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GENERALL INTRODUCTION; THE SUBCELLULAR LOCALIZATION OF THE 
ISOPRENOIDD BIOSYNTHESIS PATHWAY IN MAMMALS, AN OVERVIEW 

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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Figuree 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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Figuree 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.. LOCALIZATION 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 

H3CC ^ O H3C ^ O ' ^ - ^ SCoA 

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. 
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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, 

2 2 2 



GeneralGeneral Introduction 

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.. LOCALIZATION 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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