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GENERALL  INTRODUCTION ; TH E SUBCELLULA R LOCALIZATIO N OF TH E 
ISOPRENOIDD BIOSYNTHESI S PATHWA Y I N MAMMALS , AN OVERVIE W 

1.. THE ISOPRENOID BIOSYNTHETIC PATHWAY 

Thee isoprenoid biosynthetic pathway plays a central role in cellular metabolism. It 
catalyzess the production of a range of non-sterol and sterol isoprenoids, which are vital for 
diversee cellular functions. Cholesterol is a major end product of the isoprenoid 
biosyntheticc pathway. Cholesterol has long been recognized as an essential structural 
componentt of mammalian cell membranes, and is the precursor for steroid hormones, 
oxysterolss and bile acids. More recently, a crucial role for cholesterol in mammalian 
embryogenesiss was discovered (l). Cholesterol can be covalently linked to the hedgehog 
classs of embryonic signaling proteins, which function in embryonic tissue patterning (2). 
Inn addition to cholesterol the isoprenoid biosynthetic pathway produces a variety of other 
molecules.. These include for example ubiquinone-10, which functions as an antioxidant 
andd plays an essential role in electron transport in the mitochondrial respiratory chain, the 
sitee chains of heme A, present in the multiple heme-containing cytochrome c oxidase that 
alsoo functions in the mitochondrial respiratory chain, dolichol, a mediator of N-linked 
proteinn glycosylation, isopentenyl tRNAs, involved in protein translation, and farnesyl and 
geranylgeranyll  moieties used for the prenylation of cellular proteins that function in 
intracellularr signaling such as Ras and Rho and anchor them to cellular membranes (3). 

1.11.1 The cholesterol biosynthetic pathway 
Thee biosynthesis of cholesterol from acetyl-CoA is accomplished by a complicated route 
thatt involves at least 20 different enzymes. The cholesterol biosynthetic pathway can be 
dividedd in a pre-squalene part and a post-squalene part. The pre-squalene part is involved 
inn the synthesis of all isoprenoids and consists of a straight chain of reactions in which 
acetyl-CoAA is converted into farnesylpyrophosphate (FPP) (Fig. 1). Three molecules of 
acetyl-CoAA are converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) in two enzyme 
steps.. HMG-CoA is then converted into mevalonate by HMG-CoA reductase in the rate 
limitin gg step of the pathway. Subsequently, mevalonate is phosphorylated twice which 
producess mevalonate-5-pyrophosphate. The decarboxylation of mevalonate-5-
pyrophosphatee yields isopentenylpyrophosphate (IPP), the basic C5 "isoprene" unit used 
forr the synthesis of all isoprenoids (3). After isomerization to dimethylallyl pyrophosphate 
(DMAPP),, a head-to-tail condensation of IPP to DMAPP results in the formation of geranyl 
pyrophosphate.. Addition of another IPP gives FPP, the so-called branch point metabolite. 
FPPP is the precursor of the majority of isoprenoids and therefore the substrate for all 
branch-pointt enzymes (Fig. 1). 
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Figur ee l. The isoprenoid biosynthesis pathway 
Thee isoprenoid biosynthesis pathway produces numerous molecules involved in a variety of 
importantt cellular processes, including the ones indicated here. The basic C5 isprene unit, 
isopentenyl-PP,, is used for the synthesis of these non-sterol and sterol isoprenoids. Isopentenyl-
PPP is formed from the 2-carbon compound acetyl-CoA in six subsequent enzyme reactions. 

Thee first reaction of the post-squalene part of the isoprenoid/cholesterol biosynthetic 
pathwayy involves the conversion of two molecules of FPP into squalene. This is followed by 
thee condensation of squalene which yields lanosterol. To eventually produce cholesterol 
fromm lanosterol, a series of enzyme reactions is required, including one demethylation at 
Ci4,, two demethylations at C4, one isomerization of A8<9) to A?, three reductions of the A24, 
A^^ and A? double bounds, and one desaturation between C5 and C6 (Fig. 2). Although most 
off  the enzyme reactions required for the conversion of lanosterol to cholesterol have been 
established,, their sequence may vary. Consequently two major routes involving the same 
enzymess have been proposed which, depending on the timing of the reduction of the 24-
deltaa double bound, postulate either 7-dehydrocholesterol or desmosterol as the ultimate 
precursorr of cholesterol (Fig. 2). 
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Isoprenoidd biosynthetic pathway 
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Figur ee 2. Biosynthesis of cholesterol 

Forr the synthesis of cholesterol two main alternate routings have been proposed, which use the 
samee enzymes but either postulate 7-dehydrocholesterol or desmosterol as ultimate precursors 
off  cholesterol. The figure includes the structures and names of the metabolites involved. The 
differentt enzymes are numbered as follows: 1. Squalene synthese; 2. Squalene epoxidase; 3. 
Lanosteroll  synthase; 4. 3|3-hydrosterol A2i-reductase (desmosterol reductase); 5. Cholesterol C-
144 demethylase (CYP51); 6. 3p-hydroxysterol A'4-reductase; 7. cholesterol C-4 demethylase; 8. 
3P-hydroxysterol-A8,, A'-isomerase; 9. 3p-hydroxysterol As-desaturase (lathosterol 
dehydrogenase);; 10. 3P-hydroxysterol A?-reductase (7-dehydrocholesterol reductase). 
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1.21.2 Regulation of the cholesterol/isoprenoid biosynthetic pathway 
Mammaliann cells derive their cholesterol not only from de novo synthesis but also from 
plasmaa low-density lipoproteins (LDL), which enters the cell by receptor mediated 
endocytosis.. In order to avoid an overaccumulation of sterols, including cholesterol, and to 
alloww a constant production of non-sterol isoprenoids, the cholesterol/isoprenoid pathway 
hass to be regulated tightly. Feedback regulation of the pathway by cholesterol is achieved 
predominantlyy through repression of transcription of genes that govern the synthesis of 
cholesteroll  (HMG-CoA synthase and HMG-CoA reductase (HMGR)) and also through 
feedbackk regulation of the LDL-receptor gene (3). However, also other genes encoding 
enzymess involved in the biosynthesis of cholesterol can be subject of this feedback 
regulation.. All these genes, like other genes involved in lipid metabolic pathways, such as 
fattyy acid synthesis, contain a sterol regulatory element 1 (SRE) in their promotor region. 
Feedbackk regulation is controlled by the activity of a family of membrane-bound 
transcriptionn factors called sterol regulatory element-binding proteins (SREBPs). 
Mammaliann organisms produce three different SREBP proteins. SREBP-ia and SREBP-ic, 
whichh are produced by the same gene but are the result of alternative splicing, and SREBP-
2,, which is produced by a separate gene (4). The three different proteins can be activated 
preferentiallyy and function not only in regulation of isoprenoid biosynthesis but also of 
fattyy acid biosynthesis, lipogenesis, and glucose metabolism. SREBP-la is preferentially 
involvedd in fatty acid biosynthesis, SREBP-ic in the activation of genes involved in 
lipogenesiss and glucose metabolism and SREBP-2 in isoprenoid biosynthesis. Therefore, in 
additionn to cholesterol, also other components like unsaturated fatty acids and poly 
unsaturatedd fatty acids can inhibit SREBP processing (5, 6, 7). 

Newlyy synthesized SREBPs are embedded in membranes of the endoplasmic reticulum 
(ER)) and nuclear envelope in a hairpin orientation and are composed of three domains: (I) 
ann N-terminal domain that faces the cytosol and functions as a transcription factor of the 
basicc helix-loop-helix leucine zipper family, (II ) a membrane containing domain consisting 
off  two membrane-spanning sequences that are separated by a hydrophilic loop that 
projectss into the ER lumen, and (III ) a regulatory domain that extends into the cytosol (4). 

Thee activities of the SREBPs are controlled through feedback inhibition of proteolytic 
processing.. When cells are supplied with sterols, SREBPs remain bound to membranes of 
thee ER and as such are inactive. When cells are depleted of sterols, the SREBPs move to 
thee Golgi complex where two proteases release the active portions of the SREBPs, which 
thenn enter the nucleus and activate transcription of target genes. This process requires 
threee membrane proteins, a sterol-sensing escort protein (SREBP cleavage activation 
protein;; SCAP) that transports SREBPs from the ER to the Golgi and two Golgi-located 
proteasess (Site-i protease and Site-2 protease) that release SREBPs from membranes. 

2.. CHOLESTEROL BIOSYNTHESIS DISORDERS 

2.12.1 Disorders in the pre-squalene part of the pathway 
Soo far, only two disorders have been linked to an enzyme defect in the pre-squalene part of 
thee pathway. Both are due to a deficiency of mevalonate kinase (MK) even though at 
differentt degrees. The most severe one is classical mevalonic aciduria (MIM 251170) (8, 9, 
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10).. Patients with this disorder typically have mutations in the MVK gene that result in a 
virtuallyy absent MK activity when measured in cultured skin fibroblasts or lymphoblasts (o 
-- 4 % of the control mean) (10, 11). The second and milder disorder is the hyper-IgD and 
periodicc fever syndrome (HIDS; MIM 260920) (12, 13) in which patients always have a 
residuall  MK activity of 1-7% compared to controls (14,15,16). In the vast majority of HIDS 
patientss this is due to one specific mutation, V377I, in the MVK gene (14,17). 

MKK deficiency affects the biosynthesis of all cellular isoprenoids. Mevalonic aciduria 
patientss often have severe symptoms like profound developmental delay, dysmorphic 
features,, cataracts and hepatosplenomegaly in addition to recurrent episodes of high fever 
(10).. HIDS patients typically also suffer from these recurrent episodes of fever and 
inflammationn but in contrast to mevalonic aciduria patients usually do not show 
developmentall  abnormalities (13). 

2.22.2 Disorders in the post-squalenepart of 'the pathway 
Mostt disorders of cholesterol/isoprenoid biosynthesis occur in the post-squalene part of 
thee pathway and effect only the biosynthesis of sterols including cholesterol. At present, six 
differentt disorders caused by enzyme defects in the post-squalene part of the 
cholesterol/isoprenoidd biosynthetic pathway have been identified. All these syndromes are 
characterizedd by multiple morphogenic, developmental and neurological abnormalities like 
shorteningg of the long bones, microcephaly and dysmorphic fades, implying an important 
rolee of cholesterol in embryonic development. 

Thee first and most common defect of cholesterol biosynthesis is autosomal recessive 
Smith-Lemli-Opitzz syndrome (SLOS; MIM 270400) (18), which is the result of mutations 
inn the gene encoding 7-dehydrocholesterol reductase (19, 20, 21). 

Thee second defect in cholesterol biosynthesis is desmosterolosis (MIM 602938) of 
whichh only two patients have been described (22, 23). In both patients mutations were 
identifiedd in the gene encoding 24-dehydrocholesterol reductase (24). 

X-linkedd dominant chondrodysplasia punctata (CDPX2, also called Conradi-
Hunermannn or Happle syndrome; MIM 302960) is an X-linked disorder which is usually 
lethall  in males (25). Female patients have increased levels of cholesta-8(9)-en-3|3-ol and 8-
dehydrocholesterol,, as a result of a deficiency of 3p-hydroxysterol A8, AMsomerase. 
Mutationss have been found in the emopamil binding protein (EBP) gene which encodes 
thee sterol A8, AMsomerase (26, 27, 28). 

CHILDD syndrome (congenital hemidysplasia with ichthyosiform erytroderma or nevus 
andd limb defects; MIM 308050) is also an X-linked male-lethal disorder with phenotypic 
similaritiess to CDPX2. Patients can have mutations in either the EBP or the Nsdhl 
(NAD(P)HH steroid dehydrogenase-like) gene, which is part of the cholesterol C-4 
demethylasee complex (29, 30). 

Thee lethal HEM (hydrops-ectopic calcification-moth-eaten; MEM 215140) or 
Greenbergg skeletal dysplasia was first described by Greenberg et al. (31). Affected foetusses 
showw an accumulation of sterols with a A*4 double bound, due to a deficiency of the sterol 
A^-reductase,, encoded by the lamin B receptor gene (32). 

Thee last disorder in cholesterol biosynthesis was discovered in 2002 when two 
unrelatedd males with lathosterolosis were described. Mutation analysis revealed that the 
genee encoding the enzyme sterol C-5-desaturase contained disease-causing mutations (33). 
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Thee clinical severity of patients affected with any of the disorders in cholesterol 
biosynthesiss stress the fact the cholesterol/isoprenoid biosynthetic pathway is a very 
importantt pathway in humans. In some respects the clinical symptoms of the cholesterol 
biosyntheticc disorders show similarity with PBDs. Therefore, it has been suggested that 
peroxisomess might be involved in cholesterol/isoprenoid biosynthesis. 

3.. CHOLESTEROL BIOSYNTHESIS AND PEROXISOME DEFICIENCY 

3.13.1 Peroxisomes and peroxisome biogenesis disorders 
Peroxisomess are indispensable subcellular organelles. Since their discovery in the late 
sixties,, a large variety of pivotal functions in cellular metabolism have been attributed to 
peroxisomess making clear that these organelles are essential cell constituents. These 
importantt metabolic pathways include, among others, fatty acid a- and (3-oxidation, ether 
phospholipidd biosynthesis, and glyoxylate detoxification. The absence of peroxisomes is 
incompatiblee with human life, which is stressed by the existence of a group of inherited 
diseasess collectively called the PBDs. PBDs are due to the complete absence of the 
organelless or impairment in multiple peroxisomal functions. These PBDs, including the 
cerebro-hepato-renall  syndrome of Zellweger (ZS), may be caused by genetic defects in one 
off  at least 12 different PEX genes encoding proteins called peroxins that are required for 
thee biogenesis and/or functioning of the organelles (34, 35). After synthesis on free 
polyribosomes,, peroxisomal matrix proteins carrying either a carboxy-terminal 
peroxisomall  targeting sequence 1 (PTSi) (the tripepide (S/A/C)(K/H/R)(L/M)) or a 
cleavablee amino-terminal PTS2 signal (a nine-amino acid, bipartite sequence 
(R/K)(L/V/I)X 5(H/Q)(L/A))) are translocated across the peroxisomal membrane (36, 37). 
AA defect of one of the components (peroxines) of the peroxisomal import machinery leads 
too failure of protein import via the PTSi and/or PTS2-dependent import pathway, and 
consequentlyy to functional peroxisome deficiency. For example, mutations in the PEXj 
gene,, which codes for the PTS2 receptor, lead to a deficiency in PTS2 import only (38). 
Mutationss in the PEX5 gene coding for the PTSi receptor, lead to a deficiency in the PTSi 
importt machinery but, dependent on the mutation, can also lead to a deficiency in both 
PTSii  and PTS2 import (39). 

ZSS is one of the most severe PBDs and is a fatal inherited disease caused by a complete 
absencee of functional peroxisomes. The pathogenic mechanisms underlying the extreme 
hypotonia,, severe mental retardation and early death associated with ZS are unknown 
(40).. Similar to patients with established disorders of cholesterol biosynthesis, patients 
withh PBDs often display multiple developmental abnormalities and in some, but not all, ZS 
patientss also hypocholesterolemia is observed (41, 42). This has lead to the postulation that 
peroxisomess might also be involved in cholesterol/isoprenoid biosynthesis. 

3.23.2 Enzyme activities and peroxisome deficiency 
Inn the PBDs, peroxisomal enzymes become mislocalized to the cytosol due to a defect in 
thee peroxisomal protein import machinery or to the complete absence of the organelles. In 
manyy cases this leads to the degradation and/or inactivation of these enzymes, with a 
markedd deficient activity as a result. Some enzymes, such as catalase, however, are stable 
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andd active in both peroxisomes and cytosol (43). Since patients with PBDs often display 
clinicall  symptoms (e.g. dysmorphic facies, mental retardation, and bone malformations) 
similarr to patients with inborn errors in cholesterol biosynthesis, and since sometimes 
hypocholesterolemiaa is observed in ZS patients a peroxisomal involvement in cholesterol 
biosynthesiss was suggested. As a consequence, degradation and inactivation in cells of 
patientss with PBDs have been suggested for some of the enzymes involved in 
cholesterol/isoprenoidd biosynthesis. However, the findings in the literature are rather 
conflicting. . 

Inn liver homogenates of ZS patients, the enzyme activities for HMGR, MK, 
phosphomevalonatee kinase (PMK), mevalonate pyrophosphate decarboxylase (MPD), 
isopentenyll  pyrophosphate isomease (IPPI) and farnesyl pyrophosphate synthase (FPPS) 
havee been reported to be decreased (44). Our group, however, found decreased MK and 
PMKK activities in livers of a few ZS patients but normal activities and protein levels in 
liverss of other ZS patients and in livers of a PEX5 knock-out mouse (chapter 2 of this 
thesis)) (45, 46, 47). Normal HMGR, MPD and IPPI activities have been measured in all of 
thesee patients. Moreover, we have shown recently that the observed deficient activities 
foundd in livers of diseased patients with ZS are the result of the bad condition and/ or 
preservationn of the post-mortem tissues rather than of the presumed mislocalization of the 
enzymess to the cytosol (chapter 2 of this thesis) (46). 

Alsoo in fibroblasts conflicting results have been published. Normal activities and 
proteinn levels of HMGR, MK, PMK, MPD and IPPI were reported in ZS fibroblasts (chapter 
33 of this thesis) (45, 48) in two studies, but in another study a marked decreased MK 
activityy was reported in ZS fibroblasts (49). 

Inn line with the studies in fibroblasts, HMGR was reported to be two-fold higher in 
peroxisome-deficientt CHO (Chinese hamster ovary) cells (50). However, in another study 
thee HMGR activity was reduced (46-66 %) in peroxisome-deficient CHO cells (51). FPPS 
activityy is reported to be normal in these peroxisome-deficient CHO cells (52). 

3.33.3 Cholesterol biosynthesis and peroxisome deficiency 
Conflictingg results have also been published with respect to de novo cholesterol 
biosynthesiss and PBDs. Four groups of investigators reported decreased de novo 
cholesteroll  biosynthesis (2-84 % of control values) in fibroblasts of ZS patients (53, 54) 
andd peroxisome-deficient CHO cells (51, 55), while four other groups reported normal or 
evenn increased de novo cholesterol biosynthesis in fibroblasts of patients with three 
differentt types of peroxisomal defects (48, 56, 57) and in peroxisome-deficient CHO cells 
(50).. In addition, it has been reported recently that there is no significant difference in 
ratess of de novo cholesterol biosynthesis between fibroblasts of day 18.5 embryos of PEX5 
knock-outt and control mice (58). 

Oettll  et al. recently demonstrated that the apparent decrease in cholesterol biosynthesis 
inn peroxisome-deficient CHO cells is an experimental artifact and can be explained by an 
impairedd mitochondrial oxidation. The decreased rate of cholesterol biosynthesis, using 
e.g.. ^C-octanoate as a precursor, can be explained by a lower rate of mitochondrial p-
oxidationn as is common in peroxisome-deficient CHO cells. This (3-oxidation is required to 
convertt octanoate into acetyl-CoA. Therefore, lower rates of (3-oxidation results in 
decreasedd levels of cellular acetyl-CoA, the precursor of cholesterol biosynthesis, which 
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leadd to a decrease in cholesterol biosynthesis (59). 
Thee fact that isoprenoid/cholesterol biosynthesis in ZS occurs normally suggests that 

thee reduced plasma cholesterol levels occasionally found in some ZS patients (41, 42) is an 
epiphenomenon.. One explanation may be that the lowered cholesterol levels are caused by 
aa reduced uptake of the abnormal LDL in patients with peroxisomal disorders (54). In 
addition,, gastrointestinal malabsorption associated with liver disease and abnormal bile 
acidd metabolites, as they commonly occur in ZS patients, may contribute to lower levels of 
cholesterol.. Finally, cholesterol may be sequestered by esterification with very long chain 
fattyy acids, which typically accumulate to high levels in ZS patients (60). 

4.. LOCALIZATIO N OF THE PRE-SQUALENE PATHWAY 

4.14.1 Introduction 
Cholesteroll  biosynthesis has been the subject of extensive study for several decades. 
However,, the localization of the pathway is still a very controversial subject. Since the 
discoveryy of the pathway, many studies have reported that all enzymes involved in the 
conversionn of acetyl-CoA to FPP, with the exception of HMG-CoA, are cytosolic, whereas 
alll  subsequent cholesterogenic enzymes of the post-squalene part of the pathway are 
locatedd in the ER. Since the beginning of the eighties, however, several reports have 
appeared,, predominantly published by Krisans and coworkers, postulating a peroxisomal 
localizationn of the enzymes involved in the presqualene part of the isoprenoid biosynthetic 
pathway.. Despite discrepancies in literature this peroxisomal involvement has been 
regardedd as well established for many years. In the past few years, however, accumulating 
evidencee for a cytosolic localization of these enzymes is appearing in literature again. In 
thee following part an overview of all literature findings with respect to the localization of 
cholesteroll  biosynthetic enzymes will be given and some of the recent findings wil l be 
emphasized. . 

4.24.2 Acetoacetyl-CoA thiolase 
Thee first enzyme step in the isoprenoid biosynthesis pathway is the conversion of two 
acetyl-CoAA molecules into acetoacetyl-CoA. This reaction is catalyzed by the enzyme 
acetoacetyl-CoAA thiolase (AA-CoA thiolase; E.C. 2.3.1.9). 

SCoAA SCoA H20 CoASH O O 
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Mammaliann cells contain two isoforms of AA-CoA thiolase, the mitochondrial and the 
cytosolicc AA-CoA thiolase, which are encoded by two different genes (61, 62). The 
mitochondriall  AA-CoA thiolase is synthesized as a 45 kDa precursor, of which the N-
terminall  mitochondrial targeting sequence is cleaved off after import, resulting in a 42 kDa 
protein.. This mitochondrial enzyme participates in leucine and ketone body metabolism. 
Thee 42-kDa cytosolic enzyme is believed to be involved in isoprenoid biosynthesis. 

Itt has been postulated that also peroxisomes are involved in the conversion of acetyl-
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CoAA into acetoacetyl-CoA. This is based on the following observations. Firstly, activity 
measurementss in peroxisomal gradient fractions obtained by equilibrium density 
centrifugationn of rat liver homogenates showed AA-CoA thiolase activity in these fractions 
(63,, 64, 65), although the activity of this peroxisomal AA-CoA thiolase is only 1-2% of the 
totall  AA-CoA thiolase activity in normal rat liver (63). Secondly, the amino acid sequence 
off  the mitochondrial AA-CoA thiolase contains in addition to a mitochondrial targeting 
sequencee a C-terminal PTSi-like motif (QKL), which might be involved in peroxisomal 
targetingg via the PTSi-mediated peroxisomal protein import pathway (66). The 
functionalityy of this PTSi-like motif was suggested by the observation that truncated AA-
CoAA thiolase, lacking the mitochondrial targeting sequence, but containing a myc-epitope 
andd overexpressed into CHO cells, displayed a punctuate pattern similar to the pattern of 
catalasee (66). It should be noted, however, that a similar construct containing the 
mitochondriall  targeting signal was exclusively localized in mitochondria (66) raising 
questionss about the physiological relevance of the data obtained with the truncated 
protein.. Indeed, it seems very doubtful that the activity of AA-CoA thiolase is the result of 
fulll  length mitochondrial AA-CoA thiolase targeted to peroxisomes. Moreover, the 
cytosolicc AA-CoA thiolase does not contain a PTS signal, which also excludes this protein 
ass the one responsible for the peroxisomal activity. However, a few years ago, Antonenkov 
ett al. described a third short chain specific thiolase, which differs from the cytosolic and 
mitochondriall  AA-CoA thiolase based on immunological and chromatographic properties 
(65).. This enzyme was proposed to be responsible for the peroxisomal acetyl-CoA 
condensation. . 

Thee reported acetoacetyl-CoA formation in rat liver peroxisomes (63, 64) was most 
probablyy the result of the condensing activity of the inducible thiolase B, which has some 
activityy towards acetoacetyl-CoA but prefers medium 3-oxoacyl-CoAs (67, 68). 

4.34.3 HMG-CoA synthase 
HMG-CoAA synthase (E.C. 2.3.3.10) catalyzes the second enzyme step of the isoprenoid 
biosyntheticc pathway. In this step acetoacetyl-CoA is converted to HMG-CoA. 

Likee AA-CoA thiolase, two isoforms of HMG-CoA synthase exists, encoded by two 
differentt genes (69). One gene encodes a mitochondrial HMG-CoA synthase which is 
involvedd in ketogenesis (70). The other HMG-CoA synthase, which is believed to be 
involvedd in isoprenoid biosynthesis, is localized in the cytosol. In contrast to the 
mitochondriall  enzyme, the gene encoding cytosolic HMG-CoA synthase contains an SRE in 
itss promoter region (71). As discussed above this indicates that the transcription of 
cytosolicc HMG-CoA synthase is activated in response to low cellular sterol levels through 
thee binding of SREBPs. 

18 8 



GeneralGeneral Introduction 

SCoA A 

I I 
H,CC ^ O 

OO O 

H,0 0 CoASH H 

SCoo A 

SCoA A 

Peroxisomess have been postulated to also play a role in the conversion of acetoacetyl-
CoAA into HMG-CoA. This is based on the following observations. Firstly, equilibrium 
densityy centrifugation of rat liver homogenates revealed HMG-CoA synthase activity in the 
peroxisomall  fractions as was presented in a poster(abstract) (72), however, so far this has 
nott been published in a peer reviewed publication. Secondly, immunogold labeling 
experimentss using antibodies directed against the cytosolic HMG-CoA synthase and 
performedd on rat liver tissue revealed specific labeling mainly in peroxisomes (66). 
Furthermore,, immunofluorescence microscopy performed with JD15 cells (CHO cells in 
whichh HMG-CoA synthase is endogenously overexpressed through feedback regulation as 
aa result of increased amounts of rat cholesterol-7a-hydroxylase) showed a colocalization of 
HMG-CoAA synthase with the peroxisomal catalase (66). Although neither of the amino acid 
sequencess of both isoforms contains a perfect match to the established consensus PTSi or 
PTS22 motif, the cytosolic protein contains a sequence which shares similarity to the PTS2 
motif.. This PTS2-like sequence diverges from the consensus sequence at the first position 
wheree a basic amino acid (arginine or lysine; either of which considered to be obligatory) is 
replacedd with a serine (SVX5QL) (66). Immunofluorescence microscopy performed with 
fibroblastss deficient in import of either PTSi or PTS2 proteins in which the cytosolic HMG-
CoAA synthase tagged with a myc epitope was overexpressed, revealed a clear cytosolic 
localizationn (66). However, in the PTSi protein import deficient fibroblasts, also a low level 
off  labeling is found in a punctuate pattern, similar to the labeling pattern of PMP70, 
suggestingg that some cytosolic HMG-CoA synthase might be imported into peroxisomes 
viaa the PTS2 receptor (66). 

4.44.4 HMG-CoA reductase 
Thee rate limiting step of the isoprenoid biosynthetic pathway, i.e. the conversion of HMG-
CoAA into mevalonate, is catalyzed by the highly regulated enzyme HMG-CoA reductase 
(HMGR;; E.C. 1.1.1.34). 

22 NADPH 22 NADP* + 
,, CoA-SH 

SCoA A 
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HMGRR is the first enzyme of the pathway reported to be localized not only in the ER but 
alsoo in peroxisomes. Until the eighties HMGR was established to be exclusively a 
microsomall  enzyme located in the ER membrane. The first suggestion that HMGR would 
bee located partly in peroxisomes came from immunoelectron microscopy experiments in 
whichh monoclonal antibodies directed against the soluble part of the enzyme, showed an 
intensee labeling of the peroxisomal matrix in rat hepatocytes (73). Remarkably, although 
HMGRR normally is an integral membrane protein of the ER, the peroxisomal labeling 
suggestedd that the peroxisomal form would be soluble. Secondly, activity measurements in 
gradientt fractions obtained by equilibrium density centrimgation of liver homogenates of 
ratss fed with cholestyramine and mevinoline (73) or of a light mitochondrial obtained 
pellett after myelin removal from homogenates of the central nervous system of mice (74) 
revealedd HMGR activity in both ER and peroxisomal fractions. Surprisingly, using mouse 
monoclonalss directed against the membrane part of HMGR, immunoelectron microscopy 
againn revealed the presence of immunoreactive material in the peroxisomal matrix of mice 
cerebellumm while no membrane labeling was observed (74). Furthermore, selective 
permeabilizationn with digitonin of CHO cells showed latency of HMGR activity similar to 
thatt of peroxisomal catalase activity suggesting that both enzymes are in the same 
subcellularr compartment (51). It should be noted here, however, that it is unknown how an 
ERR membrane-bound enzyme would behave in such experiments. Finally, in CHO cells 
lackingg peroxisomes due to mutations in the PEX2 gene, a 30-60% decrease in HMGR 
activityy was found (51). Since the loss of peroxisomes leads to the mislocalization of 
peroxisomall  enzymes to the cytosol often followed by inactivation and/or degradation of 
thesee enzymes, this latter finding has been interpreted as indicative for a peroxisomal 
localizationn of HMGR. 

Otherr reports do not support the claimed localization of HMGR in peroxisomes. Firstly, 
noo peroxisomal labeling was observed in other immunoelectron microscopy experiments 
onn ultra thin frozen liver sections of rats treated with lovastatin and cholestyramine. In 
contrast,, these experiments localized the enzyme specifically on the outer (cytoplasmic) 
surfacess of smooth ER membrane (75). Secondly, human HepG2 cells processed for 
equilibriumm density centrifugation showed HMGR activity only in the ER fractions and not 
inn the peroxisomal fractions (76). Finally, we measured normal HMGR activity in 
fibroblastsfibroblasts and liver homogenates of patients with a peroxisome biogenesis defect and in 
liverr homogenates of PEX5 knock-out mice (46, 48). 

Twoo genes for mammalian HMGR have been suggested based on the observation that 
mutantt CHO cells, that lack the ER HMGR (UT2), still contain HMGR protein and activity 
(77).. This UT2 cell line was used to study the localization of the HMGR and 
immunofluorescencee and immunoelectron microscopy experiments revealed a 
peroxisomall  localization of the HMGR after induction through mevalonate depletion (77). 
Immunoblott analysis indicated that the HMGR in these UT2 cells comprised 
approximatelyy 90 kDa, which is slightly different from the 97 kDa of the ER-bound full-
lengthh HMGR, however, pulse-chase experiments performed in CHO cells demonstrated 
thatt there is no precursor-product relation between the 97-kDa and 90 kDa HMGR 
proteinss (77). Although two HMGR genes have been identified in S. cerevisiae (78) and 
Arabidopsiss thaliana (79) also, a second mammalian HMGR gene encoding a putative 
peroxisomall  HMGR could not be identified after searching the genome sequence database 
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off  human, mouse and rat (80). If a second HMGR gene would exist, the physiological 
relevancee of it is unclear since the recently generated HMGR knock out mouse has an 
embryonicc lethal phenotype (81) indicating that the product of this gene can not 
compensatee for the lack of the ER enzyme, at least during embryonic development. 

4.54.5 Mevalonate kinase 
Mevalonatee kinase (MK; E.C. 2.7.1.36) is the first enzyme to follow the highly regulated 
HMGRR and catalyzes the phosphorylation of mevalonate to produce phosphomevalonate 
(forr reviews see (82, 83)). 

ATPP ADP 

Thee claim that MK would be located predominantly if not exclusively in peroxisomes is 
basedd on several observations. Firstly, immunoblot analysis of gradient fractions obtained 
byy equilibrium density centrifugation of rat liver homogenates exposed immunoreactive 
materiall  in both cytosolic and peroxisomal fractions (84). Secondly, monkey kidney cells 
(CVi)) cells overexpressing rat MK cDNA revealed a colocalization of rat MK with 
peroxisomall  catalase in immunofluorescence microscopy experiments (49). Thirdly, 
immunogoldd labeling experiments using MK-specific antisera and performed on liver 
tissuee from rats treated with cholestyramine and statins, revealed specific labeling mainly 
inn the peroxisomal matrix (49). Furthermore, peroxisomal catalase and MK showed similar 
latencyy after selective permeabilization with digitonin of CVi cells (85). Furthermore, in 
somee livers and fibroblast cells of patients suffering from ZS a markedly deficient MK 
activityy was found. Since the loss of peroxisomes, which is the case in ZS cells, leads to the 
mislocalizationn of peroxisomal enzymes to the cytosol often followed by inactivation 
and/orr degradation of these enzymes, this finding has been interpreted as indicative for a 
peroxisomall  localization of MK (44, 47, 49). Finally, the amino acid sequence of MK 
containss an N-terminal stretch (KVX 5HA) with a rather good match to the postulated 
consensuss sequence of the peroxisomal targeting sequence type 2 (PTS2; 
(R/K)(L/V/I)X 5(H/Q)(L/A))) and thus may be involved in peroxisomal targeting of MK via 
thee PTS2 receptor protein PEX7 (86). 

Moree recent data, however, do not support a peroxisomal localization of MK. Firstly, 
selectivee permeabilization with digitonin of rat hepatoma (H35) cells resulted in a total 
releasee of MK activity, similar to the release of the cytosolic marker lactate dehydrogenase, 
suggestingg that both enzymes are in the same subcellular compartment. Peroxisomal 
catalasee activity was completely retained in the cells after permeabilization (52). Secondly, 
wee measured normal MK activity and MK protein levels in fibroblasts and liver 
homogenatess of patients with a peroxisome biogenesis defect and in liver homogenates of 
PEX5PEX5 knock-out mice (chapter 2 and 3 of this thesis) (46, 48). Moreover, we showed that 
thee deficient MK activities found in some livers of diseased ZS patients are a result of the 
badd condition and/or preservation of the livers, rather than a result of the presumed 
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mislocalizationn of the protein (chapter 2 of this thesis) (46). Furthermore, by conventional 
subcellularr fractionation studies and digitonin permeabilization experiments with human 
fibroblasts,, human embryonic kidney cells (HEK293) and CVi cells, we recently showed a 
cytosolicc localization of endogenous and overexpressed human MK activity and protein 
(chapterr 4 of this thesis). Moreover, also immunofluorescence microscopy studies in these 
cellss and immunolocalization experiments (electron microscopy and 
immunohistochemistry)) in human liver using highly affinity purified antibodies directed 
againstt human MK revealed a cytosolic localization of the enzyme without any indication 
off  a peroxisomal localization (Chapter 4 of this thesis). Finally, Ghys et al reported that the 
humann PTS2 receptor was not retained by Ni-NTA resin loaded with (His)ó-MK (87), 
whichh corroborated with our own findings that human MK is not recognized by human and 
yeastt PEX7 in a yeast two hybrid screen (unpublished data). 

4.64.6 Phosphomevalonate kinase 
Phosphomevalonatee kinase (PMK; E.C. 2.7.4.2.) catalyzes the fifth enzyme reaction of the 
isoprenoidd biosynthetic pathway. In this step phosphomevalonate is phosphorylated to 
producee pyrophosphomevalonate. 

Observationss that have led to the claim that PMK would be located predominantly in 
peroxisomess are the following. Firstly, selective permeabilization with digitonin of CVi 
cellss caused latency of endogeneous PMK activity similar as to that of peroxisomal catalase 
suggestingg that both enzymes are in the same subcellular compartment (85). Secondly, 
immunofluorescencee microscopy performed with CHO cells overexpressing a 200 amino 
acidss carboxy-terminal fragment of this fusion protein fused to the carboxy terminus of 
greenn fluorescent protein (GFP) revealed a colocalization of human PMK with peroxisomal 
catalasee (88). Thirdly, human PMK contains a carboxy-terminal SRL, which matches well 
withh the consensus PTSi suggesting that PMK may be targeted to peroxisomes via the 
PTSi-mediatedd protein import pathway (88, 89). This suggestion was enforced by the 
findingg that the above mentioned GFP-PMK fusion protein remained in the cytosol when 
expressedd in PTSi protein import deficient fibroblasts (88). Transient expression of this 
fusionn protein in fibroblasts deficient in the import of PTS2-containing proteins revealed a 
punctatedd (peroxisomal) pattern in immunofluorescence experiments (88). Finally, in 
somee livers of patients suffering from ZS a markedly deficient PMK activity was found. As 
explainedd previously this latter finding has been claimed as indicative of a peroxisomal 
localizationn of PMK (44). 

Otherr findings do not support a peroxisomal localization of PMK. Firstly, selective 
permeabilizationn with digitonin of H35 cells resulted in a 91% release of PMK activity, 
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similarr to the release of the cytosolic marker lactate dehydrogenase, while peroxisomal 
catalasee activity was completely retained in the cells after permeabilization suggesting that 
PMKK is cytosolic (52). Secondly, we found completely normal PMK activity and PMK 
proteinn levels in fibroblasts and liver homogenates of patients with a peroxisome 
biogenesiss defect and in liver homogenates of PEX5 knock-out mice (chapter 2 and 3 of 
thiss thesis) (46, 48). Furthermore, we performed conventional subcellular fractionation 
studiess and digitonin permeabilization experiments with human fibroblasts, HEK293 cells 
andd CVi cells (chapter 5 of this thesis). We could only find evidence for a cytosolic 
localizationn of endogenous and overexpressed human PMK activity and protein and there 
wass no indication of a peroxisomal localization. Moreover, also immunofluorescence 
microscopyy studies in these cells using highly affinity purified antibodies directed against 
humann PMK revealed a cytosolic localization of the enzyme (chapter 5 of this thesis). 
Finally,, immunoelectron microscopy experiments in human liver showed no labeling in 
peroxisomess (chapter 5 of this thesis). Our observation that the authentic non-modified 
humann PMK is not imported into peroxisomes but localized in the cytosol, suggests that 
apparentlyy the carboxy-terminal fusion of PMK to GFP alters the PMK protein 
conformationn thereby exposing the C-terminal SRL sequence and leading to peroxisomal 
import.. Another observation arguing against a peroxisomal localization of PMK is the fact 
thatt several organisms including yeast, contain a PMK that has no similarity to 
mammaliann PMKs and, moreover, do not possess a putative PTS signal although the 
peroxisomall  import machinery is well conserved among yeasts and mammals (90). 

4.7Mevalonate4.7Mevalonate pyrophosphate decarboxylase 
Mevalonatee pyrophosphate decarboxylase (MPD; E.C. 4.1.1.33) catalyzes the sixth reaction 
off  the isoprenoid/cholesterol biosynthetic pathway which is the decarboxylation and 
hydrationn of mevalonate pyrophosphate to produce IPP. 

Thee postulation that MPD is located in peroxisomes is based on the following 
observations.. Firstly, in some livers of patients suffering from ZS a 60% decrease in MPD 
activityy was found thought to be the result of the postulated mislocalization of the enzyme 
(44).. Secondly, latency of MPD activity was found in CVi cells after selective 
permeabilizationn (85). This latency was similar to the latency of the peroxisomal catalase, 
suggestingg that both enzymes are located in peroxisomes. Thirdly, a punctuate pattern was 
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revealedd by immunofluorescence microscopy performed with CHO cells or PTSi protein 
import-deficientt human fibroblasts, transiently transfected with the amino-terminal region 
(477 amino acids) of human MPD tagged with an HA epitope (66). This pattern was similar 
too the distribution of the peroxisomal catalase (66). Furthermore, transient transfection of 
thiss construct in PTS2 protein import-deficient fibroblasts revealed a cytosolic localization, 
indicatingg that the construct is imported into peroxisomes via the PTS2 receptor protein 
PEXyPEXy (66). Finally, expression of the same protein but lacking a SVX5QL sequence 
reminiscentt of a PTS2 motif revealed a cytosolic localization suggesting that this PTS2-like 
sequencee may promote peroxisomal import (66). 

Otherr data, however, do not support a peroxisomal localization of MPD. Firstly, in 
fibroblastsfibroblasts and liver homogenates of patients with a peroxisome biogenesis defect and in 
liverr homogenates of PEX5 knock-out mice, we measured normal MPD activity and MPD 
proteinn levels (chapter 2 and 3 of this thesis) (46, 48). Secondly, the MPD protein of rat 
hepatocytes,, normal rat kidney cells or mouse melanoma (B16F10) cells was completely 
releasedd after selective permeabilization with digitonin. This release was similar to the 
releasee of the cytosolic lactate dehydrogenase. Peroxisomal catalase activity was 
completelyy retained in the cells after permeabilization (91, 92). Thirdly, in subcellular 
fractionationn studies in B16F10 cells, the MPD protein was located in the fractions which 
containn only cytosolic proteins indicating that MPD is also a cytosolic protein (92). 
Furthermore,, immunofluorescence microscopy in rat hepatocytes showed a cytosolic 
localizationn of the MPD protein (91). In addition, we also showed the cytosolic localization 
off  endogenous and overexpressed human MPD protein, in conventional subcellular 
fractionationn studies and digitonin permeabilization experiments with human fibroblasts, 
HEK2933 cells and CVi cells (chapter 6 of this thesis) and HepG2 cells (unpublished 
results).. Finally, using highly affinity purified antibodies directed against human MPD, 
immunofluorescencee microscopy studies in these cells and immunoelectron microscopy 
experimentss in human liver revealed a cytosolic localization of the enzyme (chapter 6 of 
thiss thesis). 

4.84.8 Isopentenylpyrophosphate isomerase 
Thee next enzyme step in the isoprenoid biosynthesis is catalyzed by the enzyme 
isopentenyll  pyrophosphate:dimethylallyl diphosphate isomerase (IPPI; E.C. 5.3.3.2). 

Thiss enzyme catalyzes the interconversion of IPP to its highly electrophilic isomer, 
dimethylallyll  diphosphate. 
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Likee the enzymes discussed above, also IPPI has been claimed to be exclusively 
peroxisomal.. This is mainly concluded from the following observations. Firstly, 
permeabilizedd CVi cells, lacking all cytosolic components were still able to synthesize 
cholesteroll  using mevalonate as a substrate, indicating that the enzymes necessary for this 
conversionn are not localized in the cytosol (85). Secondly, human fibroblasts and CHO 
cells,, transfected with full-length hamster IPPI containing an internal HA epitope tag 
revealedd a punctate pattern in immunofluorescence experiments, similar to the 
distributionn pattern of catalase (55, 93). Thirdly, the amino acid sequence of IPPI contains 
aa C-terminal sequence with similarity to the consensus PTSi motif (YRM (human) or HRM 
(rat/hamster))) while a putative PTS2 signal (HLX5QL) can be identified at the N-terminal 
endd of the protein (94). Transfection of the full-length hamster IPPI containing an internal 
HAA epitope tag in PTS2 protein import deficient cells revealed a punctate pattern similar to 
thee pattern of catalase, suggesting that IPPI may not require the putative PTS2 sequence 
forr peroxisomal targeting. Indeed, transfection of the construct in PTSi protein import 
deficientt cells revealed a cytosolic labeling pattern for both proteins, indicating that both 
catalasee and hamster IPPI are imported into peroxisomes via the PTSi receptor protein 
PEX55 (93). Finally, in some livers of patients suffering from ZS, 50% decrease in IPPI 
activityy was measured, which was interpreted as indicative for a peroxisomal localization 

(44). . 
Otherr data, however, do not support a peroxisomal localization. Firstly, we measured 

normall  IPPI activities in liver homogenates (46) and fibroblasts (48) derived from patients 
withh peroxisome biogenesis disorders and in liver homogenates of PEX5 knockout mice 
(58).. Secondly, we were never able to demonstrate a peroxisomal localization of IPPI 
activityy in rat tissue, cultured human fibroblasts and HepG2 cells using conventional 
subcellularr fractionation studies and cell permeabilization studies with digitonin 
(unpublishedd data). 

4.99 Farnesylpyrophosphate synthase 
Farnesyll  pyrophosphate synthase (FPPS; E.C. 2.5.1.10) catalyzes two sequential 1-4 
condensationn reactions of IPP with the allylic pyrophosphates dimethylallyl diphosphate 
andd geranyl diphosphate which leads to the formation of farnesyl pyrophosphate. 

-1+ -1+ 
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Thee peroxisomal localization of FPPS is mainly concluded from the following 
observations.. Firstly, enzyme activity measurements and immunoblot analysis of gradient 
fractionss obtained by equilibrium density centrifugation of rat liver homogenates revealed 
immunoreactivee material in both cytosolic (90%) and peroxisomal fractions (10%) (44). 
Secondly,, immunofluorescence microscopy performed with human breast cancer cells 
(SKB-R-3)) (44), CHO cells and H35 cells (52) revealed a colocalization of FPPS with SKL-
containingg (peroxisomal) proteins or peroxisomal catalase. Thirdly, using FPPS-specific 
antiseraa specific immunogold labeling was observed mainly in the peroxisomal matrix in 
liverr tissue from rats treated with cholestyramine and mevinolin (44) or H35 cells (52). 
Furthermore,, isolated rat liver peroxisomes were shown to synthesize FPP from IPP in the 
absencee of cytosol (95). In addition, in some livers of patients suffering from ZS a 40% 
decreasee in FPPS activity was found, interpreted as indicative for a peroxisomal 
localizationn of FPPS (44). Finally, immunofluorescence microscopy in human fibroblasts 
overexpressingg FFPS tagged with a myc epitope at the carboxy-terminal end indicated that 
FPPSS uses the PTS2 protein import machinery for peroxisomal import (86). 

However,, other data raise doubt about the presumed peroxisomal localization of FPPS. 
Firstly,, 67% of FPPS activity was released after selective permeabilization with digitonin of 
H355 cells (52). Secondly, permeabilization of H35 cells and subsequent 
immunofluorescencee microscopy or immunoblot analysis using FPPS-specific antisera 
resultedd in an almost total release of the immunofluorescence signal and a release of most 
off  the FPPS protein (52). Finally, although immunofluorescence experiments using a 
varietyy of constructs containing diverse parts of the FPPS protein revealed that the amino-
terminall  20 amino acids are essential for peroxisomal import (66), this region does not 
containn a consensus PTS. Furthermore, this region is not conserved among species (66). 

5.. LOCALIZATIO N OF THE POST-SQUALENE PATHWAY 

Althoughh not studied in such detail as the presqualene part of the isoprenoid pathway with 
respectt to the subcellular localization, the enzymes involved in the conversion of FPP to 
cholesteroll  are believed to be located in the ER (96). Squalene synthase catalyzes the first 
committedd step in cholesterol biosynthesis. Equilibrium density centrifugation 
experimentss in HepG2 cells revealed squalene synthase activity and protein only in the ER 
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fractionss (76, 97). Also immunogold electron microscopy experiments using monospecific 
antibodies,, showed labeling in the ER (97). Labeling was completely absent in 
peroxisomes.. However, another study showed some squalene synthase activity in isolated 
ratt liver peroxisomes (95). Furthermore, purified rat liver peroxisomes were unable to 
synthesizee cholesterol from squalene (98) but able to synthesize cholesterol from 
dihydrolanosteroll  (98), indicating that the enzymes involved is this part of the pathway 
mightt be partly located in peroxisomes. Moreover, both isolated rat liver peroxisomes and 
microsomess displayed sterol C14 demethylase, 3p-hydroxysterol A^-reductase, 3$-
hydroxysteroll  A8-A?- isomerase and sterol C4 demethylase activity (99). Activity was 
mainlyy detected in the membrane fractions of the peroxisomes or microsomes. Also 
anotherr study reported that peroxisomes accumulate intermediate sterols between 
lanosteroll  and cholesterol (4a-methyl-5a-cholest-7-en-3|3-ol and 4,4-dimethyl-5a-cholest-
8-3P-0I)) (100). 

Althoughh some of these results suggest a possible peroxisomal localization of several 
enzymess involved in the post-squalene part of the isoprenoid biosynthesis pathway, it can 
nott be excluded that the peroxisomal fractions have been contaminated with ER leading to 
incorrectt conclusions. In fact, other studies did not reveal a peroxisomal localization of the 
enzymess involved in the post-squalene pathway, but localize these enzymes solely to the 
ER.. In one study, sterol 14-demethylase, 3|3-hydroxysterol A^-reductase, 3(3-hydroxysterol 
A8-A?-- isomerase, sterol C-14 demethylase and cytochrome b5 activities were located in the 
ERR and not in other membrane fractions, including peroxisomes (101). In another study, 
differentiall  centrifugation of guinea pig and rat liver membranes showed 3P-hydroxysterol 
A8-A?-- isomerase activity in the ER (102). Moreover, subcellular localization studies showed 
aa localization of desmosterol reductase (3p-hydrosterol A24-reductase) in the ER 
membrane,, with the carboxy terminus oriented towards the cytosol (103,104). Also for 3(3-
hydroxysteroll  A?-reductase a microsomal localization was reported using fractionation 
techniquess (105). Immunofluorescence microscopy with COS-7 cells expressing 3J}-
hydroxysteroll  A^-reductase clearly localized this enzyme to the ER as well (106). 

6.. AIM AND OUTLINE OF THIS PhD STUDY 

Sincee the beginning of the eighties several reports have suggested that, in addition to 
enzymess involved in a variety of other metabolic pathways, peroxisomes predominantly 
containn most of the enzymes involved in the presqualene part of the cholesterol/isoprenoid 
biosyntheticc pathway. Although discrepancies in literature raised some doubt about the 
relevancee of this peroxisomal pathway and, in fact, the actual involvement of peroxisomes 
inn isoprenoid biosynthesis, this appeared generally accepted at the start of this PhD 
project. . 

Thee overall aim of this PhD study was to examine and elucidate the role of peroxisomes 
inn the human isoprenoid biosynthesis pathway and the consequences of peroxisomal 
defectss on isoprenoid biosynthesis. Chapter 1 provides an overview of all current 
knowledgee of the localization of the isoprenoid biosynthesis pathway in mammals. Most of 
thesee previous studies, indicating a peroxisomal localization of isoprenoid biosynthesis, 
weree performed in mammalian cells like rat, mouse and monkey cell lines and liver tissue. 
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Thesee data were interpreted as indicative for the human situation. However, almost no 
localizationn experiments were performed actually in human cell lines and it can not be 
excludedd that there is a different localization in various species. Furthermore, these studies 
mainlyy involved the overexpression of the protein and/or the use of targeting constructs 
consistingg of (portions of) these proteins fused to GFP or tags. 

Too avoid inconclusive results with tagged and reporter proteins we decided to generated 
highlyy specific antibodies that recognize the authentic human enzymes. Rabbits were 
immunizedd with the full-length human proteins MK, PMK or MPD. Subsequently, the 
crudee antisera were affinity purified using column chromatography. This resulted in highly 
specificc antibodies directed against these enzymes involved in isoprenoid biosynthesis. 
Usingg these antibodies in combination with a variety of biochemical, cell biological and 
microscopicall  techniques we examined the role of peroxisomes in the human isoprenoid 
biosynthesis.. In chapter 2 and 3 we specifically studied the consequences of peroxisomal 
defects,, like the ones observed in peroxisomal biogenesis disorders, on the 
isoprenoid/cholesteroll  biosynthesis and on the activity and localization of enzymes 
involved.. In the following chapters we studied the subcellular localization of human 
mevalonatee kinase (chapter 4), phosphomevalonate kinase (chapter 5) and mevalonate 
pyrophosphatee decarboxylase (chapter 6) in detail. The results of these various studies all 
indicatee that the enzymes involved in isoprenoid biosynthesis which previously have been 
claimedd to be peroxisomal, are in fact localized in the cytosol. Moreover, our studies did 
nott provide any evidence nor indication for a role of peroxisomes in isoprenoid 
biosynthesis. . 
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SUMMARY Y 

Too unravel the conflicting data concerning the dependence of human 
cholesteroll  biosynthesis on functional peroxisomes, we determined activities 
andd levels of selected enzymes involved in cholesterol biosynthesis in livers of 
PEX5PEX5 knock-out mice, a well-characterized model for  human Zellweger 
syndrome.. We found that all enzymes measured, including putative 
peroxisomall  enzymes, are at least as active in the peroxisome-deficient 
Zellwegerr  mice as in a control mice, indicating that mislocalization of 
enzymess to the cytosol does not lead to decreased activity or  degradation. 
Promptedd by these results, we re-examined thi s aspect in human subjects by 
specificc enzyme activity measurements and immunoblottin g with highly 
specificc antisera. Our  results show that the previously reported deficiencies of 
mevalonatee kinase and phosphomevalonate kinase activity in livers from 
humann Zellweger  patients reflect the bad condition of the livers, rather  than 
mislocalizationn to the cytosol. Our  data provide an explanation for  the 
conflictin gg findings in the literatur e and show that great care should be taken 
inn the interpretatio n of data obtained in postmortem material. 

INTRODUCTION N 

Peroxisomess are indispensable subcellular organelles involved in a number of metabolic 
pathwayss including fatty acid oxidation, ether phospholipid biosynthesis, and glyoxylate 
detoxification.. The importance of peroxisomes in humans is stressed by the existence of a 
groupp of inherited diseases in which there is impairment in one or more peroxisomal 
functions.. Peroxisomal biogenesis disorders (including the cerebro-hepato-renal syndrome 
off  Zellweger (ZS), rhizomelic chondrodysplasia punctata, and infantile Refsum disease) are 
causedd either by genetic defects in genes encoding specific peroxisomal enzymes or in PEX 
genesgenes encoding proteins called peroxins, which are required for the biogenesis and/or 
functioningg of the organelles (1, 2). After synthesis on free polyribosomes, peroxisomal 
matrixx proteins carrying either a carboxy-terminal peroxisomal targeting sequence 1 
(PTSi)) (the tripepide (S/A/C)(K/H/R)(L/M)) or a cleavable amino-terminal PTS2 signal (a 
nine-aminoo acid, bipartite sequence (R/K)(L/V/I)X 5(H/Q)(L/A)) are translocated across 
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thee peroxisomal membrane (3, 4). A defect of one of the components (peroxines) of the 
peroxisomall  import machinery leads to failure of protein import via the PTSi- and/or 
PTS2-dependentt import pathway, and consequently to functional peroxisome deficiency. 
Forr example, mutations in the PEXy gene, which encodes the PTS2 receptor, lead to a 
deficiencyy in PTS2 import only (5). Mutations in the PEX5 gene, encoding the PTSi 
receptor,, lead to a deficiency in the PTSi import machinery but, dependent on the 
mutation,, can also lead to a deficiency in both PTSi and PTS2 import (6). In many cases, 
mislocalizationn of peroxisomal enzymes to the cytosol leads to degradation and/or 
inactivationn of these enzymes. Some enzymes, however (e.g., catalase (CAT)), are stable 
andd active in both peroxisomes and cytosol (7). 

Itt has long been assumed that the various enzyme reactions of the 
isoprenoid/cholesteroll  biosynthetic pathway take place in the cytosol and the endoplasmic 
reticulum.. More recent studies have indicated that at least some steps of the pathway may 
occurr also in peroxisomes (8). This would provide an explanation for the fact that in some 
ZSS patients hypocholesterolemia is observed (9). ZS is a fatal inherited disease caused by 
deficientt import of peroxisomal matrix proteins. The pathogenic mechanisms underlying 
thee extreme hypotonia, severe mental retardation and early death associated with ZS are 
unknownn but some of the clinical abnormalities resemble those observed in patients with 
inbornn errors of cholesterol biosynthesis (10). Cholesterol is the major end product derived 
fromm the isoprenoid biosynthetic pathway, which produces a variety of molecules 
functioningg in various cellular processes. Besides cholesterol these include heme A, 
ubiquinone,, dolichol, isopentenyladenine, and farnesyl groups used for isoprenylation of 
proteinss which function in intracellular signaling (11). Cholesterol has long been 
recognizedd as an essential component of mammalian cell membranes, and is the precursor 
forr steroid hormones and bile acids. More recently, a crucial role for cholesterol in 
mammaliann embryogenesis was discovered (12). 

Thee first indication of a peroxisomal involvement in the biosynthesis of isoprenoids 
camee from immuno-electron microscopy studies by Keller and coworkers (13), who 
localizedd HMG-CoA reductase (HMGR) in rat liver peroxisomes. Further studies have 
indicatedd that also mevalonate kinase (MK) (14), phosphomevalonate kinase (PMK) (15), 
mevalonatee pyrophosphate decarboxylase (MPD) (16), isopentenyl pyrophosphate 
isomerasee (IPPI) (17) and farnesyl pyrophosphate synthase (FPPS) (18, 19) are (partly) 
peroxisomal.. Additional indirect support for a peroxisomal localization came from the 
observationn that several enzymes involved in cholesterol biosynthesis contain consensus 
peroxisomall  targeting sequences (8). With respect to cholesterol biosynthesis and ZS, 
however,, conflicting results have been published. Whereas two groups reported decreased 
cholesteroll  biosynthesis (2-84 % of control values) in fibroblasts of ZS patients (20, 21) two 
otherr groups reported cholesterol biosynthesis to be normal or even slightly increased in 
fibroblastss of patients with three different types of peroxisomal defects (22, 23). At the 
enzymee level, conflicting results have also been published. Normal activities of MK, MPD 
andd IPPI were measured in ZS fibroblasts (24) in one study, but in another study 
decreasedd MK activity was found in ZS fibroblasts (18). Furthermore, enzyme activities of 
HMGR,, MK, PMK, MPD, IPPI and FPPS in liver homogenates of ZS patients were reported 
too be decreased (18). Finally, our own group previously reported a deficiency of MK and 
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PMKK activity in 3 out of 4 livers of ZS patients (24, 25), but normal activity in fibroblasts of 
suchh patients (24). 

Inn search for additional evidence of a peroxisomal involvement in 
isoprenoid/cholesteroll  biosynthesis and to unravel the conflicting results found in 
differentt studies on cholesterol biosynthesis and ZS, we used the PEX5 knock out mouse 
(26)) to study the effect of peroxisome deficiency on enzymes involved in cholesterol 
biosynthesis.. This mouse model for human ZS is a functional knock out of the murine Pxri 
genee (PEX5), encoding the PTSi receptor. As a consequence, these mice are deficient in 
bothh PTSi and PTS2 protein import, lack morphologically identifiable peroxisomes and 
exhibitt the typical biochemical abnormalities of ZS patients (26). In our study we 
examinedd protein levels and activities of key enzymes in isoprenoid/cholesterol 
biosynthesiss in liver homogenates of this PEX5 Zellweger mouse model and found normal 
orr even slightly increased enzyme activities. Prompted by these results, we re-evaluated the 
previouslyy reported deficiencies of these enzymes in livers of human ZS patients and found 
thatt these most probably reflect the condition of the liver, rather than degradation as the 
resultt of mislocalization. 

MATERIAL SS AND METHODS 

Materials Materials 
EscherichiaEscherichia coli Inva cells were obtained from Invitrogen (Carlsbad, CA). The pGEM-T 
vectorr was from Promega (Madison, WI). The PGEX-4T-1 vector and gluthation agarose 
fromm Amersham Pharmacia Biotech (Uppsala, Sweden), the PQE30 vector from Qiagen 
(Hilden,, Germany) and the pMal-c2x vector and amylose-resin columns were from New 
Englandd Biolabs (Beverly, MA). C18 Sep Pac columns were obtained from J.T. Baker 
(Phillisburg,, NJ). Radiolabeled [^CJHMG-CoA and [14C]isopentenyl pyrophosphate were 
fromm Amersham Pharmacia Biotech (Uppsala, Sweden), [14C]mevalonate from New 
Englandd Nuclear (Boston, NA), and [3H]mevalonate pyrophosphate was from American 
Radiolabeledd Chemicals (St. Louis, MO). Goat anti-rabbit antibodies conjugated with 
alkalinee phosphatase were obtained from Bio-Rad laboratories (Hercules, CA) and CDP-
star,, the chemiluminescence substrate, was from Roche Chemicals (Grenzach-Wyhlen, 
Germany).. All other chemicals were of analytical grade. 

LiverLiver samples 
PEX5PEX5 mice and control mice (26) were killed within 5 h of birth and livers were isolated 
immediately,, snap frozen in liquid nitrogen, and stored at -8o°C. Small human liver 
biopsiess were performed postmortem on three control subjects, eight patients diagnosed 
withh ZS (including three aborted fetuses), and one patients with infantile Refsum disease. 
Controll  1 (Ci) had citrullinaemia and died within a few days of birth. Liver was isolated 
withinn a few hours of death. Control 2 (C2) and control 3 (C3) were healthy persons who 
diedd in traffic accidents and whose livers were removed and stored in Wisconsin solution 
forr transplantation, but were eventually rejected for transplantation. Patient 1 (Pi) was 
diagnosedd with ZS and complementation analysis performed with fibroblasts of the patient 
assignedd this patient to complementation group 1 (PEXi). The patient died within one day 
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off  birth. Patient 2 (P2) was diagnosed with ZS, assigned to complementation group 
complementationn group 10 {PEX2), and died at 4 years of age in a hospital. Patient 3 (P3) 
wass diagnosed with ZS but complementation analysis could not be performed because of 
thee absence of a fibroblast cell line. The patient died at home at 6 years of age. Patient 4 
(P4)) was diagnosed with ZS, belongs to an unknown complementation group, and died at 4 
monthss of age (27). Patient 5 (P5) was diagnosed with ZS, was assigned to 
complementationn group 4 (PEX6) and died at 4 weeks of age (27). Patients 6-8 (P6-P8) 
weree three unrelated aborted fetuses diagnosed with ZS but of unknown complementation 
groups.. Patient 7 (P7) is the unborn sibling of P4 and accordingly belongs to the same 
(unknown)) complementation group. Patient 9 (P9) was diagnosed with infantile Refsum 
disease,, a mild variant of ZS (complementation group 1, PEXi). This patient is still alive 
andd is now 9 years old. A needle biopsy of this patient's liver was taken and snap frozen 
immediatelyy for various purposes. The diagnosis of ZS in the patients was made both on 
clinicall  grounds and by demonstration of elevated levels of very long-chain fatty acids in 
plasmaa and CAT immunofluorescence experiments in fibroblasts. Permission for scientific 
usee of material was given. After isolation, all human liver samples were stored at -8o°C. 

PreparationPreparation of antibodies 
Thee open reading frame (ORF) of MK was amplified by PCR and ligated into the pGEM-T 
vectorr as described (28). The MK ORF was released as a BamHl-Sall fragment and ligated 
in-framee with the ORF of maltose-binding protein (MBP) into the BamHl and Sail sites of 
pMAL-c2x.. The ORF of PMK was amplified by PCR, using primer set PMK4-20 (5'-cg ata 
ggaa tec GCC CCG CTG GGA GGC GC-3') and PMK6l7-6oo (5'-c gat agg tAC CTC AGC AGG 
CCCC CAG C-3'). The primers introduce a 5' BamHl site and a 3' Kpnl site (underlined). 
Afterr restriction, the PCR product was ligated into the BamHl and Kpnl sites of PQE30 
andd sequenced to exclude PCR-introduced mutations. The ORF was released as a BamHl-
SallSall fragment and ligated into the BamHl and Sail sites of PGEX-4T-1 and the BamHl and 
SailSail sites of pMAL-c2x. The ORF of MPD was amplified by PCR, using primer set MPD4-21 
(5'-gcc ata gga tec GCC TCG GAG AAG CCG CTG-3') and MPD1232-1215 (s'-gct atg aat tCA 
AGCC GGC ATG CGG TCC C-3'). The primers introduce a 5' BamHl site and a 3' EcoKL site 
(underlined).. After restriction, the BamHl-EcoKl fragment was ligated into the BamHl 
andd EcoRI sites of PGEX-4T-1. Subsequently, the ORF was released as a BamHl-Sall 
fragmentt and ligated into the BamHl and Sail sites of pMAL-c2x. 

Plasmidss containing the various ORFs were transformed into E. coli Inva cells. Cells 
weree grown from a 100-fold diluted fresh overnight culture for 4 h in Luria-Bertaini 
medium,, induced with 1 mM isopropyl-p-D-thiogalactopyranoside, and subsequently 
grownn for an additional 2 h. Cells were lysed by sonication (twice for 15 s at an output of 8 
W,, with 1 min of cooling between the pulse periods). 

MBPP fusion proteins were purified on amylose-resin columns according to the protocol 
off  the supplier (New England Biolabs). GST fusion proteins were purified on glutathione-
agarosee as described by Frangioni and Neel (29). The bound protein was eluted from the 
resinn in 50 mM Tris-HCl (pH 8.0), 1% SDS, and 10 mM p-mercaptoethanol and 
subsequentlyy isolated by preparative SDS-PAGE and electroelution according to the 
protocoll  of the manufacturer (Bio-Rad). 
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Purifiedd MBP-MK, GST-PMK, and MBP-MPD were used to produce antibodies in 
rabbits.. The crude antiserum containing anti-PMK antibodies was affinity purified on a 
columnn containing MBP-PMK fusion protein coupled to cyanogen bromide-Sepharose. The 
crudee antiserum containing anti-MK antibodies was affinity purified on a column 
containingg GST-MK coupled to cyanogen bromide-Sepharose. The crude antisera 
containingg anti-MPD antibodies was affinity purified in two steps. First, the antiserum was 
depletedd of anti-MBP antibodies on a column containing MBP coupled to cyanogen 
bromide-Sepharose.. In the next step the flowthrough of the first column was affinity 
purifiedd on a column containing MBP-MPD coupled to cyanogen bromide-Sepharose. 

EnzymeEnzyme assays 
Sampless of mouse livers were homogenized in l ml of cold 0.9% NaCl, aliquoted, and snap 
frozenn in liquid nitrogen. The same procedure was used for human liver samples but a 
secondd sample from Pi, P2, P3, Cl, C2 and C3 were homogenized in the presence of 10 mM 
DTTT and incubated for 60 min at 38°C, before experiments. In addition, liver samples from 
PEX5PEX5 mice, control mice and C3 were incubated for various periods of time (o, 2, 6 and 24 
hr)) at different temperatures (4°C, 20X and 37°C). After incubation, the samples were 
homogenizedd and snap frozen in liquid nitrogen. Before enzyme measurements, samples 
weree thawed on ice and sonicated and protein concentrations were determined according 
too Bradford (30). Activities for the various enzymes (see below) were determined twice. 

HMG-CoAHMG-CoA reductase 
HMGRR was measured essentially as described by Brown, Dana, and Goldstein (31) with 
somee modifications. Fifty microliters of liver homogenate was diluted 1:1 in phosphate 
bufferr containing 0.1 M KPi, 0.2 M KC1, 5 mM EGTA, 5 mM EDTA, 10 mM DTT (pH 7.1) 
andd leupeptin (10 ug/ml). After preincubation for 10 min at 37°C with 60 ul of cofactor mix 
containingg 0.18 M glucose 6-phosphate, 17.5 mM NADPH, 16.7 mM EDTA, and glucose 6-
phosphatee dehydrogenase (25 U/ml), reactions were started with 1.7 nmol of [^CJHMG-
CoAA and 5.6 nmol of HMG-CoA in 40 ul H20. After a 30-min incubation period at 37 °C, 
reactionss were terminated by adding 50 ul of 1.2 N HC1. After 30 min, the product was 
extractedd three times with 2 ml of ethylacetate. The extracts were evaporated to dryness 
andd loaded on a silica TLC plate. The TLC plate was developed in toluene-aceton 1:1 (v/v) 
andd analyzed by Phosphorlmaging (Molecular Dynamics, Sunnyvale, CA). 

MevalonateMevalonate kinase 
MKK was measured as described (32) using [^CJmevalonate as the substrate. 

PhosphomevalonatePhosphomevalonate kinase 
PMKK was measured as described (25), with some minor modifications. Instead of 
[^CJphosphomevalonate,, [^C] mevalonate was used, which was converted to 
[14C]phosphomevalonatee by adding purified MBP-MK. For conversion to 
phosphomevalonate,, the same conditions were used as for MK activity measurement. 
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MevalonateMevalonate pyrophosphate decarboxylase 
Liverr homogenate was incubated for 5 min in buffer containing 50 mM 
morpholinepropanesulfonicc acids (MOPS, pH 7.0), 5 mM MgCl2, and 5 mM ATP. 
Reactionss were started by adding 15 pmol of |>H]mevalonate pyrophosphate. After 15 min 
att 37°C, reactions were terminated by adding 7.5 units of alkaline phosphatase in 1 M 
TRIS,, pH 8.0. After 30 min, products and substrates were separated on a C^ column. 
Unreactedd substrate was eluted first by using H20, followed by elution of products with 
MeOH.. Fractions were counted in a scintillation counter. 

IsopentenylIsopentenyl pyrophosphate isomerase 
IPPII  was measured with [^Clisopentenyl pyrophosphate. Liver homogenate was incubated 
forr 20 min at 37°C after addition of a buffer containing 20 mM MOPS (pH 7.4), 2 mM 
DTT,, 20 mM MgCl2, and 2 nmol of OCJisopentenyl pyrophosphate. Reactions were 
terminatedd by adding 400 ul hydrolyzing reagent (37% HCl-methanol, 1:3) and 1 ml H20. 
Afterr 30 min, NaCl was added and the product was extracted twice with 2 ml of toluene, 
andd the extract was dehydrated with MgS04. The product was counted in a scintillation 
counter. . 

TABL EE I 
Enzymee activities in liver tissue from PEXg knockout and control mice. 

P£X5Micee Control Mice PEX5Mice/ P 
(n=6)) (n=6) Control Mice 

HMGRf l l 

MK « « 

PMK° ° 

MPD« « 

IPPI° ° 

D H C Ry y 

DHAPAT(n=3 )f c c 

CAT* * 

G D Hb b 

3 6 . 7++ 6 

1738.88  570 

1914.88  5 20 

4.11  1 

415-33  70 

25-00  5 

N D D 

247-99  35 

8 7 9 . 6++ 140 

18.88  7 

1556.88  2 90 

1742.11  5 00 

3 44 9 

246 .00  45 

26.66  10 

5.44 + 0.4 

146.22  27 

1102.33 + 95 

1-95 5 

1.12 2 

1.10 0 

1.18 8 

1.69 9 

0 .94 4 

--
1.69 9 

0 . 80 0 

<< 0 .001 

NS S 

NS S 
NS S 

<< 0 . 0 05 

NS S 
<< 0 . 0 05 

<< 0 .001 

NS S 

"Activitiess in pmol/min/mg. 
bb Activities in nmol/min/mg. 
ND,, not detectable; NS: not significant, using Student's f-test (P>o.os) 

^-Sterol^-Sterol reductase (DHCR7) 
DHCR77 was measured essentially according to Honda et al (33), with some minor 
modifications.. The composition of the standard reaction mixture was 100 mM TRIS, pH 
7.2,, containing o.l mM EDTA, imM DTT, 30 mM nicotinamine, 3.5 mM NADP+, 30 mM 

43 3 



ChapterChapter 2 

glucosee 6-phosphate, glucose 6-phosphate dehydrogenase (2 U/ml), BSA (0.5 mg/ml), and 
255 nmol of ergosterol. Ergosterol was solubilized in a 25% solution of methyl-
cyclodextrine.. After 30 min at 37 °C, the reaction was started by the addition of liver 
homogenate.. The reaction was continued for 4 h at 37°C. The reaction was terminated by 
addingg KOH (20 mg/1) in 95% ethanol containing 10 ng of epicoprastanol, which was used 
ass an internal standard. After addition of 0.5 ml H20, sterols were extracted with hexane, 
andd converted into trimethylsilyl ether derivatives. Products were analyzed by gas 
chromatography-masss spectrometry, using selected ion monitoring. 

MarkerMarker enzymes 
Dihydroxyacetonphosphatee acyltransferase (DHAPAT) was measured radiochemically as 
describedd previously (34). Glutamate dehydrogenase (GDH) (35) and CAT (18) were 
measuredd spectrophotometrically as described. 

ImmunoblotImmunoblot analysis 
Equall  amounts of total protein (see figure legends) were separated by SDS-PAGE and 
transferredd onto nitrocellulose by semidry immunoblotting (36). The affinity-purified 
antibodiess were used at a 1:250 dilution. Antigen-antibody complexes were visualized 
usingg goat anti-rabbit IgG-alkaline phosphatase conjugate and CDP-Star according to the 
protocoll  of the supplier. As a control for equal transfer of protein, each blot was reversibly 
stainedd using Ponceau S. Each immunoblotting experiment was performed at least twice. 

RESULTS S 

ActivitiesActivities and levels of selected enzymes in livers ofPEX^r/- Zellweger mice 
Too examine the effect of peroxisome deficiency on the activities of enzymes involved in 
cholesteroll  biosynthesis, we measured the activities of several enzymes involved in the pre-
squalenee segment (HMGR, MK, PMK, MPD, and IPPI) and one enzyme (DHCR7) in the 
postsqualenee segment of the isoprenoid/cholesterol biosynthesis pathway in liver 
homogenatess of PEX5 knockout and control mice. Similar or slightly increased activities 
weree found for MK, PMK, MPD, and DHCR7 in ZS mouse liver samples when compared 
withh control mouse livers (Table 1). 

Thee activities for HMGR and IPPI were moderately but significantly increased in the ZS 
mousee livers. As a control for the absence of peroxisomes, DHAPAT activity was measured, 
andd was found to be completely deficient in livers of ZS mice. GDH activities were similar 
inn all samples measured. CAT, the marker enzyme of peroxisomes, was increased 
significantlyy in the ZS mice. To determine whether the measured activities are a reflection 
off  the protein levels, we performed immunoblot analysis of MK, PMK, and MPD in the 
liverr homogenates. Similar levels of protein were detected in both ZS and control mouse 
liverss (Fig. 1). 
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PEX55 control 

Figur ee 1. Protein levels of selected enzymes in liver homogenates of PEX5 and control mice. 
Fifteen-microgramm samples from three PEX5 and three control liver homogenates were 
separatedd by SDS-PAGE and immunoblotted. Protein levels were detected using highly affinity 
purifiedd antibodies (1:250) raised against MK, PMK or MPD. 

ActivitiesActivities and levels of selected enzymes in livers of human Zellweger 
patients patients 
Ourr results with ZS mice were in contrast with a previous report on the activities of 
selectedd enzymes in human ZS liver samples, in which decreased HMGR, MK, MPD, IPPI, 
andd FPPS activities had been measured (18), and our own report in which decreased MK 
andd PMK activities had been measured (24). Prompted by our data concerning ZS mice 
liver,, we reinvestigated the enzyme activities in human ZS and control liver .As described 
previously,, we measured markedly decreased activities for MK and PMK in the two 
previouslyy studied liver samples (P2 and P3) and in two additional ZS livers (P4 and P5) 
(Fig.. 2B and C). In another postmortem ZS liver sample (Pi), however, we measured 
similarr activities as in control livers. Although no control values of MK and PMK activities 
inn fetuses are available, activities comparable to those of control livers were measured in 
thee three liver samples of aborted ZS fetuses (P6-P8). Also, in the liver biopsy of the mild 
ZSS patient (P9), normal activities could be measured. Importantly, one of the fetuses (P7) 
withh normal activities is a sibling of P4, for whom we could measure almost no MK and 
PMKK activities. IPPI and MPD activities appeared similar in ZS and control livers (Fig. 2D 
andd E), as were GDH and CAT activities (Fig. 2H and I). In addition, we measured 
decreasedd activities of HMGR and DHCR7 in some ZS livers (Fig. 2A and F) whereas 
HMGR,, MK, and DHCR7 were also slightly decreased in Ci (Fig. 2A, B and F) as was 
HMGRR in C2 (Fig. 2A). CAT and GDH activities were normal in all livers (Fig. 2H and I). 
Ass expected, DHAPAT was found to be deficient in Zellweger livers and normal in controls 
(Fig.. 2G). 
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Figur ee 2. Activities of selected enzymes in liver homogenates of ZS patients and control 

subjects.. Enzyme activities of HMGR (A), MK (B), PMK(C), MPD (D), IPPI (E), DHCR7 (F), 

DHAPATT (G), GDH (H), and CAT (I) were measured in liver homogenates of nine Zellweger 

syndromee (ZS) patients (P1-P9, see Material and Methods for details) and three control subjects 

(C1-C3).. Presented are the means of duplicate measurements. N.D., not determined. 
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Whenn we subsequently examined the protein levels of the various enzymes in the 
variouss liver samples by immunoblot analysis, we noticed no significant differences for 
MK,, PMK, and MPD in all samples (Fig. 3). These results indicated that the deficient 
activitiess of MK and PMK in the four ZS livers are not caused by degradation of protein but 
mustt result from inactivation of the enzymes. 

Figur ee 3. Levels of selected enzymes in liver homogenates of ZS patients and control 
subjects.. Ten-microgram samples of liver homogenates from eight ZS patients (P1-P8, see 
Materiall  and Methods for details) and three control subjects (C1-C3) were separated by SDS-
PAGEE and immunoblotted. Protein levels were detected using highly affinity-purified antibodies 
(1:250)) raised against MK, PMK, or MPD. 

TABL EE I I 
Reactivationn of MK and PMK activity in liver homogenates by incubation with 10 mM of DTT. 

MK»» PMK" 

Subject t 

Pi i 

P2 2 

P3 3 

Ci i 

C2 2 

C3 3 

-DTT T 

1071.3 3 

98.8 8 

45-4 4 

490.0 0 

2047.2 2 

1250.4 4 

+DTT T 

1534-9 9 
394-2 2 

61.8 8 

1674-1 1 
1275.6 6 

1318.5 5 

+DTT/ / 

-DTT T 

1-4 4 

4 .0 0 

1.4 4 

3-4 4 

0.6 6 

1.1 1 

-DTT T 

239.6 6 

15-9 9 
8.6 6 

240.2 2 

429-3 3 

346.5 5 

+DTT T 

301.1 1 

43-8 8 

47-8 8 

209.3 3 

610.0 0 

557-8 8 

+DTT/ / 

-DTT T 

1-3 3 

2.8 8 

5-6 6 

0.9 9 

1-4 4 

1.6 6 

"Activitiess in pmol/min/mg 

Previously,, Beytia and coworkers (37) reported that MK loses its activity when stored at 
4°CC in the absence of (3-mercaptoethanol or DTT, most probably because of oxidation of an 
activee site cysteine. Furthermore, they showed that partial restoration of enzyme activity 
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mayy occur on incubation with 10 mM DTT at 38°C for 1 h. To study whether the deficient 
activityy in the ZS liver samples is at least partly due to oxidation of MK and PMK, we tried 
too reactivate the enzyme activities by incubation at 38°C in the presence of DTT. This 
resultedd in a partial recovery of MK and PMK activity (Table 2). Partial recovery of MK 
activityy was also observed for Ci, in which slightly decreased MK activity was found 
withoutt pre-incubation with DTT. 

StabilityStability ofMK, PMK, andMPD activities 
Ourr results indicated that the deficient activity of MK and PMK in some of the human 
liverss is due to inactivation of the enzymes. To address this issue further, we investigated 
thee stability of MK, PMK, and, as a control, MPD activities, by incubation of control human 
liverr tissue for various periods of time at different temperatures (Fig. 4). 
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Figur ee 4. Stability of enzyme activity at various temperatures. Enzyme activities of GDH (A), 

CATT (B), MK(C), PMK (D), and MPD (E) measured in liver homogenates of control subject 3. 

Beforee homogenization, liver tissues were incubated for the indicated periods of time at the 

indicatedd temperatures. Presented are the means of duplicate measurements. 
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Normall  GDH (Fig. 4A) and CAT (Fig. 4B) activity was measured in all samples although 
CATT activity slightly decreased after incubation for 24 h at all temperatures. In contrast, 
MKK activity was markedly decreased after incubation for two hours even at a temperature 
off  4°C. Incubation at 20 or 37°C resulted in almost no activity of MK even after 2 h (Fig. 
4C).. PMK activity slowly decreased on incubation at 4°C. After incubation at 20°C, a 
strongerr decrease in activity was found. On incubation at 37°C almost no activity could be 
measuredd even after two hours (Fig. 4D). In contrast, MPD activity did not decrease even 
afterr 24 h incubation at 37 °C (Fig. 4E). 
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Figur ee 5. Stability of enzyme activity at various temperatures in PEX5 (-/-) and control (+/+) 

mice.. Enzyme activity of GDH (A and B), CAT (C and D), MK (E and F), and PMK (G and H) was 

measuredd in liver homogenates of PEX5 and control mice. Before homogenization, liver tissues 

weree incubated for the indicated periods of time at the indicated temperatures. Presented are 

thee means of duplicate measurements. 
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Too determine whether there is any difference in inactivation between controls and ZS, 
wee repeated this experiment with mouse liver samples. As in the human samples normal 
GDHH (Fig. 5A and B) and CAT (Fig. 5C and D) activities were measured at all 
time/temperaturee points. In both the PEX5 and the control mouse liver samples, MK 
activityy slowly decreased on incubation at 4°C. After incubation at 20°C and 37°C, a 
strongerr decrease of activity was found, which resulted in almost no activity of MK after 24 
hh (Fig. 5E and F). PMK activity was markedly decreased after incubation for even 2 h at 
temperaturess of 20°C or 37°C. Incubation at 4°C resulted in almost no activity of PMK 
afterr 6 h (Fig. 5G and H). These results indicate that, as expected, there is no difference in 
inactivationn of MK and PMK between control and ZS liver tissue. Although we found some 
degradationn of proteins on incubation (Fig. 6), this degradation does not reflect the 
decreasee in activities. 

CC C C 
0 2 66 24 0 2 6 24 0 2 6 24 

4°CC 20°C 37°C 
0 2 66 24 0 2 6 24 0 2 6 24 

PEX5micee » «™> " MK 

PEX5micee —  1 » mi — 1 1—1 — PMK 

Figur ee 6. Stability of protein in liver homogenates at various temperatures. Immunoblot 
analysiss of liver homogenates from control subject 3 and of PEX5 and control mice. Before 
homogenization,, liver tissues were incubated for the indicated periods of time at the indicated 
temperatures.. Ten micrograms of each liver homogenate was separated by SDS-PAGE and 
immunoblotted.. Protein levels were detected using highly affinity-purified antibodies (1:250) 
raisedd against MK, PMK, or MPD. 

DISCUSSION N 

Usingg liver samples of a well-defined ZS mouse model, we have demonstrated that 
enzymess involved in the presqualene segment of the cholesterol biosynthetic pathway are 
normallyy active or even significantly increased. Our results show that if cholesterol 
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biosynthesiss indeed partly takes place in peroxisomes, deficient peroxisomal import and 
thee resulting mislocalization of the enzymes to the cytosol do not lead to decreased 
activities.. This suggests that functional peroxisomes may not be required for cholesterol 
biosynthesis,, at least in mice. Indeed, after submission of this work, an article appeared by 
Vanhorebeek,, Baes and Declercq (38), who published that there is no significant difference 
inn cholesterol biosynthesis between fibroblasts of day 18.5 embryos of PEX5 knockout mice 
andd control mice. Also, normal levels of cholesterol and ubiquinone were found in liver 
homogenatess of newborn PEX5 knock out mice. 

Initially ,, our results in mouse livers seemed to contradict the results from studies 
performedd in human ZS livers, in which markedly decreased activities of MK and PMK had 
beenn measured (18, 24). This deficiency was explained by protein degradation due to the 
mislocalizationn of these enzymes to the cytosol and regarded as a confirmation of their 
assumedd peroxisomal localization. The results from our immunoblot analysis experiment 
withh human ZS and control livers, using specific antibodies, however, showed normal 
levelss of the enzymes. This indicates that the decreased activities are not due to 
mislocalizationn followed by degradation, but a consequence of the lability of the enzymes. 
Nott only did we detect no significant differences in protein levels of MK and PMK between 
thee human ZS and control livers, we also found enzyme activities comparable to controls in 
onee of the five postmortem ZS livers, in the three prenatal livers and in the needle biopsy of 
thee liver of the patient with mild ZS. Moreover, we even found marked differences between 
thee activities measured in liver samples of two affected siblings. Because both must belong 
too the same complementation group, this indicates that deficiencies do not depend on a 
certainn complementation group. 

Inn our article, we have provided evidence that the decrease in MK and PMK activity 
observedd in four livers is most probably the result of the bad condition of the livers. Using 
PEX5PEX5 and control mouse liver tissue and human control liver tissue, we have shown that 
bothh enzymes are rapidly inactivated in a time- and temperature-dependent manner. This 
inactivationn was similar in PEX5 and control mouse liver tissue. In contrast, MPD activity 
iss far more stable and normal activities can be measured even after an incubation for 24 h 
att 37°C in the human control liver. The inactivation of MK and PMK is at least partly due 
too oxidation and not degradation, because normal levels of protein can be detected and 
partiall  restoration of MK and PMK activity occurs on incubation of homogenates with 
DTT.. The inactivation of enzymes in the liver specimens could have occurred in the time 
betweenn death and autopsy. For thee mice, livers were isolated and snap frozen immediately 
afterr death. In contrast, in human patients the time between death and autopsy may vary 
betweenn a few hours and 1 day. The inactivation of MK and PMK may also be due to the 
hepaticc abnormalities commonly observed in ZS patients (27). Such abnormalities may 
havee been more severe in P2-P5, samples that displayed decreased MK and PMK activities. 
Off  course, the combination of both factors may have an even stronger effect on MK and 
PMKK activity. These posibilities also would explain the fact that normal MK ((24); and S. 
Hogenboom,, data not shown) and PMK (S. Hogenboom, data not shown) activities are 
measuredd in cultured fibroblasts of ZS patients belonging to different complementation 
groups. . 

Inn conclusion, we have shown that previous conclusions concerning the peroxisomal 
localizationn of certain enzymes involved in cholesterol biosynthesis, made on the basis of 
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theirr deficient activity in ZS, is unjustified and incorrect. It should be stated, however, that 
ourr findings do not exclude a peroxisomal localization. In fact, there is experimental 
evidencee that certain enzymes indeed are localized in peroxisomes. Our data clearly show 
thatt great care should be taken in interpreting data of experiments based on postmortem 
materiall  because it could be difficult to discriminate between primary and secondary 
effects,, which can result in a misinterpretation of data. 
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LaboratoryLaboratory Genetic Metabolic Diseases, Department of Pediatrics, Emma Children's 
Hospital,Hospital, Academic Medical Center, Amsterdam 

SUMMARY Y 

Too evaluate the presumed peroxisomal involvement in cholesterol / isoprenoid 
b iosynthesiss we determined the protein levels and activities of five different 
enzymess of the presqualene segment of the cholesterol / isoprenoid 
biosynthet icc pathway in primar y skin fibroblast s of selected patients wit h a 
perox isomall  b iogenesis disorder  (PBD). These five enzymes all have been 
reportedd to be partl y or  exclusively peroxisomal and include HMG-CoA 
reductase,, mevalonate kinase, phosphomevalonate kinase, mevalonate 
pyrophosphatee decarboxylase, and isopentenyl pyrophosphate isomerase. To 
excludee that genetic differences, resulting i n different defects in peroxisomal 
b iogenes is,, have differentia l effects on the activit y of the cholesterol 
b iosynthet icc enzymes and on de novo cholesterol biosynthesis, we chose 
fibroblastsfibroblasts of pat ients wit h defined defects in one of five different PEX genes 
leadingg to Zellweger  syndrome (PEXi, PEX5, PEX16 or  PEX19) or  rhizomelic 
chondriodysplasiaa punctata (PEX7). W e found that all enzymes measured are 
att  least as active in the peroxisome-deficient cells cultured in cholesterol-
depletedd medium as in identically cultured control cells. Thi s indicates that i f 
thesee presumed peroxisomal proteins are mislocal ized to the cytosol they do 
nott  loose their  activity , nor  get degraded unlik e most other  authentic 
peroxisomall  proteins. We also measured de novo cholesterol synthesis fro m 
radio-labeledd acetate in all cell lines and found similar  or  even elevated rates 
forr  the PBD cells when compared to controls. Our  results impl y that 
funct ionall  peroxisomes are not a prerequisite for  the functionin g of enzymes 
involvedd in cholesterol / isoprenoid biosynthesis and as such raise doubts 
aboutt  the tru e involvement of peroxisomes therein. 

INTRODUCTION N 

Forr a long time, cholesterol/isoprenoid biosynthesis had been assumed to take place only 
inn the cytosol and the endoplasmic reticulum. More recently, however, it has been 
postulatedd that peroxisomes also play a central role in the biosynthesis of cholesterol and 
isoprenoidss (for reviews see (1, 2)). Peroxisomes are subcellular organelles with a variety of 
pivotall  functions in cellular metabolism, including fatty acid a- and p-oxidation, ether 
phospholipidd biosynthesis, and glyoxylate detoxification. The importance of peroxisomes 
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inn humans is stressed by the existence of a group of inherited diseases collectively called 
thee peroxisomal biogenesis disorders (PBDs) that are due to an impairment in multiple 
peroxisomall  functions or the complete absence of the organelles. These PBDs, including 
thee cerebro-hepato-renal syndrome of Zellweger (ZS), may be caused by genetic defects in 
onee of at least 12 different PEX genes encoding proteins called peroxins that are required 
forr the biogenesis and/or functioning of the organelles (3, 4). 

Thee studies on the role of peroxisomes in cholesterol/isoprenoid biosynthesis were 
initiatedd after the remarkable finding of HMG-CoA reductase (HMGR), an integral 
membranee protein of the endoplasmic reticulum, in the matrix of peroxisomes by 
immuno-electronn microscopy (5). Subsequent biochemical localization studies suggested 
thatt also other enzymes of the presqualene segment of the cholesterol/isoprenoid 
biosynthesiss pathway are located partly or even exclusively in peroxisomes. These include 
mevalonatee kinase (MK) (6), phosphomevalonate kinase (PMK) (7), mevalonate 
pyrophosphatee decarboxylase (MPD) (8), isopentenyl pyrophosphate isomerase (IPPI) (9) 
andd farnesyl pyrophosphate synthase (FPPS) (10, 11). Furthermore, the identification of 
thee genes encoding these enzymes revealed amino acid sequence motives that may present 
peroxisomall  targeting signals (PTSs). MK, MPD, and FPPS have been claimed to contain 
putativee amino-terminal PTS2 sequences and PMK and IPPI potential carboxy-terminal 
PTSii  sequences (1). The amino acid sequence of HMGR, however, does not contain either 
off  these two PTS sequences. 

Inn the PBDs, peroxisomal enzymes become mislocalized to the cytosol due to a defect in 
thee peroxisomal protein import machinery or to the complete absence of the organelles. In 
manyy cases this leads to the degradation and/or inactivation of these enzymes, with a 
markedd deficient activity as a result. Few enzymes, such as catalase, however, are stable 
andd active in both peroxisomes and cytosol (12). Degradation and inactivation in cells of 
patientss with PBDs have also been reported for some of the enzymes involved in 
cholesterol/isoprenoidd biosynthesis. However, the findings in the literature are rather 
conflicting.. For example, in liver homogenates of ZS patients, the enzyme activities for 
HMGR,, MK, PMK, MPD, IPPI and FPPS were reported to be decreased by Krisans and 
coworkerss (10), while our group found decreased activities in livers of a few ZS patients, 
butt normal activities in livers of other ZS patients and of a PEX5 knock-out mouse (13, 14, 
15).. Moreover, we have shown recently that the observed deficient activities found in livers 
off  diseased patients with ZS are the result of the bad condition of the post-mortem tissues 
ratherr than of mislocalization of the enzymes to the cytosol. Indeed, the absence of 
functionall  peroxisomes in liver did not lead to a deficiency of enzymes involved in 
cholesteroll  biosynthesis and based on these findings we concluded that functional 
peroxisomess may not be required for cholesterol/isoprenoid biosynthesis in liver (14). 
Conflictingg results in fibroblasts have also been published. Two groups of investigators 
reportedd decreased cholesterol biosynthesis (2-84 % of control values) in fibroblasts of ZS 
patientss (16, 17) while three other groups reported normal or even increased cholesterol 
biosynthesiss in fibroblasts of patients with three different types of peroxisomal defects (18) 
(lg)andd in peroxisome-defective CHO cells (20). In addition, it has been reported recently 
thatt there is no significant difference in rates of de novo cholesterol biosynthesis between 
fibroblastsfibroblasts of day 18.5 embryos of PEX5 knock-out and control mice (21). At the enzyme 
level,, normal activities of MK, MPD and IPPI were found in ZS fibroblasts (13) in one 
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study,, but in another study a marked decreased MK activity was reported in ZS fibroblasts 
(6). . 

Itt has been suggested that these discrepancies are related to the existence of genetic 
heterogeneityy underlying the peroxisomal defects in the patients implying that different 
mutationss in different PEX genes might lead to a different extent of peroxisomal 
disfunctionn and severity of illness. This prompted us to examine the protein levels and 
activitiess of selected key enzymes in isoprenoid/cholesterol biosynthesis and the de novo 
cholesteroll  synthesis in skin fibroblast cell lines of eight different patients with defined 
defectss in one of five different PEX genes and to compare these with control cell lines. To 
avoidd inconclusive data due to mild defects we specifically selected cell lines from patients 
whoo had a severe state of disease. In all cases we found enzyme activities and levels of the 
variouss proteins that were similar as in controls indicating that functional peroxisomes are 
nott required for proper functioning of the enzymes. This was confirmed by the observation 
thatt the rate of de novo cholesterol synthesis in all PBD lines was similar or even increased 
whenn compared to control cells. 

MATERIAL SS AND METHODS 

FibroblastFibroblast cell lines 
Experimentss were performed with primary skin fibroblasts obtained from two or three 
controll  subjects and 8 patients affected with a PBD. Patients 1-6 were diagnosed with ZS 
andd all had severe mutations in one of five different PEX genes. Patient 1 was compound 
heterozygotee for an insertion and a deletion mutation and patient 2 for an insertion and a 
splicee site mutation in the PEXi gene. Patient 3 was a homozygote for a large intragenic 
deletionn and patient 4 a homozygote for a nonsense mutation in the PEX5 gene. Patient 5 
wass a homozygote for a nonsense mutation in the PEX16 gene (22) and patient 6 a 
homozygotee for an insertion mutation in the PEX19 gene (23). Finally, patient 7 and 8 
sufferedd from RCDP typei and both were homozygotes for nonsense mutations in the 
PEXyPEXy gene. The skin fibroblasts were cultured first in Dulbecco's Modified Eagles medium 
(DMEM)) containing 10% fetal calf serum in a temperature and humidity controlled 
incubatorr (95% air, 5% C02 as the gas phase) at 37 °C. Cells were grown until 50-70 % 
confluencyy after which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum. After culturing for 3 days, cells were harvested, 
washedd 3 times with PBS and 2 times with 0.9% NaCl solution, and stored as pellets at -80 
°C.. Five pellets of each fibroblast cell line were pooled, resuspended in 2 ml of cold 0.9 % 
NaCl,, and snap frozen in liquid nitrogen in 0.2 ml aliquots. Before enzyme measurements, 
aliquotss were thawed on ice and sonicated to obtain lysates as described previously (14). 

EnzymeEnzyme assays 
MKMK  (15, 24), PMK (14), MPD (14), IPPI (14), and dihydroxyacetonphosphate 
acyltransferasee (DHAPAT) (25) were measured radiochemically as described previously. 
Phosphoo gluco isomerase (PGI) (26), glutamate dehydrogenase (GDH) (27) and catalase 
(CAT)) (10) were measured spectrophotometrically as described. Activities of the various 
enzymess were determined in triplicate for each fibroblast cell line. 
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ImmunoblotImmunoblot analysis 
Equall  amounts of total protein of fibroblasts lysates (20 fig/sample) were separated by 
SDS-PAGEE and transferred onto nitrocellulose by semidry blotting (28). Affinity-purified 
antibodiess directed against human MK, PMK, and MPD (14) were used at a 1:250 dilution. 
Antigen-antibodyy complexes were visualized with goat anti-rabbit IgG-alkaline 
phosphatasee conjugate (Bio Rad laboratories (Hercules, CA)) and CDP-star (Roche 
Chemicalss (Grenzach-Wyhlen, Germany)). As a control for equal transfer of protein, each 
blott was reversibly stained with Ponceau S prior to the incubation with antibodies. 

CholesterolCholesterol biosynthesis 
DeDe novo cholesterol synthesis from [^C]-acetate (Amersham Pharmacia Biotech (Uppsala, 
Sweden))) was determined essentially as described by Malle et al. (18). The skin fibroblasts 
off  three control subjects and the 8 patients were cultured first in Nutrient mixture Ham 
Floo containing 10% fetal calf serum in a temperature and humidity controlled incubator 
(95%% air, 5% C02 as the gas phase) at 37 °C. Cells were grown until 80-90% confluency 
afterr which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum. After 3 days of culturing, 1 uCi [^Cj-labeled acetate 
wass added to the medium followed by 48 hours of incubation. After washing cells the twice 
withh ice-cold buffer A (50 mM Tris.HCl, 137 mM NaCl, 2 g/L BSA, pH=74) and twice with 
bufferr B (50 mM Tris.HCl, 137 mM NaCl, pH=74), cells were lysed overnight with 850 ul 
0.33 M NaOH. Aliquots were taken for protein estimation. Saponification of lipids was 
performedd in 10% NaOH at 85-90 °C for 1 hour. After extraction with hexane, lipids were 
driedd under N2, dissolved in 70 ul CHCl3/MeOH (2:1 v/v) and separated by thin layer 
chromatographyy using petrol ether/diethylether/acetic acid (50:50:1, v/v/v) as the mobile 
phasee and analyzed by phosphor-imaging. Identification was performed by co-
chromatographyy with [^d-cholesterol. Analysis of the culture medium after the 
incubationn with [^Cj-labeled acetate indicated that at maximum, only 10% of total [^C]-
labeledd acetate was taken up by the cells. 

RESULTS S 

ActivitiesActivities and levels of selected enzymes in peroxisome biogenesis defective 
fibroblasts fibroblasts 
Wee examined the consequences of peroxisome deficiency on the activity and levels of 
selectedd enzymes involved in cholesterol/isoprenoid biosynthesis in primary skin 
fibroblastss of 8 different patients with a PBD due to severe mutations in one of five 
differentt PEX genes. These include fibroblasts from patients with mutations in the PEXi, 
thee PEX5, the PEX16, and the PEXig gene, respectively. 
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Figur ee l . Activities of selected enzymes in fibroblasts of PBD patients and control subjects. 

Enzymee activity of DHAPAT (A), PGI (B), CAT (C), HMGR (D), MK (E), PMK (F), MPD (G), and 

IPPII  (H) were measured in skin fibroblasts of four PBD patients (pati-8) with defects in one of 

fivee different PEX genes (see materials and methods for details) and two control subjects (Ctrl). 

Presentedd is the mean of triplicate measurements. 
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Inn all cases, the patients were clinically severely affected leading to ZS (PEXi, PEX5, 
PEX16,PEX16, PEXig) or RCDP type 1 (PEXf). This was confirmed by the finding of markedly 
decreasedd levels of the peroxisomal enzyme DHAPAT in the cells of these ZS patients (Fig. 
lA) .. We recently showed that DHAPAT activity is one of the best parameters to reflect the 
degreee of peroxisome deficiency and clinical severity in patients with a generalized PBD 
(29).. In cells of the RCDP type 1 patients, the activity of DHAPAT was only moderately 
decreased. . 

Too study the effect of peroxisome deficiency on the activity of cholesterol/isoprenoid 
biosyntheticc enzymes we cultured the fibroblasts for 3 days in medium with lipoprotein 
(cholesterol)-depletedd serum to assure optimal induction of the cholesterol/isoprenoid 
pathway.. When we subsequently measured the activities of HMGR, MK, PMK, MPD and 
IPPII  in lysates of these cells, we found similar or even slightly increased activities when 
comparedd to the activities in identically cultured fibroblasts of 2 different control subjects 
(Fig.. lD-H). This was also the case for most enzyme activities in the cell lines documented 
too have no peroxisomal remnants (PEX16 and PEX19), although HMGR and MK activities 
weree somewhat decreased in the PEX16 cells. 

Forr comparison, we also measured a cytosolic enzyme, PGI (Fig. lB), and an authentic 
peroxisomall  enzyme, CAT (Fig. lC), in the cell lysates. PGI activities in the different PBD 
cellss were similar as in the control cells. As previously reported by others, the CAT 
activitiess in the different PBD cells are increased when compared to control cells. 

Wee confirmed that the measured enzyme activities are a reflection of the actual protein 
levelss by immunoblot analysis of MK, PMK, and MPD in the same samples using affinity-
purifiedd antibodies raised against these proteins. This revealed similar levels in all cells 
(Fig.. 2). 

Figur ee 2. Protein levels of selected enzymes in fibroblasts of human PBD patients (pati-8) 
andd control cell lines (ctrli-2). 20 ug of protein was separated by SDS-PAGE and 
immunoblotted.. Protein levels were detected using affinity purified antibodies (1:250) raised 
againstt MK, PMK or MPD. 

CholesterolCholesterol biosynthesis in peroxisome biogenesis defective fibroblasts 
Thee finding of similar or even increased activities for all five analyzed enzymes involved in 
cholesterol/isoprenoidd biosynthesis would not support a defect in de novo cholesterol 
biosynthesiss in peroxisome-deficient cells. However, since the eventual synthesis of 
cholesteroll  requires additional enzymatic steps that were not assessed by direct enzyme 
measurementss in our study, we also determined the incorporation of radio-labeled acetate 
intoo cholesterol. All fibroblasts with peroxisomal defects were able to form cholesterol with 
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similarr or even higher rates as the control fibroblasts (Fig. 3), indicating that there is no 
apparentt block in the de novo synthesis of cholesterol in PBD cells. This was also the case 
forr cell lines defective for PEXy, which would result in a differential localization of the 
variouss enzymes; i.e. a peroxisomal localization of enzymes containing a potential PTSi 
(PMK,, IPPI) and a cytosolic localization of the PTS2-containing enzymes (MK, MPD). 
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Figur ee 3. De novo cholesterol biosynthesis in fibroblasts of PBD patients and control subjects. 
Incorporationn of ['-tCJ-labeled acetate in skin fibroblasts of eight PBD patients (pati-8) with 
defectss in one of five different PEX genes (see materials and methods for details) and three 
controll  subjects (ctrh-3). Presented is the mean of triplicate measurements. 

DISCUSSION N 

Inn this study we have shown that all five enzymes functioning in the presqualene segment 
off  the cholesterol/isoprenoid biosynthesis pathway that have been reported to be partly or 
exclusivelyy peroxisomal, are normally present and active in fibroblasts of ZS patients. To 
excludee that genetic differences result in different defects in peroxisomal biogenesis and 
consequentlyy might influence the activity of the enzymes, we examined skin fibroblasts of 
patientss with inactivating mutations in one of five different PEX genes. Mutations in the 
PEX7PEX7 gene cause RCDP type 1 and lead to a selective deficiency of the import of PTS2-
containingg proteins, among which would be the enzymes MK and MPD that have been 
postulatedd to contain a PTS2 sequence (1). The mutations in the other four PEX genes all 
resultt in ZS. Mutations in the PEX5 gene lead to a deficiency of the import of PTSi-
containingg proteins among which would be at least the enzymes PMK and IPPI (1). 
However,, dependent on the mutation and in fact the case for the PEX5 cell line used in our 
study,, also a deficiency of import of both PTSi- and PTS2-containing proteins may occur, 
amongg which would also be the enzymes (3o)MK and MPD that have been postulated to 
containn a PTS2 sequence (1). Patients with mutations in the PEXi gene, the most common 
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groupp of PBDs, have a general defect in peroxisome biogenesis resulting in the complete 
absencee of functional peroxisomes (31), while in patients with mutations in PEX16 (32) or 
PEX19PEX19 (23), there is even a complete absence of peroxisomal remnants. 

Thee results of our study clearly show that deficient import of the presumed peroxisomal 
enzymess involved in cholesterol/isoprenoid biosynthesis and the resulting mislocalization 
too the cytosol do not lead to protein degradation, decreased enzyme activities and defective 
cholesteroll  biosynthesis, irrespective of the genetic lesion of the patients. This contradicts 
withh previous data reporting that MK is deficient in a ZS cell line (6) and is in 
disagreementt with the reduced rates of cholesterol biosynthesis reported in two different 
studiess (16, 17). However, our findings are fully in agreement with the normal or higher 
ratess of de novo cholesterol biosynthesis reported in three other studies (18, 19, 20). 
Recently,, we showed that the decreased enzyme activities reported previously in liver 
homogenatess of diseased ZS patients are the result of the bad condition of the liver rather 
thann of mislocalization of these enzymes to the cytosol (14). This was concluded from 
enzymee activity measurements and immunoblot experiments. The present findings in 
fibroblastss support this conclusion. 

Somewhatt unexpectedly, we did not observe a good correlation between the activity of 
HMGR,, generally regarded as rate limiting, and the rate of de novo cholesterol synthesis in 
thee various cell lines. Although in the PEX16 cells the HMGR activity is somewhat reduced 
whenn compared to controls and other cell lines, the de novo cholesterol synthesis appears 
somewhatt increased. In contrast, the HMGR activity in control 1 is rather high although 
thee de novo synthesis is low. We do not have a real explanation for these observations. 
However,, in general one may conclude that at least the de novo cholesterol biosynthesis is 
nott significantly decreased due to the absence of peroxisomes. 

Ourr observation that intact functional peroxisomes are not needed for the functioning 
off  the enzymes of the presqualene segment and, as a consequence, are not a prerequisite 
forr isoprenoid/cholesterol biosynthesis in humans, suggests that the reduced plasma 
cholesteroll  levels occasionally found in ZS patients (33) must be an epiphenomenon. One 
explanationn may be that the lowered cholesterol levels are caused by a reduced uptake of 
thee abnormal LDL present in tissues of patients with peroxisomal disorders (17). In 
addition,, gastrointestinal malabsorption associated with liver disease and abnormal bile 
acidd metabolites, as they commonly occur in ZS patients, may contribute to lower levels of 
cholesterol.. Finally, cholesterol may be sequestered by esterification with very long chain 
fattyy acids, which typically accumulate to high levels in Zellweger patients (34). 

Inn summary, we conclude that intact functional peroxisomes are not a prerequisite for 
isoprenoid/cholesteroll  biosynthesis in humans and that the reduced cholesterol levels 
reportedd in a few ZS patients can not be explained by a deficiency of one of the presumed 
peroxisomall  enzymes functioning in the presqualene segment of the biosynthetic pathway. 
Ourr findings do not necessarily exclude a peroxisomal localization of these enzymes. They 
onlyy stress that, in contrast to many other authentic peroxisomal enzymes, conclusions 
concerningg their peroxisomal localization can not be drawn on their activity and protein 
levelss in cells of patients with PBDs. 
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SUMMARY Y 

I nn the past decade several report s have appeared which suggest that 
perox isomess play a central rol e in isoprenoid/cholesterol biosynthesis. Thi s 
wass based primari l y on the reported findin g of several of the enzymes of the 
presqualenee segment of the biosynthetic pathway in peroxisomes. Mor e 
recently,, however, confl ictin g result have been reported raising doubt about 
th ee postulated rol e of peroxisomes in isoprenoid biosynthesis, at least in 
humans.. I n thi s study we have studies the subcellular  localisation of human 
mevalonatee kinase using a variety of biochemical and microscopical 
techniques.. These include conventional subcellular  fractionatio n studies, 
digi toni nn permeabi l isat ion studies, immunof luorescence microscopy and 
immunocytochemistry.. W e exclusively found a cytosolic localisation of both 
endogenouss human MK (human fibroblasts, liver  and HEK293 cells) and 
overr  expressed human MK (human fibroblasts, HEK293 cells and CVi cells). 
Noo indicat ion of a peroxisomal localisation was obtained. Our  results do not 
supportt  a central rol e of peroxisomes in isoprenoid biosynthesis. 

INTRODUCTION N 

Thee isoprenoid biosynthetic pathway plays a central role in cellular metabolism in that it 
producess a range of isoprenoids, which are vital for diverse cellular functions. In addition 
too sterol isoprenoids, such as cholesterol, these include, among others, the side chains of 
haemm A and ubiquinone, and farnesyl and geranylgeranyl moieties used for the 
isoprenylationn of proteins that function in intracellular signalling (1). The synthesis of the 
non-steroll  and sterol isoprenoids starts with three molecules of acetyl-CoA, which in a 
seriess of six different enzyme reactions is converted into isopentenylpyrophosphate (IPP), 
thee basic C5 isoprene unit used for the synthesis of all subsequent isoprenoids (1). Several 
reportss have indicated that several if not most of the enzymes involved in the conversion of 
acetyl-CoAA into IPP may be located partly or even predominantly in peroxisomes, 
subcellularr organelles implicated in a variety of metabolic processes (2, 3, 4, 5, 6). This had 
ledd to the postulation that peroxisomes play a central role in isoprenoid biosynthesis (7). 
Onee of the enzymes that have been studied more thoroughly in this respect is mevalonate 
kinasee (MK; E.C. 2.7.1.36). MK is the first enzyme to follow the highly regulated HMG-CoA 
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reductasee and catalyzes the phosphorylation of mevalonate to produce phosphomevalonate 
(forr reviews see (8, 9)). 

Thee claim that MK would be located predominantly in peroxisomes is based on several 
observations.. Firstly, immunoblot analysis of gradient fractions obtained by equilibrium 
densityy centrifugation of rat liver homogenates revealed immunoreactive material in both 
cytosolicc and peroxisomal fractions (10). Secondly, immunofluorescence microscopy 
performedd with CVi cells overexpressing rat MK cDNA revealed a colocalisation of rat MK 
withh peroxisomal catalase (3). Thirdly, immunogold labelling experiments using MK-
specificc antisera and performed on liver tissue from rats treated with cholestyramine and 
statins,, revealed specific labelling mainly in the peroxisomal matrix (3). Furthermore, 
selectivee permeabilisation with digitonin of CVi cells showed latency of MK similar as of 
peroxisomall  catalase suggesting that both enzymes are in the same subcellular 
compartmentt (5). Furthermore, in some livers and fibroblast cells of patients suffering 
fromm Zellweger syndrome a markedly deficient MK activity was found. Since the loss of 
peroxisomes,, which is the case in Zellweger cells, leads to the mislocalisation of 
peroxisomall  enzymes to the cytosol often followed by inactivation and/or degradation of 
thesee enzymes, this finding has been interpreted as indicative for a peroxisomal 
localisationn of MK (3, 11, 12). Finally, the amino acid sequence of MK harbours an N-
terminall  stretch with a putative consensus sequence of the peroxisomal targeting sequence 
typee 2 (PTS2) and thus may be involved in peroxisomal targeting of MK via the PTS2 
receptorr protein PEX7 (13). 

Moree recent data, however, do not support a peroxisomal localisation of MK. Firstly, 
selectivee permeabilisation with digitonin of rat hepatoma H35 cells resulted in a total 
releasee of MK activity, similar to the release of the cytosolic marker lactate dehydrogenase, 
suggestingg that both enzymes are in the same subcellular compartment. Peroxisomal 
catalasee activity was completely retained in the cells after permeabilisation (14). Secondly, 
wee measured normal MK activity and MK protein levels in fibroblasts and liver 
homogenatess of patients with a peroxisome biogenesis defect and in liver homogenates of 
PEX5PEX5 knock-out mice (15, 16). Moreover, we demonstrated that the deficient MK activities 
foundd in some livers of diseased Zellweger patients are a result of the bad preservation of 
thee livers, rather than a result of the presumed mislocalisation of the protein (15). 

Finally,, in conventional subcellular fractionation studies performed with rat tissue and 
culturedd human fibroblasts, and digitonin permeabilisation experiments with cultured 
humann fibroblasts we never have been able to demonstrate a peroxisomal localisation of 
MKK activity (unpublished data). 

Inn summary, one should conclude that from the combined data it remains unclear 
whetherr MK is peroxisomal, at least in humans. This prompted us to initiate a thorough 
studyy to conclusively determine the subcellular localisation of human MK both under 
normall  conditions and when overexpressed in cell lines. Using a variety of biochemical and 
microscopicall  techniques, we found a cytosolic localisation of both endogenously and 
overexpressedd MK and no indication of a peroxisomal localisation. 

69 9 



ChapterChapter 4 

MATERIAL SS AND METHODS 

CellCell lines and culture conditions 
Primaryy skin fibroblasts were obtained from a healthy control subject, from a patient who 
sufferedd from Zellweger syndrome and who was a homozygote for an insertion mutation in 
thee PEX19 gene (17), and from a patient affected with homozygous familial 
hypercholesterolemiaa (FHC) (GM00701, Coriell cell repositories). The fibroblasts were 
culturedd in HAM F-10 containing 10% fetal calf serum (FCS) and 1% 
Penicillin/Streptomycinn in a temperature and humidity controlled incubator (95% air, 5% 
C022 as the gas phase) at 37°C. Prior to experiments the cells were grown until 70-80% 
confluencyy after which the medium was substituted for HAM containing 10% lipoprotein 
(cholesterol)-depletedd FCS. Experiments were performed after 72 hours of culturing in 
lipoproteinn (cholesterol)-depleted medium. 

Forr MK expression studies, the HEK293 Flp-In and CVi Flp-In cell lines (Invitrogen) 
weree used and cultured in DMEM containing 10% FCS, 1% Penicillin/Streptomycin and 
1000 ug/ml Hygromycin in a temperature and humidity controlled incubator (95% air, 5% 
C022 as the gas phase) at 37°C. Prior to experiments the cells were grown until 70-80% 
confluencyy after which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd FCS. Experiments were performed after 24 hours of culturing in 
lipoproteinn (cholesterol)-depleted medium. 

GenerationGeneration of cell lines stably overexpressing human MK 
Thee open reading frame (ORF) of control human MVK cDNA was amplified by PCR from 
cDNAA prepared from human skin fibroblasts using primer set MKi- 39 (5'-cg ata gga tec ATG 
TTGG TCA GAA GTC CTA CTG GTG TCT GC-3') and MK„ 95.1177 (s'-cga tag gta CCT CTC 
AGAA GGC CAT CCA G-3'). The primers introduce a 5' BamHl site and a 3' Kpnl site 
(underlined).. The PCR product was ligated into the pGEM-T vector (Promega) and 
sequencedd to exclude PCR-introduced mutations. Subsequently, the ORF was released as a 
BamHl-SallBamHl-Sall fragment and ligated as a BamHl-Xhol fragment, under control of the CMV 
promoter,, in the pcDNAs/FRT vector (Invitrogen). The entire insert was sequenced to 
assuree the absence of taq polymerase-introduced errors. To construct a SKL-tagged MK, 
thee ORF of MK was amplified by PCR using primer set MK-SKL1-29 (5'-cg ata gga tec ATG 
TTGG TCA GAA GTC CTA CTG GTG TCT GC-3') and MK-SKLnss -1170 fc'-ctc gag tea aag cct 
tgatga GAG GCC ATC CAG GGC TTG C-3'). The primers introduce a 5' BamHl site and a 3' 
XholXhol site (underlined) and the SKL sequence (italics). The MK-SKL amplicon was ligated 
ass a BamHl-Xhol fragment in the pcDNAs/FRT vector (Invitrogen) and verified by 
sequencingg of the insert. 

HEK2933 Flp-In cells or CVi Flp-In cells were cultured in Dulbecco's modified Eagle's 
mediumm (DMEM), containing 10% FCS, 1% Penicillin/Streptomycin. Stable MK-expressing 
celll  lines were generated by co-transfection of POG44 (Invitrogen) and pcDNAs/FRT-MK 
(CVii  and HEK293) or pcDNAs/FRT-MK-SKL (CVi) using lipofectamine plus reagent in 
growthh medium without Zeocin according to the manufacturer's recommendations 
(Invitrogen).. Forty-eight hours after transfection, Hygromycin B was added to the medium 
too a final concentration of 100 ug/ml, and the media were changed every 3-4 days until 
Hygromycin-resistantt colonies were evident. Control Hygromycin-resistant cell lines were 
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generatedd by co-transfection of POG44 with the empty pcDNAs/FRT vector. For 
expressionn studies, the HEK293 Flp-In cell lines stably expressing human MK (HEK-MK), 
CVii  Flp-In cell lines stably expressing human MK (CVi-MK ) or MK-SKL (CVi-MK-SKL ) 
andd the control cell lines transfected with empty pcDNAs/FRT (HEK- or CVi-) were 
culturedd in DMEM containing 10% FCS, 1% Penicillin/Streptomycin and 100 [ig/ml 
Hygromycin.. The MK activity in cells overexpressing human MK was 30-35 times higher 
comparedd to the activity in control cell lines. 

SubcellularSubcellular fractionation 
Forr subcellular fractionation studies, cells were cultured in 162-cm2 Falcon flasks, 
harvested,, washed three times with PBS and two times with fractionation buffer (0.25 M 
sucrose,, 1 mM EDTA, 10 mM HEPES, 1 mM phenylmethylsulfonyl fluoride, pH=7-4). Next, 
thee cells were homogenized using a ball bearing cell cracker (EMBL, Germany), after which 
thee post nuclear supernatant (PNS, 10', 500 x g) was layered on top of a continuous 
Nycodenzz gradient (15-35%), with a cushion of 1 ml 50% Nycodenz in 0.25 mM sucrose, 5 
mMM MOPS, 1 mM EDTA, and 2 mM KC1 (pH=7.3). Gradients were centrifuged for 2.5 
hourss in a vertical rotor (MSE 8x35) at 19,000 rpm («32.000 x g) at 4°C. After 
centrifugation,, 16-19 fractions were collected from the bottom of the gradient. 

CellCell permeabilisation with digitonin 
Celll  permeabilisation experiments were performed with cells attached to plates, essentially 
ass described by Biardi et al. (5) with a few modifications. HEK293 and CV-i cells were 
seededd in 60 mm plates at a density of 3.0 x ios cells/plate and fibroblast cells at a density 
off  2.0 x los cells/plate. After culturing for one or three days in DMEM or HAM containing 
10%% lipoprotein (cholesterol)-depleted FCS, cell were washed twice with ice-cold KH buffer 
(500 mM HEPES, 110 mM KOAc, pH=7.2). The plates were transferred on ice and 
incubatedd in KHM buffer (20 mM HEPES, 110 mM KOAc, 2 mM MgOAc, pH=7.2) 
containingg various concentrations of digitonin (o, 20, 50,150, 500 or 1000 ug/ml) or, as a 
control,, 0.1% (w/v) Triton X-100. After 5 minutes, the buffer was collected as supernatant 
fractionss and kept on ice. Subsequently, cells were incubated in KH buffer containing 1000 
(Xg/mll  digitonin. After 30 minutes, the buffer was collected and kept on ice. These latter 
fractionss re referred to as pellet fractions. Enzyme measurements were done immediately 
inn both fractions. 

EnzymeEnzyme assays 
MKK activity was measured radiochemical̂ as described previously (12,18). Phospho gluco 
isomerasee (PGI) (19) and catalase (CAT) (11) activities were measured 
spectrophotometricallyy as described. 

ImmunoblotImmunoblot analysis 
Proteinss were separated by SDS-PAGE and transferred onto nitrocellulose by semidry 
blottingg (20). The highly specific affinity-purified antibody directed against human MK 
(15)) was used at a 1:1000 dilution. Antigen-antibody complexes were visualized with goat 
anti-rabbitt IgG-alkaline phosphatase conjugate and CDP-star. As a control for transfer of 
protein,, each blot was reversibly stained with Ponceau S prior to the incubation with 
antibodies. . 
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Immunofluorescence Immunofluorescence 
Cellss were seeded on cover slides in 6 wells-plates and cultured as indicated in Cell lines 
andand culture conditions. Immunofluorescence was performed as described (21). Cells were 
doublee labelled with antibodies directed against human MK (15) and the peroxisomal 
markerr catalase (22) or the cytosolic marker metallo matrix protein 7 (MMP7) (MMP-7 
Ab-ii  (Clone 1D2), Labvision). MK antibodies were visualized using biotinylated Donkey-
anti-Rabbitt Ig (Amersham) and streptavidin-labelled fluorescein isothiocyanate (Strep-
FITC).. Catalase and MMP7 were visualized using Goat-anti-Mouse-labelled Alexas68 
(Molecularr Probes). Pictures were taken using a confocal laser scanning microscope 
(Leica). . 

LiverLiver immunocytochemistry 
Humann liver biopsies were fixed in 4% formaldehyde in 0.1 M sodium cacodylate buffer 
(pH=7.3)) containing 1% calcium chloride and processed for Unicryl embedding or for 
cryostatt sectioning as described (23, 24). Ultra thin sections of Unicryl embedded samples 
weree immunostained with polyclonal antibodies against MK (15) or the peroxisomal 
alanine/glyoxylatee aminotransferase (AGT) (25) as previously described (24). Cryostat 
sectionss (6 mm) were immunostained against MK or AGT as previously described (23). 
Negativee controls were incubated with normal rabbit serum. 

RESULTS S 

SubcellularSubcellular fractionation ofMK in human fibroblasts 
Too determine whether in human cells MK is localised in the cytosol or the peroxisomes or 
both,, we first performed subcellular fractionation studies with human skin fibroblasts. As a 
controll  we included fibroblasts from a patient who suffered from Zellweger syndrome. 
Previouss studies have demonstrated that in this particular cell line no peroxisomal 
remnantss are present due to a homozygous insertion in the PEXig gene (17). After growth 
off  the cells in lipoprotein-depleted medium to assure optimal induction of the isoprenoid 
biosyntheticc pathway, we prepared a post-nuclear supernatant (PNS) which was further 
fractionatedd by Nycodenz equilibrium density gradient centrifugation. In the normal 
fibroblasts,, this resulted in a clear separation of peroxisomes and cytosol as reflected by 
thee distribution of the peroxisomal marker enzyme catalase and the cytosolic marker 
enzymee PGI (Fig. lA) . In the ZS fibroblasts, both marker enzymes colocalise as expected 
fromm the absence of peroxisomes, which leads to the cytosolic localisation of peroxisomal 
enzymess (Fig. lB). When MK activity was measured in the gradient fractions, the activity 
showedd the same distribution as the cytosolic marker PGI both in the normal fibroblasts 
(Fig.. lA) and in the ZS fibroblasts (Fig. lB). Immunoblot analysis of the fractions from the 
samee density gradients using affinity-purified antiserum against human MK revealed a 
similarr distribution pattern for the MK protein as for the MK activity (Fig. iA,B). 
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Figur ee l . Subcellular fractions of human fibroblasts derived from a control subject (A) or a ZS 

patientt (B) were obtained by Nycodenz equilibrium density gradient centrifugation as described 

inn materials and methods. Fractions were analyzed for the cytosolic marker PGI (black bars), the 

peroxisomall  marker CAT (gray bars) and MK (open bars). Relative activities were expressed as a 

percentagee of total gradient activity present in each fraction. The pattern of distribution of MK 

activityy and MK protein as determined by immunoblot analysis with an affinity purified 

antibodyy raised against human MK were similar to the pattern of PGI activity. 

Humann fibroblasts derived from a control subject (C) or a ZS patient (D) were incubated with 

increasingg concentrations of digitonin as described in materials and methods. Supernatant 

(openn symbols) and pellet (closed symbols) fractions were analyzed for the activities of the 

cytosolicc marker PGI (square), the peroxisomal marker CAT (triangle) and MK (circle). Relative 

activitiess were expressed as a percentage of total activity (supernatant + pellet) present in each 

fraction.. The pattern of latency of MK activity and MK protein as determined by immunoblot 

analysiss with an affinity purified antibody raised against human MK were similar to the pattern 

off  PGI activity. 
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DigitoninDigitonin permeabilisation studies in human fibroblasts 
Ass an alternative approach to study the subcellular localisation of MK in human fibroblasts 
wee exposed the cells to increasing concentrations of digitonin. Digitonin permeabilises 
cellularr membranes by complexing with cholesterol. Since the membranes of most cell 
organelless contain lower levels of cholesterol than the plasma membrane, cells will lose 
theirr cytosolic components at lower concentrations of digitonin than the organellar 
contents.. Indeed, when we measured the enzyme activities of CAT and PGI in supernatant 
andd pellet fractions of normal fibroblasts we found a clearly increased latency for CAT 
comparedd to PGI (Fig. lC). This indicated that the plasma membrane was disrupted first, 
resultingg in the release of cytosolic PGI. The peroxisomal membranes, however, are only 
permeabilisedd at higher concentrations of digitonin resulting in the release of the 
peroxisomall  matrix content, including CAT, into the supernatant fraction. As expected, in 
thee ZS fibroblasts lacking peroxisomes, no difference in latency between PGI and CAT was 
observedd (Fig. 1D). When we measured MK activity in all pellet and supernatant fractions, 
wee found that the release of MK from the normal fibroblasts into the supernatant fractions 
occurss at the same concentration of digitonin as cytosolic PGI (Fig. lC). In the ZS 
fibroblasts,fibroblasts, PGI, CAT and MK were released from the cells at the same digitonin 
concentrationn (Fig. lD). Immunoblot analysis of the various fractions using the affinity-
purifiedd antiserum against human MK, revealed a similar distribution pattern for the MK 
proteinn as for its activity (Fig. iC,D). Thus, also in digitonin permeabilisation studies 
humann MK behaves similar as cytosolic PGI and clearly different than peroxisomal CAT. 

ImmunofluorescenceImmunofluorescence studies infibroblasts 
Too study the subcellular localisation of human MK further, we performed 
immunofluorescencee microscopy making use of the highly specific affinity-purified 
polyclonall  antibodies directed against human MK. To this end we performed double 
labellingg of fibroblasts cultured in lipoprotein-depleted medium using the anti-MK 
antiserumm and a monoclonal antibody directed against human peroxisomal CAT or a 
monoclonall  antibody directed against human MMP7, a cytosolic marker (Fig. 2). When we 
comparedd the immuno labelling of MK in the normal fibroblasts and ZS fibroblasts, we 
observedd a similar cytosolic distribution pattern of the fluorescent signal in both cell lines, 
indicatingg that the presence or absence of peroxisomes does not affect the localisation of 
MK.. Moreover, there was no co-localisation of MK and CAT in the normal fibroblasts while 
inn the ZS fibroblasts the distribution pattern of CAT is superimposable with that of MK 
indicatingg a co-localisation of CAT and MK in the cytosol. Also when we compared the 
fluorescentt signals obtained with anti-MK and anti-MMP7 we found a clear colocalisation 
inn the cytosol both in normal fibroblasts and ZS fibroblasts. 
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Figur ee 2. Human fibroblasts derived from a control subject (A-D) or a ZS patient (E-H) were 
labelledd with antibodies as described in materials and methods. Cells were double labelled using 
antibodiess directed against MK (A, E) and the peroxisomal marker CAT (B, F) or with antibodies 
directedd against MK (C, G) and the cytosolic marker MMP7 (D, H). MK shows the same pattern 
ass the cytosolic MMP7 in both cell lines. MK shows co-localisation with CAT in the ZS 
fibroblastsfibroblasts in which CAT is localised in the cytosol but no co-localisation is observed between 
MKK and the peroxisomal CAT in control fibroblasts. 

SubcellularSubcellular localisation of human MK in overexpressing cell lines 
Thee results of the various localisation studies in human fibroblasts all indicate that 
endogenouss MK is at least predominantly, if not exclusively, located in the cytosol and not 
inn peroxisomes. These results are in contrast with the reported peroxisomal localisation of 
MKK in the liver of cholestyramine plus mevinolin-treated rats and in CVi cells 
overexpressingg rat MK (3). To determine whether this discrepancy in localisation might be 
duee to the specific cell type studied and/or the result of overexpression of MK, we decided 
too also investigate the subcellular localisation of overexpressed MK in various cell types. 
Thesee include CVi and HEK293 cells stably transfected with human MK cDNA under 
controll  of the CMV promotor and human fibroblasts from a patient homozygous for 
familiall  hypercholesterolemia, which exhibit five times higher MK activity when compared 
too control fibroblasts (Hogenboom et al., unpublished results). 

Afterr fractionation of the various PNS fractions of these cell lines by Nycodenz 
equilibriumm density gradient centrifugation followed by the measurement of PGI, CAT and 
MKK activities and MK protein content in all fractions we found again a distribution pattern 
off  MK similar to cytosolic PGI and clearly distinct of peroxisomal CAT in all cell lines (Fig. 
3A-C).. This was the case for endogenously overexpressed human MK (FHC (Fig. 3A)), 
constitutivelyy overexpressed human MK (HEK-MK; Fig. 3B, CVi-MK ; Fig. 3C), 
endogenouslyy expressed human MK (HEK- cells; not shown) and monkey MK (CVi- cells; 
nott shown). Also after selective permeabilisation of the cellular membranes using 

' ' 
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Figur ee 3. Subcellular fractions of human fibroblasts derived from an FHC patient (A), HEK (B) 
cellss or CVi cells (C) overexpressing full length human MK were obtained by Nycodenz 
equilibriumm density gradient centrifugation as described in materials and methods. Fractions 
weree analyzed for the cytosolic marker PGI (black bars), the peroxisomal marker CAT (gray 
bars)) and MK (open bars). Relative activities were expressed as a percentage of total gradient 
activityy present in each fraction. The pattern of distribution of MK activity and MK protein as 
determinedd by immunoblot analysis with an affinity purified antibody raised against human MK 
weree similar to the pattern of PGI activity. 

Humann fibroblasts derived from an FHC patient (D), HEK cells (E) or CVi cells (F) 
overexpressingg full length human MK were incubated with increasing concentrations of 
digitoninn as described in materials and methods. Supernatant (open symbols) and pellet (closed 
symbols)) fractions were analyzed for the activities of the cytosolic marker PGI (square), the 
peroxisomall  marker CAT (triangle) and MK (circle). Relative activities were expressed as a 
percentagee of total activity (supernatant + pellet) present in each fraction. The pattern of latency 
off  MK activity and MK protein as determined by immunoblot analysis with an affinity purified 
antibodyy raised against human MK were similar to the pattern of PGI activity. 
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increasingg concentrations of digitonin, we found that both endogenously and constitutively 
overexpressedd human MK behaves similar as cytosolic PGI (Fig. 3D-F). Moreover, 
immunofluorescentt labelling of the endogenously and constitutively overexpressed MK 
showss a cytosolic localisation superimposable to that of cytosolic MMP7 protein, and 
clearlyy different from the localisation of CAT in these cell lines (Fig. 4). 

Figur ee 4. Human fibroblasts derived from an FHC patient (A-D), HEK cells (E-H) or CVi cells 
(I-L)) overexpressing full length human MK were labelled with antibodies as described in 
materialss and methods. Cells were double labelled using antibodies directed against MK (A, E, I) 
andd the peroxisomal marker CAT (B, F, J) or with antibodies directed against MK (C, G, K) and 
thee cytosolic marker MMP7 (D, H, L). The diffuse distribution pattern of MK differs from the 
punctatedd pattern of CAT but MK shows the same pattern as the cytosolic MMP7 in all cell lines. 

SKL-taggedSKL-tagged MK localises to peroxisomes 
Too exclude the possibility that our antibody is only able to detect MK when it is located in 
thee cytosol but not when it is localised in peroxisomes, we constructed a full length human 
MKK to which an artificial PTSi signal (SKL) was added at the carboxy terminus and 
expressedd this construct in CVi-FlpIn cells. Although some cytosolic localisation was 
observed,, this resulted in a peroxisomal localisation of MK as evident from the punctated 
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patternn which colocalised with peroxisomal catalase as visualized by immunofluorescence 
microscopyy (Fig. 5). 

Figur ee 5. CVi cells overexpressing full length human MK with an artificial PTSi signal (SKL) 
weree labelled with antibodies as described in materials and methods. Cells were double labelled 
usingg antibodies directed against MK (A) and a peroxisomal marker CAT (B). 

ImmunocytochemicalImmunocytochemical studies in human liver 
Whilee our combined data show that at least in humans MK is predominantly a cytosolic 
protein,, they cannot exclude the possibility that a minor amount of MK is localised in 
peroxisomes.. Therefore, we also performed immunogold labelling on ultrathin sections 
andd cryostat sections of human liver, the organ displaying the highest expression of the 
enzymess of the presqualene segment of the isoprenoid biosynthesis pathway. 

Inn the immunogold labelling experiments using the highly specific affinity-purified 
polyclonall  antibodies directed against human MK we found, only occasional labelling in 
thee cytosol of the human liver. Although we carefully checked a large number of 
peroxisomess we were unable to detect any labelling of MK in these peroxisomes (Fig. 6A). 
Moreover,, even after incubation with higher concentrations of antibodies, as a result of 
whichh aspecific labelling strongly increased, no peroxisomal labelling could be observed. 
Ass a control we performed immunogold labelling experiments on the same sections with 
antibodiess against peroxisomal AGT. This revealed a distinct label was found over the 
peroxisomall  matrix while no label was observed in negative controls (Fig. 6B). 

Sincee a cytosolic localisation of a non-abundant antigen is hard to detect in ultrathin 
sections,, we also performed immunocytochemistry on cryostat sections of human liver 
usingg the antibodies against MK and AGT. Light microscopy revealed a clear diffuse 
stainingg reaction in the cytosol of the hepatocytes (Fig. 6C) with the antibodies against MK, 
followingg a similar pattern as typically found for the localisation of catalase in Zellweger 
liverss (not shown). In contrast, a distinct punctated pattern of peroxisomes was obtained 
withh antibodies against AGT (Fig. 6D). 
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AA  500 nm &"  500 nm 

Figur ee 6. Electron microscopy (A, B) and light microscopy (C, D) of human control liver.(A) 
Ultrathinn Unicryl sections of human liver were immunostained with the affinity purified 
antibodiess against MK. The peroxisomes (P) remain unlabelled. (B) Ultrathin Unicryl sections 
immunostainedd with antibodies against against AGT reveals a clear localisation in the 
peroxisomall  matrix. Scale bar = 500 nm; M, mitochondria. 

(C)) Cryostat sections immunostained with affinity purified antibodies against MK (colloidal gold 
-- silver enhancement) reveals a diffuse reaction in the cytosol of the hepatocytes. For 
comparison,, immunostaining with antibodies against AGT reveals a distinct granular pattern, 
reflectingg a peroxisomal localisation of AGT (D). 

DISCUSSION N 

Sincee their discovery in the late sixties, an increasing number of important metabolic 
pathwayss have been attributed to peroxisomes making clear that these organelles are 
essentiall  cell constituents, the absence of which is incompatible with human life and 
survival.. Most intriguing among these pathways and claimed to be predominantly 
peroxisomall  in the nineties has been the isoprenoid/cholesterol biosynthesis pathway, 
whichh for several decades had been thought to have a shared cytosolic/endoplasmic 
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reticulumm localisation. More specifically, a predominant peroxisomal localisation has been 
reportedd for several enzymes functioning in the presqualene segment of the pathway, 
includingg 3-hydroxy-3-methylglutaryl CoA reductase (2), MK (3), phosphomevalonate 
kinasee (4), mevalonate pyrophosphate decarboxylase (5), isopentenyl pyrophosphate 
isomerasee (6) and farnesylpyrophosphate synthase (11,14). 

Wee have sought confirmation for the claim that MK would be predominantly 
peroxisomall  and, as a consequence, peroxisomes would play a central role in the 
biosynthesiss of isoprenoids, including cholesterol. To this end, we used a variety of 
biochemicall  and microscopical experimental approaches but in all cases we did only find 
evidencee for a cytosolic and no evidence for a peroxisomal localisation. This is true for both 
endogenouss and for overexpressed human MK. These results are in contrast with those 
publishedd by Krisans and coworkers who reported a predominant peroxisomal localisation 
off  rat MK in case of a high expression (3). While we cannot exclude a different localisation 
off  the enzyme in humans and rat, it should be noted that our subcellular fractionation 
studiess of rat liver also revealed a cytosolic localisation of MK (not shown). Moreover, 
Guptaa et al reported that MK in rat hepatoma H35 cells behaves like cytosolic lactate 
dehydrogenasee in digitonin permeabilisation studies similar as the ones we reported (14). 
Thus,, it remains unclear how Krisans and coworkers determined that MK would be 
predominantlyy peroxisomal. Indeed, immunogold labelling experiments using highly 
specific,, affinity purified antibodies directed against human MK did not even reveal a 
minorr peroxisomal localisation of human MK. Importantly, we were able to demonstrate a 
peroxisomall  localisation of human MK when the protein was tagged with a carboxy-
terminall  PTSi sequence demonstrating that it is not a technical shortcoming that we were 
unablee to demonstrate a peroxisomal localisation of MK. 

Ourr results are also in line with our recent finding of a normal MK activity in cells of 
patientss who suffered from Zellweger syndrome (15, 16). In addition, Ghys et al recently 
reportedd that the human PTS2 receptor was not retained by Ni-NTA resin loaded with 
(His)ó-MKK (26), which corroborated with our own finding that human MK is not 
recognizedd by human and yeast PEX7 in a yeast two hybrid screen (unpublished data). 
Althoughh the putative PTS2 motif in the MK sequence has a good match to the postulated 
consensuss sequence it is very different from the RLX5HL sequence found in the three other 
knownn PTS2-targeted proteins in humans (phytanoyl-CoA 2-hydroxylase (27), 3-ketoacyl-
CoAA thiolase (28) and alkyl-dihydroxyacetonephosphate synthase (29)). Furthermore, the 
recentlyy published crystal structure of rat MK complexed with ATP (30) and mutation 
analysiss of rat MK (31) showed that the N-terminal lysine of the putative PTS2 motif is part 
off  the ATP binding site. Finally, the motif is part of a conserved domain which is present 
alsoo in MKs of archeabacteria and eubacteria, which do not posses peroxisomes, and in the 
relatedd non-peroxisomal galactokinases (8). 

Noww that we have shown that, at least in human, MK is not localised in peroxisomes but 
inn the cytosol one can raise questions on the supposed peroxisomal localisation of other 
enzymess functioning in the presqualene segment of the isoprenoid biosynthetic pathway. 
Inn fact, Michihara et al recently reported a cytosolic localisation of rat and mouse 
mevalonatee pyrophosphate decarboxylase, which had been postulated also to be 
peroxisomall  (32, 33). Moreover, using a similar approach as for human MK in this study, 
wee found that also human phosphomevalonate kinase and mevalonate pyrophosphate 
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decarboxylasee are localised in the cytosol and not in peroxisomes (manuscripts in 

preparation).. These combined data strongly suggest that peroxisomes in humans may not 

playy a central role in isoprenoid/cholesterol biosynthesis and corroborate well with our 

previouss findings that functional peroxisomes are not required for isoprenoid biosynthesis 

(15,16). . 
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SUMMARY Y 

I nn the past decade, a predominant peroxisomal localization has been reported 
forr  several enzymes functionin g in the pre-squalene segment of the 
cholestero l / isoprenoidd biosynthetis pathway. Mor e recently, however, 
confl ict in gg results have been reported raising doubt about the postulated rol e 
off  perox isomes in isoprenoid biosynthesis, at least in humans. I n thi s study 
wee have studied the subcellular  localization of human phosphomevalonate 
k inasee using a variety of biochemical and microscopical techniques, includin g 
convent ionall  subcellular  fractionatio n studies, digitoni n permeabil ization 
studies,, immunof luorescence, and immunoelectron microscopy. We found an 
exclusivee cytosolic localization of both endogenously expressed human 
phosphomevalonatee kinase ( in human fibroblasts, human liver  and HEK293 
cel ls)) and overexpressed human phosphomevalonate kinase (in human 
f ibroblasts,, HEK293 cells and CVi cells). No indication of a peroxisomal 
local izat ionn was obtained. Our  results do not support a central rol e of 
perox isomess in isoprenoid biosynthesis. 

INTRODUCTION N 

Inn the past 10 years several reports have appeared suggesting a central role of peroxisomes 
inn isoprenoid biosynthesis (1). These reports indicated that many if not most of the 
enzymess involved in the pre-squalene segment of the isoprenoid biosynthesis pathway may 
bee located partly or even predominantly in peroxisomes, subcellular organelles implicated 
inn a variety of metabolic processes (2, 3, 4, 5, 6). The isoprenoid biosynthesis pathway 
suppliess cells with intermediates for the biosynthesis of a variety of compounds with 
importantt functions in cellular processes. These compounds include, among others, the 
sidee chains of heme A and ubiquinone, dolichol, isopentenyl tRNA, and farnesyl and 
geranylgeranyll  moieties used for the isoprenylation of proteins that function in 
intracellularr signaling. In addition to these non-sterol isoprenoids, the pathway produces 
steroll  isoprenoids such as cholesterol, a structural component of membranes and 
precursorr for bile acids and steroid hormones (7). 
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Isoprenoidd biosynthesis starts with three molecules of acetyl-CoA, which in a series of 
sixx different enzyme reactions is converted into isopentenyl-pyrophosphate (IPP), the basic 
C55 isoprene unit used for the synthesis of all isoprenoids (7). Phosphomevalonate kinase 
(PMK;; E.C. 2.7.4.2.) catalyzes the fifth reaction of the pathway, which is the 
phosphorylationn of phosphomevalonate to produce pyrophosphomevalonate. Several 
observationss have lead to the claim that PMK would be located predominantly in 
peroxisomes.. Firstly, selective permeabilization with digitonin of monkey kidney (CVi) 
cellss revealed latency of endogenous PMK activity similar as of peroxisomal catalase (CAT) 
suggestingg that both enzymes are localized in the same subcellular compartment (5). 
Secondly,, (immuno)fluorescence microscopy performed with Chinese Hamster Ovary 
(CHO)) cells overexpressing a 200 amino acid carboxy-terminal fragment of human PMK 
fusedd to the carboxy terminus of green fluorescent protein (GFP) revealed a colocalization 
off  this fusion protein with peroxisomal CAT (4). Thirdly, human PMK contains a carboxy-
terminall  SRL, which matches the consensus peroxisomal targeting sequence type 1 (PTSi) 
suggestingg that PMK may be targeted to peroxisomes via the PTSi-mediated protein 
importt pathway (4, 8). This suggestion was enforced by the finding that the above 
mentionedd GFP-PMK fusion protein remained in the cytosol when expressed in PTSi 
proteinn import deficiënt fibroblasts (4). Transient expression of this fusion protein in 
fibroblastss deficient in the import of PTS2-containing proteins revealed a punctate 
(peroxisomal)) pattern in immunofluorescence experiments (4). Finally, in some livers of 
patientss suffering from Zellweger syndrome (ZS) a markedly deficient PMK activity was 
found.. Since the loss of peroxisomes, which is the case in ZS cells, leads to mislocalization 
off  peroxisomal enzymes to the cytosol often followed by inactivation and/or degradation of 
thesee enzymes, this latter finding has been interpreted as indicative of a peroxisomal 
localizationn of PMK (9). 

Moree recent data, however, do not support a peroxisomal localization of PMK. Firstly, 
selectivee permeabilization of rat hepatoma H35 cells with digitonin resulted in a 91% 
releasee of PMK activity, similar to the release of the cytosolic marker lactate 
dehydrogenase,, while peroxisomal CAT activity was completely retained in the cells after 
permeabilizationn suggesting that PMK is cytosolic (10). Secondly, we recently found 
completelyy normal PMK activity and PMK protein levels in fibroblasts and liver 
homogenatess of patients with a peroxisome biogenesis defect and in liver homogenates of 
PEX5PEX5 knock-out mice (11, 12). Moreover, we demonstrated that the deficient PMK 
activitiess reported in some livers of diseased ZS patients are a result of the bad condition 
and/orr preservation of the livers, rather than a result of the presumed mislocalization of 
thee protein (11). Finally, in conventional subcellular fractionation studies that we 
performedd with rat liver tissue, cultured human fibroblasts and HepG2 cells, and digitonin 
permeabilizationn experiments with cultured human fibroblasts we never had been able to 
demonstratee a peroxisomal localization of PMK activity (unpublished data). 

Inn summary, one has to conclude that from the combined data it remains unclear 
whetherr PMK is a true peroxisomal enzyme under physiological conditions. This prompted 
uss to initiate a thorough study to determine the subcellular localization of human PMK. To 
avoidd inconclusive results with tagged and reporter proteins we generated highly specific 
antibodiess that recognize the authentic human PMK enabling localization studies in cells 
underr normal conditions as well as in cells overexpressing human PMK. Using a variety of 
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biochemicall  and microscopical techniques, we found a cytosolic localization of both 
endogenouss and overexpressed human PMK and no indication of a peroxisomal 
localization. . 

MATERIAL SS AND METHODS 

CellCell lines and culture conditions 
Primaryy skin fibroblasts were obtained from a healthy control subject, from a ZS patient 
whoo was a homozygote for an insertion mutation in the PEX19 gene (13), and from a 
patientt homozygous for familial hypercholesterolemia (FHC) (GM00701, Coriell cell 
repositories).. The fibroblasts were cultured in HAM F-10 medium (GIBCO) containing 
10%% fetal calf serum (FCS) and 1% penicillin/streptomycin in a temperature and humidity 
controlledd incubator (95% air, 5% C02 as the gas phase) at 37°C. Prior to experiments, the 
cellss were grown until 70-80% confluency after which the medium was substituted with 
HAMM F-10 medium containing 10% lipoprotein (cholesterol)-depleted FCS. Experiments 
weree performed after 72 hours of culturing in lipoprotein (cholesterol)-depleted medium. 

Forr PMK expression studies, the human embryonic kidney (HEK293) Flp-In and CVi 
Flp-Inn cell lines (Invitrogen) were used and cultured in Dulbecco's modified Eagle's 
mediumm (DMEM; GIBCO) containing 10% FCS, 1% penicillin/streptomycin and 100 ug/ml 
hygromycinn in a temperature and humidity controlled incubator (95% air, 5% C02 as the 
gass phase) at 37°C. Prior to experiments, the cells were grown until 70-80% confluency 
afterr which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd FCS. Experiments were performed after 24 hours of culturing in 
lipoproteinn (cholesterol)-depleted medium. 

GenerationGeneration of cell lines stably overexpressing human PMK 
Thee open reading frame of control human PMK cDNA was amplified by PCR from cDNA 
preparedd from human skin fibroblast RNA and ligated as a BamHl-Xhol fragment under 
transcriptionall  control of the CMV promoter in the pcDNAs/FRT vector (Invitrogen). The 
entiree insert was sequenced to assure the absence of Taq polymerase-introduced errors. 

HEK2933 Flp-In cells or CVi Flp-In cells were cultured in DMEM, containing 10% FCS 
andd 1% penicillin/streptomycin. Stable PMK-expressing cell lines were generated by co-
transfectionn of CVi and HEK293 cells with pOG44 and pcDNAs/FRT-PMK using 
Lipofectaminee plus reagent in growth medium without Zeocin according to the 
manufacturer'ss recommendations (Invitrogen). Forty-eight hours after transfection, 
hygromycinn B was added to the medium to a final concentration of 100 (ig/ml, and the 
mediumm was changed every 3-4 days until hygromycin-resistant colonies were evident. 
Controll  hygromycin-resistant cell lines were generated by co-transfection with POG44 and 
thee empty pcDNAs/FRT vector. For expression studies the HEK293 Flp-In cell lines stably 
expressingg human PMK (HEK-PMK), the CVi Flp-In cell lines stably expressing human 
PMKK (CVi-PMK) and the control cell lines transfected with empty pcDNAs/FRT (HEK- or 
CVi-)) were cultured in DMEM containing 10% FCS, 1% penicillin/streptomycin and 100 
ug/mll  hygromycin. The PMK activity in cells overexpressing human PMK was -5 times 
higherr compared to the control cell lines. 
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SubcellularSubcellular fractionation 
Forr subcellular fractionation studies, cells were cultured in 162-cm2 Falcon flasks, 
harvested,, washed three times with PBS and two times with fractionation buffer (0,25 M 
sucrose,, 1 mM EDTA, 10 raM HEPES, 1 mM phenylmethylsulfonyl fluoride, pH-7.4). Next, 
thee cells were homogenized using a ball bearing cell cracker (EMBL, Germany), after which 
thee post nuclear supernatant (PNS, 10', 500 x g) was layered on top of a continuous 
Nycodenzz gradient (15-35%), with a cushion of 1 ml 50% Nycodenz in 0.25 mM sucrose, 5 
mMM MOPS, 1 mM EDTA, and 2 mM KC1 (pH=7.3). Gradients were centrifuged for 2.5 
hourss in a vertical rotor (MSE 8x35) at 19,000 rpm (= 32.000 x g) at 4°C. After 
centrifugation,, 16-19 fractions were collected from the bottom of the gradient. 

CellCell permeabilization with digitonin 
Celll  permeabilization experiments were performed with cells attached to plates, essentially 
ass described by Biardi et al. (5) with a few modifications. HEK293 and CV-i cells were 
seededd in 60 mm plates at a density of 3.0 x ios cells/plate and fibroblast cells at a density 
off  2.0 x los cells/plate. After culturing for one or three days in DMEM or HAM, 
respectively,, containing 10% lipoprotein (cholesterol)-depleted FCS, cells were washed 
twicee with ice-cold KH buffer (50 mM HEPES, 110 mM KOAc, pH=7.2). The plates were 
thenn transferred to ice and incubated in KHM buffer (20 mM HEPES, 110 mM KOAc, 2 
mMM MgOAc, pH=7.2) containing various concentrations of digitonin (o, 20, 50, 150, 500 
orr 1000 ug/ml) or, as a control, 0.1% (w/v) Triton X-100. After 5 minutes, the buffer was 
collectedd as 'supernatant' fractions and kept on ice. Subsequently, cells were incubated in 
KHH buffer containing 1000 ug/ml digitonin, which results in total permeabilization. After 
300 minutes, the buffer was collected and kept on ice. These latter fractions were referred to 
ass 'pellet' fractions. Enzyme measurements were done immediately in both fractions. 

EnzymeEnzyme assays 
PMKK activity was measured by a radiochemical assay as described previously (11). Phospho 
glucoo isomerase (PGI) (14) and catalase (CAT) (9) activities were measured by 
spectrophotometricc assays as described. 

ImmunoblotImmunoblot analysis 
Proteinss were separated by SDS-PAGE and transferred onto nitrocellulose by semidry 
blottingg (15). The highly specific affinity-purified antibody directed against human PMK 
(11)) was used at a 1:500 dilution. Antigen-antibody complexes were visualized with goat 
anti-rabbitt IgG-alkaline phosphatase conjugate and CDP-star (Roche Chemicals). As a 
controll  for transfer of protein, each blot was reversibly stained with Ponceau S prior to the 
incubationn with antibodies. 

Immunofluorescence Immunofluorescence 
Cellss were seeded on cover slips in 6 wells-plates and cultured as indicated in Cell lines and 
cultureculture conditions. Immunofluorescence was performed as described (16). Cells were 
doublee labeled with polyclonal antibodies directed against human PMK (11) and 
monoclonall  antibodies directed against the peroxisomal marker CAT (17) or the cytosolic 
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Figur ee 1. Subcellular fractions of human fibroblasts derived from a control subject (A) or a ZS 

patientt (B) were obtained by Nycodenz equilibrium density gradient centrifugation as described 

inn materials and methods. Fractions were analyzed for the cytosolic marker PGI (black bars), the 

peroxisomall  marker CAT (gray bars) and PMK (open bars). Relative activities were expressed as 

aa percentage of total gradient activity present in each fraction. The pattern of distribution of 

PMKK activity and PMK protein as determined by immunoblot analysis with an affinity purified 

antibodyy raised against human PMK is similar to the pattern of PGI activity. 

Humann fibroblasts derived from a control subject (C) or a ZS patient (D) were incubated with 

increasingg concentrations of digitonin as described in materials and methods. Supernatant 

(openn symbols) and pellet (closed symbols) fractions were analyzed for the activities of the 

cytosolicc marker PGI (square), the peroxisomal marker CAT (triangle) and PMK (circle). 

Relativee activities were expressed as a percentage of total activity (supernatant + pellet) present 

inn each fraction. The pattern of latency of PMK activity and PMK protein as determined by 

immunoblott analysis with an affinity purified antibody raised against human PMK is similar to 

thee pattern of PGI activity. 
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markerr metallo matrix protein 7 (MMP7) (MMP-7 Ab-i (Clone 1D2), Labvision). PMK 
antibodiess were visualized using biotinylated Donkey-anti-Rabbit Ig (Amersham) and 
streptavidin-labeledd fluorescein isothiocyanate (DAKO). Catalase and MMP7 were 
visualizedd using Goat-anti-Mouse-labeled Alexa568 (Molecular Probes). Pictures were 
takenn using a confocal laser scanning microscope (Leica). 

ImmunocytochemistryImmunocytochemistry of liver samples 
Humann liver biopsies were fixed in 4% formaldehyde in 0.1 M sodium cacodylate buffer 
(pH=7.3)) containing 1% calcium chloride and processed for Unicryl embedding and 
sectioningg as described (18, 19). Ultra thin sections of Unicryl embedded samples were 
incubatedd with polyclonal antibodies against PMK (11) or the peroxisomal 
alanine/glyoxylatee aminotransferase (AGT) (20), decorated with colloidal gold and 
examinedd by electron microscopy as previously described (18). Negative controls were 
incubatedd with normal rabbit serum. 

RESULTS S 

SubcellularSubcellular fractionation of PMK in human fibroblasts 
Too determine whether in human cells PMK is localized in the cytosol or the peroxisomes or 
both,, we first performed subcellular fractionation studies with human skin fibroblasts. As a 
controll  we included fibroblasts from a ZS patient laching any peroxisomal remnants (13). 
Afterr growth of the cells in lipoprotein-depleted medium to assure optimal induction of the 
isoprenoidd biosynthetic pathway, we prepared a post-nuclear supernatant, which was 
furtherr fractionated by Nycodenz equilibrium density gradient centrimgation. In the 
normall  fibroblasts, this resulted in a clear separation of peroxisomes and cytosol as 
reflectedd by the distribution of the peroxisomal marker enzyme CAT and the cytosolic 
markerr enzyme PGI (Fig. lA) . In the ZS fibroblasts both marker enzymes colocalize, as 
expectedd from the absence of peroxisomes that leads to the cytosolic localization of 
peroxisomall  enzymes (Fig. lB). When PMK activity was measured in the gradient 
fractions,, the activity showed the same distribution as the cytosolic marker PGI both in the 
normall  fibroblasts (Fig. lA) and in the ZS fibroblasts (Fig. lB). Immunoblot analysis of the 
fractionss from the same density gradients using affinity-purified antiserum against human 
PMKK revealed a similar distribution pattern for PMK protein as for PMK activity (Fig. lA, 
B). . 

DigitoninDigitonin permeabilization studies in human fibroblasts 
Ass an alternative approach to study the subcellular localization of PMK in human 
fibroblastsfibroblasts we exposed the cells to increasing concentrations of digitonin. When we 
measuredd the enzyme activities of CAT and PGI in supernatant and pellet fractions of 
normall  fibroblasts we found a clearly different enzyme release profile for CAT compared to 
PGII  (Fig. lC). This indicates that the plasma membrane was disrupted at a lower 
concentrationn of digitonin, resulting in the release of cytosolic PGI, while the peroxisomal 
membraness are only permeabilized at higher concentrations of digitonin resulting in the 
releasee of the peroxisomal matrix content, including CAT. As expected, in the ZS 
fibroblastsfibroblasts lacking peroxisomes, no difference in the release of PGI and CAT by digitonin 
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wass observed (Fig. lD). When we measured PMK activity in all pellet and supernatant 
fractions,, we found that the release of PMK from the normal fibroblasts into the 
supernatantt fractions occurs at the same concentration of digitonin as cytosolic PGI (Fig. 
lC).. In the ZS fibroblasts, PGI, CAT and PMK were released from the cells at the same 
digitoninn concentration (Fig. lD). Immunoblot analysis of the various fractions using the 
antiserumm against human PMK, revealed a similar distribution pattern for PMK protein as 
forr its activity (Fig. lC, D). Thus, also in digitonin permeabilization studies human PMK 
behavess similar as cytosolic PGI and clearly different than peroxisomal CAT. 

ImmunofluorescenceImmunofluorescence studies in fibroblasts 
Wee also studied the subcellular localization of human PMK by immunofluorescence 
microscopy.. To this end we performed double labeling of fibroblasts cultured in 
lipoprotein-depletedd medium using the polyclonal anti-PMK antiserum and monoclonal 
antibodiess directed against human peroxisomal CAT directed against human cytosolic 
MMP7,, a cytosolic marker (Fig. 2). 

Figur ee 2. Human fibroblasts derived from a control subject (A-D) or a ZS patient (E-H) were 
labeledd with antibodies as described in materials and methods. Cells were double labeled using 
antibodiess directed against PMK (A, E) and the peroxisomal marker CAT (B, F) or with 
antibodiess directed against PMK (C, G) and the cytosolic marker MMP7 (D, H). PMK shows the 
samee pattern as the cytosolic MMP7 in both cell lines. PMK shows co-localization with CAT in 
thee ZS fibroblasts in which CAT is localized in the cytosol but no co-localization is observed 
betweenn PMK and the peroxisomal CAT in control fibroblasts. 

Whenn we compared the immunolabeling of PMK in the normal fibroblasts and ZS 
fibroblasts,fibroblasts, we observed a similar cytosolic distribution pattern of the fluorescent signal in 
bothh cell lines, indicating that the presence or absence of peroxisomes does not affect the 
localizationn of PMK. Moreover, there was no co-localization of PMK and CAT in the normal 
fibroblastss while in the ZS fibroblasts the distribution pattern of CAT is superimposable to 
thatt of PMK indicating a co-localization of CAT and PMK in the cytosol. Also when we 
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comparedd the fluorescent signals obtained with anti-PMK and anti-MMP7 we found a clear 
colocalizationn in the cytosol both in normal fibroblasts and ZS fibroblasts. 
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Figur ee 3. Subcellular fractions of human fibroblasts derived from an FHC patient (A), HEK293 
(B)) cells or CVi cells (C) overexpressing full length human PMK were obtained by Nycodenz 
equilibriumm density gradient centrifugation as described in materials and methods. Fractions 
weree analyzed for the cytosolic marker PGI (black bars), the peroxisomal marker CAT (gray 
bars)) and PMK (open bars). Relative activities were expressed as a percentage of total gradient 
activityy present in each fraction. The pattern of distribution of PMK activity and PMK protein as 
determinedd by immunoblot analysis with an affinity purified antibody raised against human 
PMKK is similar to the pattern of PGI activity. 

Humann fibroblasts derived from an FHC patient (D), HEK293 cells (E) or CVi cells (F) 
overexpressingg full length human PMK were incubated with increasing concentrations of 
digitoninn as described in materials and methods. Supernatant (open symbols) and pellet (closed 
symbols)) fractions were analyzed for the activities of the cytosolic marker PGI (square), the 
peroxisomall  marker CAT (triangle) and PMK (circle). Relative activities were expressed as a 
percentagee of total activity (supernatant + pellet) present in each fraction. The pattern of latency 
off  PMK activity and PMK protein as determined by immunoblot analysis with an affinity 
purifiedd antibody raised against human PMK is similar to the pattern of PGI activity. 
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SubcellularSubcellular localization of human PMK in overexpressing cell lines 
Thee results of our various localization studies in human fibroblasts all indicate that 
endogenouss PMK is predominantly, if not exclusively, located in the cytosol and not in 
peroxisomes.. These results are in contrast with the reported peroxisomal localization of 
thee GFP-PMK fusion protein upon overexpression in CHO cells (4). To determine whether 
thiss discrepancy in localization might be due to the overexpression, we also studied the 
subcellularr localization of overexpressed PMK in various cell types. These include CVi and 
HEK2933 cells stably transfected with human PMK cDNA under control of the CMV 
promotorr and human FHC fibroblasts. 

Figur ee 4. Human fibroblasts derived from an FHC patient (A-D), HEK293 cells (E-H) or CVi 
cellss (I-L) overexpressing full length human PMK were labeled with antibodies as described in 
materialss and methods. Cells were double labeled using antibodies directed against PMK (A, E, 
I)) and the peroxisomal marker CAT (B, F, J) or with antibodies directed against PMK (C, G, K) 
andd the cytosolic marker MMP7 (D, H, L). The diffuse distribution pattern of PMK differs from 
thee punctate pattern of CAT but PMK shows the same pattern as the cytosolic MMP7 in all cell 
lines. . 

Afterr fractionation of the various PNS fractions of these cell lines by Nycodenz 
equilibriumm density gradient centrifugation followed by the measurement of PGI, CAT and 
PMKK activities and PMK protein content in all fractions we found again a distribution 
patternn of PMK similar to cytosolic PGI and clearly distinct from peroxisomal CAT in all 
celll  lines (Fig. 3A-C). This was the case for endogenously overexpressed human PMK (FHC 
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(Fig.. 3A)), constitutively overexpressed human PMK (HEK-PMK; Fig. 3B, CVi-PMK; Fig. 
3C)) as well as for endogenously expressed human PMK (HEK- cells; not shown) and 
monkeyy PMK (CVi- cells; not shown). Also after selective permeabilization of the cellular 
membraness using increasing concentrations of digitonin, we found that both endogenously 
andd constitutively overexpressed human PMK behave similar as cytosolic PGI (Fig. 3D-F). 
Moreover,, immunofluorescent labeling of the endogenously and constitutively 
overexpressedd human PMK shows a cytosolic localization superimposable to that of 
cytosolicc MMP7 protein, and clearly different from the localization of CAT in these cell 
liness (Fig. 4). 

ImmunocytochemicalImmunocytochemical studies in human liver 
Whilee our combined data show that, at least in humans, PMK is predominantly a cytosolic 
protein,, they cannot exclude the possibility that a minor amount of PMK is localized in 
peroxisomes.. Therefore, we also performed immunocytochemical studies with ultra thin 
sectionss and cryostat sections of human liver, the organ with the highest expression of the 
enzymess of the pre-squalene segment of the isoprenoid biosynthesis pathway. 

Inn immunogold labeling experiments using the antibodies directed against human PMK 
wee found only occasional labeling in the cytoplasm of the liver parenchymal cells. Although 
wee carefully checked a large number of peroxisomes we were unable to detect any labeling 
off  PMK in these peroxisomes (Fig. 5A). Moreover, even after incubation with higher 
concentrationss of antibodies, as a result of which non-specific labeling strongly increased, 
noo peroxisomal labeling could be observed (not shown). As a control we also performed 
immunogoldd labeling experiments on the liver sample sections with antibodies against 
peroxisomall  AGT. This revealed a distinct label in the peroxisomal matrix (Fig. 5B), while 
noo label was observed in negative controls. 

DISCUSSION N 

Compartmentalizationn of cellular processes into different subcellular compartments is one 
off  the major characteristics of eukaryotic cells. After their discovery in the sixties, an 
increasingg number of important metabolic pathways have been attributed to peroxisomes. 
Inn the past decade, a predominant peroxisomal localization has also been reported for 
severall  enzymes functioning in the pre-squalene segment of the cholesterol/isoprenoid 
biosynthetiss pathway, including 3-hydroxy-3-methylglutaryl CoA reductase (2), 
mevalonatee kinase (3), PMK (4), mevalonate pyrophosphate decarboxylase (5), isopentenyl 
pyrophosphatee isomerase (6) and farnesylpyrophosphate synthase (9, 10). However, 
conflictingg results have been reported raising doubts about the postulated role of 
peroxisomess in isoprenoid biosynthesis, at least in humans. In this study we have sought 
confirmationn for the claim that PMK would be predominantly peroxisomal and, as a 
consequence,, peroxisomes would play a central role in the biosynthesis of isoprenoids, 
includingg cholesterol. To this end, we have studied the subcellular localization of human 
PMKK using a variety of biochemical and microscopical techniques. These include 
conventionall  subcellular fractionation studies, digitonin permeabilization studies, 
immunofluorescencee microscopy, and immunoelectron microscopy. We found an exclusive 
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cytosolicc localization of both endogenously expressed human PMK (in human fibroblasts, 
humann liver and HEK293 cells) and overexpressed human PMK (in human fibroblasts, 
HEK2933 cells and CVi cells). No indication of a peroxisomal localization of human PMK 
wass obtained. 

Figur ee 5. Immunocytochemistry of human control liver. (A) Ultrathin Unicryl sections of 
humann liver were immunolabeled with the affinity purified antibodies against PMK. The 
peroxisomess (P) remain unlabelled. (B) Ultrathin Unicryl sections immunolabeled with 
antibodiess against against AGT reveals a clear localization in the peroxisomal matrix. Scale bar 
== 500 nm; M, mitochondria. 

Ourr results are in line with our recent finding of a normal PMK activity in cells of 
patientss who suffered from Zellweger syndrome (11,12) but disagree with those published 
byy Olivier et al who postulated a predominant peroxisomal localization of human PMK 
basedd on the peroxisomal localization of a GFP-PMK fusion protein (4). Moreover, 
expressionn of a GFP-PMK in PTSi protein import deficient fibroblasts revealed a cytosolic 
localizationn of the fusion protein which led to the suggestion that PMK may be imported 
intoo peroxisomes via the PTSi protein import pathway (4). Since the authentic non-
modifiedd human PMK is not imported into peroxisomes but localized in the cytosol, this 
suggestss that apparently the fusion of PMK to GFP alters the PMK protein conformation 
therebyy exposing its C-terminal SRL sequence and leading to peroxisomal import. 
Presumably,, this C-terminus is not exposed and recognized by the PTSi receptor in the 
authenticc PMK. The combined data imply that one should be very careful with drawing 
definitee conclusions from studies using overexpressed reporter constructs when these are 
nott confirmed by studies to the authentic protein under physiological conditions. Another 
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observationn arguing against a peroxisomal localization of PMK is the fact that several 
organismss including yeast, contain a PMK that has no similarity to mammalian PMKs and, 
moreover,, do not possess a putative PTS signal although the peroxisomal import 
machineryy is well conserved among yeasts and mammals (21). 

Noww that we have shown that, at least in human cells, PMK is not localized in 
peroxisomess but in the cytosol, one can raise questions on the supposed peroxisomal 
localizationn of other enzymes functioning in the pre-squalene segment of the isoprenoid 
biosyntheticc pathway. In fact, Michihara et al recently reported a predominant cytosolic 
localizationn of rat and mouse mevalonate pyrophosphate decarboxylase, which had been 
postulatedd also to be peroxisomal (22, 23). Moreover, using a similar approach as for 
humann PMK in this study, we found that also human mevalonate kinase (24) and 
mevalonatee pyrophosphate decarboxylase (manuscript in preparation) are localized in the 
cytosoll  and not in peroxisomes. All these data strongly suggest that peroxisomes in 
humanss are not involved in isoprenoid/cholesterol biosynthesis and corroborate well with 
ourr previous findings that functional peroxisomes are not required for isoprenoid 
biosynthesiss (11,12). 
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SUMMARY Y 

Thee importance of the cholesterol/isoprenoid biosynthetic pathway for 
humann development and health is emphasized by the multipl e morphogenies, 
developmentall  and neurological abnormalities associated with inborn error s 
inn thi s pathway. The subcellular  localization of the pathway is a controversial 
subject.. In the past decade several reports have suggested that peroxisomes 
playy a critica l role in the pathway since several of the enzymes involved have 
beenn reported to be localized predominantly in these organelles. However, 
otherr  reports do not support thi s peroxisomal localization. In thi s study, the 
subcellularr  localization of one of the enzymes, human mevalonate 
pyrophosphatee decarboxylase, was studied by conventional subcellular 
fractionatio nn and digitonin permeabilisation studies, immunofluorescence 
microscopyy and immunoelectron microscopy. An exclusive cytosolic 
localizationn was found for  both endogenous human mevalonate 
pyrophosphatee decarboxylase (in human fibroblasts, liver  and HEK293 cells) 
andd overexpressed mevalonate pyrophosphate decarboxylase (in human 
fibroblasts,fibroblasts, HEK293, CVi cells). We did not obtain any indication for  a 
peroxisomall  localization. Our  results do not support a central role of 
peroxisomess in the cholesterol/isoprenoid biosynthetic pathway. 

INTRODUCTION N 

Mevalonatee pyrophosphate decarboxylase (MPD; E.C. 4.1.1.33) is one of the early enzymes 
off  the cholesterol/isoprenoid biosynthetic pathway which provides the cell with the 
isoprenee unit isopentenylpyrophosphate (IPP). IPP is the building block of a wide variety 
off  sterols and non-sterol isoprenoids that are involved in diverse cellular processes, 
includingg cell growth and differentiation, glycosylation, signal transduction, and electron 
transportt (1). 

Thee prevailing view with respect to the subcellular distribution of the enzymes involved 
inn the cholesterol/isoprenoid biosynthesis is that peroxisomes, subcellular organelles 
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implicatedd in a variety of metabolic processes, play a central role in the early, pre-squalene 
partt of the pathway (2). This view is based on various reports indicating that several 
enzymess involved in the conversion of acetyl-CoA into IPP are partly or even 
predominantlyy located in peroxisomes (3, 4, 5, 6, 7). 

MPDD catalyzes the sixth reaction of the isoprenoid/cholesterol biosynthetic pathway 
whichh is the decarboxylation and hydration of mevalonate pyrophosphate to produce IPP. 
Thee postulation that MPD would be located in peroxisomes is based on the following 
observations.. Firstly, in some livers of patients suffering from Zellweger syndrome, which 
doo not contain peroxisomes, a 60% decrease in MPD activity was found (8). Since 
peroxisomee deficiency often leads to degradation and/or inactivation of peroxisomal 
enzymess as a result of the mislocalization to the cytosol, this decreased activity has been 
explainedd to be indicative of a peroxisomal localization of MPD. Secondly, latency of MPD 
activityy was found in monkey kidney (CVi) cells after selective permeabilisation of cellular 
membraness with digitonin (6). This latency was similar to the latency of the peroxisomal 
catalase,, suggesting that both enzymes are located in the same subcellular compartment. 
Thirdly,, immunofluorescence microscopy performed with CHO cells and peroxisomal 
targetingg sequence (PTS) 1 protein import-deficient human fibroblasts, transiently 
transfectedd with an amino-terminal fragment (47 amino acids) of human MPD tagged with 
ann HA epitope revealed a punctate pattern similar to the distribution of the peroxisomal 
catalasee suggesting that the amino terminus harbours a PTS2-like PTS (9). Indeed, 
transientt transfection of this construct in PTS2 protein import-deficient fibroblasts 
resultedd in a cytosolic localization, suggesting that the construct is imported into 
peroxisomess via the PTS2 receptor protein PEX7 (9). Finally, transient transfection of the 
samee construct lacking the SVX5QL sequence resulted in a cytosolic localization indicating 
thatt this sequence might be a novel PTS2-like signal (9). 

Otherr data, however, do not support a peroxisomal localization of MPD. Firstly, we 
measuredd normal MPD activity and MPD protein levels in fibroblasts and liver 
homogenatess of patients with a peroxisome biogenesis defect and in liver homogenates of 
PEX5PEX5 knock-out mice (10, 11). Moreover, also in PTS2 protein-import deficient cells from 
patientss affected with rhizomelic chondrodysplasia punctata no deficient activity was 
observedd (unpublished data). Secondly, selective permeabilization with digitonin of rat 
hepatocytes,, normal rat kidney cells or mouse melanoma (B16F10) cells resulted in a 
completee release of MPD protein similar to the release of the cytosolic lactate 
dehydrogenase,, suggesting that both enzymes are in the same subcellular compartment. 
Underr these conditions peroxisomal catalase activity was completely retained in the cells 
(12,, 13). Thirdly, after subcellular fractionation of B16F10 cells, the MPD protein was 
recoveredd in fractions which contained only cytosolic (and no peroxisomal) proteins 
indicatingg that MPD is a cytosolic protein (13). Furthermore, immunofluorescence 
microscopyy in rat hepatocytes using purified antibodies directed against rat MPD showed a 
cytosolicc localization of the MPD protein (12). Finally, in conventional subcellular 
fractionationn studies performed with HepG2 cells, we never have been able to demonstrate 
aa peroxisomal localization of MPD activity (unpublished data). 

Inn summary, from the combined data one may conclude that MPD is a cytosolic protein 
inn rat and mouse cells while in human cells the subcellular localization is not clear. So far, 
thee subcellular distribution of human MPD has been studied mostly in overexpression 
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systemss using constructs containing only the ami no-terminal part of MPD. However, it 
remainss to be determined whether the authentic human protein is a peroxisomal or 
cytosolicc protein or both. This prompted us to initiate a thorough study to conclusively 
determinee the subcellular localization of human MPD both under normal conditions and 
whenn overexpressed in cell lines. Using a variety of biochemical and microscopical 
techniques,, we found a cytosolic localization of both endogenously expressed and 
overexpressedd MPD and no indication of a peroxisomal localization. 

MATERIAL SS AND METHODS 

CellCell lines and culture conditions 
Primaryy skin fibroblasts were obtained from a healthy control subject, from a patient who 
sufferedd from Zellweger syndrome and who was a homozygote for an insertion mutation in 
thee PEX19 gene (14), and from a patient affected with homozygous familial 
hypercholesterolemiaa (FHC) (GM00701, Coriell cell repositories). The fibroblasts were 
culturedd in HAM F-10 containing 10% FCS and 1% penicillin/streptomycin in a 
temperaturee and humidity controlled incubator (95% air, 5% C02 as the gas phase) at 
37°C.. Prior to experiments the cells were grown until 70-80% confluency after which the 
mediumm was substituted with HAM containing 10% lipoprotein (cholesterol)-depleted fetal 
calff  serum. Experiments were performed after 72 hours of culturing in lipoprotein 
(cholesterol)-depletedd medium. 

Forr MPD expression studies, the HEK293 Flp-In and CVi Flp-In cell lines (Invitrogen) 
weree used and cultured in DMEM containing 10% FCS, 1% penicillin/streptomycin and 
1000 ng/ml hygromycin in a temperature and humidity controlled incubator (95% air, 5% 
C022 as the gas phase) at 37°C. Prior to experiments the cells were grown until 70-80% 
confluencyy after which the medium was substituted for DMEM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum. Experiments were performed after 24 hours of 
culturingg in lipoprotein (cholesterol)-depleted medium. 

GenerationGeneration of cell lines stably overexpressing human MPD 
Thee open reading frame (ORF) of human MPD cDNA was amplified by PCR from cDNA 
preparedd from human skin fibroblasts and ligated as a BamHl-XhoI fragment under 
controll  of the CMV promoter in the pcDNAs/FRT vector (Invitrogen). The entire insert 
wass sequenced to assure the absence of taq polymerase-introduced errors. 

HEK2933 Flp-In cells or CVi Flp-In cells were cultured in Dulbecco's modified Eagle's 
mediumm (DMEM), containing 10% fetal calf serum (FCS), 1% penicillin/streptomycin. 
Stablee MPD-expressing cell lines were generated by co-transfection of the POG44 and 
PCDNA5/FRT-MPDD (CVi and HEK293) using lipofectamine plus reagent in growth 
mediumm without zeocin according to the manufacturer's recommendations (Invitrogen). 
Forty-eightt hours after transfection, hygromycin B was added to the medium to a final 
concentrationn of 100 ug/ml, and the media were changed every 3-4 days until hygromycin-
resistantt colonies were evident. Control hygromycin-resistant cell lines were generated by 
co-transfectionn of the POG44 with the empty pcDNAs/FRT vector. For expression studies 
thee HEK293 Flp-In cell lines, stably expressing human MPD (HEK-MPD), CVi Flp-In cell 
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liness stably expressing human MPD (CVi-MPD) and the control cell lines transfected with 
emptyy pcDNAs/FRT (HEK- or CVi-) were cultured in DMEM containing 10% FCS, 1% 
penicillin/streptomycinn and 100 ug/ml hygromycin. The activity in cells overexpressing 
humann MPD was 5 times higher compared to the control cell lines. 

SubcellularSubcellular fractionation 
Forr subcellular fractionation studies, cells were cultured in 162-cm2 Falcon flasks, 
harvested,, washed three times with PBS and two times with fractionation buffer (0.25 M 
sucrose,, 1 mM EDTA, 10 mM HEPES, 1 mM phenylmethylsulfonyl fluoride, pH=7-4). Next, 
thee cells were homogenized using a ball bearing cell cracker (EMBL, Germany), after which 
thee post nuclear supernatant (PNS, 10', 500 x g) was layered on top of a continuous 
nycodenzz gradient (15-35%), with a cushion of 1 ml 50% nycodenz in 0.25 mM sucrose, 5 
mMM MOPS, 1 mM EDTA, and 2 mM KC1 (pH=7-3). Gradients were centrifuged for 2.5 
hourss in a vertical rotor (MSE 8x35) at 19,000 rpm at 4°C. After centrifugation, 16-19 
fractionss were collected from the bottom of the gradient. 

CellCell permeabilization with digitonin 
Celll  permeabilization experiments were performed essentially as described by Biardi et al. 
(6)) with a few modifications. HEK293 and CV-i cells were seeded in 60 mm plates at a 
densityy of 3.0 x IOS cells/plate and fibroblast cells at a density of 2.0 x ios cells/plate. After 
culturingg for one or three days in DMEM or HAM containing 10% lipoprotein 
(cholesterol)-depletedd fetal calf serum, cells were washed twice with ice-cold KH buffer (50 
mMM HEPES, 110 mM KOAc, pH=7.2). The plates were then transferred on ice and 
incubatedd in KHM buffer (20 mM HEPES, 110 mM KOAc, 2 mM MgOAc, pH=7.2) 
containingg various concentrations of digitonin (o, 20, 50, 150, 500 or 1000 ug/ml) or, as a 
control,, 0.1% (w/v) triton X-100. After 5 minutes, the buffer was collected as supernatant 
fractionss and kept on ice. Subsequently, cells were incubated in KH buffer containing 1000 
ug/mll  digitonin. After 30 minutes, the buffer was collected as pellet fractions and kept on 
ice.. Enzyme measurements were done immediately in both fractions. 

EnzymeEnzyme assays 
MPDD activity was measured radiochemical̂ as described previously (10). Phospho gluco 
isomerasee (PGI) (15) and catalase (CAT) (8) activities were measured 
spectrophotometricallyy as described. 

ImmunoblotImmunoblot analysis 
Proteinss were separated by SDS-PAGE and transferred onto nitrocellulose by semidry 
blottingg (16). The highly specific affinity-purified antibody directed against human MPD 
(10)) was used at a 1:250 dilution. Antigen-antibody complexes were visualized with goat 
anti-rabbitt IgG-alkaline phosphatase conjugate and CDP-star. As a control for transfer of 
protein,, each blot was reversibly stained with Ponceau S prior to the incubation with 
antibodies. . 
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Figur ee l . Subcellular fractions of human fibroblasts derived from a control subject (A) or a ZS 

patientt (B) were obtained by nycodenz equilibrium density gradient centrifugation as described 

inn materials and methods. Fractions were analyzed for the cytosolic marker PGI (black bars) and 

thee peroxisomal marker CAT (gray bars). Relative activities were expressed as a percentage of 

totall  gradient activity present in each fraction. The pattern of distribution of MPD protein as 

determinedd by immunoblot analysis with an affinity purified antibody raised against human 

MPDD is similar to the pattern of PGI activity. 

Humann fibroblasts derived from a control subject (C) or a ZS patient (D) were incubated with 

increasingg concentrations of digitonin as described in materials and methods. Supernatant 

(closedd symbols) and pellet (open symbols) fractions were analyzed for the activities of the 

cytosolicc marker PGI (square) and the peroxisomal marker CAT (triangle). Relative activities 

weree expressed as a percentage of total activity (supernatant + pellet) present in each fraction. 

Thee pattern of latency of MPD protein as determined by immunoblot analysis with an affinity 

purifiedd antibody raised against human MPD is similar to the pattern of PGI  activity. 

Immunofluorescence Immunofluorescence 
Cellss were seeded on cover slides in 6 wells-plates and cultured as indicated in Cell lines 
andand culture conditions. Immunofluorescence was performed as described (17). Cells were 
doublee labeled with antibodies directed against human MPD (10) and the peroxisomal 
markerr catalase (18) or the cytosolic marker metallo matrix protein 7 (MMP7) (MMP-7 Ab-
11 (Clone 1D2), Labvision). MPD antibodies were visualized using biotinylated Donkey-anti-
Rabbitt Ig (Amersham) and streptavidin-labeled fluorescein isothiocyanate (Strep-Fitc). 
Catalasee and MMP7 were visualized using Goat-anti-Mouse-labeled Alexa568 (Molecular 
Probes).. Pictures were taken using a confocal laser scanning microscope (Leica). 
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LiverLiver immunoelectron microscopy 
Humann liver biopsies were fixed in 4% formaldehyde in 0.1 M sodium cacodylate buffer 
(pH=7-3)) containing 1% calcium chloride and processed for Unicryl embedding as 
describedd (19). Ultra thin sections of Unicryl embedded samples were immunostained with 
polyclonall  antibodies against MPD (10) or the peroxisomal alanine/glyoxylate 
aminotransferasee (AGT) (20) as previously described (19). Negative controls were 
incubatedd with normal rabbit serum. 

RESULTS S 

SubcellularSubcellular fractionation of MPD in humanfibroblasts 
Too determine whether human MPD is localized in the cytosol or the peroxisomes or both, 
wee first performed subcellular fractionation studies with human skin fibroblasts. As a 
controll  we included fibroblasts from a patient who suffered from Zellweger syndrome. 
Previouss studies have demonstrated that in this particular cell line no peroxisomal 
remnantss are present due to a homozygous insertion in the PEXig gene (14). After growth 
off  the cells in lipoprotein-depleted medium to assure optimal induction of the isoprenoid 
biosyntheticc pathway, we prepared a post-nuclear supernatant (PNS) which was further 
fractionatedd by nycodenz equilibrium density gradient centrifugation. In the normal 
fibroblasts,fibroblasts, this resulted in a clear separation of peroxisomes and cytosol as reflected by 
thee distribution of the peroxisomal marker enzyme catalase and the cytosolic marker 
enzymee PGI (Fig. lA) . In the ZS fibroblasts, both marker enzymes colocalize as expected 
fromm the absence of peroxisomes, which leads to the cytosolic localization of peroxisomal 
enzymess (Fig. lB). Immunoblot analysis of the fractions from the same density gradients 
usingg affinity-purified antiserum against human MPD revealed a similar distribution 
patternn for MPD protein as for PGI activity (Fig. lA, B). 

DigitoninDigitonin permeabilization studies in humanfibroblasts 
Ass an alternative approach to study the subcellular localization of MPD in human 
fibroblastss we exposed the cells to increasing concentrations of digitonin. Digitonin 
permeabilizess cellular membranes by complexing with cholesterol. Since the membranes of 
mostt cellular organelles contain lower levels of cholesterol than the plasma membrane, 
cellss wil l lose their cytosolic components at lower concentrations of digitonin than the 
organellarr contents. Indeed, when we measured the enzyme activities of CAT and PGI in 
supernatantt and pellet fractions of normal fibroblasts we found a clearly increased latency 
forr CAT compared to PGI (Fig. lC). This indicated that the plasma membrane was 
disruptedd first, resulting in the release of cytosolic PGI. The peroxisomal membranes, 
however,, are only permeabilized at higher concentrations of digitonin resulting in the 
releasee of the peroxisomal matrix content, including CAT, into the supernatant fraction. As 
expected,, in the ZS fibroblasts lacking peroxisomes, no difference in latency between PGI 
andd CAT was observed (Fig. lD). When we determined MPD protein by immunoblot 
analysiss in all pellet and supernatant fractions, we found that the release of MPD from the 
normall  fibroblasts into the supernatant fractions occurs at the same concentration of 
digitoninn as cytosolic PGI (Fig. lC). In the ZS fibroblasts, PGI, CAT and MPD were released 
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fromm the cells at the same digitonin concentration (Fig. lD). Thus, also in digitonin 
permeabilizationn studies human MPD behaves similar as cytosolic PGI and clearly 
differentt than peroxisomal CAT. 

ImmunofluorescenceImmunofluorescence studies infibroblasts 
Too study the subcellular localization of human MPD further, we performed 
immunofluorescencee microscopy making use of the highly specific affinity-purified 
polyclonall  antibodies directed against human MPD. To this end, we performed double 
labelingg of fibroblasts cultured in lipoprotein-depleted medium using the anti-MPD 
antiserumm and a monoclonal antibody directed against human peroxisomal CAT or a 
monoclonall  antibody directed against human MMP7, a cytosolic marker (Fig. 2). When we 
comparedd the immunolabeling of MPD in the normal fibroblasts and ZS fibroblasts, we 
observedd a similar cytosolic distribution pattern of the fluorescent signal in both cell lines, 
indicatingg that the presence or absence of peroxisomes does not affect the localization of 
MPD.. Moreover, there was no co-localization of MPD and CAT in the normal fibroblasts 
whilee in the ZS fibroblasts the distribution pattern of CAT is superimposable to that of 
MPDD indicating a co-localization of CAT and MPD in the cytosol. Also when we compared 
thee fluorescent signals obtained with anti-MPD and anti-MMP7 we found a clear 
colocalizationn in the cytosol both in normal fibroblasts and ZS fibroblasts. 

Figur ee 2. Human fibroblasts derived from a control subject (A-D) or a ZS patient (E-H) were 
labeledd with antibodies as described in materials and methods. Cells were double labeled using 
antibodiess directed against MPD (A, E) and the peroxisomal marker CAT (B, F) or with 
antibodiess directed against MPD (C, G) and the cytosolic marker MMP7 (D, H). MPD shows the 
samee pattern as the cytosolic MMP7 in both cell lines. MPD shows co-localization with CAT in 
thee ZS fibroblasts in which CAT is localized in the cytosol but no co-localization is observed 
betweenn MPD and the peroxisomal CAT in control fibroblasts. 
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SubcellularSubcellular localization of human MPD in overexpressing cell lines 
Thee results of the various localization studies in human fibroblasts all indicate that 
endogenouss MPD is at least predominantly, if not exclusively, located in the cytosol and 
nott in peroxisomes. These result are in apparent contrast to the reported peroxisomal 
localizationn of an overexpressed amino-terminal fragment of 47 amino acids of the human 
MPDD fused with an HA epitope upon transient transfection into human fibroblasts and 
CHOO (9). To determine whether this discrepancy in localization might be due to a 
differencee in expression levels, we decided to also investigate the subcellular localization of 
overexpressedd MPD in various cell types. These include CVi and HEK293 cells stably 
transfectedd with human MPD cDNA under control of the CMV promotor and human 

Figuree 3. Subcellular fractions of human fibroblasts derived from an FHC patient (A), 
HEK2933 (B) cells or CVi cells (C) overexpressing full length human MPD were obtained by 
nycodenzz equilibrium density gradient centrifugation as described in materials and methods. 
Fractionss were analyzed for the cytosolic marker PGI (black bars) and the peroxisomal marker 
CATT (gray bars). Relative activities were expressed as a percentage of total gradient activity 
presentt in each fraction. The pattern of distribution of MPD protein as determined by 
immunoblott analysis with an affinity purified antibody raised against human MK is similar to 
thee pattern of PGI activity. 

Humann fibroblasts derived from an FHC patient (D), HEK293 cells (E) or CVi cells (F) 
overexpressingg full length human MPD were incubated with increasing concentrations of 
digitoninn as described in materials and methods. Supernatant (closed symbols) and pellet (open 
symbols)) fractions were analyzed for the activities of the cytosolic marker PGI (square) and the 
peroxisomall  marker CAT (triangle). Relative activities were expressed as a percentage of total 
activityy (supernatant + pellet) present in each fraction. The pattern of latency of MPD protein as 
determinedd by immunoblot analysis with an affinity purified antibody raised against human 
MPDD is similar to the pattern of PGI activity. 
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fibroblastsfibroblasts from a patient homozygous for familial hypercholesterolemia, which exhibit 
fivefive times higher MPD activity when compared to control fibroblasts (Hogenboom et al., 
unpublishedd results). 

Afterr fractionation of the various PNS fractions of these cell lines by nycodenz 
equilibriumm density gradient centrifugation followed by the measurement of PGI and CAT 
activitiess and MPD protein content in all fractions we found again a distribution pattern of 
MPDD similar to cytosolic PGI and clearly distinct of peroxisomal CAT in all cell lines (Fig. 
3A-C).. This was the case for endogenously overexpressed human MPD (FHC (Fig. 3A)), 
constitutivelyy overexpressed human MPD (HEK-MK; Fig. 3B, CVi-MK ; Fig. 3C), 
endogenouslyy expressed human MPD (HEK- cells; not shown) and monkey MPD (CVi-
cells;; not shown). Also after selective permeabilization of the cellular membranes using 
increasingg concentrations of digitonin, we found that both endogenously and constitutively 
overexpressedd human MPD behaves similar as cytosolic PGI (Fig. 3D-F). Moreover, 
immunofluorescentt labeling of the endogenously and constitutively overexpressed MPD 
showss a cytosolic localization superimposable to that of cytosolic MMP7 protein, and 
clearlyy different from the localization of CAT in thesee cell lines (Fig. 4). 

Figur ee 4. Human fibroblasts derived from an FHC patient (A-D), HEK293 cells (E-H) or CVi 
cellss (I-L) overexpressing full length human MPD were labeled with antibodies as described in 
materialss and methods. Cells were double labeled using antibodies directed against MPD (A, E, 
I)) and the peroxisomal marker CAT (B, F, J) or with antibodies directed against MPD (C, G, K) 
andd the cytosolic marker MMP7 (D, H, L). The diffuse distribution pattern of MPD differs from 
thee punctated pattern of CAT but MPD shows the same pattern as the cytosolic MMP7 in all cell 
lines. . 
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ImmunoelectronImmunoelectron microscopy studies in human liver 
Whilee our combined data show that at least in humans, MPD is predominantly a 

cytosolicc protein, they cannot exclude the possibility that a minor amount of MPD is 
localizedd in peroxisomes. Therefore, we also performed immunogold labelling on ultrathin 
sectionss of human liver, the organ displaying the highest expression of the enzymes of the 
presqualenee segment of the isoprenoid biosynthesis pathway. 
Inn the immunogold labelling experiments using the highly specific affinity-purified 
polyclonall  antibodies directed against human MPD we found only occasional labelling in 
thee cytoplasm of the liver parenchyal cells. Although we carefully checked a large number 
off  peroxisomes we were unable to detect any labelling of MPD in these peroxisomes (Fig. 
5A).. Moreover, even after incubation with higher concentrations of antibodies, as a result 
off  which aspecific labelling strongly increased, no peroxisomal labelling could be observed. 
Ass a control we performed immunogold labelling experiments on sections of the same 
sampless with antibodies against peroxisomal AGT. This revealed a distinct label which was 
foundd in the peroxisomal matrix (Fig. 5B), while no label was observed in negative 
controls. . 

Figur ee 5. Electron microscopy of human control liver. (A) Ultrathin Unicryl sections of human 
liverr were immunostained with the affinity purified antibodies against MPD. The peroxisomes 
(P)) remain unlabelled. (B) Ultrathin Unicryl sections immunostained with antibodies against 
againstt AGT reveals a clear localisation in the peroxisomal matrix. Scale bar = 500 nm; M, 
mitochondria. . 

DISCUSSION N 

Thee cholesterol/isoprenoid biosynthetic pathway has been the subject of extensive studies 
inn the last decades. The importance of the pathway for human development and health is 
underlinedd by the identification of patients with inborn errors in this pathway, which are 
oftenn characterized by multiple morphogenic, developmental and neurological 
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abnormalities.. However, the subcellular localization of the enzymes involved in the 
pathwayy is still a very controversial subject. Various studies have suggested that, in 
additionn to enzymes involved in a variety of other metabolic pathways, peroxisomes 
predominantlyy harbor most of the enzymes involved in the presqualene part of the 
cholesterol/isoprenoidd biosynthetic pathway including 3-hydroxy-3-methylglutaryl CoA 
reductasee (3), mevalonate kinase (4), phosphomevalonate kinase (5), MPD (6), isopentenyl 
pyrophosphatee isomerase (7) and farnesylpyrophosphate synthase (8, 21). 

Thee peroxisomal localization of the authentic MPD, however, has not been 
demonstratedd in humans, although a reporter construct consisting of an amino terminal 
fragmentt of MPD fused to an HA tag was reported to end up in peroxisomes. In contrast, 
full-lengthh MPD has been shown to be cytosolic in rat and mice (12, 13). To conclusively 
determinee the subcellular localization of human MPD and the relevance of peroxisomes in 
cholesterol/isoprenoidd biosynthesis, we used a variety of techniques to study the 
localizationn of the enzyme, including conventional subcellular fractionation and cell 
permeabilizationn techniques, immunofluorescence and electron microscopy techniques. 
Ourr results unequivocally demonstrate that both endogenous (in human fibroblasts, 
humann liver and HEK293 cells) and overexpressed full-length human MPD (in human 
fibroblasts,fibroblasts, HEK293 and CVi cells) have an exclusive cytosolic but no peroxisomal 
localization. . 

Thiss conclusion is in line with our recent studies in which normal MPD activities and 
MPDD protein were found in patients suffering from peroxisome biogenesis disorders (10, 
11)) and with the cytosolic localization of MPD in rat and mouse (12, 13). The fact that 
humann MPD is a cytosolic enzyme raises questions about the postulated central role of 
peroxisomess in cholesterol/isoprenoid biosynthesis. In fact, using a similar approach as 
usedd for our localization studies of MPD, we also could demonstrate a cytosolic localization 
off  human mevalonate kinase and human phosphomevalonate kinase, two enzymes that 
hadd been postulated to be predominantly peroxisomal (manuscripts in preparation). 

Thesee combined results imply that peroxisomes may not play a central role in 
cholesterol/isoprenoidd biosynthesis. 
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Cholesteroll  is an essential component of mammalian cell membranes and a precursor of 
steroidd hormones, oxysterols and bile acids. Cholesterol plays also an essential role in 
embryogenesis.. Cholesterol is the major end product of the isoprenoid/cholesterol 
biosynthesiss pathway, which has a central role in cellular metabolism. In addition to 
cholesteroll  the pathway produces a variety of sterol and non-sterol isoprenoids which are 
vitall  for diverse cellular functions. These include for example ubiquinone-io, the side 
chainn of heme A, dolichol, isopentenyl tRNAs, and farnesyl and geranylgeranyl moieties 
thatt are used for the isoprenylation of proteins involved in cell signaling. 

Thee importance of the cholesterol/isoprenoid biosynthetic pathway for human 
developmentt and health is underlined by the identification of patients with inherited 
defectss in this pathway, which are often characterized by multiple morphogenic, 
developmentall  and neurological abnormalities. As a consequence, the 
cholesterol/isoprenoidd biosynthesis has been the subject of extensive studies in the last 
decade.. However, the subcellular localization of the pathway is still very controversial. 
Sincee the discovery of the pathway, many studies have reported that all enzymes involved 
inn the conversion of acetyl-CoA to farnesyl pyrophosphate, with the exception of 3-
hydroxy-3-methylglutaryl-CoAA reductase, are cytosolic, whereas all subsequent 
cholesterogenicc enzymes are located in the endoplasmic reticulum (ER). However, since 
thee beginning of the eighties several reports suggested that, besides enzymes involved in a 
varietyy of other metabolic pathways, peroxisomes may also contain at least some of the 
enzymess involved in the presqualene part of the cholesterol/isoprenoid biosynthetisis 
pathwayy including 3-hydroxy-3-methylglutaryl CoA reductase, mevalonate kinase, 
phosphomevalonatee kinase, mevalonate pyrophosphate decarboxylase, isopentenyl 
pyrophosphatee isomerase and farnesylpyrophosphate synthase. Although discrepancies in 
literaturee had already raised some doubt about the relevance of this peroxisomal pathway 
and,, in fact, the actual involvement of peroxisomes in isoprenoid biosynthesis, at the start 
off  this PhD project it was generally believed that peroxisomes play an essential role in this 
pathway. . 

Thee aim of this PhD project was to elucidate the role of peroxisomes in 
isoprenoid/cholesteroll  biosynthesis. Chapter 1 provides a review on the current knowledge 
onn human isoprenoid/cholesterol biosynthesis. The cholesterol/isoprenoid biosynthesis 
pathwayy is discussed, as well as the defects therein and the regulation of the pathway. 
Furthermore,, a detailed overview of all literature concerning the subcellular localization of 
thee various enzymes involved in cholesterol biosynthesis is given. 

Thee idea that peroxisomes would be involved in cholesterol biosynthesis started with the 
observationn that the clinical abnormalities of patients with defects in peroxisome 
biogenesiss (PBD patients) resemble those observed in patients with inborn errors in 
cholesteroll  biosynthesis. Furthermore, hypocholesterolemia (low levels of plasma 
cholesterol)) was observed in some PBD patients. PBD patients have a defect in the import 
off  peroxisomal proteins. As a consequence, proteins become mislocalized to the cytosol 
oftenn resulting in the degradation and inactivation of the proteins involved. Indeed, 
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measurementss of mevalonate kinase and phosphomevalonate kinase activities in liver 
homogenatess of PBD patients revealed decreased activities. From this, it was concluded 
thatt these enzymes must be localized in peroxisomes. However, in the beginning of the 
ninetiess conflicting results were published with respect to enzyme activities and de novo 
cholesteroll  biosynthesis measurements in PBD patients. In chapters 2 and 3, we report 
normall  or even increased enzyme activities and protein levels both in fibroblasts and liver 
homogenatess of PBD patients. We also measured normal or increased levels of de novo 
cholesteroll  biosynthesis in fibroblasts of PBD patients, using radiolabeled acetate as a 
substrate.. Furthermore, we also found normal enzyme activities and protein levels in liver 
homogenatess of PEX5 knock out mice. Moreover, we demonstrated that the decreased 
mevalonatee kinase and phophomevalonate kinase activities measured in some liver 
homogenatess are the result of the bad condition and/or preservation of the liver rather 
thann a result of mislocalization of the protein. Based on these data we conclude that 
peroxisomess are not a prerequisite for cholesterol/isoprenoid biosynthesis and that 
previouss conclusions of a peroxisomal localization of enzymes based on their deficiencies 
inn PBD patients are unjustified and incorrect. 

Mostt enzymes are inactivated and degraded as a result of mislocalization. However, the 
welll  known peroxisomal marker enzyme catalase is normally active when localized in the 
cytosol.. Consequently, the normal activities of the enzymes involved in cholesterol 
biosynthesiss do not exclude a peroxisomal localization of the enzymes. 

Ass already mentioned, also with respect to the localization of enzymes involved in 
cholesteroll  biosynthesis, conflicting results have been published suggesting a cytosolic or a 
peroxisomall  localization of the proteins. Most localization studies were performed in rat or 
withh the use of tagged and reporter proteins. However, at the beginning of this PhD study 
itt remained unclear whether the enzymes involved in the presqualene part of the 
cholesteroll  biosynthesis pathway are true peroxisomal enzymes under physiologial 
conditions.. Moreover, if the proteins are localized in peroxisomes, the physiological 
relevancee of it remained unclear since the loss of peroxisomes does not affect the enzyme 
activitiess or the de novo cholesterol biosynthesis. This prompted us to initiate a thorough 
studyy to determine the subcellular localization of the human enzymes mevalonate kinase, 
phosphomevalonatee kinase and mevalonate pyrophosphate decarboxylase, all involved in 
thee presqualene part of the cholesterol/isoprenoid biosynthesis pathway, and thus 
requiredd for the biosynthesis of all isoprenoids. These studies are described in chapters 4 
(mevalonatee kinase), 5 (phosphomevalonate kinase) and 6 (mevalonate pyrophosphate 
decarboxylase).. To avoid inconclusive results with tagged and reporter proteins we 
generatedd highly specific antibodies that recognize the authentic proteins enabling 
localizationn studies in cells under normal conditions as well as in cells overexpressing the 
humann proteins. We have studied the localization of the three human enzymes using a 
varietyy of biochemical and microscopical techniques. These include conventional 
subcellularr fractionation studies, digitonin permeabilization studies, immunofluorescence 
microscopy,, immunoelectron microscopy and immunohistochemistry. We found an 
exclusivee cytosolic localization of both the endogenously expressed human proteins (in 
humann fibroblasts, human embryonic kidney cell (HEK293) and human liver) and the 
overexpressedd human proteins (in human fibroblasts, HEK293 cells and monkey kidney 
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cells).. No indication of a peroxisomal localization of mevalonate kinase, 
phosphomevalonatee kinase and mevalonate pyrophosphate decarboxylase was obtained. 

Inn summary, in this thesis we describe that the enzymes mevalonate kinase, 
phosphomevalonatee kinase and mevalonate pyrophosphate decarboxylase are exclusively 
localizedd in the cytosol, at least in human cells. This corroborates with the results 
describedd in chapters 2 and 3. Our combined data strongly suggest that peroxisomes are 
nott involved in human isoprenoid/cholesterol biosynthesis. 
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Cholesteroll  is een vetachtige, niet in water oplosbare stof die voornamelijk door de lever 
wordtt aangemaakt en daarnaast door het lichaam wordt opgenomen uit voedsel. Vaak 
wordtt gesproken over twee soorten cholesterol: 'het goede' en 'het slechte'. De goede soort 
iss HDL-cholesterol. Deze verwijdert het teveel aan cholesterol uit het bloed en de 
vaatwanden.. De slechte cholesterolsoort noemt men LDL-cholesterol. Deze soort kan zich 
ophopenn aan de binnenkant van de bloedvaten, waardoor uiteindelijk hart- en vaatziekten 
kunnenn ontstaan. Wanneer men spreekt over een verhoogd cholesterolgehalte wordt 
meestall  het LDL-cholesterol bedoeld. Zonder cholesterol kan een mens echter niet leven. 
Cholesteroll  is namelijk een belangrijke bouwstof voor cellen in het lichaam. Ook kunnen 
vanuitt cholesterol weer andere stoffen gemaakt worden zoals bepaalde hormonen en gal. 
Daarnaastt speelt cholesterol een belangrijke rol bij de embryogenese, oftewel de 
ontwikkelingg van een baby voor de geboorte. 

Inn dit proefschrift gaat het niet over cholesterol dat opgenomen wordt uit het voedsel, 
maarr over cholesterol dat door het lichaam zelf aangemaakt wordt. Dit gebeurt 
voornamelijkk in de lever, maar kan ook in alle andere cellen van het lichaam plaatsvinden. 
Datt deze aanmaak erg belangrijk is voor het goed functioneren van het lichaam blijkt ook 
uitt het feit dat patiënten waarbij er iets fout gaat bij de aanmaak van cholesterol zeer 
ernstigee (aangeboren) afwijkingen hebben. Deze patiënten hebben vaak misvormingen in 
hett gezicht en vergroeiingen van de botten. Ook vertonen ze meestal een achterstand in 
verstandelijkee ontwikkeling. De aanmaak van cholesterol vindt plaats in ongeveer 20 
stappenn waarbij steeds de ene stof omgezet wordt in een andere stof, net zo lang totdat 
cholesteroll  is gevormd. Voor deze omzettingen zijn zogenaamde enzymen nodig, die de 
reactiess katalyseren (versnellen). De snelheid waarmee een enzym stof A in stof B kan 
omzettenn noemen we de activiteit van het enzym. 

Voorr dit proefschrift heb ik onderzoek gedaan naar de aanmaak van cholesterol en in het 
bijzonderr heb ik onderzocht op welke plaats in de cel deze aanmaak plaatsvindt. Een cel 
bestaatt uit verschillende compartimenten (organellen). Elk organel wordt door een 
membraann omgeven. Omdat de meeste stoffen niet zomaar door een membraan heen 
kunnenn gaan worden stoffen in dat organel van de andere organellen gescheiden. Door de 
diversee chemische processen in de cel onder te brengen in verschillende organellen kan de 
cell  de aanmaak en afbraak van stoffen beter reguleren. Elk organel heeft dan ook een 
aantall  specifieke functies. In dit proefschrift gaat het voornamelijk over de organellen 
genaamdd 'peroxisoom' en 'cytosol'. Het peroxisoom is een organel dat je je kunt voorstellen 
alss een bolletje in de cel. Elke cel bevat ongeveer 100 van deze bolletjes (peroxisomen). Het 
cytosoll  is eigenlijk niet echt een organel maar is het 'water' in de cel waarin de andere 
organellen,, en dus ook de peroxisomen, 'zwemmen'. Net als in peroxisomen en andere 
organellenn kan ook in het cytosol de aanmaak en afbraak van stoffen plaatsvinden. Op die 
manierr heeft het cytosol dus wel eenzelfde functie als een organel. In dit proefschrift gaat 
hett voornamelijk over de vraag of een deel van de aanmaak van cholesterol, en dan vooral 
dee eerste 8 stappen daarvan, plaatsvindt in het cytosol of in peroxisomen, met andere 
woordenn waar de cholesterolaanmaak gelokaliseerd is. Op het moment dat ik met dit 
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onderzoekk begon was er in de literatuur veel discussie over dit onderwerp. Sommige 
onderzoeksgroepenn dachten dat deze eerste stappen in de aanmaak van cholesterol 
plaatsvondenn in het cytosol en anderen dat dit gebeurde in peroxisomes Doordat iedereen 
verschillendee onderzoekstechnieken gebruikte was het moeilijk om met zekerheid te 
kunnenn zeggen waar deze aanmaak werkelijk plaatsvindt. In het algemeen bleek echter te 
wordenn aangenomen dat het peroxisoom de belangrijkste plaats in de cel is waar 
cholesteroll  aangemaakt wordt hoewel de bewijsvoering hiervoor niet bepaald overtuigend 
was. . 

Omm de lokalisatie van de cholesterolaanmaak te bestuderen is het het makkelijkst om te 
onderzoekenn waar de enzymen, die de verschillende stappen katalyseren, zich bevinden in 
dee cel. Ik beschrijf in het volgende gedeelte van deze samenvatting de verschillende wijzen 
vann onderzoek daarnaar. 

Hett idee dat peroxisomen betrokken zijn bij de aanmaak van cholesterol kwam 
voornamelijkk doordat patiënten die geen peroxisomen in hun cellen hebben (Zellweger 
patiënten)) klinische symptomen hebben die veel overeenkomsten vertonen met de 
symptomenn van patiënten met afwijkingen in de aanmaak van cholesterol. Bovendien 
hebbenn deze Zellweger patiënten soms ook een verlaagd cholesterolgehalte in hun bloed. 
Latenn we er even van uitgaan dat de enzymen die betrokken zijn bij de cholesterolaanmaak 
onderr normale omstandigheden in peroxisomen zitten. Bij Zellweger patiënten kunnen 
dezee enzymen dan niet op de juiste plek (in dit geval de peroxisomen) zitten omdat deze 
organellenn simpelweg bij hen niet aanwezig zijn in de cel. Deze enzymen worden dan wel 
doorr de cel gemaakt maar in plaats van dat ze naar het peroxisoom gestuurd kunnen 
worden,, blijven ze achter in het cytosol, het 'water' rondom de organellen. Omdat de 
omstandigheden,, zoals bijvoorbeeld de pH of zuurgraad, in het cytosol anders zijn dan in 
eenn peroxisoom kan een dergelijk enzym meestal niet goed functioneren en wordt het vaak 
(hoewell  niet altijd) afgebroken. In hoofdstuk 2 en 3 van dit proefschrift heb ik beschreven 
hoee we in stukjes lever en in huidcellen van Zellweger patiënten de activiteiten gemeten 
hebbenn van verschillende enzymen die betrokken zijn bij de eerste fase van de 
cholesterolaanmaak.. Ook hebben we gekeken of de enzymen nog aanwezig waren in de cel 
off  dat ze waren afgebroken. Uit ons onderzoek blijkt dat de gemeten enzymen normaal 
actieff  zijn, zowel in de lever als in de huidcellen van de Zellweger patiënten. Ook wordt het 
enzymm niet afgebroken. We vonden echter ook dat de activiteiten van twee enzymen die 
betrokkenn zijn bij de aanmaak van cholesterol (genaamd mevalonaat kinase en 
fosfomevalonaatt kinase) en die gewoonlijk normaal actief zijn in de Zellweger patiënten, in 
sommigee stukjes lever een verlaagde activiteit lieten zien. Ik heb onderzocht waardoor dit 
komtt en het blijkt dat deze enzymen snel inactief kunnen worden. De stukjes lever waarin 
wee de verlaagde activiteit hebben gemeten bleken afkomstig te zijn van overleden 
Zellwegerr patiënten. Doordat de stukjes lever pas enkele uren, tot meer dan een dag na het 
tijdstipp van overlijden konden worden ingevroren, lijk t het erop dat deze enzymen in de 
tussentijdd inactief zijn geworden waardoor een verlaagde activiteit werd gemeten. Uit deze 
proevenn kun je concluderen dat de enzymen die betrokken zijn bij de cholesterolaanmaak 
normaall  actief zijn bij patiënten die geen peroxisomen hebben en dat deze enzymen dus 
niett worden afgebroken in het cytosol. Oftewel, het bezitten van peroxisomen is voor een 
cell  op zich niet nodig om cholesterol te kunnen maken. 
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Uitt deze proeven kan echter niet de conclusie worden getrokken dat de enzymen 
normaliterr niet in peroxisomen gelokaliseerd zijn. Misschien kunnen de enzymen in het 
cytosoll  net zo goed functioneren als in het peroxisoom. Daarom heb ik nog een aantal 
anderee technieken gebruikt die beschreven worden in hoofdstuk 4, 5 en 6. In deze drie 
hoofdstukkenn worden steeds dezelfde technieken gebruikt om de lokalisatie van telkens 
eenn ander enzym (mevalonaat kinase, fosfomevalonaat kinase of mevalonaat pyrofosfaat 
decarboxylase)) te bepalen. De eerste techniek die ik heb gebruikt is subcellulaire 
fractionering.. Hierbij centrifugeer je de inhoud van de cellen op een zodanige wijze dat je 
dee verschillende groepen van organellen (peroxisomen, cytosol etc.) van elkaar scheidt. 
Doorr in de verschillende groepen van organellen (fracties) de enzymactiviteiten te meten 
kunn je bepalen in welke fractie (en dus in welk organel) de enzymactiviteit zich bevindt. 

Dee tweede techniek heet digitonine permeabilisatie. Hierbij wordt de cel voorzichtig lek 
gemaaktt met behulp van digitonine. Digitonine maakt het buitenste membraan van de cel 
kapott en daardoor lekt het cytosol uit de cel. Alles wat in de organellen, bijvoorbeeld de 
peroxisomen,, zit blijf t echter wel in de cel zitten. Door nu weer enzymactiviteiten te meten 
inn zowel de lekke cellen als in het uit de cel gelekte cytosol, kan bepaald worden of de 
enzymactiviteitt en dus het enzym in het cytosol zit of in één van de organellen. 

Dee derde techniek is immuunfluorescentie. Antilichamen (stoffen die een bepaald 
enzymm herkennen en er aan hechten) kunnen worden gekoppeld aan een fluorescent 
(lichtgevend)) stofje. Als je cellen incubeert met deze fluorescente antilichamen, dan 
hechtenn de antilichamen aan het enzym en als je de cellen vervolgens met een zogenaamde 
fluorescentiemicroscoopp bekijkt kun je zien waar in de cel het fluorescente stofje (en dus 
hett enzym) zich bevindt. 

Ikk heb al deze technieken gebruikt om de lokalisatie van de drie enzymen mevalonaat 
kinase,, fosfomevalonaat kinase en mevalonaat pyrofosfaat decarboxylase te bepalen. Uit 
allee experimenten kun je de conclusie trekken dat deze enzymen gelokaliseerd zijn in het 
cytosoll  en niet in peroxisomen zoals voor mijn onderzoek werd aangenomen. 

Samenvattendd heb ik in dit proefschrift met behulp van diverse biochemische, 
celbiologischee en microscopische technieken de lokalisatie bepaald van een aantal 
enzymenn die betrokken zijn bij de aanmaak van cholesterol. Daarnaast heb ik onderzoek 
gedaann naar de invloed van peroxisoom deficiëntie (de afwezigheid van peroxisomen zoals 
hett geval is in Zellweger patiënten) op de cholesterolaanmaak. Er kan geconcludeerd 
wordenn dat de door mij onderzochte stappen in de cholesterolaanmaak plaatsvinden in het 
cytosoll  en niet in peroxisomen zoals eerder werd aangenomen. Daarnaast kan 
geconcludeerdd worden dat de afwezigheid van peroxisomen zoals dat het geval is in 
Zellwegerr patiënten geen invloed heeft op de aanmaak van cholesterol. 

Hett onderzoek zoals beschreven in dit proefschrift is fundamenteel onderzoek. Het is dan 
ookk vrij moeilijk om een directe klinische relevantie van het onderzoek te kunnen noemen. 
Opp dit moment zijn er nog geen mogelijkheden om patiënten met afwijkingen in de 
aanmaakk van cholesterol te genezen. Er moet daarvoor eerst nog meer onderzoek gedaan 
wordenn naar de oorzaak van de afwijkingen; waardoor leidt een storing in de aanmaak van 
cholesteroll  tot een bepaalde klinische afwijking zoals botvervorming, iets wat zo op het 
eerstee gezicht niets met cholesterol te maken lijk t te hebben. Bij dit (fundamentele) 

121 1 



onderzoekk hoort dan ook alles wat maar iets te maken heeft met de cholesterolaanmaak 
zoalss bijvoorbeeld de lokalisatie van deze aanmaak. Men zou zich voor kunnen stellen dat 
hett op (zeer) lange termijn mogelijk is om patiënten in een heel vroeg stadium (al voor de 
geboorte)) het enzym wat bij hen niet goed werkt te geven. Hiervoor is het dan natuurlijk 
well  belangrijk dat men weet naar welke plek in de cel dit enzym 'gestuurd' moet worden 
zodatt het daar zijn werk kan doen. Dat is echter nu nog toekomstmuziek. 
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Hoera,, het is af! Bijna dan, want het dankwoord is en blijf t het meest gelezen stuk van je 
proefschrift.. En misschien ook wel het leukste stuk om te schrijven. Ik heb bij dit schrijven 
well  een beetje een tweedelig gevoel. Aan de ene kant ben ik blij dat mijn proefschrift af is, 
tochh een kroon op het werk van de afgelopen vier jaar. Aan de andere kant betekent dat 
ookk dat ik weg ga bij het lab GMZ en ik zal de gezelligheid daar ontzettend missen. 
Iedereenn was altijd in voor een kletspraatje en voor hulp als je die nodig had. 

Bestee Hans, ji j bent wel de motor achter dit proefschrift geweest. Zonder jou had ik 
misschienn het bijltj e er wel bij neergegooid na een jaar antilichamen maken, maar wat ben 
ikk blij dat ik ze heb! Het is soms moeilijk vechten tegen mensen die niet geloven in watje 
doett en daardoor niet altijd even goed 'reviewen', maar samen hebben we ze overtuigd van 
onss gelijk! Jouw strakke hand in het schrijven van artikelen heeft daar zeker ook een 
belangrijkee rol bij gespeeld. Ook al sta je tot je spijt niet meer op het lab, je bent wel heel 
toegankelijkk en enthousiast en ik heb altijd het gevoel gehad dat ik met alles bij je binnen 
konn lopen. Dank je wel voor alles. 

Bestee Ronald, jouw enthousiasme tijdens mijn 'sollicitatie'gesprek (volgens mij heb ik 
niett zo veel gezegd...) had me er snel van overtuigd dat ik bij jou wilde gaan promoveren; 
hierr was het leuk en deden ze prachtig onderzoek. Ik heb er nooit spijt van gehad en je 
enthousiasmee is gebleven. Het is me een genoegen om bij jou te mogen promoveren. 

Tijdenss mijn eerste stapjes in 'de wereld die cholesterol heet', werd ik geholpen door 
Sander,, Gerrit Jan en Janet. Samen met Hans vormden we het cholesterol-groepje. 
Inmiddelss is de samenstelling wat Vervrouwelijkt' doordat Sander en GJ vertrokken en 
Maritt en Saskia erbij zijn gekomen. De (ongeveer) twee-wekelijkse cholesterol-
besprekingenn zijn altijd erg vruchtbaar en leerzaam. Ik vond het erg fijn om een eigen 
groepjee te hebben binnen ons grote lab. Het heeft me altijd veel geholpen! 

Hoewell  het bezoek aan mijn grote concurrente Skaidrite Krisans nooit is doorgegaan (je 
kann goed surfen in San Diego, zei ze) heb ik toch nog 'buitenland ervaring' opgedaan. Beste 
Mare,, hartelijk bedankt voor uw hulp met de EM en de gastvrijheid, zowel op het 
laboratoriumm als bij u thuis. We hebben in zeer korte tijd een hoop belangrijke labelingen 
gedaann en samen een aantal prachtige artikelen gepubliceerd! 

Bestee Myriam Baes, de metingen in de PEX5-KO muizenlevers waren het o zo 
belangrijkee begin van dit proefschrift. Hartelijk dank ook voor de interesse door de jaren 
heen.. Leuk dat u in mijn promotiecommissie wil t plaatsnemen. 

Jeannettee en Ilse, mijn paranimfen. Ik denk dat julli e toch het meest hebben moeten 
aanhorenn over al mijn dagelijkse promotieleed. Al tijdens de eerste NOTP had ik bedacht 
hoee leuk het zou zijn om samen met julli e daar te staan en om samen de leuke dingen voor 
mijnn promotie te regelen. 

Lievee Jeannette, we zijn ongeveer tegelijk begonnen op het lab en nu bijna tegelijk 
gepromoveerd!!  Ik had niet kunnen denken dat we zulke goede vriendinnen zouden worden 
inn die tijd maar ik ben er heel erg blij mee! We blijven elkaar zeker nog vaak zien, maar ik 
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zall  het missen om niet meer elke dag samen met jou op het lab te staan...Het is me ook een 
groott plezier om ook jouw paranimf te mogen zijn volgende maand! 

Lievee Iel, al jaren mijn vriendinnetje en trouwe bondgenoot in het lijdzaam ondergaan 
vann vierkante wielen en andere ongein tussen Utrecht en Amsterdam. Samen met jou heb 
ikk een hoop gelachen en gehuild (meestal van het lachen) toen we nog echte scheiko's 
warenn (er lag een ijzeren matje achter de muur die stiekem een deur bleek... en hebben we 
diee rits eigenlijk nog gevonden?) en om alle strubbelingen en grappen van het leven zelf. 
Lievee vriendinnetjes, ik ben blij dat julli e naast me staan! En ik hoop dat we onder het 
genott van een glaasje (of twee...) witte wijn nog van een hoop chocoladefondues gaan 
genieten. . 

Dee eerste aio-etentjes waren met zijn vijven en gewoon bij iemand thuis. Eigenlijk zijn we 
begonnenn omdat Hans en Ronald dat zo'n goed idee vonden; zij hadden daar goede 
herinneringenn aan tijdens hun aio-periode en er zouden vaak goede wetenschappelijke 
discussiee van zijn gekomen. Inmiddels zijn we met 15 personen tijdens de aio-etentjes en 
gaann we in de stad eten. Net als vroeger zijn deze avonden altijd supergezellig en ondanks 
datt wij geen wetenschappelijke discussies voeren, versterkt het wel de onderlinge band en 
sfeerr op het lab. Ik heb het ook altijd graag georganiseerd en hoop dat ik als ex-aio nog een 
paarr keer mee mag. Jeannette (zouden ze echt iets met die leuke foto doen?), Daan (de 
taartt was heerlijk, maar wijnsteenzuur van het lab?!), Wouter (gaan we nog ooit zeilen?), 
Pedroo (wanneer is het jouw beurt?), Annemiek (knap hoor, promoveren en juf worden 
tegelijk),, Jolein (weer eentje uit Utrecht, leuk!), Marit (nu heb je weer ruimte op je 
bureau...),, Saskia (leuk als je peetnichtje er opeens ook werkt), Naomi (heb je echt 14 
stoelen?),, Ference (als mijn mentor-broertje hebben we samen de eerste scheikunde 
stapjess gemaakt), Robert-Jan (onze eerste papa-aio) en Jasper (de nieuwste aio-generatie), 
dankk julli e wel voor alle gezelligheid, hulp en interesse. Sander (we deelden zelfs ooit ons 
bureau),, Fred (zonder jou was de kaft nooit zo mooi geworden...) en Sacha (ook vaio-eet-
datess zijn erg leuk!), eigenlijk horen julli e niet meer in het aio-rijtje maar toch ook weer 
wel,, samen met Jeannette waren we de oprichters van de aio-etentjes, het is een groot 
success gebleven! 

Alss aio hoefje gelukkig niet alles zelf te doen. Erik, mijn eerste student, je won op school 
zelfss de posterprijs met je afstudeerwerk! John, je praatte de oren van mijn hoofd en je 
hebtt ongelofelijk veel blotjes, gradiënten en digi-proeven voor me gedaan. Je was een 
aanwinstt voor mij en voor de sfeer. Erik en John, ik ben erg blij dat julli e mij als student 
hebbenn geholpen. Ik heb er veel aan gehad, ik hoop dat hetzelfde voor julli e geldt. 

Daarnaastt ben ik ook door een aantal analisten van ons lab veelvuldig geholpen. Janet 
KK (moleculair biologisch hulp-wonder), Janet H (zou er nog een vector bestaan?), Patricia 
enn Petra (top-kwekers), Gerrit Jan (eigenlijk wist ji j al jaren dat die peroxisomen er niets 
meee te maken hadden), Conny, Rob en Carlo. Dank julli e wel. Verder zijn er nog een aantal 
mensenn die ons lab dagelijks draaiende houden: Rally, Annelies, Iet, Suzan, Maddy en Jan. 
Thanks. . 

All ee overige (en de hiervoor genoemde) GMZ-ers wil ik bedanken voor de goede sfeer, 
dee leuke lab-dagen, lunches, borrels en koffiepauzes. Als ik me ergens niet thuis voel, kan 
ikk daar niet lekker werken. Ik heb altijd heerlijk gewerkt op 'ons' lab. 
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Jann van Marie en Henk van Veen, hartelijk dank voor alle hulp met de EM en de confocol 
enn voor de gastvrijheid op julli e lab. 

Promoverenn doe je niet alleen, ook mensen buiten het lab hebben altijd geduldig geluisterd 
naarr alle verhalen en gezorgd voor de broodnodige afleiding en ontspanning in de avonden 
enn weekenden waardoor ik er met frisse moed tegenaan kon blijven gaan. Lieve Moniek (in 
zo'nn korte tijd één van mijn liefste vriendinnetjes!), Tessa (jammer dat je er niet bij bent, 
maarr de andere kant van de wereld is ook zo mooi!), Anouk (net op tijd weer terug 
gelukkig,, maar waar gaan we nu squashen?), Marieke (mijn enige echte 'buuv'), Michiel, 
Betty,, Judith (al 15 jaar!), Sjors, Sander, Jeannette, Ilse en alle anderen, dank julli e wel 
voorr julli e vriendschap 'for better and for worse', julli e zijn geweldig. 

Kitt yy en Rob, als petekind heb ik volgens mij een speciale plek bij jullie. Als peettante en 
peetoomm zijn julli e ook speciaal voor mij. Dank julli e wel voor alle interesse en steun. 

Joostt en Maartje, als kinderen konden we elkaar wel eens achter het behang plakken. De 
laatstee jaren zijn we naar mijn gevoel naast broertje en zusjes ook meer vrienden 
geworden.. Ik ben er blij mee. 

Lievee papa en mama, julli e zijn er altijd! Dat lijk t soms vanzelfsprekend, maar eigenlijk is 
datt het niet. Dank julli e wel voor alles, julli e zijn geweldige ouders! En pap, datje voor mij 
eenn pak aan gaat doen..., super! 

Nuu is het dan echt af en ga ik genieten van het feest! Promoveren is volgens mij net zoiets 
alss jarig zijn, maar dan nog leuker denk ik, een dag met een sterretje! 
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Sietskee Hogenboom werd geboren op 17 augustus 1976 in Arnhem. De middelbare 
schoolopleidingg werd door haar gevolgd aan het Nederrijn College te Arnhem, alwaar in 
19944 het VWO diploma behaald werd. 

Inn datzelfde jaar werd begonnen met de studie Scheikunde aan de Universiteit Utrecht. 
Inn september 1999 behaalde zij het doctoraal diploma waaraan het judicium met genoegen 
werdd toegekend. Als bijvakken werden Analytische Molecuul Spectroscopie (Dr. K.M.G.M. 
vann der Drift en Prof.dr. J. Haverkamp, faculteit Scheikunde, Universiteit Utrecht) en 
Medischee Microbiologie (Dr. W.T.M. Janssen, Dr. H. Snippe en Prof.dr. J. Verhoef, 
Eijkman-Winklerr Instituut, Universitair Medisch Centrum, faculteit Geneeskunde, 
Universiteitt Utrecht) gevolgd. Het afstudeeronderzoek werd uitgevoerd bij de sectie 
Biochemiee van Lipiden (Dr. T.B. Dansen en Prof.dr. K.W.A Wirtz, Faculteit Scheikunde, 
Universiteitt Utrecht). Tijdens haar studie was zij actief als bestuurslid van de Utrechtse 
Scheikundigee Studentenvereniging Proton en de Stichting P.A.C. 

Vanaff  september 1999 was de schrijfster van dit proefschrift werkzaam als onderzoeker 
inn opleiding bij het laboratorium Genetisch Metabole Ziekten in het Academisch Medisch 
Centrumm te Amsterdam. De meeste resultaten van dit onderzoek, dat werd uitgevoerd 
onderr leiding van Dr. H.R. Waterham en Prof.dr. R.J.A. Wanders, zijn beschreven in dit 
proefschrift. . 
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