako napf. lysosomalni stfddavd onemocnéni (LSD)
charakterisovana poruchami funkci lysosomti. Soubor poruch lysosomalni degradace
sfingolipidi (SFL) pfislusi ke skupiné sfingolipidos. Tento stav ma vazné az fatalni
klinické dusledky.

Prvotnim cilem prace bylo zavedeni kvantitativni a kvalitativni analyzy SFL pro
vyzkum a diagnostiku LSD. Na jejim pocatku bylo tfeba pfipravit semisynthesou
lipidni hmotnostné¢ znacené standardy pomoci imobilizované sfingolipid ceramid N-
deacylasy. Zavedené metody kvantitativni analysy byly posléze pouzity k prikazu
zvysené exkrece mocovych SFL u LSD s charakteristickym stfddanim v ledvinach.
Vyhodnoceni SFL vyluCovanych moci prokézalo sviij vyznam pii diferencialni
diagnostice deficitu prosaposinu a saposinu B kdy rutinni enzymologie selhava. MS
navic umoznuje sledovani jednotlivych molekulérnich druhti SFL (isoforem), jenz vedlo
ke zjisténi, ze u nékterych LSD se jejich profil v moc¢i méni. To nésledné vedlo k vyvoji
nov¢ screeningové metody v suchém vzorku moce zalozeném na vyhodnocovani profilu
isoforem. Dalsi aplikaci MS byla analyza pitevnich vzorkt tkani nebo bunék u
nevyjasnénych piipada. Fabryho choroba a prosaposinovy deficit byly prokazany také
analyzou pitevnich vzorkd ledvin a myokardu, coz potvrdilo prakticky vyznam
takového postupu. V myokardu pacienta s Fabryho chorobou bylo také prokazano
zvySeni toxického lyso-SFL. MS vyhodnoceni SFL v placenté podpofilo nélezy
imunohistochemické analyzy a spolecné ukazalo na specifickou roli apikalniho pélu
placentalnich endothelii. MS analyza se ukazala uzitecné nejen pfi analyze metabolitd,
ale téz pi1 mécfeni aktivit lysosomalnich enzymt, nebot umozZiuje pouzivani
pfirozenych substrati na rozdil od fluorimetrickych metod. Pouzitim MS se nam
podafilo prokazat nulovou aktivitu B-glukocerebrosidasy v koznich fibroblastech
pacienta s Gaucherovou chorobou typu Il se zdvaznym "collodion baby" fenotypem.
MozZnost pouzivat hmotnostné¢ znacené substraty pii dynamickych metabolickych
experimentech namisto bézné uzivanych radioaktivnich lipidi byla testovana v
kulturach koznich fibroblastii pacienti s GM1 gangliosidosou. Bylo prokéazéano, ze
hmotnostné znafené substraty jsou vhodnou nahradou radioaktivnich analogii, coz
prispiva k eliminaci rizik pfi praci s radioaktivnimi slou¢eninami.

V ramci této disertatni prace bylo zavedeno Siroké spektrum metod, které byly
otestovany pii urovani metabolickych profili SFL za normalnich a patologickych
stavil. NaSe zjisténi potvrdila, Ze MS lipidomika pfindsi novou, vyssi troven citlivosti
analyzy 1 mnozstvi dalSich detailnich informaci. Sledovani metabolického osudu
jednotlivych molekul mtze ptispét k lepsimu pochopeni molekuladrnich mechanismil
onemocneéni.
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Abstract

In recent years, mass spectrometry (MS) become the dominant technology in lipidomic
analysis and widely influenced research and diagnosis of diseases of lipid metabolism,
e.g. lysosomal storage disorders (LSD) characterized by impairment of the lysosomal
functions. Defects in lysosomal processing of sphingolipids SFL belong to the category
of sphingolipidoses. This condition has severe and even fatal clinical outcome.

The primary aim of this work was to establish quantitative and qualitative methods of
SFL analysis useful for research and diagnosis of LSD. At first, semisynthesis of mass
labeled lipid standards utilizing immobilized sphingolipid ceramide N-deacylase was
performed. Established methods of quantitative analysis were then used to prove the
increased excretion of urinary SFL in LSD with characteristic storage in the kidney.
Determination of excreted urinary SFL was found useful for differential diagnosis of
prosaposin and saposin B deficiences for which routine enzymology is failing. MS also
enabled monitoring of individual molecular species (isoforms) of SFL, which led to the
finding that their urinary pattern is changing in some LSD. This resulted in the
development of new screening method in dry urinary samples based on isoform profile
evaluation. Another MS application referred to analysis of autoptic tissues or cell
samples in unresolved cases. Fabry disease and prosaposin deficiency were proved in
the autoptic kidney and myocardium which showed the usefulness of this procedure. In
the myocardium of Fabry patient, the increase of toxic compound, lyso-SFL was also
demonstrated. MS determination of placental SFL supported immunohistochemical
analysis and thus pointed to the specific features of placental endothelial apical pole. In
addition to metabolites, MS was found very useful for determination of activities of
lysosomal enzymes because of use of natural substrates in contrast to fluorimetric
methods. Using MS, we were able to demonstrate zero -glucocerebrosidase activity in
skin fibroblasts of Gaucher type II patient with severe collodion baby phenotype. The
possibility to use the mass labeled substrates in dynamic metabolic experiments instead
of conventional radioactive ones was tested in cultured skin fibroblasts from patients
with GM1 gangliosidosis. Mass labeled substrates were found suitable substitutes
eliminating the working risk with radioactive compounds.

While working on this Ph.D. thesis, the wide range of methods has been introduced and
tested to determine metabolomic profiles of SFL under normal and pathological
conditions. Our findings have confirmed that lipidomic MS brings a new, high level of
sensitivity and more detailed information. Monitoring of metabolic fate of individual
molecules can contribute to better understanding of the molecular mechanisms of the
disease.
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1. Introduction

A. Sphingolipid biochemistry and pathobiochemistry

1.1 Brief history of sphingolipids

Term sphingolipid (SFL) is derived from amino alcohol backbone sphingosine. Name
of mysterious Egyptian Sphinx reflected enigmatic physical and chemical behaviour of

sphingosine.

Early history of SFL is connected with J. L. W. Thudichum and his famous book A
Treatise on the chemical constitution of the brain (Bailliere, Tindall and Cox,
London,1884) (Yamakawa T., 1996). Thudichum analyzed chemical composition of
brain tissue and described Leibrich's "Protagon" as a mixture of lecithins, cephalins and
myelins. He also identified sphingomyelins, sulfatides and cerebrosides in the brain and
wrote: "they are of fundamental importance and all further developments in chemical
neurology must start from them as a basis" and "When the normal composition of brain
shall be known to the uttermost item, then pathology can begin its search for abnormal
compounds or derangements of quantities" (Cyberlipid, 2013). Correct structure of

sphingosine was later proposed by H.E. Carter in 1947 (Carter H. E. et al., 1947).

The other milestones in the history of SFL fall into the 1930s until the 1970s: isolation
and characterization of sulfatides, sphingomyelin, neuraminic acid (later named sialic
acid), structure and nomenclature of gangliosides, description of glycolipids responsible
for ABO antigenic activity, etc (Kuhn R. and Wiegandt H., 1963; Yamakawa T. et al.,
1962; Yamakawa T., 1996). History of sphingolipid research continues as a part of

lipidomics untill these days (www.lipidmaps.org).

From the historical background, the important role of sphingolipid research is clearly
visible in many biochemical and also medical fields. History also confirmed that new
approaches in analysis together with understanding of basic principles of sphingolipid
biochemistry and pathobiochemistry can help to find new analytical strategies and
practical applications in clinical medicine and research. These aspects represent the

major topics of the next chapters of my PhD thesis.
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1.2 Nomenclature of sphingolipids

Nomenclature of SFL and glycosphingolipids (GSL) is based on IUPAC and ITUMB
rules (Chester M. A., 1998). Nevertheless, for some SFL historical (trivial) terminology

is still used.

1.2.1 Sphingoid bases and ceramides

Sphingoid bases or sphingoids are long-chain aliphatic aminoalcohols. Basic chemical
structure is represented by "dihydrosphingosine" which is [(2S,3R)-2-aminooctadecane-
1,3-diol] and is referred as sphinganine or sphingosine, [(2S,3R)-2-aminooctadec-4-ene-

1,3-diol], sphing-4-enine both with carbon chain length of 18.

Homologes with different chain length are named using root chemical name of the
parent carbohydrate e.g. 20 carbon length homologue name is icosasphinganine

(Chester M. A., 1998).

There is also used "short" abbreviation for sphingoids consisting from one letter and
two numbers. For example, abbreviation d18:1 refers to the most abundant sphingoid -
sphingosine. Letter d (like di-) refers to two hydroxyl groups and numbers represent

chain-length of 18 carbons with 1 double bond (Chester M. A., 1998).

1.2.2 Trivial Names

Trivial names are wused in some cases such as cerebrosides for brain
B-galactosylceramides. Other trivial names consist of oligosaccharide name in
combination with ceramide e.g. (LacCer) for GalGlcCer. Historically persisting
nomenclature of gangliosides is simplified system invented by Svennerholm
(Svennerholm L., 1963) which is widely accepted. Names consists of letter G for
gangliosides followed by number of sialic acid residues, M for mono- D for di- and so
on. The last number in the name identifies position of ganglioside from the start to the
front of chromatogram. Sphingomyelin (N-acyl-sphing-4-enine-1-phosphocholine) is
trivial name of phosphosphingolipid with phosphocholine group bound to the primary
hydroxy group of sphingoid in the ceramide (Chester M. A., 1998).

-22 -



1.2.3 Semisystematic names

They are used for GSL with larger oligosaccharide chains. The names are composed of:
(root name)(root size)osylceramide e.g. globotetraosylceramide for

GalNAcGalGalGlcCer. Root structures and their symbols are shown in Tab. 1.

Tab. 1 Root names and structures (Chester M. A., 1998)

Foot Symbol Boot structure
IV ITT TII I

ganglio Gg GalficGallNacfiGalfaclce-
lacta ' Le GalficlcNAacficGalfaclce-
neolacto® nlc GalfaclcNacficGalfaclc-
globo Gb GallNAcfiGaladGalfacle-
isoglobo® iGb GalNacficGalaiGalfacle-
molln Mu GloNAacf2Mana3iManfiElo-
arthro At GalNhcfiGloNicfiManfecle-

! Lacto as used here should not be confused with lactose.

* Note: The prefix “iso” is used here to denote a (1—3) vs (1—4)
difference in the linkage position between the monosaccharide
residues III and II, while the term “neo” denotes such a difference
[(1—>4) vs (1—3)] between residues IV and III. This scheme
should be used also in other cases where such positional isomers
occur, and only in such cases.

1.2.4 Systematic names

The oligosaccharide structure is described in detail by systematic names. The systematic
names of GSL use the specific symbols for position of glycosidic bonds and anomeric
configurations are represented by brackets between bonded monosaccharides. There are
also short forms omitting the number of the anomeric carbon but retain possition of

glycosidic bond. Example is shown in the Fig. 1.

a-D-Galp-(1—3)-0-D-Galp-  (extended form)
or

Gal{a1—3)Gal{z- (condensed form)
or

Gala3Gale- or Gale-3Gale-  (shert form).

Fig. 1 Systematic names forms (Chester M. A., 1998)
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Roman number is used for gangliosides and sulfatides to describe in their names the
saccharide with attached sialic acid or sulfate group. Upper index number represents

the carbon to which the groups are bonded (Fig. 2).

lactosylceramide
OH ;
OH
DH. P . \;f‘_f_\ glucosylceramide

e, ,D ______________________________
”D\d-*.-;- L i
OH CH ( w. 2 :
a0 | IN A
» OHD\"‘B",; LONA S S :
HO-—/ O : oH :
y ] ' !
AcHN 7~ ! ceramldel ] i
Hd' ~"'OH E M-acylsphingoid :

HEE T S e S e o R ek e T S
GM1 ganglioside (GalB1-3GalNACB1-4{NeuAca2-3)Galp1-4GlcB-Cer)

Fig. 2 Structure of GM1 ganglioside and systematic name
IV*-A-N-glycoloylneuraminosyl-II’-A-N-acetylneuraminosylgangliotetraosylceramide
IV3-A-Neu5Ge,II*-A-Neu5Ac-Gg,Cer.

1.2.5 Specific nomenclature of the ceramide part of sphingolipids used in mass

spectrometry

For some purposes, description of the ceramide part of sphingolipid or ceramide itself is
based on short abreviated form of both sphingoid and fatty acid. For example ceramide
consisted from sphingosine a palmitic acid can be abbreviated as Cer(d18:1,16:0),
similarly sphingolipid with tetrasaccharide oligosaccharide and ceramide with 20
carbons chain length sphingoid and nervoic acid is referred as Gb4Cer(d20:0,24:1). This
system of SFL nomenclature is commonly used e.g. in mass spectrometry because it
determines the molecular weight of the molecule and also specifies the fragments

acquired during the tandem mass spectrometric (MS/MS) analysis (Ii T. et al., 1995)

1.3 Chemical and biological functions and properties of sphingolipids

Hydrophobic ceramide represents the core structure of each sphingolipid. It is
responsible for their participation on the generation of micellar and later membranous

structures (Goni F. M. and Alonso A., 2006; Masserini M. and Ravasi D., 2001; Ulrich-
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Bott B. and Wiegandt H., 1984; Westerlund B. and Slotte J. P., 2009). Ceramides itself
are immiscible with water especially those with longer fatty acids in molecule (Goni F.
M. and Alonso A., 2006). Fatty acids bound in ceramide are responsible for the shape of
the ceramide molecule which secondarily influences their properties and functions.
Hydrophilic structures of the ceramide can create H-bonds with nitrogen of the amide
bond which is leading to lancet shape of the whole sphingolipid molecule (Goni F. M.
and Alonso A., 2006; Grosch S. et al., 2012; Masserini M. and Ravasi D., 2001;
Westerlund B. and Slotte J. P., 2009).

Sphingolipids play many different biological roles like participation on building of
biological membranes (Goni F. M. and Alonso A., 2006). Hydrophilic parts of the lipids
protruding outside of the membrane were later associated with SFL roles in adhesion,
recognition, differentiation and antigenic function (Hakomori S. 1., 2008; Lahiri S. and
Futerman A. H., 2007; Schnaar R. L. et al., 2009). Changes in GSL oligosaccharide
were found to participate in the oncogenic differentiation (Hakomori S., 1981;
Hakomori S., 1998). Interconversion of SFL can modulate the membrane properties e.g.
ceramides can cluster into the microdomains with different properties. Membrane
modulation can also lead to permeabilization of membrane and induction of apoptosis
(Goni F. M. and Alonso A., 2006; Grosch S. et al., 2012; Masserini M. and Ravasi D.,
2001; Westerlund B. and Slotte J. P., 2009). Nowadays, the role of SFL as signal
molecules is well known and theory of “sphingolipid rheostat” has been postulated
(Lahiri S. and Futerman A. H., 2007; Maceyka M. et al., 2009; Maceyka M. et al.,
2012; Stevenson C. E. et al., 2011; Takabe K. et al., 2008). Sphingolipids are also
connected with immune response e.g. they play their role behind autoimmune reactions
in sclerosis multiplex (Godfrey D. I. and Rossjohn J., 2011; Kanter J. L. et al., 2006;
Kolter T. et al., 2005).

1.4 Biosynthesis of sphingolipids

1.4.1 Biosynthesis of ceramides

De novo biosythesis of ceramides takes place in the lumen of endoplasmatic reticulum
(ER) and begins with condensation of L-serine and palmitoyl-CoA catalyzed by serine

palmitoyl-CoA transferase. Condensation reaction produces 3-ketosphinganine which is
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then enzymaticaly reduced by 3-ketosphinganine reductase and NADP cofactor to
sphinganine. Sphinganine is coupled with Acyl-CoA via amide bond by action of
ceramidesynthase (CerS) to produce dihydroceramide. which is then processed by
dihydroceramidedesaturase on ceramide (Futerman A. H., 2006; Lahiri S. and Futerman
A. H., 2007; Levy M. and Futerman A. H., 2010; Neumann S. and van Meer G., 2008;
Wennekes T. et al., 2009). In contrast, the recycling pathway of degraded complex SFL
produces sphing-4-enine which condensates with Acyl-CoA to directly form ceramide

(Kitatani K. et al., 2008).

1.4.1.1 Ceramide synthases and isoforms of sphingolipids

Ceramide synthases are important group of enzymes responsible for coupling sphingoid
bases with fatty acyl-CoA. Nowadays, six different CerS are known (Tab. 2). They are
exposing different specificity toward fatty acyl-CoA and almost the same specificity
toward sphingoid bases. Ceramid synthases are thus responsible for biosynthesis of
different molecular species of ceramides (isoforms) (Laviad E. L. et al., 2008; Levy M.
and Futerman A. H., 2010). Their specificity and tissue expression is summarized in

Tab. 2.

Tab. 2 Human ceramid synthases (Levy M. and Futerman A. H., 2010)

Acyl
Chromosomal Gene size Protein chain-length
Name location (base pairs) size (Da) Tissue mRNA expression profile® specificity
CerSl 19pl2 25,837 39,536 Brain, skeletal muscle, testis CI8
<4 molecules per nanogram of total RNA
CerS2 1921.2 9,792 44,876 Kidney, liver C20-C26
3040 molecules RNA per nanogram of total RNA
CerS3 15q26.3 144326 46,217 Testis, skin C22-C26
<20 molecules per nanogram of total RNA
CerS4 19p13.2 53,046 46,399 Low expression levels in all tissues, more C18-C20
in skin, leukocytes, heart, liver
<8 molecules per nanogram of total RNA
CerS5 12q13.3 37,565 45,752 Low expression levels in all tissues Cl6
<2 molecules per nanogram of total RNA
CerS6 2q24.3 318,394 44,890 Low expression levels in all tissues Cl4 and C16

<3 molecules per nanogram of total RNA
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1.4.2 Compartmentalization of biosynthesis of glycosphingolipids

1.4.2.1 Transport proteins

Specific proteins are required for SFL transportation between compartments and inner

and outer layers of membrane bilayer (van Meer G., 2011). The system includes:
e transport proteins - FAPP2, CERT, GLTP, ABC family proteins

e flipases responsible for lipid flipping between inner and outer layers of

membrane bilayer e.g. ABC family proteins

1.4.2.2 Endoplasmatic reticulum - galactosylceramide and sulfatide

Galactosylceramide is synthesized in lumen of ER after spontaneous ceramide flipping
across the ER membrane (van Meer G., 2011; Wennekes T. et al., 2009). Galactose is
transferred from UDP-Gal to ceramide by ceramide galactosyltransferase. Produced
galactosyl ceramide is precursor for biosythesis of galactosylceramide-3-sulfate
(sulfatide) by action of PAPS galactosylceramide: sulpho transferase.
3‘-phosphoadenosin 5°-phosphosulfate (PAPS) is donor of sulfate group for
biosynthesis (Wennekes T. et al., 2009).

1.4.2.3 Golgi aparatus - glucosylceramide, lactosylceramide and complex neutral

glycosphingolipids

Ceramide is transported to cis-golgi by vesicular transport where glucosylceramide is
synthesized on  cytosolic side from UDP-Glc and ceramide by
glucosylceramidesynthase. Synthesized glucosylceramide is then transported to the site
of lactosylceramide biosynthesis by FAPP2 protein (D'Angelo G. et al., 2007; D'Angelo
G. et al., 2012; Levine T. P., 2007; Wennekes T. et al., 2009). Translocation of
glucosylceramide to golgi lumen is possibly provided also by FAPP2 protein
(Wennekes T. et al., 2009). Lactosylceramide is then synthesized from UDP-Gal and
glucosylceramide by galactosyl transferase I enzyme. Lactosylceramide is a precursor
of various GSL series (Tab. 1) e.g. gangliosides from ganglioserie (Wennekes T. et al.,

2009).
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1.4.2.4 Gangliosides

Biosynthesis of gangliosides is maintained by enzymes either with high or low substrate
specificity (Fig. 3). Enzymes with high substrate specificity synthesize starting
substrates of different gangliosides branches called 0, a, b and ¢. Enzymes with small
substrate specificity synthesize more complex gangliosides of each branch. They
possibly create multienzyme complexes which contribute to regulation of gangliosides
biosynthesis and also explain synthesis of GM1la ganglioside from GM3 ganglioside
with only trace amount of GM2 ganglioside produced in mammals (Sandhoff K. and

Kolter T., 2003).
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Fig. 3 Biosynthesis of complex gangliosides (Sandhoff K. and Kolter T., 2003)

1.4.2.5 Sphingomyelin

Ceramide is transported by CERT protein and by vesicular transport to trans-golgi
network (Futerman A. H., 2006; Wennekes T. et al., 2009). Ceramide is there reoriented
to golgi lumen by fliping. Sphingomyelin is then synthesized by sphingomyelin
synthetase 1 which transfer phosphocholine from phosphatidylcholine to ceramide

(Wennekes T. et al., 2009).
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1.5 Degradation of sphingolipids

Catabolism of SFL takes place in the endosomal/lysosomal compartment of the cell.
Lysosomes are called "stomach of the cell" where SFL are degraded to their building
blocks (Huotari J. and Helenius A., 2011; Kolter T. and Sandhoff K., 2010; Kolter T.,
2011) (Fig. 4).
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Fig. 4 Degradation pathways of selected sphingolipids and defects of individual catabolic steps.
Sphingolipid hydrolases, their activators (Saps) and corresponding disorders are marked
(Schulze H. et al., 2009)

Lysosomes are thus responsible for recycling of lipids which is important for cell

homeostasis (Huotari J. and Helenius A., 2011; Kolter T. and Sandhoff K., 2010).

1.5.1 Endosomes

Endosomes are generated during endocytosis by regulated budding of the cytoplasmatic

membrane. Clathrin and caveolin are most common proteins involved in the process.
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Endosomes have characteristic evolutionary stages when they begin as early endosomes
(EE) after membrane budding and terminate as late endosome (LE) before fusion with
lysosome. Transformation of EE to LE has some characteristic events Fig. 5 (Huotari J.

and Helenius A., 2011).
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Fig. 5 The endosome/lysosome system. (Huotari J. and Helenius A., 2011; Kolter T. and
Sandhoff K., 2010)

EE - Early Endosome, LE - Late Endosome, MT - Microtubules, TGN - trans-Golgi Network,
Chol - cholesterol, Cer - Ceramide, BMP - bis(monoacylglacerol)phosphate, SM -
sphingomyelin
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1.5.2 Lysosomes

Macromolecules selected and sorted in endosomes are finally degraded in lysosomes.
Lysosomal catabolism process is maintained by variety of acidic hydrolases in low
internal pH of lysosomes generated by specific V-ATPase. Thick glycocalyx layer
composed of N-glycosylated glycoproteins rich on repeated lactosamine residues on the
intralysosomal membrane keeps lysosomal integrity and protects it from degradation by
their own hydrolases (Huotari J. and Helenius A., 2011; Kolter T. and Sandhoff K.,
2010).

Lysosomal degradation of SFL takes place on intralysosomal membraneous vesicles
originating from intraluminal vesicle (ILV) of endosomes- These vesicles have specific
composition to generate negative charge on their surface required for docking of
positively charged acidic hydrolases. Negative charge is generated by high
concentration of bis(monoacylglycerol)phosphate (BMP) and partially by
phosphatidylinositol-3,5-bisphosphate (Kolter T. and Sandhoff K., 2010).

Intralysosomal degradation of macromolecules (e.g. SFL) to primary building blocks is
followed by their transport out of the lysosomes and reutilization in the cell (Kolter T.

and Sandhoff K., 2010).

1.5.3 Catabolism of sphingolipids with short oligosaccharide chain

Glycosphingolipids are degraded by sequential cleavage of sacharides from
nonreducing  oligosaccharide end by specific acid hydrolases (Fig.4).
Glycosphingolipids with short oligosaccharide chains having four or less saccharide
units require the protein activator (Saposins, GM2-activator) for their mobilization from
the membrane and degradation (Kolter T. and Sandhoff K., 2010; Kolter T., 2011;
Sandhoff K. et al., 2001).

1.5.3.1 Sphingolipid activator proteins

Sphingolipid activator proteins, saposins (Saps) are protein cofactors of lysosomal acid
hydrolases facilitating solubilization of hydrophobic lipid substrates and acting as
enzyme activators. (Kolter T. and Sandhoff K., 2010; Kolter T., 2011; Sandhoff K. et
al., 2001).
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Prosaposin (pSap) is 70kDa glycoprotein precursor of 4 saposins — Sap-A, Sap-B, Sap-
C and Sap-D which are formed in lysosomes. Prosaposin gene is located on 10g22.1.

(Kolter T. and Sandhoff K., 2010; Kolter T., 2011; Sandhoff K. et al., 2001).

Sap-B was the first described member of the Sap family formerly named "sulfatide
activator protein" required for degradation of the sulfatides. Later on, Sap-B was found
to act also in degradation of Gb3Cer and diGalCer. It has the shape of hair pin with
open and closed-conformations. The open conformation is supposed to interact directly
with the membrane, to promote a reorganization of the lipid alkyl chains, and to extract
the lipid ligand, which is accompanied by a change to the closed conformation. The
substrate is then mobilized and exposed to the enzyme in a water-soluble activator-lipid

complex. (Kolter T. and Sandhoff K., 2010; Kolter T., 2011; Sandhoff K. et al., 2001).

1.6 Lysosomal storage disorders

Defects in genes of lysosomal acid hydrolases, protein activators and some other
lysosomal proteins (e.g. NPC1 and NPC2 proteins) lead to disorders know as lysosomal
storage disorders (LSD). Nowadays about 50 of these severe diseases are known. They
are characterized by deficient lysosomal processing of substrates which leads to their
intralysosomal accumulation. Impairments of related pathways are also known e.g
impaired calcium homeostatsis, oxidative stress, autophagy, inflamamation, altered lipid
trafficking (Vitner E. B. et al., 2010). Defects in lysosomal processing of SFL belong to
the category of sphingolipidoses (Kolter T. and Sandhoff K., 2010; Kolter T., 2011).

This study is focused on the following disorders:

1.6.1 Prosaposin deficiency (OMIM 611721) (Sandhoff K. et al., 2001)
http://omim.org/entry/611721

Genetics: mutation in prosaposin gene located on 10g22.1

Biochemistry: deficient activity of acid hydrolases requiring saposins for their function

which leads to accumulation of sphigolipids with short oligosaccharide chain
Inheritance: autosomal recessive.

Clinical phenotype: severe neurovisceral disease (e.g. white matter abnormalities,

hepatosplenomegaly) with early death.
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Diagnosis: prosaposin gene analysis, multiple SFL increased in urine, in skin
fibroblasts, in tissues (autopsy samples). Dynamic metabolic experiments in fibroblast

cultures (loading tests) give evidence of blocks in degradative pathways of SFL.

1.6.2 Sap-B deficiency (OMIM 249900) (Sandhoff K. et al., 2001)
http://omim.org/entry/249900

Genetics: mutation in Sap-B region of prosaposin gene which affects the function of the

Sap-B only.

Biochemistry: deficient activity of a-Galactosidase A and Arylsulfatase A, impairment

in degradation of Gb3Cer, diGalCer and sulfatides.
Inheritance: autosomal recessive.

Clinical phenotype: similar to juvenile metachromatic leukodystrophy (MLD) with
some exceptions. Life expectancy depends on the onset of the disorder and is similar to

MLD.

Diagnosis: prosaposin gene analysis, several SFL increased in urine and fibroblasts.
Dynamic metabolic experiments in fibroblast cultures (loading tests) give evidence of

blocks in degradative pathways of SFL.

1.6.3 Metachromatic leukodystrophy (OMIM 607574) (von Figura K. et al., 2001)
http://omim.org/entry/607574
Genetics: mutations in ARSA gene located on 22q13.33

Biochemistry: Deficiency of enzymatic activity of Arylsulfatase A and block in
degradation of sulfatides. Pseudodeficiency of Arylsulfatase A with low enzyme

activity and without clinical affection is described in 2% of European population
Inheritance: autosomal recessive

Clinical phenotype: severe neuronal disorder which affects central and peripheral
nervous system, storage in some visceral organs (especially kidney), three clinical

phenotypes
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Diagnosis: leukodystrophic image of the central nervous system, reduced nerve
conduction velocity in peripheral nervous system; urinary sulfatide analysis,

confirmation of deficient enzyme activity and genotyping

1.6.4 Fabry disease (OMIM 300644) (Desnick R. J. et al., 2001)
http://omim.org/entry/300644
Genetics: AGAL gene mutations, localization Xq22.1,

Biochemistry: deficiency of the activity of a-galactosidase A , block of degradation of
Gb3Cer, diGalCer and GSL with oligosaccharide determinants of blood group B
antigens (Asfaw B. et al., 2002; Ledvinova J. et al., 1997)

Inheritance: X-linked type of inheritance, female are heterozygots and males

hemizygots

Clinical phenotype: direct neuronal involvement is missing, later-onset of symptoms
(e.g. cardiomyopathy with hyperthrophy of left ventricle, kidney involvement,

angiokeratoma, parenthesis)

Diagnosis: enzymology and gene analysis, urinary Gb3Cer analysis

1.6.5 Treatment of lysosomal storage disorders

Treatment of LSD is based on restoration of substrate turnover. This can be achieved by

three different approaches.

e Replacement of deficient enzyme (Platt F. M. and Lachmann R. H., 2009;
Sakuraba H. et al., 2006)

0 Enzyme replacement therapy — utilizing recombinant enzymes infusions

O Bone marrow transplantation — replacement of deficient microglia by

healthy cells which secretes enzyme to extracellular space
0 Gene therapy — repairing of the defective gene
0 Stem cell therapy — similar to bone marrow transplantation

e Chemical chaperon therapy using subinhibition dose of enzyme inhibitor to

stabilize the mutant enzyme protein to allow it pass through quality control
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mechanisms and express its residual activity in lysosomes. Chaperones are small

molecules which can pass blood brain barrier (Platt F. M. and Lachmann R. H.,
2009).

Substrate reduction therapy is based on inhibition of SFL biosynthesis to
decrease turnover of substrates; usually targets biosynthesis of glucosylceramide

(Platt F. M. and Lachmann R. H., 2009).

B. Mass spectrometry and tandem mass spectrometry

1.7 Mass spectrometry — Mass spectrometers

Mass spectrometry (MS) is analytical method based on measurement of mass to charge

ratio of ions in gaseous state (Cole R. B., 2010; de Hoffman E. and Stroobant V., 2002;

Dulcks T. and Juraschek R., 1999). Mass spectrometer consists of three fundamental

parts: ionization device, mass analyzer and detector.

1.7.1 Ionization device

Ionization device in mass spectrometer is used to generate gaseous ions of analysed

compounds. We can differentiate ionization devices according to some criteria (Cole R.

B., 2010; de Hoffman E. and Stroobant V., 2002):

Pressure at which ionization is achieved - vacuum or atmospheric pressure
ionization (abbreviated as API). API devices such as electrospray can be directly

coupled to separation techniques like HPLC or capillary electrophoresis.
Pulse or continuos ionization is another criteria.

Energy applied to analyte to generate ions differentiates ionization on hard and
soft techniques. Hard ionization methods are characterized by high
fragmentation of analytes during ionization process whereas soft ionization

methods are producing mostly molecular ions.
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Some of the ionization techniques are able to perform surface scan and are used for
mass spectrometry imaging (MSI) e.g. MALDI, DESI, SIMS (McDonnell L. A. and
Heeren R. M., 2007).

1.7.1.1 Electrospray ionization

Electrospray ionization abbreviated as ESI is one of the soft techniques for polar
compounds ionization in liquid solvent which is passing through the metal capillary at
flow rates up to 1 ml/min (Fig. 6). Ions are generated by application of strong electric
field on the capillary tip which sorts ions on the solvent surface and creates excess
charge. This leads to generation of the Taylor cone on the capillary tip which is then
dispersed into the droplets (Cole R. B., 2010; de Hoffman E. and Stroobant V., 2002;
Dulcks T. and Juraschek R., 1999; Kebarle P., 2000).
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Polarity of generated ions depends on the polarity of applied electric field. Cations are
generated in the positive and anions in the negative ion mode (Cole R. B., 2010; de

Hoffman E. and Stroobant V., 2002; Kebarle P., 2000).

Solvent of the droplets is evaporated and droplet shrinks in size which leads to
accumulation of the surface charge. When the surface charge exceeds the surface
tension then the droplet breaks forming secondary smaller droplets. This process is
called Raileigh fission which is repeated until the gaseous ions are formed. Two
theories of gaseous ions formation during ESI are postulated (Cech N. B. and Enke C.
G., 2001; Cole R. B., 2010; Kebarle P., 2000).

e Jon evaporation model better matches formation of gaseous ions from small
molecules which are formed in the moment when the ions are able leaving the

droplet surface by repulsion force.

o Charged residue model better suits the formation of gaseous ions from large
molecules such as proteins. Droplets undergo repetitive Raileigh fission to the
point when droplet contains only one ion of analyte. In this point solvent is

completely evaporated and gaseous ion is released.

Liquid surface of the formed droplets is limiting factor for gaseous ions formation and
influences the analyte ionization efficiency. In some cases, ionization of analyte may be
suppressed by other compounds. This is resulting in the matrix effect of co-eluted and
co-ionized compounds on the signal of analyte. The matrix effect is recommended to
measure prior to analysis (Cech N. B. and Enke C. G., 2001; Cole R. B., 2010; de
Hoffman E. and Stroobant V., 2002; Kebarle P., 2000; Taylor P. J., 2005).

Mechanisms of electrospray ionization

Four different mechanisms describing the process of compound ionization in
electrospray source were postulated (Cech N. B. and Enke C. G., 2001; Cole R. B.,
2010; Kebarle P., 2000):

e Jonization through charge separation
e Adduct formation

e Jonization through gas-phase reaction
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e lonization through electrochemical oxidation or reduction

1.7.2 Mass analyzer

This part of mass spectrometer is used for evaluation of mass to charge ratio of analyzed
gaseous ions. This is achieved by application of different physical principles and thus
mass analyzers can be compared by their specific parameters e.g. resolution (de
Hoffman E. and Stroobant V., 2002; Hu Q. et al., 2005; McLuckey S. A. and Wells J.
M., 2001; Perry R. H. et al., 2008; Scigelova M. and Makarov A., 2006)

1.7.2.1 Quadrupole mass analyzer

Quandrupolar mass analyzer is working as ion filter which separates ions according to
their mass to charge ratio. Quadrupole (Q) consists of four parallel rods with hyperbolic
or cylindrical crossection (de Hoffman E. and Stroobant V., 2002; Douglas D. J., 2009;
McLuckey S. A. and Wells J. M., 2001) (Fig. 7). Application of direct current together
with radiofrequency voltage on the rods generates quadrupolar field which properties
can be adjusted by changing direct curent voltage U and radiofrequency voltage
amplitude V. Changing the properties of the quadrupolar field influences the ions
trajectory when passing the quadrupole in the m/z dependent manner. The ion on the
stable trajectory will pass through the quadrupole. On the other hand ions on the
unstable trajectory will collide with the rods or will be rejected from the quadrupole

(Fig. 7) (de Hoffman E. and Stroobant V., 2002; Douglas D. J., 2009).

Quadrupole is the low resolution mass analyzer which has usually unit resolving power
and is able to distinguish the ions with difference = 1m/z. Its main advantage is in the
simple construction, low demand on vacuum, high scanning speed and possibility of
real time separation of ions according to the m/z. These advantages made quadrupole
one of the most widespread benchtop mass spectrometer for quantitative analyses (de
Hoffman E. and Stroobant V., 2002; Douglas D. J., 2009; McLuckey S. A. and Wells J.
M., 2001).
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Fig. 7 Quadrupolar mass filter and the trajectories of two ions. Red line: an ion in an unstable
region of the stability diagram on an unstable trajectory. Blue line: an ion in a stable region of
the stability diagram passing the quadrupole on a stable trajectory. A) Section of the quadrupole
illustrating radiofrequency voltage; B) Upper side view of the ion trajectories in the quadrupole.

1.8 Tandem mass spectrometry

Tandem mass spectrometry (MS/MS) uses the principle of two mass analyzes and
fragmentation process which takes place between them. This two dimensional analytical
technique can be performed in two ways (de Hoffman E. and Stroobant V., 2002;
McLuckey S. A. and Wells J. M., 2001; Sleno L. and Volmer D. A., 2004)

e Tandem mass spectrometry in time is specific for instruments where the tandem
analysis is performed in the same place which is characteristic for ion trap mass

spectrometers.

e Mass spectrometry in space is done in two separated mass analyzers connected

by collision cell e.g. tripplequadruple mass spectrometers.

A key feature of MS/MS is fragmentation of compounds after first mass spectrometric
analysis. These fragments are then evaluated by second MS analysis. Fragmentation is
based on the change in internal energy of the molecule and breaking its chemical bonds
leading to generation of fragments. One of the ways how to fragment the ions is by
collision induced dissociation (CID) (de Hoffman E. and Stroobant V., 2002; Jennings
K. R., 2000; Sleno L. and Volmer D. A., 2004).
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1.8.1 Collision induced dissociation

Process of CID is based on kinetic collisions of analyte ions (Precursor ions) with
molecules of neutral gas (collision gas) in the collision cell (e.g. RF voltage quadrupole
abbreviated by q). Kinetic energy of the collisions (collision energy) is transferred to the
internal energy of analyte ion. If the increased internal energy is sufficient to break
chemical bond then fragments of analyte (Product ions) are generated (de Hoffman E.

and Stroobant V., 2002; Jennings K. R., 2000; Sleno L. and Volmer D. A., 2004).

Energy transfer of the collision is influenced by kinetic energy of precursor ions and
MW of collision gas . We can discriminate the collisions based on their collision energy
to low energy (1-100 eV) and to high energy (>1 keV) collisions (de Hoffman E. and
Stroobant V., 2002; Sleno L. and Volmer D. A., 2004).

1.8.2 Scanning modes of tandem mass spectrometer

Tandem mass spectrometers are able to perform analyses as single MS instrument but
have some specific MS/MS modes (de Hoffman E. and Stroobant V., 2002; Sleno L.
and Volmer D. A., 2004).

MS scans
Mass range scan — mass spectrometer scans through the range of selected m/z.

Selected ion monitoring — mass spectrometer records signal intensity of selected ion(s) .

MS/MS scans

Product ions scan: This mode is used for evaluation of the product ions which are

produced by CID from their selected precursors.

Precursor ions scan — This technique is reverse to the product ions scan and allows
searching for precursor ions which share structural similarity based on selected product

ion.

Neutral loss scan — MS/MS instruments are able to scan for ions producing neutral

fragment in the process of CID.
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Multiple reaction monitoring — First and second mass spectrometers scan selected pairs
(transition pairs) of precursor and product ions. This technique is useful for selective

and sensitive quantification because it maximizes duty cycle of the analysis.

1.9 Electrospray tandem mass analysis of sphingolipids: brief overview

Electrospray ionization can be used for the separation of SFL during the MS analysis.
This can be achieved by selective intrasource ionization used e.g. in the shotgun

lipidomics MS (Fig. 8) (Han X. and Gross R. W., 2005; Haynes C. A. et al., 2009).

A+ (Analyzed in positive-ion mode)
A+B-
(lonic bond)

B" (Analyzed in negative-ion mode)

[A-B+X]* (X=H*, Li*, Na*, K*, NH,*, ...,
Polar < Analyzed in positive-ion mode)

compound
. . [A-B+Y]" (Y=OH-, CF, ...,
{Covalent Analyzed in negative-ion mode)
bond

) Eg:.,mlﬂ.:d Specific methodology or other ioniza-

(e.g., TAG, tion approaches such as APCl can be
cholesterol) employed (see text)

Fig. 8 Scheme of intrasource ionization strategies for

shotgun lipidomics (Han X. and Gross R. W., 2003)

Different mechanisms of ion generation resulting in different forms of sphingolipid ions
and their fragments can be used (Fig. 9) (Boscaro F. et al., 2002; Cech N. B. and Enke
C. G., 2001; Han X. and Gross R. W., 2005; Haynes C. A. et al., 2009; Kebarle P.,
2000; Mano N. et al., 1997; Olling A. et al., 1998).

It is also possible to use separation techniques prior the ESI-MS/MS analysis. Normal
phase HPLC can be used for separation of SFL according to their hydrophilic part
(Lipid groups separation - Fig. 10 D,C) whereas reverse phase HPLC can separate
sphigolipid isoforms according to the hydrophobicity mostly by properties of the
ceramide part of the molecule (Fig. 10 A,B) (Shaner R. L. et al., 2009).
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Fig. 9 Fragmentation of ceramide (A) and specific fragments of sphingomyelin (B), GM1
ganglioside (C) and sulfatides (D). Neutral fragment of hexose (galactose) is an example of
fragmentation used in a neutral loss scan (E).
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Fig. 10 HPLC separation of sphingolipids (Shaner R. L. et al., 2009) - elution profiles on
reverse phase (A, B) and normal phase (C, D) chromatography. Shown are the elution of
sphingoid bases and 1-phosphates and Cer1P in the single-phase extract of approximately (panel
A) versus cells alone (panel B) The abbreviations identify the nature of the sphingoid base (e.g.,
S, sphingosine, d18:1; Sa, sphinganine, d18:0; and internal standards d17:1 and d17:0), the 1-
phosphates (1P), and ceramidel-phosphates (Cer1P, designating the sphingoid base and amide-
linked fatty acid). C: Elution of complex sphingolipids in the “lower phase extract” D:
Separation of d18:1/C16:0-GlcCer and -GalCer standards
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1.10 Quantitative analysis in the mass spectrometry

There are three major approaches for quantitative analysis which are based on the
presumption that the measured signal express amount of analyte. It is required that the
signal intensities have linear response in the measured range of concentrations. Nearly
linear relationship between the relative intensities of molecular ions and the mass of
individual lipids over a 10,000-fold dynamic range together with small experimental
error makes this method ideal for selective and sensitive quantification (de Hoffman E.
and Stroobant V., 2002; Han X. and Gross R. W., 2003; Han X. and Gross R. W.,
2005).

e [External calibration method

e Internal standard (IST) method is also based on the use of calibration curve.
Analyte standards are mixed with known stable amount of the IST. The same
amount of IST is added to the measured sample.. IST compensates for errors
caused by sample preparation and by matrix effect. Internal standards are

divided into three groups:
0 structural analogues labeled with stable isotopes
O structural homologues
0 compounds from the same chemical family

e Isotopic dilution method
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2. AIMS of the study

In recent years, increased interest in investigation of metabolism and biological
functions of SFL has help to develop sensitive and accurate methods for their analysis.
One of the leading analytical methods, tandem mass spectrometry (MS/MS), fulfils the
requirements and provides high selectivity and sensitivity, even using crude lipid
extracts and shotgun approach. Identification of various molecular species of individual
sphingolipid classes in different biological material is an additional, but important,

advantage.

This study focuses on the contribution of MS/MS to sphingolipidomics and its
applications related to the laboratory research and diagnosis of inherited disorders of

sphingolipid degradation. Outlines of the study include:

A. Selection and optimization of tandem mass spectrometry methods of

sphingolipid analysis

e cvaluation of fragmentation patterns and methods of qualitative and quantitative

analysis of sphingolipids

e preparation of labeled sphingolipids containing atypical or mass labeled fatty

acids

B. Analysis of sphingolipids in human urine for purposes of differencial diagnosis

in lysosomal storage disorders

e to establish method for quantitative analysis of urinary SFL; optimization of

methods for evaluating data and normalization of results

e to examine urinary sphingolipids as potential diagnostic markers in rare
deficiences of saposin activators and other related LSD (Fabry disease and

MLD)

e to search for new diagnostic markers of LSD: examination of the profiles of

sphingolipid isoforms in urine
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C. Analysis of sphingolipids in human cells and tissues in normal state and in

lysosomal storage disorders

e analysis of sphingolipids and their deacylated derivatives in cells and tissues in

selected LSD (Fabry disease, MLD, prosaposin and saposin B deficiencies)

D. In vitro and in situ enzymology of lysosomal storage disorders utilizing tandem

mass spectrometry
e [nvitro enzymology of LSD

e [n situ examination of sphingolipid degradation pathways in living cells using

mass labeled substrates
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3. RESULTS AND DISCUSSION (A-D)

Laboratory methods and statistics are given in published articles that are listed in the
Supplementary publications section of this PhD thesis. Link to relevant articles is

always noted in references in the appropriate section of Results and discussion.

A. Selection and optimization of tandem mass spectrometry

methods of sphingolipid analysis

The use of MS for the analysis of SFL requires reliable methodological background.
This primarily needs selection of appropriate fragmentation reaction. The next crutial
step is to choose suitable internal standards which often require laboratory preparation.
For this purpose, we have developed a method of enzyme-catalyzed synthesis on the
surface of solid nanoparticles and prepared several mass labeled sphingolipid analogs

suitable as internal standards.

A.1 Biosynthesis of sphingolipids labeled by atypical fatty acid

In recent years, an enzymatic reaction catalyzed by sphingolipid ceramide N-deacylase
(SCDase, EC 3.5.1.69) was found to be effective for the preparation of specific
sphingolipid molecules (Fauler G. et al., 2005; Ito M. et al., 1995; Ito M. et al., 2000;
Kita K. et al., 2001; Mills K. et al., 2002).

SCDase catalyses the conversion of GSL into lyso-derivatives (N-deacylated GSL, lyso-
GSL) under acidic conditions (pH 5, detergent concentrations up to 0.8%) by splitting
the amide bond between the sphingoid and fatty acid in the ceramide. Under modified
conditions (pH 7, detergent concentrations up to 0.1%) the enzyme catalyses the reverse
reaction, i.e., reacylation. The effectiveness of the condensation is influenced by the
type of lyso-GSL and fatty acid (Ito M. et al., 1995; Ito M. et al., 2000; Kita K. et al.,
2001).

SCDase is the most important and expensive component of the reaction mixture, so we
looked for conditions that would enable us to reuse the enzyme, e.g., by utilizing the
principle of enzyme immobilization on the surface of solid particles (Bilkova Z. et al.,

2002; Bilkova Z. et al., 2005; Bilkova Z. et al., 2006; Korecka L. et al., 2008).
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A carrier with superparamagnetic properties was chosen for the simple and gentle
separation of products from the reaction mixture. Magnetic macroporous bead (MMB)
cellulose was selected for its hydrophilic properties and high specific surface area,
which provides maximum binding activity. The character of the particles and the chosen
method of immobilisation resulted in a system with many advantages (Bilkova Z. et al.,

2002; Bilkova Z. et al., 2005; Bilkova Z. et al., 2006; Korecka L. et al., 2008).

The standard procedure used for enzyme immobilisation was based on the creation of a
Schiff base between the primary amino group of the enzyme and the aldehyde group of
the activated MMB cellulose (Bilkova Z. et al., 2005; Korecka L. et al., 2005). The
advantage is that the reactive aldehyde groups are formed on the solid phase, while the
enzyme molecule is not affected by the oxidation. The resulting Schiff base is mildly
reduced with cyanoborohydride to form a stable bond (Hermanson G. T., 1996). The
prepared SCDase-activated MMB cellulose had a higher rate of substrate conversion for
both the deacylation and reacylation reactions than the soluble enzyme using standard
conditions (Kita K. et al., 2001). The optimal substrate ratio for synthesis was found 1:1

as shown in Tab. 3.

Tab. 3 The effects of different molar ratios of substrates on the
formation of the C18:0 Gbs;Cer product. Reactions were catalyzed by
the SCDase-activated MMB cellulose

Ratio lyso-GbsCer/ stearic acid 1:1 1:2 1:3 1:4

lyso-GhsCer® 143 216 219 310

C18:0 Gb;Cer” 1401 1478 1403 1307
synthesis (%) 91 87 86 81

*Evaluated by TLC densitometry in arbitrary units

Although soluble SCDase has been successfully applied to sphingolipid semisynthesis
(Fauler G. et al., 2005; Kita K. et al., 2001; Mills K. et al., 2002; Mitsutake S. et al.,
1997; Mitsutake S. et al., 1998) the reaction mixture contained considerable amount of
contaminating fatty acids and the resulting product revealed very low isoform purity.
This complicates the preparation of specific isoforms especially when different lots of
commercial enzyme may contain varying amounts of contaminants. This is

unacceptable for further studies where MS is used as analytical method.
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To compare both methods of enzymatic semisynthesis, C17:0 GlcCer was prepared in
bulk solution containing a soluble form of SCDase (Fig 11).. Mass spectra revealed a
considerable amount of contaminants in the final product; the contaminants were
identified as GlcCer isoforms with C16:0 and C18:0 fatty acids (see Fig. 11(A)). The
total yield of GlcCer synthesis was 99% (data not shown), but only 36% of the lyso-
GlcCer was converted into the requested C17:0 isoform. The remaining 63% of the

product consisted of contaminating isoforms.
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Fig. 11 ESI-MS/MS analysis of C18:0 and C16:0
isoform contaminants and comparison of the soluble
and immobilized SCDase reaction products.
Semisynthesis of C17:0 GlcCer using (A) soluble
SCDase and (B) SCDase-activated MMB cellulose.

Using immobilized enzyme, 80% of lyso-SGalCer, 90% of lyso-GlcCer were acylated
and converted into C17:0, SGalCer and GlcCer, respectively. Only trace amounts of

contaminating isoforms (about 3% in both lipid preparations shown on Fig 11B and Fig
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12) were detected. These fatty acid labeled SFL were then used as internal standards for
MS quantitative analysis. Similarly, The C17:0 GM1 ganglioside was prepared from
lyso-GM1 with 90% rate of conversion and 97% isoform purity.
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Fig. 12 ESI-MS/MS analysis of C17:0 sulfatide (A) and C17:0 glucosylceramide (B) prepared
with the SCDase-activated MMB cellulose.

The great advantage of the SCDase-activated MMB cellulose was that did not show any
decrease in activity after 15 reuses and was still active after 1.5 year of storage in the

buffer.
In comparison with other methods, immobilized SCDase showed further advantages:

1. using the soluble enzyme, (Fauler G. et al., 2005) only 25% of lyso-Gb3Cer was
converted into the pure Gb3Cer isoform and consumption of both, the enzyme and the

product precursor was high

2. chemical synthesis utilising lyso-sphingolipids (Mills K. et al., 2005) and highly
reactive acid chlorides can lead to non specific products due to side reaction with the

hydroxyl groups of the oligosaccharide

3. other procedures of organic synthesis (Zhou X. et al., 2001) reactions have proved to

be time consuming and giving small yields

Reference:

Supplementary publication A, Supplementary publication D
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A.2 Set up of tandem mass spectrometry analysis of sphingolipids

The methodological scheme for MS/MS analysis of different classes of SFL was

developed tested and optimized to get the most specific and sensitive analytical system.

The ionization of SFL by ESI can be done by different ionization strategies. One of
them utitilizes neutral amonium salts which are added to the solution to facilitate the
ionization of analytes. We have chosen ammonium formiate in the SmM concentration
which is a more efficient additive for generation of [M-+H]" sphingolipid ions than
ammonium acetate (Mano N. et al., 1997). Acidic SFL, e.g. sulfatides or gangliosides,
have acidic groups that lose H" . We used pure methanol as convenient solvent to

generate [M-H] ions in negative ion mode by ionization through charge separation.
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Fig. 13 Principle of neutral loss measurements of sphingolipids with deuterated
dihydroceramide and sphinganine (sphing-4-anine) in the ceramide region of the molecule.

A) Complete loss of Gb3Cer oligosaccharide, B) Shortening of Gb3Cer oligosaccharide C)
Neutral loss of saccharide part in lysoglycosphingolipids. CID — collision induced dissociation;
Gb3Cer — globotriaosylceramide.

For further measurements we selected the most common fragment with 264 m/z which
is derived from the ceramide with C18:1 sphingosine and the fragment with 282 m/z for
deacylated derivatives (Gu M. et al., 1997; Lieser B. et al., 2003; Olling A. et al., 1998;
Scherer M. et al., 2010). Other fragments were also occasionally used esp. for SFL with

ionizable polar group like sphingomyelin, sulfatides etc. (Domon B. and Costello C. E.,
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; Hsu F. F. et al., 1998; Hsu F. F. and Turk J., 2000; Ii T. et al., 1995; Kerwin J. L.
et al., 1994; Murphy R. C. et al., 2001; Whitfield P. D. et al., 2001).

We found that for GSL containing dihydroceramide or sphinganine, generation of
specific neutral fragment during CID is 5 times more effective than generation of 264

or 282 m/z fragments. (Fig. 13).

Reference:

Supplementary publication E

A.3 Quantification

Individual SFL are not represented by one specific molecule only, but they form a
heterogeneous group of molecular types (isoforms) with various fatty acids and
sphingoids with different molecular masses. Their profiles are usually cell- and tissue-
specific (Fig. 14). This points to the importance of examination of isoform profiles

before conducting a quantitative analysis.
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Fig. 14 Isoform profiles measured using precursor ion scans for different
lipids and biological materials. Isoforms with different fatty acid chain
lengths are identified. A) ceramides in skin fibroblasts, B) Gb3Cer in the
kidney.
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Quantification was done by single point calibration with an external lipid standard
corrected by the signal ratio toward IST. The concentrations of lipid calibrators in
external and internal standards were within the range of previously determined linear
response. The concentrations of IST in the external calibration point and in the analyzed

samples were the same (de Hoffman E. and Stroobant V., 2002).

Mono- and di- hexosyl SFL were quantified in one fraction because they are isobaric

(have the same mass and product ions) and therefore indistinguishable by MS.

Reference:

Supplementary publication B, Supplementary publication E

B. Analysis of sphingolipids in human urine and its use for the

differential diagnosis of lysosomal storage disorders

Laboratory diagnosis of LSD should be always focused on utilization of non invasive
biological material. Therefore, we were interested in methods for analysis of SFL in the

urine with a particular focus on the following:
e appropriate method of quantification of SFL in urine

e application for diagnosis of LSD with typically high excretion of specific SFL
e.g. in Fabry disease and MLD

e application for LSD caused by the defects of protein activators (saposins) where

routine laboratory enzymology fails

e examination of isoform profiles of specific urinary SFL as potential LSD

biomarkers

B.1 Quantity of urinary sphingolipids

Urine is a non-invasive diagnostic material that is of practical importance in diagnosing
lysosomal disorders where the storage of non-degraded substrate induces pathological
processes in the kidney cells. These disorders are characterized by the massive excretion

of specific SFL, e.g., Gb3Cer in Fabry disease (o-galactosidase A deficiency due to
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mutations of the GLA gene) (Desnick R. J. et al., 2001); sulfatides in metachromatic
leukodystrophy (arylsulfatase A deficiency due to mutations of the ARSA gene) (von
Figura K. et al., 2001) and both lipids in prosaposin and saposin B defects (Sandhoff K.
etal., 2001).

B.1.1 Pitfalls of the quantification of sphingolipids in urine

The normalization parameter commonly used for urinary metabolites is creatinine
which, however, does not reflect the cellular origin of SFL. Therefore, concentration in
urinary samples with creatinine level lower than 1 mM, are artificially inflated (Fig.
15A), which may lead to an incorrect diagnosis in patients (e.g., Fabry disease,
prosaposin and saposin B deficiencies, and MLD). Regarding Fabry disease, this issue

has already been pointed out (Forni S. et al., 2009).

Urinary volume was found more convenient normalization parameter (Fig. 15B).
Another possibility is the concentration ratio of the analyzed compound to
sphingomyelin representing a major sphingolipid of the cell membrane (Berna L. et al.,

1999).
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Fig. 15 Comparison of two methods of normalization of urinary Gb3Cer in four groups of
samples: in controls with low creatinine (creatinine <1 mM), in infantile and adult controls with
creatinine within a normal range (creatinine >1 mM-15 mM) and in Fabry patients.

Graph A clearly shows that controls with low creatinine values, are indistinguishable from
patients with Fabry disease. This fact is usually not taken into account in the literature although
low levels of creatinine are quite often found in newborns and young children. In contrast, urine
volume as a normalization parameter more reliably distinguishes between controls and Fabry
patients (graph B)
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Reference:

Supplementary publication B, Supplementary publication E

B.1.2 Urinary sphingolipids in prosaposin and saposin-B deficient patients and in

other sphingolipidoses

Results in Tab. 4 summarizes the quantity of urinary sphingolipids in patients 1
(pSap-d) and 2 (SapB-d) compared to findings in Fabry disease, MLD, and normal
controls. The data were normalized relative to the concentration of sphingomyelin as a

reference cellular sphingolipid.

Tab. 4 Urinary Sphingolipids in Patient 1 (pSap-d), Patient 2 (SapB-d) compared with MLD
and Fabry patients and with controls (ESI-MS/MS determination)

Lipid values® expressed as Kg/100 pg sphingomyelin

Lactosyl- and Monohexosylceramide
Sulfatide  Globotriaosylceramide digalactosylceramide (mainly glucosylceramide) Ceramide
Patient 1 [pSap-d] 44-day-old 67° 208° 45° 26° 17°
Patient 2 [SapB-d] 50-month-old 145° 51° 35° 14° 6.3
Metachromatic leukodystrophy 120° 38¢ 8.8 33 14 5.3 6.2 1.7 3B11
1- to 5-year-old (n=6)
Fabry disease males 24- to 6.8 2.5¢ 201° 102 35° 19 3514 4817
54-year-old [n=10)
Infantile/late-infantile controls 14 5.29 15 B.2 10,2 3.0 4410 4318
0.5- to 12-year-old (n = 16)
Adult controls males and females® 9.7 2.5 21 14 16 6.1 4414 5.8 28

17-to 60-year-old (n =12)

“Mean of three determinations for patients 1 and 2. For the analytical reproducibility, see Patients and Methods Section.
“Fabry carrier status was excluded in control females moleculariy.

“Statistical significance P-<0.001.

“Standard deviation.

“Statistical significance P-<0.01.

The percent distribution of the main urinary SFL is shown on Fig.16. This format,
which allowed for a simple normalization of urinary lipid values in the absence of
normalizing parameters, confirmed most of the findings summarized in Tab. 4. In
normal controls sphingomyelin accounted for more than 60% of SFL, but in the
patients, the proportion of sphingomyelin was considerably less due to the
preponderance of other SFL. The combined percentages for sulfatide, Gb3Cer,
dihexosylceramides, glucosylceramide, and ceramide was higher in the diseases studied
than for controls, with pSap-d having the highest percentage, consistent with the unique

urinary multiple sphingolipid elevations in this condition.
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Fig. 16 Percent distribution of main urinary sphingolipids. Order of column
sections from bottom to top: sulfatide (right edge dark), globotriaosylceramide
(sand-like), dihexosylceramides (gray), glucosylceramide (light), ceramide
(black), sphingomyelin (light gray). Columns: pSap-d, patient 1; SapB-d,
patient 2; MLD, metachromatic leukodystrophy group (mean, Tab. 4); Fabry,
Fabry disease group (mean, Tab. 4); inf. cont., infantile/late-infantile controls
(mean, Tab. 4); adult cont., adult controls (mean, Tab. 4).

We have demonstrated for the first time the use of urinary sphingolipid analysis when
diagnosing the rare pSap-d condition. We have also shown efficiency of this procedure
when screening for SapB-d and other sphingolipidoses (Tab. 4). In particular, urinary
lipid analysis by ESI-MS/MS done for the pSap-d neonate verified the complex urinary
lipid changes in this condition and allowed quantification of individual sphingolipid
classes. High increase in the concentration of Gb3Cer (within the range seen in adult
Fabry disease) along with the increase in sulfatide, dihexosylceramides (LacCer and
digalactosylceramide), GlcCer, and in ceramide has been demonstrated. The urinary
concentration of LacCer/diGalCer fraction was also elevated in the SapB-d patient (Tab
4) due to digactosylceramide, another substrate of a-galactosidase A (EC 3.2.1.22) in
synergic function with SapB (Bradova V. et al., 1993). Increase in multiple SFL, CDH,
Gb3Cer and sulfatide in SapB-d has been reported previously using chromatographic
methods (Li S. C. et al., 1985).

Reference:

Supplementary publication B, Supplementary publication E
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B.2 Search for novel urinary sphingolipid biomarkers

B.2.1 Sphingolipid isoform profiles

Tandem mass spectrometry provides specific data that allow to examine patterns of
molecular species and to monitor changes in their relative abundance related to the
nature of the disease. It may strongly influence the clinical view in some diseases.
Understanding these variations in relation to the disease may help to identify new

categories of biomarkers (Paschke E. et al., 2011; Postle A. D., 2008).

For example, an analysis of urinary lipid extracts in the case of MLD showed significant
differences in sulfatide isoform profiles (Fig 17, 18B); such differences were also
evident in cases of pSap-d (Fig 17) and SapB-d (data not shown) We also found
modified patterns of globotriaosylceramide species in the urine of Fabry patients (Fig.

18A).
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Fig. 17 Comparison of urinary isoform profiles from MLD and prosaposin deficiency (Psap-d)
patients and controls. Arrows indicate components undergoing major changes.
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Fig. 18 Elevated excretion of major sphingolipid isoforms (A) C24:0 Gb3Cer
in Fabry disease; (B) C24:0-OH sulfatide in MLD

Reference:

Supplementary publication C, Supplementary publication E, Supplementary publication
F

B.2.2 Hypotesis explaining pathological changes in isoform patterns of urinary

sulaftides

It is presumed that the exfoliated renal tubule epithelium cells affected by lysosomal
storage are the primary source of excreted SFL in some LSD (Chatterjee S. et al., 1984;
Iwamori M. and Moser H. W., 1975; von Figura K. et al., 2001; Warnock D. G. et al.,
2010). In the absence of renal damage, the renal epithelium cells appear in the urinary
sediment in only very small quantities (Chatterjee S. et al., 1986; Nguyen G. K. and
Smith R., 2004).

We compared the sulfatide profiles in urine and in extracts of kidney homogenates from

normal individuals and from the prosaposin deficient patient.

The pattern of sulfatide isoforms was similar in the healthy kidney and in the kidney

affected by lysosomal storage (Fig. 19 A,B; purple highlighted bars).

In contrast, an altered urinary sulfatide profile (Fig. 19, blue bars) exactly corresponded

to the sulfatide kidney profile ("indirect kidney biopsy"; (Desnick R. J. et al., 1970)) of
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the prosaposin deficient patient. This can be taken as an indirect evidence for changes
in the composition of cellular types in the urinary sediment - desquamated urothelial
cells in healthy controls (Chatterjee S. et al., 1986) and lipid-laden renal tubule cells
(Warnock D. G. et al., 2010) in patients with LSD .
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Fig. 19 Comparison of sulfatide isoform urinary and kidney profiles in controls (panel A) and
the prosaposin deficiency (Psap-d) patient (panel B). The similarity of urinary and kidney
profiles in Psap-d is obvious. Arrows indicate major changes in the isoform profiles.

The spectrum of the sulfatide isoforms in the kidney corresponds largely with the
expression of CerS2 which is primarily expressed in the kidney cells and is specific for
acylation of sphingoid base with C22 through C24 fatty acids (Laviad E. L. et al., 2008;
Levy M. and Futerman A. H., 2010). These are the major molecular forms of kidney

sulfatides and are elevated in urine of patients with MLD and prosaposin deficiency.

Reference:

Supplementary publication C

B.2.3 Tandem mass spectrometry profiling of urinary sulfatides bound to DEAE

membrane and its diagnostic significance

Transportation of liquid biological material such as blood and urine is often quite
complicated. Large sets of liquid samples, organization of a rapid transport from distant
places and maintenance of required temperature pose a considerable burden and may

lead to inaccuracies in the measured parameters. This can be overcome by preparation
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of dry samples. As for the blood, the dry blood spots (DBS) have proved very useful for
many different diagnostic applications including determination of activities of several

lysosomal hydrolases (Turecek F. et al., 2007).

For diagnosis of sulfatidoses, we have introduced DEAE membrane (as a carrier of
sulfatides) for preparation of dry urine samples, acting simultaneously as a tool of
partial purification of sulfatides and enhancing sensitivity of the analysis. These are the
key characteristics of the procedure which is being considered as a screening method for

MLD because enzyme-based DBS analysis is still missing.

In an effort to simplify the analytical procedure and lower the cost, we sought to find
the least variable component of the sulfatide spectrum for normalization of the signal of
major elevated isoforms. Sulfatide C18:0 isoform was the most stable parameter percent
wise and was used as an indigenous reference for calculating the isoform profile number
(IPN), the disease marker. IPN represents the ratio of the summed SRM intensities of
five elevated major urinary sulfatide isoforms (C22:0, C:22:0-OH, C24:0, C24:1-OH,
and C24:0-OH) to C18:0 isoform. Selection of five MLD-related isoforms minimizes
individual differences in collected samples in comparison with the previously reported
analysis of Gb3Cer profile in urine of Fabry patients based on only one major elevated
C24:0 isoform (Paschke E. et al., 2011). The use of the C18:0 reference isoform also
helps to resolve the long-standing problem of suitable evaluation of urinary lipids which
resulted from the use of inappropriate normalizing parameters (i.e. creatinine ) (Forni S.

et al., 2009).

We have shown that simple profiling of specifically increased sulfatide isoforms by
calculating the IPN was able to reliably identify all patients with MLD and prosaposin
deficiency, indicating no false negatives, and distinguished all controls, indicating no

false positives (Fig. 20).

-59 -



60
Max
£ 50
S
] i
(=]
g 404 PR 18D
S *
g > e
S 50%
= 4 *
IPN 3 30+ &
s
g -18D
5 20 - O:L )
ge) Min
% - pex 18D
c
2 10 — 50%
i Min < -1 SD
0 T I 1 |
MLD (n=20) Psap-d MLD heterozygote Controls (n=50)

Fig. 20 Ratio of composed SRM intensities of major urinary isoforms to the SRM intensity of
the intrinsic C18:0 reference (IPN) for MLD and prosaposin deficiency (Psap-d) patients, a
heterozygote, and controls.

The stability of sulfatides captured on the DEAE membrane under different storage
conditions was found sufficient, as the IPN value provided clear differentiation between
the control group and MLD patients at any time point up to 100 days of storage (Tab.
5).

Samples are usually delivered to the analytical laboratory within one week after
collection but even longer storage period had no negative impact on the outcome of the

laboratory analysis and diagnosis.
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Tab. 5 - Stability of sulfatides bound to DEAE membrane under different storage conditions
evaluated by IPN

Day
1 3 6 100 Avg SD CV%
C1 LT 7.69 6.73 8.06 6.07 7.14 0.91 12.71
FR 7.30 8.28 8.03 6.40 7.50 0.84 11.24
Cc2 LT 9.51 10.05 8.44 7.78 8.95 1.03 11.46
FR 8.50 8.34 9.55 8.80 8.80 0.54 6.12
C3 LT 8.62 9.86 10.26 6.79 8.88 1.56 17.57
FR 11.04 8.62 9.98 8.55 9.55 1.19 12.50
MLD1 LT 48.86 51.69 40.40 43.16 46.03 5.16 11.22
FR 36.42 37.19 48.27 35.53 39.35 5.98 15.20
MLD2 LT 32.33 20.63 25.30 20.50 24.69 5.56 22.53
FR 31.22 28.20 30.62 34.63 31.17 2.65 8.51
MLD3 LT 27.07 29.83 20.99 27.70 26.40 3.79 14.37
FR 21.76 24.20 24.32 24.99 23.82 1.42 5.95

IPN values are average of two measurements

C - Control; MLD - metachromatic leukodystrophy; LT - laboratory temperature; FR- storage
in a freezer at -20 °C; values of IPN are in arbitrary units;

Reference:

Supplementary publication C

C. Analysis of sphingolipids in human cells and tissues in

normal state and in lysosomal storage disorders

Sphingolipid analysis in tissues and cells may have the specific diagnostic application.
Autopsy tissue analysis of SFL has been proved very useful for determining the
postmortem diagnosis in many cases. Also sphingolipid composition of cultured skin
fibroblasts can provide valid information on defects of degradative pathways in

sphingolipidoses.

Some examples of analyses of archived human tissues and cells follow:
e SFL in skin fibroblasts
e Kidney SFL
e Mpyocardium Gb3Cer and its relation to lyso-Gb3Cer

e SFL in the placenta
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C.1 Sphingolipids in skin fibroblasts

Cultured skin fibroblasts are not typical “storage cells,” but the concentration of
nondegraded SFL increases significantly in some of the LSD. Quantitification of SFL in
the harvested pellet of skin fibroblasts thus can help in laboratory diagnosis of rare

diseases e.g. defects of saposin activators (Table 6)

Tab. 6 Increased concentration of sphingolipids in cultured skin fibroblasts in patients
with sphingolipid activator deficiencies (saposin B and prosaposin deficiencies) and in
patients with defective enzyme proteins (Fabry and Niemann-Pick A disease).

Cer CMH CDH Gb3Cer SM

Prosaposin def. 34,48 1427 25,75 27.06 45,70
saposin B def. 6,87 144 1,56 21,36 107,33
Fabry disease 3,76 1,89 2,10 35,68 42,62
Nieman-Pick A 415 1,67 5,63 0,51 195,17
Control 1 6,21 3,25 2,17 0,52 68,25
Control 2 1,18 2,67 1,37 2,17 21,04

Values are in ng/pg of protein

Cer - ceramide; CDH - ceramidedihexoside, CMH — ceramidemonohexoside; SM —
sphingomyelin; Gb3Cer - globotriaosylceramide

Reference:

Supplementary publication E

C.2 Sphingolipids of human kidney and myocardium

In some cases, postmortem analysis of autoptic tissues revealed a metabolic defect
which was essential for genetic councelling in families. Here, we are showing two

examples leading to a final diagnosis which was confirmed by DNA analysis later on.

The first example shows the accumulation of Gb3Cer in the kidneys of patients with
Fabry disease and prosaposin deficiency (Tab. 7). These findings are in accordance with
other authors (Aerts J. M. et al., 2008; Bradova V. et al., 1993; Desnick R. J. et al.,
2001).
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Tab. 7 Concentration of sphingolipids in the kidneys of Fabry male patient and in a case of

prosaposin deficiency

Cer CMH CDH Gb3Cer | sulfatide SM
Fabry disease 05 1,0 3,7 115.2 05 240
Prosaposin def. 391 239 49,3 57.6 39.6 125,56
Control (n=3) 11,2 0,7 3.2 10,2 11 57,9
Values are in ng/pg of protein, Control is represented by the mean value
Cer - ceramide; CDH - ceramidedihexoside, CMH - ceramidemonohexoside, SM -

sphingomyelin; Gb3Cer - globotriaosylceramide

Second example demonstrates the storage of Gb3Cer and lyso-Gb3Cer
(globotriaosylsphingosine) in the myocardium of Fabry patient (Fig. 21). The role of
these derivates esp. that of lyso-Gb3Cer in the pathological process is still underrated.
An elevated concentration of lyso-Gb3 encountered in plasma of symptomatic Fabry
patients was found to inhibit residual o-galactosidase A activity and thus increase
Gb3Cer concentration. Moreover, induction of smooth muscle cell proliferation in cell
culture by low concentrations of lyso-Gb3 was reported (Aerts J. M. et al., 2008;
Dekker N. et al., 2011). Another known effect is cell toxicity of lyso-SFL. It is assumed
that the toxicity of lyso-GalCer has a major pathological effect in the Krabe disease
(Suzuki K., 1998). Toxic effect of lyso-GlcCer in the cell culture of Gaucher

neuroblastoma cells was also described (Schueler U. H. et al., 2003).
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Fig. 21 Gb3Cer and lyso-Gb3Cer (globotriaosylsphingosine) in the myocardium of Fabry
patient measured by FIA-ESI-MS/MS

A) Gb3Cer and B) lyso-Gb3Cer detected in the autoptic myocardium of Fabry patient compared
to age-matched control.

-63 -



Interestingly, it is not yet clear how deacylated derivatives are formed. Both hypotetical
pathways, biosynthesis (Schueler U. H. et al., 2003) and deacylation (Yamaguchi Y. et
al., 1994) are considered possible but not completely confirmed (Cox T. M. and
Cachon-Gonzalez M. B., 2012).

Reference:

Supplementary publication E

C.3 Sphingolipids in human placenta

The study of the glycosphingolipid (GSL) profile of placental endothelial cells was
induced by our engagement in studies of lysosomal storage of Gb3Cer in Fabry disease.
Immunohistochemical detection of Gb3Cer in a sample of the placenta of Fabry
heterozygote surprisingly showed strong staining of the villous capillaries but free of
lysosomal storage. The same picture was found in placentas of healthy women. All
placentas showed uniform distinct staining of vilous capillary endothelial cells for
Gb3Cer, GM1 and GM3 gangliosides, cholesterol and caveolin 1 suggesting the
presence of caveola-associated raft microdomains..

Comprehensive biochemical study of the GSL profile in normal placentas was done by
tandem mass spectrometry and by TLC using specific detections to confirm the
presence of immunohistochemically detected lipids. Gb3Cer and other frequently
occurring neutral GSLs (ceramide mono- and dihexosides, globoside and GM3
ganglioside) were MS/MS proved (Tab. 8) which was consistent with previously
published results (Jordan J. A. and DeLoia J. A., 1999; Mikami M. et al., 1993;
Strasberg P. et al., 1989; Taki T. et al., 1988).

Gb3Cer was identified as the most abundant component of neutral GSL while GM3 was
the major component of acidic sphingolipids. GM1 ganglioside formed one fraction
with its positional isomer sialylparagloboside (IV°NeuAc-nLc4Cer (SPG) which is not
discriminated by MS/MS because of isobaric character of both compounds.

The presence of GM1 ganglioside was confirmed by further analysis on the principle of
its specific binding with cholera toxin B-subunit. This reaction was used for
visualization after chromatografic separation of sialylated GSL on TLC plate and also

for specific staining of tissue sections. Monosialylated tetrahexosylceramide fraction
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contained SPG as a major component and traces of GM1 ganglioside (<0.12% of the
total fraction).

Gangliosides bearing ganglio-series backbone have not yet been demonstrated in the
placenta. This is the first time that the detectable amount of GMI1, a characteristic

component of cellular membranes and their lipid domains (rafts) has been detected.

Positivity for GM1, GM3 and cholesterol in combination with caveolin 1 (see also
(Lyden T. W. et al., 2002)) suggests the presence of caveola-associated microdomains
(Pang H. et al., 2004; Parton R. G., 1994) at the apical pole of endothelial cells in the
placental capillary network, unique with regard to their high levels of Gb3Cer.

The physiological significance of this finding is open for further studies, which may
discover whether it is related to the clathrin-independent endocytosis (Mayor S. and
Pagano R. E., 2007; Nichols B., 2003), to specific transport processes known to exist at
this level (Solder E. et al., 2009; Takizawa T. et al., 2005) or to the regulation of the

humoral control of the placental microcirculation (Tedde G. et al., 1990).

Tab. 8 GSL in human placenta (in pmol/nmol sphingomyelin)

Cibd Cer b3 Cer CDH CMH SPG+ GMI Cib3
Cl 12.8 27.1 278 27 7.0 519
C2 1.5 il 15.2 16.7 54 37.6
C3 19.1 20.4 15.1 202 4.3 30.1
4 159 3a.1 115 L3 4.5 al.b
23 13.5 353 16.0 192 M. M.

C1-5, different normal human placentas; N.Q., not quantified. The
MS/MS does not differentiate between GSL sugar moieties having
the same mass. Therefore, glucosylceramide and galactosylceramide,
lactosylceramide and digalactosylceramide, and SPG and GM1 are
quantified as monohexosylceramides (CMH), dihexosylceramides
(CDH), and SPG+ GMI1 fraction, respectively. Samples were
measured in duplicates and values standardized to sphingomyelin,
the major ubiquitous sphingolipid of the cell

Reference:
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D. In vitro and in situ enzymology of lysosomal storage

disorders utilizing tandem mass spectrometry

Tandem mass spectrometry has wide applications in enzymology esp. in DBS screening
for deficient activities of sphingolipid hydrolases (Turecek F. et al., 2007). We modified
the DBS method for detemination of enzyme activities in cell homogenates i.e. skin
fibroblasts. This would give us the opportunity to compare results obtained from in vitro
measurements in cell homogenates and from the dynamic experiments on living cells in
situ (loading tests). These tests are either performed with radiolabeled substrates or with
mass labeled lipid compounds, the latter being then evaluated by MS/MS. Examples are

following:

e in vitro determination of B-glucocerebrosidase activity using tandem mass

spectrometry

e in situ dynamic metabolic experiments on acid B-galactosidase deficient cells
(GM1 gangliosidosis): comparison of procedures of mass spectrometry and

radiochemistry

D.1 Tandem mass spectrometry applications for in vitro enzymology of

lysosomal storage disorders diagnosis

Enzymology, in combination with MS/MS, is useful for LSD screening and for
evaluations of enzyme activities in biological material, in general (Kasper D. C. et al.,
2010; Li Y. et al., 2004; Spacil Z. et al., 2011; Turecek F. et al., 2007). One possible
application is measurement of residual B-galactocerebrosidase activity in cultured skin
fibroblasts from patients with Gaucher disease. Assay is based on glucosylceramide

with C12:0 fatty acid as a natural enzyme substrate.

We modified Turecek’s method (Turecek F. et al., 2007) by addition of inactivated
bovine serum albumin (BSA) to the reaction mixture to stabilize the enzyme and used
this procedure to determine residual enzyme activities in Gaucher patients including the
most severe form "collodion baby phenotype" (Fig 22). Measurable residual enzyme
activities were found in all Gaucher types (I and II) in contrast to zero activity in

fibroblasts from Gaucher Type II-collodion baby phenotype. This is in concordance
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with published observations when only arteficial substrate was used (Finn L. S. et al.,

2000).
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Fig. 22 In vitro activity of lysosomal acid B-glucocerebrosidase in Gaucher and control
fibroblasts measured with natural substrate C12:0 glucosylceramide. The reaction product was
analyzed by FIA-ESI-MS/MS

Reference:
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D.2 In situ enzymatic analysis for monitoring the sphingolipid

degradation pathways by tandem mass spectrometry

Loading experiments in cell cultures (also called feeding experiments) are frequently
used to track the metabolic fate of labeled exogenous compounds in living model
systems (Asfaw B. et al., 1998; Asfaw B. et al., 2002; Leinekugel P. et al., 1992; Martin
O. C. and Pagano R. E., 1994; Porter M. T. et al., 1971; Schwarzmann G. et al., 1983;
Sonderfeld S. et al., 1985). The main advantage of such experiments is that they assess

the entire aparatus of living cells, including any nonenzymatic cofactors e.g. like
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saposins. It can give important diagnostic information in those LSD which are not

detectable by routine enzymology-

We compared the methods utilizing radioisotope and mass labeled substrates in loading
experiments on fibroblasts with genetic variants of the -galactosidase deficiency. Both
methods using either ["THJGM!1 ganglioside or C18:0-D3 analogue, clearly revealed
defect in B-galactosidase function (Fig. 23).
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Fig. 23 In situ degradation of GM1 ganglioside by skin fibroblasts from control
and B-galactosidase deficient patients (different variants of GM1 gangliosidosis).

(A) Degradation pattern of [’TH]JGM1 ganglioside in control and p-galactosidase-
deficient cells evaluated by HPTLC and radioscanner. Degradation products are
represented by peaks: O(ceramide), 1(monohexosylceramide),
2(dihexosylceramide), 3 (GM3 ganglioside) 4 (GM2 ganglioside)

(B) MS/MS quantification of GlcCer product formed from stable isotope-labeled
GM 1 ganglioside precursor (C18:0-D5);

Clinical GM1 gangliosidosis phenotypes: a-control, b-adult GM1 gangliosidosis,
c-Morquio B, d-adult GM1 gangliosidosis/Morquio B, e-juvenile GMI
gangliosidosis, f-infantile GM1 gangliosidosis, and g-infantile GMI1
gangliosidosis
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Tandem mass spectrometry facilitates accurate quantification of lipids and the results
correlate better with the clinical and biochemical phenotypes of individual cases.
Moreover, the procedure used to prepare cellular lipids for MS/MS analysis is simple
and relatively fast. Unlike radioisotope assays (Asfaw B. et al., 1998), it does not
require separation during the pre-analytical phase. Finally, mass labeled substrates can
replace radioactive analogues in many cases and thus contribute to the safety and

simplification of analytical work.

On the other hand, the experiments with radiolabeled glycolipid substrates reveal the
entire metabolic pattern of one specific compound (Fig 23 A) making thus possible to

identify relevant metabolites for targeted MS/MS analysis (example Fig.23B)

Reference:
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4. CONCLUSIONS (A-D)

This study presents wide range of MS/MS applications in sphingolipid biochemistry and

pathobiochemistry focused on LSD. Outputs of the main studied areas are following:

A. Selection and optimization of tandem mass spectrometry

methods of sphingolipid analysis

A.1 Optimization of procedures of sphingolipids analysis by mass

spectrometry

Ionization and fragmentation reactions for MS/MS analysis of SFL were selected and
tested and procedures were optimized. For GSL containing dihydroceramide or
sphinganine, new method of MS/MS analysis has been developed based on the
important finding that they preferentially lose neutral (oligo)sacharide fragment during
CID which is 5 times more effective than production of common fragments with 264 or

282 m/z.

A.2 Biosynthesis of sphingolipid isoforms labeled by specific fatty acids

Enzymatic semisynthesis of specific molecular types of SFL has been developed.
Sphingolipid ceramide N-deacylase covalently immobilized on the porous magnetic
cellulose catalyzed reverse conversion of corresponding lysoderivatives into fully
acylated sphingolipid molecules containing C17:0 fatty acid. High yield of final
products was achieved (80% for sulfatide and over 90% for glucosylceramide and
GMI1 ganglioside). The greatest advantage of the procedure was purity and particularly
high isoform purity (97%) of products compared to reactions utilizing soluble
nonimmobilized enzyme. Prepared labeled lipids were subsequently used as internal
standards in the MS/MS quantitative analysis. In summary, the immobilized SCDase on
MMB cellulose has the following advantages: reusability, long-term stability, high rate

of conversion, low production of by-products (isoform purity) and effectiveness for

-70 -



preparation of low amounts of sphingolipids. This system has an universal application
for the preparation of SFL specifically labeled in the fatty acid moiety and is useful for

studies in various fields of sphingolipid biochemistry.

B. Analysis of sphingolipids in human urine and its use for the

differencial diagnosis of lysosomal storage disorders

B.1 Pitfalls of urinary sphingolipids quantification

Evaluation of commonly used reference parameters for the expression of lipid
concentrations excluded urinary creatinine as a reference factor for biased results at its
low values. Instead of that, we recommended urinary volume or sphingomyelin as more

realiable normalizers.

B.2 Quantity of sphingolipids in urine

Quantitative analysis of excreted urinary SFL was demonstrated as important first step

in laboratory diagnosis of suspected Sap-B or prosaposin deficiencies.

Massive increase in urinary sulfatides is also typical for MLD while increase in Gb3Cer
for Fabry disease. Their diagnoses are then confirmed by enzyme assays and
genotyping. However, in cases with defective prosaposin protein routine enzymology
fails and the MS/MS proof of multiple SFL excreted in patient’s urine is the basis for

the differential laboratory diagnosis and final confirmation by DNA analysis.

B.3 Changes in a pattern of sphingolipid urinary isoforms: new
markers for diagnosis of MLD, Fabry disease and prosaposin
deficiency

Tandem mass spectrometry examination of sphingolipid molecular species in urine
revealed a shift in the isoform pattern to species with longer chain fatty acids (C22:0,

C24:0 and C24:1) that can potentially be used for diagnosis of prosaposin and Sap-B
deficiences, MLD and Fabry disease. For screening of MLD and prosaposin deficiency,
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a new method utilizing selective capture of sulfatides to DEAE membrane has been
developed and successfully tested on 50 controls and 21 patients. Long term stability of
sulfatides bound to the membrane allows transportation of dry samples and solves the

problem of complicated transportation of liquid samples of urine.

C. Analysis of sphingolipids in human tissues and cells - a
contribution to general knowledge of pathology of lysosomal

storage disorders (C.1-C.3)

Tandem mass spectrometry of SFL in cells and tissue biopsy or autopsy samples was
found effective for diagnosis of unsolved cases of LSD. For example, analysis of SFL
in the autoptic kidney samples, skin fibroblasts and some other tissues confirmed the
diagnosis of Fabry disease and prosaposin deficiency, later verified by DNA analysis.
Analysis of Fabry myocardium showed - in addition to the massive accumulation of
Gb3Cer, small increase in toxic lyso-derivative which may contribute to the
manifestations of disease. These derivatives are supposed to have important regulatory
and signaling functions but their role in the lysosomal pathology has not yet been fully

elucidated

In the placenta, GM1 ganglioside was for the first time reported in this tissue. MS
identified Gb3Cer and GM3 ganglioside as most abundant SFL. The presence of
Gb3Cer, GM1 and GM3 gangliosides and cholesterol along with caveolin 1 in the
placental blood villous capillaries suggests the existence of caveola-associated
microdomains (rafts) at the apical pole of endothelial cells in the placental capillary
network. This represents a unique finding pointing to specific features of endothelial
apical pole of placental vilous capillaries. The physiological significance of this finding

is open for further investigation.
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D. In vitro and in situ enzymology of lysosomal storage

disorders by tandem mass spectrometry

D.1 Determination of lysosomal enzyme activities in cell homogenates

Determination of lysosomal [-glucocerebrosidase activity using natural substrate
(glucosylceramide with C12:0 fatty acid) confirmed zero activity in fibroblast
homogenates from patient with the most serious form of Gaucher type II disease

("collodion baby" phenotype).

D.2 Tandem mass spectrometry monitoring of degradation pathways

in living cells

Results from experiments utilizing mass- and radiolabeled substrates for loadings in
fibroblast cultures from patients with GM1 gangliosidosis were compared. Both
approaches, either using ["HJGM1 ganglioside (radiolabeled) or its C18:0-Ds analogue
(mass labeled), clearly showed hindered degradation of critical GSL.

The use of MS/MS in dynamic metabolic experiments with mass labeled lipid
substrates in living cells increases quantification accuracy and throughput why

eliminating working risk and restrictions of radioisotope methods.

In conclusion, MS/MS is a robust and sensitive analytical procedure efficient in
determining the composition of endogenous sphingolipid classes in various biological
materials and is effective in monitoring their metabolic fate. Its ability to establish
metabolomic profiles of SFL under normal and pathological conditions in cells and
tissues can contribute to a better understanding of the biological significance of

sphingolipid molecules.
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Sphingolipid ceramide N-deacylase (SCDase, EC 3.5.1.69) is a hydrolytic enzyme isolated from
Pseudomonas sp. TK 4. In addition to its primary deacylation function, this enzyme is able to
reacylate lyso-sphingolipids under specific conditions. We immobilised this enzyme on magnetic
macroporous cellulose and used it to semisynthesise C17:0 glucosylceramide and C17:0 sulphatide,
which are required internal standards for quantification of the corresponding glycosphingolipids
(GSL) by tandem mass spectrometry. A high rate of conversion was achieved for both lipids (80% for
C17:0 sulphatide and 90% for C17:0 glucosylceramide). In contrast to synthesis with a soluble form of
the enzyme, use of immobilised SCDase significantly reduced the contamination of the sphingolipid
products with other isoforms, so further purification was not necessary. Our method can be
effectively used for the simple preparation of specifically labelled sphingolipids of high isoform
purity for application in mass spectrometry. Copyright © 2010 John Wiley & Sons, Ltd.

Sphingolipids (SFL) are complex molecules composed of a
hydrophobic ceramide (N-acylsphingoid) and a hydrophilic
portion, with either a saccharide or phosphorylcholine
moiety. In glycosphingolipids (GSL), oligosaccharide chains
of varying complexity are attached by their reducing end to
the terminal hydroxyl group of the sphingoid.’

Recently, tandem mass spectrometry (MS/MS) has bec-
ome very useful for analysis and quantification of sphingo-
lipids in different biological materials. For this purpose,
sphingolipid species that are not abundant in nature are
required as internal standards (IST).

In recent years, an enzymatic reaction catalyzed by
sphingolipid ceramide N-deacylase (SCDase, EC 3.5.1.69)
was found to be effective for the preparation of specific
sphingolipid molecules.>” The enzyme is an acid hydrolase
isolated from the culture medium of the bacteria Pseudomonas
sp. TK4 by ammonium sulphate precipitation and high-
performance liquid chromatography (HPLC) purification. Its
substrate specificity is not identical to that of acid ceramidase
(EC 35.1.23).*

*Correspondence to: |. Ledvinova, Ke Karlovu 2 (Building D), 128
00 Prague 2, Czech Republic.

E-mail: jledvin@cesnet.cz

**Correspondence to: Z. Bilkova, Studentska 95, 532 10 Pardubice,
Czech Republic. E-mail: Zuzana.Bilkova@upce.cz
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The molecular mass of the SCDase protein is 52kDa.
SCDase has optimal activity at pH 5-6 (hydrolysis) and is
stable between pH 4-9; it is potently inhibited by Hg?", Cu*"
and Zn>", maintains 80% of its initial activity after 30 min at
60°C and can be stored at —85°C for 2 months without any
loss of activity. The addition of Triton X-100 at concentrations
of 0.4-0.8% increases its hydrolytic activity by approximately
10-fold.*

SCDase catalyses the conversion of GSL into lyso-derivatives
(N-deacylated GSL, lyso-GSL) under acidic conditions (pH 5,
detergent concentrations up to 0.8%) by splitting the amide
bond between the sphingoid and fatty acid in the ceramide.
Under modified conditions (pH 7, detergent concentrations
up to 0.1%) the enzyme catalyses the reverse reaction, ie.,
reacylation. The effectiveness of the condensation is influenced
by the type of lyso-GSL and fatty acid.®

This work was primarily prompted by the demand for
convenient sphingolipid internal standards (ISTs) for MS/MS
analysis, which is applicable to laboratory diagnostics of
inherited lysosomal disorders of sphingolipid storage (especi-
ally prosaposin and saposin B deficiencies, metachromatic
leukodystrophy, and Gaucher and Fabry diseases).>*"

SCDase is the most important and expensive component of
the reaction mixture, so we looked for conditions that would
enable us to reuse the enzyme, e.g., by utilising the principle
of enzyme immobilisation on the surface of solid particles.

Copyright © 2010 John Wiley & Sons, Ltd.
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The use of carriers with magnetic properties overcomes
problems associated with liquid gel slurries in high-
throughput and standard laboratory applications.ll Mag-
netic particles provide an universal system that is consistent,
stable, easy to handle and exceptionally flexible compared
to standard chromatographic resins. These particles serve
as carriers of surface-immobilised enzymes and can be
easily recovered in a magnetic field when the reaction is
terminated.

Here we describe the immobilisation of SCDase on mag-
netic carriers using standard procedures, and its utilisation
for the preparation of the specific sphingolipid isoforms
C17:0 SGalCer and C17:0 GlcCer as ISTs for MS/MS.

EXPERIMENTAL

Abbreviations

Gangliotetraosylceramide — Gg4Cer, globotriaosylceramide —
Gb3Cer, glucosylceramide — GlcCer, sulphatide - SGalCer. For
deacylated derivatives, the prefix lyso- is used, i.e., lyso-
globotriaosylceramide — lyso-Gb3Cer. Glycosphingolipids
are abbreviated according to the IUPAC-IUB Commission on
Biochemical Nomenclature.'?

Materials

Sphingolipid ceramide N-deacylase (SCDase) was purcha-
sed from TAKARA Bio. Inc. (Otsu, Japan). Magnetic macro-
porous cellulose beads (op. L 1680; 125-250 pum) were kindly
provided by Dr. J. Lenfeld from the Institute of Macro-
molecular Chemistry, Academy of Sciences of the Czech
Republic, Prague, Czech Republic, and are available upon
request by e-mail (lenfeld@imc.cas.cz). Macroporous PER-
LOZA® MT 100 cellulose beads provided by Iontosorb
(Prague, Czech Republic) can be used as an equivalent
alternative. The enzyme substrates Gg4Cer, lyso-Gb3Cer and
stearic acid (C18:0) used for optimisation reactions and lyso-
GlcCer were purchased from Matreya LLC (Pleasant Gap,
PA, USA). Lyso-SGalCer was from Calbiochem-Novabio-
chem GmbH (Schwalbach, Germany), and margaric acid
(C17:0) acid was obtained from Larodan Fine Chemicals AB
(Malmé, Sweden). Sodium cyanoborohydride (NaCNBH3)
and bovine serum albumin (BSA) were from Sigma-Aldrich
Co. (St. Louis, MO, USA). Sodium periodate was from Fluka
(Seelze, Germany). HPTLC-Fertigplatten, Kieselgel 60 and
orcinol were purchased from Merck Chemicals Ltd. (Darm-
stadt, Germany). All other chemicals were of p.a. grade quality.
Organic solvents for tandem mass spectrometry were of mass
spectrometry grade.

Substrates and products of the enzyme reaction were
evaluated with a CAMAG II TLC scanner (Camag Scientific,
Switzerland) equipped with CATS3 analytical software and
an AB/MDS SCIEX API3200 triple quadrupole tandem mass
spectrometer (Foster City, CA, USA) equipped with Analyst
1.4.1 software.

Immobilisation of sphingolipid ceramide
N-deacylase on magnetic macroporous bead
cellulose (MMB cellulose)

SCDase was immobilised onto MMB cellulose using a
standard enzyme immobilisation procedure.m’14 Briefly:

Copyright © 2010 John Wiley & Sons, Ltd.

100 pL of settled particles was washed five times with
distilled water and then was activated with NalO, by mixing
with an equal volume (100pL) of freshly prepared 0.2M
NalOy before starting the binding reaction. The mixture was
incubated for 1.5h at room temperature while mixing on a
rotator (Multi Bio RS-24, Biosan, Riga, Latvia). The activated
particles were washed 10 times with 0.1 M phosphate buffer
at pH 7 (PB), and then 250 mLU. of SCDase (5 mL.U./uL)
and 200 pL of PB were added. The mixture was incubated for
10 min at room temperature while mixing on a rotator. Next,
200 pL of NaCNBHj; was added to stabilise the formed Schiff
base, and the reaction was incubated overnight on a rotator at
4°C. The particles with immobilised enzyme were washed
with PB, followed by 1M NaCl in PB and finally with PB
again. After that, the activation of immobilised SCDase was
done by incubation with 100 nmol of Gg4Cer substrate in
300 pL. of 50 mM acetate buffer containing 0.8% Triton X-100
at 37°C for 1h. Then the products were washed three times
with 50 mM phosphate buffer (pH 7) containing 0.1% Triton
X-100 (storage buffer). Immobilised SCDase was stored in
storage buffer at 4°C.

Examination of SCDase catalytic activity:
hydrolysis and synthesis for estimation of
optimum molar ratio of substrates
For examination of the hydrolytic activity of the immobilised
SCDase, the substrate Gg4Cer was incubated with the bio-
activated particles using the same standard procedure as
described for the soluble enzyme.3’4 Briefly, 20 nmol of Gg4Cer
with 20 L of settled MMB cellulose containing bound SCDase
was incubated in 50mM acetate buffer (pH 5) with 0.8%
Triton X-100 for 30 min at 37°C with mixing on a rotator.
The reverse synthetic reaction was performed under stan-
dard conditions® using lyso-Gb3Cer as the substrate because
a high rate of conversion has been reported for soluble
enzyme.6 To optimise the reaction, different molar ratios of
the precursors, lyso-derivative and fatty acid were tested.
Briefly, SCDase immobilised on MMB cellulose (100 p.L. of
settled particles) was distributed into four tubes. Each 25 wL
aliquot was mixed with a precise molar ratio of the substrates
(20 nmol of the lyso-Gb3Cer mixed with C18:0 fatty acid in
molar ratios of 1:1, 1:2, 1:3 and 1:4) in 200 pl of phosphate
buffer (pH 7.0) containing 0.1% Triton X-100. The reaction
was incubated for 20h at 37°C while mixing on a rotator.
Magnetic particles were separated with a magnetic
separator (Dynal MPC-S, Dynal Biotech ASA, Oslo, Nor-
way), and the supernatant containing the reaction product
was evaporated under a stream of nitrogen and resuspended
in 300 pL of chloroform/methanol (2:1, v/v; C:M). A 20 nL
aliquot of chloroform:methanol solution, which corre-
sponded to approximately 2nmol of the reaction product,
was evaporated under nitrogen. The reaction products were
analyzed using HPTLC (chloroform/methanol/10% acetic
acid, 5:4:1, v/v/ v®) with orcinol detection and densitometry.

Semisynthesis of specific sphingolipid isoforms:
C17:0 sulphatide and C17:0 glucosylceramide

For the semisyntheses, 50 nmol of lyso-SGalCer or lyso-
GlcCer and 50 nmol of C17:0 fatty acid were incubated with
immobilised SCDase (0.1 mLU./20 pL of settled particles) in

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
DOI: 10.1002/rcm
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300 uL phosphate buffer (pH 7.0) containing 0.1% Triton
X-100. For comparison, the reaction with soluble SCDase for
semisynthesis of C17:0 GlcCer was performed. The reaction
mixture was incubated for 20h at 37°C while mixing on a
rotator. The magnetic particles were separated and the
supernatant processed as described above. A 5uL aliquot
of C:M solution, which corresponded to approximately
0.5 nmol of the reaction product, was evaporated under a
stream of nitrogen and analysed with electrospray ionisation
tandem mass spectrometry (ESI-MS/MS) and HPTLC (to
determine the overall purity of the lipid preparation).

The macroporous character of the cellulose beads requires
exhaustive washing before each subsequent use; therefore,
either twenty 1-min washes or overnight elution with storage
buffer was required to produce clean particles.

Tandem mass spectrometry of C17:0 sulphatide
and C17:0 glucosylceramide

Instrument settings

Samples of semisynthesised SFL were applied by direct
injection with a syringe pump into the SCIEX API 3200
tandem mass spectrometer equipped with an ESI source.
Analysis 1.4.1 software was used to operate the instrument
and process the data. Sphingolipids were analysed by
precursor ion scan in the negative ion mode for SGalCer
and in the positive ion mode for GlcCer. Pauses between the
ranges for mass scans were set to 5.007 ms with Q1 and Q3
operating in unit resolution mode. The settling time (ms)
and intensity threshold (counts per second (cps)) were
set to 0.

The curtain gas pressure was 10 psi in both ion modes.
Nitrogen was used as the collision gas with the pressure set
to 10 and 5 psi in negative and positive ion modes, respec-
tively. The capillary spray voltage was 4.5kV with different
polarities depending on the ion mode. The temperature of
the nebulising gas was 200°C. The ion source gas pressure
was adjusted to 20 psi for source gas 1 in both modes and
45 psi in negative mode or 25 psi in positive ion mode for
source gas 2. The interface heater was turned on for analysis
of both lipids.

Ion optics settings for SGalCer measurements were —140 V
for the declustering potential and —10.4V for the entrance
potential. The collision energy was set to —130V with a
collision cell exit potential of —2V. GlcCer was measured
with a declustering potential of 47 V. The entrance potential
of the collision cell was 4.9V and the collision energy was
48 V. The collision cell exit potential was set to 5.6 V.

Sample analysis

Approximately 0.5 nmol of the reaction products in 500 p.LL
of the appropriate solvent (see below) was continuously
injected by a syringe pump into the ESI-MS/MS system
at a flow rate of 50 pL/min. GlcCer was resuspended in
methanol with 10 mM NH,COOH to create [M +H]" ions
in the positive ion mode, whereas SGalCer was re-
suspended in methanol to create [M-H]™ ions in the
negative ion mode. The precursor ion scan was performed
for a fragment of m/z 264.4 (the sphingosine base fragment)

Copyright © 2010 John Wiley & Sons, Ltd.
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for GlcCer and a fragment of m1/z 97 (the sulphate group) for
the SGalCer.

RESULTS

Examination of the hydrolytic activity of the
immobilised SCDase

The rate of hydrolysis of Gg4Cer by SCDase-activated
MMB cellulose was 62% after 20h as compared to 48%
with the soluble enzyme under the same reaction conditions.
This result confirmed the superiority of the immobilised
enzyme over the soluble enzyme in a standard hydrolysis
reaction.

SCDase reacylation activity: optimisation of the
fatty acid to lyso-sphingolipid ratio

A series of reactions was carried out to identify the best ratio
of substrates for enzymatic semisynthesis of bioactivated
MMB cellulose. Various molar ratios of lyso-Gb3Cer and
stearic acid (1:1, 1:2, 1:3 and 1:4) were tested for the synthesis
of C18:0 Gb3Cer. The reaction products were analysed using
HPTLC and evaluated by densitometry. A 1:1 ratio of fatty
acid to lyso-sphingolipid was found to produce the best
results (Table 1).

Preparation of C17:0 GlcCer by soluble SCDase:
purity of the product

To compare both methods of synthesis, C17:0 GlcCer was
prepared in bulk solution containing a soluble form of
SCDase. Mass spectra revealed a considerable amount of
contaminants in the final product; the contaminants were
identified as GlcCer isoforms with C16:0 and C18:0 fatty
acids (see Fig. 1(A)). The total yield of GlcCer synthesis
was 99% (data not shown), but only 36% of the lyso-GlcCer
was converted into the desired C17:0 isoform. The
remaining 63% of the product consisted of contaminating
isoforms.

MS analysis of a lipid extract of commercial SCDase (2:1
chloroform /methanol, v/v) confirmed the presence of C16:0
and C18:0 fatty acids, indicating that the crude enzyme
preparation was the main source of the fatty acid contami-
nants (data not shown).

Table 1. The effects of different molar ratios of substrates on
the formation of the C18:0 GbsCer product. Reactions were
catalysed by the SCDase-activated MMB cellulose

Ratio lyso-GbsCer/stearic acid 1:1 12 13 14

lyso-GbsCer” 143 216 219 310

C18:0 GbsCer” 1401 1478 1403 1307
synthesis (%) 91 87 86 81

“Evaluated by densitometry in arbitrary units.

Reaction conditions: 20 nmol lyso-Gb,Cer, different molar amounts of
stearic acid and 0.48 mI.U./100 pL of bioactivated MMB cellulose in
200 pL of 50 mM phosphate buffer (pH 7) containing 0.1% Triton X-
100 were incubated for 20h at 37°C.

TLC analysis: the solvent system was chloroform/methanol/10%
acetic acid (5:4:1); Detection: orcinol.

Substrates: lyso-GbsCer and stearic acid. Product: C18:0 GbsCer.

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
DOI: 10.1002/rem
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Figure 1. ESI-MS/MS analysis of C18:0 and C16:0 isoform contaminants and com-
parison of the soluble and immobilised SCDase reaction products. Semisynthesis of
C17:0 GlcCer using (A) soluble SCDase and (B) SCDase-activated MMB cellulose.
Reaction conditions: 50 nmol lyso-glucosylceramide and 50 nmol C17:0 fatty acid
either with (A) 0.5 ml.U. of soluble SCDase or with (B) 0.1 ml.U./20 pl of bioactivated
MMB cellulose in 300 pL of phosphate buffer at pH 7 with 0.1% Triton X-100 were
incubated for 20 h at 37°C. ESI-MS/MS: the sample was directly injected by a syringe
pump at a flow rate of 10 pL/min. C17:0 glucosylceramide was dissolved in methanol
with 10mM NH,COOH and scanned for precursor ions at m/z 264 (specific fragment of
C18:1 sphingoid base) in positive ion mode for 1 min.

Copyright © 2010 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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Figure 2. ESI-MS/MS analysis of C17:0 sulphatide (A) and C17:0 glucosylceramide (B) prepared with the SCDase-activated
MMB cellulose. Reaction conditions: 50 nmol lyso-SGalCer or lyso-GlcCer, 50 nmol C17:0 fatty acid and 0.1 ml.U./20 pL of
bioactivated MMB cellulose were incubated in 300 pL of phosphate buffer at pH 7 with 0.1% Triton X-100 for 20h at 37°C. ESI-
MS/MS: the sample was directly injected by a syringe pump at a flow rate of 10 pL/min. C17:0 SGalCer was dissolved in methanol
and scanned for precursor ions at m/z 97 (sulphate group) in negative ion mode for 1min. C17:0 GlcCer was dissolved in
methanol with 10 mM NH,COOH and scanned for precursor ions at m/z 264 (sphingoid fragment) in positive ion mode for 1 min.

Preparation of C17:0 sulphatide and C17:0
GlcCer using SCDase-activated macroporous
bead cellulose

C17:0 SGalCer and C17:0 GlcCer ISTs were prepared
from the respective lyso-derivatives using the immobilised
SCDase.

Each reaction was repeated three times. Mass spectra
(Figs. 1(A), 1(B) and Figs. 2(A), 2(B)) clearly demonstrated
that the enzymatic semisynthesis effectively produced
specific sphingolipids with much higher isoform purities
(minimum production of molecular species other than
the desired isoform) in comparison to catalysis by the
soluble enzyme. With the immobilised enzyme, 80% of
lyso-SGalCer and 90% of lyso-GlcCer were acylated and
converted into C17:0 SGalCer and GlcCer, respectively.
Only trace amounts of contaminating isoforms (about 3%
in both lipid preparations) were detected when using
carefully washed SCDase-activated MMB cellulose. In
Figs. 3(A)-3(C), the results from three subsequently
performed semisyntheses of SGalCer using newly prepared
unwashed SCDase-activated MMB cellulose are presented.
During these steps, almost all of the contaminating
C16:0 and C18:0 isoforms were removed (Figs. 3(A)-
3(C)). Different commercial batches of SCDase may contain
different amounts of fatty acids, but the 'pre-run procedure’
with lyso-SFL is recommended before every synthesis
of specific glycosphingolipids on new SCDase-activated
MMB cellulose.

Products were also analyzed by HPTLC to examine
contamination by other compounds, especially sphingo-
lipids. The purities of the synthesised ISTs were satisfactory
(data not shown).

SCDase immobilised on MMB cellulose maintained its
activity without any loss after 15 uses. Long-term stability
was also achieved, since the enzyme retained the same
activity after 1.5 years in storage buffer at 4°C.

Copyright © 2010 John Wiley & Sons, Ltd.
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DISCUSSION

Immobilisation of SCDase: preparation of SCDase-
activated magnetic macroporous bead cellulose

A carrier with superparamagnetic properties was chosen
for the simple and gentle separation of products from the
reaction mixture. MMB cellulose was selected for its
hydrophilic properties and high specific surface area, which
provides maximum binding activity. The character of the
particles and the chosen method of immobilisation resulted
in a system with many advantages.

The standard procedure used for enzyme immobilisation
was based on the creation of a Schiff base between the pri-
mary amino group of the enzyme and the aldehyde group of
the activated MMB cellulose. The advantage of this method is
that the reactive aldehyde groups are formed on the solid
phase, while the enzyme molecule is not affected by the
oxidation. The resulting Schiff base is mildly reduced with
cyanoborohydride to form a stable bond."

The prepared SCDase-activated MMB cellulose had a
higher rate of substrate conversion for both the deacylation
and reacylation reactions than the soluble enzyme using
standard conditions.” The optimal substrate ratio for syn-
thesis was 1:1.

This result and the ability to use the immobilised enzyme
multiple times make it a promising tool for the preparation of
specific sphingolipid species, especially if only a moderate
amount of product is needed.

Advantages and disadvantages of SCDase-
activated magnetic macroporous bead cellulose
compared to the soluble enzyme

Although it has been successfully applied to sphingolipid
semisynthesis,>*71%!” the use of soluble SCDase results
in the presence of contaminating fatty acids in the reaction
mixture (resulting in low isoform purity of the product),

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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Figure 3. ESI-MS/MS analysis of C18:0 and C

16:0 isoform contaminants in the course of

preparation of new SCDase-activated MMB cellulose. Lyso-sulphatide was used as the
optimisation compound. First (A), second (B) and third (C) semisyntheses of C17:0 SGalCer
on new SCDase-activated MMB cellulose. Reaction conditions: 50 nmol lyso-SGalCer, 50
nmol C17:0 fatty acid and 0.1 ml.U./20 p.L of bioactivated macroporous cellulose beads were
incubated in 300 p.L of phosphate buffer at pH 7 containing 0.1% Triton X-100 for 20 h at 37°C.
ESI-MS/MS: sample was directly injected by syringe pump at a flow rate of 10 pL/min. C17:0
SGalCer was dissolved in methanol and scanned for precursor ions of m/z 97 (sulphate

group) in negative ion mode for 1 min.

which may hinder some studies. In some of our experiments
with the soluble enzyme, the amounts of co-synthesised
C16:0, and particularly of C18:0 isoforms, were even greater
than those of the target glycolipid, C17:0 GlcCer (Fig. 1(A)),
especially when small amounts (up to 100 pg) of sphingo-
lipids were synthesised. Because commercial SCDase is
prepared by ammonium sulphate precipitation of culture
media from the bacterium Pseudononas sp. TK4 and C16:0
and C18:0 are generally abundant fatty acids, the presence
of these compounds in the enzyme preparation is not
surprising. However, there is only one paper that mentions
the presence of some impurities in newly synthesised
glycolipids, and the contaminating compounds were not

Copyright © 2010 John Wiley & Sons, Ltd.
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characterised.? It is difficult to remove fatty acid contami-
nants from the soluble enzyme preparation without
unfavourably affecting its activity. Immobilisation of the
enzyme onto the surface of the carrier allows the majority of
lipid and non-lipid contaminants to be washed away without
affecting enzyme function.

The situation is more complicated for the reverse reaction
than for hydrolysis if only one specific isoform is synthesised.
Soluble SCDase gave a relatively low yield for the final
product (e.g., 36% for C17:0 GlcCer) and a large amount
of isoform by-products (see Fig. 1(A)), which are hardly
removable. In contrast, the yields of the reacylation reaction
of lyso-derivatives in terms of the C17:0 isoforms were
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80% for SGalCer and 90% for GlcCer using the SCDase-
activated MMB cellulose.

Fauler et al.”> moved the reaction equilibrium of the soluble
enzyme towards the desired molecular species of Gb3Cer
under reaction conditions of high substrate saturation.
Nevertheless, only 25% of lyso-Gb3Cer was converted into
the pure Gb3Cer isoform under these conditions, with high
consumption of the enzyme and precursor substrates.

The main advantages of the SCDase-activated carrier were
its stability and availability for immediate use. SCDase-
activated MMB cellulose with particles sizes of 125-250 um
did not show any decrease in activity after 15 reuses and was
still active after 1.5 years of storage in storage buffer at 4°C.

A limitation of the MMB cellulose is that it generally
exists in a narrow range of mechanical stability; however,
this can be easily overcome by using dilute suspensions,
handling gently and avoiding high-pressure applications
(e.g., centrifugation). In addition, thorough washing is req-
uired for the removal of residual lipids (and fatty acids)
before the next reaction. This is an imperative but routine
step in all procedures with reusable carriers (e.g., HPLC and
affinity chromatography).

For some studies, separation of the product from the
remaining lipid precursors and other, mostly non-lipid
contaminants might be required (this is not necessary for
MS/MS). This requirement is easily accomplished by simple
chromatographic procedures.®

Another way to prepare sphingolipid isoforms is chemical
synthesis utilising acid chlorides and lyso-slt)hingolipids;18
however, the acid chlorides are highly reactive compounds
that can react not only with the amino group of the sphin-
gosine moiety, but also with the hydroxyl groups of the
saccharide.'” These products would have the same mass as
the required sphingolipids and would be indistinguishable
by mass spectrometry. Only NMR spectra can show the
position of the fatty acid in the compound. Other procedures
for organic synthesis have also been applied for the pre-
paration of sphingolipid species,”® but time expenditure and
relatively low yields were always the main disadvantages.

In summary, SCDase immobilised on a magnetic carrier
was used for the first time for preparation of the specific
molecular species C17:0 SGalCer and C17:0 GlcCer, that are
useful standards for MS/MS quantification. The SCDase-
activated MMB cellulose has the following advantages:
reusability, long-term stability, high rate of conversion, low
production of by-products and effectiveness for preparation
of low amounts of sphingolipids. The isoform purities of

Copyright © 2010 John Wiley & Sons, Ltd.
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the synthesised sphingolipid species were about 97%.
This immobilised system can be universally used for the
preparation of sphingolipids that are specifically labelled in
the fatty acid moiety and could be further applied in different
fields of sphingolipid biochemistry.
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Prosaposin deficiency (pSap-d) and saposin B deficiency (SapB-
d) are both lipid storage disorders caused by mutations in the
PSAP gene that codes for the 65-70 kDa prosaposin protein,
which is the precursor for four sphingolipid activator proteins,
saposins A—D. We report on two new patients with PSAP gene
defects; one, with pSap-d, who had a severe neurovisceral dys-
trophy and died as a neonate, and the other with SapB-d, who
presented with a metachromatic leukodystrophy-like disorder
but had normal arylsullatase activity. Screening for urinary
sphingolipids was crucial to the diagnosis of both paticnts, with
clectrospray ionization tandem mass spectrometry also provid-
ing quantification. The pSap-d patient is the first case with this
condition where urinary sphingolipids have been investigated.
Multiple sphingolipids were elevated, with globotriaosylcera-
mide showing the greatest increase. Both patients had novel
mutations in the PSAP gene. The pSap-d patient was homozy-
gous [or a splice-acceplor sile mutation two bases upstream of
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exon 10. This mutation led to a premature stop codon and yielded
low levels of transcript. The SapB-d patient was a compound
heterozygote with a splice-acceptor site variant exclusively af-
fecting the SapB domain on one allele, and a 2bp deletion leading
to a null, that is, pSap-d mutation, on the other allele. Pheno-
typically, pSap-d is a relatively uniform disease of the neonate,
whereas SapB-d is heterogencous with a spectrum similar to
that in metachromaltic leukodystrophy. The possible existence
of genotypes and phenotypes intermediate between those
of pSap-d and the single saposin deficiencies is speculated.

1 2009 Wiley-Liss, Inc

Key words: sphingolipid aclivator proleins; prosaposin; urinary
lipids; mass spectrometry; PSAP gene; saposin deficiency; meta-

chromatic leukodystrophy

INTRODUCTION

Prosaposin {pSap} is a non-enzymic 65-70 kDa glycoprotein
encoded by the PSAP gene [Sandhofl et al.,, 2001]. Amongst its
roles, pSap is the precursor for four saposins {Saps) A=D, which are
formed by proteclysis. The Saps, also known as sphingolipid
activator proteins, are indispensable cofactors for the intralysoso-
mal degradation of a number of sphingolipids and seem to inleract
directly with the specific lipid hydrolases and/or facilitate presen-
tation of the lipid substrates to these enzymes [Sandhoffet al,, 2001;
Spiegel et al,, 2005]. Defects in the PSAP gene can cause a deficiency
of either the entire pSap protein {prosaposin deficiency, pSap-d) or
an individual Sap: SapA-d, SapB-d, SapC-d, or SapD-d, with, to
date, SapD2-d only being reported in an animal model [Matsuda
ctal,, 2004 ]. In humans, pSap-d is a unique neonatal condition with
an acule generalized neurovisceral dystrophy associated with the
storage of multiple sphingolipids, whereas each isolated Sap defi-
ciency is generally similar to a particular sphingolipid hydrolase-
deficiency, namely, SapA-d to Krabbe leukodystrophy [Spiegel
et al,, 2005], SapB-d to metachromatic leukodystrophy {(MLD),
and SapC-d to Gaucher disease [Sandhoffet al,, 2001]. The pathol-
ogies and biochemical phenotypes observed in pSap-d and the
single Sap-deficient diseases have provided indirect insight into the
specific roles and normal functions, including certain neurotrophic
elfects, of p-Sap and/or the individual Saps.

We report on two additional patients, one with pSap-d and the
other with SapB-d. Both patients were detected by urinary glyco-
sphingolipid analysis and they also have novel PSAP mutation(s).
Tandem mass spectrometry { MS/MS) of the urinary lipids proved
tobeanefficient screening method. The distinclive pattern foundin
urine from the present pSap-d patient, with elevations in multiple
sphingolipids, including ceramide, constitutes the first urine sphin-
golipid analysis for this condition.

PATIENTS AND METHODS
Patient 1

Patient 1 was born at term {weight, 3.2 kg [P50]; length, 50 cm
[P50]; occipital—frontal circumference [OFC], 32 ¢cm [1.5 cm below

P10]) after an uneventful pregnancy to parents who were first

cousins. The mother had noticed frequent and rhythmic move-
ments of the child in late pregnancy. Directly after birth he had
precipitate movements and clonic fits that were resistant to anti-
convulsive drugs. Sucking and swallowing were insufficient and
tube feeding was started. After 3 weeks he had increased serum C-
reactive protein and needed additional oxygen. A chest X-ray
revealed pulmonary infiltrations. At theage of 4 weeks, he presented
with muscle hypotonia, myoclonus and periods of twitching of the
right arm and hand that were unresponsive to drugs. The liver and
spleen were enlarged, which was confirmed by sonography, with the
liver and spleen vertical diameters increased to 7 and 7.5 cm,
respectively. Laboratory tests showed increased liver enzymes.
Testing of white blood cell lysosomal enzymes revealed a very low
galactosylceramide (- galactosidase {F.C 3.2.1.46) activity. On ECG,
there were signs of mitral insufficiency. In the eye fundi, the optic
disks were atrophic, the right more so than the lelt, and the maculae
were nol demarcated. Sonography of the slightly microcephalic
skull showed small ventricles and periventricular punctate echo-
genicities. On cerebral magnetic resonance imaging (MRI) a thin
corpus callosum and bilateral absence of the gyrus cinguli were
found; the periventricular white matter regions showed striking
multiple symmetrical signal changes [similar to those reported in
Flleder et al., 2005] suggestive of gray matter heterotopias (Tig. 1),
although there was no complete iso-intensity with gray matter. An
electroencephalogram { EEG) revealed general changes with invari-
ant alpha-activi Ly, multi-focal sharp waves, bul no ictual patterns
which were also absent when the child had clonic jerk sequences of
the limbs and head. At the age of 5 weeks, cerebrospinal fluid
analysis revealed an increased total protein (349 mg/dl; normal for
age, 53 22 [SD] mg/dl). In the smears of a bone marrow aspirate a
few storage macrophage-like cells were seen. Tlectron microscopy
of a skin biopsy revealed generalized lysosomal storage (Fig. 2). The
child deteriorated and parenteral nourishment was necessary.
Repeated pulmonary infections led to death at the age of 55 days
{(weight, 3.85 kg [0.35 kg below P10]; length, not recorded; OFC,
35.5 cm [2 cm below P10]). In aurinary sample collected at day 44 a
number of glycosphingolipids were elevated on lipid thin layer

Age 28 days

Age 3 days

FIG. 1. Cranial MRIscans [T2 weighted] for patient 1 (pSap-d). Note
the absence of gyri cinguli and the corpus callosum, which is
thinned. The arrows point to dark lesions arranged in a chain-like
manner that are suggestive of gray matter heterotopias.
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FIG. 2. Skin biopsy from patient 1 (pSap-d). Arrows mark clusters of
I B s ly | storage material containing bright
[electron-lucent) vesicles in an endothelial cell {capillary vessel,
upper half) and a perivascular cell [bottom left hand corner). Bar

at bottom, 3 pum.

chromatography (TLC) (Fig. 3). The complex sphingolipidosis
suggested a diagnosis of pSap-d.

Patient 2

Patient 2 was born abroad 2 weeks before term after an uneventful
pregnancy. When hewas 7 menths old and had started crawling, the
parents noticed that the movements of his right arm and leg were
poor. When he was admitted at the age of 9 months, he had signs ofa
mild, right-sided, arm-accentuated spastic hemiparesis. Skull so-
nography revealed a left-temporal, large porencephalic cyst, and
distension of the left-ventricle, suggesting a preceding infarction of
themedial cercbral artery. An MRIscan confirmed the medialartery
infarction, which probably occurred at or around the time of birth,
and frontal sickle-shaped fluid pools were evident, suggesting
retarded myelination. At the age of 12 months (weight, 10.5 kg
[P50]; length, 80 cm [P75]; OFC, 47.5 cm [P50]}), his spastic
hemiparesis, with slight flexion of joints, did not prevent him from
rolling over, although there was some hypotonia of the trunk
muscles. At the age of 18 months his hemiparetic problems, with
hand-fisting and accentuated patellar reflex on the right side, were
moderate. He was able to reach a standing position. At the age ol
23 months he hadlost his previous ability to walk a few stepsand was
unable to stand freely or to crawl as actively as before, His limb
muscles had distinctly reduced power, At 25 months of age he had
muscle hypotonia, very weak peripheral reflexes and no Babinski
sign. Laboratory values revealed an increased cerebrospinal fluid
protein of 98 mg/dl {normal for age, 45 15 mg/dl), but lactate was
normal. At 28 months he was able to sit, stand, and play alittle, but
only with assistance. He often had periods of unmotivated crying.
At 43 months he had his first generalized epileptic seizure, had lost
his active speech and interest in toys, and had lower limb spasticity
with a back-curved right knee. His hands were fisted and almost no
longer used. His feet were held in the extensor position and he had a

a b
b % .y at ok
ol
m oy
am3

FIG. 3. Urinarylipidsin [a] patient 1 [pSap-d; 44-day-old], and [b] a
normal control infant (11-month-old, with similarly low urinary
creatinine as in patient 1) analysed by two-dimensional TLC
[direction of first solvent [chloroform/methanol/water 14:6:1, by
volume] was upward, and of the second solvent [chloroform/
methanol/conc. acetic acid/water 40:8:1:1] from left to right).
Lipids from each 3 ml urine sample were separated on silica-gel
HPTLC plates and stained with anisaldehyde/sulfuric acid.
Symbols [alphabetic): g1, glucosylceramide; g2,
dihexosylceramides; g3, globotriaosylceramide; gm3, Gy,
ganglioside [preliminary identification]; sm, sphingomyelin; st,
start of sulfatide test; su, start of urinary lipid extract; sul, patient
sulfatide [double spot); ¢, sulfatide test [double spot, different
fatty acid type as compared to suf] calibrated to an amount
equivalent to 10-fold of the mean normal sulfatide amountin 3 ml
urine from 1- to 10-year-old children [n = 5). Note the intense
spots for g1, g3, and gm3 in [a). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

distinct spastic tetraparesis. A skull MRI scan revealed extensive
white matter lesions with preserved U-fibers. Conduction velocity
of the ulnar nerve was reduced to 12.7 m/sec {normal for age,
2>38 misec). Laboratory values showed normal activities of white
blood cell lysosomal enzymes, including arylsulfatase A {ASA; EC
3.1.6.8) and galactosylceramide B-galactosidase (EC 3.2.1.46}. Re-
peated infections, EBV positivity, and feeding problems were noted.
At the age of 4 years, a preliminary diagnosis of MLD was made
because ol the finding of highly elevated urinary sulfatide. In view of
the normal white blood cell ASA activity, SapB-d was suggested.
Five months later the severely retarded, tetraspastic child had
almost no eye contact with the examiner or fixation with the eyes.
Al the age of 5 years there was an additional tonic epileptic fit and
the valproate dose was increased to 24 mg/kg body weight. At the
ageof 6 years {weight, 16.2kg [P3];length, 110 cm [P3]; OFC, 53 cm
[P75]} generalized muscle hypertonicity, pes equinovarus, and eye
pupils that were unreactive to light were noted.

Urine Samples

Urine samples {24 hr collection) from patient 1 and 2 were kept
frozen at —20°C. Trozen samples from Fabry patients, MLD
patients, healthy children up to 12 years and adult controls were
available.
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Enzyme Assays, Fibroblast Loading Tests, and
Lipid Thin Layer Chromatography

The indicated methods were used for the determination of enzyme
activities with radioactive substrates [Elleder et al., 2005], loading
fibroblasts with radioactive glucosylceramide [Harzer et al., 1989],
globotriaosylceramide [Schlote et al., 1991], sulfatide and sphingo-
myelin [Elleder et al., 2005], the TLC analysis of fibroblasts [Illeder
et al., 2005], extraction of urine {please refer to supporting infor-
mation S1 which may be found in the online version of this article),
and TLC of urinary lipids [Schlote et al., 1991].

Tandem Mass Spectrometry (MS/MS) Analysis
of Urinary Sphingolipids

Preparation of lipid extracts for MS/MS analysis. Sonicated
urine samples {150 L) were extracted by mixing with 700 (1l of a
mixture of two volumes chloroform {no. 650471 Sigma—Aldrich
Co., St. Louis, MO; grade CHROMASOLV® for HPLC 99.9%)
to one volume methanol (no. 34966 Sigma—Aldrich; grade
CHROMASOLV® for LC-MS Riedel-de Haén), conlaining a mix-
ture of six internal standards {IST; for the sources, see later): 40 ng
(C17:0]sulfatide, 35 ng [C17:0]GlcCer, 25 ng [C17:0]Gb3Cer,
50 ng [Cl7:0]ceramide, 50 ng [C16:0-Ds|LacCer, and 50 ng
[C17:0]sphingomyelin. Thesamples were vortexed forafew seconds
at 5 min intervals three times. Then 150 I Milli-Q® water was added
and the mixing procedure repeated. After 30 min at room tempera-
ture the samples were centrifuged (14,500g, 5 min). Each separated
lower phase was filtered { PTFE syringe pump filter) and re-washed
by mixing with 500 pl Milli-Q® water [Han and Gross, 2005], the
mixture centrifuged and separated as above. The final lower phases
were evaporated under nitrogen. The dry residues were recovered
with 500 pl chloreform—methanol 2:1 (v/v), and divided into 300 pl
(positive ion mode) and 200 Wl (negative ion mode) aliquots. The
aliquots were evaporated under nitrogen. Before analysis the posi-
tive ion mode aliquot was dissolved in 300 ul 10 mM ammonium
formate (no. 55674 Sigma—Aldrich; grade puriss. p.a. for LC-MS
Fluka) in methanol [ Liebisch et al., 1999; Fuller et al., 2005] and the
negative mode aliquot in 200 [l methanol [Whitfield et al., 2001].
Lipids from cultured fibroblasts were extracted as described [ Asfaw
etal., 1998] with chloroform/methanol 2:1 (v/v) containing IST in
the above-mentioned concentrations.

Electrospray ionization (ESI)-MS/MS analysis. The MS/MS
equipment comprised an AB/MDS SCIEX API 3200 triple-quad-
rupole mass spectrometer (AB/MDS Sciex, Concord, Canada) with
an ionspray source and an Aglent 1100 Autosampler (Agilent
Technologies, Inc., Santa Clara, CA). Electrospray conditions and
mass speclromeler ion optics were optimized for sphingolipid
measurements using standard samples with Iipid 10 pg/ml (for
detailed conditions, see supporting information Table I which may
be found in the online version of this article). Direct flow injection
analysis, with methanol as the mobile phase, was done at a flow rate
of 50 ul/min. Using the multiple reaction monitoring mode, the
sphingolipids from a given sample were analyzed in series: For each
sphingolipid, a 20 ul lipid extract aliquot corresponding to 6 Ll
urine, or 1o 0.2 pLg fibroblast protein, was injected into the methanol
mobile phase. Analysis was optimized for each sphingolipid,

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

resulting in a sufficiently symmetrical peak shape with at least 12
measuring points per peak {e.g., see peaks in supporting informa-
tion Fig. 1 which may be found in the online version of this article).
This method allowed quantification of all major isoforms of each
sphingolipid, distinguished by their fatty acid moiety (C16:0 to
C26:0 fatty acids, non-substituted types and hydroxy-derivatives;
details tabulated in supporting information Table IT which may be
found in the online version of this article). The negative ion mode
was used for the analysis of sulfatide and the positive ion mode for
neutral glycosphingolipids, ceramide, and sphingomyelin.

Quantification of sulfatide, Gb3Cer, dihexosylceramides
{including LacCer and digalactosylceramide), monochexosylcer-
amides {mainly GlcCer), ceramide, and sphingomyelin was done
by single point calibration with a standard lipid concentration of
600 ng/ml (external calibration standard)} corrected by the signal
ratio toward IST. The concentrations of standard lipids and indi-
vidual IST {see above) in the external calibration point were within
the previously determined linear range of 50 ng—7 pg lipid per ml.
The concentrations of IST in the external calibration point and in
the patient samples were the same [De Hollmann and Stroobant,
2002]. Reproducibility of all measurements was 93% or higher. The
Student’s r-test was used to determine statistical significance. The
following porcine lipid standards were used: Sulfatide (no.
131305P) and sphingomyelin {ne. 860062P) were from Avanti
Polar Lipids, Inc., Alabaster, AL and Gb3Cer (no. 1067} and
ceramide {no. 1056) from Matreya LLC, Pleasant Gap, PA.
LacCer (bovine, no. G3166) and GlcCer {from human Gaucher
spleen, no. G9884) were from Sigma—Aldrich. The MS/MS method
cannot differentiate between the glucose {eg., in GleCer) and
galactose {e.g., in digalactosylceramide) moieties because of the
same mass. Therefore, GlcCer and galactosylceramide, as well as
LacCer and digalactosylceramide, were quantified as monohexo-
sylceramides and dihexosylceramides, respectively. Chemical iden-
tity and purity of sphingolipids used as calibration standards and as
IST were proved by high performance TLC (HPTLC) and mass
spectrometry {e.g., see supporting information Fig. 2 which may be
found in the online version of this article). Purity of all sphingolipid
standards was >97%.

Lipid internal standards. [C17:0]Gb3Cer (no. 2923.90),
C16:0-D3-LacCer {no. 1534), and [C17:0]sphingomyelin (no.
1890), were from Matreya, and [C17:0]ceramide (no. 860517P)
from Avanti. Internal standards which were not commercially
available, [C17:0]sulfatide and [C17:0]GlcCer, were prepared from
lyso-sulfatide (no. 573755, Calbiochem-Novabiochem GmbH,
Schwalbach, Germany) and lyso-GlcCer (no. 1306, Matreya) by
linking the lyso-compounds with C17:0 fatty acid {no. 10-1700-13,
Larodan, Malme, Sweden) using enzymatic sermisynthesis with
sphingolipid ceramide N-deacylase from Pseudomonas sp. TK4
{(no. TAK 4462, Takara Shuzo, Shiga, Japan) as described [Mills
et al.,, 2002]. The homogeneity of commercial and synthesized
slandards was confirmed by HPTLC and their identity by ESI-
MS/MS.

Molecular Analysis
Genomic DNA and total mRNA were isolated from the patients’

cultured fibroblasts and from the parents’ peripheral leukocytes by
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standard techniques. The PSAP gene was analyzed for mutations as
described previously [Hilkovd et al,, 2001; Elleder et al.,, 2005].
Briefly, all coding exons and intron—exon boundaries were ampli-
fied from genomic DNA and sequenced directly from gel-purified
PCR products using automated flucrescent sequencers. The mRNA
was reverse-transcribed using Superscript II (Gibco™) and oligo-
dT. RT-PCR products were sequenced as described above. Sequen-
ces were numbered sequentially from the A of the first ATG codon,
which was designated 1 (reference genomic sequence: GenBank
[http://www.ncbinlm.nih.gov/], NC 000010.9; reference mRNA
sequence: GenBank, NM._ 002778.1; protein sequence: UniProtKB/
Swiss-Prot [http://www.expasy.org/sprot/], P07602 [SAP_HUMAN]).

RESULTS
Electron Microscopic Findings in Skin Biopsy

Confirming earlier results by A. Bornemann (Tiibingen, personal
communication), there was generalized dermal lysosomal storage
expressed in the eccrine glands, capillary endothelium (Fig. 2),
perivascular macrophages, Schwann cells, adipocytes, and some
fibroblasts of patient 1. The storage lysosomes were around 1 pm in
diameter and were [lled with pleiomorphic, predominantly multi-
vesicular structures; individual vesicles were around 170 nm in
diameter.

Biochemical Findings in Cultured Skin Fibroblasts

Tibroblast homogenates from patient 1 had a partially reduced
activity of glucosylceramide B-glucosidase (EC 3.2.1.45), a more
markedly reduced activity of galactosylceramide B-galactosidase,
but a normal sphingomyelinase {EC 3.1.4.12) activity (for quanti-
tative data, see supporting information 56 which may be found in
the online version of this article). The activity of galactosylceramide
[-galactosidase was normal in fibroblast homogenates from patient
2 (glucosylceramide B-glucosidase and sphingomyelinase not
tested).

Thin layer chromatographic analysis of lipids extracted from
fibroblasts {(corresponding to about 0.5 mg protein) of patient 1
revealed intensely stained spots for ceramide, GleCer, and LacCer
similar to [Elleder et al., 2005]; other glycosphingolipids were not
studied. The corresponding spots on chromatograms from control
cells were about 3- to 10-fold less intense. Ceramide was addition-
ally quantified by MS/MS and an amount of 16.2 pg/mg fibroblast
protein found for patient 1 {normal range [n = 4], 3.6-6.2 llg/mg).
A three to fourfold increase in dihexosylceramide and Gb3Cer
concentrations in fibroblasts was also confirmed by MS/MS. Of
these lipid elevations, only one was found to occuralso in fibroblasts
of patient 2: There was a fourfold increase in Gb3Cer.

Metabolic experiments with radioactive sphingolipid substrates
(tritium-labeled on their ceramide moieties) loaded onto living
fibroblast cultures [rom patient 1 and patient 2 gave similar resulls
to those described for an earlier pSap-d [ Elleder et al., 2005] and an
earlier SapB-d [Schlote et al,, 1991] patient, respectively. In fibro-
blasts from patient 1 there was an impaired turnover of
[*H]ceramide (derived from loaded [’H] glucosylceramide or
[*H]sphingomyelin). For cells from both patient 1 and patient 2,

there was a reduced turnover of loaded [3H]glulmiri:u:sylceramide
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and [*H]sulfatide {supporting information $7 may be found in the
online version of this article).

Urinary Lipid Findings by Thin Layer
Chromatography

Based on comparison with the staining intensity of lipids on the
chromatogram from a control urine sample, the chromatogram for
patient 1 {pSap-d) showed markedly increased levels of Gb3Cer,
GlcCer, and Gyys ganglioside (preliminary identification), and
sulfatides and dihexosylceramides were also elevated (Tig. 3).
Sulfatides werealso clearly elevated in the urine extract from patient
2 (SapB-d), and there was a slight increase in Gb3Cer.

Urinary Lipid Findings by MS/MS

Table I summarizes the quantitative urinary sphingolipid findings
in patients 1 {pSap-d) and 2 {SapB-d), as compared to findings in
Fabry disease, MLD, and normal controls. The data were standard-
1zed relatlive to the concentration of sphingomyelin as a reference
cellular sphingolipid. Lipid marked with footnotes ¢ and e indicate
that there was a statistically significant elevation when compared to
the appropriate control group {infantile/late infantile controls for
pSap-d, SapB-d, and MLD; adult controls for Fabry discase).

In patient 1, the abundance of Gb3Cer was elevated (P < 0.001)
to a similar extent to that found in Fabry disease patients { Table I).
However, patient 1 also showed additional elevations in sulfatide
{(P<0.001) and the LacCer/digalactosylceramide {P< 0.001),
monohexosylceramide (incuding GleCer; P< 0.001), and cer-
amide (P 0.001) fractions.

In patient 2, the elevated concentration of sulfatide (P < 0.001)
was of a similar magnitude to that found in MLD (Table I). The
distinct increase in the concentration of Gb3Cer (P < 0.001) was
also remarkable.

The high elevations of the two urinary marker glycolipids,
Gb3Cer, and sulfatide, had different proportions in patients 1 and
2: Gb3Cer and sulfatide concentrationsaccounted for 60% and 20%6
of excreted glycosphingolipids in patient 1, respectively, while they
accounted for 21% and 59% in patient 2.

In Figure 4, the percent distribution of concentrations of the
main urinary sphingolipids is shown. This format, which allowed
fora simple standardization of urinary lipid values in the absence of
reference parameters, confirmed most of the findings summarized
in Table 1. The combined percentages for sulfatide, Gb3Cer,
dihexosylceramides, glucosylceramide, and ceramide was higher
in the diseases studied than for controls, with pSap-d having the
highest percentage, consistent with the unique urinary multiple
sphingolipid elevations in this condition.

PSAP Gene Analysis

Patient 1 {pSap-d). Palient 1 was found to be homozygous fora
point mutation, ¢.1006-2A = G, in the PSAP gene. The mutation is
located two bases upstream of the exon 10 acceptor splice site and
alters the consensus splice site sequence. Analysis of the patient’s
¢DNA sequence identified a splicing error with activation of a
cryptic splice site in intron 9leading to both an insertion of 70 bases
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TABLE I. Urinary Sphingolipids in Patient 1 (pSap-d), Patient 2 (SapB-d), and in Pathologic and Normal Controls
(ESI-MS/MS Determination)

Lipid values® expressed as pg/100 pg sphingomyelin

Lactosyl- and Monohexosylceramide
Sulfatide  Globotriaosylceramide digalactosylceramide [mainly glucosylceramide) Ceramide
Patient 1 (pSap-d] 44-day-old Be° 208° 45° 26° 17°
Patient 2 (SapB-d] 50-month-old 145° 51° 35° 14° 6.3
Metachromatic leukodystrophy 120° 38° 8833 14 53 6.2 1.7 3811
1- to S-year-old (n =B8]
Fabry disease males 24- to 5.8 25" 201° 102 35% 19 3514 48 1.7
S4-year-old (n=10]
Infantile/late-infantile controls 14 5.2¢ 15 8.2 10.2 3.0 4410 4318
0.5- to 12-year-old [n= 16]
Adult controls males and females® 9.7 2.5° 21 14 16 6.1 4.4 1.4 5828

17- 1o B0-year-old (n=12]

*Mean of three determinations for patients 1 and 2. For the analytical reproducibility, see Patients and Methods Section.

"I’ahﬂJ carrier status was excluded in contral famales malecularly.
“Statistical significance P= 0.001.

“Srandard deviation.

“Statistical sipnificance F< 0.01.

from the intronic sequence into the mRNA {r.1006-70_1006-lins)
and a premature stop codon. Each of the parents was found to be a
carrier for the mutation. While it was possible to amplify the mutant
mRNA by RT-PCR in the patient, the same analysis in the parents
showed that, in comparison to the wild-type transcript, only trace
amounts of the mutant transcript were present.

Patient 2 (SapB-d). Patient 2 was found to be heterozygous for
two mutations. The first mutation, ¢.577-2A> G, is a splicing
mutation located in the acceptor splice site of intron 5. The second
mulalion is a 2bp deletion, ¢.828-829delGA, localed in exon 8. The

100%
90% -
B0% -
70%
60% -
50%
40% -
30% -
20% A
10% -

0% -

latter mutation leads to a frameshift and a premature stop codon.
No transcript corresponding to the ¢.828-829delGA sequence was
detected by RT-PCR in the patient. As this mutation leads to a
premature stop codon, the most likely explanation for the absence
of transcript is nonsense-mediated decay. Two transcripts from the
otherallele, which carries the ¢.577-2A > G, were found. Analysis of
these indicated that the acceptor splice site in intron 5 was rendered
non-functional by the mutation, with either of two different
downstream acceptor sites being used instead. In the first transcript
acryplicsplice site in exon 6 was used, since the mRNA contained a

pSap-d

SapB-d

MLD

inf. cont. adult cont.

FIG. 4. Percent distribution of main urinary sphingolipids. Order of column sections from bottom to top: sulfatide [right edge dark],
globotriaosylceramide (sand-like), dihexosylceramides [gray), glucosylceramide (light), ceramide (black), sphingomyelin (light gray). Total
analysed lipids were about 2—8 mg/L urine. Columns: pSap-d, patient 1; SapB-d, patient 2; MLD, metachromatic leukodystrophy group [mean,
Table 1); Fabry, Fabry disease group [mean, Table I); inf. cont., infantile/late-infantile controls [mean, Table 1); aduit cont., adult controls [(mean,

Table 1].
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deletion of 21 bp from exon 6 {15 of them encoding SapB; r.577-
_597del). In the second transcript the whole of exon 6 was deleted
(r.577_720del) and the exon 7 acceptor splice site was used. These
in-frame deletions aflected only the SapB domain, while the
sequence encoding the remaining Saps was intact and in frame.
Analysis of the parental genomic DNA showed that the mother was
a carrier of ¢.577-2A > G sequence variant while the father was
heterozygous for ¢.828-829delGA.

Disorders caused by defects in the PSAP gene [Sandhoffet al., 2001]
form a poorly known sub-group oflysosomal lipid storage diseases
that are clinically and metabolically highly variable. Reports on the
few known cases of pSap-d [Harzer et al., 1989; Bradové et al., 1993;
Hiilkovi et al., 2001; Millat et al., 2003; Elleder et al., 2005] have
indicated that this disorder should be considered in the differential
diagnosis of neonates with unexplained neurclogic signs, in par-
ticular, if these are combined with visceral involvement. The central
nervous system changes in pSap-d may be caused not only by early
lipid storage, but also by primary deficits in the organization of
cerebral architecture, since pSap and/or some of its products are
known to have essential neurotrophic functions. The present pSap-
d patient was clinically and bicchemically very similar to the earlier
reported pSap-d patients [Harzer et al., 1989; Bradova et al., 1993;
Hiulkova et al., 2001; Millat et al., 2003; Elleder et al., 2005].

The diagnosis in the present SapB-d patient was complicated by
the early finding of a massive infarction of the left arteria cerebri
media, presumably coincidental to the leukodystrophy. However,
the finding of high urinary sulfatide eventually led to a molecular
diagnosis of SapB-d. This patient was similar to earlier reported
patients [e.g., Schlote et al., 1991; Henseler et al., 1996]. Descrip-
tions of other patients [Hahn et al., 1982; Rafi et al., 1992] suggest a
highly variable clinical phenctype in SapB-d, similar to that in
ASA—deficient MLD.

Urine is an accessible and non-invasive sample that can also be
considered to be an “indirect kidney biopsy” for lipid and other
analyses, due to the presence of portions of kidney cells [Desnick
et al, 1970]. Solid materials from desquamated renal tubule
epithelial and glomerular cells seem to provide the main source
of urinary sphingolipids and other lipids, although some contri-
bution from blood cells and plasma cannot be excluded, for
example, in patients with kidney disease.

For patient and control urine samples, the proportion of each of
the main sphingolipids relative to the total concentration of these
sphingolipids can be calculated without standardization to a refer-
ence parameter (Fig. 4). In normal controls sphingomyelin ac-
counted for more than 60% of these sphingolipids, but in the
patients, the proportion of sphingomyelin was considerably less
due to the preponderance of other sphingolipids. The relative
proportions of individual urinary sphingolipids were, in general,
diagnostically informative. However, the quantitative lipid signals
from the mass spectrometric sphingolipid analysis of urine extracts
should be standardized to a reference parameter (supporting in-
formation S8 may be found in the online version of this article). We
used the ratio of signals for the different sphingolipids, including
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ceramide, to the urinary sphingomyelin concentration {TableI), in
analogy to a described approach [Bernd et al,, 1999].

In this study we have demonstrated for the first time the use of
urinary sphingolipid analysis when diagnosing the rare pSap-d
condition. We have also confirmed the usefulness of this procedure
when screening for SapB-d and other sphingolipidoses (Table I). In
particular, urinary lipid analysis by ESI-MS/MS for the present
pSap-d neonate verified the complex urinary lipid changes in this
condition and allowed quantification of individual sphingolipid
classes. There was a large increase in the concentration of Gh3Cer
{within the range seeninadult Fabry discase) along with increasesin
sulfatide, dihexosylceramides {LacCer and digalactosylceramide),
GlcCer, and ceramide. On the other hand, ESI-MS/MS analysis in
the new patient with SapB-d showed a urinary concentration of
sulfatide similar to that in MLD, and an elevated concentration of
Gb3Cer, though lower than in adult Fabry disease males (see also
supporting information $9 which may be found in the online
version of this article). The urinary concentration of LacCer/
digalactosylceramide was also increased in the SapB-d patient
(Table I). Digalactosylceramide is a substrate that, like Gb3Cer, is
thought to depend on intact SapB for its degradation by o-galac-
tosidase A (EC 3.2.1.22) [Bradovaet al., 1993] and, therefore, would
beexpected to be increased in SapB-d. Other authors [Lietal., 1985]
have also reported elevated levels of this dihexosylceramide (in
addition to LacCer, Gb3Cer, and sulfatide) in urine from SapB-d
patients.

The ¢.1006-2A > G splice-site mutation in patient 1 (pSap-d)
results in a premature stop codon with, when compared to the wild-
type transcript, only traces of the mutant transcript detected by RT-
PCR, indicating that it was probably largely removed through
nonsense-mediated decay. Consistent with this view, another pre-
mature stop codon mutation located downstream of the SapB
domain, as in the present patient, also results in an apparently
mRNA-negative (pSap-d) allele [ Diaz-Font et al., 2005]. Although
we could not completely exclude the possibility that the residual
mutant transcript gave rise to small amounts of functional SapA
and SapB in our patient in vivo, the patient’s clinical and biochemi-
cal phenotype was as severe as in previously described patients,
supporting the view that functional SapA and SapB were absent.

The two mutations carried by patient 2 (SapB-d) affect the fate of
the prosaposin transcript in very different ways. A 2 bp deletion
(.828-829delGA) in exon 8 on one allele results in complete
absence of the transcript, most likely due to nonsense-mediated
decay, so no pSap or Saps would be generated from this allele. On
the other allele, the ¢.577-2A > G splicing mutation leads to the
formation of two alternative transcripts, both of which carry an in-
frame deletion of a portion of the SapB domain. This mutation
exclusively affects the SapB domain and should not result in the
deficiency of other Saps. In keeping with this finding, the biochem-
ical and also clinical phenotype in this patient were consistent with
an isolated absence of SapB.

To date, four different genotypes (all homozygous), including
the one for the present patient, have been reported for pSap-d
[Schnabel et al., 1992; Hiilkova et al., 2001; Millat et al., 2003]. All
have led to a completeloss of functional pSap and Saps and a rather
uniform phenotype. In contrast, for the SapB-d condition not only
late infantile but also later manifesting, even adult, phenotypes
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(Ilahnet al,, 1982; Rafi et al., 1992] have been described. SapC-d is
similar to SapB-d in this respect, with patients presenting with a
range of phenotypes including neuronopathic and non-neuro-
nopathic forms [Tylki-Szymariska et al., 2007]. In deficiencies of
single Saps the second allele can be a null {pSap-d) allele, with the
three active Saps derived from only one allele (refer to [Diaz-Font
ct al., 2005; Tylki-Szymanska et al., 2007] for examples of SapC-d
and the patients described in [Holtschmidt et al., 1991; Deconinck
et al,, 2008] and the present patient for examples of SapB-d).

However, other mutant PSAP genotypes may occur which affect
the function of more than one Sap domain but less than the whole
pSap. In a two-saposin-deficient {Saps C and D inaclive) mouse
model, the resulting phenotype [Sunetal., 2007] included some but
not all features of pSap-d mice [Tujita et al., 1996]. One 28-month-
old patient [Wenger ct al,, 1989] was described to have SapB-d, but
was nolt studied molecularly. Of note, his clinical and pathologic
findings indicated a generalized neurovisceral dystrophy compa-
rable to that in pSap-d, in addition to symptoms suggestive of MLD.
The study of additional mutant PSAP genotypes and phenotypes
should contribute to the better understanding of the functions of
the pSap/Saps system.
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Supplementary material S1:

For thin layer chromatography, urinary lipids were extracted as follows: First, 3 ml urine was
acidified with 10 pl concentrated hydrochloric acid and left at 6° C for 10 h. The sample was
then mixed with @ ml methanol and 8 ml chloroform and phase-partitioned with 5 m1 water.
The clear portion of the upper phase was removed and the lower phase partitioned twice more
in the same way. The final lower phase was dried and the residue re-extracted with 1 ml
chloroform/methanol 2:1 (vA). The extract was concentrated 20-fold and then applied as a
spot to the lower left corner of a silica gel HPTLC plate (no. 1.05631, Merck, Darmstadt,

Germany) for two-dimensional separation.
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Supplementary material S2 (= supplementary Table 1):

Supplementary Table 1 - Conditions of ion source and quadrupole section of mass analyzer

Ceramide | Monohexosyl- | Lactosyl- & Globo- Sphingo- | Sulfatide
ceramides digalactosyl- | triaosyl- myelin
ceramide ceramide
Courtain gas (psi) 10 10 10 10 10 10
Voltage (kV) 45 45 45 4.5 45 -4.5
Temperature ("C) 200 200 200 200 200 200
Source gas 1 (psi) 20 20 20 20 20 20
Source gas 2 (psi) 55 55 55 45 55 45
Declustering 60 47 05 78 76 -150
potential (V)
Entrance 5 4.9 6 7.9 5.6 9
potential (V)
Collision 42 48 64 74 37 -130
energy (V)
Collision gas (psi) 5 5 5 3 5 3
Collision cell exit 5.7 5.6 5.6 5.4 4.1 -1
potential (V)

Nitrogen was used as the collision gas
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Supplementary material S3 (= supplementary Fig. 1):
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Supplementary Fig. 1: Examples of extracted ion current of MS/MS measurements of selected
isoforms of sphingolipids (sulfatides and monohexosylceramides [MIHC]) in urine. Abscissa
time of measurement in minutes, ordinate = signal intensity in counts per second (cps). A
sulfatide, infantile control; B — sulfatide, patient 2 (SapB-d); C - sulfatide, patient 1 (pSap-d),
D — MIIC, infantile control; E — MHC, patient 2 (SapB-d); F — MIIC, patient 1 (pSap-d).
Different colors represent specific lipid isoform as follows: blue for C16:0 isoforms (sufatide
and MHC), red for C24:0 (sulfatide) or C24:1 (MHC) isoforms. Green is for ISTs
([C17:0]sulfatide or [C17:0]MHC). Differences in concentration of lipids are evident when
comparing signals of urinary isoforms to signals of internal standards in controls and in
patients. Please note that in the infantile control samples (A and D) the signals were also

sufficiently high to be measured.
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Supplementary material S4 (=supplementary Table 2):

Supplementary Table Z — Transition ion pairs for MRM measurement and quantitation of

sphingolipids
Ceramide
Isoform by fatty acid Parent ion Daughter ion Scan time

C14:0 510.7 264.4 100 ms
C16.0 538.8 264.4 100 ms
C18:0 566.8 oy 100 ms
C18:0-OH 582.8 — 100 ms
C20:0 594.9 264.4 100 ms
C22:0 622.8 264.4 100 ms
C22:1-OH 636.9 2644 100 ms
C24:0 650.8 264.4 100 ms
C24:1 648.8 264.4 100 ms
C24:2 646.8 264.4 100 ms
C26:0 678.8 264.4 100 ms
C26:1 676.8 264.4 100 ms
C26:2 674.8 264.4 100 ms
C24:0-0H 666.7 . 100 ms
C24:1-OH 664.7 T 100 ms
C24:2-OH 662.7 T 100 ms
C26:0-OH 694.7 2644 100 ms
C26:1-0H 692.7 . 100 ms
C22:0-OH 638.8 264.4 100 ms
C17:0 (internal standard) 552.6 264.4 100 ms

Monohexosylceramides
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Tsoform by fatty acid Parent ion Daughter ion Scan time
C16:0 700.8 264.4 100 ms
C18:0 728.8 264.4 100 ms
C20:0 756.9 264.4 100 ms
C22:0 784.9 264.4 100 ms
C22:1 782.9 264.4 100 ms
C22:1-OH 798.9 ey 100 ms
C24:0 812.9 264.4 100 ms
C24:1 810.9 264.4 100 ms
C24:2 808.9 264.4 100 ms
C24:0-OH 828.9 T 100 ms
C24:1-OH 826.9 . 100 ms
C24:2-0H 824.8 Y 100 ms
C26:0 840.9 264.4 100 ms
C26:1 838.9 264.4 100 ms
C26:2 836.7 264.4 100 ms
C26:0-OH 856.9 644 100 ms
C17:0 (internal standard) 714.5 264.4 100 ms
Lactosyl- and
digalactosylceramide
TIsoform by fatty acid Parent ion Daughter ion Scan time
C16:0 862.7 264.4 100 ms
C18:0 890.7 264.4 100 ms
C20:0 918.7 264.4 100 ms
C22:0 946.8 264.4 100 ms
c22:1 944.8 264.4 100 ms
C22:1-OH 960.8 264.4 100 ms
C24:0 974.9 264.4 100 ms
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C24:1 972.9 264.4 100 ms

C24:2 970.9 264.4 100 ms
C24:0-OH 990.9 264.4 100 ms
C24:1-OH 988.9 264.4 100 ms
C22:0-OH 962.6 264.4 100 ms
C16:0-Dj; (internal standard) 865.7 264.4 100 ms

Globotriaosyleeramide
Isoform by fatty acid Parent ion Daughter ion Scan time

C16:0 1024.6 264.4 100 ms

C18:0 1052.7 264.4 100 ms

C18:1 1068.7 264.4 100 ms

C20:0 1080.8 264.4 100 ms

C22:0 1108.7 264.4 100 ms

C22:1 1106.8 264.4 100 ms
C22:0-OH 1124.8 264.4 100 ms
C22:1-OH 1122.7 264.4 100 ms
C24:0 1136.8 264.4 100 ms

C24:1 1134.8 264.4 100 ms

C24:2 1132.6 264.4 100 ms
C24:0-OH 1152.8 264.4 100 ms
C24:1-OH 1150.8 264.4 100 ms
C24:2-OH 1148.8 264.4 100 ms
C26:0 1164.8 264.4 100 ms

C26:1 1162.9 264.4 100 ms

C26:2 1160.8 264.4 100 ms
C26:0-OH 1180.9 264.4 100 ms
C26:1-OH 1178.6 264.4 100 ms
C26:2-OH 1176.7 264.4 100 ms
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C17:0 (internal standard) 1038.7 264.4 100 ms
Sphingomyelin
Isoform by fatty acid Parent ion Daughter ion Scan time

C16:0 703.7 184.2 100 ms

Cl6:1 701.7 184.2 100 ms

C18:0 731.7 184.2 100 ms

C18:1 729.7 184.2 100 ms

C20:0 759.8 184.2 100 ms

C20:1-OH 773.8 184.2 100 ms

C22:0 787.8 184.2 100 ms

C22:1 785.8 184.2 100 ms

C24:0 815.8 184.2 100 ms

C24:1 813.8 184.2 100 ms

C24:2 811.8 184.2 100 ms

C22:0-OH 803.8 184.2 100 ms

C22:1-OH 801.8 184.2 100 ms

C24:0-OH 831.8 184.2 100 ms

C24:1-OH 829.8 184.2 100 ms

C24:2-OH 827.8 184.2 100 ms

C22:2-OH 799.9 184.2 100 ms

C17:0 (internal standard) 717.7 184.2 100 ms
Sulfatide

Isoform by fatty acid Parent ion Daughter ion Scan time

C16:0 778.6 97.0 100 ms

C18:0 806.7 97.0 100 ms

C18:0-OH 822.7 97.0 100 ms

C20:0 834.7 97.0 100 ms
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C20:0-OH 850.7 97.0 100 ms
C22:0 862.8 97.0 100 ms
C22:1-OH 876.7 97.0 100 ms
C22:0-OH 878.7 97.0 100 ms
C24:1 888.8 97.0 100 ms
C24:0 890.7 97.0 100 ms
C23:0-OH 892.8 97.0 100 ms
C24:1-OH 904.8 97.0 100 ms
C24:0-OH 906.8 97.0 100 ms
C26:1 916.8 97.0 100 ms
C26:0 918.9 97.0 100 ms
C26:1-OH 932.8 97.0 100 ms
C26:0-OH 934.9 97.0 100 ms
C17:0 (internal standard) 792.7 97.0 100 ms
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Supplementary material S5 (= supplementary Fig. 2):

1 A ‘ . 4 [C16:0-Ds] LacCer E _ C

. = — =[C17:0] sulfats

] [C17:0] Cer || 3 ~
: +NH; |2
i< [C17:0] Cer -0 . | E

. & . -H,0 . j H[C16:0] sulfatide] [C18:0] sulfatide

L = N : | &7
! = L z 1.
e e e e = LR Y B T

Supplementary Fig. 2: Chemical identity and isoform purity of s elected sphingolipid
standards: [C17:0]ceramide (A), [C16:0-D:]lactosylceramide (B) and [C17:0]sulfatide (C).
Abseissa = m/z (mass to charge ratio), Ordinate = signal intensity in cps. Precursor ion scans
of the lipids used ag internal standard: were undertaken to prove their chemical identity.
Precursor scan for ion with m/z 264.4 in positive ion mode was performed for ceramide and
lactosyleeramide (LacCer) and for ion with m/z 97 in negative ion mode for sulfatide. The
ceramide and LacCer standard each revealed only a single major peak corresponding to the
lipid izoform, with s ome minor peaks resulting from loss of water and, in the case of LacCer,
formation of ammonia adducts, which can be explained as an effect of ammonium formate in
methanol, also evident. Only traces of byproducts (up to 3%) were detected in
[C17:0]sulfatide and consisted of [ C16:0] and [C18:0] sulfatide isoforms probably generated
during the enzymatic semisynthesis with fatty acid: bound to the commercial enzyme

preparation.

Supplementary material $6:

The following enzyme activities were found in fibroblast homogenates from patient 1:
Glucosylceramide p—glucosidase (EC 3.2.1.45; *low substrate assay” [Elleder et al., 20035; for
reference, see main paper]); mean of duplicates: 1.65 units (where 1 unit = 1 nmol radioactive
substrate cleaved perh per 10° cells; normal range [n=3], 2.2 — 4.9 units) and

galactosvlceramide P—galactosidase (EC 3.2.1.46; mean of duplicates: 0.41; normal range, 1.3
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— 3.8 units), but a normal sphingomyelinase (EC 3.1.4.12; mean of duplicates: 22.0; normal

range, 7.7 —27.8 units) activity.

Supplementary material S7:

Metabolic experiments with radiocactive sphingolipid substrates (trittum-labelled on their
ceramide moieties) loaded onto living fibroblast cultures from patient 1 and patient 2 gave
similar results to those described for an carlier pSap-d [Elleder et al., 2005; for references, sce
main paper] and an earlier SapB-d [Schlote et al., 1991] patient, respectively. Loading
fibroblasts with [*H]glucosylceramide resulted in a higher retention of radicactivity within
ceramide in cells from patient 1 (31 % of incorporated radioactivity) than in control cells (4 to
8 %6), demonstrating a block at ceramide degradation. This block was also evident when cells
from patient 1 were loaded with [*H]sphingomyelin (70 % of radioactivity recovered in
ceramide compared to 10 to 14 % in controls). For cells from both patient 1 and patient 2,
there was a reduced turmover of loaded [SH]globotriaosylceramide (3- to 5-fold lower
radioactivity in LacCer and other metabolites) and of independently loaded [*H]sulfatide
(about 3-fold lower radioactivity in galactosylceramide and other metabolites) in comparison

to controls, a finding similar to that seen with metachromatic leukodystrophy cells.

Supplementary material S8:

The widely used urinary creatinine concentration proved unsuitable as a reference parameter
in our experience, possibly due to the physiological considerations mentioned above. In
particular, when the urinary creatinine concentration was lower than 1 mmol per litre, the
ratios of quantitative MS/MS lipid signals to creatinine levels often appeared to be falsely
high. Others have used the ratio of signal to urinary phospholipids, e.g., urinary phosphatidyl
choline concentration [ Whitfield et al., 2001; for reference, see main paper], whereas we used

a ratio of specific lipid signal/urinary sphingomyelin concentration.
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Supplementary material S9:

The lipid abnormalities in urine could be qualitatively explained by the specific absences of
Saps [Sandhoff et al., 2001; for references, see main paper] in pSap-d (patient 1) and SapB-d
(patient 2). But it was unclear, why the ratio of Gb3Cer to sulfatide concentration was about 3
in pSap-d versus about 0.3 in SapB-d (for individual Gb3Cer and sulfatide values, see Table I
in main paper). Given that SapB is required for the breakdown of both of these glycolipids
[Sandhoff et al., 2001] and it is absent in pSap-d as well as SapB-d, additional factors seem to
have contributed to this difference. One factor might have been the discordant ages at the time
of study (pSap-d, 44-day-old; SapB-d, 50-month-old). However, in pSap-d the absence of
SapA, C and D, in addition to that of SapB, may also have indirectly contributed to the high
elevation of urinary Gb3Cer. Moreover, a role for the absence of SapD in pSap-d might be
deduced from the findings in a SapD-d mouse model [Matsuda et al., 2004], where the
striking degeneration of renal tubule cells might be viewed as a factor relevant to sphingolipid

levels.

In addition, there were increased urinary concentrations of LacCer/digalactosalceramide,
monohexosylceramide and ceramide in the SapB-d patient (Table I of mam paper). These
non-sulfatide lipid elevations might be explained as secondary effects of the high sulfatide
abundance in renal cells. Moreover, LacCer sulfate (a minor component of sulphated
glycolipids compared to the predominating galactosylceramide sulfate [= sulfatide, as

discussed above]) was also found to be clevated in patient 1 and patient 2 (results not shown).
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Background: Prediagnostic steps in suspected metachromatic leukodystrophy (MLD) rely on clinical chemical
methods other than enzyme assays. We report a new diagnostic method which evaluates changes in the
spectrum of molecular types of sulfatides (3-O-sulfogalactosyl ceramides) in MLD urine.

Methods: The procedure allows isolation of urinary sulfatides by solid-phase extraction on DEAE-cellulose
membranes, transportation of a dry membrane followed by elution and tandem mass spectrometry (MS/MS)
analysis in the clinical laboratory. Major sulfatide isoforms are normalized to the least variable component of
the spectrum, which is the indigenous C18:0 isoform. This procedure does not require the use of specific internal
standards and minimizes errors caused by sample preparation and measurement.

Results: Urinary sulfatides were analyzed in a set of 21 samples from patients affected by sulfatidosis. The
combined abundance of the five most elevated isoforms, €22:0, C22:0-OH, C24:0, C24:1-OH, and C24:0-OH
sulfatides, was found to give the greatest distinction between MLD-affected patients and a control group.
Conclusions: The method avoids transportation of ligquid urine samples and generates stable membrane-bound
sulfatide samples that can be stored at ambient temperature, MS/MS sulfatide profiling targeted on the most

MLD-representative isoforms is simple with robust results and is suitable for screening.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metachromatic leukodystrophy (MLD) is a rare autosomal recessive
disorder caused by a deficiency of lysosomal arylsulfatase A {ASA). ASA
desulfates 3-O-sulfogalactosyl ceramide (sulfatide, galactosylceramide
I*-sulfate) (Fig. 1) and is assisted by the nonenzymatic activator protein
saposin B [1,2]. ASA deficiency, or lack of its activator protein causing
saposin B and prosaposin deficiencies (Psap-d), results in accumulation
of sulfatides in lysosomes and demyelination of the central and periph-
eral nervous system. The disease has several variants that differ in the
clinical onset and severity. The late infantile form of MLD is most com-
mon and severe and results in death of the affected children in the first
decade of life. The juvenile and adult forms have a milder course that
manifests itself by gait disturbances, mental regression, and emotional
disturbances [2].

Abbreviations: CV, coefficient of variation; DEAE, Diethylaminoethyl; MLD,
metachromatic leukodystrophy; Psap-d, prosaposin deficiency; ASA, arylsulfatase A;
PTFE, polytetrafluoroethylene; SRM, selected reaction monitoring; MS/MS, tandem mass
spectrometry; 5/M, signal to noise ratio; IPN, isoform profile number {ratio of the sum of
the major five isoforms and the C18:0 sulfatide); DUS, dry urinary sample.

* Corresponding author. Tel: +1 206 685 2041; fax: + 1 206 685 8665.
** Corresponding author, Tel.: +420 224967033, fax: +420 224967119,

E-mail addresses: turecek@chem.washington.edu {F. Tureéek), jledvin@cesnet.cz

(. Ledvinova).

0009-8981/% - see front matter © 2013 Elsevier BV. All rights reserved.
http://dx.doiorg/10.1016/j.cca.2013.06.027

Biochemical detection of MLD presents specific challenges. Since
there is currently no approved therapy for MLD [3-7], detection of
the late infantile form by newborn screening has not been considered,
and a suitable method is not available so far. Enzyme assays in cell
homogenates have been developed for ASA that use 4-nitrocatechol
sulfate for UV/VIS or methylumbelliferyl sulfate for fluorescence
detection of products [8-11]. However, the practical use of enzyme
assays is hampered by the occurrence of two pseudodeficiency alleles
of the ASA gene locus (EC 3.1.6.8) which are carried by a substantial
group of the general population, estimated at 10— 15% in Europe
[2]. These benign pseudodeficiencies are caused by either a point mu-
tation that removes the protein glycosylation site [12], or a mutation
of a polyadenylation site [13], resulting in low ASA activity in in vitro
assays, but not causing disease [14-17]. Other methods of diagnosis
are based on clinical symptoms and changes caused by demyelination
and deposition of sulfatides in metachromatic granules [18,19].

All MLD forms manifest themselves by an elevated concentration
of sulfatides in urine. Previous bioanalytical methods of sulfatide
detection were based on thin layer chromatography separation of
native glycosphingolipids with densitometric evaluation [20], or
utilized chemical derivatization combined with gas [21] or liquid
[22] chromatography, or applied matrix-assisted laser desorption
ionization mass spectrometry after sulfatide conversion into its lyso-
form [23]. Recently, Meikle's group reported detection and quantitation
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Fig. 1. The chemistry of sulfatide degradation catalyzed by arylsulphatase A.

of urine sulfatides by electrospray ionization mass spectrometry in the
negative ion mode [24,25]. Norris et al. [26] have developed an assay
for sulfatide detection in brain tissue that was based on positive ion
electrospray tandem mass spectrometry of sulfatide-lithium ion ad-
ducts. Kuchat et al. [27] used tandem mass spectrometry in the negative
ion mode to prove massive excretion of urinary sulfatides in patients
with function defect of ASA protein activator saposin B (prosaposin
and saposin B deficiencies) and also in MLD cases. A common feature
of these procedures is that they use liquid-liquid extraction from
urine to chloroform-methanol.

Tandem mass spectrometry provides specific data that allow exami-
nation of detailed patterns of molecular species and monitoring of
changes in their relative abundance that can be related to the nature
of the disease. Detailed MS/MS determination of variations in lipid com-
position has strongly influenced the clinical view in some diseases, and
understanding such variations in relation to the disease may help iden-
tify new categories of biomarkers [28).

We now report a new laboratory procedure that uses ion-exchange
membranes for an efficient and solvent-free sulfatide extraction from
urine and produces dry samples that are readily transported and stored.
Electrospray MS/MS is used for targeted lipidomic analysis of selected
sulfatide isoforms for screening of MLD.

2. Materials and methods
2.1. Materials

Archived and anonymous urine samples (first morning or randomly
taken specimens) were obtained from patients previously diagnosed
with MLD (20 patients) or prosaposin deficiency (one patient), and
controls (50 individuals). The study was approved by the Ethics
Committee of the General University Hospital in Prague. MLD sam-
ples were obtained from patients afflicted with the late infantile
form (7 patients, ages 2-5), juvenile form (4 patients, ages 7-17),
and adult form (9 patients, ages 23-38). The prosaposin deficiency
sample was from a 44-day old male infant. Samples (10 ml) were
stored in plastic tubes at — 20 °C. DEAE membranes were purchased
from Sartorius Stedim Biotech GmbH (Goettingen, Germany, Sartobind
D membrane A4 cat No. 94IEXD42-001). Chloroform (Sigma-Aldrich
Co., St. Louis, MO; grade CHROMASOLV for HPLC 99.9%), methanol
(Sigma-Aldrich; grade CHROMASOLYV for LC-MS Riedel-de Haén or
Fluka), n-hexane (Sigma-Aldrich; grade CHROMASOLV for LC-MS
Fluka), 2-propanol (Sigma-Aldrich; grade CHROMASOLV for LC-MS
Fluka) and ammonium acetate (Sigma-Aldrich, Fluka Analytical,
puriss p.a. for mass spectroscopy >99.0%) were used as received.
SUPELCOSIL ™ LC-Si HPLC Column 7.5 cm x 3 mm, 3 um, was
purchased from Supelco (Cat No 58980C30, Supelco, Bellefonte,
PA, USA). Security Guard Kit (Phenomenex, KJO-4282) and Silica

Cartridges (10 pcs, Phenomenex, AJ0-4348) were supplied by
Phenomenex Inc. (Torrance, CA, USA). C12:0 sulfatide was purchased
from Avanti Polar Lipids Inc {Alabaster, AL, USA). C17:0 sulfatide was
prepared as described previously [29]

2.2. Preparation of dry DEAE membrane with bound urinary sulfatides

DEAE membrane (Sartobind D, A4 29.7 x 21 cm) was cut into
1 x 1 cm squares. The squares were immersed for 15 min in the suf-
ficient volume of urine {(about 10 ml is recommended) which was
previously thoroughly mixed for 1 min to disperse the sediment
throughout the sample volume. The soaked DEAE membrane was
placed on a laboratory stand and allowed to dry at laboratory tem-
perature for about 5 h. No blotting material was used to speed up
drying. The dried DEAE membranes {(DUS) were stored at — 20 °C
prior to further processing.

2.3. Extraction of sulfatides from DEAE membrane

Sulfatides were extracted by ion-exchange using 0.2 M ammo-
nium acetate in methanol. A membrane square was placed in a
1.5 ml Eppendorf tube with 1.4 ml 0.2 M ammonium acetate in
methanol. This was followed by 30 min vortexing at 1400 rpm at
room temperature. After intensive vortex mixing, the methanol solu-
tion was transferred to another Eppendorftube and the solvent volume
was reduced to <50 ul by evaporating under a stream of nitrogen at
40 °Cfor up to 20 min. Then 300 pl of MilliQ water was added followed
by 700 ul of chloroform:methanol (2:1, v/v) and the mixture was
vortexed at 1400 rpm for 30 min. The organic and water phases were
separated by centrifugation at 14 000 x g for 5 min. A 340 pl portion
of the organic phase was transferred to a glass vial and dried under
stream of nitrogen. The residue was dissolved in 500 ul of methanol
prior to tandem mass spectrometry analysis.

24. Tandem mass spectrometry

Mass spectra were measured on an ABI/MDS SCIEX API 3200
tandem mass spectrometer equipped with an ESI source and coupled
to an Agilent HPLC 1100 series. Samples (20 pl of methanol solution)
were introduced by flow injection at a mobile phase flow rate
of 50 pl/min and electrosprayed in the negative ion mode to form
[M-H]~ ions. Generated ions were analyzed by SRM of precursor
ions (Supplementary data Table S1) and the common HSO; (m/z 97)
fragment ion. Detailed instrument settings are described in the
Supplementary data section.
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2.5. Evaluation of sulfatide isoform profile: calculation of isoform
profile number

The measured SRM peak heights of major MLD-related isoforms
(€22:0, C22:0-0H, C24:0, C24:1-0H, and C24:0-OH see Fig. 2) were
recorded and normalized to that of the indigenous C18:0 isoform to
obtain the isoform profile number (IPN). Thus, the IPN value repre-
sents the ratio of the summed signals of five major elevated isoforms
to the signal of the least variable C18:0 isoform.

The peak heights are proportional to the sulfatide concentrations
through the corresponding response factors depending on the ioniza-
tion efficiency, ion transfer, dissociation efficiency of [M-H]  ions,
and fragment branching ratios. The data thus also reflect the relative
abundance of each isoform in urine and are used for profiling samples
from affected patients and controls.

2.6. Determination of analytical precision of the DEAE membrane method,
linearity, and limits of quantification

Coefficients of variation (CV) of IPN were calculated to determine the
precision of inter- and intra- assay measurements. For intra-assay analy-
sis, one control and one MLD urine sample were used for preparation of
DEAE membrane-bound sulfatides. Sulfatides were extracted from the
dry membrane as described above and the extracts were repeatedly
analyzed by MS. The intra CV was calculated from 10 measurements.

For inter-assay analysis, series of 10 samples of DEAE-bound
sulfatides were prepared from one control and one MLD urine sam-
ple. The Inter CV was determined after analysis of 10 control and
10 MLD sulfatide extracts.

To determine the concentration dependence of the analytical
precision, we used a standard sample of bovine brain sulfatides dissolved
in methanol and applied on DEAE membranes. IPN was evaluated
in DEAE membrane eluates over a broad range of concentrations
(8 concentration points) varying from 10 to 5000 ng/membrane.

Limits of quantification for individual sulfatide isoforms in DUS
were determined by a previously published method [27] using a
C12:0 sulfatide internal standard.

To determine the linearity of the method, we used a standard
sample of bovine brain sulfatides dissolved in methanol and applied
to DEAE membranes. Signals of evaluated isoforms were measured
over a broad range of concentrations from 10 to 20000 ng of sulfatides
per membrane,
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Fig. 2. Comparison of urinary isoform profiles from MLD and prosaposin defi-
ciency (Psap-d) patients and controls. Arrows indicate components undergoing
major changes.

2.7. Evaluation of matrix effects

Matrix effects of the co-eluted urine components from the DEAE
membrane on the sulfatide signal were assessed in two ways, e.g., using
a post-extraction technique and a post-column infusion method. The
latter provides the ability to design and modify methods to eliminate
adverse effects of the matrix [30]. Briefly, an infusion pump is used
that delivers a constant flow of the analyte or standard into the LC
eluent before the ESI source and allows one to evaluate the influence
of matrix on the analyte signal during the LC run [30].

The post-extraction addition method is based on a comparison of
the different signal responses of the analyte with added matrix and
dissolved only in a pure solvent.

lon suppression (matrix) effects were examined by the post-
extraction addition technique in six urine samples representing six
independent sources of the same matrix (3 controls, 3 MLD) within a
large range of creatinine concentrations (2.3-17.0 mmol/l) using pub-
lished protocols [30-32]. DEAE membrane eluates were processed as
described above, and the organic and water phases were separated.
340 ul of the organic {lower) phase was mixed with 10 ul of the C17:0
isoform (40 ng) solution, and the suppression of C17:0 sulfatide ion
signal intensity was monitored for each urine sample.

We used post-column infusion analysis [30] with the C12:0 sulfatide
standard to test whether matrix effects can be eliminated or reduced by
HPLC (silica column) or LC separation (Security Guard Kit with silica
cartridges; see details in the Supplementary data).

A sample was prepared by mixing the above described six urine
samples and used as a source of matrix components. Post-column
infusion of C12:0 sulfatide standard (40 ng in 500 ul of 2-propanol:
H,0, 90:10; v/v) at flow rate of 10 pul/min was used for matrix effect
evaluation.

2.8. Stability of sulfatides on DEAE membrane

Sulfatides from six urine samples (3 controls and 3 MLD) were
bound to the DEAE membrane as described and stored at laboratory
temperature and at —20 °C prior to further processing. Samples
were processed at different time intervals in the course of 100 days
and individual IPNs were calculated.

2.9. Kidney sulfatide analysis

For tissue lipid analysis, lipid extracts of a formaline-fixed control
kidney and a kidney from the patient with prosaposin deficiency
were prepared by successive extraction of tissue homogenates with
chloroform:methanol:water mixtures as described [33,34]. Aliquots
corresponding to 1 mg of the wet weight of extracted tissue were
analyzed by tandem mass spectrometry according to the previously
published method [27].

3. Results

3.1. Analytical precision of a DEAE membrane method, linearity and limits
of quantification

The average CV within the range from 10 to 5000 ng sulfatides/
sample was 7%,

The analytical precision of the method gave an intra CV = 11% from
repetitive analysis (n = 10) of one control sample, The MLD sample
gave an intra CV = 4% (n = 10).

The inter CV was calculated from analyses of 10 DEAE membrane
eluates. The Inter CV was 13% and 11% for the MLD and control sam-
ples, respectively.

Limits of quantification were determined for each evaluated isoform
in urinary samples where the signal-to-noise ratio was at least 10:1.

- 123 -



156 L. Kuchaf et al. / Clinica Chimica Acta 425 (2013) 153-159

Under these conditions, the limits of quantification were 4 pmol of one
specific urinary sulfatide isoform per cm? of DEAE membrane.

Signal responses of individual isoforms were linear in a broad
range of concentrations from 5 to 1500 pmol applied to the DEAE
membrane, which is consistent with the concentration range for
the determination of sulfatides in control and MLD urines.

3.2, Matrix effects

Because the urine samples contain the sulfatides in the presence of a
large excess of low molecular mass compounds (matrix), the determi-
nation of matrix effects on the extraction and mass spectrometric analy-
sis was essential [30]. DUS extracts showed matrix effects resulting in
C17:0 sulfatide ion signal suppression by 76-84% due to the presence
of extracted co-ionized urine components. However, the ion signal in-
tensity of analyzed sulfatide isoforms was sufficient for reliable analysis.
The ESI ion intensities of other sulfatides, for which we did not have
synthetic standards, are presumably suppressed to a similar extent.

Nevertheless, we have tried to suppress the matrix effect using
two alternative methods, one using HPLC coupled to ESI-MS/MS and
the other using Security Guard Kit with two Silica cartridges (LC),
which could be a fast and simple alternative to the HPLC method
(for details see the Supplementary data).

HPLC fully removed matrix effects {Supplementary data Fig. 1A),
which was confirmed by post-extraction addition and also by the
post-column infusion methed. LC utilizing a Security Guard Kit with
two Silica cartridges reduced the signal intensity suppression from
75% to 17% {Supplementary data Fig. 1B) which was also confirmed
by the methods mentioned above. Despite these benefits, the direct
FIA-MS/MS was both faster and easier to manage while providing a
rapid and reliable examination of suspected cases, which we verified
in 20 MLD patients and 50 controls.

3.3. Stability of sulfatides on DEAE membrane

The stability of urinary sulfatides that were bound on DEAE
membrane and stored from 1 to 100 days at laboratory temperature
and at — 20 °C was studied for six different urine samples with high
and/or low levels of sulfatides (3 control and 3 MLD urines).
The evaluation of the IPN measurements is summarized in Table 1.
The IPN values were relatively stable in the course of 100 days of
storage and provided a clear distinction between values for patients
and controls.

Table 1
Stability of sulfatides bound to DEAE membrane under different storage conditions
evaluated by [PN.

Day
1 3 6 100 Avg sD CVx
C1 LT 7.69 6.73 8.06 6.07 7.14 091 121
FR 730 8.28 8.03 6.40 7.50 0.84 11.24
2 LT 951 10.05 8.44 7.78 8.95 1.03 11.46
FR 850 8.34 9.55 8.80 8.80 054 612
3 LT 862 9.86 1026 679 8.88 1.56 17.57
FR 1104  B.62 998 855 955 1.19 12,50
MLD1 LT 4886 51.69 4040 43.16 46.03 5.16 11.22

FR 3642 3719 4827 3553 3935 598 15.20
MLD2 LT 3233 2063 2530 2050 2469 556 2253

FR 3122 28.20 30.62 3463 3117 265 851
MLD3 LT 2707 29.83 2099 2770 2640 3.79 14.37

FR 2176 24.20 2432 2499 2382 142 5495

IPN values are average of two measurements.
C — control; MLD — metachromatic leukodystrophy; LT — laboratory temperature; FR
— storage in a freezer at —20 "C; values of IPN are in arbitrary units.

34. Evaluation of MLD-related isoforms in the total spectrum of
urinary sulfatides

Five sulfatide isoforms €22:0, C22:0-OH, C24:0, C24:1-OH, and
(C24:0-0H which were most distinctly elevated in sulfatidoses (major
isoforms; Fig. 2), were selected as being representative for analysis.
In sulfatidoses, these major isoforms collectively accounted for 64% of
total sulfatides.

The least variable parameter of the total profile was the C18:0
isoform which was therefore used for normalization of the five major
elevated isoforms. To evaluate its variability, the percentage of C18:0
isoform of total sulfatides was calculated for 26 individual control and
10 MLD samples. The percentage of the C18:0 isoform in the total
sulfatide spectrum was 7.0 4+ 2.0% for controls (n = 26, creatinine
levels 2.3-12.2 mmol/l) and 2.0 + 1.0% for MLD patients (n = 10,
creatinine 3.3-17 mmol/l) and prosaposin deficient patient (creatinine
0.4 mmol/l).

3.5. Isoform profile number (IPN) — a new MLD biomarker

The ratio of the combined signals of the major isoforms relative
to the intrinsic C18:0 sulfatide reference (IPN) provides a clear-cut
diagnostic parameter as shown in Fig. 3 for the set of 50 control
samples, 20 MLD-affected patients (all three clinical variants), one
MLD heterozygote and one prosaposin deficient patient.

3.6. Comparison of kidney and urinary sulfatide isoform profiles

The comparison of kidney and urinary sulfatide molecular types
under normal conditions and in case of prosaposin deficiency is
shown in Fig. 4. The data indicate that the urinary and kidney profiles
from the control samples are distinctly different {Fig. 4A). The urinary
profile from the prosaposin deficient patient differs from those of the
controls (see Fig. 2) and follows the profile in the kidney (Fig. 4B).

Both the patient’s and control kidney patterns show a similar com-
position of the major isoforms regardless of the absolute values for
total sulfatides {85 pg/g tissue wet weight for control versus 3000 pg/g
for the prosaposin deficient kidney).

4. Discussion

We have shown that a simple profiling of specifically increased
sulfatide isoforms reliably identified all MLD and prosaposin deficient
patients, indicating no false negatives, and distinguished all controls, in-
dicating no false positives (Fig. 3). The implementation of DEAE mem-
branes facilitates sample transportation, handling of large sample sets,
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Fig. 3. Ratio of composed SEM intensities of major urinary isoforms to the SRM
intensity of the intrinsic C18:0 reference (IPN) for MLD and prosaposin deficiency
(Psap-d) patients, a heterozygote, and controls.
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Fig. 4. Comparison of sulfatide isoform urinary and kidney profiles in controls {panel A) and a prosaposin deficiency {Psap-d) patient { panel B). The similarity of urinary and kidney

profiles in Psap-d is obvious. Arrows indicate major changes in the isoform profiles.

and enables the partial purification of urinary sulfatides and thus higher
sensitivity of the measurements. These are the key characteristics of the
procedure that could be introduced as a screening method for MLD
because enzyme-based dry-blood-spot analysis is still missing [35].

Selection of five MLD-related isoforms minimizes individual dif-
ferences in collected samples in comparison with the previously
reported analysis of Gb3Cer profile in urine of Fabry patients based
on only one most elevated C24:0 isoform [36].

In an effort to simplify the analytical procedure and lower the cost,
we sought the least variable component of the sulfatide spectrum
to normalize the signal of major elevated isoforms. We found the
sulfatide C18:0 isoform, which was the most stable parameter per-
cent wise, and used it as an indigenous reference for calculating the
isoform profile number IPN as a disease marker.

The low variability of the C18:0 isoform in the profile is possibly
due to its constant production in biosynthetic pathways where the
corresponding synthases preferentially synthesize the isoforms with
long acyl chains C20-C24, thus keeping the amount of C18:0 isoform
less variable [37.38].

Utilizing the C18:0 isoform as a normalizing parameter avoids
isotope or mass-labeled external standards that are commonly used
in other methods [24,25,27|. In addition, the C18:0 reference isoform
is naturally present in the analyzed material along with the measured
isoforms and thus compensates for errors caused by sample process-
ing, e.g., affinity binding, elution and extraction, and also for matrix
effects [39].

The use of the C18:0 reference isoform also helps to resolve the
long-standing problem of suitable evaluation of urinary lipids that
results from inappropriate normalizing parameters (e.g. creatinine)
[40.41]. Concentration of urine does not affect the measurement and
evaluation using IPN values. Both types, the first morning specimens
or samples taken randomly during the day may be used, but always
perfectly mixed before any further handling.

The described method was thoroughly characterized by determin-
ing the analytical parameters and DUS storage stability. CV of IPN
values did not depend on the total sulfatide level across a broad
range of sample loadings which is essential for the method reliability.
Intra- and inter-assay CV were always below 13%. This indicates that
the IPN values are not affected by selective binding of some sulfatide
isoforms to the DEAE membrane.

It should be noted that it is essential to achieve adequate signal-
to-noise ratios (S/N) of the measured data to evaluate the correct IPN.
The recommended minimum for the “quantitative” data is S/N = 10
|31]. Our DEAE membrane method utilizing FIA-ESI-MS/MS revealed
S/N ratios about 25 for control samples and 47 for MLD. This demonstrates

that direct FIA-ESI-MS/MS provides reliable results, LC separation is not
necessary to increase the S/N ratio, but represents an alternative method.
Examples of measured data are shown in Supplementary data Fig. 2.

The stability of sulfatides on DEAE membrane under different stor-
age conditions was found sufficient, as the IPN value provided clear
differentiation between the control group and MLD patients at any
time point up to 100 days of storage (Table 1). Samples are usually
delivered to the analytical laboratory within one week after collection
but even longer storage period does not have any negative impact on
the outcome of the laboratory analysis and diagnosis.

Another advantage of the method is its ability to diagnose saposin
B deficiency caused by mutations of prosaposin encoding gene. This
rare disease is easily detectable by determination of sulfatide IPN in
urine, although the in vitro enzyme assays fail.

Despite the differences among individual patients, the concentra-
tions of the most abundant isoforms correlated with the total sulfatide
values in all examined samples (Supplementary data Fig. 3). We assume
that the method may also have the potential to distinguish common ASA
pseudodeficiencies { ASA PD) which show low in vitro ASA activities but
do not result in morbidity in ASA PD individuals who do not present sig-
nificantly elevated urinary sulfatide levels [2,25]. This issue will be fur-
ther investigated in dependence on the availability of PD ASA material.

The cause for the elevated urinary C22:0, C:22:0-OH, C24:0, C24:1-0OH,
and C24:0-0H sulfatide isoforms has not been exactly determined so
far. It is presumed that the exfoliated renal tubule epithelium cells
affected by lysosomal storage are the primary source of excreted
sphingolipids in some LSD [2,42-44]. In the absence of renal damage,
the renal epithelium cells appear in the urinary sediment in only
very small quantities [45,46].

We compared the sulfatide profiles in urine and in extracts of
kidney homogenates from normal individuals and from the prosaposin
deficient patient [41].

The pattern of sulfatide isoforms was similar in the healthy kidney
and in the kidney affected by lysosomal storage (Fig. 4 A,B; dark/purple
highlighted bars).

In contrast, an altered urinary sulfatide profile (Fig. 4, light/blue
bars) was found that exactly corresponded to the sulfatide kidney
profile of the prosaposin deficient patient. This can be taken as an in-
direct evidence for changes in the composition of cellular types in the
urinary sediment — desquamated urothelial cells in controls [45] and
lipid-laden renal tubule cells [43] in patients with LSD.

The spectrum of the sulfatide isoforms in the kidney to a large extent
corresponds to the expression of ceramide synthases (CerS, acyl-CoA:
sphinganine N-acyltransferase, E. C. 2.3.1.24) that catalyze acylation of
sphinganine in the endoplasmic reticulum [47]. The CerS2 form, which
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is mainly expressed in kidney cells, is specific for acylation of sphingoid
base with (22 through (24 fatty acids [38,47] which are major molecu-
lar forms of kidney sulfatides and are elevated in urine of patients with
MILD and prosaposin deficiency. Expression of CerS in urothel has not
been investigated so far.

5. Conclusion

IDEAE-hbound urinary sulfatide profiling by tandem mass spec-
trometry offers a robust method for laboratory diagnosis of patients
alfected with MLD and prosaposin deficiency. The method relies on
the increase of specific molecular types of sulfatides in urine. The se-
lection of only five major elevated isoforms and the C18:0 isoform
as an indigenous normalizing parameter both simplifies the analysis
and lowers the cost, as it does not require specifically labeled lipid
standards and analysis of additional standardizing parameter such
as creatinine, sfingomyelin etc. Incorporating the DEAE membrane
to selectively capture the sulfatides from urine allows the preparation
of dry samples with high stability of bound sulfatides which is easy
for transportation and further analysis.
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Table S1. Ion m/z Values for Selected Ion Monitoring

Precursor (M - H) Ion data aqusition times in ms
Sulfatide m'z Formula all isoforms  major + C18:0
isoforms

Cl16:0 778.5 CuoH76NO11S 100

C17:0 (IS) 792.5 C4H7gNO; S 100

C18:0 806.6 C42HgoNO1;1S 100 500
C18:0-OH 822.6 Ca2HgoNO12S 100

C20:0 834.6 CusHgaNO11S 100

C20:0-OH 850.6 C14HgaNO12S 100

C22:0 862.6 C4sHgsNO;1S 100 500
C22:1-OH 876.6 CisHgsNO12S 100

C22:0-OH 878.7 CysHgsNO2S 100 500
C24:1 888.7 CagHaoNO1;1 S 100

C24:0 890.7 CysHgaNO(;18 100 500
C23:0-OH 892.7 C47HgoNO12S 100

C24:1-OH 904.7 CysHogNO2S 100 500
C24:0-OH 906.7 CsHypNO;»S 100 500
C26:1 916.7 CsoHggNO1;1S 100

C26:0 918.7 CsoHgsNO11S 100

C26:1-OH 932.7 CsoHgaNO12S 100

C26:0-OH 934.7 CsoHasNO12S 100

Footnote: The most abundant urinary isoforms from MLD patients are shown with bold
characters.

Method of tandem mass spectrometry analysis

Instrument Seftings

Mass spectra were measured on an ABI/MDS SCIEX API 3200 tandem mass spectrometer
equipped with an ESI source and coupled to an Agilent HPLC 1100 series. Samples (20 uL
of methanol solution) were introduced by flow injection at a flow rate of 50 pL/min. The
Analyst 1.5 software was used to operate the instruments and process the data. Sulfatides
were analyzed by selected reaction monitoring (SRM) in the negative ion mode. Delays
between mass transitions were set to 5 ms with Q1 and Q3 operating at unit mass resolution.

The curtain gas pressure was 10 psi. Nitrogen was used as the collision gas with pressure set
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at 7 psi. The capillary spray voltage was -4.5 kV. The temperature of the nebulizing gas was
200°C. The ion source gas pressure was adjusted to 10 psi for source gas 1 and 35 psi for
source gas 2. The interface heater was turned on during the analysis. The ion optics settings
for sulfatide measurements were -152 V for the declustering potential and -9 V for the
entrance potential. The collision energy was set to -130V with a collision cell exit potential of

-8.5V.

Sample Analysis

Sulfatide-containing lipid samples prepared as described above were injected by an
autosampler into the methanol mobile phase with a flow rate of 50 puL/min. The sample was
resuspended in methanol and electrosprayed in the negative ion mode to form [M—H] ions.
SRM of sulfatides used precursor ions shown in supplementary Table S1 and monitored the
common HSQ, (m/z 97) fragment ion. The data acquisition time for each transition pair was
100 ms when all 18 isoforms were measured (supplementary Table S1). The data acquisition
time was extended to 500 ms when only five major isoforms and C18:0 sulfatide (indigenous

internal standard) were measured.

HPLC and LC ESI-MS/MS methods to suppress matrix effects

Normal-phase HPLC was performed on L.C-Si HPLC Column 7.5 cm x 3mm, 3 pm. LC was
performed using Security Guard Kit with two silica cartridges (cartridge size of 4.0 x 3.0
mm). Gradient elution was done in a binary system of mobile phase A consisting of n-
hexane:2-propanol (60:40) and mobile phase B consisting of 2-propanol:H,O (90:10). The
gradient elution program for HPL.C separation was as follows: 100% of mobile phase A for 8
min, linear gradient exchange to 100% B over 3 min and finally 100% of phase B for 29 min.

The LC program with Security Guard Kit was as follows: 100% of mobile phase A for 1 min,
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linear exchange oT gradient to 100% B over 0.5 min and finally 100% of phase B for 2.5 min.
Both methods were performed at a constant flow rate of 150 pl/min. ESI-MS/MS conditions

were as described above (Supplement - Instrument Settings).

Matrix effect suppression with HPL.C and L.C
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Supplementary Fig. 1. Elution profile of C12:0 sulfatide signal suppression caused by matrix
effects (vellow line) in the course of HPLC (A) and LC (B) separations in post-column
infugion. The vellow line represents the relative variation of the signal of C12: 0 sulfatide
normalized to 100% in the absence of matrix. The bar above the yellow line shows the
region of major matrix effects. The blue line represents the chromatographic trace of C12:0
sulfatide in the course of HPLC and L.C separation.
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Examples of measured data
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Supplementary Fig. 2. Extracted ion current of selected sulfatide isoforms in control (A) and
MLD (B) urine samples. The horizontal lines indicate the typical noise and minimum signal
levels. Panel A: The red line represents the noise level which was 10 cps (amu) in control
samples. The S/N ratio for each isoform was above 25. Panel B: In the MLD sample, the
noise level was 40 cps (red line) and the S/N ratio was above 45 for each measured isoform.
An S/N ratio of 10 was taken as a base limit for quantification. The dynamic range of signal
intensity was 10-380 cps in control urine and 40-14000 cps in MLD urine. Note the different
ordinate scales in graphs (A) and (B).
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Supplementary Fig. 3. Comparison of molar concentrations of total sulfatides (blue columns) and major
individual isoforms (red columns) from sulfatidosis affected patients. (A) C22:0 (B) C22:0-OH (C) C24:0 (D)
C24:1-OH (E) C24:0-OH. The left y-axes represent the range of total sulphatides concentration, the right y-axes
show concentrations of individual isoforms. Molar concentrations of major individual isoforms were calculated
from their percentage abundance in total urinary sulfatides.
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A series of six full-term placentas and umbilical cords were
examined using the in sifu detection of globotriaosylcera-
mide (Gb3Cer), GM1 ganglioside (GM1), GM3 ganglioside
(GM3), cholesterol and caveolin 1. Immunohistochemical
study showed uniform distinct staining of the apical mem-
brane of villous capillary endothelial cells for Gb3Cer,
GMI1, GM3 and cholesterol. There was also a strong signal
for caveolin 1. The immunophenotype suggests the presence
of caveola-associated raft microdomains. The immunophe-
notype was almost completely shared with the extravillous
intravascular trophoblast in the basal plate. 1t was absent
in the endothelial cells of umbilical vessels and in the capil-
laries of somatic structures (heart, lung, skeletal muscle
and skin) in neonates as well as in adults, including capil-
laries of the proliferative endometrium. Results of in situ
analyses were confirmed by lipid chromatographic analysis
of tissue homogenates and by tandem mass spectrometry.
Lysosomal Gb3Cer turnover was followed in three placen-
tas including umbilical cords from Fabry disease (u-galac-
tosidase A deficiency). Lysosomal storage was restricted
to vascular smooth muscle cells and to endothelial cells of
umbilical vessels. Placental villous capillary endothelial
cells displaying a strong non-lysosomal staining for Gb3Cer
were free of lysosomal storage.

Keywords: Fabry disease / gangliosides / glycosphingolipids /
placental capillarics

"To whom correspondence should be addressed: Tel: +420-224967033;
Fax: +420-224967119; e-mail: jledvin@eesnet.cz

Introduction

QOur interest in the study of the glycosphingolipid (GSL)
profile of placental endothelial cells was mduced by our en-
gagement in studies of globottiaosyleeramide (Gb3Cer) lyso-
somal storage in Fabry disease [v-galactosidase A (o-Gal A)
deficiency], where it represents the main lysosomally stored
lipid, followed by digalactosylceramide and in specific
instances also blood group B glycolipids (Elleder 2010;
Hrebicck and Ledvinova 2010). Recently, we used immuno-
histochemical in situ detection of Gb3Cer n a sample of pla-
centa n a case of Iabry disease and were surprised by strong
staining of the villous capillaries fiee of lysosomal storage.
As we are nol aware of any defailed study of Gb3Cer in
normal placentas as all the so far reports of placental path-
ology in Fabry disease have been focused on Gb3Cer lyso-
somal storage demonstrated with electron microscopy (Popl
et al. 1990; Vedder et al. 2006; Bouwman et al. 2010). This
prompied a comprehensive study of the capillary GSL profile
in normal placentas. We used in sitw analysis of Gb3Cer,
GM1 ganglioside (GM1) and GM3 ganglioside (GM3), paral-
leled by extra situ biochemical analysis and tandem mass
spectrometry (MS/MS). The lipid in situ profile of placental
villous capillaries was compared with that of endothelial cells
of the uteroplacental vessels, umbilical vessels and with that
ot the somatic capillaries.

Results

In situ analysis

Cib3Cer in situ detection in the fetal (villous) part of placentas
gave o uniform, relatively strong, lmear or finely granular
signal in the apical membrane of the fetal villous capillary
endothelium. Lipid was also detectable, to variable extents, in
fibroblasts and Hoftbauer cells. Both villous cyto- and syncy-
tiotrophoblast were always negative (Figure 1A). In the basal
plate (mafernal portion), the extravillous stromal trophoblast
strongly positive for large spectrum cytokeratin (CK LS)
showed variable staining for Gbh3Cer, ranging from negative
to strongly positive. The cells lining the lumina of the utero-
placental vessels, expressing cytokeratin, also stamed positive,
at the apical pole membrane (Figure 1C and D). Gb3Cer
immunostaining was resistant (o acetone pre-exiraciion and
completely eliminated by total lipid extraction. Endothelium

& The Author 2012, Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals. permissions(@oup.com 725
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H Halkova et al.

Fig. 1. Immunohistochemistry of Gb3Cer. (A) Placental villi. Signal for Gh3Cer was localized in the apical membrane of the villous capillary endothelivn, (B) The
absence of the signal in the endothelium of both arterial {B1) and venous (B2) umbillical vessels. Gb3Cer-negative endothelial cells lining a narmmow lumen of the
umbilical artery in B1 are marked with arrowheads. Insert in B1 demonsirates the positive Gh3Cer staining ofa mast cell in the umbilicus in the Wharlon's jelly as
an intemal control. (C) Strong signal for Gb3Cer in cells lining a lumen of the uteroplacental vessel in the basal plate. (D)) The section panllel to (C). These cells
displayed also clear positivity for cytokeratin, suggesting their origin from endovascular trophoblast invasion. (E) Gb3Cer was not detectable in endometrial
capillaries in the proliferative phase (the capillary lumen is marked with an asterisk). (F) Gb3Cer-negative capillaries in the skeletal muscle from an infant.

from non-pregnant endometrium (proliferative state) did not
display Gb3Cer expression (Figure 1E).

(Gb3Cer was not detectable n any of the vessel wall ele-
ments (smooth muscle cells and endothelial cells) of umbilical
cord vein or of the umbilical cord arteries (Figure 1B1 and
B2). The only cell type that was positive was mast cells in the
Wharton'’s jelly. Gb3Cer was also negative in capillaries in
somatic tissues (blood capillarics in the skin, skeletal musele,
heart and lung) of three mfants succumbing to diseases
unrelated to lysosomal storage (Figure 1F). This fits with our
studies in adults (MLE., personal observation).

Correlation with other lipids. GM1 was detecled with both
techniques (with anti-GM1 monoclonal antibody and with

726

Cholera toxin B-subunit) in the apical membrane of the
villous capillary endothelium, cortelating with the presence
of Gb3Cer (Figure 2A1 and A2). Villous trophoblast did
not display any significant regular signal. However, the
extravillous trophoblast in the basal plate expressed intensive
GM1  staining. Especially cells lming the Iumina of
uteroplacental vessels displayed staming comparable with that
for Gb3Cer. Staining of umbilical vessels was negative with
the exeeption of a weak signal in fibroblasts and in mast cells.
Somatic capillaries expressed variable staining intensity. The
staming was abolished by total lipid pre-extraction.

Signal for GM3 paralleled that for GM! in the apical mem-
brane of placental villous capillaries (Figure 2B) and was also
abolished by total lipid extraction. It was absent m the

- 138 -

TI0T 't 11dy 10 3ZBI4 A BAGLIE] BNZIANIN T8 /10 sewnolpiogxo qoad) 5 cdimy wolg papeousag



placenta capillaries

Fig. 2. Immunohistochemical profile of the capillary endothelium in placental villi. {."‘) Strong signal for GMT with both specific antibody (AI) and with CTX
(A2). (B) Endothelium of villous placental capillaries expressed also GM3; staining with an anti-GM3 monoclonal antibody. (C) The presence of caveolin | in
the villous capillary endothelinm demonstrated by immunohistochemistry using a monoclonal antibody. (Ib) Cholesterol detection in chononic villi using Filipin.

Besides general signal in all villous structures, there is a dense linear signal at the apical pole of endothelial cells lining a capillary lumen (marked with arrows).

endothelium in all other sites examined (umbilical vessels and
somatic capillaries).

Filipin detection of cholesterol showed a strong signal
all villows structures. The rophoblast layer displayed a strong
sighal. Capillaries in all sites examined displayed a linear
(almost continuous) or a dense microgranular signal at the
apical pole (Figure 2D).

Correlation with caveolin 1. Caveolin 1 was best detected n
cryostat sections of unfixed tissue. The signal was strong in the
apical pole of the villous capillary endothelium (Figure 20).
Similar signal was seen in the capillary endothelium n all sites
studied. Endothelium of the vmbilical vessels was negative,
and only smooth muscle cells were reactive.

The expression of usual endothelial protein markers (CD31
and CD34 antigens and factor VIl-related anfigen) in the
villous capillary endotheliom was quite unspecific. Signals for
both CD31 and CD34 antigens were strong. Signal for the
factor VIlI-related antigen was weak and irregular.

Electron microscopy of the normal villous capillary endo-
thelium showed a linear apical pole with occasional groups of
caveolae; Weibel-Palade granules were rare.

Biochemical lipid analysis

High-performance thin-layer chromatography (HPTLC) and
MS/MS analysis demonstrated the presence of Gb3Cer and

other frequently occurring neutral GSLs (ceramide mono- and
dihexosides, globoside) m homogenates of placental fissue.
Acidic GSLs were represented by GM3 in particular, but
week resorcinol positive bands of more complex sialylated
GSL were also detected.

Thin-layer chromatography (TLC) mobility of these
bands suggested different oligosaccharide series than gang-
lioseries when compared with brain gangliosides (Figure 3).
When TLC overlay with cholera toxin B subunit (CTX)
was used for TLC delection, trace amount of GMI1 has
been proved (Figure 4). The GMI1-CTX positivity was just
at the detection limit comesponding approximately to <0.25
pmol GMI.

Resulis from MS/MS lipid analysis are summarized in
Table I Values were standardized to sphingomvelin, the
major ubiquitous sphingolipid of the cell. GM3 represents
the most abundant acidic sphingolipid and Gb3Cer the
most abundant neutral component of the GSL pattem.
Monosialylated  tetrahexosyleceramide  fraction  includes
IV*NeuAenlesCer (SPG, sialylparagloboside) as a major
component and fraces of GM1 (=£0.12% of the total frac-
twon). These compounds are not discriminated by MS/MS
because of the same mass and ion products. Bands of more
complex gangliosides of suspected neolacto-series (nLcyCer)
were also detected in agreement with previous report (Taki
ot al. 1988) bul their further characterization was not infen-
tion of this project.
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Evaluation of lysosomal Gb3Cer storage in Fabry disease

The mosaic discrete storage pattern was demonstrable by both
unmunohistochemistry and electron microscopy in vascular
smooth muscle cells and in endothelial cells of the umbilical
cord vessels (Figure 5A) in all three female umbilical
samples. Hxfensive examination did not disclose lysosomal
Gb3Cer storage in the endothelial cells of villous capillaries,
which in the two female siblings expressed the physiological

61 | . S | GM3
GM2
-
G2
S S | oMt
. GD3
G3
vk GD1a
- [ GD1b
G‘ s - —— — - - GT1h

o) C5  GAbrain GM3+GMI

Fig. 3. HPTLC profile of human placenta gangliosides. C1 and C5, two
different placenta specimens; GA brain, brain gangliosides (frontal lobe GM2
gangliosidosis/Tay-Sachs disease), GM3 + GMI, standards GM3 and GMI.
Placental gangliosides were applied in aliquots corresponding to 3 mg of
tissue protein (equivalents of 45 nmol of tissue sphingomyelin for C1 and 65
nmol of tissue sphingomyelin for C5). Solvent system chlom form/methanol/
0,5% CaCly (55:45:10; wiviv) was used for development. The spots were
visualized with a resorcinol-HCL reagent. G1, G2, G3, G4, major placental
pangliosides identificd by Tuki et al. (1988) as GM3, TV *NeuAc-nl c,Cer
(SPG), VI*NeuAc-nLegCer (i-type ganglioside), VI*NewAc- IVE[II*-
NeuAce-LeNAc]nLeg Cer (I-type ganglioside), respectively. For brain
gangliosides, Svennerholm nomenclature is used (Chester 1998).

* sialylparagloboside

non-lysosomal Gb3Cer localization in their apical pole
(Figure 5B). In the full-term placenta stored for a prolonged
time in formalin, the physiological stamming for Gb3Cer m
villous capillaries was mimmal.

Discussion

Gb3Cer expression in the placental blood capillaries repre-
sents a unique finding which points to specific features of
their endothelial apical pole. The so far studies on Gb3Cer in
endothelial cells point to its receptor function tor ligands
represented by bacterial cytotoxins of the verotoxin family
(Muthing et al. 2009; Betz e al. 2011). Many aspects of
Gb3Cer biology have been reviewed recently (Lingwood
ct al. 2010). However, the bulk of studies describing Gb3Cer
expression and integration into membrane microdomains were
carried out in cultured endothelial cells or in established cell
lines (Keusch et al. 1996; Jacewicz et al. 1999; Muthing et al.
1999; Schweppe et al. 2008). Therefore, this ex vive approach
makes the comparison with our in situ results hardly possible.
Results of in situ Gb3Cer detection are extremely rare and
point fo the absence of immunodeieciable Gb3Cer in the
human skin (Kanekura et al. 2005), in capillaries of human
dorsal root ganglia (Ren of al. 1999) or fo a variable

Table 1. GSLs in human placenta {(in pmol/nmol sphingomyelin)

Gb4Cer Gh3Cer CDH CMH SPG+GMI GM3
Cl 128 271 278 227 7.0 518
Cc2 11.5 321 152 16.7 54 376
C3 19.1 204 15.1 202 43 50.1
4 159 351 12.5 232 4.5 516
Cc5 135 353 16.0 19.2 N.Q. N.Q.

Coefficient of variation of the method was <7%. C1-5, different normal
human placentas; N.Q., not quantified. The MS/MS does not differentiate
between the glucosyl (e.g. in glucosyleeramide) and galactosyl (e.g. in
galactosylceramide) moieties because of the same mass. Therefore,
glucosyleeramide and galactosyleeramide, lactosyleeramide and
digalactosylceramide, and SPG and GMI are quantified as
monohexosyleeramides (CMH), dihexosyleceramides (CDH), and SPG+ GM1
fraction, respectively. Samples were measured in duplicates.

GM3 -

GM2 .

o | 6 e

GD1a : i
-

GD1h e

GTib| o) b s B e R S e e |
GA brain  stGM1  GAeryA GAbrain stGM1 GAeryA GAeyB c7 cs

GM2 gangl. 0.25nmol

50 pmol

2 mg prot

Fig. 4. GM]1 in human placenta detected by CTX overlay. GA brain, brin gangliosides { frontal lobe GM2 gangliosidosis/Tay-Sachs disease); stGM 1, standard
GM1 ganglioside; GA ery A and B, erythrocyle membrane gangliosides; C7 and C8, panglioside fractions of two difTerent placenta specimens (2 mg of tissue
protein aliquots equivalent to 40 nmol of tissue sphingomyelin). Gangliosides were separated on IIPTLC aluminum sheets (silica gel 60) developed with the
chlomform/methanolfwater (65:35:8, v/iv/v). Left part of the chromatogram was detected with oreinol, right part with CTX.
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placenta capillaries

Fig. 5. Comparison with Fabry disease. (A) Umbilical vein of a Fabry female fetus. (A1) Mosaic discrete storage of Gb3Cer in the endothelial cells lining a
lumen of the umbilical vein demonstrated by imnnunohistochemistry. (A2) Electron microscopy correlation with Al. Discrete storage lysosomes containing either
liguad crystals of polar lipids (marked with ammows) or lipopigment deposits (marked with armmowheads). Compared with negative staining for Gb3Cer in control
wmbilical vessels in Figune 2131 and B2. (B) Villous placental capillaries of a Fabry female felus. (B1) Linear Gb3Cer slaining at the apical pole of a villous
capillary comparable with that seen in controls (Figure 14). (B2) Ultrastructural comrelation with B1. The absence of lysosomal storage in a placental villous

capillary.

expression of the lipid in human glomeruli improved by pre-
extraction with acetone. Unfortunately, the presence of
Gb3Cer m renal interstitial capillaries was not mentioned,
only positivity in renal tubules (Chark ot al. 2004).

Qur /n situ results using the immunoperoxidase technique
clearly reflect the situation in vivo. They indicate that the
villous capillaries differ by the high Gb3Cer signal not only
from endothelial cells of the umbilical vessels but from endo-
thelial cells of the somatic capillaries as well. Positivity for
GM1 and cholesterol and their combination with caveolin 1
(see also Lyden et al. 2002) suggest the presence of
caveola-associated microdomains (Parton 1994; Pang et al
2004) at the apical pole of endothelial cells in the placental
capillary network, unique with regard to their high levels of
Gb3Cer. The physiological significance of this finding is open
for further studies, which may discover whether it is relafed to
the clathrin-independent endocytosis (Nichols 2003; Mayor
and Pagano 2007), to specific transport processes known to
exist at this level (Takizawa et al. 2005; Solder et al. 2009) or
to the regulation of the humoral control of the placental
microcirculation (Tedde ef al. 1990).

With regard to the mafernal part of the placenta, the cells
lining uteroplacental vessels displayed Gb3Cer and other GSL
expression comparable with that in villous capillaries.

However, their immunophenotype (expression of cytokera-
tin) fits with the general view of their origin from trophoblast
mvading the basal plate (Frank and Kaufmann 2006). If this
generally held view is correct, it means that trophoblast,
which invade vessels and eventually line them, must undergo

some type of transformation, since it is Gb3Cer fiee in the
villous part. It remams to be established if the glycolipid
expression was induced by the hormonal conditions of preg-
nancy. It would thus be interesting to follow the expression of
Gb3Cer and other GSL m endometrial capillaries (and m
capillary endothelium generally) during the physiological hor-
monal cyele and even during pregnancy. Our samples from
the non-pregnant proliferative endometrium indicated thai
Gb3Cer is absent during this phase of the monthly cycle.
Lipid biochemical analysis of placental homogenates con-
firmed the presence ot lipids detected by immunohistochemis-
fry, Le. Gb3Cer, GM1 and GM3. In previous studies, the
oceurrence of the main neutral and sialylated groups of GSL in
human placenta has been reported (Taki et al. 1988; Strasberg
et al. 1989; Mikami et al. 1993; Jordan and DeLoia 1999). In
the first step of our study, we analyzed the GSL patiern in
human placenta by HPTLC and confirmed the presence of the
main fractions—globotetraosyleeramide (Gb4Cer), Gb3Cer,
dihexosylceramides, monohexosylceramides, GM3 and lower
amounts of more complex sialylated GSL, classified as belong-
ing to oligosaccharide nleyCer only (Taki et al. 1988; Mikami
ot al. 1993). In the next stage, lipids were quantified by MS/
MS and GM3 and Gb3Cer were found as the most abundant
constituents m the spectrum of placental GSL. Monosialylated
tetrasaccharide lipid fraction corresponded by structure and 1on
fragmentation {o  both IVPNeuAe-nLeyCer  (SPG)  and
II"NeuAc-Gg4CeI (GM1) that cannot be differentiated by MS/
MS. However, using the specific binding of GM1 by CTX, we
clearly demonstrated the presence of the minor amount of

729

- 141 -

sjewnolpiogxo qoad) 5, cding woeIg papeciusag

10T *F WAy 10 3ZBIJ A BAGRRS] BIZRAIUN TE /S100

T



H Hilkova et al.

GM1 in placental homogenates besides major sialylated GSLs
—GM3 and GSLs of nLe,Cer. Although gangliosides bearing
ganglio-series backbone were not reported in placental tissue
so far, the presence of detectable amount of GM1, a character-
istic component of cellular membranes and their lipid domains
(rafis) is not surprising.

Distribution of lysosomal storage i Fabry disease was con-
fined to smooth muscle cells in the wmbilical wall and to
endothelial cells of the umbilical vessels. This corresponded
to the previous reports (Vedder et al. 2006; Bouwman et al.
2010). We find interesting comparison of the tendency to
Iysosomal Gb3Cer storage in umbilical endothehal cells n
contrast to placental villous capillaries, both exposed to o-Gal
A deficiency for the same period of time. The umbilical endo-
thelial eells expressed lysosomal storage despile the absence
of detectable Gb3Cer in normal conditions, probably indicat-
g a presence of early tumover of Gb3Cer in both smooth
muscle cells and endothelial cells demasked by o-Gal A defi-
ciency. This contrasts with endothelial cells of the placental
villous capillaries, which were fiee of lysosomal storage but
expressed Gb3Cer in detectable amount physiologically. We
suggest that this may be caused by the linkage of Gb3Cer to
clathrin-independent endocytosis in placental villous capillar-
1es, a process which 1s reputed to realize transport from cell
membrane to various cell compartments including transcyto-
sis, passing the lysosomal system (Nichols 2003; Pang ct al.
2004; Norkin and Kuksin 2005; Lajoie and Nabi 2010).

Conclusions

Gb3Cer expression in the placental blood villous capillaries
represents a unique finding which pomts to specific teatures
of their endothelial apical pole. By this, the villous capillaries
differ not only from endothelial cells of the umbilical vessels
but from endothelial cells of the somatic capillanes as well.
The physiological significance of this finding is open for
further nvestigation. Our studies were, for all practical
purposes, limited to full-term matured placentas. Therefore,
further studies should focus on earlier gestational phases.

Our observations raise one more question; 1s it possible that
Gb3Cer, at the apical pole of placental villous capillaries (and
even 1 eells lining uicroplacental vessels), might be degraded
by enzyme replacement therapy during treatment of pregnant
Fabry patients (Bouwman et al. 2010)7 Transport of the
enzyme, from maternal to fetal blood, would fit with the
current knowledge of transplacental transport of macromole-
cules (Takizawa et al. 2005; Solder et al. 2009).

Materials and methods

The study was approved by the Ethics Commuttee of the
General Teaching Hospital and the First Faculty of Medicine,
Charles University, Prague (Nr. 207/10 S-TIV).

In situ analysis

Samples from six placentas and umbilical cords from physio-
logical, full-term, deliveries were (1) frozen in liquid nitrogen
and used for both immunohistochemistry and biochemistry
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and (ii) fixed in 4% buffered paraformaldehyde for histology
and electron microscopy. Both fetal (villous) and maternal
(basal plate) portions of the placentas were used.

GSLs were also studied immunohistochemically in endo-
thelial cells of somatic structures (heart, lung, skeletal musele,
skin) in three neonates succumbing to a discase lysosome
unrelated.

Parallel to controls, three placental samples including wum-
bilical cords from Fabry disease (fixed in formalin) were also
analyzed. Two were from a premature delivery of two female
siblings (34 weeks) and one was from a full-term placenta
(female). Mother of two female siblings was partially symp-
tomatic carrier for Fabry disease not freated by enzyme.
Heterozygote status of both siblings was confirmed by DNA
analysis. Another analyzed placenta with an umbilical cord
was from a full-term delivery of a female child (heterozygo-
sity confirmed by DNA analysis; healthy mother, father a
hemizygote for Fabry disease). The samples were (1) pro-
cessed for electron microscopy and (11) soaked n ascending
concentrations (maximum 40%) of buffered solutions of sac-
charose and mcubated overnight at 4°C. Blocks were then cut
with a cryostat and the sections processed tor Gb3Cer detec-
tion wusing the same method as for the unfixed control
samples.

GEL detection

Gb3Cer was detected using mouse monoclonal antibody
(clone BGR23, lot A20118; Seikagaku Corporation, Tokyo,
Japan). For the detection of GMI1, two different approaches
were used: (i) with the CTX described in a recent study
(Smid et al. 2010) and (i1) with monoclonal antibody (clone
GMB16, lot A70114, Seikagaku Corporation). GM3 was
detecied with mouse monoclonal antibody (clone GMR6, lot
AX0116; Seikagaku Corporation). Cryostal sections were
used with and without prefreatment with cold anhydrous
acetone (15 min, 4°C) for removal of possible apolar lipid
admixture and for glycolipid fixation. The sections were then
briefly post-fixed with 4% buftfered paratormaldehyde (5 min
at 4°C). Endogenous peroxidase was blocked using a standard
procedure involving an aqueous solution of sodium azide
(0.1%) and hydrogen peroxide (1% m phosphate-buffered
saline). Care was faken o avoid use of organic solvents
during the pre-incubation steps, since methanol, if used for
endogenous peroxidase inhibition, would remove a significant
amount of GSL. The incubation with primary antibodies (di-
lution 1:50-100) ranged from 1 to 4 h at 37° (GM3 overnight
at 4°C). Each of the immunostaining was performed also after
complete lipid extraction, consisting of the following steps:
50% ethanol for 10 min, chloroform:methanol:water (C:M:W,
4:8:3; viviv) for 30 min and chloroformmmethanol (C:M, 2:1;
viv) for 30 min; all at room temperature. Details of the
unmunostaining of Gb3Cer have been published (Keslova-
Veselikova et al. 2008).

Protein immunophenotype of endothelial cells was evalu-
aled using monocelonal antibodies against CD31, CD34 and
factor VIll-related antigens (DAKO, Glostrup, Denmark),
caveolin 1 (LifeSpan Biosciences, Seattle) and cytokeratins
(CK LS; Immunotech, Marscile, France). Defection was
carried out in paratfin sections, with the exception of caveolin
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1, which was detected in both cryostat and paraffin sections.
The bound primary antibodies were detected using the appro-
priate DAKO Envision®  kits with 3 3'-diamimobenzidine
tetrachloride chromogen (DAKO).

Cholesterol was  detected with freshly prepared  Filipin
solution (Sigma-Aldrich, St Louis) and using the protocol
published (Kruth et al. 1986) with slight modification.

Electron micrascopy of the capillary apical pole. Fixed
samples of confrols were used for ultrastructure analysis.
Samples were dehydrated in ascending ethanol solutions and
cmbedded in an Epon-Araldite mixture, Ullrathin sections
were double stained with uranyl acetate and lead nitrate and
examined in JEM 1200 EX electron microscope.

The presence of lysosomal storage in Fabry discase was
analyzed using both Gb3Cer immunodetection and electron
microscopy.

Biochemical analysis

Preparation and analysis of lipid extracts. Samples of five
full-ferm placentas were used for lipid analysis. Samples of
the villous parts of placentas were weighted and homogenmzed
in water, and aliquots were taken for protein determination
(Hartree  1972).  Homogenized tissues were extracted
successively  with mixtures of  chloroform:methanol:water
(C:M:W, 20:10:1; 10:20:1; 10:10:1; v/v/v) and the preparation
of GSLs was carried outl as described previously (Natomi
et al. 198¥). Purified sphingolipids were re-dissolved by C:M
(1:1; v/v) to original volume comesponding to the given
concentration of protein (in pg/ul) of lipid extract.

Aliquots were separated on HPTLC Silica 60 plates
(Merck, Germany) using C:M:W (65:35:8; viviv) or
C:M:0.5% CaCls (55:45:10; v/v/v) systems. Spols were visua-
lized with orcinol or resorcinol-HCI reagents. Two-step TLC
overlay (HPTLC aluminum sheets silica gel 60; Merck) was
used for the detection of GM1 with CTX (Biolin labeled;
Sigma-Aldrich; Smid et al. 2010).

Ouantification of sphingolipids by MS/MS. Aliquots of total
Iipid extracts corresponding to 72 pg of protein for neutral
sphingolipids and 144 pg of protein for acidic sphingolipids
were transferred to glass vial. Preparation of sample and
MS/MS analysis were cartied out by previously described
procedure using mixture of intermal standards (ISTs) and lipid
calibrants for external calibration point evaluation (Kuchar
et al. 2009). Briefly, both tissue extracts containing IST and
external calibration point mixtures were evaporated under the
stream of nifrogen. Finally, samples were reconstituted m
methanol with 5 mM ammonium formate. Measurement and
quantification were performed on AB/MDS SCIEX API 3200
(riple-quadruple mass spectrometer by Multiple  Reaction
Maonitoring (MRM) in a positive 1on mode using the fragment
of m/z 264.4 for neutral GSL (the sphingosine-base fragment)
and of m/z 184.2 for sphingomyelin (phosphocholine
fragment).

GMI and GM3 were measured by MRM in a negative ion
mode using the specific fragment of m/z 291 corresponding (o
stalic acid. C17:0 GM1 (C17:0 GM1 ITS) was used as IST

Glycosphingolipids in human placenta capillaries

for both gangliosides using similar strategy deseribed for the
quantification of neutral GSLs (Mills et al. 2005). C17:0
GM1  ITS  was  semi-synthesized using  immobilized
Sphingolipid  ceramide N-deacylase from  Pseudomonas
speeles (TAKARA Bio. Ine., Otsu, Japan; Kuchar of al
2010). GM1 and GM3 exfernal point calibrants were fiom
Matreya (Pleasant Gap). Linearity of the method was tested
prior to analysis (Kuchar et al. 2009). Signal ratios of GMI1
and GM3 to C17:0 GM1 IST were linear in the range of con-
centrations of placental GM3.

Gb4Cer was quantified similarly using C17:0 Gb3Cer IST
(Matreya).

Funding

The study was supported by a research project of the Ministry
of Education Youth and Sports, Czech Republic (MSM
0021620806) and by the grant IGA MZ NS/10342-3/2009
from the Ministry of Health, Czech Republic.

Acknowledgements

The excellent techmical assistance of Mrs. Lenka Kry$pimova

is greatly acknowledged.
Conflict of interest

None declared.

Abbreviations

o-Gal A, a-galactosidase A; CK LS, large spectrum cytokera-
tin; CTX, Cholera toxin B-subunit; Gb3Cer, globotriaosylcer-
amide; Gb4Cer, globotetraosylceramide; GMI1, GMI
ganglioside; GM3, GM3 ganglioside; GSL., glycosphingoli-
pid; HPTLC, high-performance thin-layer chromatography;
IST, mternal standards; MS/MS, fandem mass spectrometry;
nlcyCer, neolacto-series; SPG,  sialylparagloboside; TLC,
thin-layer chromatography.

Glycosphingolipids are abbreviated according to recom-
mendations of the TUPAC-TUB Commission on Biochemical
Nomenclature (Chester 1998).
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1. Introduction

Sphingolipids are an amazingly diverse category of lipids found in all eukaryotes and in
some prokaryotes and viruses. They are primarily a component of plasma membranes and
of intracellular organelle membranes, including those of the nucleus, mitochondria,
endosomes, and lysosomes (Hirabayashi, et al., 2006; Kaushik, et al., 2006; R. Ledeen & Wu,
2011; R. W. Ledeen & Wu, 2008; Prinetti, et al., 2009; van Meer, et al., 2008). Sphingolipids
are also an important constituent of plasma lipoprotein classes (Schweppe, et al.,, 2010;
Wiesner, et al., 2009) and of the multilamellar water barrier of the skin (Holleran, et al.,
2006). In addition, they are excreted in urine, mostly in the cellular debris of urinary
sediment. Urinary sediment analysis, or “indirect biopsy,” of kidney cellular elements
(Desnick, et al., 1970) can provide information that helps to diagnose certain lysosomal
storage diseases (Kitagawa, et al., 2005; Kuchar, et al., 2009; Whitfield, et al., 2001).
Sphingolipids are a heterogenous group. Amide bonds link long-chain fatty acids to
aminoalcohols from the sphingoid group, of which sphing-4-enin ({25,3R4R}-2-
aminooctadec-4-ene-1,3-diol, historically called sphingosine) and its saturated derivative
(sphinganine) are the most abundant. Longer or shorter sphingoids, which may be saturated
or hydroxylated, also occur in lesser quantities.

The name sphingosine was chosen by German clinician and chemist J. L. W. Tchudichum in
1884 to reflect the enigmatic, “Sphinx-like” properties of the sphingolipid compounds first
isolated from the brain. Fatty acid variations include mostly C16-C24 acyl chains, which are
often saturated but can also exhibit a degree of unsaturation or hydroxylation (e.g., C241,
C241-OH fatty acids). The general name for N-acylated sphingoids is ceramide.
Sphingomyelin and glycosphingolipids have a headgroup in the phosphodiester or glycosyl
linkage to the hydroxyl on the carbon-1. The latter compounds are classified as either neutral
glhycosphingolipids with uncharged sugars (glucose, galactose, N-acetylglucosamine, N-
acetylglalactosamine and fucose) or acidic glycosphingolipids with ionized functional groups
(sulfates) or charged sugar moieties (N-acetylneuraminic acid or “sialic” acid).

Two examples of sphingolipid structures are shown in Fig. 1.
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Fig. 1. GM1 ganglioside - a representative acidic sphingolipid; sphingomyelin - a
representative phosphosphingolipid.

The simplest glycosphingolipids are the monchexosylceramides glucosylceramide (GleCer,
Glep1-1"Cer) and galactosylceramide (galactocerebroside, GalCer, Gal31-1"Cer). The latter is
less abundant but is specific to neural tissue, where it is also present in a sulfated form
{sulfaticle). Galactosylceramide also gives rise to small Gala-series of glycosphingolipids
{Tab. 1). Glucosylceramide is a key compound in sphingolipid metabolic pathways; more
complex glycosphingolipids are derived from the stepwise elongation of the oligosaccharide
chain in the Golgi compartment. The addition of P-linked galactose yields lactosylceramide
{LacCer, Galp1-4GlcpCer), whose oligosaccharide chain is the precursor to the different core
structures of more complex glycosphingolipids (Tab. 1). These structures are specific to
certain tissues: e.g., neolacto-series predominate in leukocytes, lacto-series in secretory
organs, globo-series in erythrocytes and ganglio-series in nervous tissue (Schnaar, et al.,
2009). This diversity is related to the functional differences between the individual
glycosphingolipids.

The catabolism of sphingolipids occurs in acidic cell compartments, i.e. late endosomes
and lysosomes. Degraded lipids are embedded in inner membranes rich in negatively
charged lipids such as bis(monoacylglycero)phosphate {(BMP) (Kolter & Sandhoff, 2010).
Sequential degradation steps proceed from the non-reducing end of the oligosaccharide
chain catalyzed by soluble lysosomal hydrolases. For lipids with oligosaccharide chains
shorter than four sugars, the assistance of small sphingolipid activator proteins (the
saposins A, B, C, or D or the GM2 activator protein) is required (Sandhoff, et al., 2001).
The sphingoids and fatty acids produced can be degraded in the cytoplasm and processed
through the salvage pathway, where they become the building blocks of new membranes
{Kitatani, et al., 2008). They can also be used in the regulation systems that control cell
function (Kolter & Sandhoff, 2010).

Inherited defects in gene-coding enzymes or proteins involved in sphingolipid degradation
result in the accumulation of non-degraded substrates in the lysosomes. “Traffic jams” in
the endolysosomal system caused by the accumulation of lipids co-precipitated with other
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hydrophobic substances severely impair cell function and lead to lysosomal storage diseases
(sphingolipidoses) (Desnicl, et al, 2001 Liseurn, 2000; Sandhoff, et al., 2001; Schulze &
Sandhotff, 2011; von Figura, et al., 2001). Studies of these dsefects, however, may unveil the
complicated mechanisms of cell function and regulation. Recent information learned about
the role of NPC1 and INPC2 proteins in the intracellular transport of cholasteral can serve as
an exarmple (Infante, et al., 2008; Ewon, ot al., 2009; Storch & Xu, 2009; Xu, et al,, 2008).
Hitherto, more than 400 structurally distinet sphingolipid variants in mammals have been
listed in 5 phinGOMATF® [ hitp:/ / www .sphingomap.org and hitp:/ / www.glycolorum.gr.ip)
(Aug  2011). A detailed  sphingolipid  nomenclature  is available  at
http:/ fwww.chem.gmul.ac.uk/ iupae/ lipid/ lip1n2.html [Aug 2011) and
http:/ fwww.chem.gmul.ac.uk/ iupae/ lipid /lip3nd. html { Aug 2011).
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Table 1. The major root structures of vertebrate glycosphingolipida.

Physiological sphingolipid function at the cellular levsl is highly complex. Sphingolipids
participate in many cellular events, including cell-cell recognition, the modulation of
membrane protein functions, adhesions, intra- and extra-cellular signaling and many still
undiscovered processes [Fitatani, et al., 2008). Their rigid, highly saturated character and
ability to undergo hydrogen bonding and dipolar interactions predetermines them to eluster
into semiordered structures called lipid microdomains - rafts, together with  cholesterol
and spacific set of proteins (Goldschmidt Arzi, ot al,, 2011; Helms & Zurzole, 2004; Holthuis,
et al.,, 2003). They function as important mediators of membrane transport and signaling.
In recent vears, investigation of the metabolism and biclogical functions of sphingolipid
biomolecules has increased [Wennekes, et al, 2009). As a result, more accurate methods of
analyzing sphingolipids have been developed. A leading method of analysis, tandem mass
spectrometry [(tandem M3 or LIS/M3), provides high selectivity and sensitivity of
measurement. Indisputable advantage of this technique is a possibility to identify various
molecular species of different sphingolipid elasses in erude biclogical samples.

We will focus on the contribution of tandem mass spectrometry to the study of

sphingolipids and the usefulness of the technique in diagnosing inherited disorders of

sphingolipid degradation. The topies diseussed will include the fallowing:

* Tandem mass spectrometry used to analyze sphingolipids in tissues, cells and urine
(both the general approach used and itz applications in the diagnosis of
sphingolipidoses)

*  The investigation of the sphingclipid degradation pathway in living cells using stable
isotopes or atypical fatty acid labeling

¢  Sphingolipid isclorm profiling, which iz a useful tool for diagnosing discrders
associated with Gh3Cer and sulfatide storage.
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2. Electrospray ionization tandem mass spectrometry of sphingolipids

The equipment used was an AB/MDS SCIEX APl 3200 triple quadrupole mass
spectrometer. Multiple reaction monitoring was used in positive (neutral
glycosphingolipids) and negative (acidic glycosphingelipids) ion mode. Superior sensitivity
and selectivity were exhibited when the technique was used in conjunction with normal
phase HPLC separation.

2.1 Electrospray ionization

Electrospray ionization abbreviated as ESI is one of the soft ionization methods used in mass
spectrometry (Cole, 2010; de Hoffman & Stroobant, 2002). A strong electric field is applied to
the analyte solution as it passes through a metal capillary at atmospheric pressure. This field
is created using a high voltage (a voltage of up to 6kV) between the capillary tip and the
counterelectrode. Droplets of analyte are formed under these conditions on the capillary tip,
with ions generated and sorted on the surface. Cations are formed in positive ion mode and
anions in negative ion mode. The generation of ions results from the electrochemical
processes that occur on the capillary tip and the strong electric field used.
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Fig. 2. Scheme of electrospray ionization process.

Droplets flow in the direction of the electric field and shrink in size as the solvent
evaporates. When the accumulated surface charge of a droplet exceeds the surface tension
force, the droplet breaks into smaller droplets via Rayleigh fission. This process is repeated
until the ions on the surface of the droplet are able to overcome the forces holding them, at
which peint molecular ions are formed (Fig. 2) (Cole, 2010; de Hoffman & Stroobant, 2002;
Dulcks & Juraschek, 1999).
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The distribution of compounds on the droplet surface results from their relative
concentration and solubility. Less soluble compounds tend to be on the surface rather than
in the bulk of the selution, which affects their ionization efficiency. The surface of each
droplet is limited; thus, the concentration is more impoertant than the total amount of the
compound injected in the source (Cole, 2010; de Hoffman & Stroobant, 2002).

Matrix effects occur when additional compound ions are generated on the surface. These
compounds can completely mask the analyte (Fig. 3). The salt concentration has a similar
effect on ionization; the maximum telerable concentration of salts is approximately 10-°M
(Cole, 2010; de Hoffman & Stroobant, 2002).

The matrix effect can negatively influence electrospray ionization. It is important to choose a
sample preparation technique that removes interfering compounds. The use of HPLC or
capillary electrophoresis separation prior to electrospray ionization can minimize the matrix
effect (Cole, 2010; Micova, et al,, 2010); indeed, we saw a 10-fold increase in signal intensity
when HPLC was used (data not shown). Established methods of evaluating matrix effects
are described in the literature (T aylor, 2005).
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Fig. 3. Matrix effect interference in electrospray ionization conducted on a urinary sample.
Total ion current (TIC) of ceramide, ceramide dihexoside and sphingomyelin. Red line:
urinary sample after Folch extraction without purification. Visible signal decrease was
caused by matrix effect. Blue line: sample after the purification process, which removed the
matrix effects.

2.2 Quadrupole mass spectrometer

The quadrupole is a device that uses the stability of ion trajectories in oscillating electric
fields to separate ions according to their m/ z ratio (de Hoffman & Stroobant, 2002).

The device consists of four parallel circular or hyperbolic metal reds to which
radiofrequency voltage (RI') and direct current (DC) are applied The total electric field is
composed of quadrupolar alternative fields superposed on a constant field resulting from
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the application of potential on the rods. The result is a mass filter used to separate ions
according to their m/z ratio (de Hoffman & Stroobant, 2002; Douglas, 2009).

The mathematical description of the total electric field is based on Mathieu equations (de
Hoffman & Stroobant, 2002; Douglas, 2009). The equations can be used to generate a
stability diagram for ions in the field. Direct current voltage (U) and radiofrequency voltage
amplitude (V) are the only variables in the equations used to define ion position in these
diagrams. The other parameters are constants, including the mass and the charge. Thus,
changes in U and V determine a given ion’s position in the diagram. Only ions in the stable
region are able to pass the quadrupole mass filter through the stable trajectories. By
continually changing U and V, the quadrupole mass spectrometer is able to scan for ions
with different m/ z ratios (Fig, 4).

A B

Radiofrequency voltage on the rods

U=—(U -V -cosat)

[ 00e S
ey

Fig. 4. A quadrupolar mass filter and the trajectories of two ions. Red line: an ion in an
unstable region of the stability diagram on an unstable trajectory. Blue line: an ion in a stable
region of the stability diagram passing the quadrupole on a stable trajectory. A) Section of
the quadrupole illustrating radiofrequency voltage; B) Upper side view of the ion
trajectories in the quadrupole.

Practically speaking, quadrupole mass spectrometers are hampered by mass resolution and
mass range limitations. The useful level of resolution is one mass unit, and the highest
detectable m/z is 4000 (de Hoffman & Stroobant, 2002; McLuckey & Wells, 2001).

2.3 Triple quadrupole tandem mass spectrometry

Triple quadrupole tandem mass spectrometry uses three quadrupoles in a series. The first
and third quadrupoles function as mass analyzers, whereas the middle quadrupole, with
only the radio frequency voltage used, is employed as a collision cell that does not separate
ions according to their m/z ratios. Instead, it works as an ion channel that systematically
returns ions to the center of the rods (de Hoffman & Stroobant, 2002; McLuckey & Wells,
2001).

Collision induced dissociation is a process of changing the accelerated ion kinetic energy to
internal energy using collisions in a collision cell filled with inert gas (N, Ar, or He).

‘Ana]vfp fraoments are produced if the volume of accumulated internal enerov is oreater

i A tad ' Bt TR SORREAEEL AR MR AAIITEEATE RS SRS AEEL MARROY Y o TR
than the energy of the chemical bonds in the molecule (Cole, 2010; de Hoffman & Stroobant,
2002; McLuckey & Wells, 2001; Sleno & Volmer, 2004).
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The static mode (in which only one selected m/z is measured) and the scanning mode (in

which a range of m/ z ratios is measured) are both used with the first and third quadrupcle

to attain four specific types of measurement (Cole, 2010; de Hoffman & Stroobant, 2002;

MecLuckey & Wells, 2001; Sleno & Volmer, 2004):

1. Product ion scans. To attain these measurements, the first quadrupole is used in the
static mode, whereas the third quadrupole is used to scan products of collision induced
dissociation.

2. Precursor ion scans. To attain these measurements, the first quadrupole is used in scanning
mode to determine the mass range of precursor ions which are fragmented in the process of
collision induced dissociation. The third quadrupole functions in static mode and is set on
the m/z value of the selected fragment which is usually structure specific.

3. Neutral loss scans. The technique used for this purpose monitors the loss of neutral
fragments. The first and third quadrupoles are used for scanning with a constant mass
offset that represents the neutral fragment loss.

4. Single or multiple reaction monitoring, Here, the first and third quadrupoles work in
the static mode and scan the m/z values of the analyte and its selected fragment. A pair
of precursor-product ions of this type is called a transition pair. This technique is used
extensively in quantitative analysis because it yields the greatest possible measurement
sensitivity.

Tandem mass spectrometry exhibits higher selectivity and sensitivity (with a higher signal-

to-noise ratio because noise is suppressed) than does simple mass spectrometry. This

advantage also makes this technique useful when tandem mass spectrometry is coupled

with HPLC separation (Haynes, et al., 2009; Sullards, et al., 2011).

2.4 Tandem mass spectrometry of sphingolipids: ionisation, fragmentation and
specificity of sphingolipid analysis

2.4.1 lonization

The ionization of sphingolipids by electrospray ionization varies for different classes of
sphingolipids. This variation can be used in intrasource separation in lipid analyses (Han &
Gross, 2005; Haynes, et al., 2009).

Neutral sphingolipids are usually protonated by ammonium formiate, ammonium acetate,
formic or acetic acid. Ammonium salts exhibit the highest degree of ionization efficiency
and are widely used (Mano, et al,, 1997). Neutral salts of Li* or Na* are also used for
ionization and generate ion-lipid adducts (Boscaro, et al., 2002; Olling, et al., 1998).

Acids are generally used for H* transfer in solution to basic groups on analyte or to creation
of cluster of protonated solvents which later transfer H+ to analyte in the process of charge
separation. On the other hand neutral amonium salts are usually added to the solution to
facilitate the analysis of polar and neutral analytes by adduct formation and later
protonation in the process of ionization through gas-phase reactions. Sodium and lithium
aducts are also aded in form of neutral salts; the ionisation process has the character of
specific charge separation (Cech & Enke, 2001; Kebarle, 2000).

We found that for positive ion mode measurements, 5 mM ammonium formiate is a more
efficient additive for use in sphingolipid ionization than is ammonium acetate. However,
when using HPLC combined with mass spectrometry, we prefer to use ammonium acetate
and acetic acid because of their better solubility in methanol. The ions generated during the
electrospray ionization process were [M+H]*,

- 156 -



746 Tandem Mass Spectrometry — Applications and Principles

Acidic sphingolipids, such as sulfatides or gangliosides, have acidic groups that lose H+
even in pure methanol. It is also possible to create chloride adducts (Han & Gross, 2005)
using halogenated solvents that can also abstract protons (Cech & Enke, 2001).

For measurements in negative ion mode, we used pure methanol solvent to generate [M-H]J-
ions.

2.4.2 Fragmentation

Fragmentation studies of sphingolipids revealed characteristic fragments useful for tandem
mass spectrometric analysis (Domon & Costello, 1988; Fuller, et al., 2005; Gu, et al., 1997;
Hsu, et al., 1998; Hsu & Turk, 2000; Ii, et al., 1995; Kerwin, et al., 1994; Liebisch, et al., 1999;
Mano, et al., 1997; Murphy, et al., 2001; Olling, et al., 1998; Whitfield, et al., 2001). The most
common fragments used for sphingolipid analysis in positive ion mode are structurally
derived from ceramide with C18:1 sphingosine. When the amide bond is broken, followed
by the formation of ion derived from sphingoid structure minus one water molecule, the
fragment with the m/z value of 282 is produced. If another molecule of water is lost, the
fragment with the m/z value of 264 is generated (Fig. 5A) (Gu, et al., 1997; Liebisch, et al.,
1999; Murphy, et al., 2001; Olling, et al., 1998). These product ions have different uses. The
264 m/ z fragments are used to analyze sphingolipids, whereas the 282 m/z fragments are
used to analyze N-deacylated sphingolipids (lysoderivatives) (Gu, et al., 1997; Lieser, et al.,
2003; Olling, et al., 1998; Scherer, et al., 2010).

The ceramide fragments mentioned above are commonly used in tandem mass analysis, but
other specific sphingolipid structures can also be used for this purpose. Sphingomyelin has
characteristic phosphocholines that generate fragments with an m/z value of 184 (Fig. 5B)
(Hsu & Turk, 2000; Kerwin, et al., 1994; Murphy, et al., 2001). Sialic acid is another example
of a specific sphingolipid structure that is a component of gangliosides. Fragments of sialic
acid have m/z values of 290 and 308 (Fig. 5C) (Domon & Costello, 1988; 1i, et al., 1995). A
structure that is specific to sulfatides is the sulfate group, which exhibit an m/z value of 97.
(Fig. 5D) (Hsu, et al., 1998; Whitfield, et al., 2001).
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Fig. 5. Fragmentation of ceramide (A) and specific fragments of sphingomyelin (B), GM1
ganglioside (C) and sulphatides (D). Neutral fragment of hexose (galactose) is an example of
fragmentation used in a neutral loss scan (E).

Another analytical approach involves scanning for the neutral loss of saccharides from
oligosaccharide chains of glycosphingolipids (Fig. 5E and 6) (Boscaro, et al., 2002; Domon &
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Costello, 1988; Olling, et al., 1998). In this approach, transition pairs consisting of analyzed
glycosphingolipids and their products with shorter or missing oligosaccharides are
measured (Fig. 6).

Neutral loss scanning is the technique of choice for glycosphingolipids containing
dihydroceramide or sphinganine. Saturating the double bonds of sphing-4-enine reduces the
production of sphingoid base fragments (Fig. 5A) in the positive mode, yielding a
fragmentation (Fig. 6) efficiency of approximately 2-3%. In contrast, neutral loss scan
fragmentation efficiency for the above-mentioned molecules is 10-15%. It is therefore crucial
to select the best fragment to conduct a successful tandem mass analysis of sphingolipids.
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Fig. 6. Principle of neutral loss measurements of sphingolipids with deuterated
dihydroceramide and sphing-4-anine in the ceramide region of the molecule. A) Complete
loss of Gb3Cer oligosaccharide, B) Shortening of Gb3Cer oligosaccharide C) Neutral loss of
saccharide part in lysoglycosphingolipids. CID - collision induced dissociation; Gb3Cer -
globotriaosylceramide.

2.4.3 Specificity of mass spectrometry analysis of sphingolipids
Mass spectrometry analyzes molecules according to their m/z values. Different classes of

srhinoolinids are not ronrosented by one spnocific molocule: rathor, thov are a hotorooconeous
spningoiipids arc not represented by one speciiic moiccuic; rather, they arc a heterogencous

group of molecules with different molecular masses. Their variability is mostly represented
by a spectrum of fatty acids that form ceramide structures. Molecular species of individual
sphingolipids are called isoforms, and their profiles are usually cell- and tissue-specific (Fig.
7). Therefore, it is important to determine the specific isoform profiles of sphingolipids in
biological material before conducting a quantitative analysis.

2.5 Sample preparation for tandem mass spectrometric analysis

A common step in the processing of different biological samples (urine, plasma,
cerebrospinal fluid, cells, bioptic or autoptic tissues, etc.) prior to tandem mass
spectrometric analysis is the preparation of a lipid extract. Cells and tissues are
homogenized, and aliquots of homogenate are usually taken for protein determination.
Many extraction procedures have been introduced over the years, most of which have been
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based on chloroform-methanol mixtures (Bligh & Dyer, 1959; Folch, et al.,, 1957) or less
harmful solvents such as 2-propanol, ethylacetate, hexane or tetrahydrofuran (Heitmann, et
al., 1996). The first approach remains the most popular and efficient. Widely used variations
on the above-mentioned procedures and recommended methods of removing contaminants
from total lipid extract were summarized by Schnaar R (Schnaar, 1994) and van Echten-
Deckerd G (van Echten-Deckert, 2000).
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Fig. 7. Isoform profiles measured using precursor ion scans for different lipids and
biological materials. Three-milligram protein aliquots of lipid extracts were dissolved in
methanol with 5 mM ammonium formiate and measured using 1 min precursor ion scans
for ceramide fragments with m/z values of 264 in positive ion mode. Isoforms with different
fatty acid chain lengths are identified. A) ceramides in skin fibroblasts, B) Gb3Cer in the
kidney.

2.5.1 Preparation of lipid extract from urine

Extracts were prepared as previously published (Kuchar, et al., 2009). First, 150 pl of
sonicated urine was extracted with 700 pl of chloroform:methanol (2:1, v:v) containing
internal standards in a polypropylene Eppendorf tube. Then, after 15 min of repeated
vortexing at 5 min intervals, 150 pl of MilliQ water was added. The vortex mixing procedure
was repeated for another 15 min. After a 20 min pause, the samples were centrifuged for 5
min at 14 000 x g. The lower organic layer was isolated using a Hamilton syringe and
filtered using hydrophilic polytetrafluorethylene (PTFE) syringe filters. The samples were
purified after the addition of 500 pl of MilliQQ water and 15 min of vortexing. The corganic
and aqueous phases were separated by 5 min of centrifugation at 14 000 x g, and interfering
salts and small organic molecules were removed with the upper water layer. The lower
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organic layer containing the sphingolipids was collected, dried under a stream of nitrogen
and stored in a freezer (-20°C).

2.5.2 Preparation of lipid extract from cultured fibroblasts

Fibroblast  pellets  were  extracted by  standard  procedures  using a
chloroformmmethanol:water mixtures as previously described (Asfaw, et al, 1998). The
harvested cells from the 75 ecm? cultivation flask were homogenized in 250 pl of MilliQ) water
by sonication. Next, 50 ul of homogenate was used for protein determination (Hartree,
1972). The remaining 200 pl of cell homogenate was mixed with 800 pl of
chloroformmmethanol (21, v/v) in a 15 ml glass tube. The mixture was rigorously vortexed
twice for 1 min followed by a 15 min settling time at laboratory temperature. The organic
and water layers were then separated during 10 min of centrifugation at 400 x ¢. The upper
water and lower organic layers were collected, and the precipitated protein was left in the
tube. The protein debris was washed with 500 ul of chloroform:methanol (2:1, v/v), and the
organic layer without protein was added to the previcusly collected phases. The lipid
extracts were dried under a stream of nitrogen and redissolved in 400 pl of
chloroform:methanol (2:1, v/v). The extracts were then filtered using hydrophilic
polytetrafluorethylene syringe pump filters. The filtrates were dried under a stream of
nitrogen and stored in a freezer (-20°C) for processing,

2.5.3 Preparation of lipid extract from tissues

The basic procedures used in the tissue extraction process were generally the same as
those used by Natomi H (Natomi, et al., 1988), though minor modifications were made.
Tissue samples with a wet weight of up to 0.5 g were weighed and homogenized in water
or methanol:water (10:1, v/v). Small portions of the homogenate were stored for protein
quantification (Hartree, 1972), and the remaining portion was used to prepare the lipid
extracts. Chloroform was added to the methanol:water homogenate to get a ratio of
chloroform:methanol:water (20:10:1 v/v/v). After vortexing and sonication, the extracted
samples were centrifuged and the supernatant collected. The sediment was reextracted
with a more polar solvent mixture of chloroform, methanol, and water (10:20:1, v/v/v)
and then with chloroform:methanol (1:1, v/v). The total volume of the extraction mixture
corresponding to 20 volumes of the original tissue sample was added during every step in
the extraction process. The supernatants were combined, filtered and dried under a
stream of nitrogen. Dried samples were stored at freezer (-20°C) prior to processing and
analysis.

2.5.4 Processing of extracted lipid samples prior to tandem mass analysis
Corresponding internal standards were added to the urinary samples during the extraction
process (Kuchar, et al., 2009). The same volume of internal standards as was used for the
urine samples was added to the appropriate aliquots of purified lipid extracts: 5 pg of
cellular protein or 150 pg of tissue protein. Loading experiments with specifically labeled
sphingolipid isoforms required 50 pg protein aliquots.

Finally, the samples were dried under a stream of nitrogen and dissolved in methanol with
5 mM ammonium formiate for measurement in the positive ion mode or in pure methanol

for measurement in the negative ion mode.
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2.6 Quantitative analysis of sphingolipids by tandem mass spectrometry

We used an AB/MDS SCIEX API 3200 triple quadrupole mass spectrometer equipped with
an Agilent 1100 series LC system with an autosampler. The Analyst software version 1.5
was used to operate the hardware and process the measured data. Optimizations of
electrospray ionization and tandem mass spectrometry conditions were conducted for each
analyzed sphingolipid (Tab. 2). A standard lipid solution with a sphingolipid concentration
of 5 pg/ml, was used in the optimization process. For positive ion measurement, 5 mM
ammonium formiate in methanol was used to produce [M+H]* ions. To generate [M-HJ-
ions in negative ion mode, pure methanecl was used.

We measured lipids using a flow injection analysis of 20 ul sample aliquots samples. We
used pure methanol as the mobile phase with a flow rate of 50 pl/min. One lipid was
analyzed during one injection to provide the best possible quantitative data. The scan time
for a transition pair was usually 100 ms but in some cases was increased to 500 ms for higher
sensitivity. The settling time was usually 0 ms. However, it was necessary to increase this
parameter to 500-700 ms when the ion optics setting was changed to measure more than one
class of sphingolipid in one injection. The resolution was generally set to unit (¥1 m/z), but
in some cases, we used a high resolution setting for the first quadrupole, as using such a
setting can improve mass spectrometer sensitivity.

CTH CDH CMH lyso-CMH Cer

Curtain Gas [psi] 10 10 10 10 10
Collision Gas (IN2) [psi] 3 5 5 5 5
Ion Spray Voltage [kV] 55 45 4.5 4.5 4.5
Temperature [°C] 200 200 200 200 200
Ion Source Gas 1 [psi] 15 20 20 20 20
Ion Source Gas 2 [psi] 20 55 55 55 55
Interface Heater On On On On On
Declustering Potential [V] 82,5 65,0 47,0 53,0 60,0
Entrance Potential [V] 84 6,0 49 41 5,0
Collision Energy [V] 770 64,0 480 31,0 42,0
Collision Cell Exit Potential [V] 10,8 5,6 5,6 91 5,7

Table 2. Example of electrospray ionization and ion optics parameters used in tandem mass
spectrometry to analyze selected sphingolipids (Sciex API 3200, product ion m/z 264, 5 mM
ammonium formiate in methanol). CTH - ceramidetrihexoside; CDH - ceramidedihexoside,
CMH and lyso-CMH - ceramidemonochexoside and its N-deacylated derivative.

Procedure of our quantitative analysis was described in a previous study (Kuchar, et al.,
2009). Problems associated with the matrix effect were addressed using internal
standards, whereas the calibration of the method was based on an external standard.
Quantification was performed via single-point calibration using an external calibration
point with a standard lipid concentration (an external calibration standard) corrected by
the signal ratio toward internal standard (mostly C17:0 isoform which is not naturally
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abundant) isoform (mostly with C17:0 fatty acid). All standard lipid concentrations were
within the broad range of linear response. The internal standard concentration at the
external calibration point and in the measured samples was the same. For the
quantification procedure, molecular species of sphingolipids with fatty acids of chain
lengths from C16 to C26 were selected.

2.7 Preparation of sphingolipids internal standards using enzymatic semi-synthesis
Not all internal standards are commercially available. Thus, we developed a method of
enzymatic semi-synthesis using immobilized sphingolipid ceramide N-deacylase
(Pseudomonas sp, TK4) on porous magnetic cellulose (Kuchar, et al., 2010). Magnetic
macroporous bead cellulose was used as carrier for sphingolipid ceramide N-deacylase
(SCDase) which was immobilized using a standard procedure (Bilkova, et al., 2005; Korecka,
et al.,, 2005). A 100 pl aliquot of washed settled particles was activated with 0.2 M freshly
prepared NalQy The activated particles were then washed with 0.1 M phosphate buffer
with a pH 7. Binding of 250 mlLU. of sphingolipid ceramide N-deacylase on activated
magnetic macroporous bead cellulose was achieved by 10 min incubation in phosphate
buffer with a pH 7. The formed Schiff base was stabilized via overnight incubation in a
NaCNBH; solution. The final step consisted of washing particles in phosphate buffer with a
pH 7. Immobilized sphingolipid ceramide N-deacylase was stored in phosphate buffer with
apH 7 with 0.1% Triton X-100 at 4°C.

Under specific conditions, this enzyme also catalyzes the reverse reaction (Kita, et al., 2001).
Thus, lysoderivates can be reacylated with a specific fatty acid. Using this procedure, we
prepared several internal standards with C17:0 fatty acids, eg sulfatides,
glucosylceramides, and GM1 gangliosides. In this process, we incubated 50 nmol of lyso-
glycosphingolipid, 50 nmol of C17:0 fatty acid and immobilized sphingolipid ceramide N-
deacylase in 300 pl of pH 7 phosphate buffer with 0.1% Triton X-100 for 20 hrs at 37°C while
mixing it on a rotator. The magnetic particles were separated, and the supernatant was
transferred and dried under a stream of nitrogen. The quality of the prepared lipids was
monitored by HPTLC and tand em mass spectrometry.

2.8 Standardization of quantitative data in urine

The results of sphingolipid quantification in cellular material are often related to protein
concentration, a well-established standardization parameter (Liebisch, et al., 1999). Urinary
sphingolipids mostly originate from desquamated renal tubular cells. The standardizing
parameter commonly used for urinary metabolites is creatinine, but creatinine does not
reflect the cellular origin of sphingolipids. Therefore, in urinary samples with a creatinine
level lower than 1 mM, the concentration of excreted sphingolipids is artificially inflated
(Fig. 8A), which may encourage the incorrect diagnosis of some patients with lysosomal
storage diseases (e.g., Fabry disease, prosaposin and saposin B deficiencies, and
sulfatidoses). Regarding Fabry disease, this issue has already been pointed out (Forni, et al.,
2009). In our experience, such diagnostic errors are especially likely to occur with newborns
or children up to six years of age, whose normal concentration of creatinine is generally low
(£4 mM). Surprisingly, urinary volume has been found to be much more convenient for use
as a standardization parameter (Fig. 8B). It is also possible to use the ratio of the analyzed
compound to sphingomyelin (Berna, et al., 1999; Kuchar, et al., 2009) or phosphatid ylcholine
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(Fuller, et al., 2005; Whitfield, et al., 2001), which are membrane-bound lipids that can be
measured simultaneously in the same sample.
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Fig. 8. Comparison of two methods of standardization of urinary Gb3Cer in three groups of
samples: in controls with low creatinine (creatinine <1 mM), in controls with creatinine
within a normal range (creatinine >1 mM-15 mM) and in Fabry patients. It is most critical to
appropriately evaluate urine control samples with low creatinine concentrations, which are
indistinguishable from samples from patients with Fabry disease (A). The use of urine
volume as a standardization parameter makes it possible to differentiate more appropriately
between controls and Fabry patients (B).

3. Sphingolipids in lysosomal storage disorders — mass spectrometric data
useful for diagnosis and research

Flow injection analysis (FIA) combined with electrospray ionization tandem mass
spectrometry makes it possible to determine the concentration of sphingolipids in various
biological materials: e.g. urine, cultured fibroblasts and autoptic or bioptic tissue samples
from different lysosomal storage disorders.

Examples of these analyses are presented in following paragraphs.

3.1 Sphingolipids in urine

Urine is a non-invasive diagnostic material that is of practical importance in diagnosing
lysosomal disorders in which the storage of non-degraded substrate causes pathological
processes in the kidneys. These disorders are characterized by the massive excretion of
specific sphingolipids, e.g., Gb3Cer in Fabry disease (a-galactosidase A deficiency due to
mutations of the GLA gene); multiple hydrophobic sphingolipids in complex
sphingolipidoses, in which the defect is caused by mutations in the prosaposin gene
(sphingolipids with a saccharide chain that is shorter than four monosaccharide units and
ceramides are not degraded in prosaposin deficiency and Gb3Cer and sulfatides in saposin
B deficiency due to defective activator proteins); sulfatides in metachromatic
leukodystrophy (arylsulfatase A deficiency due to mutations of the ARSA gene) (Fuller, et
al., 2005; Kuchar, et al., 2009; Whitfield, et al., 2001).

We developed a method of tandem mass spectrometry quantification of urinary
sphingolipids that can be used in pre-diagnostic screening for the lysosomal disorders
mentioned above (Kuchar, et al., 2009). Our data are presented in Table 3.
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Table 3. Massive excretion of urinary sphingolipids in the case of saposin-B and prosaposin
deficiencies and in patients with Fabry disease and metachromatic leukodystrophy.

pSap-d - prosaposin deficiency, SapB-d - saposin B deficiency, MLD - metachromatic
leukodystrophy; Cer - ceramide; CTH - ceramidetrihexoside; CDH - ceramid edihexoside,
CMH - ceramidemonohexoside SM - sphingomyelin; Gb3Cer - globotriacsylceramide
Values are in ng/ pg of protein (meantSD). Non-degraded sphingolipids related to
particular lysosomal storage disorders are bolded.

Analyzing non-degraded metabolites can be very helpful in the pre-diagnosis of
sphingolipid activator deficiencies in which routine enzymology fails to indicate deficient
enzyme activity due to the detergents commonly used in the assays.

Urinary Gb3Cer has been suggested as biomarker for monitoring efficiency of enzyme
replacement therapy of Fabry disease. Our tests in a group of Fabry male-patients showed
however, that monitoring of this marker is not informative for all treated patients in general
but for individual patients only (data not shown). Although excreted Gb3Cer is useful
parameter for diagnosis, it is not reliable biomarker for clinical trials as also confirmed by
another studies (Schiffmann, et al., 2010). Biological basis of urinary Gb3Cer and its isoforms
is still subject of research.

3.2 Sphingolipids in cultured fibroblasts

Although cultured fibroblasts are not typical “storage cells,” the concentration of non-
degraded lipids increases significantly in some lysosomal storage disorders as d ocumented
in Table 4. Investigating sphingolipid profile can help in laboratory diagnosis of these rare
diseases, especially among those suspected of having defective activators of lysosomal
hydrolases.

3.3 Sphingolipids in tissues: Gb3Cer and lyso-Gb3Cer in Fabry myocardium and
kidney

In some cases, a postmortem analysis of autoptic tissue has revealed metabolic defects.
Here, we give two examples of tissue analysis that led to a final diagnosis confirmed by
DNA analysis later on.
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Cer CMH CDH Gb3Cer SM
Prosaposin def. 34,48 14,27 25,75 27,06 45,70
saposin B def. 6,87 1,44 1,86 21,36 107,33
Fabry disease 3,76 1,89 2,10 35,68 42,62
Nieman-Pick A 415 1,67 5,63 0,51 195,17
Control 1 6,21 3,25 5,17 0,52 68,28
Control 2 1,18 2,67 1,37 517 21,04

Table 4 Increased concentration of sphingolipids in cultured skin fibroblasts in patients
with sphingolipid activator deficiencies (saposin-B and prosaposin deficiencies) and in

patients with defective enzyme proteins (in Fabry disease and metachromatic

leukodystrophy).Values are in ng/pg of protein. Cer - ceramide; CDH -
ceramidedihexoside, CMH - ceramidemonchexoside; SM - sphingomyelin; Gb3Cer -

globotriaosylceramide. Non-degraded sphingolipids corresponding to particular lysosomal
storage disorders are bolded.

The first example shows the accumulation of Gb3Cer in the kidneys of patients with Fabry
disease and in cases of prosaposin deficiency (Tak. 5).

Cer CMH CDH Gb3Cer | sulfatide SM
Fabry disease 0,5 1,0 3,7 115,2 0,5 24,0
Prosaposin def. 39.1 23,9 19 8 57.6 39.6 125,8
Control (n=3) 11,2 0,7 3,2 10,2 1,1 57,9

Table 5. Concentration of sphingolipids in the kidneys of Fabry male patient and in a case of
prosaposin deficiency. Values are in ng/pg of protein, Control is represented by the mean
value. Cer - ceramide; CDH - ceramidedihexoside, CMH - ceramidemonchexoside, SM -
shingomyelin; Gb3Cer - globotriaosylceramide. Non-degraded sphingolipids related to
particular lysosomal storage disorders are bolded.

Another demonstrates  the Gb3Cer and  lyso-Gb3Cer
(globotriacsylsphingosine) in the myocardium of Fabry patient (Fig. 9). It is possible that the
role of these derivates has been underrated (Dekker, et al., 2011). The role of lyso-Gb3Cer as

a molecule that stimulates smooth muscle cell proliferation is now known. These findings
indicate the possible role of Iyso-Gb3Cer as a signal molecule (Aerts, et al., 2008).

example storage  of

4. The investigation of sphingolipid degradation pathways

4.1 Loading experiments on living cells using lipid substrates labeled with a stable
isotope or containing atypical fatty acids

Loading experiments in cell cultures (also called feeding experiments) are frequently used to
investigate the metabolic fate of exogenous compounds in living model systems. The main
advantage of such experiments is that they assess the entire degradation system, including
any nonenzymatic cofactors.

This method can be used to conduct a general analysis of metabolic pathways
(Schwarzmann, et al., 1983; Sonderfeld, et al., 1985), intracellular transport or a distribution
(Martin & Pagano, 1994) assessment of residual activity in enzyme-deficient cells
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Fig. 9. Gb3Cer and lyso-Gb3Cer (globotriaosylsphingosine) in the myocardium of Fabry
patient. A) Precursor ion spectrum of Gb3Cer molecular species in control myocardium. The
spectrum was measured by a 1 min scan of a 3 mg protein aliquot of lipid extract dissolved
in methanol with 5 mM ammonium formiate. The increased concentration of B) Gb3Cer and
Q) lyso-Gb3Cer is visible in the autoptic myocardium of Fabry patient in comparison to that
of an age-matched control. Quantity was measured by flow injection analysis electrospray
ionization tandem mass spectrometry using an multiple reaction monitoring scan. C17:0
Gb3Cer was used as the internal standard for lyso-Gb3Cer quantification similarly as
described in (Mills, et al., 2005). Concentrations were measured by method with coefficient
of variation - CV <7%.
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(Leinekugel, et al., 1992; Porter, et al, 1971). The method can also be used to diagnose
storage disorders.

This technique has been used to distinguish between metachromatic leukodystrophy and
arylsulfatase A pseudodeficiency (Kihara, et al, 1980) and to identify deficiencies in
nonenzymatic protein cofactors of lysosomal glycolipid catabolism (sphingolipid activator
proteins) (Klein, et al, 1994; Schepers, et al., 1996; Schmid, et al., 1992; Sonderfeld, et al.,
1985; Wrobe, et al., 2000), including prosaposin deficiency (Harzer, et al., 1989; Chatelut, et
al., 1997).

In these experiments, the degradation products of labeled exogenous lipid substrates are
determined using specific analytical methods. Traditionally, sphingolipids are labeled with
radioisotopes, and their degradation products are separated chromatographically and
traced using radioactivity assays. Recently, radiolabeled sphingolipids are often replaced by
non-radicactive analogues with atypical molecular masses that can be analyzed by tandem
mass analysis.

Sphingolipids can be labeled on different parts of the molecule using non-natural fatty acids,
creating molecules with atypical m/z values. However, only a few labeled standards are
commercially available. Sphingoids can also be deuterium labeled at the double bond to
increase mass, but the fragmentation patterns will be altered (see Fragmentation, Fig. &).

We compared the radioisotope and mass labeling methods in loading experiments involving
fibroblast cultures from patients with inherited lysosomal storage diseases such as GM1
gangliosidosis. In this study, genetic variants of the GLB1I (i-galactosidase; &-gal) gene were
selected. Both approaches, the use of [FH]GMI1 ganglioside and the use of its C18:0-Ds
analogue, clearly showed that the impaired degradation of critical glycosphingolipids
resulted from defects in B-gal function, as indicated in Fig, 10.

The experiments conducted with stable isctope-labeled substrates and tandem mass
spectrometry facilitated a more accurate quantification analysis of the lipids, and the results
were better correlated with the clinical and biochemical phenctypes of the samples. The
procedure used to prepare the cellular lipids for tandem mass spectrometry analysis was
simple and relatively rapid; unlike radioisctope assays, it did not require separation during
the pre-analytical phase (Asfaw, et al., 2002; 1998). However, experiments with radiolabeled
glycolipid substrates indicate the entire metabolic pattern (Fig 10A) and can thus make it
possible to identify relevant metabolites to be further analyzed via tandem mass
spectrometry.

Results similar to those obtained in analyzing the GMI gangliosidosis were obtained by
loading experiments using Gaucher fibroblasts and fibroblasts from patients with
prosaposin deficiencies (data not shown).

4.2 Tandem mass determination of in vitro acid glycosidase activity

Enzymology, in combination with tandem mass spectrometry, is useful in lysosomal storage
disorders screening and in evaluations of enzyme activity (Kasper, et al.,, 2010; Li, et al,
2004; Spacil, et al., 2011; Turecek, et al., 2007). One practical application of this technique is
the analysis of lyscsomal B-glucocerebrosidase activity using glucosylceramide with C12:0
fatty acid as the enzyme substrate. Tandem mass spectrometry evaluation techniques can be
used with cells and tissue homogenates but also with dried blood spots as the screening
material.

We followed Turecek’s method (Turecek, et al, 2007) in measuring lysosomal -
glucocerebrosidase activity in homogenates of cultured skin fibroblasts. The reaction
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Fig. 10. In situ degradation of GM1 ganglioside by skin fibroblasts from control and
B-galactosidase deficient patients. T ritium-labeled glycolipid GM1 ganglioside or a C18:0-Ds
analogue was added to the culture of skin fibroblasts in 25 em? flasks. Afterd days, cells
were harvested and lipids extracted. T he radio-labeled lipid extracts were separated via TLC
and analyzed using a linear scanner (Asfaw, et al, 1998), whereas the GM1 ganglinside with
C18:0-D3 fatty acid and its degradation products were extracted and directly analyzed
directly in tandem tass spectrometry (details in M aterials and Methods), A: Degradation
pattern of [BHIZM1 ganglioside in control and p-galactosidase-deficient cells, The
chromatographic positions of the products are indicated by the number of sugar residues on
the glyc olipid, which range from 0 {ceramide) to 4 (tetrahexosyleeramide). B: Quantification
of degradation products of PH]GM1 ganglioside (sum of all products on the TLC plate] in
skin fibroblasts from the control and the different f-galactosidase-deficient genetic variants.
The cell lines are arranged according to clinical phenotypes of GIM1 gangliosidosis: a-
contral, b-adult GIM1 gangliosid osis, c-Morquio B, d-adult GIM1 gangliosidosis /Morquio B,
e-juvenile GM1 zangliosid nsis, FHnfantile GM1 gangliosid osis, and g-infantile GM1
gangliosid osis. C: Quantification of GleCer product formed from stable isotope-labeled GI1
ganglioside (C18:0-Ds) in the same cell lines as the radioactive analogue (B). Values are
average of two samples.
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mixture contained 0.5 pg of sample protein and 0.05% inactivated bovine serum albumin
(BSA) to stabilize the enzyme. The mass spectrometry settings were optimized to prevent
the artificial conversion of the substrate into the enzyme reaction product. An example of
this analysis is presented in Figure 11.
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Fig. 11. Activity of lysosomal acid p-glucocerebrosidase in Gaucher and control fibroblasts
as measured with natural substrate C12:0 glucosylceramide. The reaction product was
analyzed by flow injection analysis electrospray ionization tandem mass spectrometry using
amultiple reaction monitoring.

Nowadays, procedures are simplified by skipping laborious process of extraction of reaction
mixture after incubation. Instead, HPLC is combined with mass spectrometry. The HPLC
step purifies the sample, removing any potential interfering compounds (Kasper, et al., 2010;

Spacil, et al., 2011).

5. Sphingolipid isoform profiling — a useful metabolomic approach to
disorders involving Gb3Cer and sulfatide storage

Tandem mass spectrometry has advantages over HPLC and other analytical methods in
helping to determine the individual molecular species (isoforms) of sphingolipids. Changes
in isoform profiles may provide diagnostically important information and indicate specific
pathological processes (Fauler, et al., 2005; Paschke, et al., 2011). For example, an analysis of
urinary lipid extracts in a case of metachromatic leukodystrophy showed significant
differences in sulfatide isoform profiles; such differences were also evident in cases of
prosaposin and saposin B deficiency, two other sulfatide storage disorders. We also found
changed patterns of globotriaosylceramide species in the urine of Fabry patients and
patients with prosaposin gene defects. A shift in the isoform pattern to species with longer
chain fatty acids was characteristic of both prosaposin and saposin B deficiencies.

The results presented in Table 6 were evaluated by determining the ratio of the various
isoforms to the C18:0 isoform, which is invariable in the profile. The major advantages of
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this procedure include simple sample preparation without internal standard and a simple
data collection process; only a small number of transitions must be measured. The elevation
of certain molecular species, particularly those with longer, hydroxylated chains (in the case
of the sulfatides), is clearly demonstrated.
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Table 6. Changed signal ratios of Gb3Cer isoforms (A) and sulfatide isoforms (B) (to the
C18:0 species) in the urine of patients with lysosomal storage disorders. The C18:0 species
were selected as the standard invariable parameter in the isoform pattern. Changes in the
levels of specific isoforms in patients with lysosomal storage disorders are highlighted.
SapB-d - saposin B deficiency; pSap-d - prosaposin deficiency; Fabry - Fabry disease; MLD
- metachromatic leukodystrophy.

6. Conclusions

In this chapter, we have introduced a methods of complex sphingolipid analysis, covering
sample preparation and final tandem mass spectrometry analysis for various biological
materials. This approach has been used in various studies of lysosomal storage disorders
and examples showing a range of applications are presented.

Findings in urine are very important in the pre-diagnosis of lysosomal storage disorders and
especially in identifying defects in the protein activators of sphingolipid hydrolases. We
have also drawn attention to the problems with evaluating urinary sphingolipids using
creatinine and have thereby suggested a more reliable approach to standardize sphingolipid
excretion.

The tandem mass analysis of sphingolipids in cells and tissues is useful in diagnosing
unresolved cases (examples shown in this chapter). This method can also contribute
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important information to lipidomic studies of the cellular function of these molecules and
their bioactive derivatives.

The use of tandem mass spectrometry in loading experiments using labeled sphingolipids
can increase quantification accuracy and throughput while eliminating working risk and
restrictions by eliminating the need for radicactive analysis. Although tandem mass
spectrometry cannot yet fully replace radioisotope methods, using this technique can
improve the precision and specificity of the results of metabolic experiments.

The demand for useful screening methods for lysosomal storage disorders has led to the use
of tandem mass spectrometry in enzymology. Analyses of enzyme activity using mass
spectrometry performed on dried blood spots are highly sensitive and specific, and dried
samples are easy to transport. Some methods use natural substrates, which is helpful in
research studies of enzyme function and characteristics.

The aforementioned advantage of tandem mass spectrometry is the ability to analyze
individual sphingolipid molecules (isoforms). Evaluation of isoform profiles can have
diagnostic value in disorders involving storage of Gb3Cer or sulfatides. Metabolomic
principles have a tremendous number of research applications, especially in the
investigation of various cellular events.

In conclusion, tandem mass spectrometry is robust and sensitive analytical procedure that is
still evolving. The method is efficient for determining the composition of endogenous
sphingolipid classes in various bioclogical materials and following their metabolic fate. Its
ability to establish the metabolomic profiles of sphingolipids under normal and abnormal
conditions contributes to a better understanding of the biclogical significance of
sphingolipid molecules.
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with Gaucher disease. Three of these
patients may have been missed with
the fluorimetric assay. Conclusion: In
summary, the MS/MS assay is more
sensitive than the fluorimetric test for
measurement of lysosomal enzyme
activity in dried bleed spots. How-
ever, the relatively high cost of labo-
ratory equipment and maintenance
for the MS/MS technique as well as
the more tedious work-up procedure
may favor the fluorimetric method for
sugpected cases of Fabry disease.

Changed isoform profiles
in sphingolipid storage
disorders: a new
pre-diagnostic tool

L. Kucha¥?, I. Hlavata, B. Asfaw
and J. Ledvinova

Institute of Inherited Metabolic
Disorders, First Faculty of Medicine
and University Hospital, Charles
University, Prague, Czech Republic

Aim: To analyze tandem mass
spectrometry (MS/MS) profiles of
urinary sphingoelipids in lysosomal
storage diseases characterized by
high levels of lipid excretion in the
urine. We focused on the excretion
patterns of molecular species of glo-
botriacsylceramids (Gb;) and sulfat-
ides in samples from patients with
Fabry disease, metachromatic leuko-
dystrophy (MLD), and saposin B and
prosapesin - deficiencies. Methods:
We used an AB/MDS SCIEX API
3200 tandem mass spectrometer for
lipid quantification and profiling
from urinary extracts. The pesitive
ion mode was used for measurement
of neutral sphingelipids and cera-
mide, and the negative ion mede for
sulfatides. Spectra of molecular spe-
cies (isoforms) with C16:0 to C26:C
fatty acids (saturated, unsaturated and
also hydroxylated) in the ceramide
moiety were scanned for each lipid.
Results: All urinary samples from
patients with the sphingolipidoses be-
ing studied showed an increased
quantity of excreted Gb: and sulfatide
regardless of the underlying degrada-
tien defect. There was also a clear
shift in the isoform prefiles towards
molecular species with longer fatty
acids (Figure 1). The ratio of C24
family species te C18:0 fatty acids
was different in samples from patients
compared with those from healthy
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B: C24:0-QH/C18:0 sulfatide isoform ratios in controls” and patients’ urine samples.

velunteers. Conclusion: Based on the
results of this study, we propose the
(Gb: C24 to C18:0 isoform ratio and
the sulfatide C24:¢-OH te CI18:0
isoform ratio as new simple pre-diag-
nostic markers for rapid screening of
patients suspected to have a lysesomal
defect of Gb; or sulfatide degradation.
The underlying metabolic explana-
tion of this phenomenon iz not yet
clear and warrants further investiga-
tion. Acknowledgments: Suppotted by
the grant project MSM 0021620806
Czech Republic and by the grant
humber 259039-19505/2009 fremthe
Grant Agency of Charles University,
Prague.

22913 deletion syndrome
{Phelan-McDermid syndrome):
another disorder associated
with low arylsulfatase A
activity

O. Artigalas'?, (x Paskulin?,
M. Riegel® and LV. Schwartz!'?

"Medical Genetics Service, Hospital
de Clinicas de Porto Alegre,
“Postgraduate Program in Genetics
and Melecular Biclegy, Department
of Genetics, Universidade Federal
do Rie Grande do Sul, Rie Grande
de Sul, Porte Alegre, *Clinical Ge-
netics, Universidade Federal de
Ciéncias da Saude de Porto Alegre,
Porto Alegre, Brazil, and

“Institute of Medical Genetics,
University of Ziirich, Switzerland

Background: The etiologic heter-
ogeneity of arylsulfatase A (ARSA)
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deficiency iz widely known  although
the disorder is more frequently associ-
ated with metachromatic leukodys-
trophy (MLD) and pseudodeficiency
of ARSA (PD-ARSA), it can also be
secondary to multiple sulfatase defi-
ciency and saposin B deficiency.
Aim: To emphasize the need to
expand the list of differential diag-
nosis of ARSA deficiency to include
22913 deletion syndrome (Phelan-
McDermid syndrome). Patient: We
describe a Brazilian male patient sent
for genetic evaluation owing to men-
tal retardation, absence of speech,
low activity of ARSA in leukocytes
and a presumed diagnosis of MLD.
During physical examination, no ma-
jor abnormalities were found. Brain
imaging revealed nothing unusual.
Further metabelic tests confirmed
low activity of ARSA in leukocytes
and fibreblasts, but the pattern of
sulfatide excretion in the urine was
normal, which eliminates the possi-
bility of MLD and suggests the
diagnosis of ARSA pseudodefi-
ciency. An allele associated with
psendodeficiency was present at
the 4RS84 locus, and GTG-banded
karyotype analysis showed the pre-
sence of a de nove apparently bal-
anced  reciprocal  translocation
[(46,XY,t(16;22)(p11.2:q13)]. How-
ever, fluorescent in sitn hybridiza-
tion and array competitive genornic
hybridization showed a terminal
deletion of the long arm of chromeo-
some 22 including the ARSA gene

allowing the diagnosis of 22q13-
deletion syndrome to be made
[46,XY, t(16:22)(pll.2:q13.32).arr
22q13.32.13.33(48,138,838-49,52
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Short Communication

Rapid Isolation of Lysosomal Membranes from Cultured Cells

(lysosomes / lysosomal membrane / methionine methy! oster

I
/
i

gradient centrifugation)

D. MUSALKOVA, I I,,'UKAS, F. MAJER, O. HRERICEK  E. SVOBODOVA,
.. KUCHAR, J. HONZIKOVA, H. HULKOVA., . LEDVINOVA, M. HRERICEK

Institute of Inherited Metabolic Disorders, First Faculty of Medicine, Charles University in Prague and

General University Hospital in Prague, Czech Republic

Abstract. We present a simple method {or enrich-
ment of lysosomal membranes from HEER293 and
HeLa cell lines taking advantage of selective disrup-
tion of lysosomes by methionine methyl ester. Orga-
nelfe concentrate from postnuckear supernatant was
treated with 20 mmol/l methionine methyl ester for
45 min to lyse the lysosomes. Subsequently, bysoso-
mal membranes were resclved on a step sucrose gra-
dient. An enriched lysosomal membrane fraction
was collected from the 20%/35% sucrose interface.
The washed lvsosomal membrane fraction was en-
riched 30 times relative {o the homogenate and gave
the vield ofmore than 8 % These resulls are compa-
rable te lvsosomal membranes iselated by magnetic
chroematography from cultured cells (BHettrich et al,,
1998). The procedure effectively eliminated mito-
chondrial contamination and minimized contamina-
tion from other cell compartments. The enriched
fractions retained the ability to acidily membrane
vesicles through the activity of lvsosomal vacuolar
ATPase. The method aveids non-physiclogical over-
loading of cells with superparamagnetic particles
and appears te be guite robust among the tested cell
{ines. We expect it may be of more general use, adapt-
able to other cell lines and tissues.
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Introduction

Lysosomal membranes (LM) are often isolated from
biological material for proteomic studies (Schroder et
al., 2007a.b; Callahan et al., 2009) or for the study of
individual lysosomal membrane proteins (Meikle et al,,
1995; Taute et al., 2002). Hypotonic lysis of lysosome-
enriched fractions from isopycmic centrifugation on
density gradients i3 a frequently used method for prepa-
ratton of LM (Meikle et al, 1995). Lyvsosomes can be
purtfied to high purity by well-established procedures
from some animal tissues, for instance from rat liver,
which was the principal source of lysosomes for most of
the structural and biochemical studies of the organelie.
Isolation from other tissues may require procedures tai-
lored to achisve the required enrichment or yield {(which
are almost as a rule wversely related vanables). The
ability to isolate the organelles from readily available
tissues is especially important in the study of human
cells and general 1solation procedures may need to be
optimized tor a specific tissue or for preservation of
Iysosomal functions {Graham, 2009) — hence the num-
ber of papers describing isolation of lvsosomes from
different tissues or cell lines. We have aimed to develop
a simple method for 1solation of human lysosomal mem-
branes, which would allow us to perform biochemucal
studies on lysosomal ghosts — lysosomal membrane
vesicles without lysosomal matrix proteins.

Lysosomes, mitochondria, and peroxisomes have si-
milar and partially overlapping densities in sucrose and
to a lesser extent in other gradient media, making their
full separation based on density alone very difficult. The
resolution of lysosomes, however, can be significantly
mmprovad by several techniques. Density perturbation of
lysosomes in gradients can greatly enhance their separa-
tion from other organelles (Graham, 2009}, Highly puri-
fied lvsosomes were 1solated from animal tissues by
density shift of lysosomes after treatment of ammals
with Triton WRI1339 (Leighton et al, 1968 or dextran
{Arai et al | 1991} Mitochondria swell in the presence
of calcium 1ons and become less dense, and addition of
CaCl,in 1 millimolar final concentration o postmclear
supernatant improves their separation from lysosomes
in Percoll gradients (Arai at al, 1991).

Folia Biologica (Praha) 39, 41-46 (2013)
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LM were also successfully isolated by magnetic chro-
matography after treatment of cultured skin fibroblasts
with superparamagnetic magnstite/dextran nanoparti-
cles; lysosomes containing endocytosed particles were
retamed on the magnetic column and LM were obtamed
after on-column hypotonic lysis of lysosomes (Diettrich
gtal, 1998

Lysis of lysosomes and separation of lysosomal mem-
branes by centrifugation 1s another technique suitable
for enrichment of LM even from complex organelle
fractions. Ohsumi et al. (1983 directly treated postnu-
clear supernatant from rat liver with a hypotonic buffer
to lyse lysosomes and collected enriched L3 by a four-
step differential centrifugation procedure. Also, methyl
esters of certain amino acids can be used for selective
rupture of lysosomes (Goldman and Kaplan, 1973).
They readily cross the lvsosomal membrane and enter
lysosomes, where they are converted to free amino ac-
ids, presumably by lysosomal hydrolases. Accumulation
of free amine acids leads to lysosomal swellmg and rup-
ture across a wide concentration range. This property
was used for disruption of the Iysosomal function in tis-
sues (Reeves et al, 1981) and for enrichment of LM
from Ivsosomes (Symons and Tonas, 1987, Schrader ¢t
al, 2007a).

Here we present a simple method for 1solation of LM
from HEK293 and HelLa cell lines taking advantage of
selective disruption of lysosomes by methionine methyl
aster, which produces Iysosomal membrane vesicles re-
taining the ability to acidify their content.

Material and Methods

HEK?293 or Hel.a cells from 12--22 confluent 75 em?
flasks were washed twice by PBS, collected by scraping,
washed once in isotonic TEA buffer (10 mmol/] trietha-
nolamine, 1 mmol/l EDTA Na,, 10 mmol/ acetic acid,
pH 7.2) with 250 mmol/! sucrose and homogenized in
the total volume ot 8§ ml of the same buffer by 10 strokes
of tight-fitting pestle B in the glass Dounce homogeniz-
ar (Kontes, Kimble Chase Kontes, Vineland, WNI). The
homogenization and all further manipulations were per-
formed at 4 °C unless specified otherwise. The homoge-
nate was centrifuged for 10 mun at 1,000 X g in a swing-
out rotor in a tabletop centrifuge, the supernatant was
collected and the pellet was re-homogenized by three
strokes 1w the Dounce homogenizer in a total volume of
5 mi of TEA and centrifuged in the same conditions.
Both portions of postnuclear supernatant were com-
bined and centrifuged for 13 min at 11,000 =« gto collect
the organelle pellet. The organelie pellet was re-sus-
pended in 8 ml of isotonic HEPES butfer (10 mmol/l
HEPES, pH 7.2, 250 mmol/] sucrose, 1 mmol/l EDTA
Na,)} and 20 mmol/l methionine methyl ester (MME,
Sigma-Aldrich, St Louis, MO) (Schroder et al, 2007a)
and mmcubated for 45 min at room temperature with stir-
ring. After that the suspension was placed on ice, pro-
tease inhibitors were added (Complete, Roche Diagnos-
tic, Mannhemm, Germany) to a 1= final concentration,

and the suspension was centrifuged at 20,600 = ¢ for
20 min. The pellet was resuspended 1n 8 ml of 1sotonic
HEPES buffer.

The degree of lysosomal lysis was estimated from the
amount of hexosaminidase activity released into the su-
pernatant. Samples (200 ul) were taken at 15 min inter-
vals, stored on ice after the addition of protease inhibi-
tors (Complete, Roche), and centnifuged at 25,000 x g
for 25 min. Supematants were collected and hexosami-
nidase and glucocerebrosidase activity was measured as
described below.

A linear sucrose gradient was prepared from 15 ml of
325 %% (w/iv) sucrose and 15 ml of 55.3% (w/v) sucrose
using a gradient mixer. The gradient was overlaid with
8 ml of MME-treated organelle suspension. Alternative-
ly, a step sucrose gradient was constructed in the follow-
ing manner: & ml of 41% or 33% (w/v) sucrose n
10 mmoel/l HEPES buffer was overlaid with 5 ml of
20% sucrose n the same buffer and, finally, by 5 ml of
methionine methyl ester-treated organelle suspension.
The gradients wers centrifuged at 112,700 < g in SW
32 or SW 32,1 (Beckman-Coulter, Minchen, Germany
overnight without braking and sixteen 1 ml fractions
were collected from the top of the step gradient or the
band at the 20/41 % sucrose mierface was collected by a
cannula. The linear gradient was fractionated mto nine-
teen 2 ml fractions from the top. The fractions with the
highest glucocerchrosidase specific activity were dilut-
ed 10 or more times with 10 mmol/] Tris buffer pH 7.2,
pelleted by ultracentrifugation at 250,000 x g for2h
m 70 T1 rotor (Beckman-Coulter), and flash frozen m
liquid nitrogen.

ATP-dependent acidification of lysosomal ghosts pre-
pared by MdH-dependent lysis of organelle suspension
was determined by the acridine orange absorbance de-
crease assay as described previously (Dell” Antone,
1979, Moriyama et al, 1982). The reaction solution
{1 mal) contamed 20 rumol/l HEPES buffer, pH 7.2,
0.2mol/l sucrose, 50 mmold kalium chloride, and
20 pmol/l acridine orange (Sigma-Aldrich). The absor-
bance of acridine orange was followed at 492 nm at
room temperaturs using a Shimadzu UV-2350 photo-
meter {Schimadzu, Duisburg, Germany ) with slits set to
5 nm. Lysosomal membranes (10 pg of protein) were
added and the absorbance at 492 nm was allowed to sta-
bilize before the addition of ATP (sodium salt, Sigma-
-Aldrich) and MgCl, both to a final concentration of
2 mmol/l. Decrease of the absorbance at 492 nm was
followed tor more than Z minutes, afier which ammo-
mum sulphate was added to a final concentration of
10 mmol/] and absorbance changes were followed for at
least another minute.

The amount of lysosomal membrane protein LAMPI
in fractions during purification was determined by
Western blotting. Ten pg of protein from each fraction
were separated on a 7-15% gradient SDS-PAGE gel ac-
cording to Laemmli (1970} and transferred onto PYVDF
Immobilon-P membrane (Millipore, Bedford, MA) by
semi-dry blotting. The membrane was blocked with 3%
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Fig. . Resolution of LM fraction from Hel.a cells on the linear sucrose gradient

Organelle concentrate prepared from postnuclear supematant was treated with 20 mmeol/1 MME for 45 min, overlaid onto
linear 32.5%-55.5% sucrose gradient and centrifuged overnight at 112,700 < g . In fractions the activity of glucocere-
brosidase (B-Gluc) and succinate dehydrogenase (SDH) was determmined and expressed as percents of the total activity.

Sucrose concentration is shown in percents (w/v).

BSA and 0.05% Tween 20-phosphate-buffered saline.
The membrane was probed with anti-L AMP1 rabbit
polyclonal antibody (1 : 5000, akind gift of Dr. Carlsson,
University of Umea, Sweden) at room temperature for
1 h, washed four times with PBS-Tween and then incu-
bated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (1 : 3000, Thermo Scientific, Rock-
ford, IL) in PBS-Tween containing 1% BSA. After wash-
ing, the blot was developed with an enhanced chemilu-
minescence (ECL) detection kit (Thermo Scientific).

The activities of marker enzymes succinate dehydro-
genase, acid and alkaline phosphatase, catalase, and
NADPH - cytochrome ¢ reductase were determined
as described by Graham (1993). Glucocerebrosidase
and total hexosaminidase activity was measured fluori-
metrically (Wenger and Williams, 1991). Glucocereb-
rosidase, which does not have any transmembrane do-
mains, is considered a peripheral lysosomal membrane
protein and was used as a marker of lysosomal mem-
brane (Schrader et al., 2007b). Sucrose concentrations
in gradient fractions were determined by refractometry.
Protein concentrations were measured using the
Bradford method (Bradford, 1976).

Results and Discussion

We first attempted to obtain enriched LMs from
MME-treated postnuclear supernatant by differential
centrifugation according to Chsumi et al. (1983). The
fractions we obtained, however, contained multiple
marker enzyme activities and specific activities of lyso-
somal markers did not suggest enrichment of LM (data
not shown). We have therefore fractionated the MME-
lysate on a linear 32.5%—55.5% sucrose gradient. There
were two peaks of glucocerebrosidase activity — the first

at about 30-—41% and the second, which also contained
significant mitochondrial contamination, at approxi-
mately 45% (Fig. 1). We have designed a step gradient
(lysate/20% sucrose/41% sucrose) and collected a glu-
cocercbrosidase-enriched membrane fraction from the
20%/41% sucrose interface. The fraction still contained
some mitochondrial contamination, which was essen-
tially eliminated by lowering sucrose concentration
from 41% to 35% in the gradient — at the same time
leading to a decreased vield of enriched LM (Fig. 2).
Lysosomal marker enzyme activity was enriched in
the LM fraction recovered from the 20%/35% sucrose
interface. We have also followed the amounts of proto-
typical lysosomal membrane protein T. AMP1 (Schrader
et al, 2010) in fractions by Western blotting, showing
enrichment of the antigen during the purification pro-
cess (Fig. 3). Glucocerebrosidase activity was enriched
on average 15 times (7-22 times, 7 experiments in to-
tal); washing of the fraction in 10 mmol/l Tris further
increased its specific activity approximately twice
(Table 1). In a typical experiment, the postnuclear su-
pernatant contained 89 % of the glucocerebrosidase ac-
tivity, while organelle pellet retained 77 % activity.
The highest of the 20%/35% interface fractions (frac-
tion 11, enrichment relative to the homogenate 14x)
contained 12 % of the homogenate glucocerebrosidase
activity. The washed pellet from this fraction represent-
ed 8.8 % of the initial activity. Contaminating activitics
were generally low (less than 1 %) with the exception of
catalase (2.6 %), suggesting mild contamination with
peroxisomes (Table 1). While highly purified LM prepa-
rations contain plasma membrane marker proteins
(Schrdder et al., 2010), presumnably originating from the
plasma membrane portions entering the endosomal/ly-
sosomal system via endocylosis, it should be noted that
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—0— B-Gluc —&—SDH — —sucrose
Fig. 2 Resolution of LM fraction from HeL.a cells on the step sucrose gradient
MME-treated organelle concentrate was resolved on the step gradient created by overlaying 20% sucrose over 35% su-
crose. The gradient was centrifuged overnight at 112,700 x g . In fractions the activity of glucocerebrosidase (f-Gluc)
and succinate dehy drogenase (SDH) was determined and expressed as percents of the total activity. Concentration of su-

crose is shown in percents (w/v).

some plasma membrane fragments may also focus on
the 20%/35% (41%) sucrose interface (Scott et al.,
1993) as LM, as was noled in some experiments.
Spurious contamination of the LM fraction by plasma
membrane arguably may occur as a result of the more
vigorous homogenization.

We have determined activities of total hexosamini-
dase, a lysosomal matrix enzyme, in 25,000 x g super-
natants of samples taken during MME treatment of the
organelle concentrate as a measure of lysosomal lysis.
The supernatant of the sample taken after 15 min con-
tained 36.7 % of total hexosaminidase activity of the
sample subjected to MME. The samples taken at 30, 45,
and 60 min retained 39.0 %, 47.6 %, and 54 4 % of the
initial hexosaminidase activity, respectively. At the
same time the total hexosaminidase activity in the sam-
ple decreased by 13 % (9.81 nmol/ml/min at 0 min to
8.54 nmol/ml/min at 60 min). The increased concentra-
tion of MME (50 mmol/l) didnot result in higher release
of hexosaminidase into the supernatant. Glucocerebro-
sidase activity did not increase in the supernatant during
the MME treatment. On the basis of these results, 45 min
were chosen for MME treatment as a compromise be-
tween higher degree of lysosomal lysis and the risk of
proteolysis.

We have not attempted to further enrich the core lyso-
somal membrane proteins by removing peripheral mem-
brane proteins or loosely bound matrix proteins by high-
salt washing, although these proteins may contaminate
the enriched lysosomal fractions to a significant level. It
is of interest that matrix proteins may associate, even
temporarily, with the lysosomal membrane (Jadot et al,
1979) and some lysosomal proteins, including glucocer-
ebrosidase, apparently exist in luminal and membrane-
bound form (Imai, 1985).

H PNS OP O0OS F11

150 —

100——... .

7> [

50 =

37 ==

25 [
20 —
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Fig. 3. Western blotting of subcellular fractions with anti-
LAMP1 antibody

Ten pg of protein from each fraction were loaded to indi-
vidual lanes. From the left: homogenate (H), post-nuclear
supernatant (PNS), organelle pellet (OP), post-organellar
supernatant (0S8), and washed lysosomal membranes
(F11). Positions of molecular weight markers in kilodal-
tons are shown on the left. Note the typical blurred appear-
ance of the bands, which 1s assumed to be due to differen-
tial glycosylation.
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Tuble 1. Pupification of lysosomal membranes from Hela cells. Topicdl values for protein concentration and glicocere-
brosidase activity are shown,

Fraction Protein Glucocerebrosidase
Total (mg) Yield (%0) Yield (%0) Specific activity  Purification
(nmol/mg/min) factor

Homogenate 49.5 100.0 100.0 1.31 1.0
Nuclear pellet 8.1 16.4 8.4 0.67 -
Postnuclear supernatant 37.8 76.3 88.6 1.53 1.2
Organelle pellet 9.7 19.6 77.1 517 3.9
Postorganellar supernatant 213 43.1 1.2 0.34 -
LM Fraction

{Fraction 11 from the sucrose gradient *#) 04 0.9 12.0 18.24 13.9
‘Washed LM fraction 0.1 0.3 8.8 38.5 29.6

* Organelle pellet was divided into two portions overlaid over two identical sucrose gradients. The values here are averaged from both

gradients.

#Fraction 11 of the sucrose gradient had the highest specific glucocerebrosidase activity and was considered the LM fraction (see Fig. 2).

absorbance change

absorbance change

ATP/MgCl,
0.02 Ghosts |
0.00 - l
(NH,4);S0,
-0.02 - |
-0.04 -
-0.06 -
-0.08 -
‘010 T T T T T
0 50 100 150 200 250 300 350 400
seconds
0. B (NH4}12504
0.04 4
0.02 -
Ghosts
¢ ( no ATP)
0.00 +
-0.02 -
-0.04 + T T T T T T T
0 50 100 150 200 250 300 350 400
seconds

Fig. 4 Acidification of lysosomal ghosts after the addition of ATP

Acidification of washed lysosomal membrane vesicles was measured as the decrease of acridine orange absorbance at 492
nm. The reaction solution (1 ml) contained 20 mmol/l HEPES buffer, pH 7.2, 0.2 mol/l sucrose, 50 mmol/1 kalium chlo-
ride, and 20 pmaol/1 acridine orange (Sigma-Aldrich). Lysosomal ghosts (10 pg of protein) were added (Ghosts) and the
following reagents were added at the time points depicted by arrows: ATP and MgCl, (panel A), both to a final concentra-
tion of 2 mmol/l, and ammonium sulphate to a final concentration of 10 mmol/l. When ATP was omitted (panel B), the
decrease of absorbance did not occur.
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The washed tysosomal membranes were acidified af-
ter the addition of ATP (Fig. 4). The activity of the multi-
protein complex of vacuolar ATPase, the proton pump
residing in the lysosomal membrane which is responsi-
ble for the acidification of lysosomes, was apparently
preserved in samples of enriched lysomal membrane
fractions. Addition of ammonium sulphate (final con-
centration 10 mmol/l) resulted n alkabization of the
membrane vesicles (Fig. 4).

We have sought to develop a simple method for the
isolation of LM that would not require non-physiologi-
cal overloading of the lysosomaliendosomal system
with particles or detergents as the resulting cells are
clearly abnormal. In our hands, the method of Ohsumi et
al. (1983, originally optimized for rat liver tissue and
based on hypotonic treatment of postnuclear superna-
tant followed by differential centrifugation, did not pro-
vide LM in sutficient vields and purity from HEK293
cells. Osmotic tysis of lysosomes with methy! esters of
leucine or methionine, highly spectfic for the target or-
ganelle, was chosen for the release of LM, which were
subsequently resolved on the step sucrose gradient. The
enriched LM fraction could easily be collected from the
20%/35% interface. The procedure effectively elimi-
nated mitochondnal contammation, minimized conlam-
mation from other cell compartments and appeared to be
sufficiently robust. While it did not yvield LM of very
high purity, the enrichment was comparabic to the mag-
netic chromatography technique developed by Diettrich
gtal (19983 The method vielded similar results hoth for
HEK 293 and Hela cell lines, suggesting that it may be
adapted to other cell ines or possibly tissues.
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Guidelines on diagnostics and therapy of Fabry disease
have already been compiled in a number of European

countries and are being prepared in others. A synthesis of

these national guidelines seems to be a sensible option for
preparing a prospective European consensus document in
the not too distant futare. While clinical diagnostics is
extensively discussed in the various guidelines, at present
there is no consensus on laboratory diagnostic tests for
Fabry disease cither at national level or at the level of the
European Union. There is a widespread wvariation
concerning the diaghostic value of the various methods,
such as enzyme activity testing, gene analysis, biopsies,
Gb3 measurement etc. and on what should be used and how
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they compare, if indeed they do. This results in lack of
agreement regarding the clinical pathology ot the condition.

While experts throughout Burope agree on many aspects
of the laboratory diagnosis of’ Fabry disease (for a recent
teview see Winchester and Young 2010), there are some
specific issues which need further discussion before a
general recommendation can be made. In order to promote
this process, three one-and-a-half day ad hoc meetings* of
European experts** were organized in 2009 with the aim of
defining a consensus on laboratory diagnostics of Fabry
disease that should allow for laboratories performing this
diagnostic service to work to the same standards. Invita-
tions to attend the meetings were based on, in addition to
geographic considerations, outstanding scientific accom-
plishments in the field and/or active involvement in the
laboratory diagnostics of Fabry disease.

*Diagnostic use and value of Gb3 and lysoGb3 in Fabry
disease’ (April 22-23, 2009, Bad Nauheim, Germany); ‘Diag-
nostic use and value of measuring alpha-galactosidase A activity
in Fabry disease’ (July 16-17, 2009, Berlin, Germany),
‘Diagnostic use and value of mutations of the GLA gene in
Fabry disease’ (November 3-4, 2009, Barcelona, Spain).
*IMF.G. Aerts (Amsterdam, The Netherlands), M. Beck
(Mainz, Germany), O. Bodamer (Salzburg, Ausfria), A.
Cooper (Manchester, United Kingdom), A. Gal (Hamburg,
Germany), D. Germain (Patis, France), R. Giugliani (Zirich,
Switzerland), D. Hughes (London, United Kingdom), L.
Kuchar (Prague, Czech Republic), J. Ledvinova (Prague,
Czech Republic), Z. Lukacs (Hamburg, Germany), C.
Navarro (Vigo, Spain), E. Paschke (Graz, Austria), M. Pirand
(Lyon, France), A. Rolfs (Rostock, Germany), C. Sa Miranda
(Porto, Portugal), M. van Slegtenhorst (Rotterdam, The
Netherlands), H. Treslova (Prague, Czech Republic), M.T.
Vanier (Lyon, France), FW. Verheijen (Rotterdam, The
Netherlands), B. Winchester (London, United Kingdom).
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Primary objectives of the initiative were (i) establish-
ment of ‘gold standards’ and practical algorithms for
diagnosis of Fabry disease, (ii) promotion of a concept of
certification/accreditation for diagnostic and treatment
centres of excellence, and (iii) provision of a platform for
future freatment guidelines. In particular, three specific
issues were selected by the organizers: the diagnostic utility
of measurement of Gb3 and lysoGb3, evaluation of o-
galactosidase A activity, and analysing mutations of the
GLA gene in patients with Fabry disease. The most
impottant geoal of these workshops was to provide a
platform for the experts to exchange ideas and experiences
and share experimental data with cach other, even if
preliminary or yet unpublished, on the use, practical value,
and significance of different laboratory approaches in the
diagnostics ot Fabry disease. All data were critically discussed
by the panel and used to prepare this recommendation for the
medical community. We hope that this document will serve as
a starting point for further discussion that, in the end, should
result in a consensus, provide essential guidance to physicians,
and ensure a better differential and timely diagnosis of
patients with Fabry disease.

Diagnostic use and value of measuring o-galactosidase
A activity

In normal human tissues, there are two lysosomal glyco-
sidases with o-galactosidase activity towards synthetic
substrates. o-Galactosidase A (o-GAL; EC 3.2.1.22)
which is deficient in Fabry discase, acts on lerminal o-
galactosyl residues in glycosphingolipids, whereas the so
called «-galactosidase B is an x-N-acetylgalactosaminidase
(x-NAGAL; EC 3.2.1.49) that acts on natural substrates
with terminal o-N-acetylgalactosaminyl residues and is
defective in Schindler disease. o-Galactosidase A does
not catalyse the hydrolysis of the natural substrates of o-
NAGAL whereas «-NAGAL may act on some natural
substrates with terminal «-galactosyl residues (Clark and
sarman 2009). As both enzymes act on synthetic o-
galactoside substrates, o-N-acetylgalactosamine, a specific
inhibitor of o-NAGAL is added to assays of o-galactosidase
A activity for the diagnosis of Fabry discase. The genes
(GLA and NAGA) encoding «-GAL and a-NAGAL are on
chromosomes Xq22.1 and 22913, respectively. Although the
two genes show considerable homology, as they evolved
from a common ancestral precursor (Clark and Garman
2009), o-galactosidase A and o-NAGAL have distinet
physicochemical properties, and antibodies raised against
one do not cross-react with the other.

a-Galactosidase A is a typical lysosomal hydrolase with
optimal activity towards natural and synthetic substrates at
pH 3.8-4.6. It is a glycoprotein and is transported to the
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lysosomes via the mannose-6-phosphate pathway. It is
synthesized as a precursor of 50 kDa and is processed to
a mature lysosomal form of 46 kDa by partial proteolysis
and modification of its carbohydrates. The enzyme is a
homodimer with an active site in each of the monomers.
Hydrolysis of its natural substrates in vive requires saposin
B whereas that ir vitro requires the addition of a detergent,
usually sodium taurocholate. Patients with a genetic
deficiency of saposin B also accumulate the substrates for
o-galactosidase A, as in Fabry disease. The three-
dimensional structure of recombinant human -
galactosidase A has been determined by X-ay crystallog-
raphy at a resolution of 3.25A, and used to understand the
cifects of mutations on the structure and function of the
enzyme (Garman and Garboezi 2004, Garman 2007).

After thorough clinical evaluation, determination ot c-
galactosidase A activity is the first step in the laboratory
diagnosis of a patient suspected of having Fabry disease,
unless there is a known familial GEA4 mutation, for which
DNA analysis is straightforward (see later). The activity can
be determined in various materials, such as plasma,
leukocytes, fibroblasts, or dried blood spots (DBS); the
assay is rapid, reliable, and cost-effective. Currently the
assay of oi-galactosidase A activity in leukocytes represents
the diagnostic ‘gold-standard’. A skin biopsy is rarely taken
for initial diagnosis but stadies on fibroblasts could be
useful for molecular characterization of the enzyme
deficiency. The most commonly used method of enzyme
analysis is based upon cleavage of 4-methylumbelliteryl-o.-
D-galactoside, a synthetic fluorigenic substrate. Recently a
substrate suitable o assay cnzyme activity by electrospray
ionization/tandem mass spectrometry (ESI'TMS) has also
become available (Li et al. 2004, Zhang et al. 2010). The
activity of o-galactosidase A should always be determined
in the presence of o-N-acetylgalactosamine, which inhibits
o-galactosidase B. In addition, another lysosomal enzyme,
preferably (-galactosidase, should always be assayed to
evaluate sample quality. As enzyme activity may diminish
rapidly if the sample is mappropriately stored and/or
transported, the diagnostic laboratory should be contacted
in advance for information regarding appropriate sample
storage and shipping conditions. About 2% of the popula-
tion/Fabry patients carry the non-synonymous change ¢.937
G>T (p.Asp313Tyr). This variant has low x-galactosidase A
activity in plasma compared to the wild-type and about 60%
of the mean «-galactosidase A activity of the wild-type in
cells. The p.Asp3 13 Tyr variant is stable at lysosomal pH and
is not discase-causing (pscudodeficicney).

Males with the classic Fabry disease phenotype can be
reliably diagnosed by detecting complete deficiency or
only negligible (<5% of mean normal) «-galactosidase A
activity. Single male patients with attenwated phenotypes
may show considerable residual enzyme activities (e.g.
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CGraspar et al. 2010) that are still, however, well below the
normal reference range. IT initial enzyme activity analysis
is performed on DBS of a male proband and shows
pathologic values, a confirmatory assay, preferably on
leukocytes, is recommended. For the index patient of any
family with a biochemically proven o-galactosidase A
deficiency, mutation analysis of the GLA4 gene should be
offered. This test can confirm the diagnosis and may
provide additional information for disecase prognosis and
therapy. It is essential when genetic counselling of family
members is desived (see later).

Identification of heterozygous females is not reliably
made by the measurements of o-galactosidase A activity
because of the significant levels of activity that may be
present in these samples due to random X-inactivation.
Thus for females, a number of complementary diagnostic
approaches is used cumrently, including measurement of
urinary/plasma storage products, and histology/clectron
microscopy. However, only the identification of a disease-
relevant heterozygous GLA mutation allows definite diag-
nosis of carrier status.

Neonatal screening for Fabry disease in males is
technically feasible by measurement of” «-galactosidase A
activity in DBS using either the tluorigenic or mass
spectrometric substrate and will deteet cases both with
complete deficiency and residual enzyme activity (Lin et al.
2009). High-throughput measurement of c-galactosidase A
activity in leukocytes and DBS, for example by the
technique of ESI/TMS, has been used to identify patients
with Fabry disease in cohorts with advanced organ
manifestations typical for Fabry discase (high-risk popula-
tions; for a recent review see Linthorst et al. 2010). It has
been reported that 3-glucuronidase activity is elevated in
Fabry patients (Z. Lukacs, personal communication).
Therefore the ratio of «-galactosidase A to f3-
glucaronidase activities may be helpful for increasing
diagnostic discrimination, particularly for heterozygotes in
these populations.

Diagnostic use and value of Gb3 and lysoGb3

Gb3 (Gb3Cer, globotriaosyleeramide), also known as GL3
or CTH, is a substrate of a-galactosidase A and the main
glycosphingolipid which accumulates when there is a
deficiency of the enzyme. It may therefore he useful in
diagnosis and assessment of disease burden. Deacylated
Gb3, globotriaosylsphingosine (lysoGb3Cer or lysoGb3), is
a minor metabolite recently identified in plasma of patients
with Fabry discase. LysoGb3 might be more directly
involved in the pathology and may also be useful in
monitoring the discase (Aerts et al. 2008). Gb3 profiling
(comparative analysis of various Gb3 isoforms) rather than

measurement of the total urinary (Gb3 concentrations, may
represent a new diagnostic avenue in the future.

For biochemical analysis, Gb3 is easily accessible in
vatious body fluids, including plasma and urine, and there
are a humber of validated assays including HPLC, TLC and
LC/MS. In general, (Gb3 should be measured in urine rather
than in plasma, whereas lysoGh3 should be determined in
plasma (Young et al. 2005, Togawa et al. 2010). Samples
need to be sent fresh to the laboratory or should be frozen
and subsequently transported frozen. It is recommended
that both the biochemical analysis of lysoGb3 and Gb3 in
plasma and urine, respectively, as well as the metabolite
analysis are performed in specialized centers with appro-
priate experience. Gb3 inclusions can also be detected in
cells of various tissues and organs, ¢.g. by biopsy of the
conjunctiva, skin, kidney or heait, by electron microscopy
and histochemistry including immunohistochemistry.

Plasma Gb3 levels do not correlate with disease
manifestations: They are elevated in males with Fabry
disease but are normal or only mildly elevated in females.
Since Gb3 seems to be directly involved in the renal
pathology of Fabry disease as a result of vascular
compromise, podocyte toxicity, and focal tubular damage
and sclerosis, quantification of urinary GGb3, that is derived
primarily from tabular epithelial cells, is a possible
diagnostic procedure for patients presenting with the classic
Fabry disease phenotype (Sessa et al. 2003). A relationship
hetween urinary (Gb3 levels and Fabry disease severity as
well as to therapeutic response has been demonstrated in a
few studies (Whitfield et al. 2005, Banikazemi et al. 2007,
Eng et al. 2001, Schiffinann et al. 2001). More recent
studies suggest that there is no linear relationship between
urinary Gb3 concentrations and end-organ ettects ot Fabry
disease i male or n female patients. Furthermore it is
cwrrently unclear whether or not increased urinary Gb3
concentration can be taken as a specific marker for disease-
related lysosomal storage. Whilst there is no doubt that Gb3
accumnulates in patients with Fabry disease, from placental
development onwards (Vedder et al. 2006), its role in the
assessment or management of patients with this condition is
contentious.

While single assessments of Gb3 add only very little to
the diagnosis of patients with biochemically and/or clini-
cally ascertained Fabry disease, serial measurements of
total urinary Gb3 (plasma lysoGb3) in the same individual
may be used to monitor the progression of the pathological
process. In male patients, a response to ERT is indicated by
a decline of urinary Gb3, whereas an increase after
prolonged enzyme administration may point to the exis-
tence of mterfering antibodies against infused o-
galactosidase A (Schiffimann et al. 2006, Vedder et al
2007, Hughes et al. 2008). Analysis of total urinary Gb3
from a 12-24 h urine sample may be a diagnostic adjunct in
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females suspected of having Fabry discase when no male
index patient is available for mutation analysis.

In symptomatic males with Fabry disease, plasma
lysoGb3 is elevated probably from an early age, and is
strikingly high in adult male patients, although no
correlation has been found between plasma lysoGb3
and disease manifestations (Aerts et al. 2008). In females,
plasma lysoGb3 levels increase steadily and show a weak
correlation with discasec manifestation. Provided that
comprehensive analyses of plasma lysoGb3 data from
large cohorts of patients with Fabry disease confirm the
preliminary observations, lyso(Gb3 may prove to be a
promising novel diagnostic tool (Rombach et al. 2010).
Where gene alterations are found with unclear functional
or pathological implications in females, the assessment of
Gb3 metabolites/isoforms (urinary Gb3 and plasma
lyso(Gb3) is recommended.

Diagnostic use and value of mutations of the GLA gene

The GLA gene, encoding cc-galactosidase A, contains seven
exons ranging from 92 to 291 base pairs (bp) in length. The
coding region consists of 1,290 bp and encodes a
polypeptide of 429 amino acids, with the first 31 residues
representing a signal sequence. As of 30th of June 2009, a
total of 599 GLA sequence changes, including 435 probable
pathogenic point mutations (missense, nonsense, and splice
site) and 150 disease-causing “short length’ rearrangements
(mainly deletions and duplications affecting less than 65
nucleotides) as well as 14 DNA polymorphisms have been
reported (for a recent review see Gal 2010). Large
rearrangements involving one or more exons ot the whole
GLA gene seem to be infrequent (ca. 5%) in patients with
Fabry discase. Most of the L4 mutations found in patients
with Fabry disease are novel (unique, ‘private’). The
frequency of de nove mutations has been estimated to be
3-10%. There are a few reports of patients carrying two
different, highly probable disease-causing GLA mutations
on the same allele. In contrast, patients may carry one or
more of the common GLA polymorphisms, including
several non-synonymous changes, or rare non-pathogenic
variants, in addition to their discase-causing mutation. To
date, no experimentally validated data have been presented
that any of these latter sequence variants, alone or in
combination, are disease-causing.

As a practical approach one can define two classes of
mutations fo assess their pathogenic significance. Class 1
mutations are predicted to have high probability of causing
discase because they create a premature stop codon
(nonsense or frame-shift mutations) with the consequent
loss of the protein, affect the evolutionarily conserved
splice-site dinucleotides at the beginning or the end of one
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of the 6 1.4 introns and interfere with the proper splicing
of the GI.4 mRNA, or severely disrupt the coding sequence
by a large rearrangement. Sequence changes resulting in a
catalytically inactive (non-functional) enzyme, for example
missense mutations affecting one of the 15 residues in the
enzyme active site, or one of the 8 cysteines essential tor
proper three-dimensional protein folding, are also class 1

a Laboratory Diagnostics
in Fabry Disease: Males

Clinical suspicion of Fabry disease

Measure a-galactosidase A activity in leukocytes (driad blood spot)’

m

‘Zero” activity Decreased activity MNormal activity
Fabry disease Attenuated form of Not Fabry disease
Fabry disease? “Phenocopy”?
or Not Fabry disease

Disease-causing Disease-causing

Polymorphism

mutation! mutation* Not Fabry disease
Confirmation of Fabry  Confirmation of Fabry v
dizease disease
b Laboratory Diagnostics

in Fabry Disease: Females

Clinical suspicion of Fabry disease

-
Measure «-galactosidase A
activity in laukocytes
(dried blood spot)

i Sequence GLA gene
Low__, normal activity

Disease-causing mutation®
Confirmation of Fabry
hetarozygota

No disease-causing mutation®
Individual evaluation

Fig. 1 Algorithm for the laboratory diagnosis of (a) male and (b)
female patients with Fabry disease. The flow charts represent
sumimaries of the discussion and conclusions in the text, with extra
clarification in points [-6. 1} Demonstration of a deficiency of o-
palactosidase A in leukocytes and plasma from the same blood sample
is supporting evidence for a diagnosis of Fabry disease. 2) Variants of
Fabry disease with residual x-galactosidase A activity. 3) A patient
with some symptoms of Fabry disease not due to deficiency of o-
palactosidase A. 4) Class 1 mutation and mutations previously found
in affected male or female Fabry patients. 5) Low x-galactosidase A
activity can be suggestive of carrier status but not definitive. 6) To
decide whether the proband has Fabry disease, all or some of the
following investigations should be carried out: (a) re-evaluation of
clinical presentation, (b} analysis of family pedigree, (c) measurement
of urinary Gb3, and (d} in absence of a Class 1 mutation, any
sequence change detected in the G4 gene must be expressed in vitro
to investigate its effect on activity and/or structure of enzyme
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mutations. Finally, recurrent discase-causing mutations
and the growing number of GL.4 mutations that have been
shown to result in non-functional enzyme in in vifro
expression studies in cells in cultures transduced with the
relevant mutant ¢cDNA also belong to this group. It has
been suggested that the pathology of some ‘simple’
disease-causing mutations might occasionally be complex.
Indeed, some DNA changes thought to be missense
mutations (¢.g. p.Ser65Thr, p.Gly183Ser, p.Lys213Asn,
or p.Met2671le) seem to interfere with normal splicing of
the GLA mRNA (Lai et al. 2003). Similarly, two deep
intronic point mutations (c.6394861C>T and ¢.6391919
G>A) apparently result in o-galactosidase A deficiency
by causing complex changes in the pattern of splicing
(Ishii et al. 2002, Filoni et al. 2008). About 50% of males
with enzymatically proven Fabry disease carry a Class 1
mutation.

Mutations that have been found in males with normal o-
galactosidase A activities or with somewhat decreased
enzyme activities, which are still, however, well above the
pathologic range of values, are called Class 2 mutations and
are almost certainly non-pathogenic. These include poly-
morphisms or sequence changes, e.g. ¢.937G>T
(p.D313Y) described as pseudodeficiency alleles.

Routine mutation analysis of the GLA gene consists of
sequencing of the coding region and exon-intron bound-
aries. The interpretation of gene alterations should be
pertormed by an expert and genetic counselling should be
offered. In more than 97% of males with pathologic -
galactosidase A activities, a sequence variant (Class 1
mutations or yet unclassified sequence changes) can be
detected by routine mutation analysis. The identification
of Class 1 mutations is considered a very usetul and
independent contitmation of the biochemical (and clinical)
diagnosis. A small number of mutations, in particular
exon-spanning duplications or inversions and deep
intronic mutations, may escape detection by using the
above method and can only be identified by more
sophisticated procedures, such as the analysis of the
mRNA or MLPA (multiplex ligation-dependent probe
amplification). However, even if no highly probable
disease-causing mutation is found in a male patient with
an o-galactosidase A deficiency, the diagnosis of Fabry
disease remains valid. For mutations not categorized as
Class 1 or Class 2, a thorough clinical, biochemical and
genetic analysis of the patient and his family may allow
designation of the mutation as disease-causing or not.
Analysis of evolutionary conservation of the relevant
sequence and its absence in a large cohort of unaffected
individuals may provide additional arguments for a
pathogenic relevance of a change. An easily accessible
and quality-controlled gene-specific mutation database
would be an invaluable tool both for physicians treating

patients, genetic counselors, and scientists involved in
DNA diagnostics or research.

Both Class 1 and Class 2 mutations also occur in
females. Since enzyme activity measurements do not
reliably detect heterozygotes, and many of the clinical
features of Fabry disease are frequently observed in the
general population, DNA diagnostics is much less efficient
in identifying heterozygotes among women with clinical
suspicion for Fabry disecasc than in confitming diagnosis in
males with enzymatically proven Fabry disease. Carriers in
families with Fabry disease can be identified by pedigree
analysis and/or by showing that they have inherited the
Family-specific mutation. If bidirectional sequencing of the
coding region and exon-intron boundaries do not reveal
heterozygosity for a Class 1 mutation in a female DNA
sample, MLPA may help to pick up the few cases of large
DNA remmrangements in females, whereas the analysis of
mRNA may be complicated by nonsense-mediated decay. In
addition, a thorough clinical re-evaluation of the patient and
additional biochemical tests are recommended. A careful
analysis of the pedigree by a genetic counselor should also be
offered, keeping in mind that nine out of ten patients with
Fabry disease should have a positive family history for the
trait. In females with typical signs and symptoms of Fabry
disease but without positive family history, only the identifi-
cation of a discasc-relevant heterozygous GL4 mutation
allows definite diagnosis of cartier status.

Conclusions (Fig. 1): (i) Thorough analysis of the patient’s
family and medical history together with a clinical examina-
lion are essential prior to laboratory testing. (i) Diagnostic
tests should be done in laboratories with appropriate quality
control schemes, experience, and sample load. (iii) Analysis
of c~galactosidase A activity is the standard diagnostic test of
Fabry disease in males. Molecular analysis of the GLA gene
is necessary Lo diagnose heterozygotes.
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