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Abstract Abstract 
Background:: Making use of the finding that Fatty Aldehyde Dehydrogenase (FALDH) is 
involvedd in the degradation of phytol, we set up an enzymatic assay for the diagnosis 
off  Sjögren-Larsson Syndrome (SLS) based on a deficiency in the conversion of phytol to 
phytenicc acid. Methods: FALDH activity was assessed by incubating fibroblast homoge-
natess with phytol in the presence of NAD+, followed by hexane extraction of the samples 
andd quantitation of phytenic acid production by gas chromatography-mass spectrometry 
(GC-MS).. Results: Intra- and interassay CVs were <12 % and <13 %, respectively. All SLS 
patientss were deficient in phytenic acid production and FALDH activities were outside 
thee ranges of values seen for controls. Carriers of SLS showed intermediate FALDH activi-
ties.. Conclusions: The new assay described in this paper has advantages over previous 
assayss and allows for the easy and reliable diagnosis of SLS. 

Introduction Introduction 
Sjogrenn Larsson Syndrome (SLS) is a metabolic disorder characterized by an accumula-
tionn of long chain fatty alcohols in plasma of patients (1, 2). Studies by Rizzo et al. have 
ledd to the identification of the enzyme that is deficient in SLS, which is Fatty Aldehyde 
dehydrogenasee (FALDH, EC 1.2.1.3), encoded by the ALDH10 gene. FALDH is part of the 
microsomall  alcohol NAD+-oxidoreductase complex that functions in the conversion of 
long-chainn fatty alcohols into fatty acids (3). A deficiency of FALDH leads to the accu-
mulationn of fatty alcohols in plasma of patients (4, 5). Interestingly, FALDH also plays 
aa role in the degradation of leukotriene B4 (6). Clinical symptoms found in SLS patients 
includee ichthyosis, mental retardation and spastic diplegia or tetraplegia. 
Inn our laboratory, we recently established that SLS patients are also deficient in the 
degradationn of phytol (3,7,11,15-tetramethylhexadec-2-en-l-ol), a branched chain fatty 
alcoholl  commonly found in nature as part of the chlorophyll molecule (7). Interest in 
phytoll  has mainly focused so far on its metabolism to phytanic acid, a fatty acid which 
playss an important role in Refsum Disease and a number of other peroxisomal diseases 
(8,, 9). However, about the precise mechanism of the conversion of phytol to phytanic 
acidd very littl e was known until our discovery of the involvement of FALDH in this path-
way.. Indeed, when fibroblasts derived from SLS patients were incubated in the presence 
off  phytol in the culture medium, a marked deficiency in the conversion of phytol to 
phytenicc acid was observed (Fig. 1). In an effort to confirm this finding, an assay was 
sett up in which fibroblast homogenates were incubated with phytol in the presence of 
NAD\\ and activity was assessed by quantitating the amount of phytenic acid formed 
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inn this reaction, using GC-MS (7). This proved to be both a sensitive and reliable assay 
forr diagnosis of SLS patients, which is of interest, since the assays previously described 
inn literature have several drawbacks including the use of non-commercially available or 
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Figuree 1. Scheme of the conversion of 
phytoll  to phytenic acid. Phytol is con-
vertedd to phytenal by an unknown alcohol 
dehydrogenasee (ADH), and subsequently 
intoo phytenic acid by Fatty aldehyde de-
hydrogenasee (FALDH). 

PhytenicPhytenic acid 

radioactivee substrates and high residual activities in patients that are expected to be 
completelyy deficient due to non-sense mutations in the ALDH10 gene (3, 10). 
Forr this reason, we performed a detailed analysis of the enzyme assay so that it allows 
forr a reliable diagnosis of SLS patients. 

MaterialsMaterials and methods 
CulturedCultured Skin Fibroblasts 
Fibroblastss were cultured in Nutrient mixture Ham's F-10 with L-glutamine and 25 
mmol/LL HEPES (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 10 % fetal 
calff  serum, penicillin (100 U/mL) and streptomycin (100 pg/mL, all purchased from 
Gibco)) at 37 °C and with 5 % C02. Fibroblasts were harvested using trypsin (Gibco) 
storedd as cell pellets at -80 °C. The FALDH-deficient fibroblasts were from established 
SLSS patients as concluded from the clinical history, deficient FALDH activity and dis-
tinctt mutations in the ALDH10 gene (2). 
IncubationsIncubations of fibroblast homogenates with phytol 
Fibroblastss pellets were taken up in phosphate buffered saline (PBS) and homogenized 
byy sonication (2 cycles of 10 seconds at 9 Watts) on ice. The incubation mixture con-
sistedd of 40 pg/mL protein, 50 mmol/L glycine buffer (pH 9.2), 1 mmol/L NAD+ (Ro-
che,, Mannheim, Germany), 0.1 % Sodium Cholate and 1 mg/mL methyl-p-cyclodextrin 
(Fluka,, Buchs, Switzerland) in a total volume of 500 pL. Reactions were performed at 
377 °C and initiated by the addition of 200 pmol/L phytol (mixture of Z- and E-isomers, 
Merck,, Darmstadt, Germany) dissolved in dimethyl sulfoxide (DMSO). After 60 minutes, 
thee incubation was terminated by the addition of 100 pL 1 N HCl. As internal stand-
ardd 49.3 pmol of  2H3-phytanic acid dissolved in toluene (purchased from Dr. H.J. ten 
Brink,, Free University Hospital, Amsterdam, The Netherlands) was added. Then 2 mL 
off  hexane was added, after which the organic layer was evaporated to dryness under 

57 7 



Chapterr  4 

nitrogenn at 40 °C. The sample was then derivatized with N-tert-butyldimethylsilyl-N-
methyl-trifluoroacetamidee (MTBSTFA, Aldrich, Steinheim, Germany) and pyridine (50 uL 
each)) at 80 °C for 30 minutes, dried under nitrogen and taken up in hexane. Analysis of 
thee sample was performed on an Agilent Technologies model 5890/5973 GC-MS system 
equippedd with a CPsil 19CB capillary column (25 m X 0.25 mm internal diameter, film 
thicknesss 0.2 urn, Varian, Palo Alto, CA). The GC was operated in the splitless mode, 
withh a helium flow rate of 1.5 mL/min and an oven temperature program starting at 60 
°CC for 1.5 minutes followed by an increase of 30 °C/min up to 240 °C, an increase of 
100 °C/min up to 270 °C and finally an increase of 30 °C/min up to 300 °C, which was 
heldd for 5 minutes. Injection and detector temperatures were 300 °C and 290 °C, respec-
tively.. Detection on the MS was performed with electron impact ionization applied at 
700 eV. MS acquisition was performed in the single ion monitoring mode, specifically the 
[M-57]++ ions of the various compounds (corresponding to 353.3, 367.3, 369.3 and 372.3 
forr phytol, phytenic acid, phytanic acid and the internal standard, respectively). The 
metabolitess were quantified using calibration curves of phytanic acid, since phytenic 
acidd is not available commercially. Calibration curves were generated in a concentration 
rangee of 0 to 100 umol/L and concentrations of phytenic acid were calculated using a 
linearr fit. 

Results Results 
CharacterizationCharacterization of the assay in human fibroblasts 
Thee phytol degradation assay consisted of quantification of phytenic acid by GC-MS of 
fibroblastt homogenates incubated with phytol as a substrate in a buffered reaction mix-
turee containing NAD+ at 37 °C. The assay was first optimized for optimal pH by incubat-
ingg control fibroblast homogenates in the standard reaction medium (see material and 
methods)) with a pH ranging between 8 and 10. Maximal activity was seen at pH 9.2 (Fig. 
2A).. Addition of methyl-p-cyclodextrin, a compound that is often used to solubilize 
hydrophobicc compounds (11), was found to have a positive effect on enzyme activity. 
AA maximal increase in activity of about two-fold was observed at 1 mg/mL methyl-p-
cyclodextrinn (data not shown). 
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Figuree 2. Enzymatic characteristics of the phytol to phytenic acid conversion. (A), pH optimum 
off  the reaction. (B), dependence on NAD*-concentration of the reaction. The Michaelis-Menten 
plott is depicted in the inset. (C), dependence on substrate concentration. 

BlankBlank value 
Onn analysis, the presence of a small quantity of phytenic acid was found in the phytol 
thatt was used as substrate (Fig. 3). This contamination amounted to about less then 5 
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%% of the phytenic acid produced under standard assay conditions. Therefore, for each 
assayassay a sample was prepared that was stopped immediately. The amount of phytenic 
acidd measured in this sample was subtracted from the samples that were incubated for 
thee normal time period to correct for this contamination. 
DependenceDependence on NAD* and substrate concentrations 
Withh the assay conditions as described above we found a dependence on NAD+ with a 
Kmm of around 0.1 mmol/L, calculated from the Michaelis-Menten plot (Fig. 2B). Incuba-
tionss of fibroblast homogenates with a NAD+ concentration of 1 mmol/L and varying 

Figuree 3. Representative 
masss chromatograms for 
phytoll  incubations of 
fibroblastt homogenates. 
Fibroblastt homogenates 
fromm two controls and 
aa SLS-patient were in-
cubatedd in the standard 
reactionn medium con-
tainingg phytol as de-
scribedd in Materials and 
Methods.. Also depicted is 
ann incubation of a control 
fibroblastt homogenate in 
thee standard reaction 
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mediumm containing phytol that was terminated immediately, designated as 'blank'. Chromato-
gramss were acquired in the single-ion monitoring mode set for the detection of phytenic acid as 
describedd in Materials and Methods. 

concentrationss of phytol showed first order kinetics (Fig. 2C) and a Km was calculated 
forr phytol of about 0.1 mmol/L. Under these conditions, the assay was linear with time 
upp to 30 minutes at a fixed protein concentration of 50 ug/ml (data not shown). As 
standardd assay conditions 50 pg/mL of fibroblast homogenate with an incubation time 
off  30 minutes was chosen, since this allowed for reliable quantification of the reaction 
product,, phytenic acid, on GC-MS. 
ValidationValidation of the assay 
Ann intraassay variation (within day) imprecision (CV) of 11 % was determined by meas-
uringg phytol degradation activity of 10 fibroblast homogenates, derived from separate 
pelletss of a single control cell line in a single experiment. The interassay (between-day) 
CVV was determined to be 13 % by measuring activity of fibroblast homogenates, derived 
fromm separate pellets of the same control cell line in 10 separate experiments. 
PhytolPhytol degradation activity in control fibroblasts and fibroblasts derived from SLS-
patients s 
PhytolPhytol degradation activity was measured in homogenates of 10 different control fi-
broblastss cell lines and a specific activity of 11.3  5.1 nmol/hr/mg protein (mean  SD; 
rangee 4.0 - 22.8) was found, while in fibroblasts derived from 15 different previously 
diagnosedd SLS-patients the activity was 0.6  0.5 nmol/hr/mg protein (range 0.0-1.9; 
Fig.. 4). Additionally, measurements were performed in fibroblast homogenates that 
weree derived from three obligate heterozygotes, in which the specific activities were 
foundd to lie in an intermediate range between controls and SLS-patients, namely 4.2
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1.33 nmol/hr/mg protein (range 2.7 - 5.1). 

Discussion Discussion 
Ourr recent finding of the involvement of FALDH in the degradation of phytol led to the 
generationn of a new assay for the biochemical diagnosis of SLS patients. Although assays 
forr measuring FALDH activity have been described previously, the new assay appears to 
havee some significant advantages. Other assays either use radioactive substrates or sub-
stratess that are not available commercially and thus have to be synthesized (3, 10). An 
assayy where FALDH activity is assessed by measuring production of NADH fluorimetri-
callyy (3), when used in our laboratory, proved to suffer from high residual background 
activityy in fibroblasts derived from SLS patients with nonsense mutations in ALDH10. 
Thiss can be explained by the fact that as many as 12 different aldehyde dehydrogenases 
havee been described in mammals (12), which makes the existence of overlapping sub-

Figuree 4. Phytol degradation activity in 
controll  fibroblasts homogenates and fi-
broblastss homogenates derived from SLS 
patientss and carriers. Values in the bars 
representt means  standard deviation of 
thee activity expressed in nmol/min/mg of 
proteinn (n = 10, 16 and 4 for control, SLS-
patientt and SLS-carrier derived cell lines, 
respectively).. The difference between 
activitiess in control and SLS fibroblast 

^ ^ ^^ homogenates is statistically significant (P 
^ HH < 0.01) as calculated by Student's t test. 

Carriers s 

stratee specificities quite likely. Although some effort was spent to optimize the assay 
furtherr and reduce residual activities, it never resulted in a solid and reliable assay for 
diagnosiss of SLS. 
Inn contrast, the assay we describe here, which is based on phytol degradation, shows 
onlyy a very marginal residual activity, which makes diagnosis of patients more straight -
foward.. However, the presence of a small contaminating quantity of phytenic acid in the 
substratee makes it difficult to conclude whether FALDH activity is completely deficient 
orr whether another aldehyde dehydrogenase is able to catalyze the same reaction. The 
residuall  activity only amounts to about 6 % of control however, and poses no problems 
inn the interpretation of the results for a correct diagnosis. 
Ass depicted in Fig. 1, the conversion of phytol to phytenic acid used in this assay is 
aa two-step mechanism. Conversion of phytol to phytenal is catalyzed by an as yet 
unknownn alcohol dehydrogenase (ADH), followed by the oxidation of phytenal into 
phytenicc acid by FALDH, which probably forms a complex with the unidentified ADH 
(13-15).. A deficiency in phytenic acid production therefore might also be due to a de-
ficiencyy in the alcohol dehydrogenase reaction. However, SLS seems to be exclusively 
causedd by a defect in FALDH (16) and no patients have as yet been described with a 
deficiencyy of the ADH domain. The identification of the ADH involved might lead to 

Controll SLS 
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insightss in its possible role in SLS. 
Ann implication of a deficiency in phytol degradation of SLS patients might be the accu-
mulationn of phytol in tissues and plasma of these patients in addition to hexadecanol. 
Althoughh not much is known about phytol content of foods, the presence of some phy-
toll  has been detected in milk products for instance (17). Currently, we are setting up a 
methodd to detect phytol in plasma of patients. It wil l be interesting to see if indeed an 
accumulationn of phytol is found, since this might play a role in the pathology of SLS. 
Inn conclusion, we have set up a new enzymatic assay for the diagnosis of SLS. It was 
shownn to be a reliable and easy assay, which has a number of advantages over existing 
FALDHH assays as described previously in literature. 
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