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ISoPreNoID BIoSyNTHeSIS PATHwAy

Introduction
The isoprenoid biosynthesis pathway plays an important role in cellular metabolism. 
It provides the cell with sterol and nonsterol isoprenoids which are incorporated into 
diverse classes of end products that participate in processes relating to cell growth, 
differentiation, glycosylation, isoprenylation and various signal transduction pathways 
[1;2]. Cholesterol is the major sterol end product of the pathway and is not only an 
important structural component of cellular membranes and myelin, but is also the 
precursor of oxysterols, steroid hormones and bile acids. Furthermore, cholesterol 
plays a crucial role in human embryogenesis and development [3]. In addition to the 
synthesis of sterol compounds, the isoprenoid biosynthesis pathway produces a variety 
of nonsterol isoprenoids. These include, among others: 1) ubiquinone-10 and the side 
chains of heme A, which are both involved in electron transport in the mitochondrial 
respiratory chain; 2) dolichol, a mediator of N-linked protein glycosylation; 3) isopentenyl 
tRNAs, involved in protein translation; 4) farnesyl and geranylgeranyl moieties, used 
for the prenylation of cellular proteins, which in most cases makes them membrane 
associated. Many isoprenylated proteins participate in important cellular functions, such 
as signal transduction, cell cycle control, cytoskeletal organization, intracellular vesicle 
traffic and inflammation [1;2].

Pathway intermediates and enzymes
The first part of the isoprenoid biosynthesis pathway is also known as the mevalonate 
pathway and consists of a series of reactions in which acetyl-CoA is converted into 
farnesyl pyrophosphate (FPP) (Figure 1). The pathway starts with two acetyl-CoAs, 
which are converted into acetoacetyl-CoA by the enzyme acetoacetyl-CoA thiolase. 
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) is then formed through the addition of 
a third acetyl-CoA by HMG-CoA synthase. The reduction of HMG-CoA is catalyzed by 
the rate-limiting enzyme of the pathway, HMG-CoA reductase, and yields mevalonate. 
Subsequently, mevalonate is phosphorylated twice, first by mevalonate kinase (MK) 
followed by phosphomevalonate kinase, which produces 5-phosphomevalonate and 
5-pyrophosphomevalonate, respectively. Decarboxylation of this latter compound by 
mevalonate pyrophosphate decarboxylase yields isopentenyl pyrophosphate (IPP). This 
basic C5 isoprene unit is used for the synthesis of all isoprenoid end products including 
some tRNAs in which IPP is added to adenosine. After isomerization of IPP to dimethylallyl 
pyrophosphate (DMAPP) by the enzyme isopentenyl pyrophosphate isomerase, a head-
to-tail condensation of IPP to DMAPP by farnesyl pyrophosphate synthase results in the 
formation of geranyl pyrophosphate (GPP). The same enzyme then adds another IPP to 
GPP, which forms FPP [1;4]. At the level of FPP, the pathway branches off into a sterol 
and nonsterol part of the isoprenoid biosynthesis pathway. 
The conversion of two FPP molecules into squalene is the first reaction exclusively 
committed to the synthesis of sterol end products. This reaction is catalyzed by squalene 
synthase and is followed by the condensation of squalene into lanosterol. To eventually 
generate C27 cholesterol from lanosterol, a series of at least 8 different enzyme reactions 
is required (Figure 2). This complex set of enzyme reactions include one methylation at 
C14 and two demethylations at C4, three reductions of the Δ14, Δ7 and Δ24 double 
bonds, one isomerization of Δ8 to Δ7 and one desaturation between C5 and C6. 
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Because most of the enzymes of the sterol part of the isoprenoid biosynthesis pathway 
are assumed to be rather nonspecific and can interact with various intermediates, their 
sequence may vary dependent on the tissue in which they occur. Therefore, two major 
routes involving the same enzymes are proposed, which, dependent in particular on the 
timing of reduction of the Δ24 double bond, postulate either 7-dehydrocholesterol or 
desmosterol as the ultimate precursor of cholesterol [5].

Figure 1. Isoprenoid biosynthesis pathway. The different enzymes involved are numbered as follows: 1. 
Acetoacetyl-CoA thiolase; 2. 3-Hydroxy-3-methylglutaryl-CoA synthase; 3. 3-Hydroxy-3-methylglutaryl-CoA 
reductase; 4. Mevalonate kinase; 5. Phosphomevalonate kinase; 6. Mevalonate pyrophosphate decarboxylase; 
7. Isopentenyl pyrophosphate isomerase; 8. Farnesyl pyrophosphate synthase; 9. Squalene synthase; 10. 
tRNA isopentenyltransferase; 11. Farnesyltransferase; 12. Heme A:farnesyltransferase; 13. Geranylgeranyl 
pyrophosphate synthase; 14. Dehydrodolichyl pyrophosphate synthase; 15. Geranylgeranyltransferase I or II; 
16. Decaprenyl pyrophosphate synthase.
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In the nonsterol part of the isoprenoid biosynthesis pathway FPP is the substrate for 
several enzymes to form different isoprenoid end products. For example, FPP can be 
used for the farnesylation of protoheme, which is the first step in the conversion of 
protoheme to heme A [6], or for the farnesylation of proteins. FPP is also the substrate 
for the synthesis of dehydrodolichol pyrophosphate. Furthermore, addition of one IPP to 
FPP by geranylgeranyl pyrophosphate synthase produces geranylgeranyl pyrophosphate 
(GGPP) that can either be used directly for geranylgeranylation of proteins or is further 
elongated to nonaprenyl or decaprenyl pyrophosphate. The latter is used for the 
biosynthesis of ubiquinone-10 [7].

Figure 2. Cholesterol biosynthesis pathway. For the synthesis of cholesterol two major routes have been 
proposed, which use the same enzymes but either postulate 7-dehydrocholesterol or desmosterol as ultimate 
precursor of cholesterol. The different enzymes involved are numbered as follows: 1. Squalene monooxygenase 
(squalene epoxidase); 2. Lanosterol synthase; 3. Desmosterol reductase (sterol Δ24-reductase); 4. Sterol C14 
demethylase; 5. Sterol Δ14-reductase; 6. Sterol C4 demethylase; 7. Sterol Δ8-Δ7-isomerase; 8. Lathosterol 
oxidase (sterol Δ5-desaturase); 9. 7-Dehydrocholesterol reductase (sterol Δ7-reductase).
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Regulation of the isoprenoid biosynthesis pathway
The isoprenoid biosynthesis pathway is regulated tightly in order to allow a constant 
production of sterol and nonsterol isoprenoids without risking overaccumulation of 
potentially toxic intermediates or products, such as cholesterol. HMG-CoA reductase 
is the rate-limiting enzyme of the isoprenoid biosynthesis pathway and therefore plays 
a central role in this regulation, which occurs at the transcriptional level and by three 
post-transcriptional mechanisms. 
At the transcriptional level, a feedback mechanism of the isoprenoid biosynthesis 
pathway in response to cholesterol levels is mediated by sterol regulatory element 
binding proteins (SREBPs), a family of membrane-bound transcription factors, which 
activate transcription of genes that are involved in the synthesis of cholesterol and 
its receptor-mediated uptake as plasma lipoproteins (LDL-receptor). In the absence of 
sterols, SREBPs bind to sterol regulatory element 1 (SRE-1) in promoter regions to activate 
transcription, however, they are not required for basal transcription when sterols are 
present [8]. All genes encoding enzymes involved in the biosynthesis of cholesterol 
contain SRE-1 in their promoter region and are subject to the feedback regulation of 
SREBPs [9;10]. Two genes, SREBP-1 and SREBP-2, encode for three SREBP proteins, 
SREBP-1a, SREBP-1c and SREBP-2. SREBP-1a and SREBP-1c originate from SREBP-1, as 
a result of alternative transcription initiation start sites and alternative splicing [10]. 
Besides regulating cholesterol biosynthesis (SREBP-2), SREBPs can also function in the 
regulation of fatty acid biosynthesis (SREBP-1a), lipogenesis (SREBP-1c) and glucose 
metabolism (SREBP-1c) [11].
SREBPs are members of the basic helix-loop-helix-leucine zipper family of transcription 
factors. Unlike other members of this family, SREBPs are synthesized as inactive precursors, 
which localize to the membrane of the endoplasmic reticulum (ER) and nuclear envelop. 
Each SREBP precursor consists of three domains: an N-terminal transcription factor 
domain, a middle domain containing two hydrophobic transmembrane segments and a 
C-terminal regulatory domain [10]. Through this C-terminal regulatory domain, SREBPs 
are tightly associated with the SREBP-cleavage-activating protein (SCAP). SCAP contains 
a so-called “sterol-sensing domain” that can directly bind cholesterol, which will induce 
a conformational change of SCAP enabling the interaction with Insig-1 or Insig-2, two 
membrane proteins of the ER. As a result, the strong interaction of SCAP with Insig 
retains the SREBP-SCAP complex in the ER [12-14]. In the absence of cholesterol, the 
interaction between SCAP and Insig weakens and SCAP will function as a chaperone 
to transport the SREBP to the Golgi. In this compartment the SREBP is cleaved in two 
subsequent steps by proteases called Site-1 and Site-2 proteases (S1P and S2P) thereby 
releasing the N-terminal transcription factor domain, which translocates to the nucleus 
and activates transcription by binding to the SRE-1 in promoter regions of multiple 
target genes [15;16].
Although all enzymes of the isoprenoid biosynthesis pathway are subject to 
transcriptional regulation, only HMG-CoA reductase can also be regulated by three post-
transcriptional mechanisms, such as translational efficiency, rate of protein degradation 
and modulation of enzymatic activity [8]. The translation rate of HMG-CoA reductase 
mRNA is controlled by nonsterol isoprenoids. For instance, inhibition of the pathway 
with statins, results in an efficient translation of HMG-CoA reductase mRNA, even in 
the presence of sterols. However, when the levels of nonsterol isoprenoids are restored 
by the addition of mevalonate, the translation rate reduces 5-fold [17]. The degradation 
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rate of HMG-CoA reductase protein is regulated by both sterol and nonsterol isoprenoids. 
HMG-CoA reductase is embedded in the ER membrane and contains a “sterol-sensing 
domain” like SCAP. In the presence of cholesterol one of the Insig proteins binds to 
this domain, which leads to ubiquitination and proteasomal degradation of HMG-
CoA reductase [18;19]. This degradation can be enhanced by nonsterol isoprenoids, 
including derivatives of FPP and GGPP (e.g. farnesol and geranylgeraniol) [19-22]. Finally, 
the catalytic activity of HMG-CoA reductase can be regulated by the cellular energy 
state (ATP/AMP ratio). ATP depletion and consequently AMP rise cause the activation 
of AMP-activated protein kinase, which in turn phosphorylates HMG-CoA reductase, 
thereby decreasing its activity. AMP-activated protein kinase functions as a metabolic 
sensor that monitors cellular energy levels and switches off ATP-consuming pathways 
and switches on ATP-producing pathways [23;24].

Subcellular localization
The subcellular localization of the isoprenoid biosynthesis pathway is in the ER and 
cytosol. All enzymes involved in the conversion of acetyl-CoA to FPP (all soluble 
substrates), are cytosolic, whereas all subsequent cholesterogenic enzymes of the post-
squalene part of the pathway, which handle lipophilic substrates, are located in the 
ER. The only exception is HMG-CoA reductase, which is an integral membrane protein 
of the ER, but which has its catalytic domain localized in the cytosol [8]. Previously, it 
has also been postulated that the enzymes of the pre-squalene part of the isoprenoid 
biosynthesis pathway are localized in peroxisomes, and despite contradicting results 
this peroxisomal involvement has been regarded as well established for many years 
[25]. More recent data, however, shows that the absence of functional peroxisomes 
does not lead to a deficiency of enzymes involved in cholesterol biosynthesis [26] 
and that intact peroxisomes are not necessary for isoprenoid biosynthesis [27]. 
Furthermore, experiments towards the subcellular localization of endogenous proteins, 
which were performed under physiological conditions, demonstrate an exclusive 
cytosolic localization for mevalonate kinase [28], phosphomevalonate kinase [29] and 
mevalonate pyrophosphate decarboxylase [30]. These results do not support a direct 
role of peroxisomes in isoprenoid biosynthesis.

Disorders of isoprenoid biosynthesis
Several inherited disorders have been linked to specific enzyme defects in isoprenoid 
biosynthesis including enzyme deficiencies in the post-squalene part of the pathway 
(which affect only the biosynthesis of cholesterol), respiratory chain deficiencies, 
deficiency of protein prenylation and one disorder that affects the biosynthesis of 
all isoprenoids since the deficient enzyme is located in the pre-squalene part of the 
pathway. This latter disorder is mevalonate kinase deficiency, which is characterized by 
recurrent fever episodes and generalized inflammation, and will be discussed in more 
detail in the following paragraph.
In the post-squalene part of the isoprenoid biosynthesis pathway seven disorders have 
been described; Smith-Lemli-Opitz syndrome (SLOS; MIM 270400), desmosterolosis (MIM 
602398), lathosterolosis (MIM 607330), Greenberg skeletal dysplasia (MIM 2151140, 
also known as HEM skeletal dysplasia), Conradi-Hünermann-Happle syndrome (CDPX2; 
MIM 302960), CHILD syndrome (MIM 308050) and, very recently, CK syndrome (MIM 
300831). All these disorders, caused by mutations in genes encoding enzymes of the 
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post-squalene part of the pathway, are characterized by multiple morphogenic and 
congenital anomalies, like dysmorphic craniofacial features, microcephaly, multiple 
internal organ, limb/skeletal, and urigenital malformations, (intrauterine) growth and 
mental retardation, and behavioral problems [31;32]. The overall clinical presentation 
of patients with a cholesterol biosynthesis defect implies that cholesterol plays a crucial 
role in human embryogenesis and development.
Other disorders affect the biosynthesis of only specific nonsterol isoprenoids, like heme 
A (COX deficiency; MIM 220110) and ubiquinone-10 (coenzyme Q10 deficiency; 
MIM 607426) which cause respiratory chain deficiencies. Some of the symptoms are 
mitochondrial encephalopathy, ataxia and myopathy [33-35]. Choroideremia (MIM 
303100) is a protein prenylation disorder that causes hypogeranylgeranylation of 
Rab27a, which leads to progressive night blindness and loss of peripheral vision [36].

MevALoNATe kINASe DeFICIeNCy

Clinical characteristics
Mevalonate kinase deficiency (MKD) is a hereditary periodic fever syndrome classified 
as an autoinflammatory disorder. Autoinflammatory disorders are characterized by 
spontaneous attacks of systemic inflammation without an apparent infectious or 
autoimmune etiology. Among these disorders are familial Mediterranean fever (FMF, 
MIM 249100), TNF-receptor-associated periodic syndrome (TRAPS, MIM 142680), 
familial cold autoinflammatory syndrome (FCAS, MIM 120100), Muckle-Wells syndrome 
(MWS, MIM 191900), chronic infantile neurologic cutaneous and articular syndrome 
(CINCA; also known as neonatal-onset multisystem inflammatory disease, NOMID, MIM 
607115), pyogenic sterile arthritis, pyoderma gangrenosum, and acne (PAPA syndrome, 
MIM 604416), Blau’s syndrome (MIM 186580), Crohn’s disease (CD, MIM 266600), early 
onset sarcoidosis (EOS, MIM 609464), periodic fever, aphthous stomatitis, pharyngitis 
and cervical adenitis syndrome (PFAPA), Schnitzler syndrome, Behçet’s syndrome (BS, 
MIM 109650), systemic-onset juvenile chronic arthritis (sJCA, MIM 604302), adult-onset 
Still’s disease and deficiency of IL-1 receptor antagonist (DIRA, MIM 612852) [37-39].
MKD includes two clinical entities, the hyperimmunoglobulinemia D and periodic fever 
syndrome (HIDS) and classic mevalonic aciduria (MA), which were thought unrelated 
until the cloning of the mevalonate kinase (MVK) gene revealed that they actually 
represent the two opposite phenotypes of the same genetic disease [40-42]. HIDS, 
first described in 1984 [43], is now recognized as the mild clinical end, whereas MA, 
described first by Berger et al. in 1985 [44], is considered the severe clinical end of the 
MKD spectrum [4]. However, there is a substantial clinical overlap ranging from mild 
MA to severe HIDS [45].
HIDS is characterized by recurrent episodes of fever, which usually return every 3 to 
6 weeks and last for 3 to 7 days. Body temperature rises abruptly, often with chills or 
rigors, remains high, often over 40°C, and then gradually returns to normal. These 
fever episodes are associated with malaise, headache, arthralgias, arthritis, nausea, 
abdominal pain, diarrhea, skin rash, hepatosplenomegaly and lymphadenopathy. Most 
HIDS patients will experience their first fever episode within the first year of life, but the 
fever episodes tend to become less frequent and less severe with age. The attacks can 
be triggered by vaccinations, infections, minor trauma and physical or emotional stress, 
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but most often such a trigger can not be identified. Between attacks patients are usually 
symptom-free [46;47].
MA, the severe presentation of MKD, is also characterized by similar fever attacks 
as seen with the mild HIDS presentation, however, in addition these patients have 
congenital and developmental anomalies. Severely affected MA patients have 
profound developmental delay, dysmorphic features, cataracts, hepatosplenomegaly, 
lymphadenopathy and anemia, and they often die in infancy. Less severely affected 
MA patients suffer from psychomotor retardation, hypotonia, myopathy and cerebellar 
atrophy, leading to ataxia [48].
The majority of currently identified MKD patients is diagnosed with the HIDS presentation 
and most of these HIDS patients are of Dutch origin. This may be explained by a founder 
effect with a common ancestor [49], as in the Netherlands the carrier frequency of the 
most common HIDS mutation is estimated to be 1:350. However, it can not be excluded 
that it may be a result of a heightened awareness of the disorder in the Netherlands and 
the inclusion of a specific laboratory test for IgD levels (one of the diagnostic hallmarks 
of HIDS) in Dutch patients with periodic fever. 

Biochemical background
MKD is caused by a deficient activity of MK and, as indicated by the clinical symptoms, 
there is a marked difference in residual MK activity between the mild HIDS presentation 
and the more severe MA presentation. Cultured skin fibroblasts and peripheral blood 
mononuclear cells (PBMCs) of patients with the HIDS presentation still show a residual MK 
enzyme activity, which varies between 1% and 10% when compared to healthy control 
subjects [42;50;51], while in cells of patients with the MA presentation MK activity is 
virtually absent (i.e. below detection levels) [48;52]. This difference in residual enzyme 
activity is also reflected in the plasma levels and urinary excretion of the accumulating 
MK substrate, mevalonate (or mevalonic acid). While plasma levels of mevalonate are 
only moderately elevated in HIDS patients (ranging from 0.8-4.8 µmol/L), these levels 
can be massive in MA patients (up to a maximum of 500 µmol/L). Normal plasma levels 
of mevalonate are below 0.03 µmol/L. Also the urinary excretion of mevalonate in 
HIDS is low to moderate (0.005-0.040 mol/mol creatinine) [42] and increases during 
fever attacks [53], whereas MA is characterized by a massive and constitutively elevated 
excretion (1-56 mol/mol creatinine) [48]. Normal excretion of mevalonate in urine is 
usually less than 0.001 mol/mol creatinine.
Patients with the MA presentation exhibit reduced levels of ubiquinone-10 in plasma 
[48;54] and reduced biosynthesis of dolichol [55]. Squalene, cholesterol and bile acid 
levels, however, are usually near normal [48;56]. In addition, protein prenylation and 
de	novo biosynthesis of cholesterol can be rather normal in fibroblasts of MKD patients 
when cultured under normal conditions [55;57;58]. Apparently, MKD cells are able 
to compensate for the reduced MK activity. This is achieved by elevating intracellular 
mevalonate levels through increased activity of HMG-CoA reductase [55;58]. The 
elevated intracellular mevalonate levels are necessary to maintain the flux through 
the isoprenoid biosynthesis pathway. The increased activity of HMG-CoA reductase, 
however, is not caused by a shortage of sterol end products, since exogenous LDL 
cholesterol did not suppress the activity and even further upregulation was detected 
under cholesterol-free culture conditions [58]. Moreover, HMG-CoA mRNA levels are 
normal in MA cells, indicating that the sterol-dependent SREBP pathway, involved in 
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transcriptional regulation, is not activated [57]. Yet, the increased HMG-CoA reductase 
activity was downregulated when MA cells were incubated with the isoprenoid 
precursors farnesol, geranylgeraniol and mevalonate [57]. This indicates that under 
normal conditions shortage of one of the nonsterol end products causes increased 
activity of HMG-CoA reductase.
Because of this compensatory mechanism, MK becomes the rate-limiting enzyme of 
the isoprenoid biosynthesis pathway. And since most mutations found in MKD patients 
have a temperature-sensitive effect on MK protein maturation and stability [59], any 
small increase in body temperature will result in a rapid decrease in residual MK activity. 
This will lead to a rather instant disturbance of the flux through the pathway, resulting 
in a temporary shortage of end products followed by inflammation and fever [59]. This 
could provide an explanation for the episodic nature of the fever episodes in MKD.

Molecular background
Since the identification of MVK as the disease-causing gene in both MA [60] and HIDS 
[41;42] and the elucidation of the genomic structure of the MVK gene at chromosome 
12q24 [50], many mutations have been detected at the cDNA and genomic level. So 
far, 65 mutations, which cause MKD have been reported [61-63] and these include 
mostly missense mutations, but also nonsense mutations, deletions, insertions, 
splicing defects and a complex mutation comprising a combination of a deletion and 
an insertion. The most common mutation in MKD is a missense mutation, a G>A 
transition at nucleotide 1129 changing the valine at position 377 into an isoleucine 
(V377I). This mutation is exclusively associated with the HIDS phenotype and is found 
in approximately 90% of the HIDS patients, mostly in a compound heterozygous state 
[42;59]. Other common mutations have been found both in patients with the HIDS 
presentation and MA presentation, like H20P and I268T, or only in patients with the MA 
presentation, including L264F, V310M, and A334T. Although the V377I mutation is the 
most common mutation in MKD, only few patients homozygous for V337I are known. 
A carrier frequency study in the Dutch population showed that the predicted incidence 
of V377I homozygotes based on the carrier frequency of the V377I mutation is much 
higher than the observed incidence. This strongly suggests that homozygotes for V377I 
exhibit a milder phenotype of MKD or no disease-phenotype at all [64].
The disease-causing nature of the identified mutations was concluded from the fact 
that they all were found in patients clinically suspected to suffer from MKD, whereas 
none of the mutations were found in control chromosomes. Evidence was obtained by 
expression of several mutant proteins in Escherichia	coli, which confirmed the mutations 
to have a deleterious effect on MK activity. Furthermore, most mutations were associated 
with decreased protein levels and marked deficient activities in fibroblasts of patients 
[42;52;65;66]. Most mutations primarily affect folding/stability of MK protein rather 
than affecting MK activity directly, as could be deduced from the fact that MK protein 
levels and residual activity could be increased when fibroblasts of MKD patients were 
cultured under conditions that promote a more controlled folding of precursor proteins 
into their mature form (i.e. growth at 30°C or growth in the presence of the ‘chemical 
chaperone’ glycerol) [59;61]. Mutations found in patients with the MA phenotype, 
however, have a more deleterious effect on MK protein folding and/or catalytic activity 
of the enzyme. This has been demonstrated for the A334T mutation, which has a direct 
effect on MK activity [65].
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Immunological aspects
HIDS is characterized by high serum IgD levels, one of the first observations in patients, 
which led to the name of the disorder [43], and is usually accompanied by high levels of 
IgA [67]. Also in MA patients elevated levels of IgD and IgA have been detected [51;68]. 
The physiological role of serum IgD, however, is largely unknown, as well as its role in 
the pathogenesis of MKD. Since there is no correlation between IgD concentration 
and disease severity [43;46] and several MKD patients with normal IgD levels have 
been reported [42;69-71], it is unlikely that IgD plays a major role in the onset of the 
inflammatory attacks. Furthermore, IgD may be elevated in other autoinflammatory 
diseases, like FMF [72] and TRAPS [73;74], and various other diseases and conditions 
including infections, immunodeficiencies, autoimmune diseases and allergic diseases 
[75].
During attacks, patients experience an acute phase response with leukocytosis, 
granulocytosis, elevated erythrocyte sedimentation rates and high levels of C-reactive 
protein and serum amyloid A [46;76;77]. Fever and an acute phase response are 
considered to be initiated by the release of inflammatory mediators. Indeed, in 
MKD there is an increased release of inflammatory markers, such as leukotriene E4, 
neopterin, soluble type II phospholipase A2 and α1-glycoprotein (AGP) [76;78-80]. The 
concentration of AGP is increased continuously, during and between fever episodes, 
indicating a persistent state of inflammation. In addition, release of inflammatory 
cytokines occurs during febrile attacks. Serum levels of the pro-inflammatory cytokines 
IFN-γ and IL-6 have been reported to be highly increased during attacks, TNF-α has 
risen to high normal values, whereas levels of IL-1α and IL-1β were not elevated. Also 
the anti-inflammatory cytokines IL-1ra and soluble TNF receptors p55 and p75 were 
increased, while IL-10 levels remained normal [76]. Unstimulated PBMCs from MKD 
patients obtained between attacks secrete more IL-1β, IL-6 and TNF-α, than PBMCs 
from healthy controls. Moreover, after stimulation with LPS the secretion of these pro-
inflammatory cytokines increases even further [81]. Taken together, elevated levels of 
IL-1β, IL-6 and TNF-α, together with the observed raise in urinary leukotriene E4 and 
neopterin excretion, suggests activation of macrophages at least during, but most likely 
also between attacks.

Treatment
The therapeutic options for MKD are still limited and most experience relies on case 
reports. In individual HIDS cases, clinical improvement as a result of treatment with 
non-steroidal anti-inflammatory drugs, corticosteroid, colchicine, or cyclosporine has 
been reported [46], but in the majority of patients these treatments do not have 
beneficial effects. In a small group of HIDS patients, treatment with the HMG-CoA 
reductase inhibitor simvastatin had a positive effect on the number of days of illness 
[82], but treatment with similar statins in MA patients led to severe worsening of the 
clinical symptoms [48]. Also treatment of HIDS patients with etanercept, a soluble 
p75 TNF-α receptor-Fc fusion protein, or with anakinra, a recombinant form of IL-1 
receptor antagonist, showed varying results [83-88]. Furthermore, a clinical trial with 
thalidomide (an inhibitor of TNF-α production) had limited efficacy on the number and 
severity of febrile attacks in HIDS patients [89]. Positive results were obtained in an MA 
patient who underwent allogeneic bone marrow transplantation from an HLA-identical 
sister [90].
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Variant type HIDS
With the availability of molecular analysis of the MVK	gene and biochemical analysis of 
MK enzyme activity in MKD patients, it became apparent that not all patients diagnosed 
with HIDS, the mild presentation of MKD, have MK deficiency [91;92]. This subgroup 
of patients with clinical symptoms indicative of HIDS, but no mutations in the MVK 
gene, was designated as having “variant type HIDS”, whereas patients with mutations 
in the MVK	gene were denoted as having “classic type HIDS” [92]. Subtle differences in 
symptoms, signs and laboratory findings were noted upon comparison of HIDS variants 
with classic type HIDS patients. In general, patients with classic type HIDS were younger 
at the onset of the disease, tended to have shorter, but more frequent fever episodes, 
and had more additional symptoms during attacks. Although variant type HIDS patients 
had high serum IgD concentrations, values were lower than those seen in classic type 
patients [91;92]. The defect or defects in the variant type patients which result in 
periodic fever and elevated IgD are unknown at present. One of the possibilities is that 
in addition to MK, defects of other enzymes of the isoprenoid biosynthesis pathway 
could also cause periodic fever.

ISoPreNyLATIoN AND MevALoNATe kINASe DeFICIeNCy

Protein prenylation
FPP and GGPP, two intermediates of the isoprenoid biosynthesis pathway, are necessary 
for the post-translational modification of proteins called isoprenylation. Isoprenylation is 
the post-translational covalent addition of either a farnesyl (15-carbon) or geranylgeranyl 
(20-carbon) moiety to C-terminal cysteine residues of target proteins. The attached lipid 
enables membrane association of these proteins and, subsequently interaction with 
downstream effectors [1;93].
The enzymes responsible for isoprenoid addition to proteins consist of three distinct 
protein prenyltransferases, including farnesyltransferase (FTase) which is involved in 
farnesylation of proteins, and geranylgeranyltransferase type I (GGTase-I) and type 
II (GGTase-II), which both catalyse geranylgeranylation of proteins [2;94]. FTase and 
GGTase-I are heterodimers that consist of an identical α-subunit [95] and a homologous 
but distinct β-subunit [96]. Both enzymes are classified as CaaX prenyltransferases, 
because they only recognize proteins that contain a C-terminal CaaX motif, where C 
represents an invariable cysteine, ‘a’ is an aliphatic amino acid, and X is any amino acid. 
The X in general determines if the protein is farnesylated (usually serine, methionine, 
alanine, glutamine or threonine) or geranylgeranylated (leucine or phenylalanine) [96-
98]. Substrates for FTase are Ras GTPases, lamin B and transducin γ-subunits, whereas 
substrates for GGTase-I include Rho, Rac and most γ-subunits of heterotrimeric G 
proteins [2]. However, there are many examples of cross-prenylation. For example, 
when farnesylation of K-RasB is inhibited by FTase inhibitors, it becomes a substrate 
for geranylgeranylation [99;100]. Furthermore, RhoB can be both farnesylated and 
geranylgeranylated by GGTase-I [101]. After prenylation, proteins with a C-terminal 
CaaX motif undergo two additional post-translational modifications. First, the aaX is 
cleaved from the C-terminus by the Rce-1 (Ras-converting enzyme 1) endoprotease 
[102;103], followed by the addition of a methyl group to the prenylated cysteine residue 
catalysed by the enzyme isoprenylcysteine-O-carboxyl methyltransferase (Icmt) [104]. 
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The enzyme that is not classified as CaaX prenyltransferase is GGTase-II, which is also 
known as Rab geranylgeranyltransferase. It attaches geranylgeranyl moieties to two 
C-terminal cysteines, like Cys-Cys (CC) or Cys-X-Cys (CXC) motifs, which are found 
exclusively in the Rab family of small GTPases. GGTase-II consists of three subunits, a 
Rab escort protein I (Rep1), an α-subunit and a β-subunit. Rep1 binds unprenylated Rab 
protein, presents it to the catalytic αβ-subunits, and remains bound to the Rab protein 
after geranylgeranylation [105;106]. 

Small GTPases
Many proteins in the human proteome are potential substrates to undergo isoprenylation, 
however, the largest family of prenylated proteins are the intracellular GTP-binding 
proteins that transduce extracellular signals into intracellular changes via downstream 
effectors. These proteins include some of the heterotrimeric G protein subunits [107] 
and the small G protein superfamily [108]. This small G protein superfamily consists of 
more than 100 different proteins that have only been identified in eukaryotes, from 
yeast to humans. Small G proteins are monomeric G proteins with molecular masses of 
20-40 kDa and are also commonly referred to as “small GTPases”. Small GTPases play a 
fundamental role in a multitude of intracellular signal transduction pathways involving 
vesicle trafficking, cell growth, differentiation and cytoskeletal function. The most well-
known family of small GTPases is the Ras superfamily, which is structurally classified into 
at least five major subfamilies: Ras, Rho/Rac, Rab, Sar1/Arf and Ran. The functions of 
the different subfamilies are as follows: Ras subfamily members mainly regulate gene 
expression; the Rho/Rac/Cdc42 proteins of the Rho family regulate both cytoskeletal 
reorganization and gene expression; the Rab and Sar1/Arf proteins regulate intracellular 
vesicle trafficking; and the Ran family members regulate nucleocytoplasmic transport 
during the G1, S and G2 phases of the cell cycle and microtubule organization during 
the M phase [108;109].

Activation of small GTPases
Small GTPases act as molecular switches that transduce an upstream signal to a 
downstream effector. This is achieved by cycling between an inactive GDP-bound state 
and an active GTP-bound state. In this way signaling pathways can be switched on 
and off, thereby regulating important processes like vesicle trafficking, cell growth 
differentiation and cytoskeletal function. The cycling between the inactive and active 
state is mediated by three sets of adaptor proteins, including guanine nucleotide 
dissociation inhibitors (GDIs), guanine nucleotide exchange factors (GEFs) and GTPase 
activating proteins (GAPs) [110] (Figure. 3). 
Small GTPases are activated when bound to GTP, but essentially non-functional when 
bound to GDP. GDIs prevent activation of small GTPases through binding with their 
C-terminal isoprenoid moieties. Currently, four human GDIs have been identified, 
namely three Rho-GDIs and one Rab-GDI that has a different structure but performs 
the same function for proteins in the Rab family [111-113]. Rho-GDIs inhibit both the 
basal and GEF-stimulated dissociation of GDP from the GDP-bound form and maintain 
the small GTPases as soluble cytosolic proteins [114-116]. Furthermore, Rho-GDIs are 
able to interact with the GTP-bound form of small GTPases to prevent interactions with 
effectors [111;112].
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Upon release of GDI, small GTPases associate with membranes through their isoprenoid 
moiety and an upstream signal stimulates the exchange of GDP for GTP, a process that 
is normally extremely slow and is therefore catalyzed by GEFs. GTP-bound small GTPases 
can then interact with and regulate the activity of their binding partners (effectors) to 
induce signaling pathways that promote a host of cellular responses, including the 
induction of gene expression. Many GEFs have been identified in humans, and most 
GEFs can activate more than one small GTPase. In addition, multiple GEFs can activate 
one GTPase [117;118]. The GDP-GTP exchange reaction is thought to be the rate-
limiting step in the GTP-binding/GTP hydrolytic cycle of GTPases and the GEFs have 
therefore been proposed as key regulators of the small GTPases.
Small GTPases themselves can hydrolyze GTP to GDP, however, this intrinsic GTPase 
activity is very slow. GAPs stimulate the GTPase activity of small GTPases thereby releasing 
the interaction with effectors and terminating signaling. Hereafter, degradation or 
rebinding of the small GTPases with GDIs may occur. GAPs are classified according to 
their GTPase subfamily (Ras-GAP, Rap-GAP, Rho-GAP, Rab-GAP, Arf-GAP and Ran-GAP) 
with sequence homology within subfamilies but not between families [119;120].

Figure 3. Activation of small GTPases. See text for details. GDI, guanine nucleotide dissociation inhibitor; GEF, 
guanine nucleotide exchange factor; GAP, GTPase activating protein [110].

Defective isoprenylation 
Although there are some studies that show that unprenylated proteins may also 
have functional effects [121;122], for most small GTPases isoprenylation is critical 
for intracellular trafficking and functional effects. Several studies have shown that 
prenylation is necessary for the small GTPases to interact with their regulatory proteins 
[111;116;123;124], and therefore inhibition of the isoprenoid biosynthesis pathway 
and subsequent protein prenylation is expected to disturb proper functioning of the 
small GTPases. 
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MKD patients still are capable of generating sufficient levels of isoprenoid end 
products under normal conditions, because of the previously discussed compensatory 
mechanism, which involves elevated levels of mevalonate through increased activation 
of HMG-CoA reductase [55;57;58]. However, while this flux may be sufficient under 
normal conditions, MKD patients are unable to respond rapidly or adequately to an 
instant further decrease in the activity of MK, which can already occur at small increases 
in body temperature, since mutated MK is highly temperature-sensitive [59]. This 
results in a temporary shortage of one or more isoprenoid end products. Inhibition of 
geranylgeranylation of proteins in control PBMCs increased the secretion of the pro-
inflammatory cytokine IL-1β and addition of GGPP reduced the elevated levels of IL-
1β secretion in PBMCs from MKD patients [125;126]. Furthermore, supplementation 
of GGOH in fibroblasts from MKD patients reduced the elevated levels of HMG-CoA 
reductase activity to control levels [57]. This indicates that the temporary shortage of 
one or more geranylgeranylated proteins causes the fever episodes these patients suffer 
from.

MouSe MoDeLS For MevALoNATe kINASe DeFICIeNCy

Currently, two mouse models have been reported to study MKD in	 vivo. The first 
model is based on the deletion of a single Mvk allele (Mvk+/-), which yields viable mice 
with significantly reduced liver MK enzyme activity (approximately 50% compared to 
controls) [127]. Multiple matings failed to produce complete Mvk knock-out mice, 
which is not unexpected since an HMG-CoA reductase knock-out mouse was reported 
to have an embryonic lethal phenotype [128]. Cholesterol levels in tissue and blood, 
and isoprenoid end products (ubiquinone and dolichol) in tissues were normal in this 
model. Conversely, mevalonate concentrations were increased in spleen, heart and 
kidney, but normal in brain and liver. Although there are immunological differences 
between control and Mvk+/- mice, such as elevated levels of IgA, IgD and TNF-α, only 
IgD levels were significantly higher in Mvk+/- mice [127].
The second animal model is obtained by treating Balb/c mice with aminobisphosphonates 
and bacterial muramyldipeptide (MDP) to induce an MKD-like inflammatory disorder 
[129;130]. Aminobisphosphonates, such as alendronate and pamidronate, block the 
isoprenoid biosynthesis pathway by inhibiting farnesyl pyrophosphate synthase [131], 
thereby mimicking the deficiency seen in MKD. In mice treated with alendronate alone, 
a statistical significant increase of acute phase markers, such as serum amyloid A (SAA) 
and the number of cells in the peritoneal exudate, is observed. Together with the pro-
inflammatory bacterial compound MDP, alendronate even triggers a more severe systemic 
inflammatory response [129]. Isoprenoids, in particular geraniol and geranylgeraniol, 
and a farnesyl transferase inhibitor were able to inhibit the inflammatory reaction in 
these mice [129;132]. As expected, treatment with pamidronate leads to a similar 
inflammatory response as seen with alendronate, both in the absence and presence of 
MDP. Moreover, geraniol diminishes the levels of inflammatory markers, like IL-1β and 
SAA, in pamidronate-treated mice [130].
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ouTLINe oF THIS THeSIS

MKD is an autosomal recessive inherited disorder characterized by periodic fever and 
inflammation. The disorder is caused by mutations in the MVK gene coding for MK, 
a key enzyme in the isoprenoid biosynthesis, and the deficient activity of this enzyme 
results in elevated mevalonic acid levels in plasma and urine. While in the majority of 
patients with periodic fever syndrome and elevated mevalonic acid levels a deficiency of 
MK could be demonstrated, we also observed several patients with normal MK activity 
and no mutations in the MVK gene. These patients, also designated as having “variant 
type HIDS”, may have a different enzyme defect in the isoprenoid biosynthesis pathway 
downstream of MK and such enzyme defects would result in the accumulation of 
specific phosphorylated isoprenoids. Therefore, we developed a sensitive method using 
HPLC-MS/MS (chapter 2) and UPLC-MS/MS (chapter 3) that allows the direct detection 
and quantification of all intermediates of the mevalonate pathway. After validation of 
the method in chapter 2, we demonstrated in chapter 3 that our method is not only 
useful to study variant type HIDS patients, but can also be a useful tool in determining 
the specificity of inhibitors of the isoprenoid biosynthesis pathway. In chapter 4 and 5 we 
studied the effect of MK-deficiency on the geranylgeranylation and activation of three 
small GTPases; RhoA, Rac1 and Cdc42, because there are indications that in particular 
a temporary shortage or dysfunction of one or more geranylgeranylated proteins is 
responsible for the fever episodes in MKD patients. We show that small disturbances 
in the flux of the isoprenoid biosynthesis pathway by low concentrations of simvastatin 
(chapter 4) or increased culturing temperatures (chapter 5) have an enormous effect 
on the localization and activation of the three small GTPases in MKD cells compared 
to controls. Chapter 6 describes the characterization of two novel mouse models of 
MKD, which will be useful to study MKD in	vivo and to test and develop therapeutic 
interventions.
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