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Abstract 

Intramembrane proteases (IMPs) are localized within lipid bilayers of membranes – either the 

cell membrane or membranes of various organelles. Cleavage of substrates often results in 

release from the membrane, leading to a downstream biological effect. This mechanism allows 

different signaling events to happen through intramembrane proteolysis. Over the years, 

various mechanistically distinct families of IMPs have been discovered, but the research 

progress has generally been slower than for soluble proteases due to the challenges 

associated with membrane proteins. In this review we will summarize how each mechanistic 

family of IMPs was discovered, which chemical tools are available for the study of IMPs and 

which techniques have been developed for the discovery of IMP substrates. Finally, we will 

discuss the various roles in cellular physiology of some of these IMPs.   
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1. Introduction 

Intramembrane proteolysis was first described in 1997, when site-2 protease (S2P) was 

reported to cleave its substrates (SREBPs, for sterol-regulatory element-binding proteins) 

within a transmembrane helix (TMH), thereby setting a dormant transcription factor free from 

the membrane (Figure 1A).1 2 The years following the discovery of S2P witnessed the 

discovery of several other mechanistic families of intramembrane proteases (IMPs): aspartyl 

IMPs,3 4 5 6 serine IMPs (also known as rhomboid proteases)7 and later glutamyl IMPs8 (Figure 

1C-D). The existence of different IMP families suggests that intramembrane proteolysis is not 

just an odd event, but that it has evolved multiple times during the course of evolution to 

perform critical tasks in cellular physiology. 

 

Figure 1. Overview of IMP families and their typical substrate cleavages. The space below 

the membrane represents the cytosol. The extracellular space or lumen is located above the 

membrane. Note that the TMHs that form the core protease structure are colored with a darker 

blue. Optional TMHs or TMHs of other proteins in the same complex (for γ-secretase) are 

colored in a lighter blue. Substrate TMHs are indicated in yellow. The cut-site by the IMP is 

depicted with orange scissors; a prerequisite cut is indicated with black scissors. (A) S2P is 

the prototypical metallo IMP. After proteolytic processing of SBREP in the cytosolic loop by 

site-1 protease, one of the TMHs becomes a substrate for S2P. After cleavage of this TMH, a 
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transciption factor is set free from the membrane. (B) Rhomboid proteases have 6 or 7 TMHs. 

The 7th TMH may be located C-terminally (as depicted here) or N-terminally to the core 

protease structure. Their substrates do not require a prior cut. (C) Glutamyl IMPs are 

exemplified by Rce1. It removes the C-terminal tripeptide of the “CaaX-box” of membrane-

anchored, prenylated proteins. Its catalytic mechanism is not completely understood, but 

involves activation of a water molecule by a glutamate residue and essential involvement of a 

histidine in the catalytic center. (D) Aspartyl IMPs are also called GXGD IMPs after the 

common active site motif found in one of the TMHs. Whereas presenilin (PS) is only 

catalytically active within the γ-secretase complex, SPP and SPP-like proteases (SPPL) 

function alone. Typical substrates need a prior cut by another protease before being processed 

by SPP(L) or γ-secretase. The most well-known substrate is undoubtedly the amyloid precursor 

protein (APP). After a cut by β-secretase, γ-secretase can perform several sequential cuts in 

the TM of APP, leading to Aβ-peptides of various lengths. Some of these are the toxic peptide 

species that are typically found in the plaques in brains of Alzheimer’s patients. (E) Topologies 

of IMP substrates: an IMP either cleaves a substrate with Nin topology, where the protein N-

terminus is localized in the cytoplasm (such as SPP) or with Nout topology (such as rhomboid 

proteases). 

 

At first, intramembrane proteolysis seemed odd and counterintuitive because of the 

hydrophobic environment of the lipid bilayer, in which the peptide bond hydrolysis of the 

substrate takes place. Evidently, lipid membranes are not impermeable to water and crystal 

structures of various families of IMPs have revealed bound water molecules in close proximity 

to the catalytic machinery.8 9 

   Although three mechanistic families of IMPs have soluble counterparts that utilize similar 

types of chemistry in their active sites, there are clear differences in the protein structures and 

active site architectures. While most soluble proteases fold into a globular shape by using 

various structural elements including sheets, helices and random coils (Figure 2A), the core 
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structures of IMPs are formed by multiple α-helical TMHs, some of which contain the active 

site residues. IMPs adopt structures that may be cup-shaped (such as GlpG9 or Rce1;8 Figure 

2B) or horseshoe-like (such as the γ-secretase complex;10 Figure 2C). Beside differences in 

structure, there are also differences in how soluble and intramembrane proteases recognize 

their substrates. Soluble proteases mostly utilize distinct binding pockets adjacent to the active 

site to recognize side chains of amino acid residues around the scissile peptide bond, to which 

is usually referred by the Schechter and Berger nomenclature of P1, P2, etc. for substrate 

residues located N-terminally to the sciccile bond in S1, S2 etc. pockets on the protease 

(Figure 2D).11 For substrate residues and recognition pockets located C-terminally to the 

scissile bond, these numbers receive an apostrophe (P1’, P2’, S1’, S2’). Soluble proteases 

often display a clear substrate consensus consisting of a distinct primary sequence, which may 

be utilized for the design of inhibitors or chemical probes. How IMPs recognize their substrates 

is much less clear. Rce1 may be an exception amongst IMPs: it has a well defined substrate 

repertoire, as it is responsible for cleavage of the “aaX” tripeptide of proteins with a prenylated 

cysteine in their C-terminal “CaaX box” motif. The substrate determinants of other families of 

IMPs remain largely elusive. One reason is the low amount of substrates that are known for 

individual members of IMP families. Section 4 of this review deals with the available methods 

for substrate discovery, but here, we will already summarize some common substrate 

recognition principles from two decades of IMP research. (1) IMPs cleave substrates with a 

particular TMH topology: either with the N-terminus inside the cytosol (Nin; Figure 1E) or the 

N-terminus oriented towards the extracellular space or the lumen of the ER or Golgi (Nout; 

Figure 1E). For example, rhomboid proteases only process substrate TMHs with a Nout 

topology. (2) For metallo and most aspartyl IMPs, a prior cleavage by another protease is 

required, before proteolytic processing in the membrane will take place (Figure 1A and 1D). 

(3) To make the scissile peptide bond accessible to the catalytic machinery, the substrate helix 

must be unwound. Early research reports on S2P,12 signal peptide peptidase (SPP)13 and 

rhomboid proteases14 demonstrated that helix-breaking residues (glycine and/or proline) within 

the TMH of the substrate enable cleavage. Interestingly, introduction of a single proline into a 
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TMH proved to be sufficient to turn a non-substrate of rhomboid into a substrate.15 Recent 

crystal structures of γ-secretase in complex with substrate TMHs of Notch16 and the amyloid 

precursor protein (APP)17 revealed that the interaction induces a conformational change in part 

of the substrate TMH, which unwinds from an α-helix into a β-strand extended conformation 

(Figure 2E). This strand forms a hybrid β-sheet with two other β-strands from PS-1, which are 

formed upon interaction with APP.17 (4) Recognition sites may be plastically formed. As 

mentioned above, structural rearrangements take place upon interaction of γ-secretase with 

its substrates. In a crystal structure of the rhomboid protease GlpG in complex with a β-lactam 

inhibitor, the putative S2’ pocket also seems to be formed only upon binding of the inhibitor 

(Figure 2E).18 

   Compared with soluble proteases, IMPs are slow enzymes. While soluble proteases may cut 

multiple substrates per second (corresponding to a kcat > 1 s-1), IMPs cut in the timeframe of 

minutes.19 For example, the rhomboid protease AarA from the bacterium P. stuartii cleaves its 

natural substrate TatA with a kcat of 0.014 s-1, as described by Urban and co-workers,20 which 

was further corroborated by Lemieux and co-workers21 (0.018 s-1). The laboratory of Steiner 

determined the kcat for cleavage of APP by γ-secretase and also found very slow rates of 

catalysis (0.0012 s-1). Overall, this translates to rates of approximately 1 per minute (for TatA 

cleavage by rhomboid) to 4 per hour (for APP cleavage by γ-secretase). 

   Despite their slow catalysis, IMPs have distinct roles in cellular physiology, which is the 

overall theme of this review. In the first section, we will give an overview how IMPs have been 

discovered. Interestingly, small molecules have played an important role for the discovery of 

some IMP families. In the following two sections, we will summarize the available chemical 

tools for the study of IMPs and the methods to discover substrates of IMPs, both of which form 

a means towards uncovering the functional role of IMPs. In the subsequent section, we will 

outline the cellular roles of the different families of IMPs, with particular focus on the function 

in human and mammalian cells. We will end with a discussion of some future challenges for 

the field of intramembrane proteolysis. 
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Figure 2. Comparison of soluble proteases and IMPs. (A) Crystal structure of bovine trypsin 

(PDB code: 1MAX) shows an overall globular structure. β-sheets are colored magenta, helices 

cyan and random coils pink. The arrow indicates the substrate binding cleft. Active site 

residues H57, D102 and S195 are depicted in stick representation. (B) Crystal structures of 

the IMPs E. coli GlpG (left; PDB code: 2IC8) and M. Maripaludis Rce1 (right; PDB code: 4CAD) 

reveal an overall cup-like structure. Helices are colored cyan, random coils pink. Note that the 

core structure is fully built up of helices. Arrows indicate the hydrophilic cavity near the active 

site (S201 and H252 of GlpG and E140 and H173 of Rce1 are depicted in stick representation). 

(C) CryoEM structure of human γ-secretase (PDB code: 5A63). The membrane-embedded 

portion of the complex is built by various helices of the four different subunits, which are each 

dipicted in a different color. Note that for clarity, only the membrane helix is depicted for 

nicastrin. (D) Summary of the Schechter and Berger nomenclature for substrate recognition by 

proteases. Side chains of the substrate around the scissile bond (indicated with scissors) are 

termed P1, P2, etc. towards the N-terminal side and P1’, P2’ etc. towards the C-terminal side. 

These side chains fit into corresponding pockets of the protease termed S1, S2, etc. and S1’, 
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S2’ etc. (E) Examples of conformational changes during substrate recognition by IMPs. Left: 

part of the TMH of the substrate APP unfolds from an α-helix to a β-strand upon binding to the 

γ-secretase complex (PDB codes: 2LLM and 6IYC). Right: the putative S2’ pocket of the E. 

coli rhomboid GlpG only forms upon binding of an inhibitor. The apo-enzyme (PDB code: 2IC8) 

is colored in cyan, the inhibitor-bound enzyme (PDB code: 3ZMI) in light grey. Note that the 

S2’ pocket is formed by rotation of tryptophan W236 upon inhibitor binding. For clarity, the 

inhibitor structure is not depicted. 

 

2. Discovery of IMPs 

The possibility that proteolysis occurred within the hydrophobic environment of a membrane, 

was a provocative thought in the mid-’90s of the last century. The existence of such process 

was suggested in 1996 by Selkoe in an attempt to explain the formation of Aβ-peptides from 

APP in the context of Alzheimer´s disease (AD).22 Although experimental proof for 

intramembrane proteases was still missing, Selkoe envisaged in a minireview that “[APP] may 

[...] undergo mechanistically enigmatic ‘γ-secretase’ cleavages within the hydrophobic 

transmembrane domain […]”.22 The first experimental proof of intramembrane proteolysis was 

provided a year later with the discovery of S2P.1 Since then, various other mechanistic families 

of IMPs have been identified; the below paragraphs describe the discovery process of each of 

these families. 

 

2.1 S2P (1997) 

The discovery of S2P was driven by molecular biology efforts. Goldstein and co-workers 

studied the cholesterol feedback regulation mechanism, when they identified the SREBP 

family of membrane-bound transcription factors. SREBPs are located within the membranes 

of the ER and the nucleus. In order to carry out their regulatory function they must undergo a 

two-step cleavage, first a site-1 cleavage in the lumen of the ER, followed by a site-2 cleavage 

(Figure 1A). The site-2 is located in the TMH of SREBP and its cleavage allows the N-terminal 

part of the protein to be released from the membrane and enter the nucleus, promoting 
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transcription of genes involved in the production of cholesterol and other fatty acids. The first 

steps in the identification of the enzyme responsible for site-2 cleavage were taken in 1994 

with the generation of a mutant Chinese Hamster Ovary (CHO) cell line that lacked the ability 

to grow on cholesterol-free medium,23 as they lacked the ability to cleave SREBP at site-2.24 

Transfecting these cells with various parts of human cDNA led to rescue of this phenotype and 

Rawson et al. finally identified the S2P gene.1 The sequencing revealed a polytopic membrane 

protein containing the consensus sequene HEXXH, typical for metalloproteases. Mutagenesis 

experiments confirmed that this motif was essential for Site-2 processing. 

   Ten years later, the structure of the S2P from the archaea Methanocaldococcus jannaschii 

was solved by Shi and co-workers.25 This study confirmed the presence of a zinc atom in the 

catalytic site. In addition, the general metalloprotease inhibitor 1,10-phenanthroline abolished 

S2P proteolytic activity in a concentration dependent manner, verifying that S2P is a metal-

dependent protease, which activates a water molecule in a similar way to soluble 

metalloproteases (Figure 3A). 

 

Figure 3. Catalytic mechanisms of the various IMP families. Nucleophiles are depicted in 

red and the scissile peptide bond of a substrate is colored blue. (A) In S2P, H54 and H58 in 

TMH2 and D148 in TMH4 bind a zinc ion, which also coordinates to the nucleophilic water. 

E55 in TM2 acts as a base that accepts the proton from the water molecule. (B) In γ-secretase, 

the catalytic residues comprise two aspartates (D257 in TMH6 and D385 in TMH7). Cryo-EM 
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structures show that there is a hydrogen bond between the backbone of G384 and the 

substrate scissile bond, but the role of D385 has not become apparent. D257 likely plays the 

role of general base to activate the nucleophilic water molecule for attack on the scissile 

peptide bond. (C) In rhomboid proteases, the catalytic dyad is formed by S201 in TMH4 and 

H254 in TMH6 (E. coli GlpG numbering). The serine residue, activated by hydrogen bonding 

to the imidazole ring of the histidine, acts as a nucleophile to perform attack on the scissile 

peptide bond. (D) The mechanism of Rce1 involves a nucleophilic water activated by E140 in 

TMH4 and H173 in TMH5. The oxyanion hole is formed by residues H227 and N231 in TMH7, 

located opposite to the catalytic residues. 

 

2.2 γ-Secretase (2000) and SPP (2002) 

The γ-secretase complex was the first member of a second mechanistic family of IMPs that 

was discovered: the aspartyl IMPs, often referred to as GXGD proteases after their conserved 

active site sequence. The complexity of the γ-secretase complex makes its discovery process 

a fascinating story, which involves a powerful combination of disciplines. 

   In an effort to understand the pathology of AD, mapping of mutations that are present in 

familial AD led to identification of two genes coding for integral membrane proteins: presenilin 

1 (PS1) and presenilin 2 (PS2).26 27 Although the precise role of PS was unclear at first, it was 

shown that the γ-cleavage of APP and Notch depended on its presence.28 29 In the year 2000, 

three different research groups reported PS as an aspartyl IMP.3 4 5  Interestingly, an almost 

identical chemical biology approach was taken by all three groups: they utilized covalent 

probes (see also section 3 of this review) consisting of a peptide-like transition state analog, 

designed to specifically interact with the active site of aspartyl proteases, combined with a 

covalent crosslinking moiety and a biotin as a detection tag.  Affinity-labeling revealed that PS 

is the aspartyl IMP responsible for γ-cleavage. After this discovery, the three other essential 

members of the γ-secretase complex were identified: nicastrin (NCT) was reported after co-

immunoprecipitation and mass spectrometry experiments,30 whereas presenilin enhancer 2 
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(PEN-2) and anterior pharynx-defective 1 (APH-1) were reported as PS interaction partners 

during a study of the Notch pathway.31 32 The essential functional unit of γ-secretase was 

defined by Haas and co-workers, who co-expressed PS, NCT, PEN-2 and APH-1 in 

Saccharomyces cerevisiae and observed full reconstitution of proteolytic activity.33 X-ray and 

cryo-EM structures of presinilin homologs and γ-secretase showed a large distance between 

the two catalytic aspartates D257 and D385,10 34 hence these structures likely represent an 

inactive conformation. Recent cryo-EM structures of γ-secretase in complex with parts of the 

APP or Notch substrate showed more details of substrate interaction and the active site 

residues (Figure 3B).16 17 

   The other members of the aspartyl IMPs comprise the SPP family. The discovery of SPP in 

2002 is another illustration of a chemical biology effort using chemical probes. Two years prior 

to its identification, Martoglio and co-workers already hypothesized the existence of a protease 

that could process signal peptides after proteolytic removal from their parent proteins. In this 

work, they showed that several inhibitors blocked SPP activity without affecting signal peptide 

removal, supporting the idea that these two proteolytic processes are carried out by different 

proteases.35 Although SPP was not yet identified, the authors hypothesized that it should be 

an intramembrane protease whose catalytic mechanism was different from S2P, which was 

the only known IMP at the time. In follow up work, the same research group prepared an AfBP 

which was based on the inhibitor used in the prior study. Photocrosslinking, biotin-mediated 

enrichment and mass spectrometry analysis led to the identification of SPP, a new protein 

whose function had not yet been elucidated.6 SPP contained typical aspartyl protease motifs, 

homologous to those present in PS. Active site mutagenesis experiments confirmed that SPP 

indeed is an aspartyl IMP. 

 

2.3 Rhomboid proteases (2001) 

The discovery of rhomboid proteases finds its origin in biology and genetics of epidermal 

growth factor (EGF) receptor signaling in the fruit fly, Drosophila melanogaster. There is only 

one single EGF receptor present in Drosophila and its main activating ligand is the protein 
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Spitz, a homolog of mammalian TGFα, which is bound to the membrane in a dormant form 

and needs a proteolytic cleavage to become a functional signaling molecule. It was known that 

two other gene products, Rhomboid-1 and Star, were needed for production of active Spitz, 

but how this happened was unknown. Freeman and co-workers elucidated the mechanism of 

Spitz activation in two back-to-back papers in 2001.7 36 In a series of experiments using 

Drosophila embryos and cell culture, it was shown that Star relocalizes Spitz and that cleavage 

of Spitz is dependent on Rhomboid-1.36 This led to the model that Star helps traffcking of Spitz 

from the ER to the Golgi, where Rhomboid-1 is localized. Upon cleavage, the soluble fragment 

of Spitz is exported from the Golgi and secreted from the cell, where it can now activate the 

EGF receptor. Support for the catalytic mechanism of Rhomboid-1 was provided by mutational 

analysis as well as the observation that Spitz cleavage is sensitive towards the general serine 

protease inhibitors DCI and TPCK.7 Although it was first thought that the catalytic mechanism 

involved a triad of serine, histidine and asparagine, a crystal structure of the E. coli GlpG 

revealed that the active site involves a catalytic dyad (Figure 3C).9 In the years after the 

discovery of Rhomboid-1 it was recognized that rhomboid proteases are present in virtually all 

sequenced organisms and are one of the most widespread families of integral membrane 

proteins.37 They can be subdivided into different classes based on their topology (see also 

Figure 1B): one containing only the 6 TMH core, one with an additional C-terminal TMH, one 

with an additional N-terminal TMH, and a class of inactive pseudoproteases termed iRhoms 

that lack one or more of the catalytic residues.38 

 

2.4 Rce1 (2013) 

Glutamyl IMPs are the latest addition to the IMP superfamily. Its only member to date, Rce1, 

had been identified in S. cerevisiae fifteen years before its catalytic mechanism was 

elucidated.39 Early studies found chloromethylketones, known to be cysteine protease 

inhibitors, to abolish Rce1 activity. The inhibition profile, together with site-directed 

mutagenesis experiments showing that a cysteine was required for proteolysis, initially led to 

classification of Rce1 as a cysteine protease.40 This model was discarded once it was shown 
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that the catalytic cysteine was not conserved in bacterial homologs. Next, Rce1 was suggested 

to be a metalloprotease,41 although previous experiments had shown that various metal 

chelators did not affect proteolytic activity.40 The Rce1 catalytic machinery identity remained a 

mystery, until in 2013 Manolaridis et al. solved the crystal structure of the Methanococcus 

maripaludis homolog MmRce1 and found that the active site is buried within the plane of the 

membrane.8 The currently accepted catalytic mechanism involves the carboxylate of E140 to 

be the general base in charge of activating the water molecule that attacks the scissile peptide 

bond. Histidine residue H173 also participates in this activation process via hydrogen bond 

formation with its imidazole ring. The oxyanion transition state is stabilized by H227 and N231 

(Figure 3D).  

 

3. Chemical tools for IMP 

The study of soluble proteases has benefited tremendously from the development of chemical 

tools, such as activity-based probes (ABPs) and synthetic substrate reporters.42 43 44 

Knowledge of protease substrate specificity – in particular the primary sequence around the 

active site (see Figure 2D) – underlies the design of many of these tools. For IMPs, however, 

the substrate specificity remains poorly understood. An additional inconvenience is the 

difficulty to express and purify IMPs in their active forms, which has a negative impact on 

structural studies as well as on testing potential chemical tools. Overall, this has resulted in a 

much slower progress of chemical tool design for IMPs. In this paragraph, covalent chemical 

probes (ABPs and affinity-based probes; AfBPs), synthetic substrates and lipid nanodiscs will 

be discussed as currently available chemical tools to study IMPs. 

 

3.1 Covalent chemical probes (ABPs/AfBPs) 

Covalent chemical probes are small molecules that form a covalent bond with a specific (set 

of) target enzyme(s) and consequently enable visualization of the probe-enzyme complex. 

Covalent chemical probes can be subdivided into ABPs and AfBPs, depending on their 

mechanism of covalent modification. 
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   ABPs consist of three elements (Figure 4A), of which the warhead is perhaps the most crucial 

one. It exploits the hydrolysis mechanism of cysteine, serine and threonine proteases, which 

utilize a nucleophilic amino acid side chain in the active site for attack on the scissile bond. A 

reactive electrophilic warhead brought in close proximity to this side chain will form an 

irreversible covalent bond in a mechanism-based reaction. Note that the only IMPs utilizing 

such a mechanism are the rhomboid proteases. Besides a warhead, ABPs comprise a 

detection tag for visualization or enrichment of the tagged protease45 and a spacer, which 

separates the two previous elements and may also enhance the selectivity towards its 

targets.46 For rhomboid proteases, FP-Rhodamine (1, Figure 4A),47 48 tagged isocoumarins,49 

and alkynylated β-lactones48 have been reported as ABPs. These probes have been applied 

to the measurement of rhomboid activity and for inhibitor screening. FP-Rhodamine has been 

particularly useful, because it functions as a universal probe for rhomboids from various 

prokaryotic and eukaryotic organisms.50 

   Some mechanistic classes of proteases, including metallo IMPs, aspartyl IMPs and glutamyl 

IMPs, utilize an activated water molecule in their active site for attack on the scissile peptide 

bond. This mechanism does not allow the use of electrophilic ‘warheads’, as these would 

hydrolyze rather than form a covalent bond. AfBPs are alternative covalent probes that have 

been developed to circumvent this problem. In general, they combine a tight-binding, reversible 

small molecule with a photocrosslinker (for covalent binding) and a detection tag (for 

visualization or enrichment, Figure 4B). As mentioned before (see section 2), the development 

of AfBPs based on transition state inhibitors of γ-secretase, formed the basis for the discovery 

of PS as the catalytic subunit.3 4 5 It must be noted that AfBPs do not need to be derived from 

active site inhibitors, but have also been based on so-called γ-secretase modulators (GSMs). 

GSMs supposedly bind to an allosteric site and do not inhibit the γ-secretase complex, but alter 

the way in which it processes its substrates. Probes derived from various GSMs have been 

utilized in order to elucidate where these molecules bind. One example of a non-active site 

directed AfBP is E2012-BPyne (2, Figure 4B), which covalently crosslinks to the N-terminal 
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fragment of PS1.51 Interestingly, labeling is not diminished in the presence of an active-site 

directed inhibitor or a GSM from another structural class, indicating that these compounds 

have different binding sites and different modes of action.51 

 

3.2 Synthetic substrates for IMPs 

Because IMPs require peptide recognition elements on both primed and non-primed sites, 

synthetic substrates for IMPs comprise fluorescently quenched peptides (or FRET peptides): 

a fluorophore and a quencher are incorporated at either side of the scissile bond (Figure 4C). 

For Rce1, the presence of an additional farnesyl group is essential for recognition.8 Whereas 

most synthetic substrates are based on a peptide sequence of a substrate, such as APP for γ-

secretase52 and Gurken for rhomboid proteases,53 some substrates were discovered by 

screening known, commercially available FRET peptides developed for soluble proteases: a 

recent paper by Lemieux and co-workers reported that a peptide originally developed as a 

substrate for the soluble metalloprotease MMP-3, could also be cleaved by various bacterial 

rhomboids.54 

   Synthetic substrates have been used for various applications, including the screening of 

inhibitors. For example, Pierrat et al. described a high-throughput screen for the rhomboid 

AarA using the Gurken-based quenched fluorescent peptide 3 (Figure 4C), resulting in the 

identification of N-sulfonylated β-lactams as rhomboid inhibitors. Kinetic studies have also 

benefited from the development of synthetic substrates. Urban and co-workers discovered that 

a FITC-functionalized TMH, when reconstituted in a liposome, does not show fluorescence 

until cleavage occurs and the FITC detaches from the lipid bilayer. They found that rhomboids 

display low kcat values for this substrate (slow cleavage) and high KM values (low affinity).20 

Strisovsky and co-workers were able to optimize fluorescently quenched peptides consisting 

of a complete TMH by changing the amino acid sequence near the scissile bond.55 Although 

the cleavage efficiency kcat/KM could be increased more than 20-fold, the cleavage is still on 
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the timescale of minutes. Slow cleavage kinetics has also been observed for γ-secretase with 

recombinantly expressed polypeptides,56 suggesting that this is a general property of IMPs. 

 

Figure 4. Overview of different chemical tools for studying IMPs. (A) ABPs comprise an 

electrophilic warhead for covalent, mechanism-based reaction with the active site, a 

recognition element for increased selectivity and a detection tag. Example ABP FP-Rhodamine 

reacts with many serine hydrolases,57 including rhomboids. Note that this ABP does not have 

a recognition element next to the warhead, explaining its pan-reactivity. (B) AfBPs contain a 

photocrosslinker for photoaffinity labeling of their targets. Example probe 2 was derived from 

a known GSM and contains a benzophenone photocrosslinker and an alkyne tag. (C) 

Quenched fluorescent peptides lead to an increase in fluorescent signal over time when 

incubated with their target IMP. Here, a peptide based on the rhomboid substrate Gurken is 

depicted, bearing an N-terminal polyethyleneglycol (PEG) chain for solubility. (D) xMA 

polymers can solubilize membrane proteins in xMALP lipid nanodiscs. 

 

3.3 Lipid nanodiscs 

It is difficult to obtain IMPs in a pure, active and stable form, suggesting a low structural stability 

of these proteins. Indeed, even the E. coli rhomboid GlpG, which can be expressed, solubilized 

and purified in detergent, is thermodynamically relatively instable,58 and its structure is held 

together by multiple weak interactions. The membrane environment may stabilize the stuctural 

and functional  properties of IMPs. Strikingly, the most common solubilization techniques 
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utilized for IMPs make use of detergent micelles, which strip away structurally and functionally 

important lipids. 

   Some recent studies have turned their attention to the generation of lipid nanodiscs in which 

IMPs are surrounded by lipids and kept together by a polymer. This strategy has been exploited 

for various other membrane proteins, such as ion channels and drug transporters.59 Especially 

interesting and beneficial are amphipathic polymers such as styrene maleic acid (SMA) and 

related co-polymers (collectively referred to as xMA), which can be directly applied to isolated 

membrane pellets. As a consequence, the lipids present in xMA lipid particles (xMALPs) are 

those in which the protein was embedded during expression in the cell (Figure 4D). The 

properties of these nanodiscs (e.g. their suitability for spectroscopic measurements such as 

circular dichroism or infrared spectroscopy) can be tuned by changing the structure of the xMA. 

   To date, only two IMPs have been studied in xMALPs, both rhomboid proteases: E. Coli 

GlpG and V. Cholerae rhomboid. Reading et al. solubilized GlpG with SMA and subsequently 

used hydrogen-deuterium exchange mass spectrometry to investigate the conformational 

dynamics of GlpG. Interestingly, certain regions in GlpG are more sensitive to changes in the 

membrane environment than other.60 In a separate study, the same research group used 

xMALPs to show that GlpG can co-translationally insert into a lipid bilayer and fold into an α-

helical structure.61 Hellwig et al. used GlpG solubilized by SMA to demonstrate the compatibility 

with laser-induced liquid bead ion desorption mass spectrometry, which can assess the 

oligomeric states of proteins. Here, they found that GlpG occurs as a monomer in the xMALPs 

and is surrounded by approximately 50 lipids.62 Our laboratory has recently shown that the 

activity of GlpG in xMALPs resembles that in the lipid membrane environment better than when 

isolated in micelles. More importantly, the unstable V. Cholerae rhomboid, which rapidly self-

processes in a micelle environment, was stable and functionally active in xMALPs, illustrating 

the benefit of these lipid nanodiscs.63 We expect that xMALPs are applicable to other families 

of IMPs and that this type of solubilization will facilitate future structural and functional studies 

of IMPs. 
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4. IMP substrate discovery 

Identifying the substrate repertoire of a protease is key to understanding its cellular function. 

Additionally, it contributes to elucidating protease substrate specificities, which can be 

exploited for the development of inhibitors and chemical probes. 

   There are multiple ways to identify substrates of IMPs. Early stages of IMP research involved 

serendipitous substrate discovery by means of various biochemistry and molecular biology 

techniques, sometimes linked to the discovery of the IMP family itself (see also section 2 of 

this review). Some substrates were found by analogy with features in other substrates such as 

the presence of helix-breaking residues in combination with the membrane topology. For 

example, the unfolded protein response regulator XBP1u was identified as a substrate 

candidate of SPP, as it contains a type II TMH with helix-breaking residues. In addition, it also 

localized to the ER membrane, where SPP resides. Transient co-expression revealed that 

XBP1u is indeed processed by SPP.64 

   Although discovery of IMP substrates on an individual basis has provided clues about the 

cellular roles of IMPs, it is evident that a more global, unbiased IMP substrate identification is 

desirable. Tandem MS-based proteomics can aid in this process. Various proteomics-based 

substrate identification techniques have been reported for soluble proteases, and are reviewed 

elsewhere.65 66 67 

   Cleavage by IMPs often leads to dissociation of the substrate from the membrane. If the IMP 

is located at the cell surface, the substrate fragment will be released from the cell. Therefore, 

one approach to identifying substrates of IMPs is to analyze the cell’s secretome; these 

methods will be discussed in the first paragraph of this section. If the IMP is located inside the 

cell (i.e. within an organelle membrane) cleaved substrate fragments that are released from 

the membrane are often degraded, hampering their detection. However, by observing the 

accumulation of non-cleaved substrates in knockout or inhibitor treated samples, or the 

depletion of substrates in wild-type versus knockout conditions, candidate substrates can be 

identified. These cases will be discussed in the second paragraph of this section. 
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   IMP substrate discovery methods usually compare two separate samples under different 

conditions (e.g. WT vs knockout). Therefore, relative quantification is key to reliable substrate 

identification. Quantification can be achieved in several ways, including label-free 

quantification (LFQ) and isotope labeling, such as SILAC.68 The different quantification 

techniques will be indicated for each individual example in below paragraphs. 

 

4.1 Detection of released extracellular domains 

In general, the conditioned medium of cultured cells comprises: (1) IMP substrates, (2) 

ectodomains of membrane proteins cleaved by membrane-bound sheddases, (3) secreted 

soluble proteins, (4) intracellular proteins resulting from occasional cell lysis and (5) highly 

abundant serum proteins from the cell culture medium. Because of (1) and (2), methods aimed 

at the detection of released extracellular domains can be used for the discovery of substrates 

of IMPs and membrane-bound sheddases. 

   According to the UniProt database, 87% of single pass transmembrane proteins at the cell 

surface are glycosylated. This property has been exploited in different ways for enrichment of 

cleaved proteins from serum proteins prior to MS analysis (Figure 5A). This is important 

because proteins named under (1) and (2) are present in low concentrations in the secretome, 

relative to (5).69 

   A study towards substrates of RHBDL2, a rhomboid protease at the cell membrane, utilized 

lectin affinity chromatography to enrich shed cell surface proteins. SILAC-based quantification 

was used to compare secretomes of HEK293TET cells expressing endogenous RHBDL2 with 

those expressing a catalytically dead mutant. Validation of substrate candidates with a H/L 

ratio of < 1 (the active protease was expressed in the ‘light’ SILAC pair) yielded various new 

RHBDL2 substrates.70 

   The enrichment of shed protein fragments has also been achieved by various chemical 

derivatization methods. One of these, referred to as ‘glyco-capture’, makes use of periodate-

mediated oxidation of the cis-diol groups on the glycan, leading to aldehyde functionalities, 

which can selectively be conjugated to hydrazides to facilitate enrichment (Figure 5A). 
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However, as many serum proteins are also glycosylated, it requires the use of serum-free or 

serum-depleted medium, which has various disadvantages including the induction of cellular 

stress.71 Although this method has not yet been utilized for IMPs, it has proven its value in 

substrate identification for membrane-bound proteases BACE1 and BACE2.72 

   The method of SPECS (secretome protein enrichment with click sugars) was developed to 

overcome the difficulty in distinguishing cell-derived glycoproteins from glycosylated serum 

proteins. In SPECS, cell surface glycoproteins are metabolically labeled by incubation of the 

cells with the azido sugar ManNAz (peracetylated N-azidoacetyl-mannosamine). ManNaz is 

converted inside the cell to an azido-functionalized sialic acid, which is then incorporated into 

cell surface glycoproteins.73 After removal of free ManNAz by ultrafiltration, the azide-modified 

glycans are reacted with dibenzocyclooctyne (DBCO)-biotin for subsequent enrichment. 

SPECS has been used in combination with relative LFQ to identify candidate substrates of 

membrane-bound proteases and IMPs. Benefits of SPECS include the use of normal serum 

concentrations and enhanced protein sequence coverage due to the purification and 

enrichment of secreted proteins. SPECS has originally been validated for the membrane-

bound protease BACE1,74 but since then also been utilized to identify substrates of SPPL3. 

These were identified in both human and murine cell culture models by quantitatively 

comparing the glycoprotein secretome between cells overexpressing SPPL3 and SPPL3-

deficient cells.75 The majority of identified substrates were associated with the Golgi network, 

involved in N- and O-glycosylation pathways. 
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Figure 5. Strategies for identification of IMP substrates. (A) Analysis of the secretome 

requires enrichment of the cleaved substrates (boxed) from other secreted proteins and serum 

proteins. Note that the IMP substrates that end up in the secretome can originate from 

cleavages at the cell membrane but also in the Golgi, followed by secretion. Enrichment 

strategies include antibody-based purification, ‘glyco-capture’ involving glycan oxidation and 

subsequent biotinylation, or SPECS, where cells are first incubated with azido-

monosaccharides followed by ‘click’-reaction with a biotin reagent. Quantification can take 

place with isotope labels, such as SILAC, or label-free. (B) Non-secreted substrates can be 

identified by comparison of WT and knock-out or inhibitor treated cells. Usually, membrane 

proteins are enriched from the soluble protein background by isolating the membrane fraction, 

the microsomal fraction or by enriching cell surface proteins with ‘SUSPECS’, which makes 

use of a membrane impermeable ‘sulfo-biotin’ click reagent. 

 

4.2 Detection of non-secreted substrates 

The majority of IMPs located within the cell do not generate a secreted fragment. In these 

cases, other methods are required to identify IMP substrates. This can be done by 
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quantitatively analyzing changes in protein abundance within the whole proteome between WT 

and knockout or inhibitor-treated samples. Because the soluble protein fraction would present 

an enormous amount of background proteins, virtually all proteomics studies of IMP substrates 

specifically isolate the membrane fraction. 

   The very first proteomics study towards IMP substrates focused on γ-secretase and made 

use of SILAC labeling. Substrates were identified by comparing membrane fractions of HeLa 

cell populations treated with the γ-secretase inhibitor DAPT (light labeled cells) and a DMSO 

control (heavy labeled cells). After fractionation by SDS-PAGE, in-gel digestion and LC-MS/MS 

analysis, accumulated γ-secretase substrate candidates were identified by means of their 

SILAC ratio and further validated by expression in cell culture.76 Validated substrates 

comprised Nout TMH proteins whose ectodomain was shed prior to γ-secretase cleavage, in 

agreement with the general model of γ-secretase processing. 

   SILAC has also been combined with differential organelle proteomics to identify membrane 

proteins that were depleted upon expression of SPP (and therefore potential SPP substrates). 

As SPP is localized to the ER, the microsomal fraction was analyzed from HEK293T cells 

transfected with an empty vector, SPP WT or a catalytic SPP mutant. This study enabled the 

identification of the SNARE protein STX18 as a novel SPP substrate.77 Overall, this highlights 

the benefit of separating (potential) substrates from the bulk of the proteome. 

   Although SILAC has some substantial advantages in proteomic analyses, it is a relatively 

expensive technique. Label-free quantification (LFQ) has recently been employed as an 

alternative quantification technique in IMP substrate discovery. For example, novel substrates 

of SPPL2c were identified by comparing the proteomes of testis membrane preparations from 

wild-type and SPPL2c knockout mice.78 The tail-anchored proteins phospholamban and 

syntaxin 8 were found to be significantly enriched in the knockout testis sample and 

independently validated as substrates. In a separate study, a variety of vesicular transport-

associated proteins were identified as SPPL2c substrates by comparing changes in protein 

abundance from ectopic expression of SPPL2c in HEK293 cells and a SPPL2c-deficient 

control, using LFQ methods.79 
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   A variant of the SPECS method that enables identification of non-cleaved substrates on the 

cell surface may find future use in the identification of IMP substrates. Surface-spanning 

protein enrichment with click sugars (SUSPECS) utilizes a membrane-impenetrable sulfo-

variant of DBCO-biotin, resulting in the specific labeling of cell surface proteins. Although not 

yet applied to IMPs, SUSPECS was used to identify 7 known BACE1 substrates and one novel 

BACE1 candidate substrate by comparing the surface glycoproteome of primary cortical 

neurons treated with a BACE1 inhibitor versus a DMSO control.80 

 

4.3 Cleavage site analysis 

Knowledge of the cleavage site of IMP substrates and the sequence or structural requirements 

around the scissile bond may help future design of small molecule chemical probes as well as 

inhibitors. However, the above described techniques do not directly reveal the cleavage site, 

because they focus on the enrichment of a protein fragment rather than the neo N- or C-

terminus that is formed by substrate hydrolysis. A plethora of “N-terminomics” and “C-

terminomics” methods has been reported for the discovery of cleavage sites of soluble 

proteases. Some of the most well known examples include terminal amine isotopic labeling of 

substrates (TAILS)81 and combined fractional diagonal chromatography (COFRADIC).82 For 

details on terminomics methods, we refer the reader to some recent reviews.66 67 

      The methods described in sections 4.1 and 4.2 reveal IMP substrates by analyzing the 

shed extracellular protein fragment or the depleted membrane anchored protein. Because of 

the focus on analyzing proteins or protein fragments, the substrates are identified through 

multiple tryptic or semi-tryptic peptides, which increases the confidence of protein 

identification. In contrast, N- or C-terminomics methods, which specifically enrich one end of 

the cleavage site, only identify the substrate with a single semi-tryptic peptide. Inherently, this 

may be problematic for IMP substrates: as the cleavage site lies within a TMH or in the 

juxtamembrane region, the semi-tryptic peptides will be (1) much longer and (2) more 

hydrophobic than peptides derived from soluble proteases. Both issues may present a 

bottleneck for terminomics methods for IMPs. However, the use of other digestive enzymes in 
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combination with trypsin should result in shorter peptides, while a potential solution to problem 

(2) may lie in derivitization of neo-N- or C-terminal peptides with reagents that give highly 

ionizable peptides. 

   Despite the lack of application of terminomics methods to IMPs, cleavage site analysis has 

been done on a case-to-case basis. In one study, purified fragments of RHBDL2 substrates 

were used to determine their cleavage sites.70 Following digestion of the substrate fragments 

with trypsin or ArgC, LC-MS/MS analysis was used to identify the most C-terminal semi-tryptic 

or semi-ArgC peptides. Interestingly, all substrates were found to be cleaved at a single site 

after a small amino acid (in the P1 position) within or close to the N-terminal portion of the 

TMH. In their study towards substrates of SPPL3, Kuhn et al. searched the acquired 

proteomics data for semitryptic peptides spanning the TM helix and juxtamembrane domain. 

Various cleavage sites were identified, with large hydrophobic residues in P1 (M or Y) and in 

P1’ (L, Y or I).75 

 

5. Physiological functions of IMPs 

In the last two decades, it has become clear that IMPs have a wide variety of functions within 

the cell. In the paragraphs below, we will discuss some of these functions, with particular 

attention to their roles in mammalian cells. 

 

5.1 S2P 

In mammalian cells, S2P is embedded in the Golgi membrane. To date, the identified 

substrates comprise transcription factors that are dormant in their membrane-bound form. For 

a detailed description of these functions, we refer to the review of Rawson.2 In short, these 

transcription factors become activated after two separate cleavage events: a first cleavage by 

site-1 protease in the lumen of the Golgi and a second cleavage within a TM by the IMP S2P. 

   The SREBPs were the first S2P substrates to be discovered.1 SREBPs have two TMs, 

connected by a short loop. The N-terminus contains the transcription factor, whereas the C-

terminus features a regulatory domain, which interacts with the SREBP cleavage activating 
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protein (Scap). Under normal circumstances, SREBPs are located in the ER. When there is a 

need for lipids within the cell, the SREBP-Scap complex travels from the ER to the Golgi. In 

the lumen of the Golgi, the loop of SREBP is first cleaved by site-1 protease, after which the 

remaining TM-anchored transcription factor becomes a substrate for S2P (see Figure 1A). 

Cleavage within the TM leads to release from the membrane, which allows the transcription 

factor to relocate to the nucleus, where it induces expression of genes required for lipid 

biosynthesis. 

   Most other mammalian substrates of S2P are membrane-bound transcription factors 

involved in the ER stress response. For example, ATF6, the second S2P substrate to be 

discovered, is involved in the unfolded protein response.83 Normally, it is bound to the ER 

membrane with a single TM and interacts with the ER chaperone BiP. Upon accumulation of 

unfolded proteins in the ER, BiP dissociates from ATF6, exposing a Golgi localization signal, 

resulting in transport to the Golgi, subsequent processing by site-1 protease and S2P, 

respectively, which leads to release of the transcription factor.84 

   S2Ps do not only occur in eukaryotes, but are also widespread amongst species of bacteria 

and archaea.85 Generally, these prokaryotic homologs are involved in the cleavage of 

membrane-bound transcriptional regulators. In E. coli, for example, the inner membrane 

protein RseA acts as an anti-sigma factor that holds the sigma factor E (SigE) inactive. Upon 

extracytoplasmic stress, RseA is first cleaved by DegS86 (which acts as the “site-1 protease”), 

and subsequently by RseP (formerly known as YaeL),87 88 the S2P of E. coli. The RseA-SigE 

complex is now set free into the cytosol, where the RseA fragment is escorted by the SspB 

adaptor to the ClpXP protease complex, which degrades RseA.89 This finally leads to liberation 

of SigE, which is now able to bind to RNA polymerase for activation of target gene transcription 

(Figure 6A). It must be noted that the coupling of the two first proteolytic cleavages by site-1 

protease and S2P is not yet fully understood. In addition, there are also examples of bacterial 

substrates that do not need a first processing step and can be cleaved by S2P directly. For a 

more detailed overview on this matter, we refer to a review of Schneider and Glickman.90 
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5.2 Aspartyl IMPs 

This section will be subdivided into two paragraphs: one dealing with SPP and the SPP-like 

proteases SPPL2a-c and SPPL3, the other one with PS1 and PS2, which require three other 

components for activity within the γ-secretase complex. 

 

5.2.1 SPP and SPPL 

The ER-resident SPP was initially reported to process signal peptides, which are N-terminal 

sequences that target nascent proteins to the ER and are cleaved off by another protease, 

named signal peptidase.6 However, it is not clear if cleavage by SPP is the only mechanism 

that removes remnants of signal peptides from the ER membrane. Moreover, SPP function is 

not restricted to the cleavage of signal peptides. Recently, it has been revealed that SPP also 

plays a role in ER-associated protein degradation (ERAD) – not of misfolded proteins, which 

are ‘pulled’ out of the membrane by an AAA-ATPase, but of intact ER-localized membrane 

proteins.91 For example, the tail-anchored protein heme oxygenase-1 (HO-1) was discovered 

as a substrate of SPP by comparative proteomics of membrane preparations in SPP WT and 

knockout cells using SILAC-based quantification. After cleavage, the cytosolic fragment is 

ubiquitinylated and subsequently degraded by the proteasome (Figure 6B).92 In Plasmodium 

falciparum, the malaria-causing parasite, inhibition of SPP also leads to disruption of ERAD, 

resulting in senzitation towards ER stress and inhibition of liver-stage parasites.93 Hence, 

selective SPP inhibtion of the parasite may be a possible antimalarial strategy. 

    SPPL proteases are located in different cellular components: late endosomes/lysosomes 

(SPPL2a), the plasma membrane (SPPL2b), ER (SPPL2c), and the Golgi apparatus 

(SPPL3).94 Most substrates of SPPL2a and SPPL2b require prior shedding of the ectodomain, 

after which SPPL2a/b processes the remaining membrane-embedded TM helix (Figure 1D). 

Examples include TNFα95 96 (which is first cleaved by the membrane-bound metalloprotease 

ADAM17) and CD74, the invariant chain of MHC class II (which is first cleaved by cathepsin 

S).97 98 99 Cleavage by SPPL2a/b leads to release from the membrane, which may induce 
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further signalling. The intracellular domain of the invariant chain, for example, travels to the 

nucleus where it influences gene transcription.100 

   SPPL2c is endogenously expressed in murine and human testis. Substrates of SPPL2c have 

recently been reported by comparative proteomics with LFQ (see also section 4.2). SPPL2c 

promotes male germ cell development by processing phospholamban,78 a regulator of the 

calcium transporter SERCA2, and by cleaving SNARE proteins,79 thereby decreasing vesicle 

fusion and intracellular trafficking. The Golgi-localized SPPL3 plays a role in several N- and O-

glycosylation pathways. Specifically, it cleaves membrane-bound glycosyltransferases, such 

as N-acetylglucosaminyltransferase V and β-1,4-galactosyltransferase-1, 75 101 whose release 

from the membrane reduces their cellular activity. Accordingly, overexpression of SPPL3 led 

to hypoglycosylation of glycoproteins, pointing towards a role of SPPL3 in post-translational 

modification of proteins by regulation of glycosylation. 

 

5.2.2 PS as part of the γ-secretase complex 

In humans, two homologs of PS are present: PS1 and PS2. The PS subunit is only catalytically 

active as part of the γ-secretase complex with NCT, APH-1 and PEN-2 as additional subunits 

required to stabilize the complex and aid substrate binding.33 102 As APH-1 has two different 

isoforms, in principle, four different types of γ-secretase complexes may occur in the cell. In 

humans, PS1 predominantly localizes to the Golgi, plasma membrane and endosomes, 

whereas PS2 is found mainly in late endosomes and lysosomes.103 104 

   APP is probably the most well known substrate of γ-secretase, because of its link to AD. In 

the non-amyloidogenic pathway, APP undergoes ectodomain shedding by α-secretase prior 

to γ-secretase cleavage, releasing a small soluble p3 peptide. However, in the amyloidogenic 

pathway, β-secretase cleavage precedes that of γ-secretase, resulting in the production of Aβ-

peptides of varying lengths. Mutations in PS1, PS2 and APP correlate with the production of 

longer, more aggregation-prone Aβ-peptides,105 which accumulate in the amyloid plaques of 

Alzheimer’s patients – a hallmark of AD. Consequently, there has been interest in the 
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development of drugs that could modulate this process. However, γ-secretase inhibitors have 

failed in clinical trials because of mechanism-based toxicities resulting from inhibition of 

cleavage of substrates other than APP, such as Notch.106 

   Notch signalling is initiated by binding of a ligand bound to a neighboring cell to the Notch 

receptor, which induces a series of proteolytic cleavages. Following an initial cut by the 

metalloprotease ADAM10, proteolysis by γ-secretase results in the release of Notch 

intracellular domain (NICD), which translocates to nucleus where it regulates transcription. 

Notch signalling plays an important role in embryonic development via regulation of cell 

proliferation, differentiation and apoptosis.107 This pathway is dysregulated in many tumor 

types and for this reason, repurposing of γ-secretase inhibitors for cancer treatment has been 

explored.108 

 

5.3 Rhomboid proteases 

Drosophila rhomboid-1 was originally found to cleave the membrane-anchored TGFα-like 

growth factor Spitz and consequently activate the EGF receptor (see also section 2 of this 

review).7 36 However, in mammals, cleavage of TGFα and EGF is performed by membrane-

bound metalloproteases; hence, rhomboids were likely to play another role in the cellular 

physiology of mammalian cells. 

   To date, only detailed information about the functions of RHBDL2, RHBDL4 and PARL 

(presenilin-associated rhomboid-like) has been described. Each is located within a different 

organelle: RHBDL2 is located at the plasma membrane, RHBDL4 resides in the ER, and PARL 

is present in the inner mitochondrial membrane. 

   Currently, RHBDL2 is the mammalian rhomboid for which most substrates have been 

reported. Thrombomodulin109 and B-type ephrins110 were identified as substrates of RHBDL2 

by looking at similarities of the TMH with that of Spitz. Freeman and co-workers found that 

EGF is a substrate for RHBDL2 by trying out coexpression of EGF with various mammalian 

rhomboid proteases in COS7 cells.111 Because these substrates can also be processed by 

membrane-bound metalloproteases, the physiological relevance of these cleavages is 
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currently unclear. Johnson et al. used a systematic approach of SILAC-based quantitative 

proteomics based (see also section 4 of this review) to identify a multiple substrates of 

RHBDL2,70 including Cadm1, CLCP1 and KIRREL, which are not cleaved by metalloproteases 

ADAM10 and ADAM17. The expression of RHBDL2 predominantly in epithelial tissues 

together with the previously reported roles of the identified substrates in cell adhesion and 

migration processes, points towards a functional role of RHBDL2 in epithelial homeostasis.70 

   The functional role of RHBDL4 has been debated. While Song et al. suggested that it cleaves 

TGFα at the plasma membrane, inducing tumor growth,112 Lemberg and co-workers showed 

that RHBDL4 induces trafficking of proTGFα, eventually resulting in its secretion in 

microvesicles (which is more in line with the localization of RHBDL4 in the ER membrane).113 

The group of Munter reported that RHBDL4 is capable of cleaving APP, preventing its 

processing by β- and γ-secretase, and decreasing Aβ-peptide levels.114 However, the 

physiological relevance of RHBDL4 in AD is still unclear. A more general role for RHBDL4, 

which is upregulated upon ER stress, was shown in the ERAD pathway. RHBDL4 recognizes 

single spanning and polytopic membrane protein substrates by interaction with unstable TMHs 

as well as by interaction of a polyubiquitin chain with a ubiquitin interaction motif on RHBDL4.115 

Overall, this leads to cleavage of the substrate and eventually proteasomal degradation (Figure 

6C). 

   In 2010 and 2011, several independent research groups reported that the mitochondrial 

rhomboid protease PARL cleaves PINK1, a mitochondrial kinase whose release into the 

cytosol results in its degradation by the proteasome.116 117 118 119 However, upon mitochondrial 

damage, a low membrane potential prevents insertion of the TMH into the inner mitochondrial 

membrane and subsequent cleavage by PARL. As a result, full-length PINK1 accumulates on 

the outer mitochondrial membrane. Recruitment of the E3 ubiquitin ligase Parkin to PINK1 then 

causes ubiquitinylation of proteins at the surface of the mitochondrion, finally leading to 

mitophagy.120 Interestingly, PARL has been linked to both Parkinson’s disease and type 2 

diabetes,121 but the connection with the cellular role of PARL in mitophagy is still unclear. 
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   For the roles of rhomboid proteases in species other than mammals, we refer to various 

specialized reviews.122 123 124 

 

5.4 Glutamyl IMPs 

The only member of the glutamyl IMP family consists of the Ras and a-factor converting 

enzyme 1 (Rce1), which is located in the ER-membrane.125 Rce1 is involved in the processing 

of prenylated proteins. 

   Prenylation is a post-translational modification at the C-terminal end of target proteins, which 

affects membrane localization and function. It involves the alkylation (by farnesyl or 

geranylgeranyl) of a specific cysteine residue in the so-called CaaX box, where ‘C’ stands for 

cysteine, ‘a’ for an aliphatic amino acid and ‘X’ for several amino acids, which determine 

whether the cysteine is farnesylated or geranylgeranylated (e.g. methionine or leucine). The 

C-terminal aaX tripeptide is subsequently cleaved and the free carboxylic acid of the cysteine 

is methylated. The former process is carried out by Rce1. 

      The proteolytic removal of the C-terminal aaX-tripeptide by Rce1 is essential for the proper 

localization and function of prenylated proteins. As protein prenylation affects many diverse 

biological processes, the impact of Rce1 function is profound. The most well known prenylated 

proteins are perhaps the Ras subfamily of GTPases, whose activation leads to signaling with 

cell growth and division as downstream effects. Unsurprisingly, constitutively active Ras is 

found in many cancer types, and Rce1 inhibition may be a viable strategy to reduce tumor 

growth. Other prenylated proteins are the Rho subfamily of GTPases, which are the major 

regulators of synaptic plasticity. Interestingly, recent findings suggest the levels of prenylated 

proteins are elevated in AD brains, making Rce1 modulation a possible route for 

neurodegeneration therapies.126 

   Rce1 also plays a role in infectious agents. For example, the Rce1 ortholog of protozoan T. 

Brucei, the causative agent of African sleeping sickness, is essential for the viability of the 

parasite.127 Because of its low similarity with human Rce1, this may be a candidate for 

development of future anti-protozoan drugs. 
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   To date, most information about the biological role of Rce1 has been obtained through knock-

out models. Because of the lack of potent and selective inhibitors, it remains unclear whether 

pharmacological interference can corroborate these roles and confirm that Rce1 can be utilized 

as a drug target.  For a more thorough compilation of research around Rce1, we refer to the 

detailed review of Hampton et al.128 

 

6. Conclusions and future challenges 

Intramembrane proteolysis, originally thought to be an odd event, is a process common to 

organisms from all kingdoms of nature. In eukaryotes, IMPs occur in membranes of various 

organelles, underlining the importance of their biological roles. The physiological functions of 

IMPs are very broad and include amongst others the processing of prenylated proteins, the 

removal of signal peptides, transcription factor signaling and ERAD.  

   Since 1997 four different mechanistic families of IMPs have been reported: metallo, aspartyl, 

serine and glutamyl IMPs. The first three share their mechanism of action with soluble 

proteases. Although the architecture of the active sites and the arrangement of catalytic 

residues is different from those in soluble proteases, the chemistry that is utilized for peptide 

bond hydrolysis is comparable. Soluble proteases, however, comprise two additional 

mechanistic families: threonine and cysteine proteases. Do threonine and cysteine IMPs exist 

and if so, how could they be discovered? In soluble threonine proteases, such as the 

proteasomal β-subunits and taspase-1, a catalytic N-terminal threonine residue functions as 

nucleophile and base.129 130 However, the occurrence of an N-terminal threonine in a TMH 

seems impossible, as the charged end of an IMP will be localized outside of the membrane. 

The MEROPS peptidase database131 lists several poorly characterized self-cleaving enzymes 

that utilize a threonine residue for their action. In addition, the protease HopB1 from 

Pseudomonas syringae depends on threonine, histidine and aspartate residues to cleave 

substrates.132 Hence, despite the higher steric hindrance of the nucleophilic hydroxyl group of 

threonine compared with serine, the activation of this hydroxyl group by a neighboring basic 

residue may be possible, even within the context of a lipid bilayer. Cysteines have a higher 
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nucleophilicity than serines. Deprotonation by a basic amino acid side chain greatly enhances 

their reactivity and this might also occur inside a membrane. We think that chemical tools 

known as ‘reactivity probes’, as reported for cysteine and tyrosine residues,133 134 135 may be 

instrumental in the discovery of these putative classes of IMPs. 

   As mentioned above, the roles of IMPs in cellular physiology are very diverse. However, the 

function of IMPs in many organisms is still unknown. To elucidate the biochemical pathways 

in which IMPs are involved, substrate discovery plays a crucial role: it is only after processing 

of a substrate that IMPs can cause a downstream biological effect. Clearly, substrate discovery 

methods for IMPs are still in their infancy and we expect that continuous developments will 

further support the elucidation of functional roles for IMPs. Terminomics methods, as 

performed for many different soluble proteases,65 66 67 may also be applied to IMPs. However, 

adjustments of the experimental protocols are probably necessary in order to accomodate the 

identification of semi-tryptic peptides derived from TMs. If successfully applied, such studies 

would not only facilitate the identification of novel substrates, but also elucidate the primary 

sequence around the scissile bond. Although it is unclear how important the substrate’s 

primary peptide sequence is for recognition by various IMP families, the usefullness of 

knowledge of the scissile bond is illustrated by various inhibitors of Rce1136 and rhomboid 

proteases,137 138 139 that have been synthesized based on the primary amino acid sequence 

around the cleavage site. 

   Can IMPs be used as future drug targets? IMPs play various roles not only in normal cellular 

physiology but also in pathological conditions.140 In the above sections, we have mentioned 

some functions of IMP in human disease, such as in the life cycle of the malaria parasite 

Plasmodium falciparum. Perhaps the most well studied IMP in drug development is γ-

secretase, because of its role in the human pathophysiology of AD. Unfortunately, γ-secretase 

inhibitors have failed in clinical trials, but may be repurposed as anti-cancer drugs.141 As an 

alternative, γ-secretase modulators (GSMs) have been developed. These aim to alter the 

cleavage of APP to produce shorter, less toxic Aβ-peptides while allowing processing of other 

substrates.142 Unfortunately, to date, no GSMs have progressed beyond phase III clinical trials 
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and several pharmaceutical companies have halted their γ-secretase drug development 

programs. However, we expect that the more detailed structural insight of γ-secretase16 17 and 

the increased functional understanding of how the longer, toxic Aβ peptides are formed143 will 

give a new impetus to γ-secretase drug development. We think that future research on IMPs 

in the area of structural biology, chemical biology and cell biology will likely result in the 

identification of IMP family members as new drug targets, and that a combined effort in 

academia and industry will lead to new drug candidates, which may eventually be used to treat 

human disease. 
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