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ABSTRACT 

Rhomboids are intramembrane serine proteases that belong to the evolutionarily 

widespread rhomboid superfamily. Rhomboids developed a slightly different catalytic 

mechanism compared to classical serine proteases; they utilise a catalytic dyad (Ser/His) 

instead of the common triad (Ser/His/Asp), and the rhomboid active site is buried in the 

membrane. This, coupled with their hydrophobicity, makes them quite difficult to study. 

Therefore, even though they are known to be involved in several important biological 

processes it is still not clear how exactly most of them are involved in the regulation of or in 

the pathologies of diseases related to these processes (such as malaria, Parkinson’s disease 

or cancer). Our understanding is hindered by the lack of tools for their characterisation both 

in vitro and in vivo. In my thesis I present new fluorogenic substrates based on the LacYTM2 

sequence, which is hydrolysed by several different rhomboid proteases. Using Förster 

resonance energy transfer (FRET)-based methods, these substrates are suitable for 

continuous monitoring of rhomboid activity in vitro. Modifications in the P5-P1 residues can 

improve selectivity for a specific rhomboid, the choice of FRET pair of fluorophores that 

absorbes light of longer wavelengths makes them suitable for high throughput screening 

(HTS). 

Selective and potent inhibitors are a valuable tool for studying the molecular 

mechanisms underlying enzyme function. However, such inhibitors have been lacking for 

rhomboid proteases. The inhibitors developed in my thesis are non-toxic and easily 

synthetically accessible and modifiable. The inhibitors based on the N-methylen saccharin 

or the benzoxazin-4-one scaffold are not potent enough for direct cell biological use, but 

further derivatisation could lead to improvement in potency. The peptidyl ketoamides are 

based on the structural understanding of rhomboid specificity and mechanism and they are 

the most promising class. They combine a substrate-derived peptidyl part with the 

electrophilic reactive group of the ketoamide, extended by a hydrophobic substituent. The 

resulting inhibitor scaffold is potent, selective, covalent and reversible. With low nanomolar 

potency in vivo, peptidyl ketoamides are by far the most effective rhomboid inhibitors 

available. Modifications of the peptidyl part and the C-terminal hydrophobic substituent will 

enable tuning of inhibitor selectivity to diverse rhomboid proteases. 

Key words: intramembrane proteolysis, rhomboid, rhomboid inhibitors, peptidyl 

ketoamides, fluorogenic substrates 
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ABSTRAKT 

 Rhomboidy jsou serinové membránové proteasy, které patří do evolučně rozšířené 

rodiny rhomboidních proteinů. Rhomboidy si ve srovnání s klasickými serinovými 

proteasami vyvinuly odlišný katalytický mechanismus; místo běžně triády (Ser/His/Asp) 

k proteolýze využívají pouze katalytickou dyádu (Ser/His) a jejich aktivní místo se nachází 

uvnitř lipidové membrány, což — společně s faktem, že jsou hydrofobní — komplikuje 

jejich studium. Přestože je známé jejich zapojení v mnoha důležitých biologických 

procesech, stále u většiny rhomboidů není jasný konkrétní mechanismus, kterým přispívají 

k regulaci těchto procesů nebo k patologickým projevům souvisejících onemocnění (jako 

např. malárie, Parkinsonova choroba nebo rakovina). Pochopení těchto dějů je ztíženo 

nedostatkem nástrojů k jejich studiu jak in vitro, tak in vivo. Ve své práci uvádím nové 

fluorogenní substráty založené na Försterově rezonančním přenosu energie (FRET) 

a odvozené od sekvence LacYTM2, které umožňují široké využití pro kontinuální sledování 

aktivity mnoha rhomboidů in vitro. Modifikacemi v P5-P1 pozicích je možné zvýšit specifitu 

substrátu k cílovému rhomboidu, zatímco výběr FRET páru fluoroforů absorbujícího 

v červené oblasti viditelného světla umožňuje jejich využití pro rychlé testování knihoven 

molekul. 

 Selektivní a účinné inhibitory jsou cenným nástrojem ke studiu molekulárních 

mechanismů enzymů, avšak pro rhomboidy zatím žádné takové inhibitory nejsou známy. 

Inhibitory vyvinuté v rámci této práce jsou netoxické, jednoduše synteticky dostupné 

a modifikovatelné. Inhibitory odvozené od N-methylen saccharinu nebo benzoxazin-4-onu 

sice nejsou dostatečně aktivní pro biologické aplikace, ale další modifikace by mohly vést 

ke zvýšení účinnosti. Peptidyl ketoamidy jsou inhibitory založené na mechanismu interakce 

rhomboidu se substrátem a jsou zatím nejslibnější skupinou inhibitorů rhomboidů. Spojují 

peptidovou část odvozenou od substrátu s ketoamidovou elektrofilní reaktivní skupinou 

rozšířenou hydrofobním substituentem. Výsledné inhibitory jsou účinné, selektivní, 

kovalentní a reversibilní. Vzhledem k jejich aktivitě in vivo při nízkých nanomolárních 

koncentracích jsou peptidyl ketoamidy v současnosti zdaleka nejefektivnějšími inhibitory 

rhomboidů. Optimalizace peptidové části a C-koncového hydrofobního substituentu umožní 

návrh selektivních inhibitorů dalších členů této rodiny. 

Klíčová slova: intramembránová proteolýza, rhomboid, inhbitory rhomboidů, 

peptidyl ketoamidy, fluorogenní substráty  
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LIST OF ABBREVIATIONS 

AarA rhomboid protease AarA 

ABP activity-based probe 

AcIATA-cmk peptidyl chloromethyl ketone inhibitor (acetylated at the N-terminus) 

AcVRMA-CHO peptidyl aldehyde inhibitor (acetylated at the N-terminus) 

ADAM10, 17 disintegrin and metalloproteinase domain-containing protein 10, 17 

APP amyloid precursor protein 

A20 tumor necrosis factor alpha-induced protein 3 

B. subtilis  Bacillus subtilis 

B. thetaiotaomicron  Bacteroides thetaiotaomicron 

BACE1 beta-secretase 1, also called β-site APP cleaving enzyme 1 

Bcl-3 B-cell lymphoma 3 protein 

BIK Bcl-2-interacting killer, apoptotic inducer 

BSc5195 (1,1-Dioxido-3-oxobenzo[d]isothiazol-2(3H)-yl)methyl 2-chlorobenzoate, 

saccharin derived inhibitor 

BtioR3 rhomboid 3 from Bacteroides thetaiotaomicron 

CAPF Cbz-AlaP(O-iPr)F, Cbz – carboxybenzyl 

Cdc48 cell division control protein 48 

CFP cyan fluorescent protein 

CMK chloromethyl ketone 

D. melanogaster  Drosophila melanogaster 

DCI 3,4-dichloroisocoumarin 

DDM n-dodecyl β-D-maltoside 

Der1 degradation in the endoplasmic reticulum protein 1 

Dfm1 DER1-like family member protein 1 

DFP diisopropyl fluorophosphate 

DMSO dimethyl sulfoxide 

E. coli Escherichia coli 

EGF(R) epidermal growth factor (receptor) 

EnPlex a high-throughput flow cytometry platform to assess potency and selectivity of small 

molecule enzyme inhibitors 

ER endoplasmic reticulum 

ERAD-L, ERAD-M endoplasmic reticulum-assosiated degradation of misfolded luminal (-L) or 

membrane (-M) ER proteins 

FITC fluorescein isothiocyanate 

FLAG protein tag; sequence DYKDDDDK 
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FRET Förster resonance energy transfer 

FRMD8/iTAP FERM domain-containing protein 8, iRhom-tail assosiated protein 

GA Golgi apparatus 

GFP green fluorescent protein 

GlpG rhomboid protease GlpG  

Glut1 glucose transporter 1 

HLE human leukocyte elastase 

Hrd1 ERAD-associated E3 ubiquitin-protein ligase 

Hrd3 ERAD-associated E3 ubiquitin-protein ligase component that stabilizes Hrd1 

HTS high-throughput screening 

IC50 half maximal inhibitory concentration 

IC 16 7-Benzoylamino-3-(3-butynoxy)-4-chloro-isocoumarin, 

isocoumarin rhomboid inhibitor 

IκB endogenous NF-κB inhibitor 

IKK IκB kinase complex 

IKKγ regulatory subunit of IKK  

IL-6 interleukin 6  

IRHD iRhom homology domain 

iRhom inactive rhomboid protein 

JLK 6 7-Amino-4-chloro-3-methoxy-1H-2-benzopyran, isocoumarin rhomboid inhibitor 

Jun transcription factor AP-1, protein encoded by jun gene 

kcat turnover number 

Ki inhibitory constant 

Km Michaelis constant 

KSp35 fluorogenic substrate based on LacYTM2 sequence, Edans-Dabcyl FRET 

fluorescence pair 

KSp64 fluorogenic substrate based on LacYTM2 sequence with RVRHA in P5-P1, 

Tamra-QXL610 FRET fluorescence pair 

KSp76 fluorogenic substrate based on LacYTM2 sequence, Tamra-QXL610 FRET 

fluorescence pair 

LacYTM2 lactose permease, transmembrane domain 2 

L1/2 loop loop corresponding to the L1 loop of the rhomboid core, because PARL-like 

rhomboids have an extra N-terminal TMD it is actually between TMD2 and 3 

λex, λem excitation/emission wavelength  

LG leaving group 

L29 phenyl 2-oxo-4-phenylazetidine-1-carboxylate, β-lactam rhomboid inhibitor 

L41 1-((4'-chloro-[1,1'-biphenyl]-4-yl)sulfonyl)-4-phenylazetidin-2-one, 
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 β-lactam rhomboid inhibitor 

L62 cyclopentyl 2-oxo-4-phenylazetidine-1-carboxylate, β-lactam rhomboid inhibitor 

MALDI matrix assisted laser desorption/ionization 

MAPK mitogen-activated protein kinases 

MBP maltose binding protein 

MPP matrix processing peptidase 

NF-κB nuclear factor κB 

NR698 Escherichia coli MC4100 imp4213 

P. falciparum  Plasmodium falciparum 

P. stuartii  Providencia stuartii 

PARL Presenilin associated rhomboid like protease, also PINK1/PGAM5 associated 

rhomboid like protease  

PD Parkinson’s disease 

PfROM1, 4 Rhomboid proteases ROM1 and ROM4 from Plasmodium falciparum 

PGAM5 Serine/threonine-protein phosphatase PGAM5, also Phosphoglycerate mutase family 

member 5 

PINK1 Serine/threonine-protein kinase PINK1, also PTEN-induced putative kinase protein 1 

Rbd2 Rhomboid protein 2 from Saccharomyces cerevisiae 

Rce1 CAAX prenyl protease 2, from gene name Ras converting CAAX endopeptidase 1 

RHBDD2, 3 Rhomboid domain-containing proteins 2 and 3 

RHBDL1-4 Rhomboid-related protein 1-4 

SAPE streptavidin R-phycoerythrin conjugate 

SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

S006 7-amino-3-(but-3-yn-1-yloxy)-4-chloro-1H-isochromen-1-one,  

 isocoumarin rhomboid inhibitor 

S016 7-amino-4-chloro-3-phenethoxy-1H-isochromen-1-one, 

isocoumarin rhomboid inhibitor 

T. gondii  Toxoplasma gondii 

TatA Sec-independent protein translocase protein, part of the twin-arginine translocation 

system 

TGFα transforming growth factor α 

TgROM5 rhomboid protease ROM5 from Toxoplasma gondii 

TLCK N-α-tosyl-L-lysine chloromethyl ketone 

TLR toll-like receptor 

TMD transmembrane domain 

TMD2/3 TMD corresponding to the TMD2 of the rhomboid core, but PARL-like rhomboids 

have extra N-terminal TMD, therefore it is actually TMD3 
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TMEM115 transmembrane protein 115 

TNF tumor necrosis factor 

TOM/TIM translocase of the outer membrane of mitochondria/ translocase of the inner membrane 

of mitochondria 

TPCK N-α-tosyl-L-phenylalanyl chloromethyl ketone 

Trx thyroxin domain 

TSAP6 endosomal metalloreductase (also STEAP3) 

T2DM type 2 diabetes mellitus 

Ub ubiquitin 

UBA ubiquitin-assosiated domain 

UBAC2 ubiquitin -associated domain-containing protein 2 

Ubx2 UBX domain-containing protein 2  

VBM VCP (p97)-binding motif 

WB western blot 

WR conserved Trp-Arg motif in rhomboid L1 loop 

YFP yellow fluorescent protein 

YqgP rhomboid protease YqgP (also called GluP) from Bacillus subtilis 

Yos9 protein OS-9 homologue 
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1 INTRODUCTION 

Hydrolysis of proteins is a major regulatory mechanism in organisms. Numerous 

proteases are known to be essential for homeostasis and health. Their function is to cleave 

peptide bond(s) in the protein target, a process which requires the presence of water 

molecules. Unsurprisingly, most proteases are water-soluble proteins. It is well known that 

water is excluded from cellular lipid membranes so it was quite a surprise when 

transmembrane proteases whose catalytic residues resided within lipid membranes were 

identified. 

Intramembrane proteases are present in all kingdoms of life and have many different 

functions, such as transcriptional control, cellular signalling, parasite invasion, bacterial 

protein translocation or control of mitochondrial membrane remodelling (Brown M. S. et 

al., 2000; Urban S. and Freeman M., 2002). In analogy to soluble proteases, intramembrane 

proteases are divided into several groups according to their catalytic mechanism. The first 

group are the metalloproteases, which are exemplified by site-2-proteases (Rawson R. B. et 

al., 1997). Then there are the aspartyl proteases with presenilin as the most prominent 

member of the group (Esler W. P. et al., 2000; Wolfe M. S. et al., 1999). Signal peptide 

peptidases are aspartyl proteases as well but they have opposite orientation compared to the 

presenilin-like proteins. The most recently identified group are the glutamate intramembrane 

proteases with the Rce1 protease as the best characterised member of this class (Manolaridis 

I. et al., 2013). The last group are serine intramembrane proteases, also called rhomboids 

(Urban S. et al., 2001), which are the focus of my thesis and are discussed further below.  

 

1.1 The Rhomboid superfamily 

Rhomboids were first discovered in the fruit fly Drosophila melanogaster, where 

mutations in rhomboid locus resulted in pointed head skeleton phenotype in embryos 

(Jurgens G. et al., 1984). The encoded protein (named Rhomboid 1) was shown to be 

important in early embryonal differentiation (Bier E. et al., 1990) through activation of the 

epidermal growth factor receptor/mitogen-activated protein kinases (EGFR/MAPK) 

pathway (Guichard A. et al., 1999) although the exact mechanism was not clear. Later it was 

shown that Rhomboid 1 is actually a novel intramembrane serine protease that activates 

EGFR by shedding the membrane-bound TGFα-like growth factor Spitz. Thus, Rhomboid 1 
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plays a critical role in the regulation of the EGFR signalling pathway in Drosophila (Lee J. 

R. et al., 2001; Urban S. et al., 2001) (Figure 1).  

Today it is clear that the rhomboid-like proteins make up a superfamily that consists 

both of active proteases as well as proteolytically inactive members – so called 

pseudoproteases (Figure 2). Rhomboid-like proteins occur in all kingdoms of life and are 

probably among the most widely distributed membrane proteins in nature. The rhomboid 

superfamily consists of numerous paralogue groups with low overall sequence similarity 

(Lemberg M. K. and Freeman M., 2007b), but all superfamily members share a typical 

rhomboid core formed by six transmembrane helices (Daley D. O. et al., 2005; Maegawa S. 

et al., 2005; Urban S. et al., 2001) and conserved sequence features. This transmembrane 

core is sometimes extended by an extra N- or C-terminal transmembrane helix or by 

an extramembrane domain (Koonin E. V. et al., 2003). Taking into account the six 

transmembrane domain (TMD) rhomboid core, conserved residues and by combining 

several statistical approaches four topological classes of rhomboid proteins were proposed 

(Figure 2). 

Despite being evolutionarily widespread, based on phylogenetic analyses some 

authors asserted that it is not probable that the rhomboid family arose from the last universal 

common ancestor (Koonin E. V. et al., 2003; Urban S. et al., 2001). Instead it was proposed 

that the family appeared in some bacterial lineage, then spread by horizontal gene transfer, 

and archaea and eukaryotes obtained rhomboids on several independent occasions, giving 

rise to “secretase-type” and PARL-type rhomboids (Koonin E. V. et al., 2003). Other authors 

speculate that rhomboids did evolve from one ancestor, supporting their claims by the wide 

Figure 1: Involvement of Rhomboid 1 in EGFR signalling in Drosiphila melanogaster 
Membrane-bound precursor of EGFR ligand Spitz (Drosophila homologue of EGF) is translocated from the 

endoplasmic reticulum (ER) to the Golgi apparatus (GA) by protein Star. In the GA the Spitz is cleaved by 

Rhomboid 1 and subsequently released in its active form. Adopted from (Urban S., 2009). 
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distribution of RHBDL4-like rhomboids and the fact that some features of secretase-type A 

class appear also in the secretase-type B class enzymes (Lemberg M. K. and Freeman M., 

2007b). Probably a deeper analysis is needed to resolve this issue. It would perhaps be 

relevant now when many more genomes have been sequenced and the understanding of the 

superfamily has also increased. Nevertheless, the fact that internal gene duplication is more 

probable compared to the addition of extra non-homologous TMDs supports the first 

scenario (Liu Y. et al., 2004a; von Heijne G., 2006). Based on transmembrane topology and 

sequence features, the rhomboid superfamily can be formally divided into several prominent 

architectural types (Figure 2). 

Secretase-type A rhomboids have an extra C-terminal TMD, denoted 6+1 TMD. 

Previously it was thought that this topology is unique only for eukaryotes (Koonin E. V. et 

al., 2003), but a later study suggests that a number of bacterial rhomboids are also predicted 

to have this structure (Lemberg M. K. and Freeman M., 2007b). Other typical features are 

Figure 2: Subgroups of the rhomboid superfamily and their architectures 
The rhomboid superfamily consists of both active proteases and catalytically inactive pseudoproteases that 

share the rhomboid core formed by 6 transmembrane helices (shown in blue) and several conserved elements 

(such as loop L1, structurally important residues). The subclasses often contain a special feature, such as extra 

helices or cytoplasmic domains (red). Representatives of each subclass are shown with prokaryotic members 

in grey. Probable evolutionary relationships are depicted by the dashed lines. The asterisk stands for GxxxG, 

helix dimerization motif. Abbreviations: IHRD, iRhom homology domain; UBA, ubiquitin-associated domain; 

VBM, VCP (p97)-binding motif. Adopted from (Ticha A. et al., 2018). 
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the highly conserved residues tryptophan and arginine in the L1 loop, the GxSxGVYA 

sequence motif around the catalytic centre and the GxxxG motif in TMD 6 (Lemberg M. K. 

and Freeman M., 2007b). The best characterised member of this group is Drosophila 

Rhomboid 1 (Urban S. et al., 2001). 

The secretase-type B class, also called the RHBDL4-like class, consists of rhomboids 

with six transmembrane helices. The best characterised member of this class is E. coli GlpG, 

but this topology is also seen in some eukaryotic rhomboids, for example 

Saccharomyces cerevisiae Rbd2 (Daley D. O. et al., 2005; Kim H. et al., 2006; Maegawa S. 

et al., 2005) or RHBDL4 (Fleig L. et al., 2012; Lemberg M. K. and Freeman M., 2007b). 

Unlike in secretase-type A, here the catalytic histidine is stabilised by phenylalanine 

(GxSxxxF motif) and most members retain only arginine as a conserved residue in the L1 

loop (Lemberg M. K. and Freeman M., 2007b). 

The PARL-subfamily is predicted to have an extra TMD at the N-terminus of the 

rhomboid core (1+6 TMD) and a seemingly opposite active site orientation compared to the 

secretase-type rhomboids (Lemberg M. K. and Freeman M., 2007a), i.e. facing the inside of 

the organelle where it resides (matrix of mitochondria).  Another characteristic of this class 

are the long N-terminal extensions (Jeyaraju D. V. et al., 2006) whereas the secretase-A and 

secretase-B rhomboids might have special soluble domains at either C- or N-terminus 

(Lemberg M. K. and Freeman M., 2007b). Although PARL-type rhomboids are missing 

several key parts typical for most rhomboid proteases (such as the arginine in loop L1/2 or 

a glutamate residue in the TMD2/3), the significant features of a rhomboid catalytic serine-

histidine dyad are conserved. A high degree of sequence homology, identical topology of 

the members and their mitochondrial localization supports their common evolutionary origin 

and similar biological function (Lemberg M. K. and Freeman M., 2007b). 

A remarkable number of rhomboid-like proteins appears to lack catalytic activity and 

most of these proteins form the rhomboid class called the iRhoms (Lemberg M. K. and 

Freeman M., 2007b; Zettl M. et al., 2011). The characteristic feature of this class is a large 

globular domain between TMD1 and TMD2 (Figure 2) called the IRHD (for iRhom 

homology domain) and cytosolic N-terminal domain, which make them significantly larger 

than other members of the rhomboid-like superfamily. Different members of this group lack 

different catalytic residues but surprisingly there are also cases where both the catalytic 

serine and histidine are present. The catalytic (in)activity is thus probably also influenced by 
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the proline residue, which is present in all iRhoms in the first x-position of the conserved 

GxSx catalytic motif (Lemberg M. K. and Freeman M., 2007b), and was shown to disrupt 

activity of rhomboid proteases (Zettl M. et al., 2011). 

 

1.2 Medical relevance of rhomboid-like proteins 

Several rhomboid-like proteins, including both the proteases and pseudoproteases, are 

known to play important roles in diseases such as colon cancer, Parkinson’s disease, malaria, 

or inflammatory diseases  (reviewed in (Dusterhoft S. et al., 2017)), but in many cases the 

underlying mechanisms are not known. The emerging possibility that rhomboid-like proteins 

could be novel drug targets elevates the general interest in their research, after the first 

rhomboid protein was characterised nearly twenty years ago (Urban S. et al., 2001). In this 

section, I will discuss several of the best understood rhomboid-like proteins associated with 

some human diseases. 

1.2.1 Protozoal rhomboid proteases 

The Apicomplexa phylum comprises pathogens that can cause severe diseases. They 

are obligate intracellular parasites, therefore invasion to the host cell is necessary for their 

survival and replication (Sibley L. D., 2004; Soldati D. et al., 2004). For example, 

Plasmodium spp. cause malaria that leads to 438 000 deaths a year (World Health 

Organization) and up to a third of the human population is affected by T. gondii (Montoya 

J. G. and Liesenfeld O., 2004). Toxoplasmosis usually does not have obvious symptoms in 

adults, but it can be life threatening to immunocompromised patients because it can lead to 

brain or eye damage (Jones J. L. et al., 2001). 

 Invasion of the host cell is a highly regulated process. When the host cell is 

recognised, the parasite attaches to it, which leads to the formation of a moving junction and 

to penetration (Carruthers V. B. and Boothroyd J. C., 2007). Adhesins are transmembrane 

proteins that interact with the receptors on the host cell and they are released on the parasite 

surface from the micronemes and rhoptries, the apical secretory organelles. In order to 

successfully invade the host cell, adhesins have to be shed which is ensured by proteolytic 

cleavage within their transmembrane domain (TMD) (Figure 3). Mutations in their TMD 

impair parasite invasion, showing that the shedding of adhesins is indispensable for the 

pathogen’s life cycle (Brossier F. et al., 2003; Ejigiri I. et al., 2012; O'Donnell R. A. et al., 

2006; Olivieri A. et al., 2011; Opitz C. et al., 2002; Parussini F. et al., 2012). In T. gondii 
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this cleavage is performed by rhomboid protease TgROM5 (Brossier F. et al., 2005). In 

contrast, Plasmodium utilises two rhomboid proteases with different substrate specificity, 

PfROM1 and PfROM4, for adhesion-receptor complex cleavage (Baker R. P. et al., 2006) 

(Harris P. K. et al., 2005). Four classes of adhesins are needed during all stages of parasite 

invasion and PfROM1 and PfROM4 in combination are able to cleave all of them. Blocking 

rhomboid activity might prevent parasite invasion and therefore apicomplexan rhomboids 

present a potential drug target (Baker R. P. et al., 2006). 

1.2.2 Mammalian rhomboid proteases 

Mammalian genomes encode five different rhomboid proteases. RHBDL1-4 are so-

called secretases as they are found in the secretory pathway (Lemberg M. K. and Freeman 

M., 2007b; Lohi O. et al., 2004) whereas PARL is the mitochondrial rhomboid protease 

(McQuibban G. A. et al., 2003). Drosophila rhomboids are involved in the EGFR signalling 

pathway (Lee J. R. et al., 2001; Urban S. et al., 2001) which is a very important signalling 

pathway also in mammals, both for homeostasis and cancers. However, it is well known that 

in mammalian cells EGFR ligands are shed by metalloproteases, mainly ADAM17 and 

ADAM10 (a disintegrin and metalloprotease) (Peschon J. J. et al., 1998; Sahin U. et al., 

2004), suggesting that mammalian rhomboids may have different functions from their 

Drosophila homologues. 

Figure 3: Rhomboid function in Plasmodium falciparum 
Apicomplexan parasite P. falciparum use two rhomboids for its invasion into the host cell. Parasite adhesins 

interact with host cell receptors and form a moving junction that is broken down by ROM1 (red) and ROM4 

(green). Adopted from (Urban S., 2009). 
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1.2.2.1 RHBDL2 

RHBDL2 is probably the best understood mammalian rhomboid protease. It is located 

on the plasma membrane and expressed mainly in epithelia (Adrain C. et al., 2011; Lohi O. 

et al., 2004). Unlike other mammalian rhomboids it has similar substrate preferences to 

Drosophila Rhomboids 1-3 as it can cleave their substrates Spitz (Lohi O. et al., 2004) and 

Gurken (Lemberg M. K. et al., 2005). This suggested that RHBDL2 could also be involved 

in the EGFR pathway but it became clear that of the mammalian EGFR ligands RHBDL2 

can only cleave EGF in the absence of metalloproteases activity (Adrain C. et al., 2011). The 

physiological relevance of RHBDL2 in EGFR signaling is unclear. 

Several other substrates of RHBDL2 were later discovered such as thrombomodulin 

(Lohi O. et al., 2004), B-type ephrins (Pascall J. C. and Brown K. D., 2004), and EGFR 

(Liao H.-J. and Carpenter G., 2012). RHBDL2 was also proposed to play a role in cell 

migration and angiogenesis (Noy P. J. et al., 2016), cell proliferation, wound healing, tumour 

metastasis (Cheng T. L. et al., 2011) or epithelial homeostasis (Johnson N. et al., 2017), but 

in none of these cases convincing animal data exist.  

1.2.2.2 RHBDL4 

RHBDL4 is a mammalian secretase located to the endoplasmic reticulum (ER) (Fleig 

L. et al., 2012; Wunderle L. et al., 2016). It was proposed to participate in the ER-associated 

degradation (ERAD), as its expression increases upon ER stress, and it can cleave membrane 

proteins that have unstable TMDs that are further degraded by ERAD (Fleig L. et al., 2012). 

Apart from ER stress, RHBDL4 upregulation has also been connected to tumour growth 

(Han J. Y. et al., 2015; Liu X. N. et al., 2013; Song W. et al., 2015). RHBDL4 was proposed 

to reduce apoptosis by cleaving the pro-apoptotic protein BIK (Wang Y. et al., 2008) or by 

upregulating c-Jun and its downstream target, Bcl-3 (B-cell lymphoma 3 protein) (Ren X. et 

al., 2013). The polytopic membrane protein TSAP6, which is involved in unconventional 

exosomal secretion (Keller S. et al., 2006; Nickel W. and Rabouille C., 2009), was also 

shown to be cleaved by RHBDL4. Another RHBDL4 substrate might be proTGFα (Song W. 

et al., 2015) but here it has been suggested that RHBDL4 instead promotes the transport of 

proTGFα through the secretory pathway, followed by its exosomal secretion (Wunderle L. 

et al., 2016). RHBDL4 can also cleave the amyloid precursor protein (APP) (Paschkowsky 

S. et al., 2016), a cell surface protein otherwise cleaved by BACE1 (β-site APP cleaving 

enzyme 1) (Li Q. and Sudhof T. C., 2004) and γ-secretase (De Strooper B. et al., 1998) to 

produce deleterious Aβ peptides which are thought to be a molecular cause of Alzheimer’s 
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disease (Viola K. L. and Klein W. L., 2015). The potential purpose of this might be the 

reduction of APP at the cell surface and subsequent Aβ generation (Paschkowsky S. et al., 

2016). Interestingly, the RHBDL4 activity towards APP appears to be regulated by 

membrane cholesterol levels; the lower the cholesterol levels, the higher the RHBDL4 

proteolytic activity (Paschkowsky S. et al., 2018). However, these findings again lack in vivo 

evidence and the precise roles of RHBDL4 in organisms remain unknown. 

1.2.2.3 PARL 

PARL is localised to the inner mitochondrial membrane and ubiquitous in eukaryotes 

(McQuibban G. A. et al., 2003). PARL, abbreviated form of ‘Presenilin associated 

rhomboid-like protease’, was discovered as an interactor of Presenilin 2 (Pellegrini L. et al., 

2001), but later the connection was shown to be an artefact (McQuibban G. A. et al., 2003). 

However, the acronym remained but with an alternative explanation proposed: 

‘PGAM5/PINK1 associated rhomboid like protease’, as both proteins are PARL substrates 

(Spinazzi M. and De Strooper B., 2016). The substrate repertoire links PARL to 

mitochondrial homeostasis and mitochondrial dysfunction, mainly Parkinson’s disease (PD) 

and diabetes mellitus type 2 (Spinazzi M. and De Strooper B., 2016). 

A mutation of PARL was identified in two patients with PD (Shi Guang et al., 2011) 

although its pathogenicity was not confirmed (Heinitz S. et al., 2011; Wust R. et al., 2016). 

PARL cleaves PINK1 protein, a serine/threonine kinase (Deas E. et al., 2011b; Greene A. 

W. et al., 2012; Jin S. M. et al., 2010; Lu W. et al., 2014; Meissner C. et al., 2011; Sekine 

S. et al., 2012; Shi G. et al., 2011; Shi Guang et al., 2011). PINK1 monitors mitochondrial 

health and drives mitochondria to mitophagy upon mitochondrial function collapse 

(Figure 4) (Nguyen T. N. et al., 2016), which enables a cell to eliminate defective 

mitochondria (Deas E. et al., 2011a). PD is connected with excessive mitochondrial damage 

(Schapira A. H., 2008), hence impaired PINK1 induced mitophagy was proposed as 

a potential cause of autosomal recessive form of PD (Youle R. J. and Narendra D. P., 2011) 

where PINK1 is often mutated (Rogaeva E. et al., 2004). Thus, PARL is at least indirectly 

involved in PD pathology, although the precise mechanism how PARL-PINK1 activity 

contributes to PD development is still not clear (Spinazzi M. and De Strooper B., 2016). 

PARL is also connected to type 2 diabetes mellitus (T2DM), although its role there is 

even less well understood than in PD. Indirect data suggest decreased oxidative 

phosphorylation and lipid phosphorylation in T2DM and ageing, connecting T2DM with 
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mitochondrial damage (Kelley D. E. et al., 2002; Morino K. et al., 2005; Petersen K. F. et 

al., 2003; Ukropcova B. et al., 2007). Reduced PARL was proposed to be a risk factor for 

T2DM as its expression is lowered in the skeletal muscle of diabetic rodent Psamomys 

obesus (Walder K. et al., 2005) and PARL downregulation leads to mitochondrial 

abnormalities similar to those that are observed in T2DM (Civitarese A. E. et al., 2010). 

Although T2DM was putatively linked to previously proposed PARL-mediated mechanisms 

(cristae remodelling) (Civitarese A. E. et al., 2010), there are still large gaps in our 

knowledge of the precise underlying mechanism. 

1.2.3 Rhomboid pseudoproteases 

The subfamilies of catalytically inactive rhomboid-like proteins were discovered by 

sequence comparisons (Lemberg M. K. et al., 2005), gene annotation by hidden Markov 

models and BLAST searches (Greenblatt E. J. et al., 2011; Hempel F. et al., 2009; Kirst M. 

E. et al., 2005; Lemberg M. K. and Freeman M., 2007b). Their wide distribution among 

eukaryotes points to a conserved function rather than random loss-of-function mutations 

(Adrain C. and Freeman M., 2012; Lemberg M. K., 2013). In fact, catalytically dead 

members are present in most enzyme families (Adrain C. and Freeman M., 2012). The 

rhomboid pseudoproteases probably resulted from several gene duplications of a number of 

rhomboid proteases, followed by a loss of activity of one of these, giving rise to several types 

Figure 4: PINK1 mediated mitophagy 
Under conditions with normal membrane potential (healthy mitochondria) PINK1 is cleaved by PARL. PINK1 
is incorporated to the inner mitochondrial membrane (IMM) through the TOM/TIM complex. First, matrix 

processing peptidase (MPP) cleaves the N-terminal mitochondrial targeting sequence (Greene A. W. et al., 

2012) and subsequently the PINK1 TMD is cleaved by PARL (Deas E. et al., 2011b; Jin S. M. et al., 2010; 

Meissner C. et al., 2011). This generates a fragment with an N-terminal destabilizing amino acid which drives 

PINK1 translocation back to the cytosol where it is degraded by the ubiquitin-proteasome system through the 

N-end rule pathway (Yamano K. and Youle R. J., 2013). In damaged mitochondria (with dissipated membrane 

potential) PINK1 is not fully imported and stays in the outer mitochondrial membrane (OMM) bound to the 

TOM complex (Jin S. M. et al., 2010). Thus PINK1 cannot be cleaved by MPP and PARL, and is instead 

autophosporylated, which is necessary to activate its kinase activity and for recruitment of the E3 ubiquitin 

ligase Parkin which leads to mitophagy (Okatsu K. et al., 2012). Adopted from (Nguyen T. N. et al., 2016). 



 

22 

 

of rhomboid pseudoproteases (Adrain C. and Freeman M., 2012) (Figure 2). The loss-of-

function is the result of either the mutation of the catalytic serine and histidine or the 

disturbance of the active site geometry by introducing a proline before the catalytic serine 

(Lemberg M. K. and Freeman M., 2007b; Zettl M. et al., 2011). Rhomboid pseudoproteases 

have distinct functions, such as control of protein trafficking through the secretory pathway 

or protein dislocation in the ERAD (Lemberg M. K. and Adrain C., 2016).  

1.2.3.1 iRhoms 

The mammalian genome encodes two iRhoms, iRhom1 and iRhom2, which have at 

least partially redundant function in translocation and maturation of an important cell surface 

metalloprotease (sheddase) ADAM17. The expression of the iRhoms correlates with 

ADAM17; the tissues with strong phenotype in ADAM17-/- mouse show higher expression 

of both iRhom1 and iRhom2 (lung, heart, skin (Jackson L. F. et al., 2003; Peschon J. J. et 

al., 1998)). iRhom1 is widely expressed at higher levels Throughout a number of tissue types 

whereas iRhom2 is specifically elevated in macrophages (Christova Y. et al., 2013). iRhoms 

are located in the ER where they bind to immature ADAM17 (Adrain C. et al., 2012) and 

translocate it to the Golgi apparatus (GA).  ADAM17 is glycosylated in the GA and its 

propeptide is cleaved by a furin-type proprotein convertase, generating mature ADAM17 

that is further translocated to the plasma membrane (Schlondorff J. et al., 2000). At the cell 

surface, the ADAM17-iRhom complex is stabilised by the interaction with FRMD8 (also 

called iTAP), which prevents its degradation through the endolysosomal pathway (Figure 5) 

(Kunzel U. et al., 2018; Oikonomidi I. et al., 2018). 

Specific mutations in iRhom2 lead to ADAM17 hyperactivation, resulting in increased 

shedding of EGFR ligands (Maney S. K. et al., 2015). EGFR signalling is a key factor for 

proliferation and differentiation in keratinocytes, therefore increased activation of EGFR 

leads to tylosis characterised by keratinocyte hyperproliferation that can result in 

oesophageal cancer (Blaydon D. C. et al., 2012). ADAM17 is the main sheddase of EGFR 

ligands, but it also catalyses the release of other signalling molecules, such as the primary 

inflammatory cytokine tumour necrosis factor (TNF) (Black R. A. et al., 1997). 

Macrophages are the main source of TNF (Adrain C. et al., 2012) and also the cells with the 

highest iRhom2 expression (Christova Y. et al., 2013). Indeed, macrophages from iRhom2-/- 

mice did not secrete TNF upon lipopolysaccharide stimulation (Adrain C. et al., 2012; 

McIlwain D. R. et al., 2012) and iRhom2 was shown to be a critical pathogenic mediator of 

inflammatory arthritis (Issuree P. D. A. et al., 2013). As iRhom1 is not expressed in 
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hematopoietic cells, iRhom2 presents a potential therapeutic target (Issuree P. D. A. et al., 

2013). 

1.2.3.2 RHBDD3 

iRhom2 is not the only rhomboid pseudoprotease involved in innate immunity. 

RHBDD3 provides negative regulation for a systemic inflammatory response. IL-6 is one of 

the pro-inflammatory cytokines which is released by dendritic cells upon microbial 

activation triggered by Toll-like receptors (TLRs) and its overexpression causes autoimmune 

diseases, e.g. multiple sclerosis and rheumatoid arthritis (Kimura A. and Kishimoto T., 

2010). The pathological effect is caused mainly through activation of the NF-κB pathway by 

IKK complex (IκB kinase α and β). Normally, NF-κB is regulated by one of the IκB proteins 

(inhibitors of NF-κB), which is phosphorylated by the IKK complex, thus activating NF-κB 

(Gilmore T. D., 2006). The IKK complex is regulated by IKKγ (also called NEMO). 

Although the mechanism is poorly understood, it is known that ubiquitinated IKKγ is 

necessary for NF-κB activation. RHBDD3 is localised to the endosome where it binds to 

K27-linked polyubiquitinated chains of IKKγ through its ubiquitin binding cytoplasmic 

domain (UBD). Afterwards, RHBDD3 is itself ubiquitinated by an unknown E3 ligase, 

recognises a deubiquitinase A20 and serves as a scaffold for IKKγ-A20 interaction. IKKγ is 

deubiquitinated by A20 (Ye Y. H. et al., 2004) and NF-κB signalling (IL-6 production) is 

blocked (Figure 6) (Liu J. et al., 2014). 

Figure 5: Model of ADAM17-mediated substrate shedding. 
The complex of proADAM17-iRhom-FRMD8 is established in the ER. It is then translocated to the GA where 

ADAM17 is glycosylated and activated by cleavage of its pro-domain by furin protease. Afterwards the whole 

sheddase complex traffics to the plasma membrane where ADAM17 cleaves its substrates, e.g. membrane 

bound precursors of TNF, EGFR ligands. iRhom-FRMD8 interaction protects iRhom and ADAM17 from 

endolysosomal degradation. Adopted from (Kunzel U. et al., 2018). 
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1.2.3.3 Derlins 

Derlins (for “degradation in the ER”) were discovered in the budding yeast 

S. cerevisiae where they are required for the degradation of proteins connected to the ER 

(Knop M. et al., 1996); their mammalian homologues were identified some years later 

(Lilley B. N. and Ploegh H. L., 2004; Oda Y. et al., 2006; Ye Y. H. et al., 2004). Derlins are 

involved in ERAD where they interact with misfolded proteins, enabling their delivery to 

the cytosol by retrotranslocation where these misfolded proteins are ubiquitinated by E3 

ligases and targeted for proteasomal degradation (Greenblatt E. J. et al., 2011; Mehnert M. 

et al., 2014; Neal S. et al., 2018). The two most well characterised derlin homologues are 

yeast Der1 and Dfm1. They take part in the ERAD-L (for misfolded luminal proteins) (Neal 

S. et al., 2018) and ERAD-M (misfolded membrane proteins) pathways (Greenblatt E. J. et 

al., 2011; Mehnert M. et al., 2014), respectively (Figure 7). Mammalian genomes encode 

three derlin homologues, Derlin 1, Derlin 2 and Derlin 3, all of which play a role in ERAD 

as well (Lilley B. N. and Ploegh H. L., 2004; Oda Y. et al., 2006; Ye Y. H. et al., 2004), but 

differ in their expression patterns. Derlin1 and 2 are expressed widely whereas Derlin 3 is 

found only in the spleen, small intestine, placenta and pancreas (Oda Y. et al., 2006). 

Although there is no direct evidence of derlin involvement in any disease, being involved in 

ERAD brings a possible association between derlins and cancer. Indeed, expression of all 

ERAD components was increased in HER2-positive breast cancer (Singh N. et al., 2015) 

while derlin 3 was found to be silenced in some types of colorectal cancer (Lopez-Serra P. 

et al., 2014). One of its substrates is the glucose transporter 1 (Glut1), Derlin 3 silencing thus 

Figure 6: Negative feedback mediated by RHBDD3 on NF-κB signalling 
RHBDD3 serves as a scaffold for interaction between regulatory protein IKKγ and a deubiquitinase A20. This 

pathway thus presents a negative feedback loop for NF-κB signalling as the deubiquitinated IKKγ is not able 

to activate NF-κB. Adopted from (Lemberg M. K. and Adrain C., 2016). 
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causes that Glut1 avoids ERAD, which might enable the cancer cell to switch from oxidative 

metabolism to glycolysis (Lopez-Serra P. et al., 2014). 

1.3 Rhomboid protease structure 

The current understanding of rhomboid protease mechanism is largely based on 

enzymological and structural characterization of the E. coli rhomboid protease GlpG. The 

structure of GlpG (solved first time in 2006 as the first structure of any intramembrane 

protease) confirmed the proposed rhomboid core formed by the 6TMD bundle (Wang Y. et 

al., 2006). Since then, several groups studied the crystal structures of E. coli GlpG and 

related GlpG from Haemophilus influenzae (Ben-Shem A. et al., 2007; Lemieux M. J. et al., 

2007; Vinothkumar K. R., 2011; Vinothkumar K. R. et al., 2010; Wu Z. et al., 2006). The 

structures substantiate the serine-histidine catalytic dyad (Lemberg M. K. et al., 2005) 

formed by Ser201 and His254 (in E. coli GlpG). The catalytic serine lies on the N-terminus 

of TMD4 which lies about 10 Å below the membrane surface and is encircled by the 

remaining five TMDs and the amphipatic structure of the L1 loop, which is half-immersed 

in the membrane as a ‘floatation device’. His254 is located on TMD6 below the level of the 

membrane. The catalytic dyad lies at the bottom of an aqueous internal cavity open to the 

Figure 7: Involvement of derlins in the retrotranslocation of ERAD substrates in yeast 
Derlins interact with other proteins to translocate damaged protein across the ER membrane for degradation by 

the ubiquitin-proteasome system. A) The ERAD-M pathway serves for translocation of proteins with defects 

in their TMDs. Dfm1 interactors are not known yet. B) Luminal misfolded proteins are retrotranslocated 

through the ERAD-L pathway. The complex is formed by Der1, E3 ligase Hrd1 which was proposed to work 
also as a retrotranslocation channel. Translocated proteins are subsequently ubiquitinated and degraded by the 

proteasome.  Adopted from (Ticha A. et al., 2018). 
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bulk solvent. This transmembrane architecture of rhomboid and its use of catalytic dyad 

instead of a classical Ser/His/Asp triad clearly indicate evolution independent from that of 

the soluble serine proteases (Kinch L. N. and Grishin N. V., 2013). 

The overall stability of the rhomboid fold is maintained by several distinguishable 

structural  elements (Figure 8) (Baker R. P. and Urban S., 2012). Firstly, the ‘bottom’ part 

of the rhomboid, which faces the cytoplasm, is stabilised by four hydrogen bonds between 

Glu166 (TMD2) and its neighbouring residues to assemble TMDs 1, 2 and 3. Hydrogen 

bonds also stabilise the hairpin conformation of the L1 loop, which is important for the 

overall protein stability (Wang Y. et al., 2006; Wang Y. C. et al., 2007). Mutations in specific 

sites of the L1 loop lead to a dramatic decrease in GlpG activity (Baker R. P. et al., 2007) 

which explains the importance of the conserved WR motif (Koonin E. V. et al., 2003). 

Association of TMD4 and TMD6 is ensured by the GxxxG dimerization motif, which is 

a hallmark of rhomboid superfamily (Lemberg M. K. and Freeman M., 2007b), and helps 

identify the 6TMD rhomboid core. Interaction of TMD4 with loop L3 is mediated by side 

chain packing of large residues. The only parts of the rhomboid fold that do not contribute 

to the protein stability are TMD5 and its adjacent loops L4 and L5 (Baker R. P. and Urban 

S., 2012). 

Apart from the rhomboid core, most rhomboids possess extramembrane domains, 

extra helices (PARL-type, secretase-type A rhomboids) or the IRHD (iRhoms). These are 

dispensable for catalytic activity (Koonin E. V. et al., 2003; Urban S. et al., 2001) but they 

probably constitute additional interaction sites. For example, the C-terminal cytoplasmic 

domain of RHBDL4 contains a ubiquitin interacting motif in the cytosolic part that 

recognises ubiquitinated substrates (Fleig L. et al., 2012). It was also proposed that 

extramembrane domains might be involved in GlpG dimerisation (Ghasriani H. et al., 2014; 

Lazareno-Saez C. et al., 2013), but later it was shown that dimerisation was an artefact 

caused by the detergents used and that the physiologically relevant rhomboid form is 

monomeric (Kreutzberger A. J. B. and Urban S., 2018). A recent study shows that the 

cytoplasmic domain (at least for GlpG) is responsible for the protein orientation in the 

membrane, which alters the speed of diffusion within the lipid bilayer (Kreutzberger A. J. 

B. et al., 2019). 
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The crystal structures also helped to shed light on the source of water required for 

proteolysis. Water molecules seemed readily available for proteolysis as they were present 

near the catalytic residues in the active site in all of the crystal structures (Ben-Shem A. et 

al., 2007; Lemieux M. J. et al., 2007; Wang Y. et al., 2006; Wu Z. et al., 2006). In addition, 

molecular dynamics simulations showed that most of the water molecules in the active site 

were rapidly lost over time but for a few that remained within a small area in proximity to 

the catalytic serine. Specifically, three water molecules occupied a site lined by His141, 

Ser181, Ser185, and Gln189, leading to the surface of the GlpG molecule, to the bulk solvent. 

Residues Gln189 and Ser185 were important for rhomboid enzymatic activity as their 

mutation abrogated cleavage of rhomboid substrate Spitz while the protein stability remained 

Figure 8: Structure of GlpG with stabilizing residues 
GlpG is organised into six transmembrane helices with TMD4 in the middle of the helix bundle. This structure 
is maintained by several regions. Residues depicted in yellow form hydrogen bonds which stabilise the loop 

L1 and mediate the interactions with the top residues of TMD2 and TMD3. At the bottom of the helix bundle 

a cluster of H-bonds keeps the rhomboid core intact (magenta). The central TMD4 interacts with TMD6 

through the GxxxG motif (green), and side-chain packing of large residues mediates its interaction with loop 

L3. The catalytic serine (Ser201) lies on the ‘top’ of TMD4 whereas the catalytic histidine (His254) is located 

on the TMD6. TMD5 and the corresponding loop L5 are not involved in the stabilising interactions, which 

supports its dynamic function in substrate recognition. Adopted from (Ticha A. et al., 2018). 
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unaffected (Zhou Y. et al., 2012), therefore concluding that that site serves to facilitate 

transfer of bulk water into the interior of GlpG and their stabilization in a so-called ‘water 

retention site’.  Structural data of GlpG in complex with peptidyl chloromethyl ketones, 

substrate derived inhibitors, showed that the water retention site is formed by a cavity 

contiguous with the GlpG S1 subsite (the site that interacts with the substrate P1 residue, 

Figure 9 (Schechter I. and Berger A., 1967)) (Zoll S. et al., 2014).  

1.4 Mechanism of rhomboid protease catalysis 

The biological function of an enzyme is closely linked with its mechanism of action 

and catalysis, whose understanding in turn enables creation of chemical tools that can 

specifically interfere with the biological function, in order to study or perturb it 

therapeutically. In the case of rhomboids, our knowledge is based largely on biochemical 

assays using purified bacterial rhomboids, such as E. coli GlpG or AarA from P. stuartii, on 

crystal structures and on molecular dynamics studies. Rhomboid substrates were initially 

thought to be typically type I or type III transmembrane proteins (single TMD, N-terminus 

on the extracellular/luminal side, with or without signal peptide, respectively (Higy M. et 

al., 2004)), which are cleaved near the N-terminus of their TMDs (Urban S. et al., 2002). 

Surprisingly, rhomboids were shown to cleave also type II proteins (single TMD with 

cytosolic N-terminus) (Tsruya R. et al., 2007) and the cleavage site can also be localised to 

the juxtamembrane region close to the membrane (Adrain C. et al., 2011; Fleig L. et al., 

2012) or in some cases more distant from the transmembrane domain (Fleig L. et al., 2012; 

Paschkowsky S. et al., 2016). 

Early advances in understanding the catalytic mechanism were made by comparing 

the ability of different rhomboids to cleave known rhomboid substrates. It was proposed that, 

to some extent, rhomboids share a common mechanism of substrate recognition because 

Figure 9: Subsite nomenclature for substrate and enzyme 
The hydrolysed bond is depicted in red, the residues on its C-terminus are marked P1, P2 etc, the residues on 

the N-terminal side P1’, P2’ etc. Similary, enzyme residues interacting with P1 are assigned S1 and so on. 

Adopted from (Strisovsky K., 2013). 
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bacterial rhomboids could cleave some of the eukaryotic substrates even though the 

sequence homology between the rhomboids that were compared was low (Urban S. et al., 

2002). This was later confirmed by other groups (Clemmer K. M. et al., 2006; Gallio M. et 

al., 2002; Kateete D. P. et al., 2012). Together with the fact that rhomboid seemed to form 

two distinct groups based on their substrate preferences (Urban S. and Freeman M., 2002), 

this raised the obvious question of how rhomboids determine their substrate specificity. 

Another, perhaps less obvious, question was posed by the crystal structures. From those, it 

was clear that the rhomboid active site lies about 10 Å deep in the membrane which suggests 

that it is the membrane part of the substrate which is hydrolysed (Wang Y. et al., 2006). In 

addition, most transmembrane domains are α-helical (Killian J. A. and von Heijne G., 2000; 

White S. H. and Wimley W. C., 1999), but proteases are expected to bind substrates in 

extended, β-strand conformation (Hubbard S. J., 1998; Tyndall J. D. A. et al., 2005). So how 

do substrate recognition and substrate cleavage occur? 

1.4.1 Substrate recognition 

1.4.1.1 Helix destabilization 

Initial theories about substrate recognition assumed that specificity is governed by 

helix-breaking residues present in the substrate TMD (Urban S. and Freeman M., 2003). 

Later studies confirmed the presence of helix-destabilising residues (mainly glycines) near 

the cleavage site (Maegawa S. et al., 2005), but also in the TMD of an artificial LacYTM2 

chimeric-substrate (the Gln-Pro sequence) (Akiyama Y. and Maegawa S., 2007). All of these 

residues were previously shown to have a helix-destabilising effect in a non-polar 

environment (Liu L.-P. and Deber C. M., 1998). Even though these motifs undoubtedly 

affected the ability of investigated proteins to be a rhomboid substrate, they did not explain 

the selection of the cleavage site because they were often quite distant from it. Additionally, 

the mere presence of TMD destabilising residues was insufficient to predict rhomboid 

substrates. Further research brought the nowadays consensus that helix destabilisation might 

be important for efficient substrate targeting into the active site (Akiyama Y. and Maegawa 

S., 2007) and it is necessary only when the cleavage site is located within or very near the 

TMD, not when it is outside the membrane (Strisovsky K. et al., 2009). 

1.4.1.2 Recognition motif 

Interactions between the protease and its substrate underlie protease specificity and 

determine the cleavage site (Perona J. J. and Craik C. S., 1997). Rhomboid proteases do not 
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recognise a unique primary sequence in a substrate (unlike e.g. trypsin) but there are 

nevertheless some discernible preferences for specific amino acids around the cleavage site 

(also sometimes called a ‘recognition motif’). Broadly, a small amino acid is required in the 

P1 position, whereas large residues are preferred in the P4 and P2’ positions by a number of 

diverse rhomboid proteases (Akiyama Y. and Maegawa S., 2007; Strisovsky K. et al., 2009), 

with some further variations (Zoll S. et al., 2014). Some of these preferences were 

rationalised by crystal structures of E. coli GlpG in complex with peptidyl chloromethyl 

ketone and β-lactam inhibitors, which revealed binding pockets for the P1, P4 and P2’ 

residues (Vinothkumar K. R. et al., 2013; Zoll S. et al., 2014). 

Despite being widespread among rhomboid proteases, this recognition motif cannot 

be expected to be universal. Not all rhomboids cleave the same substrates (Baker R. P. et al., 

2006; Urban S. and Freeman M., 2003) so this might be the defining feature for just one 

group of them. Mitochondrial rhomboid substrates seem to lack some of the elements of the 

described motif (Herlan M. et al., 2003; Tatsuta T. et al., 2007), RHBDL2 mediated 

thrombomodulin cleavage depends on its cytoplasmic domain (Lohi O. et al., 2004) and not 

all rhomboids can act interchangeably (Kateete D. P. et al., 2012). On the other hand, all 

rhomboids are probably mechanistically related (Lemberg M. K. and Freeman M., 2007a; 

Lemberg M. K. and Freeman M., 2007b), which implies the existence of shared principles 

to determine rhomboid specificity (Strisovsky K. et al., 2009). 

1.4.1.3 Lateral gate 

One of the big questions in the field has for a long time been the route of substrate 

access to rhomboid protease. In the absence of any structures of the rhomboid-substrate 

complex, the initial keys were provided by crystal structures of the rhomboid enzyme alone. 

These showed the rhomboid active site in the internal cavity sheltered from the environment 

by the surrounding helices and by loops L1 and L5, leading to the proposal of a gating 

function for the L1 loop (Wang Y. et al., 2006). Displacement of the loop would open a space 

for substrate access into the active site from the area between TMD1 and TMD3 (Wang Y. 

et al., 2006). This was questioned by subsequent structures where the TMD5 and loop L5 

were widely displaced (Wu Z. et al., 2006). These two types of structures, were then 

considered to capture rhomboid protease in a ‘closed’ and an ‘open’ state, leading to 

a proposal of the gating mechanism by TMD5-L5 (Baker R. P. et al., 2007; Wu Z. et al., 

2006). This is supported by the fact that whilst the L1 loop is important for the overall protein 

stability, the TMD5-L5 interface is not involved in the stabilising interactions (Baker R. P. 
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and Urban S., 2012; Baker R. P. et al., 2007), suggesting its movement might not disturb 

protein conformation and it could act as a substrate gate. Indeed, mutations increasing TMD5 

flexibility increased enzyme activity (Baker R. P. et al., 2007; Urban S. and Baker R. P., 

2008).  

Molecular dynamics showed that the transition between the closed and the open states 

in a phospholipid bilayer is slow and the gating could be the rate-limiting step (Zhou Y. et 

al., 2012). While this model seems to cohere with other observations, there was one study 

where crosslinking the proposed gate shut by covalently linking TMD2 and TMD5 did not 

affect enzyme activity (Xue Y. and Ha Y., 2013), which would argue that mobility of TMD5 

is not important for rhomboid mechanism. An alternative model was proposed where loop 

L5 alone could act as a gate, which would involve only subtle conformational changes in the 

L5 loop and the top of TMD5 (Wang Y. and Ha Y., 2007). Indeed, crystal structures of 

GlpG-inhibitor complexes confirmed a movement of the L5 loop upon inhibitor binding, but 

without any movement of TMD5 (Vinothkumar K. R. et al., 2013; Vosyka O. et al., 2013; 

Xue Y. and Ha Y., 2012; Xue Y. et al., 2012; Zoll S. et al., 2014), even with peptidyl 

inhibitors that are faithfully capturing half of the bound substrate. Resolving which of the 

proposed mechanisms is correct will require structural analysis of the complex of a full 

transmembrane substrate and rhomboid protease. For illustration, comparison of the solved 

crystal structures is shown in Figure 10. 

Figure 10: Lateral movement of TMD5 
Differences in the positions of TMD5 and L5 loop in crystal structures of GlpG. TMD2 and 5 (blue) were 

proposed to act as a substrate gate. A) Structure of GlpG in closed conformation (PDB: 2IC8), B) GlpG in the 
open conformation, the TMD5 is tilted away from the rhomboid core ~35º accompanied by L5 loop 

displacement (PDB: 2NRF), C) Binding of diisopropyl fluorophosphate (DFP) into the rhomboid active site 

has no effect on the TMD5 conformation, but the L5 loop (yellow) was displaced in the crystal structure (PDB: 

4H1D). Adopted from (Xue Y. and Ha Y., 2013). 
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Rhomboids have low affinity towards their substrates and their proteolysis was 

postulated to be driven kinetically (Dickey S. W. et al., 2013), where substrate TMD 

instability (Moin S. M. and Urban S., 2012) and substrate sequence (Strisovsky K. et al., 

2009) together contribute to substrate cleavage kinetics (Strisovsky K., 2013). It was even 

proposed that GlpG patrols the membrane, recognizes the unfolded TMDs and acts as 

a repair mechanism, although without direct experimental evidence (Dickey S. W. et al., 

2013).  

1.4.1.4 Effect of the lipid bilayer 

The idea that lipids can affect the activity of membrane proteins is not surprising given 

that lipids form the natural environment of membrane proteins. Membrane composition 

could change rhomboid activity either by altering membrane properties such as its fluidity 

and thickness, or lipids can have an impact through direct interaction either with an enzyme 

or its substrate (reviewed (Lee A. G., 2004). Early experiments showed that GlpG cleaves 

Spitz when both are overexpressed in mammalian cells (Urban S. and Freeman M., 2003) 

but not when they are expressed in E. coli (Maegawa S. et al., 2005) which was interpreted 

as an effect of its lipid environment, because the composition differs between mammalian 

and prokaryotic cells. This was confirmed when the activity and cleavage properties of 

purified GlpG and several other rhomboids were measured in vitro together with the effect 

of different lipids on its cleavage properties showing that different rhomboids had different 

requirements for lipids to enhance their activity (Urban S. and Wolfe M. S., 2005). Other 

experiments showed that the lipid bilayer in close proximity to GlpG is thinner compared to 

the bulk membrane (Bondar A. N. et al., 2009; Reddy T. and Rainey J. K., 2012; Wang Y. 

C. et al., 2007; Zhou Y. et al., 2012), which could promote substrate binding (Wang Y. C. 

et al., 2007). Furthermore, non-substrates can be turned into substrates by changing the 

membrane properties (Moin S. M. and Urban S., 2012; Urban S. and Moin S. M., 2014). 

RHBDL4 is hypothesised to contain several binding sites for cholesterol, the binding of 

which affects the ability of RHBDL4 to cleave APP (Paschkowsky S. et al., 2018). This 

suggests that lipids can directly affect rhomboid activity but our understanding of this 

phenomenon, including a possible common mechanism of how lipids affect rhomboid 

catalysis, is rudimentary. It is also possible that membrane composition only helps to orient 

the substrates in a way where they can reach the rhomboid active site. 

Recently, a fascinating study of membrane involvement in the rhomboid mechanism 

was published. Kreutzberger et al. observed that the rate limiting step in the rhomboid-
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mediated catalysis is actually speed of the protease diffusion through the membrane. Their 

model rationalises some of the so far rather mysterious rhomboid features, such as its 

irregular shape, importance of the conserved residues in the L1 loop or the function of the 

cytoplasmic domain. Together these aspects contribute to the distortion of the surrounding 

lipids, resulting in a thinner hydrophobic belt around the protease that enhances speed of 

rhomboid diffusion through the membrane. Rhomboid migrates faster than presumed 

according to the viscosity-imposed speed limit of membrane diffusion, which suggests that 

it is an adaptation to overcome the catalytic rate limitation in the membrane environment 

(Kreutzberger A. J. B. et al., 2019). 

1.4.1.5 Concluding remarks on substrate recognition 

Despite extensive research effort, substrate binding is still poorly understood. 

According to our current knowledge it probably happens in two steps (Dickey S. W. et al., 

2013; Cho S. et al., 2016; Strisovsky K. et al., 2009). There is presumably another interaction 

site in addition to the active site, the so called “exosite”, where substrate binds in the first 

instance and this is called “interrogation” (Dickey S. W. et al., 2013) or substrate “docking” 

(Strisovsky K. et al., 2009). In the second step the substrate part presenting the recognition 

motif unwinds and bind to the rhomboid active site (Shokhen M. and Albeck A., 2017; 

Strisovsky K. et al., 2009). The mechanism is summarized in Figure 11. Again, the final 

proof will require structural analysis of rhomboid-substrate complex. 

Figure 11: Mechanism of substrate recognition 
A model of the rhomboid-substrate interaction created using molecular dynamics simulation (Shokhen M. and 

Albeck A., 2017). GlpG (grey) interacts with a Gurken-based substrate (yellow). The substrate residues that 

show highest interaction energy with GlpG are depicted in red. Note that the most intense interactions are 

concentrated into two regions – the substrate recognition motif interacts with the rhomboid active site and the 

substrate TMD with the proposed exosite. Adopted from (Ticha A. et al., 2018). 
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1.4.2 Catalytic mechanism 
As mentioned above, most of the soluble serine proteases use a Ser-His-Asp catalytic 

triad to cleave their substrates. Ser acts as a nucleophile, His is a general base, and Asp is a 

general acid, which is important for the right orientation of His and also to compensate for 

the charge that is generated on His in the transition state (Ekici O. D. et al., 2008; Hedstrom, 

2002). Rhomboids, on the other hand, only use a catalytic Ser-His dyad, missing the Asp 

(Lemberg M. K. et al., 2005; Wang Y. et al., 2006). Molecular dynamics simulations and 

quantum mechanics calculations on E. coli GlpG proposed that the absence of a catalytic 

Asp makes the catalytic histidine (His254) more acidic than the serine (Ser201) hydroxyl 

group which results in the catalytic serine being protonated in the unbound enzyme state 

(Uritsky N. et al., 2012). Ligand binding causes lower exposure of the active site to water 

and its gradual desolvation which leads to an increase of His254 pKa. This results in proton 

transfer from Ser201 to His254 and a nucleophilic attack in a concerted mechanism. Similar 

experiments showed that for classical serine proteases (represented by trypsin) this 

mechanism is stepwise; the single-step mechanism could help explain the low catalytic 

efficiency of rhomboids (Uritsky N. et al., 2016). 

Crystal structures of GlpG in complex with peptidyl aldehyde inhibitors showed that 

the negatively charged oxygen of the covalent tetrahedral intermediate is stabilised by an 

oxyanion hole, formed by hydrogen bonds to the side chains of His150 and Asn154 and to 

the amide backbone of Ser201 (Cho S. et al., 2016). The tetrahedral intermediate is 

hydrolysed to produce a covalently bound acyl-enzyme intermediate, which is further 

hydrolysed to finish the catalytic cycle (Figure 12) (Strisovsky K., 2016). GlpG structures 

also showed that rhomboids attack the scissile bond from the si-face (Wang Y. C. et al., 

2007) instead of the more commonly used re-face (James M. N. G., 1993). In addition to 

this, the S1 cavity, which combines the water retention site (Zhou Y. et al., 2012) and the P1 

interacting site, seems to be able to accommodate residues larger than just alanine or serine, 

and these could interfere with the water transfer to the active site (Zoll S. et al., 2014). If 

understood better, these phenomena could facilitate design of potent and selective rhomboid 

inhibitors. 
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1.5 Inhibitors of rhomboid proteases 

During the last two decades the medical importance of many rhomboids has been 

confirmed several times (chapter 1.2). Beyond these examples, in general, the investigation 

of the cell biology of rhomboid proteases would greatly benefit from specific and potent 

rhomboid inhibitors. As rhomboid activity is necessary for several pathological states such 

as invasion of malaria parasite into the host cell, such rhomboid inhibitors could be also 

evaluated for therapeutic use. Although there were several attempts to identify rhomboid 

inhibitors prior to the current study, only few rhomboid inhibitors were described, none of 

them fulfilling the above mentioned requirements. They were useful for better understanding 

of rhomboid-substrate interaction and mechanism (Vinothkumar K. R. et al., 2010; Xue Y. 

and Ha Y., 2012), but unsuitable for cell biology due to low potency, low selectivity and 

high toxicity, etc. The current rhomboid inhibitors can be conceptually divided into two 

groups; i) small non-peptidic, usually heterocyclic compounds and ii) substrate derived 

inhibitors that combine a peptidyl part with a reactive electrophilic group. The overview of 

the currently known inhibitors is in the Figure 13. 

Figure 12: Reaction cycle of rhomboid mediated proteolysis  
The apoenzyme interacts with the substrate and upon a local unwinding of the substrate TMD they form 

a scission complex. This interaction leads to a proton abstraction from the Ser201 by His254 and results in 

nucleophilic attack from the si-face. The resulting tetrahedral intermediate 1 is hydrolytically cleaved and 

produces an acyl-enzyme complex which is further hydrolytically cleaved to regenerate the apoenzyme and 

release the second product. Adopted from (Strisovsky K., 2016). 
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1.5.1  Small heterocyclic inhibitors 

Two broad spectrum serine protease inhibitors, 3,4-dichloroisocoumarin (DCI) and 

tosyl phenylalanyl chloromethyl ketone (TPCK), were able to inhibit Rhomboid 1 dependent 

cleavage of Spitz (Urban S. et al., 2001) and indicated that rhomboids were serine proteases. 

Both of them have low affinity towards rhomboids and as expected DCI was shown to be 

a “pan rhomboid” inhibitor, being able to inhibit not only Rhomboid 1 but also GlpG, AarA, 

PARL and many others (Wolf E. V. et al., 2015a). The isocoumarin scaffold was further 

developed and soon isocoumarins with better potency were described. Two inhibitors, JLK 6 

and IC 16, were shown to covalently bind GlpG through two covalent bonds, each of them 

Figure 13: Structure and mechanism of rhomboid inhibitors.  
A) 3,4-dichloroisocoumarin (DCI) forms a covalent adduct with catalytic serine that undergoes slow 

hydrolysis. B) Inhibitors based on the 4-chloro-iscoumarin scaffold with a substituent at position 7 form bind 

to the catalytic serine which leads to a formation of an electrophilic intermediate that further reacts with the 

catalytic histidine and forms a cross-link to the active site. C) Reaction of β-lactam and β-lactons with the 

catalytic serine results in the opening of the heterocyclic ring. D) Diisopropyl fluorophosphate (DFP) and 

Cbz-AlaP(O-iPr)F (CAPF; Cbz – carboxybenzyl) contain a reactive phosphoryl atom that acts as a leaving 

group upon reaction with the catalytic serine. E) The reaction of chloromethyl ketones with the active site 

serine results in the formation of hemi-ketal, similar to the tetrahedral intermediate substrate-rhomboid 
complex, which further alkylates the catalytic histidine. F) The nucleophilic attack by the catalytic serine on 

the peptidyl aldehyde inhibitor results in the tetrahedral complex. Adopted from (Wolf E. V. and Verhelst S. 

H., 2016). 
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using a different mechanism (Vinothkumar K. R. et al., 2010; Vosyka O. et al., 2013). JLK 6 

binds to the catalytic Ser201 and afterwards makes another covalent bond to the second 

catalytic residue, His254, and the rhomboid-inhibitor structure represents the acyl enzyme 

complex. This confirms that despite independent evolution rhomboid proteases developed 

a similar mechanism to classical serine proteases (Vinothkumar K. R. et al., 2010). IC 16 

also forms two covalent bonds with GlpG, but instead of His254 it binds to His150, 

suggesting a further role for this residue besides being part of an oxyanion hole (Vosyka O. 

et al., 2013). IC 16 has higher potency than the other isocoumarins investigated but it lacks 

selectivity as it inhibits chymotrypsin similarly well as GlpG (Vosyka O. et al., 2013). 

A high-through put screening study identified a new class of rhomboid inhibitors, 

β-lactams, as exemplified by L62 (Fig. 14) (Pierrat O. A. et al., 2011). They are slowly 

reversible (Pierrat O. A. et al., 2011), covalently bound to the catalytic Ser and occupy the 

proposed S2’ subsite (Vinothkumar K. R. et al., 2013). Their advantage is lower cytotoxicity 

compared to isocoumarins. The fact that the β-lactam scaffold is already used in the 

pharmaceutical industry qualifies them as good candidates for potential drug development. 

Unfortunately, the best candidates do not show high selectivity for rhomboids over 

chymotrypsin (the only non-rhomboid serine protease tested) and have low efficiency in vivo 

(Pierrat O. A. et al., 2011). Comparison of binding modes of representative isocoumarin and 

β-lactam is shown in Figure 14. 

More recently, several other classes of rhomboid inhibitors were discovered. For 

example, diisopropylfluorophosphate (DFP), another typical inhibitor of the serine 

Figure 14: Different binding modes of A) isocoumarin JLK 6 and B) β-lactam L62.  
JLK6 and L62 interact with different parts of the rhomboid active site. JLK6 binds to the non-prime site 

whereas L62 binds to the prime site of the rhomboid. Adopted from (Vinothkumar K. R. et al., 2013; 

Vinothkumar K. R. et al., 2010). 
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hydrolases, was shown to inhibit GlpG. The structure of its complex with GlpG is a model 

for a transition tetrahedral state which precedes the acyl enzyme complex, represented by 

the GlpG-JLK 6 complex. Based on the differences between these two structures authors 

hypothesise about the conformational changes that both substrate and enzyme have to 

undergo (Xue Y. and Ha Y., 2012).  The complex of GlpG with CAPF (Cbz-AlaP(O-iPr)F, 

Cbz – carboxybenzyl), another organophosphate inhibitor that spans the S’ side, confirms 

that the changes are rather small. This is most interesting for the TMD5 position whose tilt 

angle changes by about 7.5 ° compared to the unbound state (Xue Y. et al., 2012). This 

creates doubts as to its function as a lateral gate (chapter 1.5.1.3), at least to the proposed 

extent, as in the “open” state the top of TMD5 is tilted 35 ° away from the enzyme core 

compared to the “closed” state (Wu Z. et al., 2006). 

β-lactones are the most recent group of heterocyclic rhomboid inhibitors. They bind 

covalently and irreversibly to the catalytic serine but their potency to inhibit GlpG is rather 

low (IC50 ~ 40 µM). They are similar to β-lactams although β-lactam electrophilic group is 

more reactive. They are not specific to rhomboids but their scaffold offers scope for further 

optimisation (Wolf E. V. et al., 2013). 

1.5.2 Substrate-derived inhibitors 

The most straightforward approach towards inhibitor design is probably based on 

mimicking the substrate-enzyme interaction. It usually combines a substrate-like peptidyl 

part with a reactive electrophilic group. The peptidyl element should ensure inhibitor 

potency and ideally selectivity whereas the electrophile interacts with the catalytic serine 

(Drag M. and Salvesen G. S., 2010). Only two groups of substrate-derived inhibitors are 

known so far, peptidyl chloromethyl ketones (Zoll S. et al., 2014) and peptidyl aldehydes 

which were published a few years after this project started (Cho S. et al., 2016). 

As mentioned above, chloromethyl ketones (CMKs) are known to be rhomboid 

inhibitors since the identification of Dm Rhomboid 1 as a protease. TPCK and TLCK 

(N-α-tosyl-L-lysine chloromethylketone), two commercially available CMKs, are weak 

inhibitors of Dm Rhomboid 1 and YqgP (Urban S. and Wolfe M. S., 2005; Urban S. et al., 

2001). The poor inhibitory potency is probably caused by mismatched residues in the P1 

position (Phe and Lys) as the S1 subsite requires small residues in P1 position (Strisovsky 

K. et al., 2009; Vinothkumar K. R. et al., 2010).  In 2014, Zoll et al. presented the first 

substrate-derived peptide mimicking rhomboid inhibitors. They are also based on the 
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chloromethyl ketone reactive warhead but the reactive group is attached to the P4-P1 

residues (IATA) from TatA (Zoll S. et al., 2014). TatA is part of a twin-arginine translocase 

system (Sargent F. et al., 1998) and is a physiological substrate of P. stuartii AarA 

(Stevenson L. G. et al., 2007). IATA-cmk binds to GlpG in a substrate-like manner as 

mutations in defined positions impaired both substrate cleavage and inhibitory potency of 

the CMK. Thus, the structure of the GlpG-IATA-cmk complex provides significant 

information about the rhomboid-substrate interaction as it was the first rhomboid-substrate 

structure published. It shows which enzyme residues are in contact with the P4-P1 part of 

a substrate. On the other hand, CMKs form a double-bonded covalent irreversible adduct 

with the catalytic dyad, hence crosslinking TMD4 and TMD6 (Zoll S. et al., 2014), which 

could distort the resulting oxyanion hole. This was later confirmed when the structure of 

GlpG in complex with peptidyl aldehydes was published (Cho S. et al., 2016).  

Complex of GlpG-aldehyde inhibitor presents the most probable way of oxyanion 

stabilisation as all the other structures are complexes with inhibitors that either do not mimic 

the substrate interaction (Vinothkumar K. R. et al., 2013; Vinothkumar K. R. et al., 2010; 

Xue Y. and Ha Y., 2012; Xue Y. et al., 2012) or with inhibitors containing a warhead bound 

to both catalytic residues, thus distorting the catalytic centre (Zoll S. et al., 2014). Peptidyl 

aldehydes represent reversible inhibitors (Cho S. et al., 2016), which makes them suitable 

for biological assays (or potential drug design) as irreversible covalent protein modifications 

might increase their antigenicity and lower their specificity (Drag M. and Salvesen G. S., 

2010). However, they are also only weak inhibitors (Cho S. et al., 2016) which means that 

at the time of starting this project where were no potent and selective inhibitors of rhomboid 

proteases that could help to better understand their mechanism and function. The differences 

between interaction of CMK and CHO with GlpG are shown in Figure 15. 
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1.6 Rhomboid protease activity assays 

The previous chapters explain that most of our understanding of rhomboid 

mechanisms and function comes from qualitative experiments, such as genetic 

manipulations, rhomboid structures alone or in complex with an inhibitor, but our knowledge 

of the kinetic aspects of their function lags behind. It is mostly caused by the nature of 

rhomboids, since the fact they are intramembrane proteases makes in vitro studies extremely 

difficult. As both interactors (substrate, enzyme) are hydrophobic, constant presence of 

detergents and/or lipids is required to maintain their solubility. Thus, assays for determining 

rhomboid activity are performed either in cells in vivo or with purified recombinant proteins, 

in vitro. Here I present an overview of the most widely used methods for determining specific 

rhomboid activity. 

1.6.1 In vivo assays 

Rhomboid in vivo assays are carried out either in bacterial cells or in mammalian cells. 

It is important to choose the right cell type, since intracellular trafficking and perhaps lipid 

composition may affect rhomboid activity as demonstrated by different behaviour of GlpG 

in E. coli and in HEK293T cells (Maegawa S. et al., 2005; Urban S. and Freeman M., 2003). 

In general, in vivo assays depend on overexpression of tagged substrate and tagged enzyme 

(or only tagged substrate if the activity of endogenous rhomboid is measured). For example, 

LacYTM2 substrate (Akiyama Y. and Maegawa S., 2007; Maegawa S. et al., 2005), Spitz 

Figure 15: Comparison of interactions between GlpG and A) AcIATA-cmk and 

B) AcVRMA-CHO 
Chloromethyl ketone inhibitor crosslinks the rhomboid active site while peptidyl aldehyde binds covalently 

only to the catalytic serine and this complex mimics the structure of the tetrahedral intermediate. The peptidyl 

parts of both inhibitors make H-bonds to the corresponding GlpG residues. Adopted from (Zoll S. et al., 2014) 

and (Cho S. et al., 2016), resp. 
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TMD (Baker R. P. et al., 2007; Moin S. M. and Urban S., 2012; Urban S. and Wolfe M. S., 

2005; Urban S. and Baker R. P., 2008) or a chimeric substrate combining MBP (maltose 

binding protein), substrate TMD and a thioredoxin domain (Adrain C. et al., 2011; 

Strisovsky K. et al., 2009) have all been used. Eukaryotic rhomboids are usually difficult to 

prepare recombinantly, so their activity is frequently determined by transient co-transfection 

of both substrate and rhomboid into mammalian cells (Adrain C. et al., 2011; Baker R. P. et 

al., 2006; Lemberg M. K. et al., 2005; Lohi O. et al., 2004; Urban S. et al., 2001). The main 

disadvantage of these steady state assays is their readout as they use SDS-PAGE or WB 

analysis. Neither of them allows continuous measurement and they are also not suitable for 

HTS of libraries to identify new inhibitors. 

1.6.2 In vitro assays 

In vitro assays can be classed into several groups, depending on the readout they use 

– either SDS-PAGE, fluorescence, analysis by mass spectrometry, or the fourth class which 

are activity-based probes (ABPs). The main disadvantage is the need for purified enzyme 

and substrate and the above-mentioned need for the presence of detergent or lipids. 

Solubilisation of membrane proteins with detergents might change their tertiary structure, 

whereas reactions in liposomes require joint reconstitution of enzyme and substrate. 

In vitro assays using gel-based or MALDI readout are based on a similar principle to 

the previously discussed in vivo assays. They usually use the transmembrane part of a known 

substrate conjugated to several other domains such as the β-lactamase domain and MBP 

(Maegawa S. et al., 2005) or to green fluorescent protein (GFP) (Urban S. and Wolfe M. S., 

2005) or a chimeric substrate combining MBP (maltose binding protein), substrate TMD and 

a thioredoxin domain (Adrain C. et al., 2011; Strisovsky K. et al., 2009; Zoll S. et al., 2014). 

The use of full-length natural substrates is limited, as mammalian substrates are usually 

poorly expressed and the only known bacterial substrate is TatA (Arutyunova E. et al., 

2017). The main disadvantage of both methods is that they are quite laborious and offer only 

end-point data, not continuous measurement of enzyme activity. 

On the other hand, fluorescence-based assays allow continuous measurement and they 

can detect small amounts of product as they have higher sensitivity (Arutyunova E. et al., 

2017). Fluorescent substrates are frequently used for determining protease activity (Huang 

Z. J., 1991). Three types of fluorescent substrates have been employed in studies of 

rhomboids. Firstly, it is the TatA TMD bound to fluorescein isothiocyanate (FITC). 
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TatA-FITC can only be used in liposomes where the FITC fluorescence is quenched and is 

only restored upon rhomboid cleavage which releases the dye into the solvent (Dickey S. W. 

et al., 2013). The other two substrate types both depend on the principle of Förster resonance 

energy transfer (FRET) between two fluorophores, the donor and the acceptor. The 

efficiency of FRET depends on the distance of the fluorophores (inversely proportional to 

the sixth power of the distance between them), and therefore the closer the fluorophores are, 

the more efficient FRET is KSp21 is a peptidyl substrate that is derived from the Gurken 

TMD and uses the FRET pair Chromis-645/QSY21. It is suitable for HTS but has limited 

solubility which precludes determination of kinetic parameters of the reaction. It is also 

cleaved only very poorly by GlpG and other rhomboids, with the exception of AarA (Pierrat 

O. A. et al., 2011). The last substrate group is similar to KSp21 but it uses GFP and its 

derivatives instead of small fluorophores, such as cyan or yellow fluorescent proteins (CFP 

and YFP, resp.) (Arutyunova E. et al., 2014). In both cases one member of the FRET pair is 

located at either side of the cleavage site, and thus an increase in fluorescence is observed 

upon rhomboid cleavage (Arutyunova E. et al., 2014; Pierrat O. A. et al., 2011). A 

disadvantage of the third group of substrates is its use of fluorescent proteins, which makes 

it dependent on expression levels and limits their photochemical variability. As red-shifted 

fluorescence substrates are preferred for HTS, this makes them unsuitable for such purpose 

(Simeonov A. et al., 2008). 

Finally, ABPs are based on an electrophilic residue connected via a spacer to a reporter 

tag, usually a fluorophore or biotin. ABPs often target a large number of mechanistically 

related enzymes as they recognise conserved features in the active site. Several ABPs were 

described, which enable rhomboid activity to be measured, using fluorescence polarization, 

fluorescence microscopy or in gel-based assay as a readout (Sherratt A. R. et al., 2012; 

Vosyka O. et al., 2013; Wolf E. V. et al., 2015b; Wolf E. V. et al., 2013). As part of this 

study we established a collaboration with Daniel Bachovchin’s research group (Memorial 

Sloan Kettering Cancer Centre, New York) to test the selectivity of our compounds. They 

use the EnPlex method for HTS of serine hydrolase inhibitors (Figure 16). Here, purified 

enzymes are coupled to differently-coloured Luminex beads and treated with the compound 

being tested. Afterwards the bead complexes are incubated with the ABP (biotin-labelled) 

and a streptavidin R-phycoerythrin conjugate (SAPE). The detection combines signals from 

two lasers, the first of which recognises the bead colour (the enzyme) and the second one 

the phycoerythrin (enzyme activity). A higher phycoerythrin signal means that the inhibitory 
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activity of the tested compound is lower, and vice versa. The screen contains about 

100 human serine hydrolases (Bachovchin D. A. et al., 2014). 

 

  

Figure 16: EnPlex method 
The compound under study is incubated with purified enzyme coupled with the Luminex bead. The complex 

is subsequently treated with the ABP and SAPE to determine the compound activity by a two-laser system. 

The signal from the first laser identifies the enzyme (Luminex bead signal) and the signal from the second one 

the enzyme activity (phycoerythrin signal). Adopted from (Bachovchin D. A. et al., 2014). 
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2 AIMS OF THE STUDY 
 

In the Introduction of my thesis, I have highlighted the importance or the rhomboid 

superfamily, and the hitherto pronounced lack of chemical tools to understand their function 

in detail. Therefore, the general aim of my study was to expand the range of chemical tools 

and methods available for studying rhomboid proteases. 

In vitro characterisation of the rhomboid protease mechanism is hampered by the lack 

of easily obtainable, wide-selectivity or bespoke rhomboid substrates, which would allow 

continuous measurement of reaction progress. Therefore, the initial aim of my project was 

the development of a new and better substrate and assay platform. As fluorescence intensity 

remains the most easily accessible and accurate readout, the substrate was to be based on 

FRET. The goal of this project was to design new fluorogenic rhomboid substrates that 

would be recognised by several rhomboids and could be used in detergent micelles as well 

as in proteoliposomes. To be suitable for HTS, the substrate needed to utilise red-shifted 

variants of fluorophores. 

 However, the main focus of my thesis is development of potent and selective 

rhomboid inhibitors. Prior to the start of this work (as summarised in chapter 1.5), no 

rhomboid inhibitors were available that would meet all the requirements for inhibitors 

suitable for cell biological assays. The main objective was to deliver a general strategy for 

rhomboid inhibitor design based on known rhomboid-substrate interactions. The second 

objective was the characterisation of novel classes of small-molecule rhomboid inhibitors.  
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3 METHODS 
 

This chapter summarises the methods I have used in the publications presented. My 

contribution to each publication is specified at the end of the related chapter in the Results 

section. The work was carried out at the Institute of Organic Chemistry and Biochemistry of 

the CAS. As part of these projects we established collaborations with several research 

groups. First part of my thesis are projects that originated in and were led by our lab 

(Publication 1 and 2). Crystal structures of GlpG in complex with peptidyl α-ketoamides 

were solved partly in collaboration with Kutti R. Vinothkumar (Richard Henderson’s group 

at Medical Research Council Laboratory of Molecular Biology, Cambridge, UK), the 

selectivity of inhibitors against a panel of rhomboids was tested in the laboratory of Steven 

Verhelst (University of Leuven, Leuven, Belgium) and the selectivity against human 

hydrolases using the EnPlex method in the lab of Daniel A. Bachovchin (Memorial Sloan 

Kettering Cancer Center, New York, USA). The second part of my thesis is the 

characterisation of the compounds developed by Sascha Weggen’s group (Heinrich Heine 

University Düsseldorf, Düsseldorf, Germany). They synthesised all the saccharin and 

benzoxazinone inhibitors, did the docking studies and preliminary activity testing. 

This is a brief list of the methods used in this thesis, detailed descriptions are within 

the publications presented below. 

Molecular biology methods: 

Transformation of plasmid into E. coli cells; expression of recombinant proteins in E. coli; 

isolation and purification of proteins of interest. 

Characterisation of substrates and inhibitors: 

Measurement of peptide solubility in different conditions; acquisition of fluorescent spectra; 

measurement of reaction rates and enzyme activity using i) a continuous fluorescence-based 

assay (following an increase in fluorescence intensity upon fluorescent substrate cleavage), 

and ii) an end-point assay (following the difference in the amount of substrate hydrolysed 

after the equivalent time under different conditions); sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE); immunoblot analysis (detection by 

chemiluminescence or fluorescence); characterisation of substrate and inhibitor properties 

(Km, kcat, IC50, Ki, reversibility and modality of inhibition); inhibition of endogenous GlpG 

in E. coli. 
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4 RESULTS 

During my PhD studies I co-authored six publications (three as a first author) 

describing tools to manipulate rhomboid activity, all of them in peer-reviewed journals. Here 

I present and discuss four of these; my contribution to Yang et al. is rather small and the final 

paper is a review of the different approaches to study rhomboid proteins that we were asked 

to write after publishing the paper about peptidyl ketoamides. Our work on peptidyl 

ketoamides also resulted in an international patent. All of the presented work is the result of 

joint efforts of several people and my contribution to the publications is summarised at the 

end of each chapter. 

 

4.1 Publication 1 

Sensitive versatile fluorogenic transmembrane peptide substrates for rhomboid 

intramembrane proteases 

Anežka Tichá, Stancho Stanchev, Jan Škerle, Jakub Began, Marek Ingr, Kateřina Švehlová, 

Lucie Polovinkin, Martin Růžička, Lucie Bednárová, Romana Hadravová, Edita Poláchová, 

Petra Rampírová, Jana Březinová, Václav Kašička, Pavel Majer, Kvido Stříšovský 

Previous assays to determine rhomboid protease activity suffer from several 

disadvantages discussed in chapter 1.6. Briefly, these are as follows: gel-based readout is 

unsuitable for HTS (Maegawa S. et al., 2005; Urban S. and Wolfe M. S., 2005), and 

substrates have low affinity towards different rhomboids (Pierrat O. A. et al., 2011), their 

use is limited to liposomes (Dickey S. W. et al., 2013), or the presence of large fluorescent 

domains constrains their photochemical variability (Arutyunova E. et al., 2014). Here we 

present new fluorogenic substrates based on LacYTM2 peptide with the Edans-Dabcyl or 

the Tamra-QXL610 fluorophore FRET pairs. 

We have chosen LacYTM2 as we know it is a substrate for a range of different 

rhomboids. Almost the entire TMD is required for efficient cleavage by GlpG (Figure 17), 

so we did not truncate the peptide and we introduced Glu-Edans at the P5 and Lys-Dabcyl 

at the P4’ sites, positions where mutations do not affect recognition by rhomboid (Strisovsky 

K. et al., 2009; Zoll S. et al., 2014). The resultant peptide is a new rhomboid fluorogenic 

substrate, KSp35. We have characterised the peptide in terms of its secondary structure, 

fluorescence spectra, cleavage site, pH optimum and solubility. For KSp35 to be soluble, the 

presence of detergent in buffer was required. Importantly, the cleavage rate also strongly 
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depended on detergent concentration (Figure 18), which might have been neglected in most 

reports to date. 

We have also shown that KSp35 is hydrolysed by a panel of rhomboids and that it can 

be used in liposomes. Its affinity towards different rhomboids can be changed by mutation 

of the recognition motif. Mutations in P5-P1 (RVRHA) to amino acids preferred by GlpG 

(Zoll S. et al., 2014) increased its catalytic efficiency about 23-times and had a striking effect 

on selectivity as the mutated substrate was cleaved only by GlpG (Figure 19). This suggests 

Figure 17: The substrate TMD is important for recognition and cleavage by GlpG 
C-terminally truncated peptides were prepared and their cleavage by GlpG was measured. The reaction was 

performed in buffer containing 0.05 %  (w/v) n-dodecyl β-D-maltoside (DDM); 250 µM substrate was 

hydrolysed by 2.6 µM GlpG, samples were taken every 15 min for 2 h, the amount of a formed product was 

followed by capillary electrophoresis. Removal of as few as 5 amino acids from their TMD caused a reduction 

in their processing. 

Figure 18: Effect of detergent concentration on substrate solubility and on the reaction rate 
A) KSp35 solubility depends on the detergent concentration in the assay buffer. In 1 mM n-dodecyl 

β-D-maltoside (DDM) (standard assay conditions) it is soluble only to 100 µM whereas in 16 mM detergent it 

is soluble up to 500 µM (higher concentrations were not tested). The KSp35 peptide, at different concentrations, 

was dissolved in the buffer being tested from 10 mM stock solution in dimethyl sulfoxide (DMSO),  incubated 

for 2 h at 37 °C, and centrifuged at 21,130 × g for 20 min. Its solubilitity was evaluated by measuring the 

aborbance of the supernatant (λ = 455 nm).  B) The effect of detergent concentration on the reaction rate. 10 µM 

KSp35 was cleaved by 0.4 µM GlpG in the reaction buffer with varying concentrations of DDM. The reaction 

rate was determined as an increase in fluorescence (λex = 335 nm, λem = 493 nm). Each graph shows 

representative measurements of three independent experiments. 



 

48 

 

an easy route to increased substrate selectivity. The KSp35 peptide can also be turned into 

a red-shifted variant with the Tamra-QXL610 fluorescence pair which makes it suitable for 

HTS (the resultant substrate is KSp76 as the WT peptide, and KSp64 as the RVRHA 

mutant). From previous work, it is known that red-shifted fluorophores are suitable for 

characterisation of inhibitors that absorb in the UV region, such as isocoumarins (Vosyka O. 

et al., 2013). We based our method on conditions similar to those previously published 

(Pierrat O. A. et al., 2011; Vosyka O. et al., 2013; Zoll S. et al., 2014) using KSp76 and 

obtained a comparable IC50 for all inhibitors.  

Figure 19: The recognition motif (P5-P1) is important for substrate turnover and specificity 

A) Cleavage of KSp76, the red-shifted variant of KSp35 with wild type sequence in the P5-P1 region. KSp76 

is cleaved by GlpG, BtioR3 and AarA but not by YqgP and an inactive GlpG mutant (S201A/H254A). 

B) Cleavage of KSp64, the red-shifted variant of KSp35 with the P5-P1 sequence optimised for GlpG cleavage 
(RVRHA). In contrast to KSp76, KSp64 is cleaved by GlpG only, thus the mutation drastically improved 

specificity towards GlpG. Moreover, the catalytic rate is higher than for KSp76 cleavage. In both cases 10 µM 

substrate was cleaved by 0.4 µM enzyme (0.04 µM in case of BtioR3). C) Catalytic efficiency (kcat/Km) for the 

hydrolysis of KSp35, KSp76 and KSp64 by GlpG. Substrates (0.5-20 µM) were incubated with 0.4 µM GlpG 

in the presence of 0.5 % (w/v) DDM. Initial reaction rates were plotted against substrate concentration to obtain 

kcat/Km. D) Inhibition of GlpG by three previously published inhibitors, using KSp76 as a substrate. Inhibitors 

were pre-incubated with GlpG for 60 min. All experiments were performed in 20 mM HEPES pH 7.4, 150 mM 

NaCl, 0.05 % (w/v) DDM and 10 % (v/v) DMSO at 37 ºC unless noted otherwise. The readout for reaction 

progress was an increase in fluorescence (KSp35: λex = 335 nm, λem = 493 nm; KSp76 and KSp64: 

λex = 553 nm, λem = 583 nm). 
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My contribution to this publication:  

 expression and purification of GlpG (both WT and mutant) and chimeric protein 

substrate MBP-LacYTM2-thioredoxin-His6 

 sample preparation for acquisition of CD spectra and for MS analysis 

 measurement of fluorescence spectra; peptide solubility studies; determination of the 

pH optimum and the effect of detergent concentration on the cleavage rate 

 cleavage of the fluorogenic substrates by different rhomboids (fluorescence readout) 

and cleavage of the chimeric protein substrate (gel-based end point assay) 

 determination of kcat/Km for cleavage of different substrates by GlpG. 

 

4.2 Publication 2 

General and modular strategy for designing potent, selective, and 

pharmacologically compliant inhibitors of rhomboid proteases 

Anežka Tichá, Stancho Stanchev, Kutti R. Vinothkumar, David C. Mikles, Petr Pachl, Jakub 

Began, Jan Škerle, Kateřina Švehlová, Minh T.N. Nguyen, Steven H.L. Verhelst, Darren C. 

Johnson, Daniel A. Bachovchin, Martin Lepšík, Pavel Majer and Kvido Stříšovský 

Potent and selective rhomboid protease inhibitors are highly desirable to enable 

detailed characterisation of rhomboid function as well as for their potential therapeutic use 

(e.g. in malaria). However, none of the rhomboid inhibitor groups known so far (e.g. 

isocoumarins, β-lactams/lactons, peptidyl chloromethyl ketones, peptidyl aldehydes, 

summarised in chapter 1.5) achieve all the desired properties needed for such inhibitors – 

potency, specificity and non-toxicity. Therefore, based on our knowledge of substrate-

rhomboid interactions (chapter 1.4), we designed a general strategy for rhomboid inhibitor 

design, demonstrating the principle using GlpG protease. 

Based on the knowledge that interactions with both the recognition motif (Akiyama 

Y. and Maegawa S., 2007; Strisovsky K. et al., 2009) and the TMD are important (Ticha A. 

et al., 2017) we divided the design into three parts. To most efficiently mimic the substrate, 

we designed inhibitors that have a peptidyl part to mimic the recognition motif, then 

a reactive electrophilic group to interact with the catalytic serine (the so-called “warhead”), 

and thirdly a prime site hydrophobic substituent that could be extended further if needed. 

The mutations introduced into the fluorogenic substrate in Publication 1 (Ticha A. et al., 

2017) proved to be also effective in chloromethyl ketone inhibitors. We modified a parent 

compound AcIATA-cmk (Zoll S. et al., 2014), a scaffold in which the individual mutations 
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in P5-P1 had additive effect. Thus, we used the RVRHA sequence to form the peptidyl part 

of the new inhibitor. Next, we screened several warheads and out of the six we tested we 

chose the α-ketoamide group. Other substituents can be attached to it through the ketoamide 

nitrogen (Chatterjee S. et al., 1999; Liu Y. et al., 2004b) and the α-ketoamide group is 

already used as a pharmacophore (Njoroge F. G. et al., 2008). These features might thus be 

useful for improving potency and non-toxicity in inhibitors, respectively. The final step in 

the design was optimisation of the prime site hydrophobic substituent. We tested a panel of 

Figure 20: Design of novel rhomboid inhibitors 

A) Mutations of the parent compound AcIATA-cmk have an additive effect on inhibitor potency. B) Screen of 

several warheads. Α-ketoamide group was chosen as it showed the highest potency out of those that can be 

extended to the prime site. C) Hydrophobic prime site substituents have a dramatic effect on inhibitor potency, 

the optimal substituent improved IC50 1000-fold. The enzyme concentration in the assay was 0.4 µM, so we 

reached the lower limit of the assay. All experiments were performed in 20 mM HEPES pH 7.4, 150 mM NaCl, 

10 % (v/v) DMSO and 0.05 % (w/v) DDM at 37 ºC. GlpG was pre-incubated with each inhibitor for 60 min 

and the reaction was started by addition of 10 µM KSp35. The readout for initial reaction rates was an increase 

in fluorescence (λex = 335 nm, λem = 493 nm) during the first few minutes of measurement (below 5 % substrate 

conversion). IC50 values were determined from the dependence of initial rate on inhibitor concentration (the 

inset in C)). The IC50 values shown here are means±SD of best fits of 2-3 measurements. D) α-ketoamides act 

as non-competitive inhibitors. As such, they can bind to both free enzyme and enzyme-substrate complex (in 

this case the docking/interrogation complex), without affecting substrate affinity towards GlpG (α = 1). 
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11 different substituents and the most potent one identified was the longest, phenylbutyl 

(Figure 20).  

We determined the kinetic constants and the mechanism of inhibition for the three 

most potent compounds (9, 10 and 11). The Ki of the best inhibitor (cpd11) was ~50 nM. Its 

higher potency compared to the other compounds tested is probably the result of slow 

dissociation of enzyme-inhibitor complex (kon ˃ koff, whereas for the others they are almost 

the same). All of them are reversible non-competitive inhibitors that covalently bind to GlpG 

in a substrate-like manner occupying the S4-S2’ sites, and efficiently inhibit endogenous 

rhomboids in living cells with an IC50 value of 2.7±0.1 nM for the best compound. We also 

tested their selectivity and ability to discriminate between several rhomboids using 

established methods (Figure 21) (Wolf E. V. et al., 2015a), as well as their ability to inhibit 

other human enzymes using the EnPlex assay that includes about 100 human serine 

hydrolases (Bachovchin D. A. et al., 2014). Our inhibitors showed only partial selectivity 

between tested rhomboids, but they do not inhibit most of the human hydrolyses tested.  

  

Figure 21: Characterisation of α-ketoamides as rhomboid inhibitors 

A) Inhibition of endogenous GlpG mediated cleavage of MBP-FLAG-LacYTM2-Trx substrate (Strisovsky K. 

et al., 2009) overexpressed in live E. coli NR698 with genetically permeabilised outer membrane (Ruiz N. et 

al., 2005). Substrate cleavage was monitored in cell lysates and quantified by near-infrared fluorescence based 

immunoblotting (α-FLAG). A representative immunoblot and inhibition curve are shown. The IC50 is 

a mean±SD of best-fits from 2-3 independent measurements. KO is a negative control (ΔglpG NR698). 

B) Selectivity of three most potent compounds towards nine rhomboid proteases. DMSO and DCI are included 

as negative and positive controls, respectively. The assay is based on competition with an activity-based probe 

for the rhomboid active site (Wolf E. V. et al., 2015a). C) Crystal structure of the complex GlpG-cpd10. GlpG 

crystals were soaked with cpd10, the structure of the complex was solved by X-ray diffraction. The inhibitor 

binds covalently to Ser201 and occupies the S4-S2‘ subsite of GlpG. 
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My contribution to this publication:  

 all kinetics and inhibiton measurements in vitro 

 in vivo assay in E. coli 

 expression and purification of GlpG 

 

4.3 Publication 3 

Discovery and biological evaluation of potent and selective N-methylene 

saccharin-derived inhibitors for rhomboid intramembrane proteases 

Parul Goel, Thorsten Jumpertz, David C. Mikles, Anežka Tichá, Minh T. N. Nguyen, Steven 

Verhelst, Martin Hubalek, Darren C. Johnson, Daniel A. Bachovchin, Isabella Ogorek, Claus 

U. Pietrzik, Kvido Stříšovský, Boris Schmidt, and Sascha Weggen  

An alternative approach for rhomboid inhibitor identification was chosen by Sascha 

Weggen’s group (Heinrich Heine University Düsseldorf, Düsseldorf, Germany), a project 

on which we were invited to collaborate. They took N-methylene-substituted saccharin 

(1,2-benzisothiazol-3-one 1,1-dioxide) as a starting template for inhibitor development. 

Saccharins are known to i) act as suicide-inhibitors (Powers J. C. et al., 2002; Walker B. and 

Lynas J. F., 2001), ii) be easily modifiable and iii) have safe toxicological profile (Hlasta D. 

J. et al., 1995). The inhibitor design strategy was based on a computer-aided approach, which 

screened the candidate molecules before chemical synthesis and again during the in vitro 

screening (Figure 22). 

N-acylsaccharins are known inhibitors of human leukocyte elastase (HLE) and 

chymotrypsin (Zimmerman M. et al., 1980). The Weggen study functionalised saccharin 

inhibitors of a “next generation” (Groutas W. C. et al., 1996) by attaching a range of different 

leaving groups (LG) to the saccharin scaffold through the nitrogen of the heterocyclic ring. 

Initial in silico docking studies tested 50 different LGs and selected the 10 most promising 

candidates for in vitro testing. The most promising molecules were saccharins with aryl 

carboxylic acid or aryl sulphides and sulfones LGs. Inhibitors with an aryl carboxylic acid 

LG showed a ~25x higher inhibitory potency than the remaining compounds, where 

inhibition was only observed at 10 µM. These findings were used for a second round of 

docking studies, now with 103 saccharin derivatives out of which 20 were subsequently 

synthesised and tested in vitro. The best analogues inhibited GlpG with an IC50 of 200 nM 

in vitro and a similar effectivity in vivo (in E. coli) (Figure 23). 
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Mechanistic studies of classical serine proteases show that release of the acidic leaving 

group  is followed by the formation of an irreversible covalent crosslink to the active site 

serine and histidine (Powers J. C. et al., 2002). Crosslinking of the catalytic residues of GlpG 

causes a characteristic shift in mobility on SDS-PAGE electrophoresis (Vosyka O. et al., 

2013; Zoll S. et al., 2014) which was not observed in the presence of saccharin inhibitor. 

Complexes of saccharin inhibitors with different GlpG mutants were analysed by mass 

spectrometry to determine which mutations prevent the formation of the characteristic 

adduct. However, no conclusive results were obtained from this experiment. Coupled to the 

fact that inhibition of GlpG by the saccharin inhibitor under study was slowly reversible 

(Figure 23), these data suggest that the mechanism of rhomboid inhibition by this class of 

inhibitors differs from the mechanism of inhibition of classical serine proteases.  

The selectivity of the best compounds was assessed using the assays discussed in the 

section on Publication 2 (Bachovchin D. A. et al., 2014; Wolf E. V. et al., 2015a). The 

saccharins under study had no inhibitory activity towards eukaryotic rhomboids and 

Figure 22: Next-generation saccharin inhibitors 
A) A strategy for computer aided design of novel saccharin based rhomboid inhibitors. B) Mechanism of 

rhomboid inhibition by next-generation saccharin inhibitors. The catalytic serine (Ser201) attacks the carbonyl 

of the inhibitor. This leads to the prototropic shift and subsequent LG release and formation of a reactive 

intermediate that covalently cross-links the Ser201 with His254. C) Model of N-methylated saccharin inhibitor 

(blue) bound in the GlpG active site (grey). The inhibitor covalently cross-links to the rhomboid active site. 
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inhibited only few human serine hydrolases (out of 71). These results suggest that further 

optimisation of the saccharin scaffold could possibly lead to effective rhomboid inhibitors. 

My contribution to this publication: 

 in vivo assay in E. coli 

 reversibility test 

 

4.4 Publication 4 

Discovery and validation of 2-styryl substituted benzoxazin-4-ones as a novel 

scaffold for rhomboid protease inhibitors 

Parul Goel, Thorsten Jumpertz, Anežka Tichá, Isabella Ogorek, David C. Mikles, Martin 

Hubalek, Claus U. Pietrzik, Kvido Stříšovský, Boris Schmidt, Sascha Weggen 

This project was a follow up to the previous publication, again in collaboration with 

Sascha Weggen. An approach similar to that used for saccharin inhibitor identification was 

used for optimisation of 2-styryl substituted benzoxazin-4-ones. These are known inhibitors 

of HLE, chymotrypsin and cathepsin G (Gutschow M. and Neumann U., 1997; Gutschow 

M. et al., 1999; Krantz A. et al., 1990; Powers J. C. et al., 2002; Teshima T. et al., 1982). 

Figure 23: Characterisation of BSc5195, one of the most potent new saccharin inhibitors 
A) Inhibition of endogenous GlpG in live NR698 E. coli strain transformed with the MBP-FLAG-LacYTM2-
Trx substrate. Inhibition of substrate cleavage effected by different concentrations of inhibitor was detected in 

cell lysates by immunoblotting with fluorescence detection (α-FLAG). KO (ΔglpG NR698) serve as a negative 

control. A representative measurement (out of two) is shown. B) Next-generation saccharins are slowly 

reversible inhibitors. GlpG was pre-incubated with inhibitors for 1 h at 37 ºC and rapidly diluted 100-fold into 

the reaction buffer or into inhibitor solution at equivalent concentration. The readout for reaction progress was 

cleavage of fluorogenic substrate KSp76 resulting in increased fluorescence (λex = 553 nm, λem = 583 nm). For 

comparison, β-lactam L29 is a known reversible inhibitor whereas isocoumarin JLK6 binds GlpG irreversibly. 
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The benzoxazinone scaffold consists of two fused aromatic rings which provide 

opportunities for modifications and improved binding to the target enzyme. 

Thirteen 2-alkyl and 2-aryl benzoxazinone derivatives were tested in silico and 

in vitro. Docking studies of the most favourable molecule (2-styryl substituted 

benzoxazinone scaffold, compound 3) showed that the heterocyclic ring is oriented towards 

the S1 subsite whereas the substituent points towards the S2’ subsite. The inhibitor also 

interacts with the adjacent His254 and Phe245. In vitro, compound 3 could inhibit Gurken 

hydrolysis by GlpG, thus confirming the results from the docking studies; compound 3 is 

the most potent analogue (IC50 ~ 5 µM). Surprisingly, compound 3 did not inhibit 

chymotrypsin whereas 50 % inhibition of HLE and trypsin was achieved with 50 µM 

inhibitor and 10 µM for cathepsin G, therefore showing at least some selectivity towards 

GlpG. Dilution experiments confirmed the expected reversible mechanism (Figure 24). 

  

Figure 24: Characterisation of 2-substituted benzoxazin-4-ones as rhomboid inhibitors 
A) Mechanism of 2-substituted benzoxazin-4-ones mediated inhibition of serine proteases. Attack by the 

catalytic serine on the C-4 benzoxazinone carbonyl leads to opening of the heterocyclic ring and the subsequent 

formation of the O-acyl enzyme intermediate (Powers J. C. et al., 2002). B) Inhibition of GlpG by 2-aryl 

substituted benzoxazinones. GlpG was pre-incubated with the inhibitor for 1 h at 37 ºC. The reaction was 

started by addition of the fluorogenic substrate KSp76. IC50 was determined only for the 2-aryl substituted 

inhibitors as 2-alkyl substituted benzoxazinones did not show sufficient inhibitory activity in a preliminary 

experiment. C) 2-aryl substituted benzoxazin-4-ones are reversible rhomboid inhibitors. The mixture of GlpG 

pre-incubated with a specific inhibitor for 1 h at 37 ºC was diluted 100-fold into the reaction buffer or into 
inhibitor solution at concentration equivalent to that used during pre-incubation. The reaction was started by 

addition of KSp64, and the readout was an increase in fluorescence. Both IC50 and reversibility measurements 

were performed in triplicates. Here, the representatives of each experiment are presented. GlpG was pre-

incubated with inhibitors for 1 h at 37 ºC and rapidly 100× diluted into the reaction buffer or the same 

concentration of inhibitor. The reaction progress was followed as a cleavage of fluorogenic substrate KSp76 

resulting in increase in fluorescence (λex = 553 nm, λem = 583 nm). For a comparison, β-lactam L29 is a known 

reversible inhibitor whereas isocoumarin JLK 6 binds GlpG irreversibly. 
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My contribution to this publication: 

 IC50 measurement 

 reversibility test 
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5 DISCUSSION 

In my thesis I focused on introducing new methodology to study rhomboid proteases. 

Proteins from the rhomboid superfamily, both the catalytically active proteases as well as 

the pseudoproteases, were several times shown to be involved in many important biological 

processes. New tools that I present in this thesis might help to better understand the biology 

of rhomboid proteases. Novel fluorescent substrates for rhomboids enable continuous 

measurement of reaction progress and provide a robust method for the assessment of 

rhomboid activity. Therefore, they were subsequently used for characterisation of newly 

developed inhibitors. 

 We based the fluorogenic substrates on the peptide sequence of the artificial 

rhomboid substrate LacYTM2 (Maegawa S. et al., 2005). This, out of four different 

substrates (TatA from P. stuartii, Gurken and Spitz from D. melanogaster and E. coli 

LacYTM2), is best tolerated by the panel of rhomboids we tested (E. coli GlpG, B. subtilis 

YqgP, P. stuartii AarA and BtioR3 - rhomboid 3 from B. thetaiotaomicron). In order to keep 

the substrate as small as possible and to better understand substrate-rhomboid interactions, 

we prepared a series of C-terminally truncated versions of LacYTM2 and demonstrated that 

essentially the entire substrate TMD is required for cleavage to be unaffected. At the time 

we published this work, there was a general agreement that the recognition motif alters the 

catalytic turnover of the substrate (Dickey S. W. et al., 2013; Strisovsky K. et al., 2009), but 

no research to assess the importance of the substrate TMD had been published at that stage. 

Following the publication of our study a computational characterisation of rhomboid-

substrate interaction was published showing high interaction energies for some of the 

residues deep in the substrate TMD, suggesting the importance of the substrate TMD for 

substrate-enzyme interaction (Shokhen M. and Albeck A., 2017). However, these data await 

experimental confirmation. 

 Consequently, the fluorogenic substrates are based on the entire TMD region of 

LacYTM2, and thus they are highly hydrophobic. For this reason, it is not surprising that 

their solubility depends on the presence of a suitable detergent in the reaction buffer. The 

effect of the detergent concentration on the rhomboid reaction rate was determined so far 

only for the recombinant YqgP in fusion with MBP. However, MBP is known to be 

a solubilising agent (Kapust R. B. and Waugh D. S., 1999) and indeed, MBP-YqgP is 

soluble. Probably due to the hydrophobic nature of YqgP, it also forms multimeric 
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complexes and addition of n-dodecyl β-D-maltoside (DDM) reduces its activity, albeit all 

concentrations have the same effect (Lei X. et al., 2008). Our recombinant GlpG only 

contains a His6-tag on its C-terminus and precipitates in the absence of any detergent (and 

probably mimics better the native protein) therefore it is not surprising that we observed 

different results. 

We see a clear dependence of the reaction rate on detergent concentration. Increased 

detergent concentration did not have any impact on the secondary structure of any of the 

reactants, hence, the decrease in the reaction rate is not caused by altered substrate/enzyme 

conformation that could prevent recognition by rhomboid. Adding more detergent into the 

solution leads to higher concentration of empty micelles in the reaction, thus diluting the 

system, as the reaction between substrate and enzyme takes place only in the detergent 

micelles (both are hydrophobic). Decreased reaction rate with increased detergent 

concentration is therefore expectable. In our model we assume that the substrate distributes 

equally into the detergent micelles upon dilution from DMSO stock. Based on the critical 

micellar concentration and aggregation number we assume that under our reaction conditions 

(10 µM substrate and 0.4 µM GlpG in 0.05 % DDM), each micelle contains about ‘1.5’ 

molecules of the substrate and only about 4 % of all micelles are occupied by the enzyme. 

Increasing DDM concentration lowers the probability of a substrate and an enzyme molecule 

being on the same micelle. Kinetic parameters of rhomboid catalysis were measured multiple 

times to date. However, the effect of the hydrophobic environment was taken into account 

only with the reactions in liposomes when the impact of detergent on kinetic constants had 

not been considered yet (Arutyunova E. et al., 2014; Dickey S. W. et al., 2013). For the in 

vitro assays it is important to keep this in mind as purification and concentration of both 

enzyme and substrate can increase detergent concentration in the stock solutions. To reach 

the same conditions in all experiments it is not sufficient to measure just the protein content, 

but the detergent concentration should be determined as well. 

One of the main goals of this work was to prepare a substrate useful for HTS. Screened 

libraries often contain molecules that absorb in the UV region (Simeonov A. et al., 2008), 

which disqualifies KSp35 with its Edans-Dabcyl FRET pair that absorbs light at 300-400 

nm. We therefore synthesised KSp76, a substrate that contains the same peptide sequence as 

KSp35 but possesses a different FRET pair, Tamra-QXL610 (connected through Lys in P5 

and Cys in P4’, respectively). These changes did not affect the catalytic efficiency of its 

cleavage or its selectivity towards different rhomboids. Crucially, it absorbs in the red region 
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of the visible spectrum (550-700 nm). Out of the rhomboids investigated (GlpG, BtioR3, 

AarA, YqgP and GlpG S201A/H254A as a negative control) KSp35 and KSp76 were not 

cleaved by the inactive GlpG mutant (as expected) and YqgP. This is not surprising either 

as YqgP’s catalytic activity strongly depends on the presence of lipids (Urban S. and Wolfe 

M. S., 2005). However, mutation of residues in the recognition motif (P5-P1) of the substrate 

to amino acids strongly preferred by GlpG (Zoll S. et al., 2014), altered the specificity. 

Therefore the substrate with the RVRHA sequence in the P5-P1 site is cleaved by GlpG 

only. This optimisation improved the catalytic efficiency (kcat/Km) about 23-fold, confirming 

the previously reported importance of the recognition motif for substrate turnover (Dickey 

S. W. et al., 2013; Strisovsky K. et al., 2009). To test the suitability of our substrates for 

HTS we used KSp76 to test rhomboid inhibition by several inhibitors published previously 

– isocoumarin S037 (Vosyka O. et al., 2013), β-lactam L42 (Pierrat O. A. et al., 2011) and 

ISKA-cmk (Zoll S. et al., 2014). Our measurements agree with published IC50 values (under 

comparable conditions). In summary, we presented here a series of novel fluorogenic 

substrates with proposed easy-to-implement modifications to increase specificity towards 

the targeted rhomboid. The choice of a suitable FRET pair enables their use in the HTS. The 

newly established fluorescence substrates were subsequently exploited in the development 

of new rhomboid inhibitors. 

We have discovered peptidyl α-ketoamides as new potent and selective rhomboid 

inhibitors. The crystal structure of GlpG in complex with a peptidyl ketoamide showed 

a similar binding mode to that previously reported for CMKs (Zoll S. et al., 2014) and 

peptidyl aldehydes (Cho S. et al., 2016). However, we added to known data by 

demonstrating that peptidyl ketoamides bind to the S4-S2’ GlpG subsites and that the P5 

residue (Arg in the peptidyl part) does not dramatically affect the inhibitory potency. In 

contrast, even though the P5 and P6 residues were not visible in the crystal structure of the 

GlpG-RKVRMA-CHO complex, in vitro analysis shows that their presence improves the 

inhibitory potency 5-fold (Cho S. et al., 2016). The discrepancy might be explained by 

looking at the structures and potencies of the aldehyde and ketoamide inhibitors. The long 

version of the aldehyde inhibitor (RKVRMA-CHO) has a Ki of about 20 µM whereas 

ketoamide compound 9 (for which we tested the effect of shortening the peptidyl part) has 

a Ki of about 0.2 µM, and is therefore a 100-fold more potent inhibitor. We have 

demonstrated that the prime side substituent has a large impact on inhibitor potency and this 
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effect might outweigh the contribution of the peptidyl part. This could explain the apparently 

conflicting data. 

Rhomboids are expected to share a similar mechanism (Lemberg M. K. and Freeman 

M., 2007a; Lemberg M. K. and Freeman M., 2007b), hence our approach towards inhibitor 

design could therefore serve as a general strategy for delivery of potent rhomboid inhibitors 

optimised for a protease of interest. In case of GlpG we started from the analysis based on 

mutations in the P5-P1 positions of a rhomboid substrate TatA (Zoll S. et al., 2014). There 

are several other approaches that can address the specificity of a protease, but they often 

comprise of complex labelling strategies which impedes their convenient use (Mahrus S. et 

al., 2008). In contrast, multiplex substrate profiling utilises a library of synthetic peptides 

coupled with mass spectrometry. It is an easy and rapid method to map sequence preferences 

on both the prime and non-prime sides (O'Donoghue A. J. et al., 2012) and could be used to 

identify further rhomboid sequence requirements as suggested by a recent work (Lapek J. 

D., Jr. et al., 2019). 

The second part of the inhibitor responsible for its potency and selectivity is the 

hydrophobic tail substituent. By varying the chemical residue attached to the ketoamide 

nitrogen we were able to improve the inhibitor potency by over three orders of magnitude. 

The crystal structure showed that the inhibitor binds from the active site up to the S2’ subsite 

of GlpG. Unfortunately, we were not able to crystallise the complex of GlpG with our best 

compound (cpd11) but comparison of GlpG complexes with other ketoamides (cpd9 and 10) 

and previously reported β-lactam L29 (Vinothkumar K. R. et al., 2013) and isocoumarin 

S016 (Vosyka O. et al., 2013) shows that there is still space for improvement of the 

hydrophobic substituent (Figure 25). The C-terminal tail binds to the S2’ cavity which is 

absent in the native rhomboid, but forms upon ligand binding (Vinothkumar K. R. et al., 

2013). Additionally, the introduction of a longer substituent, potentially of a branched and 

hydrophobic nature, to the prime side might increase the potency of the inhibitor because, as 

we show in Publication 1, the membrane part of the substrate is also important for substrate 

turnover. Other potential approaches to further improve ketoamide inhibitors is based on 

deeper understanding of the rhomboid catalytic mechanism. Specifically, the S1 cavity in 

GlpG was shown to encompass a water retention site which explains the strong preference 

for small amino acids in P1 (especially Ala) (Akiyama Y. and Maegawa S., 2007; Strisovsky 

K. et al., 2009; Zoll S. et al., 2014). Thus, bigger residues might possibly fit into the S1 
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cavity but interfere with water transport to the active site and result in a more effective and 

rhomboid-selective inhibitor.  

The ketoamide warhead is already in use as a pharmacophore in treatment of hepatitis 

C infection (Njoroge F. G. et al., 2008). The family of drugs does not cause any unwanted 

side effects even though they comprise of an electrophilic warhead that covalently modifies 

the target protein. As these licensed drugs are also peptidyl ketoamides, we assume that our 

compounds behave similarly, and as such are suitable for cell biological assays.  

Apart from peptidyl ketoamide inhibitors we also tested other classes of molecules 

potentially active against rhomboids, namely next-generation saccharin inhibitors and 

benzoxazin-4-one derived inhibitors. Both scaffolds offer a broad range of structural 

variations. The effect of varying the LG of saccharin inhibitors was initially determined 

in silico with docking studies. Binding of all 50 proposed derivatives to the GlpG active site 

was simulated based on the structure of GlpG in complex with the phosphonofluoridate 

inhibitor CAPF. The docking studies revealed that saccharins with the aryl carboxylic acid 

LG were the most efficient ligands (also confirmed in vitro) and that the binding mode of 

these inhibitors is similar to that of CAPF (Xue Y. et al., 2012). The sulfoxide group interacts 

with His150 and Gly199 and the LG interacts with the prime side of the enzyme. The 

preference for aryl carboxylic acid LG could be explained by the fact that the aryl ring 

participates in π-π interactions with Phe245. This interaction might also contribute to 

inhibitor selectivity as the aryl ring fits nicely into a hydrophobic region around the GlpG 

active site. More detailed studies of the electrostatic interactions between inhibitor and 

enzyme suggested that small electron-withdrawing substituents on the aryl ring at the ortho 

or para positions could increase the inhibitor potency as it would become more favourable 

Figure 25: Comparison of the binding modes of different rhomboid inhibitors 
All of the illustrated inhibitors bind to the S2’ cavity, but each of them occupies a slightly different space. This 

suggests a direction for the future design of N-terminal hydrophobic substituents of peptidyl ketoamides. This 

is a comparison of crystal structures PDB: 5MT6, 5MTF, 3ZMI and 3ZEB. The rhomboid surface is depicted 

in grey, the catalytic dyad in yellow and inhibitors in green. 
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for nucleophilic attack by the catalytic Ser. Surprisingly, neither further docking studies nor 

in vitro inhibition assays of GlpG yielded further inhibitors with improved affinity.  Briefly, 

the IC50 value of the most potent compound was 0.2 µM which is comparable to the potency 

of the most efficient β-lactams (Pierrat O. A. et al., 2011) or isocoumarin (Vosyka O. et al., 

2013). Unlike β-lactams, which inhibit endogenous GlpG with an IC50 of 5-10 µM (Pierrat 

O. A. et al., 2011), the saccharin inhibitors have a similar potency in vivo as they do in 

in vitro studies. Their advantage over isocoumarins is their slowly reversible mechanism. 

Saccharin-based inhibitors are expected to form a doubly-linked covalent complex 

with the target enzyme (Powers J. C. et al., 2002), although it is not clear which second 

residue, in addition to Ser201, of GlpG they form a covalent bond with. Therefore, GlpG 

variations with candidate residues mutated to Ala were prepared and incubated with the 

saccharin inhibitors. Based on the proposed mechanism, the LG should be released and the 

complexes formed should result in an identical mass shift of 195 Da. The complex was not 

formed upon His254 deletion implicating His254 as the second binding partner. On the other 

hand, the catalytic histidine is needed for proper activation of the catalytic serine (Ha Y. et 

al., 2013) which may be another explanation for why the complex was not formed. Coupled 

with the fact that the expected change in the protein mobility using SDS-PAGE (Vosyka O. 

et al., 2013; Zoll S. et al., 2014) was not observed, this suggests the possibility that the 

doubly-linked product is either not formed or not stable, or that another nucleophile (apart 

from the His254) in closer proximity to the catalytic serine might be involved in the 

crosslinking. As the saccharins are slowly reversible inhibitors, the hypothesis including 

another binding partner is favoured. 

A similar approach was utilised in the design of benzoxazin-4-one derived inhibitors. 

Thirteen candidates underwent molecular docking studies, again based on the structure of 

GlpG in complex with CAPF (Xue Y. et al., 2012) and 2-styryl substituted compound 3 

(Figure 24) was shown to be the most promising derivative. Benzoxazinones also share a 

similar orientation with previously reported inhibitors. In this case, the styryl extension 

points towards the S2’ subsite in the enzyme, as observed with previously characterised 

inhibitors (Vinothkumar K. R. et al., 2013; Xue Y. et al., 2012). In vitro experiments 

confirmed compound 3 as one of the most potent benzoxazinone derivatives, with an IC50 of 

4 µM. An electron withdrawing substituent increased the inhibitor activity, similarly to the 

saccharin inhibitors. The potency of the best benzoxazinone compound is one order of 

magnitude lower than that of the previously discussed saccharins, as well as of β-lactams 
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(Pierrat O. A. et al., 2011) and isocoumarins (Vosyka O. et al., 2013). Benzoxazinones are 

known inhibitors of HLE, chymotrypsin and cathepsin G (Gutschow M. and Neumann U., 

1997; Gutschow M. et al., 1999; Krantz A. et al., 1990; Powers J. C. et al., 2002; Teshima 

T. et al., 1982). Surprisingly, the two most potent derivatives did not show any inhibitory 

activity against α-chymotrypsin up to 250 µM concentration. Neither did they inhibit bovine 

trypsin or human neutrophil elastase at 10 µM, but several inhibitory variants were able to 

decrease the activity of these enzymes to 50 % at 50 µM concentration. One of the inhibitors 

significantly reduced the activity of cathepsin G at 10 µM concentration. The specificity 

profile was not uniform for all variants tested, suggesting that these inhibitors could show 

some selectivity for GlpG over other serine proteases.  

We also collaborated with another group interested in benzoxazin-4-one scaffold-

based inhibitors (Steven Verhelst’s group, University of Leuven, Leuven, Belgium) and 

these two papers were published together (Goel P. et al., 2018; Yang J. et al., 2018). The 

Verhelst group used a different set of substituents attached to the benzoxazin-4-one core, the 

most effective of which were the 2-alkoxy substituents. Even though they showed slightly 

higher activity against GlpG, they lost the selectivity over bovine chymotrypsin and trypsin 

(Yang J. et al., 2018). Therefore, it would be interesting to fully understand the relationship 

between the inhibitor structure and its potency and selectivity for rhomboids, potentially 

leading to an inhibitor that combines the optimal features from each type. From the 

mechanical point of view, benzoxazinones bind covalently to the GlpG which was confirmed 

by a mass spectrometry by formation of a new peak of a mass corresponding to the expected 

rhomboid-inhibitor adduct. Their reversibility was confirmed by the dilution experiment. 

As inhibitor potency is not the only important feature of the inhibitor that determines 

its suitability in cell biological assays (not to mention its potential therapeutic use), we tested 

the peptidyl ketoamides and saccharin inhibitors for their selectivity across about 100 human 

hydrolases, using the EnPlex method (Bachovchin D. A. et al., 2014) and their selectivity 

across a panel of different rhomboid proteases (Wolf E. V. et al., 2015a). Both ketoamides 

and saccharins displayed preference for bacterial and archaeal rhomboid proteases. We also 

compared their selectivity in the EnPlex assay with β-lactam L41 (Pierrat O. A. et al., 2011) 

and isocoumarins S006 and S016 (Vosyka O. et al., 2013). Both ketoamides and saccharins 

have a better selectivity profile than both isocoumarins. What is more, ketoamides inhibited 

only two out of all the tested hydrolases (dipeptidyl-peptidase 2 and 

prolylcarboxypeptidase), L41 inhibited just one of them (probable serine carboxypeptidase). 



 

64 

 

Together with the high potency of peptidyl ketoamides and their safe toxicological profile 

this makes them the most effective rhomboid inhibitors available to date. Undoubtedly, this 

scaffold can be further developed to target the rhomboid proteases of medical interest, such 

as the mitochondrial rhomboid PARL or the Plasmodium rhomboid ROM4. 
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6 SUMMARY 

In my thesis I presented several novel tools to study rhomboid proteases, namely new 

fluorogenic substrates, and potent and selective rhomboid inhibitors. In general, their main 

advantage is that they should be readily modifiable to target different rhomboids. 

With respect to the fluorogenic substrate, our primary goal was to deliver tools that 

could be used in continuous rhomboid activity assays, would be well tolerated by many 

rhomboid proteases and would be suitable for HTS. We have met all of these requirements 

in the substrate presented in chapter 4.1, and subsequently demonstrated their practical use 

in identifying new rhomboid inhibitors. The substrates were used in in vitro assays to 

characterise the effects of different substituents on inhibitor activity as well as for the kinetic 

characterisation of the interaction between the most promising compounds and rhomboids. 

Regarding the inhibitor design, I present in this thesis three new classes of rhomboid 

inhibitors. The peptidyl ketoamides are, to date, the best inhibitors available. Their high 

potency, selectivity and the fact that the same class of compounds is already used as 

therapeutics makes them ideal candidates for further drug development. Additional, we have 

contributed to the improvement of saccharin and benzoxazin-4-one scaffold based inhibitors. 

Their major advantage is an easy and cheap synthesis route which offers many possibilities 

for future structure-activity relationship studies that could lead to the development of 

a potent and selective inhibitor that could be readily synthesised in high yields.  

The rhomboid inhibitors, particularly the peptidyl ketoamides, could also be used as 

a starting point in the search for potential therapeutic molecules against many diseases. 

Inhibition of parasite invasion of the host cells through inhibition of Plasmodium rhomboids 

might be a feasible malaria treatment (Baker R. P. et al., 2006; Lin J. W. et al., 2013), 

mitochondrial rhomboid protein PARL probably cooperates on regulation of mitophagy, 

therefore inhibition of PARL might stimulate mitophagy and potentially decrease the 

pathological changes associated with Parkinson’s disease (Chan E. Y. L. and McQuibban G. 

A., 2013; Meissner C. et al., 2015), and regulation of EGFR signalling through RBHDL4 

could be beneficial in the treatment of colorectal cancer (Song W. et al., 2015). Furthermore 

it is tempting to speculate that inhibitors of active rhomboids could also be tools for the study 

of the rhomboid pseudoproteases, whose mechanisms remain largely unclear but like contain 

a structural equivalent of a rhomboid protease active site cavity (in most cases lacking the 

catalytic residues though).  
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