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Abstract 

Proteases are considered attractive drug targets. Various drugs targeting classical, soluble 

proteases have been approved for treatment of human disease. Intramembrane proteases 

(IMPs) are a more recently discovered group of proteolytic enzymes. They are embedded in 

lipid bilayers and their active sites are located in the plane of a membrane. All four 

mechanistic families of IMPs have been linked to disease, but currently, no drugs against 

IMPs have entered the market. In this review, I will outline the function of IMPs with a focus 

on the ones involved in human disease, which includes Alzheimer’s disease, cancer, and 

infectious diseases by microorganisms. Inhibitors of IMPs are known for all mechanistic 

classes, but are not yet very potent or selective – apart from those targeting γ-secretase. I will 

here describe the different features of IMP inhibitors and discuss a list of issues that need 

attention in the near future in order to improve the drug development for IMPs. 
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Introduction 

Proteases are attractive targets for drug development, because they are involved in many 

different signaling pathways and underlie the pathology of a variety of diseases. The very first 

protease was discovered in 1836 [1], but it took almost 150 years before protease targeting 

drugs were introduced on the market: in 1981, captopril, a small molecule inhibitor of the 

angiotensin converting enzyme [2] was approved for treatment of hypertension. In the 

following decades, several other protease targeting drugs have followed against a variety of 

diseases [3,4], including cancer, diabetes and HIV infection. 

   In 1997, site-2 protease [5] was reported as a first, unexpected example of intramembrane 

proteases (IMPs; sometimes referred to as I-CLiPs – for intramembrane-cleaving proteases). 

Since then, several other families of IMPs have been discovered. They can be classified in 

four mechanistically distinct families, according to the MEROPS database [6] (Figure 1): 

metallo IMPs (family M50), serine IMPs (family S54; also called rhomboid proteases), 

aspartate IMPs (family A22), and glutamate IMPs, exemplified by Rce1 (Ras and a-factor 

converting enzyme 1; currently still classified as family M79, because of the occurrence of a 

zinc ion, but I suggest to rename it to family G3). 

   The catalytic machinery of IMPs lies within the plane of the membrane and is formed by 

residues in different transmembrane helices (TMs). The substrates are usually single pass 

transmembrane proteins. The functional roles of IMPs (see also Box 1) range from 

transcription factor signaling to protein maturation and host cell invasion of certain parasites. 

In this mini-review, I will highlight some of the biological roles of IMPs that are or could be 

of interest for future drug development. I will also discuss the properties of IMP inhibitors 

and share my thoughts on how IMP inhibitor research may further develop. 

 

Pathological roles of IMPs 
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IMPs have been studied in many different organisms and the functional role of the different 

IMP families has been subject of a large number of reviews. I will here focus on human IMPs 

that are implied in pathogenesis and will mention some specific cases of IMPs of infectious 

agents. 

 

Site-2 Protease 

In patients suffering from Ichthyosis follicularis with atrichia and photophobia (IFAP 

syndrome) several mutations in the gene coding for S2P have been found [7]. The mutant S2P 

proteins display impaired proteolytic activity. Since the anomalies are already present at birth, 

possible activation of S2P is not a viable therapeutical strategy to prevent the occurrence of 

this syndrome. Further disease features usually develop after birth. Enhancers of proteolytic 

activty have been reported for other classes of IMPs such as the rhomboids [8,9], but not for 

S2P. Currently, it is unclear if patients would benefit from small molecules that compensate 

for the lower activity of the reported S2P mutations. Because of the rarity of the disease (since 

1909 approximately 40 patients have been described [10]), I do not expect that S2P directed 

therapeutics will be developed for the treatment of IFAP syndrome. 

   Recently, missense mutations in the S2P gene have also been found in patients suffering 

from osteogenesis imperfecta (‘brittle bone disease’) [11]. The mutant S2P displays impaired 

processing of substrates, but interestingly, the patients carrying these mutations did not have 

any symptoms related to the IFAP syndrome. The mechanism how the different mutations 

lead to these two completely different syndromes, currently remains elusive. 

   In mammals, the substrates of S2P include SREBPs (sterol-regulatory element-binding 

proteins) [12], which are membrane-bound transcription factors. After cleavage, they relocate 

to the nucleus and induce the transcription of genes that are involved in lipid synthesis. It was 

recently reported that Nelfinavir – originally developed as an HIV inhibitor – can inhibit S2P. 
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In castration-resistant prostate cancer, this led to accumulation of substrates such as the 

SREBPs, and eventually to apoptosis [13]. However, Nelfinavir appears to have a wide range 

of targets in different cancer types [14], and I think it is too preliminary to conclude that S2P 

is a target for cancer therapy. The development of selective S2P inhibitors will be necessary 

to address whether S2P inhibition is the sole mechanism of its antitumor effects in castration-

resistant prostate cancer. 

   Bacterial S2Ps are involved in cleavage of transcriptional regulators, mainly 

transmembrane-tethered anti-Sigma factors, which after cleavage activate Sigma factor 

regulons (reviewed by Schneider et al. [15]). In the pathogen M. tuberculosis, three putative 

S2Ps exist: Rip1, 2 and 3. Analysis of a ∆rip1 strain showed involvement in virulence, as 

titers in the lungs of mice infected with M. tuberculosis are orders of magnitudes lower 

compared with infection by the wild type strain [16]. Interestingly, this change in virulence 

does not seem to involve the Sigma factor pathway [17]. Rip1 may nevertheless be targeted 

by small molecules in order to decrease M. tuberculosis virulence. 

 

Rhomboid proteases 

The human genome codes for five different rhomboid proteases (see Figure 1), whose 

biological roles are still poorly understood. For RHBDL1 and 3, no substrates have been 

identified thus far and their function remains elusive. Several substrates of RHBDL2 are 

known, including EGF [18] and thrombomodulin [19,20], but its involvement in disease is 

currently unclear. RHBDL4 plays a role in ER-associated degradation (ERAD) [21]. 

Recently, it has been shown that upregulation of RHBDL4 is linked to poor prognosis in 

colorectal cancer and that inactivation (by genetic methods) led to a decrease on growth of 

colorectal cancer cell lines [22]. The authors of this study concluded that the phenotype 

occurred through RHBDL4-mediated cleavage of TGFα. A paper by the Lemberg laboratory, 
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however, showed that active RHBDL4 does not cleave TGFα, but induces trafficking of 

proTGFα, which leads to its secretion in microvescicles by an unknown mechanism [23]. In 

view of these contradicting data, it is too preliminary to state that RHBDL4 may become a 

drug target for colorectal cancer, but it will certainly be worth developing RHBDL4 specific 

inhibitors in order to test them for effects on proliferation and microvesicle secretion. 

   The mitochondrial rhomboid protease PARL (presenilin-associated rhomboid like) has been 

more intensively studied because of its links to type 2 diabetes and Parkinson’s disease [24]. 

For example, diabetic rats had lower mRNA levels of PARL in skeletal muscle, which 

correlated with insulin sensitivity. Interestingly, the levels were restored after exercise 

training [25]. Yet, the precise role of PARL within diabetes and Parkinson’s disease is not 

well understood and the biological function of PARL in mitochondria is also still under 

debate. For the role in Parkinson’s disease, the current biochemical model is that PARL 

cleaves the mitochondrial kinase PINK1 [26-30], which leads to release into the cytosol and 

subsequent proteasomal degradation (Figure 2A, left). Upon mitochondrial damage and 

associated disruption of the membrane potential, PINK1 cleavage is prevented, which causes 

its accumulation on the outer mitochondrial membrane, where it recruits the E3 ubiquitin 

ligase Parkin (Figure 2A, right). Parkin ubiquitinylates mitochondrial proteins, which 

eventually leads to mitophagy. Within Parkinson’s disease, a reduced mitophagy [31] may 

contribute to the pathology. Whether PARL inhibition may be a viable strategy to increase 

mitophagy for treatment of Parkinson’s disease is unclear, as a functionally impaired PARL 

mutant was also found in patients with Parkinson’s disease [28] – but this mutation seems 

extremely rare [32]. Unfortunately, selective PARL inhibitors to test this idea are still 

missing. 

   For a range of different pathogenic microorganisms, the role of rhomboid proteases has also 

been described [33,34]. I will here briefly highlight the rhomboids from apicomplexan 
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parasites. Heterologous expression in mammalian cell culture has shown that several 

rhomboids of Toxoplasma gondii and the malaria causing Plasmodium falciparum are able to 

cleave cell surface adhesins. The parasites use the adhesins to attach and invade the host cells 

(Figure 2B) [35-39]. In the rodent malaria model Plasmodium berghei, ROM4 seems to be 

essential for the asexual life cycle in erythrocytes [40], whereas ROM1 seems to be 

dispensible. However, a Plasmodium yoelii model showed that a ROM1 deletion mutant was 

important for parasitophorous vacuole formation and survival in the host cell [41]. Altogether, 

development of selective inhibitors of apicomplexan rhomboids, and application in P. 

falciparum and T. gondii invasion models will be necessary to validate rhomboid proteases as 

possible drug targets against infection by apicomplexan parasites. 

 

Aspartate IMPs 

The most studied aspartyl IMP is the γ-secretase complex. In 2000, it was discovered that 

presenilin is the catalytic subunit of γ-secretase [42-44]. Besides the catalytic presenilin core, 

γ-secretase consists of three more proteins: Pen-2 (presenilin enhancer 2), Aph-1 (anterior 

pharynx-defective 1) and nicastrin (Figure 2C). Both presenilin and Aph-1 subunits come in 

two different forms (presenilin-1/presenilin-2 and Aph-1A/Aph-1B), giving rise to four 

possible complexes. Recently, it has een shown that presenilin-2 containing complexes mainly 

reside in the late endosomes and lysosomes, whereas preselinin-1 complexes have a broader 

distribution, including at the cell membrane [45]. 

   Structural elucidation by cryo-electron microscopy has revealed that the γ-secretase 

complex forms a horseshoe-like structure [46]. Because mutations in presenilin as well as the 

Alzheimer precursor protein (APP) are linked to familial Alzheimer’s disease (AD) [47], γ-

secretase gained attention as a drug target. The mechanism of the formation of toxic amyloid-

β (Aβ) peptides by γ-secretase is depicted in Figure 4 and will be discussed in more detail in a 
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later section about the development and clinical trials of γ-secretase-targeting drugs for 

treatment of AD. 

   Besides being responsible for APP cleavage, γ-secretase is also involved in the Notch 

signaling pathway. In short, when the Notch receptor binds to one of its ligands on a 

neighboring cell, an initial cut by α-secretase is followed by γ-secretase processing. This 

releases the Notch intracellular domain, which then travels to the nucleus where it modulates 

gene expression (Figure 2D). Through this and other pathways, γ-secretase is linked to 

different diseases including a variety of cancers, such as T cell acute lymphoblastic 

leukaemia, breast cancer, colorectal cancer and lung cancer [48]. 

   In clinical trials with γ-secretase inhibitors (GSIs) aimed at treatment of AD, severe side-

effects occurred, including gastro-intestinal problems and skin cancer, which may be due to 

inhibition of Notch cleavage [49]. However, increased Notch signaling has also been detected 

in many different solid tumors. Hence, molecules that inhibit Notch cleavage could 

potentially be used in cancer treatment [50,51], and several GSIs originally developed against 

AD are now in clinical trials against cancer. 

   The other members of the aspartate IMP family include signal peptide peptidase (SPP) and 

SPP-like (SPPL) proteases. The difference with  γ-secretase is that they act without additional 

proteins as co-factors. Human SPP is located in the ER and involved in the removal of signal 

peptides, but it also has other roles [52,53], such as the cleavage of C-terminal membrane 

anchors from ER-resident proteins, accompanied by subsequent proteasomal degradation [54]. 

Interestingly, human SPP is involved in the maturation of the hepatitis C virus core protein 

[55], which is required for the production of viral particles [56,57]. In the malaria parasite P. 

falciparum, inhibition of SPP can block growth of the parasite [58], and may represent a 

future therapeutic strategy. The functions of the SPPL family members are still being 

uncovered [52]. For example, SPPL2a is linked to B cell development, as it is responsible for 
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turnover of the invariant chain, which is associated to MHC class II, but remains anchored to 

the membrane after initial cleavage by cathepsin S and loading of peptide antigents to the 

MHC class II binding groove. Accumulation of the membrane-bound invariant chain 

fragment prevents proper B cell development. Hence, SPPL2a inhibition might be a strategy 

to treat B cell dependent autoimmune diseases [59,60].  

 

Glutamate IMPs 

Rce1 is a special case amongst the IMPs. Already in 1997, this protease was discovered as the 

enzyme responsible for the removal of the C-terminal tripeptide of prenylated proteins [61]. 

This includes Ras, a family of membrane-bound G proteins involved in the mitogen activated 

protein (MAP) kinase signaling pathway. Only in 2013, a crystal structure revealed that the 

cleavage event by Rce1 happens in the plane of the membrane [62]. Compared with the 

previously identified IMPs, Rce1 has several important differences. First, it has an unusual 

catalytic mechanism, dissimilar to the currently known soluble glutamate proteases. It 

involves a glutamic acid and a histidine residue – but the exact mechanism is still unknown. 

Second, it is a carboxypeptidase and does not cleave TMs like the other IMP families. 

   In a large number of tumors Ras shows activating mutations. Preventing signaling by 

mutated Ras has been pursued as a possible anti-cancer therapy. The strategies do not only 

include the inhibition of Ras itself, but also the disruption of its post-translational processing. 

Inhibition of Rce1 is one of these, and inhibitors of human Rce1 lead to mislocalization of 

Ras [63], suggesting that these could have therapeutical value. 

 

IMP inhibitors and their properties 

As discussed in the previous section, all families of IMPs are implicated in disease. Therefore, 

there is a growing interest in the development of IMP inhibitors. These endeavors have been 
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successful for some families and more difficult for others. Below I will outline examples of 

IMP inhibitors and their features. 

   S2P inhibitors are relatively rare. General metalloprotease inhibtors, such as 1,10-

phelanthroline (1; Figure 3), were initially the only reported S2P inhibitors [64]. Obviously, 

compound 1 functions by chelating the Zn
2+
 ion that is necessary for catalysis by S2P and 

other metalloproteases. However, it is non-selective and needs millimolar concentrations to be 

effective. Several years ago, the HIV protease inhibitor Nelfinavir (2) was found to inhibit 

processing of SREBP-1 by human S2P [65], but the mechanism of inhibition and the binding 

mode remain unclear. Some ‘analogs’ of Nelfinavir, such as 3 and 4 (which show markedly 

little resemblance to the original structure), also inhibited the SREBP-1 processing to some 

extent. Surprisingly, in an in vitro cleavage assay with purified S2P from 

Methanocaldococcus jannaschii, the required concentration for inhibition was 2-3 orders of 

magnitude higher than in cellular tests (millimolar versus micromolar concentration) [13]. 

Hence, the molecules seem only slightly better than phenanthroline and obviously the search 

for efficient and selective S2P inhibitors is still at its beginning. 

   When rhomboid proteases were discovered, they first seemed inreactive to known serine 

protease inhibitors, except for 3,4-dichloroisocoumarin (DCI) [66]. Nowadays, a variety of 

scaffolds have been reported to inhibit rhomboids. Some of them were found by screening, 

such as substituted chloro-isocoumarins (5), β-lactams (6) and β-lactones (7), others by 

design, including peptidyl chloromethyl ketones (8) and peptide aldehydes (9). The two last 

structures were based on non-primed site peptide sequences of known substrates. Because of 

the peptidic character of these inhibitors, their crystal structures in the E. coli rhomboid GlpG 

show a glimpse of how substrates may interact with IMPs. The limitations of the currently 

reported rhomboid inhibitors are several. The potency is not very high and ranges from sub-

micromolar for some β-lactams and substituted chloro-isocoumarins, to mid and high 
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micromolar for DCI, β-lactones, chloromethyl ketones and aldehydes. In addition, all current 

rhomboid inhibitors bind covalently to their target. Clearly, other inhibitor scaffolds need to 

be discovered, which may happen by future high throughput screening or by rational design. 

   In order to influence oncogenic Ras, Rce1 inhibitors are an alternative to the more common 

strategy of farnesyltransferase inhibition. To date, only few Rce1 inhibitors have been 

described. Most of them date from before Rce1 was known to be an IMP and before the 

catalytic residues were uncovered. Some of the inhibitors are peptide-based, e.g. the 

farnesylated compound 10 [67]. Other compounds have been discovered by screening, such as 

11 [68], a scaffold that was recently optimized to compound 12, which displays low 

micromolar activity and disrupts the membrane localization of Ras in human cell culture [63]. 

   By far the most effort has been put into inhibitors of γ-secretase, because of its link to AD, 

the most common cause of dementia. AD is associated with the accumulation of Aβ-peptides 

within the characteristic senile plaques in the brains of Alzheimer patients. The peptides 

originate from the Alzheimer Precursor Protein upon cleavage by first β- and then γ-secretase 

(Figure 4). Depending on the last processing step, shorter or longer Aβ-peptides are formed. 

Both Aβ40 and Aβ42 are found in the amyloid plaques, with Aβ42 being the more toxic one 

and most prone to aggregation. Initially, research was focused on γ-secretase inhibitors 

(GSIs), which resulted in low nanomolar to picomolar inhibitors with in vivo activity. The 

GSI semagacestat (13; Figure 3) proceeded to phase III clinical trials, but failed because of 

severe side effects including gastrointestinal toxicity and skin cancer, which are possibly a 

result of inhibition of Notch cleavage [49]. Drug development for γ-secretase then shifted 

towards ‘Notch-sparing’ GSIs (compounds whose inhibition of Aβ production is higher than 

of Notch cleavage) and γ-secretase modulators (GSMs), which do not inhibit APP processing, 

but result in the formation of shorter, less toxic Aβ-species. The Notch-sparing GSIs 

avagacestat (14) was discontinued in clinical trials because of similar side effects as the 

Page 12 of 39The FEBS Journal



normal GSIs [69]. Most likely, the selectivity of APP versus Notch inhibition was 

overestimated and an independent report described that avagacestat lacks ‘Notch-sparing’ 

activity [70,71]. Research on GSMs started with a report that described lowering of Aβ42 

levels by nonsteroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen [72]. 

Unfortunately, NSAID-based derivatives such as GSM-1 (15) and related compounds display 

liver toxicity [73]. GSMs have now evolved into various different classes, and several 

excellent reviews have been written about the properties of them [74-77]. None, however, has 

passed phase III clinical trials yet. 

 

Future challenges 

 

Potency of inhibitors 

A positive conclusion from the tremendous amount of research on GSIs and GSMs is the 

ability to generate highly potent compounds. Some of the reported GSIs have picomolar IC50 

values. Compared with γ-secretase, inhibitor discovery for other families of IMPs is still in its 

infancy. The inhibitor potency is only in the micromolar range – or submicromolar for some 

rhomboid inhibitors (note that the rhomboid inhibitors are all covalent and IC50 values are 

dependent on the time of treatment). I believe that serious synthetic chemistry efforts are 

necessary in order to obtain potent and selective inhibitors for S2P, rhomboids and Rce1. 

   Recent work in the Urban laboratory on peptide aldehyde inhibitors of rhomboids has led to 

an interesting observation: the aldehydes, which bind to the active site serine, turned out to be 

non-competitive inhibitors [78]. This means that the initial interaction of the substrate takes 

place at a distal site (referred to as an exosite or ‘interrogation site’). For γ-secretase, small, 

helical peptides have shown similar properties: they inhibit the proteolytic activity by binding 

to the initial docking site of the substrate [79]. Analogous to this, molecules that bind to the 
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proposed exosite of rhomboids may function as inhibitors. Although it is proposed that the 

interaction of the substrates at this site may be weak [78], non-peptidic molecules or 

conformationally restricted peptidomimetics could have higher affinity than normal peptides. 

Conjugation of such molecules to an active site binder may not only lead to higher affinity, 

but also to increased selectivity. 

   Crystallography and cryo-EM have given us a look at the structural properties of several 

IMPs [46,62,64,80,81] and also of multiple inhibitor-rhomboid protease complexes [9,78,82-

86]. However, this has not yet resulted in the design of more potent rhomboid inhibitors. One 

problem may be the plasticity of the IMPs. Inhibitor-rhomboid complexes have revealed that 

‘recognition pockets’ near the active site may only form upon interaction with a substrate or 

inhibitor [86], which complicates in silico screening of inhibitors. 

   High-throughput screening (HTS) is an alternative and complementary approch to 

computational design of inhibitors, but it requires suitable activity assays. Unfortunately, the 

dependence on a hydrophobic membrane or membrane-like environment complicates the 

purification of IMPs and the development of such assays. For Rce1, resuspended membranes 

of overexpressing yeast cells have been utilized in screening in combination with a selective 

Rce1 substrate [68]. HTS of γ-secretase inhibitors has been performed using experiments in 

cell culture [87] as well as in vitro assays with detergent-solubilized membranes [88]. One 

HTS of a bacterial rhomboid has been executed on detergent-solubilized, purified enzyme [8], 

but for eukaryotic rhomboids such an assay is still missing. 

 

Selectivity of inhibitors 

Targeting a single protease is a challenging task, especially when related family members or 

proteases from other families with an overlapping substrate specificity exist within the same 

organism. For treatment aimed at inhibiting human IMPs, selectivity over other human 
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proteases is needed. The situation is even more complex for treatment of infective agents, 

because in that case selectivity of the target IMP from the pathogen over the human IMP is 

additionally desired. How selective are the currently developed inhibitors of the various IMP 

families? 

   A variety of inhibitors and modulators generated for γ-secretase also inhibit SPP, indicating 

a lack of selectivity. Interestingly, several compounds including 16 (Figure 5) show 

selectivity for presenilin-1 over presenilin-2 containing γ-secretase complexes [89]. It 

demonstrates that selectivity between highly related members of IMP families is achievable. 

This is a significant finding, since the subunit composition of γ-secretase seems to influence 

the generation of the different Aβ species [90], although this has not been observed in all 

studies [91]. Moreover, the presenilin-1 and -2 complexes have different cellular localization. 

Because of its restricted presence in the late endosomes and lysosomes, the presenilin-2 

containing γ-secretase complex is the main source of the intracellular pool of toxic Aβ-species 

[45]. Hence, selective inhibitors may help clarify the role of generating intracellular versus 

extracellular Aβ. To add to the complexity, however, early-onset Alzheimer mutations in 

presenilin-1 cause the complex to also localize to late endosomes and lysosomes [45]. 

   Some GSIs also inhibit SPP. A recent study showed that in vivo inhibition of SPP by using 

the GSI LY-411,575 (18, Figure 5) leads to lower expression of hepatitis C virus core 

particles and improves liver function in a mouse model [92]. This suggests that SPP may be 

used as a future drug target for treatment of hepatitis C. However, selective inhibitors may be 

needed in order to minimize toxicity by γ-secretase inhibition. 

   For other families of IMPs, selectivity is less well established. The few inhibitors for S2P 

include general metallo protease inhibitors and Nelfinavir, which probably has multiple 

targets in human cells [14]. 
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   The selectivity of rhomboid protease inhibitors, although currently not well described, is 

likely to be low. Chloromethyl ketones and aldehydes are not expected to be selective, since 

these electrophilic groups display higher reactivity against cysteine proteases. Some chloro-

isocoumarins and β-lactones have been screened against a panel of rhomboids from 12 

different species and displayed some selectivity amongst them [93]. This illustrates that 

rhomboids from one species may be selectively inhibited over rhomboids from another 

species, which becomes relevant once rhomboids from infective agents have been identified 

as drug targets and will need to be targeted over human rhomboids. Selectivity over other 

serine proteases, however, is also desired, and the currently described rhomboid inhibitors are 

not likely to have this property. 

   The recently described Rce1 inhibitor 12 (Figure 3) displays selectivity over farnesyl 

transferase and the functionally similar protease Ste24 [63]. Whether other proteases are 

targeted by this scaffold is unknown. 

 

IMP inhibitors as future drugs 

How drug-like are the currently reported IMP inhibitors? In the last decades, drug discovery 

and development has focused on reversible inhibitors that adhere to some or most of the 

Lipinski’s rules of 5: low molecular weight (below 500), low amount of hydrogen bond 

donors and acceptors (less than 5 and 10, respectively) and good solubility (ClogP lower than 

5) [94]. It must be noted, however, that these rules have been criticized and that various drugs 

violate them [95]. 

   The currently reported rhomboid inhibitors are all covalent in nature. Although drug 

discovery programs favor non-covalent inhibitors, in the last decade, there is an increasing 

interest in covalently binding compounds [96], illustrated by recent approval of e.g. the 

covalent Bruton’s tyrosine kinase inhibitor Ibrutinib for treatment of certain lymphomas. 
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Clearly, the peptide-based reagents 8 and 9 (Figure 3) are not suitable drug candidates, but β-

lactones and β-lactams may have more potential, as drugs based on these scaffolds are already 

in pharmaceutical use. I expect that medicinal chemistry on these scaffolds will be able to 

increase potency and selectivity. 

   GSIs – although not successful in clinical trails for treatment of AD – still form a good 

illustration that IMP inhibitors with good drug-like properties can be successfully developed: 

they display oral bioavailability, penetration into the brain and in vivo activity – all highly 

desirable properties for drug candidates. For example, compound 17 (DAPT; Figure 5), an 

early inhibitor resulting from medicinal chemistry optimization after a high-throughput 

screen, has nanomolar activity and oral bioavailability (EC50 of 100 mg/kg for lowering of Aβ 

levels in a transgenic mouse model) [87]. The related compound 18 (LY-411,575) even has 

picomolar activity and was able to lower Aβ levels in transgenic mice with much lower oral 

dosing [97]. Similar things can be said about GSMs: medicinal chemistry efforts have turned 

the original NSAIDs, which displayed low activity, into compounds with nanomolar IC50 

values for lowering Aβ42, such as compound 15 (Figure 3). However, increasing the potency 

often comes at the costs of extra hydrophobicity (i.e. a high ClogP) and liver toxicity. 

Therefore, the physical properties of these compounds still needs to be adjusted in order to 

improve their drug-like properties. Current efforts are focused on analogs with lower 

hydrophobicity and lower aromatic ring count (higher sp
3
 character) – discussed in a recent 

review by Bursavich et al. [98]. 

 

Other future research directions & concluding remarks 

The essential role of γ-secretase in Notch signaling was one of the reasons for the side-effects 

of GSIs and the unsuccessful outcome of the clinical trials. The need for a thorough 

understanding of IMP biology apart from the directly involved disease-causing substrates is a 
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perhaps dull and obvious lesson from the failed trials. The disappointing results of the clinical 

trials with the ‘Notch-sparing’ inhibitor avagacestat (14; Figure 3), which didn’t turn out to be 

very ‘Notch sparing’ after all, illustrate that a good understanding of the mechanism of action 

of compounds is also critical for the successful development of drug candidates. At the 

moment, it is still unclear how Notch-sparing GSIs and GSMs function and how they interact 

with their targets. Various GSI- and GSM-derived photocrosslinking affinity-based probes 

have shown that they bind to presenilin subunits [42,43,91,99,100], but the exact binding site 

is still unclear. Although the last decade has seen an impetus in crystallography and cryo-EM 

on IMPs, we are still waiting for structures of aspartyl IMPs with small molecule inhibitors or 

modulators. An alternative approach may be the combination of suitable photocrosslinking 

probes and MS-base proteomics techniques to map the binding site at amino acid level. This 

would also allow to identify the target(s) and off-targets of GSIs and GSMs – and thereby 

increase insight into the side-effects of these compounds. Obviously, such methods could be 

applied to inhibitors of other IMP families as well. 

   An interesting finding – in my opinion – that deserves future attention, stems from a couple 

of isolated reports on small molecules that increase cleavage of rhomboid substrates [8,9] or 

that induce cleavage of non-substrates by rhomboids [101]. These results provoke the 

question whether activity-modulation is possible for all IMPs. Remarkably, cleavage of non-

substrates was caused by NSAIDs that also affect γ-secretase. The necessary high 

concentration of NSAIDs to achieve this effect led to alteration of the membrane properties, 

which may be the reason for the induction of cleavage. Nevertheless, it will be worth 

analyzing whether NSAID-based GSMs with higher potency against γ-secretase show a 

similar effect. The results of this study also urge the development and application of 

proteomics methods to map the effect of compounds on the complete composition of the 
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(membrane) proteome. Such a high-content analysis approach may provide an early indication 

whether drug leads will have the desired properties or are likely to cause toxic side-effects. 

   Despite the discovery of IMPs approximately 20 years ago, no IMP targeting drug has yet 

been approved for treatment of a disease. Naturally, we do not want to wait 150 years (as with 

soluble proteases) before this will happen. I expect that advances in crystallography, cryo EM, 

proteomics, medicinal chemistry and chemical biology will all contribute to an increased 

understanding of IMPs and their inhibitors. This will undoubtedly lead to novel drug 

candidates within the next decade. Moreover, phase I and II clinical trials with known GSIs 

aimed at inhibition of Notch signaling in cancer patients, often in combination with other 

treatments, have shown promise [50,51]. Hence, IMP inhibitors as drugs for treatment of 

human disease are on the horizon. 
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Ageing Res Rev 

Box 1: The functions of intramembrane proteases 

The genomes of virtually all sequenced organisms encode IMPs, suggesting that they are 

important players in biology. Nevertheless, it seems unclear why a cell specifically needs 

IMPs for proteolysis of membrane proteins. The shedding of ectodomains of membrane 

proteins can also be performed by membrane-anchored conventional proteases, such as the 

ADAM (a disintegrin and metallo protease) family. One suggestion on the benefit of IMPs is 

that they can sense transmembrane helix (TM) instability, and that cleavage is a way to 

degrade instable membrane proteins [102]. γ-Secretase has even been termed the “proteasome 

of the membrane” due to its apparent promiscuity, but I think this view is too simplified. The 

thus far unclear substrate specificity of most IMP families does not necessarily imply that 

they are highly promiscuous. The proteasome is indeed an indiscriminate omnivore that 

digests anything that is presented on its menu, as long as it is poly-ubiquitinylated. However, 

IMPs seem to have higher specificity. For example, for γ-secretase over 90 reported substrates 
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have been reported [103], but the potential amount of substrates (single-pass transmembrane 

proteins) is much larger. Of all proteins approximately 25% are integral membrane proteins 

[104], and 40% of these are bitopic (single pass) membrane proteins [105]. This roughly 

accounts for 2500 potential IMP substrates, and to date only a small fraction of these have 

been reported to be cleaved by IMPs. We are clearly still at the beginning of understanding 

the substrate specificity of IMPs. Proteomics-based studies of endogenous substrates 

combined with biophysical analysis of the substrate features will be necessary to address this 

issue. Regardless of the substrate specificity, IMPs display diverse biological functions. These 

include transciption factor signaling (in diverse organisms), remodelling of mitochonria, 

protein maturation, regulation of immunity, quorum sensing and parasite-host interactions. 

The functions of IMPs have been topic of many different reviews, some of which are cited 

here [33,106-110]. 

 

 

Figure legends 

 

Figure 1. Schematic representation of the four different mechanistic families of IMPs. A) a 

summary of all currently known IMPs and their subcellular localization. Note that presenilin-

1 and -2 are not acting alone, but as part of the γ-secretase complex (see Figure 2C). A recent 

paper has shown that γ-secretase with presenilin-2 is mainly located in the late endosomes and 

lysosomes, whereas γ-secretase with presenilin-1 is present in the endocytic pathway and 

predominantly in the plasma membrane [45]. B) Metallo IMPs display histidine and aspartic 

acid residues in different transmembrane helices (TMs) in order to coordinate a divalent metal 

ion (Zn
2+
) that is essential for its protease activity. The schematic structure of human S2P is 

depicted and the blue TMs indicate the general core structure of metallo IMPs  C) Serine 
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IMPs are also known as rhomboid proteases. Their key features are a serine-histidine catalytic 

dyad and a 6 TM core structure, which in some family members is extended with a seventh 

TM C-terminally (as shown here in white) or N-terminally to its core protease structure. D) 

Aspartate IMPs (also called GXGD proteases – the common element in the active site) have a 

9 TM core structure, which in the presenilins is cut between TM6 and TM7 (see Figure 4). E) 

Glutamate IMPs have recently been discovered when a crystal structure of an archaeal Rce1 

revealed an active site with a water molecule activated by a glutamate and histidine residue. 

The exact mechanism is not yet fully understood. 

 

Figure 2. Functional role of some selected IMPs. A) The human mitochondrial rhomboid 

protease (PARL) proteolytically processes a TM of the kinase PINK1 when it is transported 

through two different channels in the outer and inner mitochondrial membrane. After 

processing, PINK1 lacks a TM anchor and is released into the cytosol, where it is degraded by 

the proteasome. When mitochondrial damage occurs, resulting in a low membrane potential, 

the insertion into the inner membrane does not take place, preventing PARL cleavage and 

leading to sequestration at the surface of the mitochondrion. There, it recruits the E3 ubiquitin 

ligase Parkin, which ubiquitinylates proteins on the mitochondrial surface, finally leading to 

mitophagy. B) The malaria parasite Plasmodium falciparum utilizes adhesin proteins to 

interact with cell surface proteins on human red blood cells. It thereby invades into a so-called 

parasitophorous vacuole inside the host cell, where it reproduces. In order to finalize the 

entrance into the red blood cell, the adhesins are cleaved in their TM by specific rhomboid 

proteases. C) γ-Secretase is a complex consisting of 4 different proteins: Pen2, presenilin 

(PS), Aph-1 and Nicastrin (Nct). Note that presenilin is cleaved between its 6
th
 and 7

th
 TM, 

resulting in two subunits: the larger N-terminal fragment (PS-NTF) and the smaller C-

terminal fragment (PS-CTF). D) Notch signaling starts with the interaction of the Notch 
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receptor with a ligand on a neighboring cell, which first leads to cleavage within the 

extracellular domain by a membrane-bound metallo protease, and subsequently to cleavage in 

the TM by γ-secretase. The Notch intracellular domain (NICD) is released into the cytosol 

and travels to the nucleus where it acts as a transcription factor. 

 

Figure 3. Examples of IMP inhibitors for S2P (1-4), rhomboid proteases (5-9), Rce1 (10-12) 

and γ-secretase (13-15). Note that 15 is actually not an inhibitor but a modulator of protease 

activity. 

 

Figure 4. Processing of APP by γ-secretase. After an initial cut by β-secretase, the γ-secretase 

complex first performs an endoproteolytic processing step (referred to as the ε-cleavage). This 

can happen at two different peptide bonds – either giving Aβ49 or Aβ48. Next, several 

additional cuts at the resulting neo-C-terminus (γ-cleavages) happen, resulting in various 

different Aβ-peptides. 

 

Figure 5. Three γ-secretase inhibitors. 
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