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1. Introduction 

“Cholesterol is the most highly decorated small molecule in biology.”[1] 
Nobel lecture December 1985; Michael S. Brown and Joseph L. Goldstein 

 
While mammalian cells produce cholesterol, the main fungal sterol is ergosterol. Plants are even capable 

to produce several main sterols including campesterol, sitosterol and stigmasterol. Since the focus of this work is 

on mammalian and fungal sterol biosynthesis, details on plant sterol biosynthesis will not be included in this work. 

Sterols are essential due to their role in membrane fluidity, flexibility, rigidity, and stability [2,3]. For 

this reason, the individual sterol biosynthesis is of pivotal importance in all eucaryotic organisms [3]. Since 

cholesterol was first extracted from gallstones in the late 18th century, it was in the center of scientific interests. 

In total thirteen Nobel Prices have been awarded in relation to cholesterol [1]. The efforts in understanding, 

regulating, and influencing sterol biosynthesis have been enormous for almost 250 years now, and are still 

ongoing. Even though, the main enzymatic steps of sterol biosynthesis including their differences and similarities 

across the kingdoms have been widely investigated, mechanistic details of the highly specific enzymatic reactions 

are in several cases still not fully understood [4].  

1.1 Sterol Biosynthesis 
The most important mechanistic insights into sterol biosynthesis can be attributed to the work of Konrad 

Bloch and Feodor Lynen who shared the 1964 Nobel Prize in Physiology or Medicine for their research in the 

field of mechanisms and regulation of cholesterol and fatty acid metabolism [1]. The Bloch pathway – named 

after its explorer – is next to the later explored Kandutsch-Russell pathway one of two possible distal cholesterol 

biosynthesis pathways that are connected via a sterol C24-reductase leading to the final product cholesterol (see 

Chapter 1.1.3). 

While in distal sterol biosynthesis the formation of different sterol intermediates is described, that are 

needed to form biosynthesis products like cholesterol and ergosterol, the earlier steps which lead to the sterol 

precursor squalene, are described in the pre-squalene pathway. The pre-squalene pathway itself can be further 

subdivided into two minor sections, the mevalonate pathway (see Chapter 1.1.1), in which isopentenyl 

pyrophosphate is formed from citric acid, and the isoprenoid pathway (see Chapter 1.1.2), in which squalene is 

synthesized (Figure 1) [5]. 
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Figure 1: Schematic overview of the subpathways of sterol biosynthesis and their most important intermediates. Different 
colors contain different biosynthesis pathways. PP: pyrophosphate 

 

1.1.1 The Mevalonate Pathway  
Eukaryotic sterol biosynthesis begins with the mevalonate pathway (Figure 2). In a first of seven steps, 

the C2 building block acetyl-coenzyme A (acetyl-CoA) is formed from citrate, the physiological form of citric 

acid, which originates from the citric acid cycle. The reaction is catalyzed by adenosine triphosphate (ATP) citrate 

lyase (a) [6]. In the following enzymatic steps, two molecules of acetyl-CoA are combined in a Claisen-type 

condensation reaction catalyzed by the thiolase acetoacetyl-CoA synthase (b). In the next enzymatic step, another 

unit of acetyl-CoA is added to form 3-hydroxy-3-methylglutaryl (HMG)-CoA. This physiologically irreversible 

reaction is carried out by the enzyme HMG-CoA synthase (c) [7,8]. The rate-determining step in sterol 

biosynthesis is the enzyme-catalyzed reduction of the thioester group in HMG-CoA by HMG-CoA reductase (d), 

which produces mevalonate using two equivalents of nicotinamide adenine dinucleotide phosphate (NADP). The 

reactions from acetyl-CoA to HMG-CoA take place in the cytosol [8], whereas the enzymes catalyzing the 

following reactions up to farnesyl pyrophosphate are more commonly found in peroxisomes [8,9]. The subsequent 

step in the enzymatic cascade is a phosphorylation reaction catalyzed by mevalonate kinase (e) using one 
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equivalent of ATP to produce mevalonate-5-phosphate. This first phosphorylation reaction is regulated by a 

specific feedback mechanism in which the activity of the enzyme (mevalonate kinase, e) is influenced by the 

concentrations of farnesyl pyrophosphate (FPP) and geranyl pyrophosphate (GPP) [7]. FPP and GPP are 

intermediates of the upstream isoprenoid pathway (see Chapter 1.1.2). A second phosphorylation is catalyzed by 

phosphomevalonate kinase (f) using another equivalent of ATP [7]. The resulting intermediate, mevalonate-5-

pyrophosphate, is further decarboxylated in an ATP-dependent reaction by the enzyme diphosphomevalonate 

decarboxylase (g). The product of decarboxylation and dehydration is isopentenyl pyrophosphate (IPP), the first 

isoprenoid in the enzymatic cascade [7].  

 
Figure 2: In deep blue: the mevalonate pathway, showing the separate intermediates, starting from citric acid to mevalonate-
5-pyrophosphate. In light blue: isopentenyl pyrophosphate, the product of the mevalonate pathway which is also the educt of 
the isoprenoid pathway. Enzymes: ATP citrate synthase (a); acetoacetyl-CoA thiolase (b); HMG-CoA synthase (c); HMG-CoA 
reductase (d); mevalonate kinase (e); phosphomevalonate kinase (f); mevalonate pyrophosphate decarboxylase (g). P: 
phosphate; PP: pyrophosphate. 

 

1.1.2 The Isoprenoid Pathway  
IPP and its isomer dimethylallyl pyrophosphate (DMAPP) are the educts of the isoprenoid pathway 

(Figure 3), interconverted by isopentenyl pyrophosphate isomerase (h) [7]. Prior to the formation of higher 

isoprenoids, the isomerization of IPP to DMAPP is necessary, due to the insufficient reactivity of IPP to be ionized 

and initiate the first condensation reaction, catalyzed by farnesyl pyrophosphate synthase (i) [4]. In the initial 

head-to-tail condensation reaction, one pyrophosphate group is eliminated from the farnesyl pyrophosphate 

synthase (i) bound DMAPP to create a carbocation intermediate. IPP adds to the intermediate, thereby a new 

carbocation is created, which is transformed to the monoterpene geranyl pyrophosphate (GPP) by the elimination 

of one proton [8]. In the same manner, a second condensation reaction is catalyzed by farnesyl pyrophosphate 

synthase (i), where another equivalent of IPP is combined with a GPP carbocation to form the sesquiterpene 

farnesyl pyrophosphate (FPP) [5,8].  
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At the stage of FPP, there is a branch point of isoprenoid biosynthesis. With a third IPP building block, 

geranylgeranyl pyrophosphate synthase (j) catalyzes the third condensation reaction of the enzymatic cascade to 

form the diterpene geranylgeranyl pyrophosphate (GGPP) [8]. GGPP is neither an intermediate of mammalian 

nor fungal sterol biosynthesis. However, GGPP next to FPP, is involved in multiple posttranslational modification 

reactions and biological regulation mechanisms outside sterol biosynthesis (for details see Chapter 1.2) [10]. 

Heme A and dolichols are modified with FPP, while GGPP is required for the biosynthesis of ubiquinone and 

carotenoids [2,11-15].  

Squalene, the product of the isoprenoid pathway is formed in a head-to-head condensation reaction from 

two equivalents FPP. The two-step mechanism suggests that the loss of one pyrophosphate group leads to the 

addition of the remaining allylic carbocation to the alkene end of the other FPP, which is accompanied by the loss 

of one proton, to form a “pre-squalene pyrophosphate” (PSPP) intermediate. In a second step, the PSPP loses the 

pyrophosphate moiety to create a cyclopropylcarbinyl carbocation, which, after ring opening, gets reduced by 

NADP to squalene [4,8]. The catalyzing enzyme, squalene synthase (k), is located in the endoplasmic reticulum 

(ER) [9]. Squalene is the product of the pre-squalene pathway as well as the educt of the biosynthesis of 

mammalian cholesterol and fungal ergosterol [4,16]. 

 
Figure 3: In light blue: the isoprenoid pathway starting with isopentenyl pyrophosphate. In green: squalene, the educt of the 
post-squalene pathway. Enzymes: isopentenyl pyrophosphate isomerase (h); farnesyl pyrophosphate synthase (i); 
geranylgeranyl pyrophosphate synthase (j); squalene synthase (k). PP: pyrophosphate. 
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1.1.3 The Post-Squalene Pathway 
The formation of lanosterol, the first sterol, remains identical in all eukaryotic cells, whereas the further 

post-squalene pathway is catalyzed by organism specific enzymes (Figure 4). In the initial step of the post-

squalene pathway, squalene is epoxidated to (S)-2,3-oxidosqualene. The reaction is catalyzed by squalene 

monooxygenase (l) and followed by the formation of lanosterol, which is catalyzed by one single enzyme (for 

details see [17]), 2,3-oxidosqualene cyclase (m). 

 
Figure 4: Schematic overview of the post-squalene pathway starting with the formation of lanosterol from squalene via (S)-
2,3-oxidosqualene. From lanosterol, different intermediates lead to organism specific sterols. Enzymes: squalene 
monooxygenase (l); 2,3-oxidosqualene cyclase (m). 
 

Cholesterol biosynthesis can be performed via the Kandutsch-Russell pathway or the Bloch pathway 

(Figure 5), which are interconnected by the enzyme C24-dehydrocholesterol reductase (DHCR24 = sterol C24-

reductase, n). From lanosterol seven enzymatic steps are required to form the final product cholesterol [4,18]. 
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Figure 5: Distal cholesterol biosynthesis via Bloch or Kandutsch-Russell pathway. Enzymes: C24-dehydrocholesterol 
reductase (DHCR24 = sterol C24-reductase) (n), sterol C14-demethylase (o), sterol C7-reductase (p). 
 

In ergosterol biosynthesis lanosterol is also a branching point. Depending on the fungal species, the 

ergosterol biosynthesis intermediate fecosterol can be formed via two pathways, starting with C24-methylation 

(enzyme: sterol C24-methyltransferase, n*) or C14-demethylation (enzyme: sterol C14-demethylase, o*) of 

lanosterol (see Chapter 6.3 Article Figure 12B, Figure 6). Yeasts, e.g., Saccharomyces cerevisiae and Candida 

albicans usually start distal ergosterol biosynthesis via formation of 4,4-dimethlycholesta-8,14,24-trien-3-ol from 

lanosterol (via enzyme o*). Molds e.g., Aspergillus fumigatus as well as the necrotic pathogenic fungus Alternaria 

brassicicola (see Chapter 6) prefer ergosterol biosynthesis after C24 methylation (via enzyme n*) of lanosterol to 
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eburicol [19-21]. Independent of the preferred pathway, from lanosterol at least eight enzymatic steps are required 

to form the final product ergosterol [22]. 

 
Figure 6: Distal ergosterol biosynthesis via two organism specific pathways molds and yeasts use to form fecosterol. Enzymes: 
sterol C24-methyltransferase (n*), sterol C14-demethylase (o*). 
 

1.2 Physiological Role of Isoprenoids as Molecules Involved in Posttranslational 
Modifications 

The physiological role of isoprenoids is diverse, as they are part of multiple biosynthesis pathways besides sterol 

biosynthesis (Figure 7). They are essential for posttranslational modification reactions, including the prenylation 

of proteins (see Chapter 1.2.2), formation of ubiquinones (see Chapter 1.2.3) and dolichols (see Chapter 1.2.5), 

as well as heme A biosynthesis (see Chapter 1.2.4). Isopentenyl pyrophosphate is additionally used in the 
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modification of specific tRNA (see Chapter 1.2.1). In fungal cells, isoprenoids can also be part of carotenoid 

biosynthesis (1.2.6) next to their role as quorum sensing molecules (1.2.7). 

 
Figure 7: Overview of the diverse roles, isoprenoid pyrophosphates take in mammalian and fungal cells. Solid arrows: 
preferred pathways, dotted arrows: side pathways, PP: pyrophosphate. 
 

1.2.1 tRNA Modification 
Isoprenylation of tRNA is a rare modification in eukaryotes and bacteria, whose function is not fully 

understood, but is linked to quality of translation, and suppression of non-sense mutations [23]. tRNA isopentenyl 

transferase binds base A37 of the anticodon stem loop and catalyzes the interaction of adenine with DMAPP in a 

nucleophilic SN2 reaction with pyrophosphate as leaving group (Figure 8) [23]. 

 
Figure 8: Structure of prenylated adenine: N6-isopentenyladenine. 
 

1.2.2 Prenylation of Ras Proteins 
Counting more than 150 human analogous, the Ras (“Rat sarcoma virus”) guanosine triphosphatases 

(GTPases) are the best-known group of small G-proteins, binding and hydrolyzing guanosine triphosphate (GTP) 

[24]. Even though GTPases show high affinity towards GTP and guanosine diphosphate (GDP), the proteins have 

a low intrinsic hydrolysis activity [25]. Therefore, guanine-nucleotide-exchange factors (GEFs) and GTPase-

activating proteins (GAPs) are mandatory to form an active GTP/inactive GDP bound form [24,25]. The Ras 
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superfamily can be divided into five smaller groups: Ras, Rho, Rab, Ran and Arf. While the Ran group does not 

undergo posttranslational modification reactions and the members of the Arf group are modified with the fatty 

acid myristate, a majority of the remaining groups undergo posttranslational modification reactions by prenylation 

[24]. 

Protein prenylation is a posttranslational modification reaction, in which farnesyl and/or geranylgeranyl 

moieties get linked to the C-terminal cysteine to enable a better membrane association or subcellular localization 

of a protein. The enzymes catalyzing these reactions are called farnesyl transferases (FTs) or geranylgeranyl 

transferases (GGTs), respectively [10]. In which way a G-protein is prenylated depends on the C-terminal amino 

acid sequence. Typically, proteins from the Ras and Rho family share a CAAX recognition motif (C = cysteine, 

A = aliphatic amino acid, X = variable amino acid), which can be recognized by FT and GGT1 (Figure 9). While 

FT prefers X to be methionine, serine, glutamine or cysteine, GGT1 prefers X to be leucine or isoleucine 

[10,24,25]. Proteins from the Rab family are usually prenylated by GGT2 [24]. 

 
Figure 9: General structure of prenylated (farnesylated) G-proteins, including the CAAX recognition motif (C = cysteine, A 
= aliphatic amino acid, X = variable amino acid). 
 

Ras proteins are important signaling nodes affecting diverse cytoplasmatic effectors and thereby 

influence the cytoplasmatic signaling networks. Gene expression, cell proliferation, differentiation and survival 

are influenced by them [24]. The interest in FT inhibitors arose, when in cancer research the ras gene was 

attributed to oncogenic activities and prenylation steps were identified to activate their malignant effects [10]. 

The Rho GTPases have been implicated in multiple diverse roles including the modulation of gene 

expression and cell cycle progression via signaling networks. Further the small G-proteins are necessary for cell-

cell/cell-matrix interactions, as well as endo- and exocytosis processes. Due to their multi-dimensional roles, 

different GEFs and GAPs are needed to regulate the diverse functions so their multiple downstream effectors can 

be utilized [24]. 

Rab proteins are the biggest group in the Ras superfamily. In their function they mainly regulate the 

intracellular transport of vesicles between donor and acceptor compartments as well as proteins between cellular 

organelles [24]. 

1.2.3 Ubiquinone Biosynthesis 
Ubiquinone, also known as coenzyme Q (CoQ) is an important lipophilic membrane stabilizer and 

antioxidant biosynthesized endogenously in the mitochondria of eukaryotic cells which prevents the oxidation of 

proteins, lipids and DNA (Figure 10) [14]. In mitochondria it further influences the membrane transition pore, 

protein uncoupling, fatty acid oxidation, uridine biosynthesis and oxidative phosphorylation which finally leads 

to the production of ATP [13,14]. Ubiquinones consist of a redox active quinone head group and a hydrophobic 

polyisoprenoid tail that get attached to each other by the prenyltransferase COQ2 (human)/ Coq2p (fungal). While 

the quinone head group origins from amino acid tyrosine, the isoprenoid tail arises in the isoprenoid biosynthesis 

pathway (see Chapter 1.1.2). Both structure motives are generated outside the mitochondria before they are 

brought into them by so far unknown mechanisms. The prenyltransferases, decaprenyl-diphosphate synthase 
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subunit (PDSS) 1 and PDSS2 (human)/ Coq1p (fungal) catalyze the head-to-tail chain polymerization of IPP units 

on FPP [14]. Chain length mainly depends on the organism. While human PDSS1/2 predominantly catalyzes the 

formation of chains with ten isoprenoid units, the S. cerevisiae enzyme, Coq1p, prefers six isoprenoid units [13]. 

  
Figure 10: Structure of ubiquinone (coenzyme Q) as it can be found in human cells. 
 

1.2.4 Heme A Biosynthesis 
In the group of Heme proteins, the probably most important member is Heme B. Besides its role as a 

component of hemoglobin, Heme B additionally serves as the educt for the formation of Heme A, which is an 

important prosthetic group in the cytochrome A-containing respiratory oxidases [26]. Besides a formyl group 

instead of a methyl group on position C8 of the porphyrin complex, Heme A also contains a hydroxyethylfarnesyl 

chain, which is in place of the vinyl group on C2 (Figure 11). The formation of Heme A is catalyzed by two 

enzymes. In a first reaction, heme O synthase catalyzes the modification of the educt, Heme B, in position C2. 

Heme O synthase therefore uses FPP as a co-substrate to form the stable intermediate Heme O. The subsequent 

reaction providing Heme A, is catalyzed by Heme A synthase and requires molecular oxygen [26]. 

 
Figure 11: Structure of the two porphyrin complexes heme B and heme A.  
 

1.2.5 Formation of Dolichols 
While fungal dolichols range from 14-17 isoprenoid units, mammalian dolichols range from 18-21 

isoprenoid units (Figure 12). The main functions of dolichols are O-/ and N-glycosylations of proteins, as well as 

the biosynthesis of glycosylphosphatidylinositol anchors in the endoplasmic reticulum [12,27]. Formation of 

dolichols starts with FPP or GGPP, to which IPP units are added subsequently until the specific chain length is 

reached. The elongation of the polyprenyl pyrophosphate (PolyP-PP) is considered to be fully catalyzed by cis-

isoprenyl transferase in yeasts and humans [27]. For further dolichol biosynthesis, PolyP-PP undergoes enzymatic 

modifications, whose respective enzymes are not fully described [27]. Starting with the dephosphorylation of 
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PolyP-PP to the single phosphorylated intermediate (PolyP-P) in a second dephosphorylation the free polyprenol 

is generated. The alpha-isoprene of the polyprenol intermediate is subsequently reduced by an NADPH consuming 

reductase to form the alpha saturated dolichol. In a final step, dolichol kinase phosphorylates dolichol to dolichol 

phosphate, which functions as the lipid anchor in the ER membrane [12,27]. 

 
Figure 12: General structure of dolichols. While n is between 11-14 in fungal cells, in mammalian cells n ranges from 15-18. 
 

1.2.6 Fungal Carotenoid Biosynthesis 
Carotenoids are a class of terpenoids, that are widespread in nature but not produced in animal cells. In 

plants they have important functions in metabolic and physiological processes including photosynthesis [28]. 

Even though they are not essential in fungal survival, several fungi can produce carotenoids. In their function as 

antioxidants, they help to inactivate oxygen radicals that occur due to light and UV radiation. Therefore, the 

carotenoid biosynthesis is photo-regulated in several fungi. Fungal carotenoid biosynthesis starts using two units 

GGPP, that condensate to phytoene. Phytoene is desaturated to lycopene from which on diverse carotenoids, e.g., 

b-carotenes, neurosporaxanthins and astaxanthins are formed (Figure 13) [28,29].  

 
Figure 13: Structure of the fungal carotenoids, b-carotene, neurosporaxanthin and astaxanthin. 
 

1.2.7 Fungal Quorum Sensing 
Quorum sensing (QS) describes the ability of a growing microorganism to exchange signals with the 

extracellular chemical and physical environment [30]. The mechanism is used to sense the presence of other 

species and communicate with them [31]. QS was exclusively described for prokaryotes until in 2001 Hornby et 

al. [30] identified farnesol as a quorum sensing molecule (QSM) in the dimorphic fungus Candida albicans. 

Dimorphism is the ability of a fungus to either appear as a budding yeast or germ-tube forming mycelia. In C. 



Introduction 

 12 

albicans farnesol influences the yeast-to-mycelium conversion [30,32]. Whether there is a high concentration of 

farnesol C. albicans appears as a yeast, without the formation of new germ tubes. Increased concentrations of 

farnesol usually occur in growing fungi, but the same effect could be observed when farnesol was added during 

experimental conditions [30]. Next to the morphological appearance, QSMs can influence biofilm formation, 

virulence, antimicrobial resistance, and mycotoxin production [31-33]. In addition, fungi use QS to determine the 

cell density of their own population [31,33]. 

First hints for a correlation between increased virulence and high farnesol levels were figured out by 

Navarathna et al. [34], who investigated the pathogenicity of C. albicans pre-treated with subinhibitory (“still… 

some cell growth” [34]) concentrations of the post-squalene pathway inhibitor fluconazole in a mouse model. 

Mice administered pre-treated C. albicans showed an up to four times higher mortality rate than the control group, 

infected with untreated pathogens. Extracellular farnesol concentrations were twelve times higher, intracellular 

levels were six times higher in the fluconazole group than the levels of the control group [34]. 

Further evidence for decreased lethality in combination with low farnesol concentrations was found in a 

second Candida mouse model by Tashiro et al. [35]. In their experiment they evaluated the effects of pravastatin 

on Candida infections. Therefore, statin concentrations were increased above the typical range used for the 

treatment of hyperlipidemia, to target the fungal HMG-CoA reductase. A positive correlation between decreased 

farnesol concentrations and an increased survival rate of the mice was concluded [35]. 

Leonhardt et al. [36] additionally investigated the effects of the fungal QSM on the cells of human 

immune response that are known to be important for fungal clearance. On the one hand, farnesol induced the 

activation of monocytes and neutrophils and thereby enhanced inflammation. On the other hand, the activated 

monocytes were interfered in their differentiation to immature dendritic cells by the QSM. Consequently, the 

immature dendritic cells were only capable to give dysfunctional response and lacked in T-cell activation and 

excretion of Th1 [36].  

In combination with antimycotics, e.g., fluconazole and micafungin, synergistic effects of farnesol have 

been observed in the treatment of several Candida infections. Even fluconazole resistance reversion could be 

achieved for C. albicans strains, when they were additionally exposed to farnesol [33]. An explanation for the 

synergism could be an increased level of reactive oxygen species, as well as the influence of the amphiphilic 

farnesol on membrane integrity, fluidity and permeability [33]. 

1.3 Regulation of Cholesterol Biosynthesis 
Cholesterol homeostasis is a highly regulated process, which is affected at several levels. In the human 

body a small portion of this important biomolecule is resorbed from nutrients while up to 80% (800 mg) are 

synthesized via endogenous cholesterol biosynthesis every day [5,37]. The endogenous biosynthesis itself is 

regulated by feedback mechanisms, with HMG-CoA reductase as the rate determining enzyme (see Chapter 1.4).  

However, cholesterol biosynthesis can also be influenced exogenously, by mevalonate pathway 

inhibitors, that are useful in the treatment of hypercholesterolemia. HMG-CoA reductase (Figure 2, enzyme e) 

inhibitors and ATP citrate lyase (Figure 2, enzyme a) inhibitors are the only two approved classes of cholesterol 

biosynthesis lowering drugs (see Chapter 1.5). However, a lack of isoprenoids, which is accompanied by 

insufficient prenylation reactions (see Chapter 1.2) can induce severe side effects [38]. 

Strategies to develop inhibitors targeting enzymes of the post-squalene pathway and thereby avoiding a 

loss of isoprenoids failed so far. Triparanol, which was launched on the market in 1960 as a sterol C24-reductase 
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inhibitor, was later identified to be a multienzyme inhibitor [39] and already withdrawn two years after it was 

launched. The reasons were numerous side effects including vomiting, nausea, hair loss and compromised vision. 

In few cases triparanol was also suspected to reduce the number of white blood cells [40]. Late cholesterol 

biosynthesis as potential target additionally seems inappropriate, when considering various inherited genetic 

defects that disrupt endogenous cholesterol biosynthesis and are often associated with significant symptoms and 

increased mortality (see Chapter 1.6). 

Interestingly no approved cholesterol lowering drug is on the market that targets the isoprenoid pathway, 

even though the pathway contains potential target enzymes [38] and no inherited disorders are described that 

affect its enzymes. Therefore, development of an isoprenoid pathway inhibitor could be a promising objective for 

a new class of cholesterol lowering drugs (see Chapter 2). 

In antifungal treatment, however, the enzymes of the post-squalene pathway are a prominent target for 

azoles (sterol C14-demethylase, Figure 6, enzyme o*), morpholines (sterol C14-reductase and sterol C8-

isomerase) and allylamines (squalene epoxidase, Figure 4, enzyme l) (see Chapter 1.7). Also, in the field of 

antimycotics, no drugs are on the market targeting the isoprenoid pathway even though it contains putative target 

enzymes (see Chapter 4) [41] for potential new classes of inhibitors (see Chapter 2). 

1.4 Endogenous Control of Cholesterol Biosynthesis 
The rate limiting step of mammalian cholesterol biosynthesis is catalyzed by the enzyme HMG-CoA 

reductase (HMGR), which is regulated by multivalent feedback mechanisms in its activity. Next to a sterol 

dependent transcription control, mRNA translation can be influenced, as well as the rate of reductase degradation 

and phosphorylation [42,43]. 

Transcriptional regulation of the HMGR gene is mediated by sterol regulatory element binding proteins 

(SREBPs). SREBPs are associated with a SREBP-cleavage-activating protein (SCAP) in the endoplasmic 

reticulum (ER) membrane. In the case of high sterol concentrations, the SREBP2-SCAP agglomerate interacts 

with an insulin-induced gene (INSIG) protein, which blocks the binding site of coat protein II (COPII) and causes 

the complex to retain in the ER membrane. Whereas when ER cholesterol is depleted, the SREBP2-SCAP 

complex is transferred to the Golgi apparatus via COPII vesicles, while INSIG proteins get ubiquitinylated and 

degraded in proteasomes. At the Golgi apparatus the proteolytic activation of SREBP is proposed by two 

membrane specific proteases, site 1 protease (S1P) and site 2 protease (S2P). The processed SREBP is then 

transferred to the nucleus where it activates the transcription of specific sterol regulatory genes including HMGR 

and INSIG1. Besides the direct INSIG regulated feedback mechanism, further regulatory mechanisms exist, that 

hinder SREBP2 from exiting the ER membrane [5,8,42]. 

On the level of HMGR mRNA translation, a poorly described isoprenoids-including mechanism is 

responsible for the translational regulation of the enzyme [44]. 

Degradation of the ER membrane bound HMGR is induced by ubiquitylation via INSIG and elevated 

sterol levels. At high concentrations of oxysterols e.g., 25/27-hydroxycholesterol and methylated sterols such as 

lanosterol, they interact with the HMGR’s sensitive binding sites, followed by an INSIG induced ubiquitylation 

and proteasomal degradation of HMGR. Geranylgeraniol can accelerate this mechanism by facilitating the transfer 

of a specific prenyltransferase (UBIAD1) to the Golgi apparatus, which would otherwise disturb the INSIG- 

HMGR interaction [5,42]. 
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A further regulating mechanism influencing the activity of HMGR is the phosphorylation state of a 

specific serine (in humans: Ser872) of the enzyme’s catalytic domain. HMGR can be phosphorylated by adenosine 

monophosphate activated protein kinase (AMPK), which blocks the enzyme, when intracellular adenosine 

triphosphate (ATP) levels are low [42,43].  

1.5 Inhibitors of the Mevalonate Pathway 
Next to autoregulatory mechanisms influencing endogenous sterol levels, sterol biosynthesis enzymes 

are an important target for the treatment of several diseases including cardiovascular diseases (CVDs) and 

mycoses (see Chapter 1.7). According to the World Health Organization (WHO), CVDs are the leading cause of 

global mortality, accounting for approximately 17.9 million deaths, or 32% of all global deaths annually (2019) 

[45]. Atherosclerotic CVD (ACVD), in particular, has been strongly correlated with increased low-density 

lipoprotein (LDL) levels. LDLs are the predominant transport form of cholesterol, with approximately 50% of the 

sterol as their main component. The development of atherosclerotic plaques is initiated by the gradual 

accumulation of LDL particles in the blood, leading to their deposition on the surfaces of epithelial cells. 

Concurrently, the oxidation of LDLs in the bloodstream stimulates inflammatory responses, which in turn promote 

the proliferation of foam cells, further contributing to the development of atherosclerotic plaques [5].  

As a first line treatment for hypercholesterolemia, statins are used to prevent ACVD. Therefore, 

atorvastatin was the best-selling drug worldwide in 2006 [4]. However, side effects including muscle weakness, 

cramps, several myopathies, and life-threatening rhabdomyolyses, prevent 7-29% of all statin-treated patients 

from receiving the guideline’s required doses [38,46]. One explanation to the numerous side effects is the loss of 

isoprenoids that were needed for secondary prenylation reactions (see Chapter 1.2) [38].  

Besides statins, bempedoic acid was approved by the Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA) in 2020 for the treatment of hypercholesteremia in statin intolerant patients. 

Bempedoic acid is a liver specific, first in class prodrug which inhibits ATP citrate lyase, the enzyme providing 

acetyl-CoA for sterol biosynthesis [46,47]. Due to the specific activation of bempedoic acid in liver tissue, side 

effects that affect skeletal muscle may be reduced [46]. Nevertheless, side effects induced by a lack of prenylation 

remain. 

1.6 Defects in Cholesterol Biosynthesis 
A potential answer to the lack of cholesterol lowering drugs targeting the post-squalene pathway are six 

inherited disorders, that have been linked to specific enzymatic defects in cholesterol biosynthesis. Two further 

disorders, mevalonic aciduria (MAA) and a syndrome called hyperimmunoglobulinemia D and periodic fever 

syndrome (HIDS) affect the same gene encoding the enzyme mevalonate kinase (MVK, Figure 2, enzyme e), an 

enzyme of the mevalonate pathway [43]. MAA and HIDS occur due to defects of the MVK gene and are therefore 

often summarized as mevalonate kinase deficiency because the clinical symptoms are overlapping. The 

autoinflammatory disease is characterized by skin rash, abdominal pain, recurrent episodes of fever and other 

inflammatory symptoms [48]. Cells of patients with HIDS have a MVK enzyme activity up to 10% compared to 

control values, whereas MAA patients have no detectable activity [43]. As a consequence, biosynthesis of essential 

isoprenoids is lacking, which hinders an appropriate prenylation of several molecules, e.g., the small G-proteins 

of the Ras superfamily. There is evidence that inflammatory hyperresponsiveness, especially the hypersecretion 

of IL-1b may be affected by the lack of prenylation, rather than the accumulation of mevalonic acid [49]. 
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The remaining genetic disorders exclusively affect enzymes of the post-squalene pathway in cholesterol 

biosynthesis, while there is no inherited disorder described that affects the enzymes of the isoprenoid pathway. In 

Table 1 an overview of the relevant genetic disorders and thereby affected enzymes is listed. In contrast to the 

remaining defects, the gene encoding sterol C14-demethylase is not directly affected in the Antley-Bixler 

syndrome. In fact, the decreased activity of sterol C14-demethylase is a secondary effect, due to mutations in the 

POR gene encoding cytochrome P450 (CYP450) oxidoreductase, a mandatory electron donor of sterol C14-

demethylase [50]. Sufficient electron supply is essential for CYP450 activity and inhibiting its electron supply 

was identified as a promising, novel strategy in antifungal therapy (see Chapter 3). 

 

Affected enzyme Associated inherited disorder 

Mevalonate kinase Mevaloic aciduria 

Mevalonate kinase Hyperimmunoglobulinemia D andperiodic fever syndrome 

Sterol C7-reductase Smith-Lemli-Opitz syndrome 

Sterol C24-reductase Desmosterolosis 

Sterol C5-desaturase Lathosterolosis 

Sterol C14-reductase Greenberg skeletal dysplasia /HEM skeletal dysplasia 

Sterol C8-isomerase Conradi-Hünermann-Happle syndrome, CHILD syndrome 

Sterol C4-demethylase complex CHILD syndrome 

(Sterol C14-demethylase  Antley-Bixler syndrome) 
Table 1: Genetic disorders affecting cholesterol biosynthesis. In brackets: cholesterol biosynthesis associated inherited 
disorder. CHILD: Congenital hemidysplasia with ichthyosiform erythroderma and limb defects; HEM: Hydrops ectopic 
calcification-moth-eaten. 
 

1.7 Inhibitors of Ergosterol Biosynthesis 
Inhibiting sterol biosynthesis is not only an effective way to prevent CVDs (see Chapter 1.5) but also a 

valuable tool to treat fungal infections. Fungal germs are often underestimated but cause up to 3.8 million deaths 

per year (2019-21) of which 2.5 million were directly attributed to fungal infections [51]. The most dangerous of 

them are invasive mycoses that are in some cases not immediately recognized as fungal infections which can 

make them live threatening. Inhibitors of ergosterol biosynthesis, antimycotics, can be classified according to 

their molecular or enzymatic target. While polyenes interact with ergosterol itself (lower affinity to cholesterol 

[52]) imidazoles/triazoles, morpholines and allylamines affect enzymes of the post-squalene pathway. 

For polyenes there are two postulated mechanisms of action. According to the first model (ion channel 

model), polyenes like amphotericin B (AmB) lead to an accumulation of reactive oxygen species in the cytoplasm 

after forming 1:1 adducts with ergosterol. Those aggregates form small channels that increase fungal membrane 

permeability [52-54]. The second model suggests the formation of large, extracellular AmB aggregates that extract 

ergosterol from fungal bilayer membranes and thereby kill the fungal cell (sponge model) [54]. 

Imidazoles (e.g., clotrimazole, ketoconazole)/triazoles (e.g., fluconazole, posaconazole) are inhibitors of 

the enzyme sterol C14-demethylase. Their mechanism of action is based on the direct interaction of one nitrogen 

in the imidazole/triazole ring with the heme iron of the enzyme. As a result of that interaction, oxygen can no 

longer be activated, which is the necessary step for sterol C14-demethylase activity [55,56]. A possible mechanism 
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of fungal azole resistance is in relation to the electron supply of sterol C14-demethylase (see Chapter 3) which 

was already identified to be crucial for the mammalian enzyme (see Chapter 1.6, Antley-Bixler syndrome). 

Morpholines (e.g., amorolfine) are capable to inhibit two ergosterol biosynthesis enzymes, sterol C14-

reductase and sterol C8-isomerase, in a synergistic way. The mechanism of action is based on the protonated form 

of morpholines at physiological pH, imitating two reactive carbenium ion intermediates in the conversions 

catalyzed by these enzymes [57].  

Inhibitors of the allylamine class target the enzyme squalene epoxidase, which is followed by an 

accumulation of toxic squalene and reduced ergosterol levels [57].  

The effects of inhibitors affecting the isoprenoid biosynthesis pathway will explicitly be highlighted in 

Chapter 5. 
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2. Objective 

The increasing number of invasive fungal infections caused the WHO to rise the “WHO fungal priority 

pathogens list to guide research, development	and	public	health	action”[58] in 2022. The document classified 

Aspergillus fumigatus among others as one of the most critical fungal germs. Fungal infections threaten human 

health and account up to 3.8 million deaths per year (2019-21) [51]. By the analysis of the distal sterol patterns of 

A. fumigatus strains that were provided by the group of Assoc.-Prof. Fabio Gsaller of Medical University of 

Innsbruck, we revealed that specific mutations in the cytochrome P450 gene affect azole resistance (see Chapter 

3). As this is only one of multiple adaptions and resistance mechanisms fungal germs develop, the urge to identify 

new targets for antifungal therapy is high. The latest antimycotics in development are using innovative modes of 

action e.g., Gwt1 (Glycosylphosphatidylinositol-anchored wall protein transfer 1) inhibitors (fosmanogepix, 

phase III) and dihydroorotate dehydrogenase inhibitors (olorofim, phase III) [59]. Fosmanogepix (FSX) targets a 

fungal specific inositol acyltransferase which is necessary for glycosylphosphatidylinositol (GPI) biosynthesis 

and thereby hinders GPI-anchored mannoprotein from expression on fungal cell surfaces [59,60]. Olorofim (OLF) 

inhibits fungal pyrimidine biosynthesis by hindering the formation of orotate from dihydroorotate [59].  

As further potential targets we identified ergosterol biosynthesis and its early enzymes of the isoprenoid 

pathway to be essential for fungal survival (see Chapter 4) [41]. Therefore, the primary objective of this work was 

the development of a gas chromatography-mass spectrometry (GC-MS) based analytical approach which can be 

used to analyze isoprenoids and isoprenoid pyrophosphates from different matrices such as cells and growth media 

(see Chapter 4). The assay should be an extension to the already established approaches of Müller et al. to analyze 

ergosterol [22] and cholesterol [18] biosynthesis intermediates in the post-squalene pathway.  

First steps to analyze the isoprenoid pathway were already done by Dr. Florian Vetter in the Bracher 

group in 2018, who developed an assay to identify inhibitors in the pre-squalene pathway of cholesterol 

biosynthesis [61]. The work of Dr. Vetter was the basis of my Master’s thesis project in which the approach should 

have been adapted to analyze fungal matrices [62]. However, the original assay described by Dr. Vetter [61] was 

lacking in precision and robustness. One of the main issues was an insufficient derivatization of isoprenoids with 

benzoyl chloride (esterification). Derivatization is essential due to the large variability in isoprenoid molecule size 

(C5-C20). On the one hand retention of small analytes like prenol and isoprenol (C5 isomers) must be sufficient to 

separate the isomers, on the other hand geranylgeraniol (C20 isoprenoid) should still be detectable within the same 

run. Therefore, silylation with a bulky silylation reagent like tert-butyldiphenylchlorosilane (tBDPSCl) was 

established as part of my Master’s thesis project to guarantee complete derivatization and sufficient retention [62]. 

Subsequently, further weaknesses of the original method [61] were revealed, including contaminations, 

an insufficient extraction resulting in low recovery, as well as ineffective conditions for enzymatic deconjugation 

of pyrophosphates. Deconjugation of pyrophosphates from isoprenoids was a crucial step in sample preparation. 

While isoprenoids are easily evaporable in a GC-MS setup, their corresponding pyrophosphates remain 

unvaporizable under GC-MS conditions. In addition, uncharged isoprenoids can be extracted from aqueous 

milieus like cell pellets or growth media with organic solvents more easily than the at physiological pH charged 

pyrophosphates. 
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Within the scope of my Master’s thesis project, these weaknesses were systematically identified and 

investigated. Nevertheless, the optimization of all critical steps was beyond the scope of that thesis [62]. 

Consequently, in my ongoing PhD project the approach was fully optimized and finally validated in line with the 

2011 European Medicines Agency (EMA) “Guideline on bioanalytical method validation” [63] (see Chapter 4).  

The final approach was applied to A. fumigatus mutant strains with specific modifications in isoprenoid 

pathway genes, provided by Prof. Johannes Wagener from Trinity College Dublin in cooperation with Assoc.-

Prof. Fabio Gsaller. Next to establishing a novel analytical approach, one of the main findings was the 

identification of fungal squalene synthase gene erg9, encoding for the respective enzyme, to be essential which 

therefore could be a novel target in future antifungal drug development.  

To avoid negative side effects, selectivity of experimental compounds or promising drug candidates is a 

pivotal aim in drug development. By expanding the analytical approach from the fungal pre-squalene pathway to 

the mammalian pre-squalene pathway, the selectivity of experimental drugs targeting the pre-squalene pathway 

of cholesterol biosynthesis could be investigated and sufficient inhibition of a specific fungal/mammalian target 

could be identified more easily. As, in addition, the isoprenoid section of sterol biosynthesis is not the primary 

target of established cholesterol biosynthesis inhibitors, even though several enzymes of it were suggested to be 

potentially druggable [38], a further aim of my work was to adapt the new approach to mammalian matrices (see 

Chapter 5).  

Our findings from fungal strains (see Chapter 4) also rose the interest in investigating isoprenoid patterns, 

showing the distribution of isoprenoids and their respective pyrophosphates between cellular and extracellular 

matrices. By testing literature described inhibitors of fungal and mammalian sterol biosynthesis on human 

leukemia 60 (HL60) cells, structure-activity relationships were investigated and made the developed assay even 

more widely applicable.  

Due to the wide scope of our assays to analyze isoprenoids and sterols in mammalian and fungal cells, 

we were interested to test our approaches on the fungal strain Alternaria brassicicola which showed reduced 

growth in presence of to the plant sterol dehydroepiandrosterone (DHEA) in a previously not investigated way 

(see Chapter 6). As a proof of concept, whether DHEA affected the isoprenoid or post-squalene pathway of 

ergosterol biosynthesis, the group of Dr. Jan Klein from Friedrich Schiller University Jena provided us with 

samples of DHEA treated A. brassicicola which were analyzed with our approaches according to Liebl et al. (see 

Chapter 4) and Müller et al. [22] (see Chapter 6).  
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3. Azole Resistance in Aspergillus fumigatus 

A. Kühbacher, P. Merschak, H. Haas, M. Liebl, C. Müller, F. Gsaller; The cytochrome P450 reductase CprA is 
a rate-limiting factor for Cyp51A-mediated azole resistance in Aspergillus fumigatus. Antimicrobial Agents and 
Chemotherapy. 2023; 67(11). Impact factor: 4.1 (2/2025)	
3.1 Summary 

The cytochrome P450 (CYP450) enzyme sterol C14-demethylase (called CYP51 in Aspergillus 

fumigatus) has a pivotal role in ergosterol biosynthesis and is therefore a prominent target addressed by the class 

of azole antifungals. The catalyzed reaction is a three-step oxidation which requires molecular oxygen and 

NADPH in every step to transform the C14-methyl group into a formic acid leaving group. The formal 

demethylation is accompanied by the introduction of a C14, C15 double bond [64]. Electron support, necessary 

for these redox reactions is covered by additional cytochrome P450 reductases. 

Azole antifungals target the heme iron in the active site of CYP51 and thereby prevent the oxidation of 

the natural substrates [16]. Inhibition of this enzyme in A. fumigatus is followed by an accumulation of C14-

methylated ergosterol biosynthesis intermediates, e.g., eburicol and lanosterol. However, the toxic 14-

methylergosta-8,24-diene-3,6-diol, which has fungicidal effects is not formed in quantaties in A. fumigatus under 

azole treatment [20]. Therefore, the accumulation of C14-methylated sterols in combination with ergosterol 

depletion has only a fungistatic effect in A. fumigatus, which gives the microorganisms time to adapt and develop 

resistance mechanisms [56]. The most frequent resistance mechanisms include amino acid substitutions that 

change the constitution of the active binding site, overexpression of efflux pumps, and overexpression of target 

enzymes like CYP51 itself [16,65].  

In this work our focus was on the investigation of cytochrome P450 reductases, cprA, cprB and 

cytochrome b5-reductase (CybE), that deliver the essential electrons for CYP51 function [66]. As the level of 

cyp51 transcription does not fully correlate with fungal azole resistance, it was considered that sufficient electron 

supply is a complementary factor elevating antimicrobial resistance in CYP51 overexpressing strains. By 

generating several inducible A. fumigatus mutant strains, in which cprA, cprB or CybE could be separately 

activated, the effect of each electron supporter was characterized. Increased azole resistance could be observed 

through elevated minimal inhibitory concentrations (MIC). In addition, changes in the sterol pattern could be 

observed when different mutant strains and growth conditions were compared to their respective control groups. 

Decreased eburicol and elevated ergosterol levels were indicators for the observed azole resistance and increased 

MICs. For clinically relevant isolates carrying mutations e.g., tandem repeats (TRs) in the cyp51 promotor, that 

induce CYP51 overexpression, azole resistance could be increased by additionally overexpressing cprA, which 

was identified as the pivotal rate-limiting factor. Until now, the synergistic role of cprA overexpression on 

antimicrobial resistance was not investigated in clinically isolates. Therefore, a screening of clinically relevant 

isolates for mutations affecting CYP51 electron supporters could bring insight, whether these mutations also occur 

naturally.  
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3.2 Personal Contribution 
Overview: 

 Conceptualization:  F.G. 

 Methodology:   A.K., P.M., M.L., C.M., F.G. 

 Data curation:   A.K., P.M., H.H., M.L., C.M., F.G. 

 Formal analysis:   A.K., P.M., H.H., M.L., C.M., F.G. 

 Writing – original draft:  F.G. 

 Writing – review and editing: A.K., H.H., M.L., C.M., F.G. 

Note: 

My contribution to this work was the sterol profiling according to Müller et al. [22], including sample 

preparation, the analysis of the data, formal analysis and data curation. From the created data Figure 3 and Table 

S3 were designed by me. Further, the draft for the “sterol measurements” section in the “Materials and methods” 

section was prepared by me.  

Dr. Christoph Müller was involved in this work as he and Assoc.-Prof. Gsaller conceptualized the required sterol 

measurements in which Dr. Müller supervised me. 

The creation of the different inducible fungal strains, creation of further figures, data analysis as well as the 

experimental processing were done by Alexander Kühbacher. 

Prof. Hubertus Haas was also involved in data curation and analysis.  

All mentioned co-authors contributed to this work in editing and reviewing of the manuscript. 

Petra Merschak was involved in this work by MIC testing and preparing the lyophilized samples that were used 

for sterol profiling. 
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4. Quantifying Isoprenoids in the Ergosterol Biosynthesis by Gas 

Chromatography–Mass Spectrometry 

M. Liebl, L. Huber, H. Elsaman, P. Merschak, J. Wagener, F. Gsaller, C. Müller; Quantifying Isoprenoids in the 
Ergosterol Biosynthesis by Gas Chromatography–Mass Spectrometry. Journal of Fungi. 2023; 9, 768. Impact 
factor: 4.2 (2/2025)	 
4.1 Summary 

The pressure to launch new antimycotic drugs on the market is high, due to permanently evolving and 

fast adapting fungal microorganisms, that continuously develop resistance mechanisms (see Chapter 3). 

According to a 2024 review [51], invasive fungal infections threaten more than 6.5 million people per year and 

cause up to 3.8 million deaths annually.  

The development of new antifungals is a challenging task. Nevertheless, continuous approaches are made 

to increase the number of antifungal tools. Next to the very recent approval of inhibitors using already established 

targets and mechanisms, e.g., the azoles opelconazole (triazole for application via inhalation) and oteseconazole 

(tetrazole targeting sterol C14-demethylase) or rezafungin (echinocandine targeting cell wall biosynthesis), the 

identification of novel targets can bring decisive advantage in antifungal therapy [59,67]. The latest innovations 

are fosmanogepix (FSX) and olorofim (OLF), two drug candidates, using novel mechanisms of action. FSX (phase 

III) is the first inhibitor of Gwt1 (Glycosylphosphatidylinositol-anchored wall protein transfer 1) which is essential 

for GPI-anchor biosynthesis, while OLF (in clinical development, phase III) affects pyrimidine biosynthesis in 

fungal cells by inhibiting the fungal dihydroorotate dehydrogenase [59,65,67]. 

In this work we introduced an analytical approach that could be used to identify and quantify isoprenoid 

pathway intermediates after final adaptions (see Chapter 2). Those included the optimization of the extraction 

solvent, which was a final mixture of n-hexane/acetone/acetonitrile (12/2/1, v/v/v), as well as the optimization of 

the crucial enzymatic pyrophosphate deconjugation step using alkaline phosphatase from bovine intestinal mucosa 

(40 min at 37 °C; 1 M aqueous diethanolamine buffer pH 8.6 containing 0.5 mM magnesium chloride 

hexahydrate). This represents the first described gas chromatography (GC) based approach to analyze the whole 

isoprenoid section of ergosterol biosynthesis. Following a detailed validation, we tested our assay on A. fumigatus 

mutant strains that contained doxycycline inducible isoprenoid pathway genes for either erg9 (squalene synthase) 

or erg1 (squalene epoxidase). While the role of erg1 is known to be crucial, and allylamines (e.g., terbinafine) are 

potent inhibitors of fungal squalene epoxidase, the effects of erg9 downregulation were not yet investigated in 

that detail. By specifically regulating erg1/erg9, the respective enzymes can only be formed up to a limited degree. 

If there are no further genes encoding for analogous enzymes, the biological pathway accumulates a specific 

intermediate. In the case of essential genes, the fungus can be limited in growth and even total survival without 

the formation of its enzyme. By comparing mutant strains with equally treated wildtype strains, differences in 

growth and overall survival were observed (Figure 14). 
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Figure 14: Comparison of doxycycline (Dox) inducible (tetOn) A. fumigatus mutant strains containing mutations in erg9/1 with 
wildtype (wt) strains after 48 h incubation at 37°C (more information can be found in Chapter 4.4).  
 

Subsequent isoprenoid pathway analysis confirmed an accumulation of the expected isoprenoids, as well as the 

role of squalene synthase (Erg9) as an essential enzyme. So far there are no antimycotics described that target 

fungal squalene synthase, therefore the development of this new class of antifungals could be an interesting 

approach (see Chapter 5.5). 

4.2 Personal Contribution 
Overview: 

 Conceptualization:  M.L., J.W., F.G., C.M. 

 Methodology:   M.L., H.E., P.M., C.M. 

 Data curation:   M.L., L.H., J.W., F.G., C.M. 

 Formal analysis:   M.L., L.H., P.M., F.G. 

 Writing – original draft:  M.L., C.M. 

 Writing – review and editing: M.L., J.W., F.G., C.M. 

 

Note: 

My contribution to this work was the improvement and implementation of the final analytical 

methodology which was in part developed during my Master’s thesis project (see Chapter 2). Also, 

conceptualization and experimental design were part of my contribution. The subsequent performance of the 

experiments, as well as the analysis of the data, formal analysis and data curation were done by me. Finally, I was 

involved in visualization of the experimental results, writing the original draft as well as reviewing and editing 

this article.  

Validation of the assay, including data analysis and formal analysis of the validation data were carried 

out by Ludwig Huber as a part of his Bachelor’s thesis (Pharmaceutical Sciences) which was supervised by me.  

Hesham Elsaman and Prof. Johannes Wagener contributed to the project as they produced the fungal 

strains and described them in the ”Materials and methods” section of the manuscript. Further Figure S1 was 

provided by them. In addition, Prof. Wagener was included in conceptualization, reviewing, and editing the 

manuscript.  

Petra Merschak supported this publication by preparing the fungal samples, including different growth 

conditions, terbinafine treatment and lyophilization of the samples. 

Assoc.-Prof. Fabio Gsaller was included in the conceptualization of this work. He further took part in 

reviewing and editing of the manuscript. 
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Dr. Christoph Müller contributed to the planning of the experimental design and in the whole 

investigation. He was involved in the development of the article structure, writing of the original draft as well as 

reviewing and editing. 

The project was supervised by Prof. Wagener, Assoc.-Prof. Gsaller and Dr. Müller, who were also 

providing the required resources. 
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5. Targeting the Isoprenoid Pathway in Cholesterol Biosynthesis: 

An Approach to Identify Isoprenoid Biosynthesis Inhibitors 

M. Liebl, F. Olander, C. Müller; Targeting the isoprenoid pathway in cholesterol biosynthesis – An approach to 
identify isoprenoid biosynthesis inhibitors. Archiv der Pharmazie. 2025; Volume 359, Issue 2. Impact factor: 4.3 
(2/2025) 

5.1 Summary 
Unlike polyenes (target: ergosterol, see Chapter 1.7) or echinocandins (target: beta 1,3-β-glucan 

synthase) that target fungal specific structures with high affinity, the enzymatic targets of mammalian and fungal 

isoprenoid biosynthesis are identical (see Chapter 1.1.2). Therefore, selectivity of novel drug candidates towards 

one organism’s enzymes is an essential feature that must be considered during drug development. For 

identification of enzymatic targets in the post-squalene pathway we already use two closely related self-developed 

approaches described by Müller et al. to test for ergosterol [22] and cholesterol [18] biosynthesis inhibition in the 

post-squalene pathway.  

In this work we approved our isoprenoid biosynthesis assay (see Chapter 4) to be a useful tool for 

evaluating selectivity of compounds, as it is applicable to fungal and mammalian matrices. While initial qualitative 

screening (analysis of changes in the isoprenoid patterns after incubation with the test compounds) can reveal the 

affected enzyme, the degree of isoprenoid accumulation (quantitative screening) can be used as an indicator for 

the inhibitor’s affinity towards the target enzyme.  

Therefore, the assay was adapted and revalidated on a human HL60 cell line before subsequently 

predictive drugs and experimental inhibitors (16 in total) of the pre- and post-squalene pathway were tested. Half 

maximal inhibitory concentrations (IC50) were determined to estimate the substances’ potential for lowering total 

cholesterol biosynthesis before we confirmed weather the actual target of the inhibitor was in the isoprenoid (assay 

described in Chapter 4) or the distal part of cholesterol biosynthesis [18]. As expected, inhibitors targeting a fungal 

enzyme showed lower activity on the mammalian biosynthesis than substances developed to inhibit the 

mammalian enzyme. In addition, not all literature described inhibitors showed activity in our test system.  

Interestingly, we identified 6-fluoromevalonate as isopentenyl pyrophosphate isomerase inhibitor, a 

biological activity which was previously unknown. Furthermore, as the role of isoprenoid pathway intermediates 

is not limited to sterol biosynthesis (see Chapter 1.2), we determined isoprenoid patterns, which can be used to 

visualize differences in concentrations and phosphorylation state of isoprenoids and isoprenoid pyrophosphates 

in extracellular and intracellular matrices (Figure 15). The main form of isoprenoids, independent of the observed 

matrix, was a dephosphorylated state. 
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Figure 15: Workflow of isoprenoid distribution under isoprenoid pathway inhibition in HL60 cells and intra- and extracellular 
distribution of isoprenoids (left side). Schematic chromatogram (right side) of analyzed isoprenoid tBDPS-ethers (tBDPS 
group not shown). Orange dots: phosphate group, red dots: alcohol group, straight black arrows: main pathway, dotted black 
arrows: alternative pathway. 
 

5.2 Personal Contribution 
Overview: 

 Conceptualization:  M.L., C.M. 

 Methodology:   M.L., C.M. 

 Data curation:   M.L. 

 Formal analysis:   M.L., F.O. 

 Writing – original draft:  M.L., C.M. 

 Writing – review and editing: M.L., C.M. 

 

Note: 

My contribution to this work was the conceptualization, method adaption and validation. All samples 

and matrices (intra and extracellular) used for validation, analysis of isoprenoid patterns and determination of IC50 

values were prepared by me. Method application on biological samples (isoprenoid patterns) was a further part of 

my contribution. This included the planning and execution of necessary experiments as well as the formal analysis 

and curation of the measurement data. In addition, the visualization of the obtained results as well as writing of 

the original draft, reviewing and editing were done by me.  

Florian Olander was supervised by me, as he contributed to this work by performing the formal analysis 

of IC50 samples according to Müller et al.[18]. 

Dr. Christoph Müller was involved in the conceptualization of the project as well as the experimental 

design of the whole investigation. He was involved in the development of the article structure, writing of the 

original draft as well as reviewing and editing. In addition, funding of the project was provided by Dr. Müller. 
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5.5 Is there an antifungal activity of mammalian isoprenoid biosynthesis inhibitors? 
Designing selective inhibitors that target ergosterol biosynthesis without affecting the equivalent 

mammalian (host) enzyme is a key ambition in antimycotic drug development. While antifungal drugs are 

designed to kill the fungal germ, the same drug should not interact with the host’s enzymes (when applied 

systemically). In a minimal inhibitory concentration (MIC) testing using A. fumigatus, the group of Assoc.-Prof. 

Gsaller screened eleven experimental compounds and approved drugs we previously had tested for their inhibition 

of enzymes in cholesterol biosynthesis on HL60 cells (see Chapter 5.3). In contrast to the IC50 testing, where we 

tested the potential of compounds to reduce total cholesterol biosynthesis (see Chapter 5.3), the focus of MIC 

testing was on identifying an inhibitor concentration that was toxic to the fungal germ (Table 2). If one of the 

tested experimental compounds affected fungal growth and survival in MIC testing, an additional screening of the 

isoprenoid pathway according to Chapter 4 could be used to identify the potentially targeted fungal enzyme. An 

equivalent test (to MIC testing of fungal cells) to identify toxicity of experimental compounds on HL60 cells 

would be a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) test, which is used to determine 

the metabolic activity (representing viability) of cells after exposure to different compound concentrations. Since 

the final therapeutic approaches are different in fungal (killing the germ) and mammalian (inhibiting cholesterol 

biosynthesis) cells, the determination of IC50 values was preferred over MTT testing for HL60 cells.  

Terbinafine, an approved inhibitor of fungal squalene monooxygenase was tested as proof of concept, 

showing growth reducing effects in MIC testing at low concentrations (MIC: 19 µM). However, due to the low 

specificity of terbinafine, the drug is only applied topically [68], as it also can inhibit total cholesterol biosynthesis 

(IC50: 0.54 µM). NB-598, a further inhibitor of squalene monooxygenase (see Chapter 5.3) interestingly showed 

no activity on fungal cell growth (MIC > 200 µM). This lacking effect of NB-598 however is in line with literature 

[69], as this experimental drug was specifically developed to target cholesterol biosynthesis. In HL60 cells NB-

598 showed a very low IC50 value (0.006 µM), which is in correlation with its high affinity to the mammalian 

enzyme (see Chapter 5.3).  

From the tested mammalian squalene synthase inhibitors (see Chapter 5.3), only two showed effects on 

fungal growth. Lapaquistat showed low inhibitory effects (MIC: 155 µM) while zaragozic acid was already very 

effective in inhibiting fungal growth at a concentration of 0.6 µM (MIC). Since lapaquistat was developed from 

zaragozic acid with the aim to design a cholesterol lowering drug (see Chapter 5.3), the decreased activity towards 

the fungal cells could have been expected.  

The remaining isoprenoid pathway inhibitors showed no effect on overall survival of A. fumigatus at the 

tested concentrations (Table 2). A detailed discussion of IC50 values and inhibitory effects of all experimental 

drugs on HL60 cells is included in Chapter 5.3. 
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inhibitor IC50 value [µM] 

HL60  

MIC [µM] 

A. fumigatus 

6-fluoromevalonate >1000 >200 

BPH1358 n.q. >150 

carnosic acid 4.2 >200 

zoledronic acid 225 >350 

YM175 337 >350 

„carbazole 11” 0.001 >200 

lapaquistat 2.8 155 

zaragozic acid 5.0 0.6 

chlorogenic acid 169 >200 

NB-598 0.006 >200 

terbinafine 0.540 19 
Table 2: Characterization of eleven inhibitors for their affinity to target total cholesterol biosynthesis (IC50 values) from HL60 
cells (for details see Chapter 5.3) and MIC values from A. fumigatus cells indicating fungitoxic concentrations. 
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6. Is Dehydroepiandrosterone Excretion a Defense Mechanism of 

Plants Affecting Ergosterol Biosynthesis of Alternaria 

brassicicola?  

C. Oktay, G. Shiko, M. Liebl, F. Feistel, S. Mußbach, K.L. Körber, E. Barth, L. Huber, A. Antony, R. Oelmüller, 
M. Reichelt, K. Ossetek, C. Müller, A.C.U. Furch, J. Klein; Arabidopsis thaliana accumulates 
dehydroepiandrosterone after infection with phytopathogenic fungi – effects on plants and fungi. Plant Physiology 
and Biochemistry. 2025; Volume 221, 109570. Impact factor: 6.1 (2/2025) 

6.1 Summary 
The potential threat by fungal germs is not exclusively based on the direct interaction between fungal 

pathogens and human hosts. As fungi can also infect fruits, agricultural products, and other plants they are capable 

to affect essential parts of the mammalian chain of nutrition. As a consequence, fungicides are next to insecticides 

and herbicides among the most frequently applied classes of pesticides in modern agriculture which are used to 

decrease the risks of harvest losses [70] (pesticides used 2022 in Germany: 4.06 kg/ha [71]). Besides the excessive 

amounts of pesticides that are used to protect agricultural products, several plants are capable to defend themselves 

against external threats by using molecular defense mechanisms. In this context endogenous plant steroids may 

play an important role as they are known to take part in plant development and stress resistance reactions [72]. 

Dehydroepiandrosterone (DHEA) is one of the widest spread plant steroids, whose exact function is however not 

fully understood [73]. Interestingly DHEA was identified to accumulate in shoots of Arabidopsis thaliana after 

they were infected with the pathogenic fungus Alternaria brassicicola (see Chapter 6.3).  

In this work we wanted to enlighten the mechanism of action in which DHEA affects A. brassicicola. 

Therefore, different setups were generated to identify the effects of DHEA on the fungal pathogen (A. 

brassicicola), as well as the plant host (Arabidopsis thaliana). Due to a direct correlation between increasing 

DHEA concentrations and limited fungal growth and spore production, effects on sterol biosynthesis were 

considered. Whether DHEA affected an enzyme of the isoprenoid pathway or distal sterol biosynthesis pathway 

we have identified the target by analyzing the accumulating intermediate according to our sterol biosynthesis 

assays (see Chapter 4 ) [22]. Even though no changes in the isoprenoid or distal sterol biosynthesis patterns were 

observed after DHEA treatment, we increased insight into the previously undescribed ergosterol biosynthesis of 

A. brassicicola. By azole treatment we identified whether the preferred ergosterol biosynthesis pathway was via 

eburicol or lanosterol, as fungi usually prefer one of both pathways (see Chapter 1.1.3). As azoles inhibit fungal 

sterol C14-demethylase the treated fungus tends to accumulate the intermediate which is usually metabolized to 

ergosterol. In ketoconazole (sterol C14-demethylase inhibitor) treated samples we identified eburicol to be 

preferred over lanosterol, for ergosterol biosynthesis.  

Since the observed effects of DHEA on fungal growth and spore formation were not correlated to changes 

in the sterol pattern, the antifungal effects were likely due to changes in fungal plasma membrane, which affects 

total fungal membrane integrity.  
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Note: 

My contribution to this work was the performance of the experiments concerning the determination of 

the fungal isoprenoid and sterol patterns according to Liebl et al. (see Chapter 4) and Müller et al.[22]. The 

generated data were processed and formatted by me. Further I contributed to the original draft by preparing Tables 

S08 and S09. Figure 11C, and Figure 12 were prepared by me (Figure 12 A: only the used data and the figure 

conceptualization were prepared by me).  

Dr. Christoph Müller was involved in this work as he and Dr. Jan Klein conceptualized the required sterol 

measurements in which Dr. Müller supervised Ludwig Huber (phytosterol measurements) and me.  

Further analytical methodology and experimental design were prepared by Dr. Jan Klein and Dr. Felix 

Feistel. 

Ceren Oktay, Glendis Shiko, Dr. Felix Feistel, Sarah Mußbach, Karl Ludwig Körber, Anna Anthony, 

Prof. Dr. Ralf Oelmüller, Dr. Michael Reichelt, Kilian Ossetek, Assoc.-Prof. Alexandra C. U. Furch and Dr. Jan 

Klein contributed to this article in the remaining experimental investigations and creation of data including data 

procession and formation. 

Bioinformatic analysis and visualization of the generated data were performed by Dr. Emanuel Barth and 

Dr. Jan Klein. 

The original draft was designed by Ceren Oktay, Glendis Shiko, Karl Ludwig Körber, Prof. Dr. Ralf 

Oelmüller, Dr. Christoph Müller, Assoc.-Prof. Alexandra C. U. Furch and Dr. Jan Klein.  

Finally, all authors contributed to editing and reviewing of the manuscript.  
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7. Summary 

Analysis of the isoprenoid pattern in sterol biosynthesis could lead to a better understanding of the effects 

isoprenoids have on fungal and mammalian organisms. Targeting isoprenoid pathway enzymes by specific 

inhibitors could further lead to the development of novel classes of drugs (antimycotic/antihypercholesterolemic 

drugs). The aim of this work was the implementation of an analytical assay that could be used to identify and 

quantify isoprenoids and their corresponding isoprenoid pyrophosphates in fungal and mammalian cells. Further 

the approach should be applied in the scope of several collaborative projects (see Chapters 4-6). 

The general need for new approaches to treat invasive fungal infections was highlighted in Chapter 3, 

where we identified mutations in the electron support chain of CYP51A as a putative explanation for a previously 

not described mechanism of fungal resistance. Identification of those novel targets is essential to develop effective 

tools against an emerging number of resistance mechanisms against established drugs.  

Enzymes of the isoprenoid pathway play an important role in fungal survival and therefore could be an 

interesting target for a new class of antimycotics (see Chapter 4). In this context, a GC-MS based assay for the 

analysis of intermediates of the isoprenoid pathway was introduced, which was optimized for the use in fungal 

matrices. Besides adaptions in sample handling, liquid-liquid extraction, enzymatic pyrophosphate deconjugation 

and derivatization, a novel analytical method was described, which was validated in line with the EMA guideline 

on analytical method validation on S. cerevisiae matrix. After validation, inducible A. fumigatus strains carrying 

mutations in isoprenoid pathway genes (erg1/erg9) were analyzed to describe their isoprenoid composition. 

Finally, we identified the essential role of erg9 and its corresponding enzyme (fungal squalene synthase) for fungal 

survival and therefore as a potential new target for antifungal treatment. 

Since one of the most important tasks in antifungal drug development is avoiding interactions with the 

mammalian host, the isoprenoid assay was adapted a second time to analyze mammalian isoprenoid biosynthesis 

and get better insights into structure-activity relationships of published enzyme inhibitors (see Chapter 5). By 

optimizations in sample preparation the approach was adopted to HL60 cells and extracellular matrix was included 

as an additional dimension for analysis. The analysis of 16 experimental isoprenoid and distal ergosterol pathway 

inhibitors revealed 6-fluoromevalonate as an inhibitor of isopentenyl pyrophosphate isomerase, a function which 

was previously not described in literature. Additionally, the subsequent analysis of isoprenoids and isoprenoid 

pyrophosphates from intra- and extracellular matrices was used to traffic isoprenoid patterns. Those patterns 

revealed the preferred deconjugated form of isoprenoids in the cellular matrix over the expected 

pyrophosphorylated condition, which is the known pathway intermediate.  

With the implementation of the isoprenoid assay on fungal and mammalian matrices (cellular and 

extracellular), a potent tool for experimental drug screening and investigation of isoprenoid trafficking was 

developed. Selectivity of a compound towards one specific enzyme in fungal or mammalian cells can be 

confirmed which is of pivotal interest in all stages of drug development (also see Chapter 5.5). 

In combination with the established assays of Müller et al. for distal cholesterol [18] and ergosterol [22] 

biosynthesis pathway analysis, the isoprenoid assays for fungal (see Chapter 4) and mammalian (see Chapter 5) 

isoprenoid biosynthesis are a powerful expansion to the original approaches. An application of the assays 
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(isoprenoid + distal ergosterol biosynthesis) was performed, as described in Chapter 6, where the role of the 

putative plant sterol biosynthesis inhibitor dehydroepiandrosterone (DHEA) could not be confirmed.  
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8. Abbreviations 

ACVD atherosclerotic CVD 
ADP adenosine diphosphate  
AmB amphotericin B  
AMPK activated protein kinase 
Arf ADP ribosylation factor 
ATP adenosine triphosphate  
CHILD congenital hemidysplasia with ichthyosiform erythroderma and limb defects 
CoA coenzyme A  
COPII coat protein II 
CoQ coenzyme Q 
CVD cardiovascular disease 

CybE cytochrome b5-reductase 
CYP cytochrome P 
DHCR24 C24-dehydrocholesterol reductase  
DHEA dehydroepiandrosterone 
DMAPP dimethylallyl pyrophosphate  
Dox doxycycline 
EMA European Medicines Agency 
ER endoplasmic reticulum  
FDA Food and Drug Administration 
FPP farnesyl pyrophosphate 
FSX fosmanogepix  
FT farnesyl transferase 
GAP GTPase-activating protein 
GC gas chromatography 
GC-MS gas chromatography-mass spectrometry 
GDP guanosine diphosphate  
GEF guanine-nucleotide-exchange factor 
GGPP geranylgeranyl pyrophosphate  
GGT geranylgeranyl transferase 
GPI glycosylphosphatidylinositol  
GPP geranyl pyrophosphate  
GTP guanosine triphosphate 
GTPase guanosine triphosphatase  
Gwt1  glycosylphosphatidylinositol-anchored wall protein transfer 1 
HEM hydrops ectopic calcification-moth-eaten 
HIDS hyperimmunoglobulinemia D and periodic fever syndrome 
HL60 human leukemia 60 
HMG 3-hydroxy-3-methylglutaryl  
HMGR HMG-CoA reductase  
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IC50 half maximal inhibitory concentration 
IL interleukin 
INSIG insulin-induced gene 
IPP isopentenyl pyrophosphate  
LDL low-density lipoprotein 
MAA mevalonic aciduria 
MIC minimal inhibitory concentration 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 
MVK mevalonate kinase 
NADP nicotinamide adenine dinucleotide phosphate  
OLF olorofim  
P phosphate 
PDSS1 decaprenyl diphosphate synthase subunit 1 
PolyP-P polyprenyl phosphate 
PolyP-PP polyprenyl pyrophosphate 
PP pyrophosphate  
PSPP pre-squalene pyrophosphate 
QS quorum sensing  
QSM quorum sensing molecule  
Rab Ras-related in brain 
Ran Ras-related nuclear 
Ras rat sarcoma virus 
Rho Ras homologue 
S1P site 1 protease  
S2P site 2 protease  
SCAP SREBP-cleavage-activating protein 
SLOS Smith-Lemli-Opitz syndrome 
SREBP sterol regulatory element binding protein 
tBDPSCl tert-butyldiphenylchlorosilane 
TR tandem repeat 
UBIAD1   UbiA prenyltransferase domain-containing protein 1 
WHO World Health Organization 
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