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1. Introduction 
 

1.1 Lysosomes 
The lysosome is a field of research that has long been underestimated but is now receiving 

more and more attention. The growing interest in lysosomes and the endolysosomal system 

(ELS) can be attributed to the numerous processes they regulate, which in turn affect human 

health and disease. 

Lysosomes are membrane-bound organelles found in eukaryotic cells. With an intraluminal pH 

of < 5, their interior milieu is acidic. They were first discovered by CHRISTIAN DE DUVE[1], who 

eventually received the Nobel Prize in Physiology or Medicine for his findings in 1974. 

Lysosomes are equipped with a comprehensive set of hydrolytic enzymes that can break down 

various biomolecules like peptides, nucleic acids, lipids and polysaccharides. The lumen of the 

lysosome is encircled by a cholesterol-poor and heavily glycosylated membrane, which 

segregates the aggressive acidic environment from the rest of the cell. The membrane is 

traversed by various ion channels (Figure 1). Autodigestion of the membrane by the hydrolytic 

enzymes is prevented by the glycocalix[2, 3]. The enzymes work best in a specific, acidic 

environment, which is maintained in the lysosomal lumen by an ATP-consuming proton pump 

(VATPase)[4].  
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Figure 1: Depiction of the lysosome with selected digestive enzymes and ion channels 

(cf. l it. [5 ]) 
 

One of the main functions of lysosomes is the digestion of macromolecules. These 

macromolecules reach the lysosomes by various routes, including the endocytotic and the 

autophagic pathway[6]. Both itineraries mainly lead to the fusion of cargo loaded vesicles with 

the lysosomes to form hybrid organelles.  

In the endocytotic pathway, in brief, extracellular molecules or surface proteins are internalized 

by endocytosis and then delivered to early endosomes (EE) where they are efficiently sorted. 

For recycling, the cargo can be transported back to the plasma membrane through recycling 
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endosomes (RE). For degradation, the EE matures to a late endosome (LE), which can fuse 

with a lysosome to form an endolysosome, where the eventual degradation takes place[7-10]. 

The autophagic pathway is divided into three different types: macroautophagy, 

microautophagy and chaperone-mediated autophagy. In the following, the focus is on 

macroautophagy and the term autophagy refers to this subject. Succinctly, the autophagy 

process consists of the sequestration of cytoplasmic material like macromolecules, organelles 

and misfolded proteins into an autophagosome that is delivered to a lysosome. The fusion of 

the two vesicles creates an autolysosome in which the cargo is finally degraded and recycled[11] 

(Figure 2). Autophagy is a pivotal catabolic process associated with the maintenance of 

cellular and tissue homeostasis[12, 13]. 

 
Figure 2 : The process of macroautophagy (cf. l it. [14 ]) 

 

Lysosomes have emerged as an important subject of research, involved in various biochemical 

processes and diseases. For a long time merely recognized as the trash can or the recycle bin 

of the cell, in recent years lysosomes have been shown to transcend this role by far[15, 16]. They 

possess several functions within the cell: They participate in immunity, plasma-membrane 

repair, cell adhesion and cell migration. Furthermore, they act as a sophisticated regulatory 

and signaling hub that is responsive to environmental cues as well as cellular and organismal 

needs[6]. They are also involved in nutrient sensing, metabolic signal transduction[17] and cell 
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death[18]. With a Ca2+ concentration which is 5000 fold higher than in the cytosol (~ 0.5 mM in 

the lysosome vs ~ 100 nM in the cytosol) lysosomes are small Ca2+ stores in the cell[19]. 

In particular, the role of autophagy in health and disease has arisen as a substantial topic of 

scientific investigations over the last two decades. Several studies have emphasized the role 

of autophagy in longevity[20, 21], cancer[22, 23], neurodegeneration[24, 25] and a myriad of other 

biochemical processes. 

A master transcriptional regulator of autophagy and lysosomal biogenesis is transcription 

factor EB (TFEB). In brief, the regulatory function of this protein works by translocation from 

the cytosol to the nucleus, resulting in the activation of genes including those of the CLEAR 

(Coordinated Lysosomal Expression and Regulation) network[26-28]. The cellular localization 

and the activity of TFEB are primarily controlled by its phosphorylation status. The two main 

kinases known to phosphorylate TFEB are mechanistic target of rapamycin complex 1 

(mTORC1) and extracellular signal-regulated kinase 2 (ERK2), both master regulators of 

cellular growth. Phosphorylated TFEB is kept inactive in the cytosol[29]. Dephosphorylation by 

the phosphatase calcineurin initiates its nuclear translocation and thus promotes activation[30] 

(Figure 3). A crucial element in the process of autophagy and in the ELS is the endolysosomal 

ion channel TRPML1. 
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Figure 3 : Regulation of autophagy and gene expression by TFEB and lysosomal 

signaling, Cn = Calcineurin, MCOLN1=TRPML1 (cf . l it. [31]) 
 

1.2 TRPML1 
TRPML (transient receptor potential mucolipin) is a sub-family within the transient receptor 

potential (TRP) cation channel superfamily. The TRP group comprises the seven members 

TRPML, TRPA, TRPC, TRPM, TRPV, TRPP and TRPN, whereby the first six are found in 

mammals. TRPML in turn is composed of the three isoforms TRPML1, TRPML2 and TRPML3. 

TRPML1, encoded by the MCOLN1 gene and often also referred as Mucolipin-1 (MCOLN1), 

is an unselective, inwardly rectifying cation channel predominantly localized in the membrane 

of late endosomes and lysosomes in all mammalian cell types. Mainly known as a Ca2+
 release 

channel in the lysosome, it is also permeable for Na+, Fe2+, Zn2+ and other cations. The channel 

is a tetrameric protein with six transmembrane domains[32] whose trafficking to lysosomes and 

late endosomes is regulated by two di-leucine motifs at the cytosolic N- and C-terminal tails 

(Figure 4)[33].  
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Figure 4 : The TRPML1 ion channel with its six transmembrane domains, red : di- leucin 

motif, purple: proline r ich domain, blue: serine lipase motif, P: pore region cf. l it [ 34]  
 

The endolysosomal inositol lipid phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), a major 

constituent of the lysosomal membrane, has been described as an endogenous activator of all 

TRPML channels. In contrast, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is 

mainly found in the plasma membrane, has been identified as endogenous inhibitor of 

TRPML1[35] (Figure 5). A study by ZHANG et al. suggests that reactive oxygen species (ROS) 

are also capable of activating TRPML1 and that the channel acts as a ROS sensor in 

lysosomes[36]. 

 
Figure 5 : Endogenous ligands of TRPML1, left: phosphatidylinositol 3,5 -bisphosphate 

(activator), r ight: phosphatidylinositol 4,5-bisphosphate ( inhibitor)  
 

Moreover, the regulation of TRPML1 by Ca2+ and pH has been described[37]. Although the 

channel has been shown to be impermeable for protons, TRPML1-mediated currents are 

potentiated by low luminal pH[38, 39] and loss of TRPML1 reportedly affects the lysosomal 

luminal pH[40, 41]. Loss or mutation of TRPML1 with dysfunction causes Mucolipidosis Type IV 

(ML-IV), a neurodegenerative lysosomal storage disorder. Most ML-IV patients suffer from 

psychomotor delay, progressive visual impairment and achlorhydria[42]. 

TRPML1 exhibits several functions in different physiological processes, albeit its role in many 

of them is still not fully understood. It is involved in membrane trafficking, fission and fusion of 
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TRPML1 selective activator ML1-SA1[73] (Figure 6), most of them developed by the BRACHER 

group. With the not specifically named tetrazole compounds 1 and 2 very recently described 

by PENG et al., more activators have been added to the toolbox[74]. Regarding synthetic 

inhibitors, only the indoline derivative ML-SI1, an inhibitor with undisclosed structure named 

ML-SI2 and the 1,2-diaminocyclohexane derivative ML-SI3 were known, but poorly 

characterized examples in the literature[75, 76]. SAMIE et al. and WANG et al. who described ML-

SI1 and ML-SI3 in their publications did not provide any information regarding stereochemistry, 

although both molecules possess two stereocenters. Recent work by members of the BRACHER 

group shed light on the stereochemistry of ML-SI3 and identified (-)-(R,R)-trans-ML-SI3 as the 

most potent enantiomer[77, 78]. Given that all ML-SI compounds lack TRPML isoform-selectivity, 

there remained an evident need for selective TRPML1 inhibitors. 
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Figure 6:  Selection of l iterature known TRPML1 modulators , *: selectivity only 
confirmed by TRPML1 knock-out experiments, effect on other channels was not 

determined 
 

With this in mind, our cooperation partners Prof. Dr. Dr. CHRISTIAN GRIMM from the Walther-

Straub-Institut in Munich and Prof. Dr. MICHAEL SCHAEFER from the Rudolf-Boehm-Institut in 
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Figure 7 : HTS and the result ing hit EDME. For the HTS, substances were analyzed by 

a fluorimetric Ca2+  influx assay. Primary hits were subsequently retested to be 
confirmed or falsif ied. Dose-response measurements and evaluation of TRPML isoform-

selectivity revealed the final hits, of which EDME was by far the most promising 
compound due to its high potency and selectivity.  
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Figure 8: Results of the screening and the consecutive tests. Selected substances and  

their activity on TRPML1 are shown 
 

As none of these substances could match the TRPML1 inhibitory activity of EDME, the 

preliminary structure-activity relationship derived from these results can be resumed as 

follows: Aromaticity in ring A is crucial for the activity and variations at ring D are most likely 

critical. Since ring B and C are hardly accessible for synthetic variations, the most favorable 

positions for structural modifications were C-2 and C-3 of ring A. Furthermore, inversion of the 
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configuration of the secondary alcohol at C-17 had to be considered to elucidate whether the 

stereochemistry at this position is essential. In addition, substitution of the phenyl ring by 

suitable bioisosteres was a promising strategy of structural modification to alter the 

physicochemical and pharmacological properties of the molecule. In general, the design and 

synthesis of potential new inhibitors was limited by the availability of appropriate synthetic 

precursors. 

 
Figure 9: EDME, numbering and ring annotation 

 

On these premises, the aim of this work was to synthesize and biologically evaluate 

systematically modified analogs of EDME in order to get access to new potent and isoform-

selective TRPML1 inhibitors that are less active on estrogen receptors than the initial screening 

hit. 
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rings C and D, and above all its ring A is a cyclohexenone which can be cleaved by oxidation. 

This allows the introduction of nitrogen moieties. In addition, unlike testosterone and similar 

molecules, it does not bear a methyl group at C-10, which would prevent aromatization of ring 

A. Hence, it could later be recyclized to obtain the desired azaarenes. 

 
Scheme 2 : Starting material 19-nortestosterone (4) and the two azaarenes 

 

All in all, comprehensive modifications of EDME were designed under the aspects of feasibility 

and reasonability. The successful and unsuccessful synthesis attempts for all analogs derived 

from the above strategies as well as the biological evaluation of the resulting compounds are 

described and analyzed in the following chapters. 
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Scheme 5: Attempted O-trifluoromethylations of estradiol (3), A: Attempt following the 

protocol of L IU et al. [94] B: Possible competitive reaction with NFSI and mechanism 
proposed by L IU et al. [94] blue: desired pathway, red: undesired pathway (own depiction)  

C: Attempt using 5-(tr ifluoromethyl)dibenzothiophenium tr if luoromethanesulfonate 
 

Since the preparation of the 3-trifluoromethoxy analog of EDME 6 was not successful, the 

alternative approach was to synthesize the 3-difluoromethoxy analog. Therefore, the method 
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for direct difluoromethylation of phenols under alkaline conditions described by ZAFRANI et 

al.[96] was applied to estradiol (3) to give 3-difluoromethoxy analog PRU-4 in 35 % yield. In this 

procedure, diethyl bromodifluoromethylphosphonate is used as a precursor for 

difluorocarbene. According to ZAFRANI et al., the key step of this process is the hydrolysis-

based P-C bond cleavage which leads to the bromodifluoromethyl anion. After elimiation of 

bromide,  the carbene is formed which then reacts with the respective phenolate to form the 

difluoromethyl ether (Scheme 6). 

 
Scheme 6: Mechanism of the dif luoromethylation proposed by ZAFRANI et al. [96 ] applied 

to estradiol (3) (own depiction) 
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Figure 11:  EDME and the first ten synthesized analogs (f irst generation of analogs)  
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