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1 Abbreviations

ABI — abortive infection

AD — Alzheimer’s disease

Aphl — anterior pharynx defective 1

APP — amyloid- (AB) precursor protein

AtRBL — Arabidopsis thaliana thomboid-like proteases
BCAM - basal cell adhesion molecule

COP — coat protein complex

DCBLD2 — CUB (complement C1r/Cls, Uegf, Bmp1l) and LCCL (Limulus clotting factor C,
Cochlin and Lgl1) domain-containing protein 2

DDRI1 — discoidin domain-containing receptor 1

Derl — degradation in the endoplasmic reticulum protein 1
EGF — epidermal growth factor

ER — endoplasmic reticulum

ERAD — ER-associated degradation

FCCS — fluorescence cross-correlation spectroscopy
FRET — Forster resonance energy transfer

GPMV — giant plasma membrane vesicle

IFAP — ichthyosis follicularis alopecia photophobia



IMPRs — intramembrane proteases

KIRRELI1 — Kin of irregular chiasm-like protein 1
MBP — maltose binding protein

MC — Monte Carlo

PARL — presenilins-associated rhomboid-like protein
Pen2 — presenilin enhancer 2

PGAMS — phosphoglycerate mutase 5

PINK1 — PTEN (phosphatase and tensin homolog) - induced kinase 1
PS1 — presenilin 1

PS2 — presenilin 2

Rcel — Ras converting CAAX endopeptidase 1

RIP — regulated intramembrne proteolysis

S1P —site-1 protease

S2P — site-2 protease

SCAP — SREBP cleavage-activating protein

SPP — signal peptide peptidase

SPPLs — signal peptide peptidase like proteases
SREBP — sterol regulatory element-binding protein
Tat (pathway) — twin-arginine translocation pathway

TMH — transmembrane helix



2 Abstract

Intramembrane proteases from the rhomboid-like superfamily are enzymes widely
distributed and conserved in all domains of life. They participate in many important processes
such as membrane protein quality control or mitochondrial dynamics. Their activity is also
linked with diseases like Parkinson’s disease or cancer. This makes them potential therapeutic
targets. In this work we tried to elucidate in more detail the mechanism of action of the main
model intramembrane protease, GlpG from E. coli. We also focused on the mechanism of
eukaryotic rhomboid RHBDL?2, one of the four mammalian rhomboids, function of which is
poorly understood. To acquire more detailed information about substrate-enzyme interaction,
we synthesized a series of novel peptidyl-chloromethylketone inhibitors derived from natural
rhomboid substrate TatA from P. stuartii. Crystal structure of the complex of GlpG with these
inhibitors revealed four substrate binding subsites (S1 to S4) of the enzyme and explained its
observed substrate specificity structurally. This study showed that substrate cleavage rate can
be dramatically modified by changing the substrate sequence in positions P1 to P5. This
helped us develop fluorogenic transmembrane peptide substrates for rhomboid proteases,
which are usable in detergent and liposomes, and compatible with high-throughput screening.
Using these substrates we showed that rhomboid proteases require almost the entire
transmembrane domain of the substrate for efficient recognition and cleavage, and the enzyme
probably interacts with the transmembrane domain of the substrate via a membrane-immersed
exosite. Based on this knowledge we have designed novel and potent rhomboid inhibitors
based on peptidyl-a-ketoamides. These compounds are active at nanomolar concentrations,
and are selective for rhomboids. Crystal structures revealed that peptidyl-a-ketoamides bind
the rhomboid covalently by mimicking the tetrahedral intermediate. Finally, by employing
advanced fluorescence spectroscopy techniques (FRET and FCCS), we have investigated the
behavior of the rhomboid protease RHBDL2 in a natural biomembrane. While it was
previously thought that rhomboids are allosterically activated by dimerization, we found no
evidence of RHBDL2 dimerization in natural membranes. Importantly, the approaches
developed in this work are generally applicable to the assessment of dimerization of
transmembrane proteins. In summary, the findings described in this thesis significantly

contribute to the understanding of the mechanism of action of thomboid proteases.



3 Abstrakt

Intramembranové proteasy z rodiny rhomboidii jsou v piirodé Siroce rozSiteny
a vyskytuji se ve vSech doménach Zivota. Podileji se na mnoha dulezitych procesech, jako
napiiklad kontrola kvality membranovych proteini nebo mitochondridlni dynamika. Jejich
aktivita souvisi s nemocemi jako Parkinsonova nemoc nebo rakovina. Proto se rhomboidy jevi
jako potencialni terapeutické cile. V této praci jsme se snazili objasnit detailni mechanismus
fungovani modelové proteasy GlpG z E. coli. Zamétili jsme se 1 na mechanismus rhomboidu
RHBDL2, coz je jeden ze Ctyf eukaryotickych rhomboidd, jejichz funkce neni piili§
prostudovana. Pro pochopeni vazby mezi substratem a enzymem jsme pfipravili fadu novych
peptidyl-chlormethylketonovych inhibitori odvozenych od proteinu TatA, coz je substrat
rhomboidu v P. stuartii. Diky krystalové struktufe komplexti GlpG s témito inhibitory jsme
prozkoumali vazebnd mista substratu S1 az S4, coz ndm umoznilo objasnit strukturni podstatu
substratové specifity enzymu. Ukdazali jsme, ze rychlost §t€peni substratu miize byt vyznamné
ovlivnéna modifikaci sekvence substratu na pozicich P1 az P5. Na zéklad¢ téchto pozorovani
jsme vyvinuli fluorogenni transmembranovy peptidovy substrat rhomboidovych proteas, ktery
je pouzitelny jak v detergentu, tak v liposomech, a je vhodny pro testovani s vysokou
propustnosti. Pomoci téchto substratii jsme dokdzali, ze rhomboidy pro efektivni zpracovani
substratu vyzaduji takika kompletni transmembranovou ¢ast substratu a Ze interakce mezi
enzymem a substratem nejspiS probihd uvnitf membrany. Diky témto znalostem se nadm
podafilo navrhnout silné inhibitory proteas zrodiny rhomboidl, jejichz zékladem jsou
peptidyl-a-ketoamidy. Tyto inhibitory jsou aktivni v nanomolarnich koncentracich a ptisobi
selektivné na proteasy z rodiny rhomboidii. Pomoci krystalovych struktur jsme prokézali, Ze
vazba peptidyl-a-ketoamidu na rhomboid je kovalentni, podobna tetraedralnimu meziproduktu
Stépeni substratu. Pomoci pokrocilych metod fluorescen¢ni spektroskopie (FRET a FCCS)
jsme objasnili chovani rhomboidové proteasy RHBDL?2 v jejim pfirozeném prostiedi. Zatimco
dosavadni vysledky naznacovaly moznost alosterické aktivace rhomboidil jejich dimerizaci,
my jsme nena$li Zadné diikazy o dimerizaci RHBDL2 v bimembrané. Béhem této prace se
nam podafilo vyvinout metodiku Siroce aplikovatelnou na studium dimerizace membranovych
proteinii. VSechny poznatky popsané v této praci vyznamné piispivaji k pochopeni

mechanismu fungovani rhomboidovych proteas.



4 Introduction

4.1 Proteases

Proteases have been studied by scientists for decades. They are involved in many
complicated biological processes like apoptosis, wound healing, angiogenesis, cell migration
and differentiation, tissue remodeling, neuronal outgrowth, hemostasis, morphogenesis and
immunity [1], and their activity is also linked to many pathological conditions,
neurodegenerative and cardiovascular diseases, cancer, arthritis and progeria [2]. One of the
first discovered enzymes, the digestive protease pepsin (1836, Theodor Schwann), was also
one of the first enzymes crystallized (1928, John H. Northrop). Moreover, the first X-ray
diffraction pattern of a protein was acquired in 1934 using pepsin crystals [3]. Nowadays,
many proteases are intensively studied as potential therapeutic targets [4] and biotechnological
tools [5]. Based on the mechanism of their action, proteases are grouped into four main
families: serine, cysteine, aspartyl and metalloproteases (Figure 1), with some specialized
mechanistic variations, such as threonine peptidases (proteasomes). When cleaving
a substrate, aspartyl proteases and metalloproteases use activated water molecule to attack the
peptide bond, while cysteine and serine protease use water molecule to resolve a covalent

intermediate formed between the enzyme and the substrate in the first step of catalysis.
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Figure 1: Schematic representation of the catalytic action of the four protease families. Serine
proteases (a) have a catalytic triad (serine, histidine and aspartic acid). The hydroxyl group of
serine acts as a nucleophile attacking the carbonyl of the peptide bond of the substrate, the
nitrogen of histidine with a free electron pair can accept a proton from the hydroxyl group of
serine, and the aspartic acid renders the nitrogen of histidine even more electronegative.
A covalent intermediate between the enzyme and substrate occurs during the reaction.
Cysteine proteases (b) also use nucleophile attack, in this case performed by the negatively
charged sulfur of the catalytic cysteine, also including the enzyme — substrate covalent
intermediate. Aspartyl proteases (c) have two aspartic acid residues coordinating a water
molecule. In this case, the covalent intermediate does not occur and the proteolysis is
performed in a single step. Metalloproteases (d) are the most variable protease family. In these
enzymes, a coordinated metal, usually zinc, activates the catalytic water molecule. Adopted
from [6].

4.2 Intramembrane proteolysis

Proteolysis within the membrane was first reported as an essential process in sterol
homeostasis [7]. In the Golgi apparatus, the cytoplasmic domain of the mammalian sterol
regulatory element-binding protein (SREBP) is cleaved off from the membrane domain by an
intramembrane metalloprotease, later classified as a member of the site-2 protease (S2P)
family, (reviewed in [8]). The liberated domain can then relocate to the nucleus and activate
genes responsible for the synthesis of cholesterol and fatty acids [9]. This discovery

established the principles of intramembrane proteolysis and since then, more intramembrane
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proteases (IMPRs) have been identified and classified into three major groups based on their
similarities: S2P zinc metalloproteases, rhomboid serine proteases, aspartyl IMPRs signal
peptide peptidases (SPP) and presenilin. These major families are complemented by the
recently discovered glutamate intramembrane proteases homologous to the Ras converting
enzyme Rcel [10]. In summary, intramembrane proteolysis (also called regulated
intramembrane proteolysis, or RIP) is a process highly conserved from bacteria to mammals.
RIP has an important role in many cellular processes like proliferation [11], differentiation [9],
protein degradation [12], cell adhesion [13], lipid metabolism, transcriptional regulation and

mitophagy [14].

4.2.1 Biological substrates and functions of IMPRs

More than 100 transmembrane protein substrates undergo RIP; these include growth
factors and their receptors, cytokines and their receptors, cell adhesion proteins, viral proteins
and signal peptides [15—-17]. Among the most studied substrates of intramembrane proteases
(IMPRs) are amyloid-f precursor [18], Notch [19,20], E-cadherin [13], tumor necrosis factor
[21], interleukin-1 receptor type I and II [22-24], insulin-like growth factor 1 receptor [25],
epidermal growth factor [26], receptor tyrosine kinase ErbB4 [27], p75 neurotrophin receptor
[28-30], CD44 [31], triggering receptor expressed on myeloid cells-2 [32] and epithelial cell
adhesion molecule [33]. Based on the wide diversity of substrates, RIP is proposed to be
associated with many important physiological processes, such as haematopoiesis, embryonic

development and regulation of nervous and immune systems, (reviewed in [34]).

IMPRs have very diverse sequences and even proteases from the same family and the
same organism can have relatively low sequence similarity. Homologous IMPRs can also have
diverse functions and different substrate(s) in different species, cells and organelles. On the
other hand, it is known that some proteases can cleave synthetic model substrates or non-
natural substrates from different organisms [35,36]. In principle, an IMPR substrate can be
cleaved in three regions with respect to its membrane topology: close to one of the edges of

the substrate TMH, which results in the release one of the products from the membrane, or
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towards the substrate TMH center, which induces liberation of both cleavage products from
the membrane. Each of these scenarios has different purpose and is related to the function of
the substrate (see Figure 2) [37].
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Figure 2: Three possible scenarios of transmembrane protein cleavage by an IMPR: (A)
cleavage in the middle of the substrate’s membrane region results in the dislocation of both
cleavage product stubs from the hydrophobic environment of the lipid membrane; (B), (C)
cleavage closer to the edge of the substrate’s membrane region causes dislocation of only one
of the products from the membrane. Adopted from [37].

Most IMPR substrates are transmembrane proteins with a single TMH, typically (but
not always) containing a helix-destabilizing motif [9,38]. In some cases, insertion of a
destabilizing amino acid residue such as Gly or Pro can even turn some non-substrates into
substrates [39]. This indicates that IMPRs require substrates with helically unstable region(s),
typically having one transmembrane segment, although IMPRs have been shown to cleave
also polytopic membrane proteins [40,41]. Furthermore, some IMPRs do not require the

destabilizing residues for substrate cleavage [42,43] and other IMPR substrates were shown to
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have a tightly packed a-helix in the cleavage site [44,45]. All these facts together imply that

RIP is a complex process and more research is required to understand it sufficiently well.

4.2.2 Site-2 proteases

Site-2 proteases (S2Ps) constitute a large family of intramembrane metalloproteases.
They participate in the maturation of transcription factors, and usually require pre-cleavage of
their substrate by another protease (also sometimes called S1P) [8,9,46]. As already
mentioned, the first discovered IMPR was an S2P protease [7]. Its substrate, sterol regulatory
element-binding protein (SREBP) — an intramembrane transcription factor, moves from the
ER (in complex with SREBP cleavage-activating protein (SCAP)) to the Golgi apparatus via
coat protein complex II (COP II) coated vesicles when the cell needs to synthetize more lipids.
In the Golgi, two different proteases process this substrate in tandem. S1P cleaves SREBP in a
luminal loop between its two TMHs; only the product of this cleavage can become a substrate
of S2P [47] (see Figure 3). S2P homologs have also been identified in archaea [48] and
prokaryotes [49], which shows that S2P proteases are evolutionarily very old. A mutation in
human S2P is associated with the ichthyosis follicularis, alopecia and photophobia (IFAP)
syndrome [50].
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Figure 3: Schematic representation of SREBP cell fate. Adopted from [51].

As for other intramembrane proteases, it is difficult to fully understand the mechanism
of action of S2Ps, because the substrate hydrolysis occurs in the membrane [48]. All the
known S2P substrates are transcription factors with at least one type II TMH [52], which is the
site of cleavage by S2P [50].

4.2.3 Aspartyl intramembrane proteases

Presenilins

Presenilins are key components of the y-secretase complex whose activity is related to
the pathogenesis of Alzheimer’s disease (AD) [53—-55], the most common neurodegenerative
disease leading to dementia with no efficient treatment available so far. Gamma secretase is
responsible for the cleavage of Amyloid-f (AP) precursor protein (APP) which contributes to
the formation of toxic amyloid- peptides which then aggregate into senile plaques [56]. There
are two presenilin genes, PSEN1 and PSEN2, mutations of which are related to AD [57].

These genes encode polytopic membrane proteins presenilin 1 (PS1) and presenilin 2 (PS2),
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respectively [58], which exhibit 67% sequence identity [59]. PS1 is a protein with 9 TMH,
which contains two catalytic aspartate residues on TMH 6 and 7 (Figure 4:) and is localized
mostly in ER and Golgi. Presenilins are synthesized in the form of inactive zymogens and

have to be activated by endoproteolysis [60].

A}
\Exong
Exon10

Figure 4: Schematic picture of PS1 protein topology with catalytic residues in green and
mutations linked to AD in red. Adopted from [61].

Apart from presenilin, the y-secretase complex contains three other components
(Figure 5). Nicastrin helps with substrate recruitment [62], anterior pharynx defective 1
(Aphl) is an essential cofactor [63] and presenilin enhancer 2 (Pen2) subunit is important for
proper complex maturation [64]. The stoichiometry of the subunits in the y-secretase complex

1s 1:1:1:1 [65].
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Figure 5: The y-secretase complex with its subunits. Adopted from [55].

The y-secretase complex has many substrates of various physiological functions,
structure and localization. These are usually type I membrane proteins [66] responsible for
signaling and regulation of cellular processes such as adhesion or migration. The complex also
usually prefers membrane protein substrates after the shedding of ectodomains, rather than
full-length proteins [67]. A total of 80 y-secretase substrates have been identified so far, but
the two most important and most studied substrates are the already mentioned APP and also
Notch, a protein important for intercellular communication, gene regulation and cell

differentiation [68].

Signal peptide peptidase like proteases (SPPLs)

Apart from eukaryotic organisms, presenilin homologs have been found also in
organisms that do not possess other components of y-secretase, including archaea [69],
indicating that they represent members of a larger family of aspartyl IMPRs. In fact, other

members of this family of IMPRs were discovered in 2002 using bioinformatics and
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biochemical methods by three independent groups. They found that SPP and its homologs
form a cluster of aspartyl IMPRs closely related to presenilins and that they share a conserved
motif YD and LGLGD within their catalytic center (Figure 6). The family of SPP and SPP-
like proteases (SPPLs) is conserved among eukaryotes, including protozoa, fungi, plants and
animals [69-71]. Although these proteins share a similar architecture, they have evolved
different physiological functions in different species [72]. SPPLs are localized in ER [73],

Golgi [74] and lysosomes [75], but they can also occur on plasma membrane [76].

S P P Cytosol

AN

ER lumen

Figure 6: A model of SPP with the two catalytic aspartates in the YD and LGLGD motifs.
Adopted from [77].

The name of SPPLs is derived from the ability of the founding member SPP to cleave
signal peptides. However, SPPL substrates are much more diverse. For example, they play
role in the immune system [78], participate in protein post-targeting [79], and their activity is
important for maintaining membrane homeostasis [80]. Their substrates usually have to be
pre-cleaved by other proteases (Figure 7) [72] and, despite their similarity to presenilins, they

have an inverted topology and prefer substrates with the type Il membrane orientation [81].
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Figure 7: Schematic representation of SPP action and substrate processing. Adopted from
[72].

4.2.4 Rcel

The class of glutamate IMPs is represented by a recently identified intramembrane
protease Rcel located in the ER. The overall structure of Rcel with eight TMHs and also the
catalytic site of this enzyme are distinct from the other IMPs, which makes Rcel a founding
member of a new IMP family [10]. Rcel is also a member of the ABI (abortive infection)
family of putative IMPRs. These proteins are involved in membrane protein anchoring in
eukaryotes and their homologues in prokaryotes are probably involved in bacteriocin self-
immunity [82]. It has been shown that Rcel inactivation in mice leads to mislocalization of
Ras proteins from the plasma membrane [83], development of lethal dilated cardiomyopathy

[84], and it also interferes with the survival of photoreceptor cells in mice [85].

4.3 Rhomboids

The name of the rhomboid family of intramembrane proteases originates from the first
discovered member — thomboid-1 from Drosophila melanogaster. Mutations of the rhomboid-

1 gene interfere with grow factor signaling [86] and result in a characteristically changed,
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pointed head skeleton of the fly [87]. Since then rhomboids and their homologs have been
identified in all domains of life and they are the most abundant and widespread family of
IMPRs [88]. Interestingly, several psuedoproteases (i.e. proteolytically inactive proteins) show
topological similarity to rhomboid proteases, such as iRhoms [89] and Derlins [90]. The usage
of the term ‘rhomboid-like’ protein superfamily (Figure 8 and Figure 16) is then probably

more accurate than using just the simple ‘thomboid’ family [91].

Mitochondrial rhomboids

’— iRhoms

Secretase rhomboids

RHBDL4

Derlins

UBAC2

TMEM115

RHBDD2

RHBDD3

Figure 8: Classification of the rhomboid-like superfamily. The rhomboid-like cluster of
proteins has been classified based on functional and sequence relationships [91], but this
scheme does not represent evolutionary relations. Adopted from [91].

4.3.1 Rhomboid mechanism of action

It was initially very controversial whether proteolysis could be possible in a hydrophobic
lipid environment. The research into rhomboid protease mechanism of action has revealed
many details of how this may be possible. Rhomboid proteases have a catalytic dyad instead
of the classical triad and the catalytic serine residue is hidden in a water-accessible pocket
created by TMH’s of the protease, which protects it from the lipid environment. This progress
was possible mostly thanks to the reconstitution of rhomboid activity in vitro [90,92], and to
the solving of high resolution X-ray crystallographic structures (Figure 9) of the model E. coli
rhomboid protease GlpG (Figure 10) [93-95], which was the first structure of an

intramembrane protease.
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Figure 9: A ribbon diagram of the E. coli rhomboid protease GlpG crystal structure in three
orientations. Adopted from [93].

periplasm (top)
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Figure 10: Schematic representation of a model rhomboid protease from E. coli: GlpG. The
color code corresponds to Figure 9. Adopted from [93].

X-ray crystallography also suggested how the substrate may enter the active site of
rhomboid. Crystallographic analysis of E. coli GlpG revealed alternative ‘open’ conformations
of TMHS, which led to the proposal that a lateral ‘substrate gate’ is formed by TMH 2 and 5
of the protease [89]. This was confirmed by enzymatic [96] and biophysical [97] analyses.
Similar structural disorder was detected also in the homologous H. influenzae GlpG [98]. The
details of this mechanism are debated, such as whether lateral movement of TMHS is really
required for substrate cleavage by GIpG [99], or whether TMH2 and 5 just form an
intramembrane binding site (an ‘exosite’) recognizing the TMH of the substrate. This substrate

entry route is nevertheless strongly supported by the most recent observations [100].
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Other efforts focused on the analysis of rhomboid protease substrates and their features
important for the recognition by rhomboids. The influence of the biophysical properties of
substrate TMH (Figure 11A) on rhomboid activity was studied in detail [101], and the results
confirmed the importance of helix-destabilizing residues (see also section 4.2.1). Other
research revealed that the cleavage site and rate are determined by a ‘recognition motif” region
between positions P4 and P2’ (Figure 11B) [102]. A unifying picture emerges that rhomboid
substrates are defined by two elements, a transmembrane region interacting with the rhomboid
inside the membrane, and a recognition motif that interacts with the water-accessible active
site of rhomboid. These two elements may require flexibility between them, which may be
conferred by the helix-destabilizing residues. Because of the sequence diversity in the
rhomboid-like superfamily, it is highly unlikely that a more exact common substrate-
determining rule will be found. Rhomboid substrate specificity is probably driven by both
mentioned elements with different contributions depending on the particular substrate [91].
According to some authors, rhomboid mechanism of action is also affected by their specific
three-dimensional shape (Figure 12), which can bias surrounding lipids (and thus also protein

diffusion) in an unusual way in comparison with a ‘standard’ membrane protein [103].
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Figure 11: Schematic representation of rhomboid protease substrate specificity. (A) Sequence
alignment of rhomboid substrate TatA TMD truncated variants and efficiency of their
cleavage by bacterial thomboid protease AarA. The enzyme requires a certain TMD length for
efficient action. (B) Positional scanning mutagenesis of P5 to P2’ sites of TatA, the natural
substrate of bacterial rhomboid protease AarA. The mutations are ranked into four grades
based on the severity of their effect on cleavage efficiency (depicted in shades of grey).
Residues in positions P1, P4 and P2’ in the substrate TatA had the biggest impact on cleavage
efficiency. The cleavage site is marked by an arrow. Adopted from [102].
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Figure 12: Lipid reorientation around the full-length rhomboid protease GlpG (red) induced
by the rhomboid shape, and in the case of GlpG also affected by its N-terminal domain
(orange: GlpG without the N-terminal domain). A standard membrane protein (purple) does
not affect the arrangement of surrounding lipids. The diffusion coefficient of proteins is
dependent on their shape (graph). Adopted from [103].

4.3.2 Biological role of selected rhomboid proteases in different species

Rhomboid proteases are present in all domains of life, and during evolution they
presumably adopted widely different roles in different biological processes, from regulating
protein secretion in bacteria to mitochondrial dynamics in eukaryotes [104—107]. Their
activity has also been associated with pathological processes including cancer [108] and

Parkinson’s disease [109].

Despite the wide distribution of rhomboids in bacteria, with some bacteria containing
more than one rhomboid, very little is known about their biological function in prokaryotic
cells [110]. The best studied bacterial rhomboid from the functional point of view is the
rhomboid AarA in Providencia stuartii. AarA is responsible for processing the TatA protein,
thereby activating the twin-arginine translocation (TAT) pathway. TatA is activated by the
removal of its N-terminal extension and this also mediates bacterial quorum sensing [111]

(Figure 13).
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Figure 13: Model of TAT system activation in P. stuartii by the AarA rhomboid protease.
The TatA protein can interact with the other subunits of the Tat system (TatB and TatC) only
after its N-terminal extension is removed by the AarA rhomboid. Active Tat system is
responsible for quorum sensing signal transmission by an unknown mechanism. Adopted from
[110].

The E. coli thomboid GlpG was identified in 2002 [35]. The gene coding for this
enzyme is a member of the glpEGR operon, the function of which is associated with glycerol
metabolism via glpR [112]. GlpG is the main model rhomboid for structural (Figure 10) and
functional studies [97], but its natural substrates and its role in E. coli metabolism remain
unknown [36,113,114]. GlpG can utilize a variety of model rhomboid substrates [35] ranging
from bacterial to eukaryotic proteins, typically embedded in a hybrid scaffold composed of the
substrate transmembrane region (e.g. of LacY, TatA, Gurken or Spitz) fused to a periplasmic
maltose-binding protein domain and a cytoplasmic thioredoxin domain [102]. It was proposed
that GlpG and two other bacterial rthomboid proteases are allosterically activated by
dimerization, and allosteric regulation by dimerization has been suggested to potentially be a
general property of rhomboid proteases [115]. However, this theory is in contrast with our
own observation (see section 6.4), which is also supported by recently published independent

research [116].

Plants contain a larger number of rhomboids than animals [117], but their biological
roles are largely unknown. The exception are AtRBL8 and AtRBL9, which are probably

responsible for flower development in Arabidopsis thaliana [118].
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The roles of rhomboid proteases in eukaryotic parasites are understood relatively well.
They participate in adhesion and invasion of apicomplexan parasites such as Toxoplasma
gondii and Plasmodium falciparum [39], and for this reason they are investigated as potential
therapeutic targets [119]. Their roles in other parasites such as Cryptosporidium are being

studied [120].

Mitochondrial rhomboids constitute a special sort of eukaryotic rhomboids [121]. They
are located in the inner mitochondrial membrane and participate in membrane remodeling in
Saccharomyces cerevisiae [122] and membrane dynamics in Drosophila melanogaster [123].
Mouse mitochondrial rhomboid PARL and one of its substrates, PINK1 (Figure 14), are
studied for their possible implication in Parkinson’s disease [109]. Other PARL substrate,
PGAMS, has been linked to apoptosis and sensing of mitochondrial damage [124]. PARL
activity is influenced by mitochondrial membrane potential, possibly via translocation and

topological effects on its substrates (Figure 14) [124].
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Figure 14: Proposed model of mitochondrial membrane dependent regulation of PARL-
mediated cleavage of PINK1 and PGAMS. Adopted from [124].

Beside rhomboids in mitochondria, there are four other proteases of the rhomboid
family in mammalian cells: RHBDL1 — 4 [125], all localized within the secretory pathway
[40]. Their functions are poorly understood. RHBDL4 is localized to the endoplasmic
reticulum (ER), the compartment where membrane and secretory proteins fold. RHBDL4 has

only 6 TMHs, unlike the other RHBDLs, which have 7 TMHs (Figure 15 and Figure 16)
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[125]. RHBDLA4 is upregulated by ER stress, suggesting that it could act as a quality control
protease [40]. Indeed, it has been shown to interact with p97/VCP, degrade some aberrant
membrane proteins with unstable helices, and to participate in the process of ER-associated
degradation (ERAD) [40]. A huge step forward was recently made in the identification of
natural substrates of RHBDL2. Proteomics analysis showed that RHBDL2 cleaves several
novel substrates including the interleukin-6 receptor, cell surface protease inhibitor Spint-1,
the collagen receptor tyrosine kinase epithelial discoidin domain-containing receptor 1
(DDR1), N-cadherin, discoidin, CUB and LCCL domain-containing protein 2 (DCBLD2), Kin
of IRRE-like protein 1 (KIRRELT1), basal cell adhesion molecule (BCAM) and others [126].
The identified substrate repertoire and epithelial expression implicates RHBDL2 in epithelial

homeostasis [126].

rhomboid family proteins with seven-TM domains
PARL Q9H300
0.38 RHBDL1 075783
. 0.80 RHBDL3 Q495Y4
0.78 RHBDL2 Q9NX52
0.99 iRhom1 Q4TT59
071 iRhom2 Q96CC6
o RHBDL4 Q8TEB9
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098 Derlin-1 Q9BUNS
AT 0.94 Derlin-2 Q9GZP9
Derlin-3 Q96Q80
RHBDD2 Q6NTF9
rhomboid family proteins with six-TM domains

Figure 15: A phylogenetic tree of human rhomboid family proteins in the secretory pathway.
Active rhomboid proteases and inactive pseudoproteases are highlighted in red and black,
respectively. The comparison of similarity is based on the conserved regions (loop 1 and
membrane domains 2, 4 and 6). Swissprot accession numbers are indicated. Adopted from
[105].

27



Six-pass TM core domain
(ancestral rhomboid)

, Loss of
mﬂ G :>
N C ©

Ec GlpG N~ ScDer1 N™ sc yoLo73C

Sc Rbd2 Hs Derlin-1 Hs UBAC2

Vﬂ’mﬁmﬁnn

/o

Sc Rbd1/Pcpl

Dm Rhomboid-1 Dm iRhom
Dm Rhomboid-7 Hs RHBDL4 )
Hs RHBDL2 N Hs iRhom1
Hs PARL = s iRhom1 & 2
~
Active proteases Pseudoproteases

Figure 16: Schematic representation of the evolutionary relationship within the ‘rhomboid-
like superfamily’. E. coli (Ec) rhomboid GIlpG is compared with members of the rhomboid-
like superfamily from different species: Homo sapiens (Hs), Drosophila melanogaster (Dm)
and Saccharomyces cerevisiae (Sc). Conserved six-pass TMH core is depicted in blue, with
possible extra domain in red. The typical motif of the rhomboid active site (GxSG and H) and
the L1 loop extension in the membrane (WR) are indicated and the GPxG motif typical for
iRhoms is also shown. Presumable evolutionary relationships between members of the
‘rhomboid-like superfamily’ are represented by arrows. Adopted from [127].

The most important representatives of the proteolytically inactive rhomboid-like
proteins are iRhoms and Derlins. iRhoms are phylogenetically closely related to active
rhomboids (Figure 15). In comparison with active rthomboids, they have a slightly altered
architecture with a large insertion into the L1 loop (Figure 16) [127] and they lack catalytic
activity [89]. Their function is related to ER protein quality control [89] and ER to Golgi
protein transport (Figure 17) [128,129]. It is however not clear what determines whether
iRhom clients are exported or degraded [127]. Mutations in an iRhom coding gene have been

shown to be linked with cancer [130].
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Figure 17: Schematic model of two functions of iRhoms in ER: ER to Golgi transport (top)
and ERAD (bottom). Adopted from [127].

Derlins are in a more distant relationship with mammalian rhomboids than iRhoms
(Figure 16) [131]. Their name originates from the first discovered derlin Derl (degradation in
the endoplasmic reticulum protein 1), which was discovered in S. cerevisiae [132]. This
protein interacts with several ERAD-associated proteins [133], but the mechanistic details of
its role in the ERAD process remain poorly understood. Its human ortholog, Derlinl, and its
paralogs Derlin2 and 3 also play an important role in ERAD of many different proteins
[134,135].
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5 Aims of the study

This work is a complex study of mechanism and specificity of intramembrane
proteases from the rhomboid-like superfamily. It is focused on the main rhomboid model
GlpG from the bacterium E. coli and on one of the four human secretase rhomboids,
RHBDL2. GlpG was studied mainly in vitro to obtain detailed information about its substrate
specificity, binding properties and kinetics parameters of the cleavage reaction, while

RHBDL2 was studied in vivo with emphasis on its behavior in a natural biomembrane.

Specific research aims:

e Investigation of substrate binding, specificity and reaction mechanism of GlpG.

e Study of dimerization properties of RHBDL2 in natural lipid membrane.
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6.1 Substrate binding and specificity of rhomboid intramembrane protease
revealed by substrate—peptide complex structures

Background

Rhomboid protease GlpG from the bacterium E. coli is intensively studied as the main
model rhomboid for structural and mechanistic studies. The structure of this enzyme was well
known, but our understanding of rhomboid mechanism was limited by the lack of information
about the enzyme-substrate complex. To elucidate this, we determined X-ray structures of
GIpG in co-crystals with peptidyl-chloromethylketone inhibitors derived from the natural

rhomboid substrate TatA from P. stuartii.
Summary

Using biochemical analyses, we confirmed that binding of the peptidyl-
chloromethylketone inhibitor to GlpG is similar to substrate binding. With the help of X-ray
crystallography, we identified the S1 to S4 subsites of the protease. We found that S1 subsite
co-creates a cavity with the previously proposed water retention site. Surprisingly, the L1
loop, which is a typical feature of rhomboids, helps create the S4 subsite. Its function may be
similar also in other members of the rhomboid family. Finally, we created a molecular
dynamics-based model of the Michaelis complex of GlpG with the substrate bound in the

active site.
My contribution

I investigated GlpG specificity in vitro by conducting a complete positional scanning
mutagenesis of the P5 to P1 region of the TatA substrate (Figure 18), analyzed the data and

participated in writing of the relevant parts of the manuscript.
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Substrate binding and specificity of rhomboid intramembrane protease revealed by substrate—
peptide complex structures. Sebastian Zoll, Stancho Stanchev, Jakub Began, Jan Skerle,
Martin Lepsik, Lucie Peclinovska, Pavel Majer, and Kvido Strisovsky (2014), The EMBO
Journal. 33, 2408-2421.
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Abstract

The mechanisms of intramembrane proteases are incompletely
understood due to the lack of structural data on
substrate complexes. To gain insight into substrate binding by
rhomboid proteases, we have synthesised a series of novel
peptidyl-chloromethylketone (CMK) inhibitors and analysed their
interactions with Escherichia coli rhomboid GlpG enzymologically
and structurally. We show that peptidyl-CMKs derived from the
natural rhomboid substrate TatA from bacterium Providencia
stuartii bind GIpG in a substrate-like manner, and their co-crystal
structures with GIpG reveal the S1 to $4 subsites of the protease.
The S1 subsite is prominent and merges into the ‘water retention
site’, suggesting intimate interplay between substrate binding,
specificity and catalysis. Unexpectedly, the $4 subsite is plastically
formed by residues of the L1 loop, an important but hitherto enigmatic
feature of the rhomboid fold. We propose that the homologous
region of members of the wider rhomboid-like protein superfamily
may have similar substrate or client-protein binding function.
Finally, using molecular dynamics, we generate a model of the
Michaelis complex of the substrate bound in the active site of GlpG.

Keywords intramembrane protease; rhomboid family; rhomboid protease;
structure; substrate recognition

Subject Categories Membrane & Intracellular Transport; Post-translational
Modifications, Proteolysis & Proteomics; Structural Biology
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Introduction

Cleavage of transmembrane domains (TMDs) by intramembrane
proteases has emerged as an important and evolutionarily wide-
spread signalling and quality control mechanism with medical

. Jan Skerle™® Martin Lepik®, Lucie Peclinovska™?,

significance (Brown et al, 2000; Lemberg, 2011), but a full under-
standing of the biological roles and design of pharmacological inter-
ventions against intramembrane proteases requires a greater
knowledge of their mechanism and structure. Intramembrane prote-
ases are very different from the classical water soluble proteases,
since they evolved independently and operate in a distinct biophysi-
cal environment—at the interface of lipid membrane and aqueous
solvent (Strisovsky, 2013). Although the crystal structures of
prokaryotic homologues of all four catalytic types of intramembrane
proteases have been solved (Wang et al, 2006; Feng et al, 2007; Li
et al, 2013; Manolaridis et al, 2013), mechanistic understanding is
limited by the lack of structures of enzyme-substrate complexes.,

Rhomboids are serine proteases—probably the best characterised
intramembrane proteases as regards structure and mechanism.
Rhomboid proteases are widely conserved and regulate many
biological processes including intercellular signalling, mitochondrial
dynamics, invasion of eukaryotic parasites and membrane protein
quality control (Lemberg, 2013). In addition, the recently discovered
rhomboid-like proteins that share a similar scaffold, but are devoid
of enzymatic activity, have emerged as important regulators of
membrane protein quality control (Greenblatt et al, 2011; Zettl et al,
2011) and trafficking (Adrain et al, 2012). Non-catalytic rhomboid-
like proteins regulate growth factor signalling (Zettl et al, 2011),
inflammatory signalling via tumour necrosis factor in macrophages
(Adrain et al, 2012) and NK-cell signalling (Liu et al, 2013}, which
illustrates their wide medical importance. In contrast to the
advances in the biology of the non-protease rhomboid-family
proteins, their mechanistic understanding lags behind. The only
current source of structural information about rhomboid-family
proteins are the bacterial rhomboid proteases.

The structures of bacterial rhomboid proteases published over
the last 8 years have provided the first glimpses into the molecular
architecture of an intramembrane protease. However, the mecha-
nism of action and the structural basis of substrate specificity of
rhomboids remain unresolved, largely due to the absence of struc-
tural analyses of rhomboid-substrate complexes. The recently
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published structures of GlpG bound to various small, mechanism-
based inhibitors (Vinothkumar et al, 2010, 2013; Xue & Ha, 2012;
Vosyka et al, 2013) have served as models for speculations on
substrate binding, but their utility in this respect is limited since the
inhibitors are relatively small and structurally very different from
peptide or protein substrates.

Here, we report crystal structures of a rhomboid intramembrane
protease in complex with substrate-derived peptides, providing the
first direct structural view of rhomboid specificity and catalytic
mechanism. We show that tetrapeptidyl-chloromethylketone inhibi-
tors bind the Escherichia coli rhomboid protease GlpG in a way that
mimics the substrate, which allows us to map the specificity deter-
mining pockets of GlpG with confidence. Unexpectedly, the S4
subsite (which binds to the P4 residue of the substrate) is formed by
the residues from the L1 loop, a conspicuous but enigmatic struc-
tural feature of rhomboid proteases (Wang et al, 2007; Bondar et al,
2009; Baker & Urban, 2012). Using site-directed mutagenesis, quan-
titative enzymatic assays and structural analyses, we demonstrate
the plasticity of the S4 subsite. Furthermore, our work has implica-
tions for the recently discovered proteolytically inactive members of
the rhomboid-like family (such as iRhoms or Derlins). It suggests
that their domains topologically corresponding to the L1 loop of
rhomboids may have client-binding roles. Finally, using molecular
modelling and dynamics, we generate an extended model of our
complex structure comprising the P4 to P3' fragment of a bound
substrate, allowing us to speculate about the mode of interaction of
substrate’s transmembrane domain with rhomboid.

Results
The inhibitory properties of peptidyl-chloromethylketones

One of the problems complicating structural analyses of rhomboid-
substrate complexes is the relatively low affinity of rhomboids for
their substrates (Dickey et al, 2013). To overcome this hurdle and gain
insight into rhomboid substrate binding, we developed mechanism-
based irreversible inhibitors modified with a peptide derived from
a natural rhomboid substrate. The currently used rhomboid
inhibitors, isocoumarins, phosphonofluoridates and monocyclic
B-lactams (Vinothkumar et al, 2010, 2013; Pierrat et al, 2011; Xue
& Ha, 2012; Xue et al, 2012), were unsuitable as warheads because
the stereochemical similarity of peptidyl conjugates of isocoumarins
and p-lactams to the acyl enzyme intermediate would be limited,
and phosphonofluoridates have proven difficult to synthesise in the
desired sequence diversity. We therefore turned our attention to
peptidyl-chloromethylketones (CMKs) (Fig 1A), whose complexes
with serine proteases resemble the tetrahedral transition state inter-
mediate (Mac Sweeney et al, 2000; Malthouse, 2007) and which
are readily synthesisable, The commercially available CMKs TLCK
(N-2-tosyl-L-lysine chloromethylketone) and TPCK (N-a-tosyl-L-
phenylalanine chloromethylketone) had shown only weak inhibi-
tion of YqgP and Drosophila rhomboid 1 (Urban et al, 2001; Urban
& Wolfe, 2005), but we reasoned that this could have been due to
their unsuitable P1 residues (Lys or Phe), since P1 residues with
large side chains are not tolerated in substrates by several rhom-
boids including GlpG (Strisovsky et al, 2009; Vinothkumar et al,
2010).
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‘We have first examined the inhibitory properties of tetrapeptidyl-
CMK Ac-lleAlaAlaAla-COCH,Cl (abbreviated as Ac-IAAA-cmk
henceforth) based on the well-characterised bacterial rhomboid
substrate TatA (Stevenson et al, 2007; Strisovsky et al, 2009). Like
all other peptidyl-CMKs used in this study, this compound was
stable in aqueous solution for more than 4 h (Supplementary Fig S1)
and was soluble in rhomboid assay buffer up to 1 mM concentration
(data not shown), allowing robust inhibition measurements. The
compound Ac-IAAA-cmk inhibited GlpG in a concentration- and
time-dependent manner (Fig 1B and Supplementary Fig S2A), and
mass-spectrometric analysis indicated that it formed a stoichiometric
(1:1) complex with the enzyme, which was dependent on the cata-
lytic residues Ser201 and His254 (Supplementary Fig S2B). Upon
reaction of Ac-IAAA-cmk with wild-type (wt) GlpG, but not with its
S201A and H254A mutants, a faster migrating species on SDS-PAGE
arose (Fig 1B and Supplementary Fig S2B). A similar effect has been
observed recently upon disulphide cross-linking of TMDs 2 and 5 in
GIpG (Xue & Ha, 2013), which suggested that Ac-IAAA-cmk may be
cross-linking two TMDs of GIpG. The mass shift of GIpG in the
presence of Ac-IAAA-cmk was consistent with the formation of the
inhibitor-enzyme complex and elimination of a leaving group of
approximately 36 Da (consistent with the molecular weight of HCI).
This behaviour was analogous to how CMKs react with classical
serine proteases, and we concluded that Ac-IAAA-cmk acted as a
mechanism-based inhibitor of GlpG, forming a covalent adduct with
the catalytic dyad residues, thus cross-linking TMDs 4 and 6.
Furthermore, N-terminal truncation analysis of Ac-IAAA-cmk
revealed that the inhibitory potency markedly decreased with
progressive truncation of peptidyl chain of the inhibitor (Fig 1C).

Tetrapeptidyl-chloromethylketone inhibitors bind GlpG in a
substrate-like manner

To assess whether our peptidyl-CMKs bound to rhomboid in a
manner similar to the parent substrate, we analysed the sensitivity of
the substrate and inhibitors to identical amino acid changes. We first
investigated the subsite preferences of GlpG in the context of the
TatA substrate in vitro by conducting a complete positional scanning
mutagenesis of its P5 to P1 region. The P1 position was the most
restrictive one, where GlpG strongly preferred small amino acids
with non-branched side chain, such as Ala or Cys (Fig 2A and
Supplementary Fig $3); the second most restrictive position was P4
with preference for hydrophobic residues. Positions PS5, P3 and P2
were much less restrictive, with P2 accepting almost any amino acid
with little impact on cleavage efficiency. Interestingly, aspartate
inhibited cleavage profoundly anywhere between P1 to P4 positions,
and glycine was not tolerated well at P1, P3 and P4 positions. To
verify these results in biological membranes, we introduced some of
the strongest inhibitory mutations in the context of full-length TatA
into a chimeric substrate construct based on fusions with maltose-
binding protein and thioredoxin (Strisovsky et al, 2009) and tested
the cleavability of the mutants by endogenous GIpG in vivo. Consis-
tently, mutations in the P4 position (158 or I5G), the P3 position
(A6D) and the P1 position (A8G or A8V) led to a dramatic decrease
in substrate cleavage to nearly undetectable levels, as documented
by Western blotting (Fig 2B), confirming our in vitro inhibition data.

Having defined the positional sequence preferences of GlpG in a
substrate, we determined whether the peptidyl-CMK inhibitors

© 2014 The Authors
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Figure 1. Tetrapeptidyl-chloromethylketones are mechanism-based inhibitors of rhomboid proteases.
A Scheme of a tetrapeptidyl-chloromethylketone and mechanism of its reaction with the catalytic dyad of GIpG. In the final adduct, the inhibitor has lost chlorine and

is covalently bound to serine 201 and histidine 254,

B SDS gel showing the inhibition of GIpG by increasing concentrations of Ac-IAAA-cmk. The identity of cleavage products P1 and P2 is illustrated by the schematic
drawing of chimeric TatA that was used as substrate (right panel). Reaction of the inhibitor with catalytic residues links TMDs 4 and 6 of GIpG, resulting in a faster
migrating band in SDS-PAGE (left panel). MBP, maltose-binding protein; TRX, thioredoxin; S, substrate; P1, product 1; P2, product 2, E, enzyme; E-I, enzyme inhibitor

complex.

o

The inhibition properties of chloromethylketones depend on the length and sequence of their peptidyl chain. All compounds were pre-incubated with GIpG for

180 min and reacted with the TatA substrate for 30 min as described in Materials and Methods. The assays were performed in triplicate, and data points show

average + standard deviation.

showed the same specificity, implying a similar binding mechanism.
We focussed on the amino acid changes in positions P4, P3 and P1
of TatA that strongly impaired substrate cleavage by GIpG both in
vitro (Fig 2A) and in vivo (Fig 2B): 1SS, I5G, A6D, A8V and AS8G.
These amino acid changes were introduced into the TatA-derived
parent compound Ac-IATA-cmk, and inhibitory properties of the
resulting compounds were compared at a range of concentrations
and fixed pre-incubation time. While all the amino acid changes that
impaired cleavage of mutant TatA substrates (ISS, 15G, A6D, A8V
and ABG) also profoundly worsened the inhibitory properties of the
variant peptidyl-CMKs, those amino acid changes that did not nega-
tively affect cleavage of mutant substrate (T7A and A6S/T7K) had
no impact on the inhibitory properties of the respective CMK deriva-
tives (Figs 1C and 2C, and Supplementary Fig S4). This demonstrates

© 2014 The Authors

that TatA-derived peptidyl-CMKs bind GlpG in a substrate-like
manner and can hence be used as substrate mimetics in crystallo-
graphic experiments.

The GlpG:Ac-IATA-cmk complex structure reveals substrate
interactions in the active site

The experiments described above provided us with validated tools for
structural characterisation of rhomboid-substrate interaction. We co-
crystallised Ac-IATA-cmk with the transmembrane core of the wild-
type GIpG rhomboid protease and solved the complex structure at
2.1 A resolution (data collection and refinement statistics in Supple-
mentary Table S1). The electron density for the whole inhibitor was
clearly defined and allowed unambiguous model building (Fig 3A).
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Figure 2. Tetrapeptidyl-chloromethylketones bind GlpG in a substrate-like manner.
A Specificity matrix of GIpG preferences on TatA variants in vitro. Preferences for TatA positions P5-P1 (residues 4-8) are displayed in shades of grey. Substrates showing
increased cleavage are additionally marked with black dots. GIpG preferences are most stringent for positions P1 and P4 of TatA. The assays have been done in

duplicates and representative source data are shown in Supplementary Fig S3.
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In vivo cleavage efficiency of TatA variants with mutations not tolerated in vitro. Consistent with the in vitro assay, substrates with mutations T4W (P5 position), I5G

or I55 (P4 position), A6D (P3 position) and ABG or A8V (P1 position) are refractory to cleavage or show severely inhibited cleavage by GlpG in biological membranes.

(s}

Correlation of effects of amine acid changes in inhibitors with corresponding mutations in substrates. Amino acids that are not tolerated in TatA by GIpG in vitro and

in vivo cause a loss of inhibitory property in the respective inhibitors Ac-GATA-cmk, Ac-SATA-cmk, Ac-IATG-cmk, Ac-IATV-cmk and Ac-IDTA-cmk. The parent compound
Ac-IATA-cmk, having the same P1-P4 sequence as wild-type TatA, or its variant Ac-ISKA-cmk harbouring mutations innocuous in the substrate, inhibit GlpG
efficiently. The assays have been done in independent triplicates and plotted as average + standard deviation. Representative source data are shown in

Supplementary Fig S4.

The inhibitor is anchored in the active site by two covalent bonds to
the catalytic dyad residues S201 and H254, confirming that the CMK
warhead reacts as expected. The peptidyl part of the inhibitor fills the
active site lying wedged between loops 5 (L5) and 3 (L3), forming
a parallel p-sheet with the latter (Fig 3B). The carbonyl oxygen of
the CMK warhead forms a weak hydrogen bond to the side chain
amido group of N154, but not to the main chain amides of S201 or
L200, unlike previously observed in isocoumarin (ISM) and
diisopropylfluorophosphonate (DFP) inhibitor complexes (Vinothkumar
et al, 2010; Xue & Ha, 2012). This minor difference could be a conse-
quence of the covalent binding of the CMK to both the catalytic
serine and histidine, which might slightly distort the carbonyl oxygen
from the position it would adopt in the natural (singly bonded) tetra-
hedral intermediate (Mac Sweeney et al, 2000). Nevertheless, the
position of the P1 carbonyl oxygen is similar to the position of the
ISM benzoyl carbonyl (Vinothkumar et al, 2010) and DFP phosphonyl
oxygens (Xue & Ha, 2012) (Fig 3C), suggesting that the double
binding of the CMK warhead to the catalytic dyad is unlikely to affect the
conformation of the tetrapeptide ligand in the active site significantly.

The EMBO Journal

The peptide ligand is further stabilised in the active site by
hydrogen bonds of its backbone with the backbone carbonyl and
amido groups of residues S248/A250 of the LS loop, and residues
G198/W196 of the L3 loop (Fig 3B). Side chain and main chain
atoms in each position of the ligand are also engaged in van der
Waals interactions with residues of the L3 loop (P1 — G199, P3 —
F197), the L5 loop (P2 — M249) and the L1 loop. The terminal P4
isoleucine of the ligand has the right orientation and distance to be
considered to interact with the aromatic ring of F146 of the L1 loop
via a CH-rn interaction (Fig 3B), a weak hydrogen bond with a
dominant dispersive character (Brandl et al, 2001; Plevin et al,
2010). These numerous interactions run along the entire length of
the peptide, and, although relatively weak individually, they collec-
tively contribute to the productive positioning of the peptide in the
active site in a significant way. This may explain why N-terminal
truncations of Ac-IAAA-cmk led to a dramatic progressive decrease
in inhibitory potency (Fig 1C).

Since we observed weak sequence preferences also at the P5
position of the substrate (Fig 2A), we solved the GlpG complex

© 2014 The Authors
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Figure 3. Crystal structure of GIpG complexed to Ac-IATA-cmk reveals the mode of substrate binding to GlpG.

A Overall structure of the GlpG:Ac-IATA-cmk complex. Ac-IATA-cmk (yellow) is covalently bound to the catalytic histidine and serine (pink). An F—F. simulated
annealing omit map, calculated at 21 A and contoured at 3 o, is shown 2 A around Ac-IATA-cmk. Crystallographic statistics is shown in Supplementary Table S1.

B Interactions between Ac-IATA-cmk and GIpG. GlpG residues forming hydrogen bonds with Ac-IATA-cmk are coloured green. These residues are additionally engaged
in van der Waals (vdW) contacts; residues making vdW contacts only are depicted in blue. All interactions were calculated using the program Ligplot.

(& Superposition of the GlpG:Ac-IATA-cmk complex with the isocoumarin (ISM) and diisopropylfluorophosphonate (DFP) complexes (PDB-1Ds 2X0V and 4H1D,
respectively). The side chain of the P1 alanine superimposes well with one of the DFP isopropyl groups and points into the S1 subsite. The ISM ring points away
from the P1 alanine, but still into the cavity. The oxyanion position is occupied by the superimposing DFP phosphonyl and the I1SM benzay! carbonyl oxygens. The
P1 alanine carbonyl oxygen of Ac-IATA-cmk points slightly away from them and forms a hydrogen bond with N154 (see panel B).

D, E Ac-IATA-cmk bound in the active site of GIpG. Shown are views from two different angles. Positions of the 51-54 subsites are indicated. A dashed line contours the
water-filled S1 subsite. Water molecules are depicted as red spheres. ISM, 7-amino-4-chloro-3-methoxy-isocoumarin; DFP, diisopropyl fluorophosphonate.

with the pentapeptide Ac-TIATA-cmk to get insight into their
structural basis. However, no additional electron density for the
P5 threonine could be observed in this structure, and the overall
orientation of the P1-P4 residues was the same as in Ac-JATA-cmk

© 2014 The Authors

complex (Supplementary Fig S5). These findings indicate that
substrate residues beyond P4 are unlikely to interact with GlpG
significantly and are completely solvent-exposed. This is consis-
tent with the observation that only hydrophobic amino acids
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are not tolerated well in the PS5 position of the substrate
(Fig 2A).

Substrate-binding subsites in GIpG

The structure of Ac-IATA-cmk complex with GlpG reveals substrate
interactions in the active site of a rhomboid protease, allowing us to
correlate them to the observed amino acid preferences in the TatA
substrate from which Ac-IATA-cmk is derived (Fig 2A). GlpG shows
a strict requirement for a small P1 residue, strongly preferring
alanine and less well accepting cysteine and serine (Fig 2A). The
side chain of the Pl alanine in Ac-IATA-cmk is bound into a
well-formed S1 subsite, corresponding to the one proposed earlier
(Vinothkumar et al, 2010) (Fig 3C). The S1 subsite is the proximal part
of a deeper cavity, whose distal part has a strongly hydrophilic char-
acter with negative surface electrostatic potential (Supplementary
Fig S6) and contains three conspicuous conserved water molecules
present in all structures of GlpG from different crystallisation condi-
tions and space groups (Wang et al, 2006; Ben-Shem et al, 2007;
Vinothkumar, 2011). It was recently proposed that this region
constitutes a ‘water retention site’ in GIpG that facilitates channel-
ling of water molecules from the aqueous environment into the
body of the hydrophobic protease to confer catalytic efficiency
(Zhou et al, 2012; Fig 3D and E). The mechanistic implications of
its proximity to the S1 subsite will be discussed later.

In contrast to the P1 position, P2 and P3 positions in TatA are
relatively insensitive to residue changes (Fig 2A). Consistent with
this, both S2 and S3 subsites are large and open enough to accom-
modate residues of any size. While the S2 subsite is half-open to the
periplasm, S3 subsite resembles a mere notch in the rim of the
active site of GIpG, through which the side chain of the P3 alanine
of Ac-IATA-cmk points towards Q189 (Fig 3D and E). The P4 isoleu-
cine of the bound peptide interacts with the aromatic ring of F146,
possibly via a CH-n bond. This interaction defines the $4 subsite as
a recessed area on the periplasmic face of GlpG, the borders and
bottom of which are delineated mainly by residues of the L1 loop
with some contribution from the side chain of W196 in the L3 loop.
This patch is unusual because it is fully solvent-exposed, yet
strongly hydrophobic in nature (Fig 4), which suggests functional
importance. Indeed, the character of the 54 subsite provides a struc-
tural explanation of the preference for large and hydrophobic resi-
dues and the intolerance for polar residues in the P4 position of
TatA (Fig 2A).

The S4 subsite is plastically formed by residues of the L1 loop

As P4 residue crucially contributes to substrate recognition by
several rhomboids (Strisovsky et al, 2009), strongly influencing
mainly the k., of the reaction (Dickey et al, 2013), we examined
the functional and structural properties of S4 subsite in greater
detail. The mutation of F146 to alanine was reported to inactivate
GlpG without substantially affecting its thermodynamic stability
(Baker & Urban, 2012), which was previously difficult to explain.
Since F146 interacts with the P4 residue side chain of the substrate,
we hypothesised that mutations in F146 could actually affect the P4
specificity of GIpG. To test this hypothesis, we engineered comple-
mentary enzyme and substrate mutants by introducing hydrophobic
residues of different side chain volumes to position 146 of GlpG
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(F146A and F1461) and by testing their activity against all 20 possi-
ble mutations in the P4 position of TatA substrate. Indeed, the
F146A mutant was not inactive as previously reported (Baker &
Urban, 2012), but it rather showed a shift in specificity for the P4
residue. TatA variants with smaller residues in P4 position (e.g. A,
C, V) were cleaved less efficiently by both the F146A and F146]
mutants than by wt GlpG, while TatA variants with larger hydro-
phobic side chains in P4 position (such as M, F, W) were cleaved
significantly better by F146A and F1461 mutants than by wt GlpG
(Fig 4A and Supplementary Fig S7).

To understand the properties of S4 subsite structurally, we deter-
mined the structures of wt GIpG and its F146I mutant complexed to
Ac-FATA-cmk (2.9 and 2.55 A resolution, respectively, Supplemen-
tary Table S1) and compared the ligand-binding mode to the parent
structure of GlpG and Ac-IATA-cmk complex. Interestingly, the P4
residue of the ligand binds GIpG in a slightly different way in the
three complexes (Fig 4B), illustrating the plasticity of S4 subsite. In
wt GIpG, the isoleucine of Ac-IATA-cmk interacts with the main
chain atoms of W196 of the L3 loop and the side chain of Fl46
(Fig 4B), while the ring of the P4 phenylalanine of Ac-FATA-cmk is
accommodated additionally by the side chain of M120 contributing
to the hydrophobic patch that constitutes the S4 subsite (Fig 4B). In
the F1461 mutant of GIpG, the P4 phenylalanine points down into a
well-formed, hydrophobic pocket and engages in contacts with the
main chain atoms of F197 and G198 of L3 loop and the side chains
of 1146 and M144 of L1 loop (Fig 4B). Our structural analyses there-
fore reveal a function for the L1 loop in rhomboid specificity deter-
mination: the S4 subsite is plastically formed by the side chains of
three L1 loop residues, aided by the main chain atoms of L3 loop.
This finding is consistent with the observations that mutations at
the L1-L3 loop interface often lead to a significant decrease in GlpG
activity (Baker & Urban, 2012).

Structural changes upon inhibitor binding—implications for
rhomboid mechanism

The previously published inhibitor-bound complex structures of
GIpG (Vinothkumar et al, 2010, 2013; Xue & Ha, 2012; Xue et al,
2012) were useful first approximations for uncovering the structural
changes involved in GIpG catalysis, but the small size and chemical
dissimilarity of the inhibitors to a polypeptide limited their use as
models for substrate binding. The present structures of GlpG with
substrate-derived peptides resemble the tetrahedral intermediate
and the acylenzyme, thus allowing us to characterise more accu-
rately structural changes during catalysis.

Alignment of the unliganded and Ac-IATA-cmk complex struc-
tures of GlpG (Fig SA and B) reveals that only minor TMD move-
ments occur in the complex. TMDG6 is slightly turned inwards in the
ligand-bound state, but this may be the consequence of the double
binding of the CMK warhead to both H254 and S201 (Mac Sweeney
et al, 2000). The lateral movement of TMDS5, thought to be required
for substrate access (Baker et al, 2007), is negligibly small in the
Ac-IATA-cmk complex structure. However, since our ligands
include neither the TMD of the substrate nor the prime-side resi-
dues, which would probably co-localise with the top of TMDS in the
enzyme-substrate complex, we cannot exclude the possibility of
larger TMDS movements in other phases of the catalytic cycle of
rhomboid. The most dramatic secondary structure changes involve

@ 2014 The Authors
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Figure 4. A patch of hydrophobic residues from the L1 loop forms the S4 subsite of GIpG.

A Compensatory effect of mutations in the 54 subsite of GlpG and the P4 position of TatA. Mutation of the 54 subsite residue F146 to the smaller hydrophobic residues
alanine or isoleucine is nearly or completely inactivating only for substrate variants with small- to medium-sized side chains (A, S, C, T, V, I) in the P4 position. This
attenuating effect of the GIpG S4 subsite mutants can be compensated by a mutation of the TatA P4 residue to a residue with a bigger side chain. Hence, while wild-
type (F146) GlpG cleaves the TatA substrate with a large P4 residue (such as ISW) very poorly, the activity can be fully recovered by replacing the bulky phenylalanine
146 in the 54 subsite of the enzyme by a small hydrophobic side chain (such as F146A). The assays have been conducted three times independently, and
representative data are shown (source data in Supplementary Fig 57).

The 54 subsite in the complex structures GlIpG:Ac-IATA-cmk, GIpG:Ac-FATA-cmk and GlpG_F1461:Ac-FATA-cmk. Crystallographic statistics are shown in Supplementary
Table S1. Upper panels: close-up view of the 54 subsite with the surface of GlpG coloured according to the Kyte-Doolittle hydrophobicity scale (Kyte & Doolittle, 1982).
The 54 subsite is a surface-exposed hydrophobic patch formed by residues from the L1 loop. Lower panels: residues making vdW interactions with the bound
tetrapeptide are shown as contact surfaces. For residues W196, F197 and G198 of the L3 loop, only main chain atoms (mc) are engaged in interactions. Residues F146,
M120, M144 and 1146 of the L1 loop make vdW contacts with their side chains. The isoleucine in the P4 position of Ac-IATA forms a CH-r interaction with the
aromatic side chain of F146.
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B GipG unliganded (21C8)
GlpG Ac-IATA-cmk complex

Figure 5. Binding of Ac-IATA-cmk to GIpG induces displacement of the L5 loop and side chain rotamer changes in TMD2 and 5.

A Structural alignment of unliganded GIpG and the GlpG:Ac-IATA-cmk complex, side view. Unliganded GIpG (PDB-ID 2IC8) is coloured in red, the complex in grey/yellow.
Ac-IATA-cmk is represented as contact surface. Residues with different side chain rotamers are shown for TMD2, TMDS and the LS loop.
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Top view. F232 and F245 are omitted for clarity.

™

Displacement of the L5 loop causes a positional shift for M247, M249 and A250. Both methionines form the S2 subsite in the complex. A250 adopts the position in the

complex that was occupied by M249 in the apoenzyme. The presence of the shorter side chain of alanine between Q189 and the ‘water retention site’ might play a

role in facilitating the relay of water molecules for the reaction (see Discussion).

the LS loop: it caps the active site in the apoenzyme while swinging
upwards and shifting laterally upon binding of Ac-IATA-cmk
(Fig 5A and B).

In addition to secondary structure changes, we detect several
pronounced rotamer changes in residues of TMD2, TMDS and L5
loop, which may indicate the importance of these residues for the
catalytic mechanism, The movement of the L5 loop inflicts a posi-
tional change on the side chains of M247 and M249 (Fig 5C), having
profound impact on §1 and S2 subsite formation and potentially also
on catalysis (see Discussion). Upon binding of Ac-IATA-cmk, M249
shifts and becomes engaged in van der Waals interactions with the
methyl group of threonine in the P2 position of the substrate, while
the original position of M249 in the unliganded enzyme is adopted
by A250 in the complex structure (Fig 5C). Methionine 247 fills the
centre of the active site in the apoenzyme, while in the complex
structure, it moves to the entrance of the active site, where it
confines the S2 subsite together with H150. In the apoenzyme, the
side chain of H150 fills the space that corresponds to the S2 cavity,
swinging far out from this position upon binding of Ac-IATA-cmk. If
H150 stayed in its original position, it would sterically clash with
the side chain of the P2 threonine (Fig 5A and B}, suggesting that
the role of H150 in catalysis may be more dynamic than previously
thought.

Several other conspicuous rotamer changes occur in the Ac-
IATA-cmk complex. The LS residue F245 obstructs the entrance to
the active site at the level of the catalytic dyad residues in the
apoenzyme, while in the complex structure, it has rotated to the side
(Fig 5A). Given the position of F245 and the fact that F245A muta-
tion results in a modest enhancement of proteolytic activity (Baker
& Urban, 2012), it is suggestive that rotation of F245 may be
required for substrate entry into the active site. The indole ring of
W236 of TMDS has rotated 180° in the complex when compared to
the apoenzyme, thus allowing the formation of an internal cavity
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thought to represent the S2’ subsite (Vinothkumar et al, 2010, 2013)
(Fig SA and B). It is noteworthy that this cavity forms even in the
absence of prime-side residues in our complex or in complexes with
small molecular inhibitors, isocoumarins and p-lactams (Vinothkumar
et al, 2010, 2013; Xue & Ha, 2012). Finally, residue F232 of TMDS is
also found in a different conformation in the complex structure than
in the apoenzyme, closing the gap to TMD2 residue W157 (Fig 5A).
Since the F232A mutation has been shown to result in increased
enzymatic activity (Baker & Urban, 2012), it is possible that F232
directly or indirectly participates in substrate binding.

Molecular dynamics reveals active site interactions of the
substrate in the Michaelis complex

Besides revealing the substrate-binding subsites on GIpG, crystal
structures of the peptidyl-CMK complexes enabled us to investigate
rhomboid mechanism in closer detail. We used the complex struc-
tures, molecular modelling and molecular dynamics (MD) to create
a model of the Michaelis complex of rhomboid protease and the
substrate spanning the P4 to P3’ subsites. The model was validated
by monitoring (i) the root-mean-square deviation (RMSD) of protein
and substrate backbone (Supplementary Fig S8A) and (ii) hydrogen
bonds (H-bonds) at the non-prime side of the substrate during the
MD run. Throughout MD simulations, H-bonds between the L3/L5
loop and the substrate backbone, as present in the crystal structure
(Fig 3B), were retained (Supplementary Fig S8B). Furthermore, we
observed (i) the formation of H-bonds between the catalytic dyad
residues, (ii) the scissile bond carbonyl carbon and the S201 side
chain oxygen coming into close spatial proximity compatible with
nucleophilic attack, and (iii) formation of H-bonds between the P1
carbonyl oxygen and residues thought to form the oxyanion hole
(Supplementary Fig S8B). The interactions (iii) involved mainly the
H-bonds by the N154 side chain nitrogen and by the $201 main

@ 2014 The Authors
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chain amide. The former H-bond was stable, while the latter one
was transient, and the previously observed H-bond to L200 main
chain amide (Vinothkumar et al, 2010) could not be detected.
During MD simulations, H150 transiently flipped back into the posi-
tion it adopts in the unliganded enzyme (data not shown), suggest-
ing that H150 (and maybe also L200) may hydrogen-bond to the
negatively charged oxyanion that forms in the tetrahedral intermedi-
ate (but is absent from the Michaelis complex). Overall, the
carbonyl oxygen of the P1 residue adopts a similar orientation in
our MD simulations as found in the complex structure with
diisopropylfuorophosphonate (DFP), deemed to mimic the tetrahe-
dral intermediate (Xue & Ha, 2012) (Supplementary Fig S8C). This
finding makes us confident that our MD model of the Michaelis
complex (Fig 6A) is realistic, allowing us to examine the interac-
tions of the prime-side residues with GlpG and estimate the likely
exit position of the unwound C-terminus of the substrate from the
body of GlpG.

The MD model of the Michaelis complex reveals the likely inter-
actions of the P2’ residue, which is important for substrate recogni-
tion by P. stuartii AarA and E. coli GlpG rhomboids (Strisovsky
et al, 2009; Dickey et al, 2013). The major ensemble (92%) of
conformations of the P2’ phenyl of TatA (Supplementary Fig S8D
and E) snugly fits into the previously proposed S2’ subsite
(Vinothkumar et al, 2010, 2013). The ‘back wall’ of the subsite is
formed by residues of TMD4 deeply buried within the core of the
enzyme (Supplementary Fig S8E). The bulk of this interaction inter-
face is provided by Y205, assisted by V204, M208 and A233, all of
which make van der Waals contacts to the P2’ residue of the substrate.
Phenylalanine 245, located at the tip of L5 loop, constitutes the

A B

23 F153
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‘roof” above the S1’ and S2' subsites, making van der Waals contacts
with the P1’ and P2’ residues (Supplementary Fig S8E). Amino acids
F153 and W157 of TMD2 and W236 of TMDS form the outer rim of
the active site cavity that opens to the lipid bilayer, making van der
Waals contacts to the P2’ residue as well as to the glycine in P3'
position (Supplementary Fig S8E). This arrangement suggests that
F153, W157 and W236 could directly interact with the substrate as
opposed to having just an indirect ‘gating’ role in limiting the mobil-
ity of TMDS, as proposed earlier (Baker et al, 2007).

Our data indicate that the full extent of the enzyme-substrate
interactions in the active site of GIpG comprises a stretch of seven
consecutive residues of the substrate in an extended conformation,
from the P4 to P3’ position (IS to G11 in TatA) (Fig 6A). The P3'
glycine marks the end of the unwound part of the TatA substrate,
suggesting that its transmembrane helical part begins just after the
helix-destabilising proline in P4'. The P3' glycine exits the active site
of GIpG within or just above the plane of the Ca atoms of residues
W236 and F153. It was recently reported that intramolecular
disulphide cross-linking of a W236C/F153C mutant of GlpG via
1,2-ethanediyl bismethanethiosulfonate (M2M) does not impair
enzyme activity (Xue & Ha, 2013), suggesting that substrate accesses
the active site above these residues (above the M2M cross-link).
That report is compatible with our MD simulations, since the Ca—Ca
distance between W236 and F153 is 12.5 + 0.6 A, which matches
the calculated distance of 13 A between the Ca atoms of the M2M-
cross-linked cysteine pair mutant, calculated from the respective
MD model (Fig 6A).

In conclusion, our crystallographic, biochemical and molecular
dynamics data reveal for the first time substrate interactions in the

Figure 6. Molecular dynamics-based model of the Michaelis complex and possible interaction modes of substrate transmembrane domain.

A The molecular dynamics model for the active site bound unwound part of TatA comprising positions P4-P3'. The P3' residue exits the active site of GIpG between

W236 (TMDS) and F153 (TMD2).

B A cartoon model of the full transmembrane TatA substrate interacting with GIpG. The substrate continues by the N-terminus of its helical transmembrane domain
from the point of where its P3’ residue ‘exits’ the active site of GIpG in the Michaelis complex model. This arrangement suggests three principally different
orientations of TatA TMD that are shown in the illustrative cartoon in different colours. Detailed views of the boxed areas around TatA P4-P3’ segments are shown in

Supplementary Fig S8D and E.

@ 2014 The Authors
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active site of an intramembrane protease, explain the observed
substrate specificity of rhomboid proteases structurally and reveal a
role in substrate binding for the hitherto enigmatic conserved
element of the rhomboid fold—the L1 loop. Besides providing new
insights into intramembrane protease mechanism, our work raises
testable mechanistic hypotheses that, if confirmed, could facilitate
development of selective rhomboid inhibitors.

Discussion

Understanding of the mechanism and specificity of intramembrane
proteases would be significantly advanced by high-resolution struc-
tural characterisation of substrate binding, but it has long been an
unattained goal. Rhomboids, the most structurally characterised
intramembrane proteases, have so far been co-crystallised only with
small molecular mechanism-based inhibitors (Vinothkumar et al,
2010, 2013; Xue & Ha, 2012; Xue et al, 2012; Vosyka et al, 2013)
useful for only indirect inferences about mechanism and specificity
(Vinothkumar et al, 2010, 2013). We have developed a new series
of peptidic chloromethylketone inhibitors based on a natural bacte-
rial rhomboid substrate sequence (Providencia stuartii TatA)
(Stevenson et al, 2007) and solved X-ray structures of their
complexes with GlpG, thus providing the first structural insight
into substrate binding to rhomboids. We reveal the subsites for the
P1-P4 residues that had been demonstrated to be crucial for
substrate recognition and efficient catalysis (Strisovsky et al, 2009;
Dickey et al, 2013). Furthermore, we show that the S4 subsite is
formed by residues of the highly conserved but previously enigmatic
L1 loop, leading us to propose that the domain topologically equiva-
lent to the L1 loop may have evolved for client-protein recruitment
in rhomboid-like pseudoproteases.

Rhomboid substrate binding—the unwound, the destabilising
and the helical

The peptidyl-CMKs used in this study exhibit identical specificity
requirements to natural substrates, validating their ability to provide
mechanistic insight. We can now use our data in combination with
previous structural and biochemical work to propose a plausible
working model of the enzyme-substrate complex. Our work shows
that the non-helical P4 to P3’ segment of the substrate is in contact
with the active site cleft of GIpG. The importance of the P4, P1 and
P2’ positions in the substrate (Strisovsky et al, 2009) was recently
confirmed by showing that they determine the k., of rhomboid
cleavage (Dickey et al, 2013). These residues have only a negligible
impact on Ky (Dickey et al, 2013), suggesting that they do not make
a major contribution to the overall binding energy between a full
transmembrane substrate and the enzyme. This in turn implies that
the overall interaction area of rhomboid-substrate complex is signif-
icantly larger than the segment containing the P4 to P2’ residues,
and the majority of overall binding energy of the substrate is proba-
bly contributed by the part of its TMD directly contacting the
enzyme. The mode of binding of substrate TMD is unknown, but
our structures and MD models provide a solid framework to reflect
on it.

To propose a structure-based conceptual model of a full trans-
membrane substrate complex with GlpG, we took advantage of the
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recent solution NMR structure of E. coli TatA (Rodriguez et al,
2013). A homology model of P. stuartii TatA that we generated
shows that the region spanning residues P13 (P4’ position) to F27 is
a-helical and about 22 A long. The estimated hydrophobic thickness
of GlpG molecule from the point of exit of the P3’ residue to the
cytoplasmic boundary of the membrane is about 13 A (Fig 6B), and
manual docking of P. stuartii TatA TMD region P13 (P4’ position) to
F27 into a representative structure of the Michaelis complex model
suggests that the TatA TMD would ‘stick out’ of the membrane.

Such hydrophobic mismatch would be energetically unfavour-
able, and different ways of alleviating it can be envisaged, for exam-
ple (i) tilting of substrate TMD in the membrane or (ii) minimising
the solvent-exposed hydrophobic surface area of substrate TMD by
its interaction with GIpG. In the first scenario (i), a tilted but straight
TMD of the substrate (Fig 6B) would have virtually no interaction
interface with the transmembrane region of GIpG (unless GIpG is
also tilted in the membrane accordingly) and might therefore be less
likely. However, a tilted orientation with a kinked =-helix would still
allow some interaction with the transmembrane region of GlpG,
making it perhaps more likely (Fig 6B). In the second scenario (ii),
a slight ‘inward’ curving of the substrate transmembrane helix that
would allow its alignment and interaction with TMD2 of GIpG
(which is also slightly bent) might provide a larger interaction inter-
face and shield much of the ‘mismatched” TMD from the solvent
(Fig 6B). Indeed, such a mechanism has been described in cases
where positive mismatch is bigger than 4 A (Lewis & Engelman,
1983). Interestingly, introducing transmembrane helix-destabilising
residues at several positions along the TMD of an artificial rhomboid
substrate increases its cleavage efficiency by GlpG (Akiyama &
Maegawa, 2007; Moin & Urban, 2012), but this effect has been diffi-
cult to explain (Ha, 2009). Now, our conceptual models of the
complex where substrate TMD is kinked or bent (Fig 6B) would
both be consistent with and explain these observations.

Structural changes in rhomboid accompanying substrate binding

Crystal structures of model intramembrane proteases suggest that
substrate access to their catalytic residues may be conformationally
regulated (Strisovsky, 2013). Based on the alternative conformation
of one molecule in the asymmetric unit of a crystal structure of GlpG
(Wu et al, 2006), substrate access to rhomboid protease had been
suggested to be governed by a ‘gating’ mechanism. In analogy to
the translocon (Van den Berg et al, 2004), this mechanism should
involve a large dislocation of TMDS5 to make the core of the enzyme
accessible laterally from the lipid bilayer (Wu et al, 2006; Baker
et al, 2007). Mutations in residue pairs W236A/F153A and F232A/
W157A, designed to weaken the contacts between TMD2 and 5,
increased enzymatic activity, supposedly by opening the TMD5 gate
(Baker et al, 2007), which was further supported by enzymatic and
thermodynamic studies (Baker & Urban, 2012; Moin & Urban,
2012). In contrast, other authors showed that preventing large
lateral movement of TMD5 by chemically cross-linking TMDs 2 ad 5
in a W236C/F153C mutant does not abrogate the activity of GlpG.
This suggests that a ‘gating’” movement of TMD5 may not actually
be required for substrate binding, and it leaves the mechanism of
substrate access to rhomboid controversial.

Our structures of the peptidyl-CMK complexes show that the LS
loop has to be displaced significantly to allow binding of substrate

© 2014 The Authors

44



Sebastian Zoll et al

to the active site, but we do not observe any significant movement
of the adjoining TMDS. Since our peptide ligands comprise only the
non-prime-side residues and capture the reaction at the stage of the
tetrahedral or acylenzyme intermediate, we explored rhomboid-
substrate interactions at the prime side and possible involvement of
TMD5 by molecular modelling and dynamics. The results show that
a large lateral movement of TMDS is not required for the formation
of the acylenzyme nor the Michaelis complex with the P4 to P3’
segment of the substrate. Our data are thus compatible with the
published cross-linking data suggesting that major movements of
TMD5 are not required for substrate access (Xue & Ha, 2013). We
cannot formally exclude the possibility of a large TMDS movement
in the earlier phases of a transmembrane substrate binding.
However, the positions of residues W236 and F153, which we
observe in the Michaelis complex model (Fig 6A and Supplementary
Fig S8E), suggest that they may directly interact with the substrate,
rather than just acting as ‘openers’ of the TMD5 gate. These results
collectively imply that the lateral gate opening analogy with the
translocon (Wu et al, 2006; Baker et al, 2007) may not be entirely
correct and that substrate access mechanism to rhomboid merits
further investigation.

Several other conspicuous movements of side chains accompany
ligand binding, among which H150 is worth highlighting. Histidine
150 flips out completely from its position in the unliganded enzyme
to make space for the P2 residue of the ligand, which can be almost
any amino acid type (Fig 2A). In this conformation, however, the
side chain of H150 cannot make a hydrogen bond to the carbonyl
oxygen of the substrate. This dislocation of H150 could well be
partly due to the chloromethylketone warhead binding to the cata-
lytic dyad and slightly distorting the carbonyl oxygen (Fig 3C; Mac
Sweeney et al, 2000). Indeed, our MD simulations of the Michaelis
complex suggest that the side chain of H150 can occasionally flip to
its original position (M. Lepsik, S. Zoll, K. Strisovsky, unpublished
observations), although this may be less likely in substrates with
larger P2 residues. Interestingly, the side chain of H150 occupies a
similar position in the crystal structure of GIpG complex with
2-phenylethyl 2-(4-azanyl-2-methanoyl-phenyl) ethanoate (Vosyka
et al, 2013) as it does in our Ac-IATA-cmk complex, but it is cova-
lently bound to the inhibitor. In summary, these observations collec-
tively indicate that the role of HI150 in catalysis may be more
dynamic than previously thought and may extend beyond oxyanion
hole formation.

Water access to the catalytic site—a key open question

To better understand intramembrane proteolysis, one of the key
aspects to consider is the mechanism of water supply to the catalytic
site immersed in the hydrophobic environment of the lipid bilayer. It
was recently proposed, based on molecular dynamics and mutagene-
sis data, that GlpG employs a specific mechanism to channel water
molecules from bulk solution to an internal ‘water retention site’
near the catalytic dyad (Zhou et al, 2012). Our structural data are
consistent with this concept and offer a plausible mechanistic inter-
pretation based on several observations. First, the ‘water retention
site’ forms a continuous cavity with the S1 subsite of GlpG. Although
the whole cavity is quite large, only alanine and to lower extent also
cysteine or serine are accepted in the P1 position of the substrate.
One explanation could be that the strongly negative electrostatic
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potential of this cavity (Supplementary Fig S6) disfavours binding of
negatively charged residues and residues with longer aliphatic side
chains than that of alanine. Polar natural amino acids other than
serine are likely to be either too large to be accommodated (K, R, H)
or might engage in hydrogen bonds to the water molecules inside the
retention site, thus perturbing the described dynamic hydrogen
bonding network (Zhou et al, 2012). Such interference could result
in (i) structural destabilisation of the enzyme-substrate complex or
(ii) impaired catalysis as water molecules may not effectively access
the catalytic site to be used in the deacylation step. The latter mecha-
nism is experimentally testable, since one would predict that a
substrate with a P1 residue of a suitable character larger than an
alanine could be trapped at the acyl-enzyme stage, bound to the cata-
Iytic serine. However, given the structural restrains of the cavity and
the structural properties of genetically encoded amino acids, testing
this hypothesis might require the use of unnatural amino acids. Our
structural analyses also rationalise why glycine is poorly tolerated in
the P1 position of a substrate and the corresponding peptidyl-CMK.
The poor tolerance cannot be due to steric hindrance because glycine
has no side chain, but it can be caused by a higher degree of rota-
tional freedom endowed by glycine, which could prevent optimal
alignment of the ligand’s polypeptide chain for hydrogen bonding to
the L3 loop backbone in a parallel p-strand and productive exposure
of the scissile bond to the catalytic residues.

A second observation relates to glutamine 189 that had been
proposed to channel water molecules to the water retention site
(besides 5185, H141 and S181). The side chain of the P3 residue of
the substrate/inhibitor points directly at Q189 (Fig 3D). We can thus
speculate that substitution of the P3 alanine in Ac-IATA-cmk by a
residue that can either sterically interfere with Q189 (e.g. W in
Fig 2A) or form direct or water-mediated hydrogen bonds with
Q189 (e.g. D, E, N in Fig 2A) could result in a loss of proteolytic
activity due to the interference with water channelling into the
retention site. Third, residue M249 from the L5 loop protrudes right
in between Q189 and water molecules in the water retention site,
again potentially interfering with water channelling to the water
retention site. Upon ligand binding, the L5 loop is displaced, and the
position of M249 side chain is adopted by the side chain of A250,
which may ‘unblock’ the pathway from Q189 to the water retention
site (Fig 5C). Although necessarily speculative, the mechanism of
water access control supported by the above observations deserves
further investigation, also because if proven correct it could repre-
sent a unique rhomboid-specific mechanism exploitable in the
design of selective rhomboid inhibitors.

L1 loop—a prominent feature of the rhomboid
fold—binds substrate

We find that the S4 subsite of GlpG is, unexpectedly, formed by a
patch of hydrophobic but solvent-exposed residues from the L1 loop.
This interaction surface is plastic, and substitution of the P4 residue
requires adjustment of residues in the S4 subsite to maximise the
number of van der Waals contacts and preserve catalytic efficiency
(Fig 4). Notably, the only other structurally characterised rhomboid,
GIpG from Haemophillus influenzae (Lemieux et al, 2007), contains
a similar solvent-exposed hydrophobic patch formed mainly by L61
(EcGlpG equivalent F146), V59 (EcGlpG eq. M144) and M35 (EcGlpG
eq. MI120) (Supplementary Fig S9A), allowing for substrate
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interactions comparable to the ones observed in the 5S4 subsite of
EcGIpG (Supplementary Fig $9B). In fact, most GlpG homologues
harbour hydrophobic residues at the positions corresponding to
F146, M144 and M120 of EcGlpG (Supplementary Fig S9C), suggest-
ing that this specificity feature is more widely conserved.

Given how large and diverse the rhomboid protease family is
[less than 15% of sequence identity in the conserved region (Koonin
et al, 2003)], it is expected that substrate specificity and S4 subsite
preferences may differ among phylogenetic clusters of rhomboids.
Nevertheless, some key features of rhomboid architecture are likely
to be used for a similar purpose even in distant homologues. It has
been recently suggested that rhomboids are dimeric (Sampathkumar
et al, 2012), and that natural substrates induce dimer-dependent
allosteric activation of the enzyme (Arutyunova et al, 2014). The
molecular details of the dimerisation interface and the basis for the
allosteric regulation are unknown (Strisovsky & Freeman, 2014),
but it is attractive to speculate that either of them may involve the
L1 loop. Notably, this region of rhomboid architecture, topologically
corresponding to the L1 loop, is present in Derlins, and has
expanded in size and been conserved in iRhoms (called iRhom
homology domain) (Lemberg & Freeman, 2007). Taking the implica-
tions of our work evolutionarily further, we speculate that the L1
loop region may have evolved for the interaction with client
proteins also in iRhoms and other proteins of the rhomboid-like
superfamily (Freeman, 2014).

Materials and Methods
Chemical synthesis

Peptidyl-chloromethylketone inhibitors were prepared by coupling
of the protected N-a-acetyl-peptide fragment and the corresponding
chloromethylketone derived from the C-terminal (P1) amino acid
synthesised analogously with previously described methods
(Thomson & Denniss, 1973; Owen & Voorheis, 1976; Jahreis et al,
1984; Hauske et al, 2009). Acidolabile tert-butyl type groups were
used for protection of side chain functionalities. The resulting
peptidyl-chlomethylketones were then deprotected by trifluoro-
acetic acid and purified by reversed-phase HPLC. Identity of all
compounds was confirmed by mass spectrometry on Waters Micro-
mass ZQ ESCi multimode ionisation mass-spectrometer, using ESI-
ionisation method (ESI-MS) and NMR (Bruker AV-400 MHz, data
collected at room temperature). Stability of the compounds in
aqueous buffers was analysed by reversed-phase HPLC with UV and
ESI-MS detection (Supplementary Fig S1), and their solubility was
checked using Millipore low-binding hydrophilic centrifugal filters
and HPLC with UV detection. Full experimental details on chemical
synthesis and analytical characterisation of all synthesised
compounds are included in Supplementary Information.

Protein expression and purification

Recombinant GIpG core domain for crystallography was expressed,
solubilised in n-decyl-p-D-maltoside (DM, Anatrace) and purified
essentially as described (Wang et al, 2006; Vinothkumar et al,
2010) with minor modifications detailed in the Supplementary
Information. For purification of full-length GlpG used in inhibition

The EMBO Journal

Structures of rhomboid: substrate—peptide complexes

Sebastian Zoll et al

assays, n-dodecyl-p-D-maltoside (DDM, Anatrace) was used instead
of DM. Imidazole from the Ni-NTA elution buffer was removed by
dialysis into the rhomboid reaction buffer (50 mM Tris (pH 7.4),
100 mM NaCl, 25 mM EDTA, 10% (v/v) glycerol and 0.05% (w/v)
DDM). Purification of GlpG mutants (S201A, H254A, Fl146l and
F146A) was performed in the same way. The recombinant chimeric
substrate based on TatA TMD was expressed in glpG knock-out
E. coli and purified by Ni-NTA and amylose affinity chromatography
as described (Strisovsky et al, 2009).

Rhomboid activity assays

To analyse sequence preferences of GIpG, the panel of P. stuartii
TatA mutants in positions 4-8 (Strisovsky et al, 2009) was PCR-
amplified and in vitro-transcribed and translated in the presence of
radioactive [**S]-L-Met as described (Strisovsky et al, 2009) with
minor modifications detailed in the Supplementary Information. All
mutant TatA variants were used at equimolar concentrations as
judged by autoradiography. The substrates were exposed to purified
recombinant full-length GIpG (20 ng/pl) in 16-pl reactions in a
buffer containing 50 mM HEPES pH 7.4, 0.5 M NaCl, 10% (v/v)
glycerol, 5 mM EDTA and 0.05% (w/v) DDM. After 40 min incuba-
tion at 37°C, the reactions were stopped by transfer on ice and addi-
tion of SDS-PAGE sample buffer. Reaction products were separated
on 12% BisTris-MES SDS-PAGE (NuPAGE, Invitrogen),
substrate conversion was analysed by radiography and densitometry
as described (Strisovsky et al, 2009) using ImageQuant 8.0 software
(GE Healthcare).

For evaluating GIpG activity in vivo, recombinant chimeric MBP-
TatAtmd-Trx substrates (Strisovsky et al, 2009) were expressed in
the wild-type E. coli MC4100 encoding endogenous GIpG and in its
glpG::tet mutant derivative at 37°C under conditions specified in the
Supplementary Information, and 3 h after induction, substrate
cleavage was analysed by Western blotting.

and

Inhibition assays

For inhibition assays, the purified MBP-TatAtmd-Trx fusion protein
encompassing amino acids 1-50 of P. stuartii TatA (Strisovsky et al,
2009) was used as substrate. Purified full-length GlpG (5.4 pM) was
preincubated with peptidyl-chloromethylketone inhibitors at differ-
ent concentrations (50-700 uM) for 3 h at 37°C in reaction buffer
containing 50 mM Tris (pH 7.4), 100 mM NaCl, 25 mM EDTA,
10 % (v/v) glycerol and 0.05 % (v/v) DDM. The cleavage reaction
was started by adding substrate in fivefold molar excess over the
enzyme, and let proceed for 30 min at 37°C, after which it was
stopped by the addition of SDS-PAGE sample buffer and transfer on
ice. Reaction products were resolved by 4-20% Tris-Glycine SDS-
PAGE (Bio-Rad) and Coomassie stained (Instant Blue, Expedeon,
UK). Substrate conversion was quantified densitometrically from
the scanned stained gels using the ImageQuant 8.0 software (GE
Healthcare).

Crystallisation and structure solution
For co-crystallisation, N-terminally truncated GlpG core domain was

complexed with chloromethylketone inhibitors overnight. Excess
inhibitor was then removed using desalting columns packed with
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Sephadex G-25 (PD-10, GE Healthcare), and the completion of
complex formation was confirmed by MALDI-MS. The complex was
concentrated to 6 mg/ml, mixed with crystallisation buffer in a 1:1
ratio and crystallised by the sitting drop method at 20°C. Crystal
diffraction was measured at 100 K using synchrotron radiation at
BESSY (Berlin, Germany) and ESRF (Grenoble, France), and struc-
tures were solved using molecular replacement. For detailed crystal-
lisation, freezing and measurement conditions and for details on
structure solution and refinement, see Supplementary Information.
Figures were generated with PyMol (Schrodinger, 2012).

Methods for plasmids and mutagenesis and modelling of the
Michaelis complex are fully described in Supplementary Informa-
tion.

Accession codes

The coordinates of the X-ray structures presented in this paper have
been deposited with the Protein Data Bank under identifiers 4Q02,
4QO00 and 4QNZ.

Supplementary information for this article is available online:
http://femboj.embopress.org
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6.2 Sensitive versatile fluorogenic transmembrane peptide substrates for
rhomboid intramembrane proteases

Background

Rhomboid-like superfamily is widespread and conserved in all domains of life. Its
members participate in important biological processes like EGF receptor signaling, membrane
protein quality control and mitochondrial dynamics. This makes them potential drug targets,
but their potent and selective inhibitors were still missing. Unfortunately, current methods of
studying rhomboid activity in vitro were incompatible with high-throughput screening and
detailed kinetic analysis. To fill this gap, we designed a robust fluorogenic transmembrane

peptide substrate platform for continuous activity assays.
Summary

We used the second transmembrane helix of the polytopic membrane protein LacY
(LacYTM2) as a basis for the development of an internally quenched transmembrane
fluorogenic substrate with positions P5 and P4’ replaced by Glu-EDANS and Lys-DABCYL.
The LacYTM?2 substrate was cleaved most efficiently by four diverse rhomboid proteases
from all the tested model substrates. The fluorogenic transmembrane substrates derived from
LacYTM2 can be used both in detergent micelles and in liposomes (Figure 19), without losing
their helical structure. The use of the EDANS-DABCYL fluorophore-quencher pair and the
red-shifted fluorophores such as carboxytetramethylrhodamine (TAMRA) makes these
substrates applicable in high-throughput screening. Importantly, the cleavage efficiency and
selectivity of this substrate can be dramatically increased by mutations of its residues at the P5

to P1 positions, enabling design of tailor-made substrate variants for individual rhomboids.
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Figure 19: Activity of GlpG in liposomes detected by the KSp35 fluorogenic substrate.
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Rhomboid intramembrane proteases are evolutionarily
widespread and regulate important biological processes includ-
ing growth factor secretion (1, 2), mitochondrial dynamics (3),
invasion of the malaria parasite (4), and membrane protein
quality control (5). Rhomboid proteases are increasingly being
explored as potential drug targets (6-9), but their selective and
potent inhibitors are lacking (reviewed in Ref, 10). Rhomboid
inhibitor discovery and development are complicated by the
lack of widely usable and easily modifiable in vitro activity
assays.

Rhomboid activity assays have traditionally relied on recom-
binant transmembrane protein substrates and gel-based read-
outs, but such assays are unsuitable for high-throughput
screening. A fluorogenic substrate for the Providencia stuartii
rhomboid protease AarA lacking most of the transmembrane
domain of the parent substrate Gurken is cleaved very poorly by
other rhomboids including the main model rhomboid protease
GlpG of Escherichia coli (11). Other published variants of fluo-
rogenic substrates can be used only in liposomes (12) or involve
large fluorescent protein moieties making them dependent on
expression in a biological system and photochemically less vari-
able (13), which may be important for high-throughput screen-
ing of compound libraries where bright red-shifted fluoro-
phores are preferred (14). Moreover, each of the described
rhomboid substrates has been used only with one or two related
rhomboid proteases, and a strategy to design widely usable or
specific substrates has been lacking. Other types of activity
assays employing MALDI mass spectrometry (15) and fluores-
cence polarization (16) have been reported, but MALDI is a
low-throughput method that requires sophisticated instru-
mentation, and fluorescence polarization assays are based on
competition of small molecular activity probes with inhibitors
and are prone to detergent artifacts (16), making both of these
methods unfit for routine kinetics measurements or high-
throughput screening.

In view of these limitations, we have sought to develop a
robust fluorogenic transmembrane peptide substrate platform
for continuous activity assays that would capture all the native
enzyme-substrate interactions, be applicable to both the deter-
gent micelle system and liposomes, and would be easily adapt-
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FIGURE 1. Identification of a widely accepted transmembrane substrate for rhomboid proteases. A, comparison of cleavage efficiency of model sub-
strates LacYTM2, Gurken, TatA, and Spitz by bacterial rhomboid proteases GlpG (E. coli), AarA (P. stuartii), YqgP (B. subtilis), and BtioR3 (B. thetaiotaomicron) in
vitro. Equal concentrations of purified recombinant substrates were exposed to purified recombinant rhomboid proteases. Cleavage products were separated
by SDS-PAGE, stained, and quantified densitometrically to determine initial reaction rates, which were converted to molar catalytic activities to allow compar-
isons. Displayed values are representative of two independent experiments. B, cleavage of synthetic LacYTM2 transmembrane peptide KSp31 by GIpG. Purified
synthetic peptide KSp31 was incubated with purified recombinant GIpG or its inactive mutant S201T in the presence of 0.05% (w/v) DDM, and the reaction
mixtures were analyzed by MALDI mass spectrometry. The theoretical molecular masses of the expected cleavage products at the native cleavage site are
denoted below the peptide sequence, and unambiguously match those experimentally determined and displayed in the mass spectra. The star-marked peak
with molecular mass of 1893.3 is an unidentified minor contaminant in the preparation of KSp31. C, monitoring of cleavage of peptide substrate KSp31 by
rhomboid protease GlpG using CE. The N-terminal cleavage product (P) of KSp31 was separated by free-flow CE in the background electrolyte composed of 100
mm H;PO, and 69 mm Tris, pH 2.5, in bare fused silica capillary at separation voltage +25 kV. Samples for CE were prepared by mixing 20 pl of reaction mixture
at selected reaction times (0—-90 min) with 2 pl of 2.2 mm tyramine (7) as an internal standard. Samples were injected into the capillary by 20 mbar pressure for
10 s. Quantitative analysis was based on the ratio of corrected (migration time normalized) peak areas of peptides of interest and the internal standard.
Analyses were performed in triplicate. P, cleaved N-terminal peptide; X, system peak. D, the importance of the transmembrane domain of the substrate for its
recognition and cleavage by rhomboid. A series of synthetic peptides covering LacYTM2 with progressive truncations of its transmembrane domain from the
C terminus was exposed to GlpG and initial rates of cleavage were quantified by capillary electrophoresis as denoted in panel C.

able to diverse rhomboid proteases. Because solid phase syn-
thesis of transmembrane peptides and their purification are
non-trivial, and their solution behavior often unpredictable, we
place emphasis on choosing a robust system and characterizing
it thoroughly, and present a generalizable framework for rhom-
boid substrate design.

Results and Discussion

LacYTM2 Is a Widely Accepted Rhomboid Substrate—To
identify a substrate widely accepted by diverse rhomboid pro-
teases, we have measured the efficiency of cleavage of four com-
mon model rhomboid substrate transmembrane domains
(P. stuartii TatA, Drosophila melanogaster Gurken and Spitz,
and E. coli LacYTM2) embedded in a chimeric construct by

2704 JOURNAL OF BIOLOGICAL CHEMISTRY

four unrelated rhomboid proteases (E. coli GlpG, Bacillus sub-
tilis YqgP, P. stuartii AarA, and Bacteroides thetaiotaomicron
rhomboid 3 (BtioR3)) (Fig. 1A). Comparison of the efficiencies of
cleavage (molar catalytic activities) revealed that the substrate con-
taining the second transmembrane (TM)® helix of E. coli LacY
protein (LacYTM2) (17) was the most “promiscuous” substrate.
Although it is well accepted that the region around the scis-
sile bond, mainly P4 to P2', is key for the turnover efficiency of

®The abbreviations used are: TM, transmembrane; DDM, n-dodecyl-B-o-
maltopyranoside; DM, n-decyl-B-o-maltopyranoside; CMC, critical micellar
concentration; LUV, large unilamellar vesicles ; MBP, maltose-binding pro-
tein; TAMRA, tetramethylrhodamine; CE, capillary electrophoresis; BGE,
background electrolyte.
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FIGURE 2. Fluorogenictransmembrane peptide substrate based on LacYTM2. A, fluorogenic variant of the LacYTM2 transmembrane helix-derived peptide
(KSp31) with the P5 and P4’ positions replaced by Glu-EDANS and Lys-DABCYL, respectively, yielding fluorogenic substrate KSp35. B, solubility of KSp35in 16
mwm detergents DDM, DM, and nonyl glucoside (NG) and at 1 mm DDM. Note that the concentration of DDM micelles is about 100 wm at 16 mm DDM and about
10 pm at 1 mm DDM. The peptide was dissolved to the indicated concentration by dilution from a 10 mm stock solution in DMSO, and after a 2-h incubation at
37 °C the solution was centrifuged at 21,130 X g for 20 min. The absorbance of the supernatant at 455 nm indicated the concentration of the chromophore in
solution. C, circular dichroism spectra of LacYTM2-derived transmembrane peptide KSp31 and its fluorogenic variant KSp35 in detergent micelles. Peptides
were reconstituted into 0.5% (w/v) DDM to 135 um (KSp31) and 82 um (KSp35) concentrations. The spectra show similarly significant helical content for both
peptides. D, identification of the cleavage site in KSp35 by GIpG. Purified 95 um KSp35 was incubated with 26 um GlpG for 20 h and analyzed by MALDI. The red
peak of the mass of 2993.7 corresponds well to the expected size of the C-terminal cleavage product of 2990.690. The second peak lower by 130 Da is visible
in both the blue and red traces is probably a deletion product of chemical synthesis lacking a C-terminal lysine. This variant has proven difficult to purify away,
butit is cleaved by GlpG and probably does not influence the kinetics properties of the substrate significantly (see Fig. 1D). £, excitation and emission spectra
of KSp35 and their change upon cleavage by rhomboid GlpG measured in detergent micelles. The spectra of 10 um KSp35 substrate in reaction buffer (20 mm
HEPES, pH 7.4, 150 mm NaCl, 0.05% (w/v) DDM, 10% (v/v) DMSO) were measured at 37 °C. Excitation wavelengths ranged from 235 to 435 nm with a 10-nm
increment and the emission was measured at 493 nm. The emission wavelengths ranged from 365 to 595 nm with a 10-nm increment and excitation at 335 nm.

rhomboid substrates (12, 18), the role of the TM domain of the
substrate for recognition and catalysis by rhomboid is less well
understood. We have thus next evaluated the importance of the
transmembrane region of LacYTM?2 for the recognition by
E. coli GIpG, the main model rhomboid protease, by synthesiz-
ing a peptide covering the whole transmembrane region and
adjacent juxtamembrane segments of LacYTM2, and a series of
its C terminally truncated variants. The full-length LacYTM?2
transmembrane peptide KSp31 was cleaved by GlpG efficiently
and highly specifically at the expected Ser-Asp cleavage site
(Fig. 1B). The kinetics of cleavage were monitored by capillary
electrophoresis (Fig. 1C). The cleavage rate decreased signifi-
cantly upon truncating the TM helix of LacYTM2 peptide by
more than 5 amino acids from the C terminus (Fig. 1D), sug-
gesting that most of the TM domain of the substrate is impor-
tant for the interaction with and recognition by rhomboid.
Thus, to develop a widely accepted fluorogenic substrate that
would faithfully mimic all the relevant enzyme-substrate inter-
actions including the intramembrane ones, we have used the
full-length LacYTM2 transmembrane domain peptide KSp31
as a starting point.

Fluorogenic Transmembrane Peptide Substrate Based on
LacYTM2, Basic Properties—To generate a fluorogenic variant
of the LacYTM2 peptide, we have replaced the P5 and P4 posi-
tions in KSp31 by Glu-EDANS and Lys-DABCYL to yield
~ASBMB
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KSp35 (Fig. 2A). Previously published mutagenic analyses show
that these positions are not critical for recognition by rhomboid
(18, 19), and they are sufficiently close for Forster resonance
energy transfer (FRET) to occur. The KSp35 peptide was solu-
ble up to 500 pm (Fig. 2B) in frequently used detergents at 16
mMm decyl maltoside (DM), nonyl glucoside (NG), and dodecyl
maltoside (DDM). At a total DDM concentration of 16 mMm
(0.82%(w/v)), the concentration of micelles is about 110 pm,
suggesting a partitioning ratio of more than 1 molecule of the
substrate per micelle. When DDM was kept at only 1 mm (0.05%
(w/v)) total concentration, which yields about 6-10 um
micelles, the solubility of KSp35 became limited to about 100
™ (Fig. 2B), indicating that the upper limit of the partitioning
ratio is about 10 —20 molecules of KSp35 per DDM micelle. The
solubility of KSp35 in the absence of detergent was negligible
(not shown). Circular dichroism of KSp35 in 0.5% (w/v) DDM
(Fig. 2C) showed a significant content of «a-helical structure
(61 = 18%), which is consistent with the transmembrane char-
acter of the peptide and comparable with the helical content of
the parent peptide KSp31 (54 = 15%). Cleavage of KSp35 by
GlpG occurred at the expected cleavage site (Fig. 2D), and was
accompanied by an increase in fluorescence at 495 nm (Fig. 2E),
demonstrating that FRET between the donor and acceptor is
occurring in the uncleaved peptide. Collectively, the above
results show that KSp35 is a realistic model reflecting all the
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important interactions between a rhomboid protease and its
transmembrane substrate.

Kinetic Characterization of the LacYTM2-based Substrate
KSp35 in Detergent Micelle Systern—In the detergent-solubi-
lized state, most commonly used to study the biochemistry of
intramembrane proteolysis, the reaction catalyzed by rhom-
boid protease occurs in detergent micelles due to the hydro-
phobicity of both enzyme and substrate. The system is thus
microheterogeneous, the effective concentrations of the reac-
tants depend on the volume of the micellar milieu and on the
partitioning of reaction components between free solution and
the micelles. To characterize the kinetic behavior of the new
fluorogenic transmembrane substrates in light of these features
of the micellar system, steady-state kinetics was measured with
10 pM substrate, 0.4 um enzyme, and 0.05% (w/v) DDM, always
keeping the concentrations of two components constant and
varying the third one around the stated values. At 0.05% (w/v)
DDM, the concentration of detergent monomers is 980 pm and
micelle concentration about 6-10 pwm, calculated assuming
critical micellar concentration (CMC) of 0.17 mm (20) and
aggregation number between 78 and 149 (20). The molar ratio
of enzyme:substrate:micelles is thus 4:100:60-100. In these
conditions, assuming that all the reaction partners are evenly
distributed among micelles, the average number of substrate
molecules per micelle is about 1.5, and only up to 4% of micelles
carry an enzyme molecule (micelles containing more than one
enzyme molecule are strongly improbable).

The cleavage reactions were started by either mixing two
preheated solutions containing substrate or enzyme preincu-
bated with detergent, or adding the DMSO-dissolved substrate
into the rest of the preheated reaction mixture. In either case,
progress curves are linear from the beginning, which implies
that the redistribution of the adsorbed molecules among the
micelles is significantly faster than substrate cleavage itself. In
accordance with this, the reaction rate is proportional to
enzyme concentration within the 0-0.6 um range (Fig. 3A4).
Within this concentration range, few enzyme molecules are
randomly distributed among many more micelles, providing in
principle equal conditions for each enzyme molecule. A similar
principle can also explain the observation that the dependence
of the reaction rate on substrate concentration is linear in the
0-4 pM range (Fig. 3B). At the upper limit of 4 uM substrate, all
micelles can be populated by one (or less likely more) substrate
molecule, the linear dependence, furthermore, suggests that
this substrate concentration is still below the apparent Michae-
lis constant of this process.

An important phenomenon is observed when the depen-
dence of the initial rate on detergent concentration is mea-
sured. At concentrations above the CMC, the reaction rate rap-
idly decreases as DDM concentration grows (Fig. 3C), without
an obvious impact on the secondary structure content of GlpG
(Fig. 3D), suggesting that the effect is caused primarily by the
increase in the volume of the micellar phase and consequent
decrease of the effective concentrations of both substrate and
enzyme. Indeed, mathematical consideration suggests that
when substrate and enzyme concentrations are significantly
lower than the concentration of micelles (i.e. at high DDM con-
centrations), the probability of location of a substrate molecule

2706 JOURNAL OF BIOLOGICAL CHEMISTRY

on the same micelle as the enzyme molecule is inversely pro-
portional to the concentration of DDM. Under these condi-
tions, the fraction of substrate-occupied micelles, f;,,, is equal
to the ratio of the numbers of substrate molecules, #(S), and
micelles n(M).

fau = n(S)/n(M) (Eq.1)
The mean number of micelles occupied by both the enzyme and
substrate molecules, n(ESM), is then given by this fraction mul-
tiplied by the number of enzyme molecules n(E).

n(ESM) = foy X n(E) = n(S) X n(E)/n(M) (Eq. 2)

Hence, when the DDM concentration is increased at con-
stant 1(S) and n(E), then n(ESM) reflecting the reaction rate
decreases in accord with the growing value of n(M). This causes
the proportional decrease of the reaction rate (in other words,
the reaction rate is proportional to [DDM] '). To inspect
whether this model is correct, one can conveniently determine
the power of the measured rate dependence on DDM concen-
tration by taking a logarithm of the data from Fig. 3C (log &” =
n X log a). The logarithmic plot (Fig. 3C, open circles, right and
upper axes) can be satisfyingly (R* = 0.9974) fitted by a second-
order polynomial, yielding equation: y = —0.1436x> — 0.3906x +
2.8852, whose derivative y' = —0.2872x — 0.3906 indicates the
power of DDM concentration on which the reaction rate
depends. This analysis shows that for high DDM concentra-
tions the derivative indeed tends to —1 (forx = 2, " = —0.965;
thus rate ~[DDM] '), which is in accordance with the above
assumption, whereas for the lower end of DDM concentrations
the absolute value of the power decreases (for x = 0, y' =
—0.3906; thus rate ~[DDM]~%%). This is consistent with a
model that upon decreasing the detergent concentration (while
still being above the CMC), the density of the adsorbed mole-
cules in the micellar phase increases, whereas total concen-
tration of micelles decreases, which leads to less frequent
collisions between them and thus less effective redistribution
of the adsorbed molecules among the micelles. Possibly, the
redistribution efficiency might also be insufficient because of the
higher reaction rate caused by the higher reactant concentrations.

Although the reaction kinetics of intramembrane proteases
in liposomes has been described in terms of interfacial kinetics
(12, 21), that is, expressing the kinetic constants in relationship
to the volume or molar fraction of the lipidic phase, (22, 23), the
kinetic effects related to the reaction occurring in detergent
micelles have surprisingly not yet been considered in enzyme
kinetics studies on rhomboid proteases (12, 13) nor other
intramembrane proteases, yet they are evidently important for
the interpretation of kinetics measurements. Our data show
that for reliable and meaningful measurement of apparent
Michaelis-Menten kinetics parameters, the micelle concentra-
tion must not be limiting the solubility of the substrate, and the
detergent concentration must be kept constant. The latter
point also means that having a stock solution of the substrate
dissolved in detergent (at a higher concentration than intended
in the reaction mixture, which frequently can occur during
purification and concentration) may lead to underestimation of
reaction rates at high substrate concentrations due to a possibly
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FIGURE 3. Kinetic characterization of fluorogenic transmembrane peptide substrate KSp35 in the detergent micelle system. A, dependence of the initial
reaction rate on enzyme concentration. The fluorogenic substrate KSp35 (10 um) was incubated with varying concentrations of GIpG in a reaction buffer
composed of 20 mm HEPES, pH 7.4, 150 mm NacCl, 0.05% (w/v) DDM, and 10% (v/v) DMSO, and initial reaction rates were measured by following fluorescence
at 493 nm. The displayed values are means from duplicate measurements with 2 x 5.D. B, dependence of the initial reaction rate on substrate concentration.
The rhomboid protease GlpG (0.4 um) was incubated with varying concentrations of the fluorogenic substrate KSp35 in a reaction buffer composed of 20 mm
HEPES, pH 7.4, 150 mm NaCl, 0.05% (w/v) DDM, 10% (v/v) DMSO, and the initial reaction rates were measured by following fluorescence at 493 nm. Represent-
ative values from one of three independent experiments are shown. C, dependence of the initial reaction rate on detergent concentration (solid circles, left and
lower axes). The fluorogenic substrate KSp35 (10 um) was incubated with 0.4 um GlpG at varying concentrations of DDMin a reaction buffer composed of 20 mm
HEPES, pH 7.4, 150 mm NaCl, 10% (v/v) DMSO, and initial reaction rates were measured by following fluorescence at 493 nm. Representative values from one
of three independent experiments are shown. The open circles (right and upper axes) represent the same plot at the logarithmic scale. When this plot is fitted

by second-order polynomial, the equation y = —0.1436x> — 0.3906x + 2.8852 is obtained, the derivative of which, y' = —0.2872x — 0.3906, is equal to the
power of DDM concentration with which the reaction rate decreases. For high DDM concentrations the derivative tends to — 1 (forx = 2,y' = —0.965), whereas
for lower DDM concentrations the absolute value of the power decreases (forx = 0,y’ = —0.3906). D, overall secondary structure of GlpG is not affected by high

concentrations of DDM. CD spectra of GlIpG at 0.05, 0.5, and 5% (w/v) (98 mm) DDM were recorded and show no variation in the secondary structure content of
GlpG depending on DDM concentration. E, the pH dependence of GIpG activity on the LacYTM2-derived chimeric substrate MBP-LacYTM2-Trx. The substrate
(2 pm) was incubated with 0.1 um GIpG in a broad pH range buffer (38) composed of 40 mm H;PO,, 40 mm CH,COOH, and 40 mm H,BO, adjusted to pH values
between 2 and 12, and initial reaction rates were measured by SDS-PAGE and densitometry as described under “Experimental Procedures.” F, the pH depen-
dence of cleavage of the fluorogenic LacYTM2-derived substrate KSp35 by GlpG. The substrate (10 um) was incubated with 0.4 um GIpG in a broad pH range
buffer (38) composed of 40 mm H,PO,,, 40 mm CH,COOH, and 40 mm H,BO; adjusted to pH values between 2 and 12, and initial reaction rates were measured
by recording fluorescence at 493 nm. G, selectivity of the fluorogenic substrate KSp35 for diverse bacterial rhomboid proteases. The purified recombinant
rhomboid proteases GIpG, AarA, YqgP (all at 0.4 um), and BtioR3 (at 0.04 um) were incubated with 10 um KSp35 in a reaction buffer composed of 20 mm HEPES,
pH 7.4, 150 mm NacCl, 0.05% (w/v) DDM, and 10% (v/v) DMSO, and progress curves were measured by recording the increase in fluorescence at 493 nm.

significant increase of detergent concentration in the final reac-  that used in the final assay buffer. The transmembrane sub-
tion mixture, as shown in Fig. 3C. This could result in pseudo-  strates presented in this article, generated by chemical synthe-
Michaelis kinetics and yield falsely low K, values. Practical sis, are in principle avoiding this problem, because their stock
implications are that 1) exact detergent concentrations mustbe  solutions are detergent-free dissolved in anhydrous dimethyl
known in any kinetics measurements, and 2) it is advantageous  sulfoxide. Alternatively, they can be reconstituted into a deter-
to have the substrate stock solution dissolved in a detergent- gent of choice via disaggregation in hexafluoroisopropanol, as
free medium or at a detergent concentration lower or equal to  described by Deber et al. (24).
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FIGURE 4. The use of the transmembrane peptide substrate in liposomes. A, KSp35 was reconstituted into liposomes (LUVs) formed from E. coli polar lipid
extract in the presence of GlpG or its inactive mutant S201A at pH 4.0. The resulting large unilamellar vesicles were analyzed by SDS-PAGE. B, the shape,
lamellarity, and approximate size distribution of the KSp35-+GIpG containing proteoliposomes formed at pH 4.0 were characterized by transmission electron
microscopy. G, the integration of KSp35 into liposomes and its secondary structure content were analyzed by electronic CD. The substrate KSp35 (3 M) was
reconstituted with 2 mg/ml of E. coli polar lipid extract yielding an approximate peptide:lipid weight ratio of 1:500. D, activity of GIpG in liposomes detected by
the KSp35 fluorogenic substrate. The substrate was co-reconstituted with wild type GIpG or its S201A/H254A mutant in a 30:1 molar ratio into LUVs made of
E. coli polar lipid extract at pH 4.0, proteoliposomes were collected by ultracentrifugation and resuspended in 10 mm HEPES, 150 mm NaCl, pH 7.4, to start the
cleavage reaction, which was then followed by measuring fluorescence at 493 nm. E, wild type GIpG or its H150A/H254A mutant were co-reconstituted with
the substrate KSp35 in a 30:1 molar ratio into LUVs made of E. coli polar lipid extract at pH 4.0, proteoliposomes were collected by ultracentrifugation,
resuspended in 50 mm sodium acetate, 150 mm NaCl, pH 4.0, and fluorescence was followed at 493 nm.

The pH dependence of cleavage rate of the unmodified
LacYTM2 transmembrane segment in the context of an MBP-
thioredoxin fusion protein shows a relatively broad maximum
around pH 9, with substantial activity of GlpG between pH 6
and 11 and negligible activity below pH 4 and at pH 12 (Fig. 3E),
which is largely in agreement with previous studies (12, 13). The
dependence of the cleavage rate of KSp35 on pH also shows that
GlpG is completely inactive at pH values below and up to 4, but
the initial reaction rate of KSp35 cleavage then appears to grow
up to pH 12 (Fig. 3F). This effect cannot be ascribed to the
pH-dependent change of EDANS fluorescence (data not
shown), and could possibly be due to effects of pH on the con-
formational dynamics of KSp35. However, this is not a concern
because in most cases measurements are performed at a physi-
ologicaly relevant pH near neutral. The apparent catalytic effi-
ciency k,,/K,, of GlpG against KSp35 measured at pH 7.4 and
0.05%(w/v) DDM is (2.0 = 0.5) X 10 ® min ' um ', which is
comparable with the values reported for the TatA substrate by
Dickey et al. (12) and Arutyunova et al. (13) obtained in similar
conditions. Importantly, the LacYTM2-derived fluorogenic pep-
tide substrate KSp35 is cleaved efficiently by unrelated recombi-
nantly purified bacterial rhomboids GlpG, AarA, and BtioR3, and
modestly by YqgP (Fig. 3G), which demonstrates its wide usability,
surpassing any other currently available rhomboid substrates.

Use of the Transmembrane Peptide Substrate in Liposomes—
Because the natural environment of rhomboid proteases is the
lipid membrane, we next tested whether the fluorogenic pep-
tide substrate KSp35 can also be used in liposomes. We co-re-
constituted KSp35 with GlpG or its inactive mutant S201A/
H254A at pH 4 into large unilamellar vesicles (LUVs) formed
from E. coli polar lipid extract, and confirmed the composition
of the resulting proteoliposomes by SDS-PAGE (Fig. 44). Neg-
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ative stain transmission electron microscopy showed that both
empty LUVs and proteoliposomes containing KSp35 in the
presence or absence of GlpG or its inactive mutant S201A/
H254A had similar morphology and size distribution both at
pH 7 and 4 (Fig. 4B). The CD spectrum of LUV-reconstituted
KSp35 showed helicity of 50 * 14% (Fig. 4C), which is consis-
tent with its transmembrane helix prediction. GlpG is inactive
at pH 4 (Fig. 3, £ and F), and, consistently, fluorescence of pro-
teoliposomes containing KSp35 and GlpG at pH 4 was at a
constant background level (Fig. 4E). Upon neutralization to pH
7.4, time-dependent increase of fluorescence at 495 nm was
observed in the presence of wild type GlpG but not in the pres-
ence of its active-site mutant S201A/H254A (Fig. 4D). These
results collectively demonstrate that the LacY TM2-based fluo-
rogenic transmembrane substrate KSp35 is widely usable both
in detergent micelles or liposomes and with diverse rhomboid
proteases.

A Red-shifted Variant of the Fluorogenic Transmembrane
Substrate for Rhomboids—Large compound libraries for high-
throughput screening can often contain compounds that
absorb in the UV region (14), and fluorogenic substrates oper-
ating at red-shifted wavelengths are less affected by such com-
pound interference. Because EDANS is excited in the UV
region, and is thus prone to interference in library screening, we
have modified the LacYTM2 peptide backbone by instead
attaching the red-shifted TAMRA fluorophore to a Lys intro-
duced into the P5 position and a compatible dark quencher
QXL610 to a Cys introduced into the P4’ position (Fig. 54) to
yield KSp76. This red-shifted fluorogenic substrate is cleaved
by several bacterial rhomboid proteases with efficiencies simi-
lar to its UV variant KSp35. The apparent catalytic efficiency
ko/K,,, of GIpG cleaving KSp76 is (1.6 = 0.5) X 10 * min '
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FIGURE 5. Red-shifted variant of the LacYTM2-based fluorogenic sub-
strate. A, modification of Lys in the P5 position of KSp31 by the red-shifted
TAMRA fluorophore and P4’ Cys by a dark quencher QXL610 yields highly
fluorogenic substrate KSp76 that is efficiently cleaved by rhomboid proteases
GlpG, AarA, YqgP, and BtioR3 at identical concentrations to those used in Fig.
3G. Excitation wavelength was 553 nm, and emission was followed at 583 nm.
B, the red-shifted fluorogenic substrate KSp76 allows measurement of inhibi-
tion by compounds that absorb in the UV region, such as isocoumarin, and is
thus suitable for high-throughput screening. The dose-response curves of the
chloromethylketone ISKAcmk, B-lactam L42, andisocoumarin S037 weremea-
sured after a 60-min preincubation of enzyme with inhibitor. The curves were
fitted in GraFit 7 to yield apparent IC,, values.

1000

um Y, which is similar to the EDANS variant KSp35 ((2.0 =
0.5) ¥ 10" * min~ ' pum~ ') under identical reaction conditions
within experimental error (Fig. 6C). The utility of this red-
shifted variant of the LacY TM2 substrate is demonstrated by
measuring the inhibition curves of chloromethylketone
ISKA-cmk (19), B-lactam L42 (11), and isocoumarin S037
(25, 26). Using a 60-min enzyme + inhibitor preincubation
time, the measurements yielded apparent IC., values of
370 = 38,12.4 = 1.6, and 0.64 £ 0.08 um, respectively (Fig.
5B), which are largely in agreement with published values
measured in other assay systems and otherwise comparable
conditions (11, 15, 19).

Efficiency and Selectivity of the Substrates Can Be Tuned by
Varying Their Non-prime Side Amino Acid Sequence—One of
the problems with current rhomboid protease assays is that
there has been little rationale about how to modify the sub-
strates to improve their kinetic properties and adapt them for
different rhomboid proteases. Recent enzymatic analyses (12,
18) have shown that the region between the P4 and P2’ residues
determines the k_,, of the cleavage reaction, suggesting that
selective substrates for rhomboids could be designed by modi-
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fying the P4 to P2’ region appropriately. A recent mutagenic
study of the TatA substrate and structural analysis of a derived
rhomboid-substrate-peptide complex revealed amino acids at
the P5 to P1 positions of TatA that are preferred by GlpG (19).
We tested the impact of these substitutions in the context of the
LacYTM2 substrate.

Although single mutations of the P5 amino acid to the pre-
ferred Arg, P4 amino acid to Val, and P2 amino acid to His did
not improve the cleavage of the purified recombinant MBP-
LacYTM2-Trx substrate in vitro, mutation of the P1 amino acid
to Ala improved the cleavage of mutant 7-fold, and mutation of
the P3 residue to Arg improved the cleavage of mutant 16-fold
(Fig. 6A). Combining all five mutations yielded a mutant sub-
strate (RVRHA) that was cleaved 64-fold better than the wild
type substrate (Fig. 6A4), which shows that the effects of the
preferred substitutions are additive. When analyzed for cleav-
age in vive, it turns out that already the wild type MBP-
LacYTM?2-Trx substrate is such a good substrate of GlpG that it
is turned over from 94% (Fig. 6B). The effects of the preferred
P5 to P1 mutations thus cannot be assessed in this context as
they all exhibit similarly high steady-state turnover (Fig. 6B).

To test this effect in our fluorogenic substrates, we have
modified the TAMRA-based LacYTM2-derived fluorogenic
substrate by changing the P5 to P1 segment from HISKS to
RVRHA to yield KSp64, and compared the kinetic properties of
both substrates. The analysis revealed that catalytic efficiency
k_/K,, of GlpG cleaving KSp64 is (3.7 = 0.4) X 1072 min~*
pum !, which is 23-fold higher than that of the original red-
shifted LacYTM2 substrate KSp76 ((1.6 = 0.5) % 10 min '
v~ 1) (Fig. 6C). The impact of the modifications of the P5 to P1
region on selectivity against other bacterial rhomboid proteases
is particularly striking (Fig. 6D), with the initial reaction rate of
KSp64 cleavage by GlpG being about 50-fold higher than that of
AarA (measured from data displayed in Fig. 60) and even
higher for the other tested rhomboid proteases, revealing a
straightforward strategy for designing selective rhomboid
substrates.

In summary, we report novel sensitive versatile fluorogenic
transmembrane peptide substrates for rhomboid intramem-
brane proteases that are usable both in detergent micelles and
liposomes, are cleaved by diverse rhomboid proteases, and con-
tain a red-shifted fluorophore suitable for high-throughput
screening assays. Furthermore, we provide a strategy how to
adapt these substrates to individual rhomboid proteases by
modifying their P5 to P1 residues, and we demonstrate that
controlling the detergent concentration is important for
obtaining accurate kinetic data. We expect that the substrates
we describe and sequence variants thereof will enable facile
detection of activity and development of inhibitors of rhomboid
proteases.

Experimental Procedures

General Biochemicals—Lipids were from Avanti Polar Lipids,
detergents from Anatrace, buffers and other biochemicals were
from Sigma or other suppliers as specified below.

DNA Constructs and Cloning—The expression constructs for
rhomboid proteases GlpG, YqgP, and AarA and chimeric MBP-
TMD-Trx substrate constructs where TMD = LacYTM2, Gur-
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FIGURE 6. The effect of non-prime side substitutions on the catalytic parameters and selectivity of rhomboid substrates. A, preferred amino acids in the
P5 to P1 positions of the LacYTM2 transmembrane substrate improve its cleavage by GIpG. The LacYTM2 embedded in the MBP-thioredoxin chimera (18) was
point-mutated in the P5 to P1 positions according to the sequence preferences of E. coli GIpG (19). The recombinant substrates were expressed in E. coli AglpG,
purified, and molar catalytic activity of GlpG in cleaving each of the substrates was determined using gel-based assay (see “Experimental Procedures” for
details). The concentration of substrate was always 1.47 uM, concentration of DDM was 0.5%(w/v), the concentration of GIpG was 0.8 um for wild type substrate
(HISKS). and for the RISKS, HVSKS, and HISHS mutants the concentration was 0.08 um for the HISKA mutant and 0.016 um for the HIRKS and RVRHA variants (to
ensure reliable measurement of the initial reaction rate). Representative values from one of three independent experiments are shown. B, the effects of the
preferred amino acids in the P5 to P1 region of LacYTM2 on the steady-state level of cleavage by GIpG in biological membranes in vive. Plasmids encoding
individual mutant versions of the chimeric mutant LacYTM2 substrates described above were transformed into E. coli MC4100 expressing endogenous GlpG,
and 2 h after induction of expression of the substrates, the cell lysates were analyzed by immunoblotting using antibody against His tag, located at the C
terminus of the constructs. Detection by near-infrared laser scanning, exhibiting linearity over 6 orders of magnitude, enabled reliable quantitation. Integration
of product and substrate band intensities yielded steady-state substrate conversion values that are listed below the image. A representative experiment is
displayed. C, apparent kinetic parameters of fluorogenic rhomboid substrates derived from LacYTM2. Initial reaction rates at very low substrate concentrations
were used to calculate catalytic efficiency values (k_,/K,,) of substrates KSp35, KSp64, and Ksp76 cleaved by GIpG at 0.5% (w/v) DDM. The reaction buffer was
20 mmHEPES, pH 7.4, 150 mm NaCl, 10% (v/v) DMSO, enzyme concentration was 0.4 um, and substrate concentration ranged from 0.5 to 20 um. Note thata mere
optimization of the P5 to P1 region of the substrate increases the catalytic efficiency (k_,./K,,,) of its cleavage by GIpG by 23-fold. D, influence of the optimization
ofthe P5toP1 region on the selectivity of a transmembrane substrate for rhomboids. KSp76 underwent cleavage by rhomboid proteases GlpG, AarA, YqgP, and
BtioR3 at the same concentrations as described in the legends to Figs. 3G and 5A. Note that optimization of the P5 to P1 region of the substrate increases the
selectivity for GIpG dramatically.

ken, TatA, or Spitz as described previously (18). The expression
construct for rhomboid protease BtioR3 was generated by PCR
amplification of the entire ORF encoding the Q8A3X2 (Uniprot
ID) protein from B. thetaiotaomicron genomic DNA (pur-
chased from ATCC), and its cloning as a C terminally His-
tagged construct into pET25b+ M as described previously (27).
Mutations of the TatA and LacYTM2 recognition motif in the
MBP-TMD-Trx construct were generated by overlap assembly
PCR (28) and isothermal assembly (29). All constructs were
verified by DNA sequencing.

Chemical Synthesis—All reagents were acquired from com-
mercial sources and used without purification. Protected
amino acids and amino acid derivatives were purchased from
Iris Biotech (Marktredwitz, Germany). Trimellitic anhydride
and 3-dimethylaminophenol were from Sigma, QXL610 vinyl-
sulfone was from AnaSpec (Fremont, CA), and N-(9-fluorenyl)
methoxycarbonyl (Fmoc)-Glu(EDANS)-OH from Merck
KGaA (Darmstadt, Germany). The detailed synthetic proce-
dures, analytical methods, and compound characterization
data are included in the supporting information.

2710 JOURNAL OF BIOLOGICAL CHEMISTRY

Protein Expression and Purification—Bacterial rhomboid
proteases AarA, GlpG, BtioR3, and YqgP and the active site
mutant GIpG.S201A were overexpressed in E. coli C41(DE3)
(30) as full-length, C terminally His-tagged proteins from a
modified pET25b+ vector (27). The cultures were grown at
37 °Cin LB medium to A, of 0.4 and induced by 1 mm isopro-
pyl 1-thio-B-p-galactopyranoside. The expression was contin-
ued overnight at 20 °C. Cells were harvested, resuspended in
buffer A (25 mm HEPES, pH 7.4, 100 mnm NaCl, 10%(v/v) glyc-
erol, 1 mm PMSF), and lysed by 2 to 3 passes through Avestin
EmulsiFlex-C3. Cell debris was removed by a low-speed centrif-
ugation. Cellular membranes were isolated by a 2-h centrifuga-
tion at 100,000 X g and were solubilized in 1.5%(w/v) DDM
(solubilization grade, Anatrace) in Buffer B (25 mm HEPES, pH
7.4, 300 mm NaCl, 10%(v/v) glycerol, 10 mm imidazole, EDTA-
free Complete Protease Inhibitor mixture (Roche Applied Sci-
ence)) at room temperature for 1 h. Solubilized proteins were
isolated by centrifugation at 100,000 X g for 30 min and loaded
onto nickel-nitrilotriacetic acid HiTrap IMAC HP 1-ml col-
umns (GE Healthcare). Nonspecifically bound proteins were
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washed off with Buffer C (25 mm HEPES, pH 7.4, 300 mm NaCl,
10% (v/v) glycerol, 0.05% (w/v) DDM) containing 10, 50, and
125 mM imidazole. The protein was eluted with Buffer C con-
taining 250 to 500 mm imidazole. The peak fractions were
buffer exchanged into 25 mm HEPES, pH 7.4, 150 mm NacCl,
10% (v/v) glycerol, and 0.05% (w/v) DDM on a HiPrep 26/10
desalting column (GE Healthcare). If needed, proteins were
concentrated using Vivaspin ultrafiltration spin cells with
30-kDa MWCO. Protein concentration was determined from
absorbance at 280 nm, and the final concentration of DDM was
determined as described (31).

Capillary Electrophoresis (CE)—Analyses of standard pep-
tides and enzymatically cleaved peptide substrates were per-
formed on an Agilent CE 7100 instrument (Agilent, Wald-
bronn, Germany) equipped with photodiode array UV-visible
detector operating in the 190-600 nm range. Electrophero-
grams were acquired at 192, 205, and 214 nm and absorbance
data at 192 nm were selected for quantitative evaluation due to
the highest signal to noise ratio. CE analyses were carried out in
a bare fused silica capillary with polyimide outer coating (inter-
nal diameter 50 wm, outer diameter 375 pum, effective length to
the detector 40 cm, total length 48.5 ¢cm, supplied by Polymicro
Technologies, Phoenix, AZ). Peptides were analyzed as cations
in acidic background electrolyte (BGE) composed of 100 mm
H;PO,, 69 mm Tris, pH 2.5. For highly hydrophobic peptides,
this BGE was modified by the addition of 0.05% (w/v) DDM.
The temperature of the air-cooled capillary was set to 20 °C and
the sample carousel was kept at the same temperature using a
circulating water bath. Prior to each CE run, the capillary was
successively washed with 100 mm sodium dodecyl sulfate, eth-
anol, 1 m NaOH, water, 1 M HCI, and the BGE, to remove any
possible carryover of hydrophobic peptides and detergents
from the previous run. All washes were done at 8 bar pressure
for 30 s. Peptide standards used for identification of cleavage
products were solubilized in DMSO at 1 mum concentration and
mixed with 50 mm HEPES buffer containing 0.05% (w/v) DDM,
resulting in 50 pm peptide concentration.

The enzymatic cleavage reactions were carried out in 20 mm
HEPES, pH 7.4, with 0.05%(w/v) DDM and 10% (v/v) DMSO,
with 250 pm peptide substrate and 2.6 pm full-length GlpG at
37 °C. To measure the initial reaction rates, fractions were col-
lected every 15 min for up to 2 h and the reaction was termi-
nated by the addition of 10 mm HCI. Samples for CE were pre-
pared by mixing 20 ul of peptide solutions with 2 pul of 2.2 mm
tyramine (internal standard for quantitative analysis). Sample
solutions were injected into the capillary by 20 mbar pressure
for 10 s. Separations were performed at +25 kV (anode at the
capillary injection end). The electrode vessels were replenished
with fresh BGE after each run. All analyses were performed in
triplicate. Quantitative analysis was based on the ratio of cor-
rected (migration time normalized) peak areas of peptides of
interest and the internal standard (tyramine) (32).

Mass Spectrometry—The analysis of enzymatic cleavage
products of transmembrane peptides was carried out using
MALDI-TOF mass spectrometry on an UltrafleXtreme™
MALDI-TOF/TQOF mass spectrometer (Bruker Daltonics, Ger-
many) with a-cyano-4-hydroxycinnamic acid matrix using a
thin-layer method (33). For routine quality control during pep-
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tide synthesis, mass spectra were acquired on a Waters Micro-
mass ZQ ESCi multimode ionization mass spectrometer, and
LTQ Orbitrap XL (Thermo Fisher Scientific) for HR-MS exper-
iments, in both cases using ESI(+) ionization.

Gel-based Assay for Rhomboid Activity—For gel-based assays
used in Fig. 1, the purified recombinant full-length maltose-
binding protein thioredoxin fusion proteins harboring the
transmembrane domains of TatA, LacYTM2, Gurken, and
Spitz (18) were used as substrates. The reaction was carried out
in 50 mm Tris, pH 7.4, 100 mm NaCl, 10% (v/v) glycerol, 0.05%
(w/v) DDM, and 5 uM substrate. Enzyme concentrations varied
to ensure adequate conditions for measurement of initial reac-
tion rates for each enzyme-substrate combination. Time
courses were measured by withdrawing 10-pul aliquots from the
reaction mixture after 10, 20, 30, 40, 50, 60, and 120 min from
the start of the reaction, and stopping the reaction by the
addition of SDS-PAGE sample buffer. The reaction mixtures
were analyzed by SDS-PAGE, Coomassie staining (Instant-
Blue, Expedeon, UK), and densitometry as described (19),
and initial reaction rates were converted to molar catalytic
activities defined as the number of substrate molecules con-
verted by a molecule of the enzyme per unit of time (consis-
tent with the definition by IUPAC (34, 35)). Variations in
conditions used for measurements in Fig. 6 are denoted in
the figure legend.

The in vivo assay of rhomboid activity was carried out essen-
tially as described (19). Cleavage products were detected by
SDS-PAGE and Western blotting using primary anti-penta-His
mouse monoclonal antibody (Thermo) and IRDye 800CW goat
anti-mouse fluorescent secondary antibody (LiCor). Densitom-
etry was done in ImageStudio software (LiCor) and substrate
conversion («) was calculated from band intensities as «, _
IP]/[S] + [P], where [P] and [S] are product and substrate con-
centrations at time 7, which are proportional to the fluores-
cence intensity of the product and substrate bands at time T,
because the monoclonal antibody binds to the substrate or
product in a constant molar ratio irrespective of their molecular
weights,

Fluorescence Assay for Rhomboid Activity—The fluorescence
assay of rhomboid activity was performed at 37 °C in 96-well
black HTS plates (Greiner Bio-One). The reaction conditions
were typically as follows: 20 mm HEPES, pH 7.4, 150 mm NaCl,
0.05% (w/v) DDM, 12% (v/v) DMSO, and 10 um fluorogenic
peptide substrate in a final volume of 50 ul, unless noted oth-
erwise. Concentrations of stock solutions of peptide sub-
strates and inhibitors (if applicable) were determined by
quantitative amino acid analysis. Fluorescence was read con-
tinuously in a plate reader (Tecan Infinite M1000). Excita-
tion and emission wavelengths were 335 and 493 nm, respec-
tively, for the EDANS-DABCYL substrate, and 553 and 583
nm for the TAMRA-QXL610 substrates. Data were evalu-
ated in i-Control (Tecan), Excel (Microsoft), GraphPad
Prism 7 (GraphPad Software, Inc.), and GraFit 7 (Erithacus
Software, Ltd.) software.

Inhibition Assays—The inhibition assay was carried out in 20
mm HEPES, pH 7.4, 150 mm NaCl, 12% (v/v) DMSO, 0.05%
(w/v) DDM at 37 °C in 96-well black HTS plates (Greiner Bio-
one). Purified recombinant full-length GlpG (0.4 um) was pre-
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incubated with each inhibitor at different concentrations for 1 h
at 37 °C. The cleavage reaction was started by adding 10 um
KSp76 and fluorescence was read continuously to measure ini-
tial reaction rates as described above.

Reconstitution into Liposomes—E. coli polar lipids (20 mg),
with optionally 0.1 mg of Lissamine Rhodamine B-labeled phos-
phatidylethanolamine (16:0) (Avanti Polar Lipids) added for
visibility, were dried in a glass test tube by manual rotation
under a nitrogen stream. Residual traces of solvent were
removed by overnight incubation in a vacuum chamber
(Binder). The resulting lipid film was hydrated in 5 ml of 50 mm
acetate, 150 mm NaCl, pH 4.0, by 2 min vortexing followed by a
1-h incubation in a horizontal shaker at 200 rpm and 37 °C, and
3 cycles of freezing in liquid nitrogen and thawing in a 37 °C
water bath. The lipid suspension was then extruded through a
200-nm pore membrane by 19 strokes in an Avanti Mini
Extruder (Avanti Polar Lipids).

For reconstitution of proteins and peptides into liposomes,
these unilamellar LUVs were solubilized in DM to a final ratio
of 1.5:1 detergent:lipid, and incubated for 1 h at room temper-
ature under gentle rotation. This mixture was diluted to a final
lipid concentration of 2 mg/ml in 50 mm acetate, 150 mm NaCl,
pH 4.0, and protein (GlpG or its inactive mutant) dissolved in
detergent was added to a final concentration of 8 pg/ml; alter-
natively, the stock solution of substrate peptide KSp35 in
DMSO was diluted to 10 ps. The resulting mixture was incu-
bated at room temperature for 1 h under gentle mixing by
inversion. Detergent was removed by overnight dialysis against
500-fold excess of 50 mm acetate, 150 mm NaCl, pH 4, followed
by 5 h dialysis against 500-fold excess the same buffer, using
10-kDa MWCO dialysis membranes, which allowed recon-
stitution of proteoliposomes. These were extruded through
200-nm pore filters 9 times to ensure reproducible size distri-
bution and lamellarity. These final proteoliposomes were har-
vested by ultracentrifugation (250,000 X g for 1 h at 4 °C), and
resuspended in 10 mm HEPES, pH 7.4, 150 mm NaCl to a con-
centration of about 33 mg/ml of lipids. The morphology and
size distribution of proteoliposomes was analyzed by electron
microscopy.

Transmission Electron Microscopy—Liposome samples were
negatively stained with 2% phosphotungstic acid on carbon-
coated electron microscopy grids and analyzed with a JEOL
JEM-1011 device at 80 kV beam acceleration voltage.

CD Spectroscopy—Protein and peptide samples were dis-
solved in 50 mum phosphate buffer at the indicated concentra-
tions and in the presence of detergent as indicated, or reconsti-
tuted in LUVs made of E. coli polar lipids and extruded by
100-nm filters to minimize light scattering. Electronic circular
dichroism spectra were collected by a Jasco 815 spectrometer
(Tokyo, Japan) in the spectral 195-280 nm range using a cylin-
drical 0.02-cm quartz cell with 0.1-nm step resolution, 5
nm/min scanning speed, 16 s response time, and 1 nm spectral
band. After baseline correction, the spectra were expressed as
molar ellipticity per residue 6 (deg cm® dmol '). Numerical
analysis of the secondary structure and secondary structure
assignment were performed using a CDPro software package
and CONTIN program (36, 37).
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6.3 General and modular strategy for designing potent, selective, and
pharmacologically compliant inhibitors of rhomboid proteases

Background

Function of rhomboid proteases is associated with diseases like Parkinson’s disease,
malaria and cancer. Their usage as therapeutic targets is limited by the lack of suitable
inhibitors that could be used in biological studies and as templates for further drug
development. To fill this gap in search for efficient rhomboid inhibitors, we tested inhibition

potency of oligopeptides equipped with electrophilic warheads.
Summary

We discovered that peptidyl-o-ketoamides substituted at the ketoamide nitrogen by
hydrophobic groups are potent rhomboid inhibitors active in the nanomolar range. These
inhibitors bind the enzyme covalently, in a substrate-like manner, and the inhibition is
selective and reversible. We also showed that excellent properties of these inhibitors, which
work well also in vivo (Figure 20), can be tailored for individual rhomboid enzymes by an
optimization of the peptide sequence and by choosing a suitable ketoamide substituent. Thus,

we developed a platform for the design of specific and potent rhomboid inhibitors.
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Figure 20: Inhibition of endogenous GlpG by compound No 11 in the membranes of live E.
coli.

My contribution
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In Brief

Ticha et al. discover rhomboid protease
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pharmacologically compliant chemotype
and can thus serve as hitherto unavailable
specific tools for cell biology or can yield
lead compounds targeting rhomboids in
medically relevant contexts such as
malaria or Parkinson’s disease.
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SUMMARY

Rhomboid-family intramembrane proteases regulate
important biological processes and have been asso-
ciated with malaria, cancer, and Parkinson’s disease.
However, due to the lack of potent, selective, and
pharmacologically compliant inhibitors, the wide
therapeutic potential of rhomboids is currently un-
tapped. Here, we bridge this gap by discovering
that peptidyl a-ketoamides substituted at the ketoa-
mide nitrogen by hydrophobic groups are potent
rhomboid inhibitors active in the nanomolar range,
surpassing the currently used rhomboid inhibitors
by up to three orders of magnitude. Such peptidyl ke-
toamides show selectivity for rhomboids, leaving
most human serine hydrolases unaffected. Crystal
structures show that these compounds bind the
active site of rhomboid covalently and in a sub-
strate-like manner, and kinetic analysis reveals their
reversible, slow-binding, non-competitive mecha-
nism. Since ketoamides are clinically used pharma-
cophores, our findings uncover a straightforward
modular way for the design of specific inhibitors of
rhomboid proteases, which can be widely applicable
in cell biology and drug discovery.

INTRODUCTION

Rhomboid intramembrane proteases are evolutionarily con-
served proteins with numerous important biological functions,
including growth factor secretion, regulation of mitochondrial dy-

o

G) CrossMark

namics, and membrane protein quality control (Fleig et al., 2012).
As such, they are being increasingly explored as potential drug
targets, for example, for malaria (Baker et al., 2006; Lin et al.,
2013, O’Donnell et al., 20086), cancer (Song et al., 2015), Parkin-
son’s disease (Meissner et al., 2015), and diabetes (reviewed in
Chan and McQuibban, 2013). These efforts are, however, hin-
dered by the lack of selective and potent rhomboid inhibitors
that could be used for cell biological studies, validation of thera-
peutic potential of rhomboids, and as templates for drug devel-
opment (Strisovsky, 2016a). As explained elsewhere in more
detail (Strisovsky, 2016a), the currently used inhibitors of rhom-
boid proteases suffer from drawbacks, making them unsuitable
for these purposes. Isocoumarins are highly reactive and lack
selectivity (Harper et al., 1985; Powers et al., 2002; Powers
et al., 1989), B-lactams have limited potency in vivo (half maximal
inhibitory concentration [ICsq] ~5-10 uM) (Pierrat et al., 2011),
and f-lactones are not very potent (apparent ICgsq of ~40 pM)
(Wolf et al., 2013). Furthermore, no rational strategy for modula-
tion of their selectivity exists for any of these inhibitor classes.
Here, we address both of these bottlenecks.

The principles of the mechanism and specificity of a protease
determine to a large extent the strategies for inhibitor develop-
ment (Drag and Salvesen, 2010). Rhomboids are serine prote-
ases with a Ser-His catalytic dyad (Wang et al., 2006), and they
recognize their transmembrane substrates in a two-tier process.
Itis assumed that first a portion of the transmembrane domain of
the substrate docks into an intramembrane interaction site of
rhomboid within the plane of the lipid bilayer, upon which a linear
segment of the substrate (possibly generated by local unfolding
of the top of the substrate’s transmembrane helix) interacts with
the water-exposed active site (reviewed in Strisovsky, 2016a;
Strisovsky, 2013). This “recognition motif" encompasses the
P4 to P2’ (Schechter and Berger, 1967) residues of the substrate
(Strisovsky et al., 2009), it largely determines the k., of the

Cell Chemical Biology 24, 1523-1536, December 21, 2017 © 2017 The Authors. Published by Elsevier Ltd. 1523
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reaction (Dickey et al., 2013), and thus modulates selectivity to-
ward a given rhomboid protease (Ticha et al., 2017). Recent re-
ports have shown that peptidyl chloromethylketones (Zoll et al.,
2014) and peptidyl aldehydes (Cho et al., 2016) are weakly inhib-
iting rhomboid proteases at medium to high micromolar concen-
trations, but they lack selectivity and their potency is insufficient
for use as research tools.

Inspired by the current knowledge of the rhomboid protease
mechanism (reviewed in Strisovsky, 2016a), we set out to
explore the chemical space of oligopeptides equipped with
electrophilic warheads in search of new rhomboid inhibitors of
greater potency. Our systematic analysis resulted in the dis-
covery of a modular scaffold based on peptidyl-ketoamide
substituted with hydrophobic groups that represents a novel
class of potent and selective rhomboid inhibitors. The in vivo ac-
tivity of these compounds is in the low nanomolar range, whichis
up to three orders of magnitude more potent than any other
currently known rhomboid inhibitors. Furthermore, we gained
insight into the mode of binding of peptidyl ketoamides by solv-
ing their co-crystal structures with rhomboid protease, and we
present strategies to modify their selectivity and potency on a
systematic basis. We expect this compound class to find a wide-
spread use in cell biology in rhomboid protease related contexts
and to provide templates for the development of drugs targeting
rhomboid proteases.

RESULTS

The Potency of Substrate-Derived Peptidyl
Chloromethylketone Inhibitors Can be Markedly
Enhanced by Optimizing the Amino Acid Sequence of
the P5 to P1 Region

Rhomboid proteases exhibit discernible sequence preferences
in the P5 to P2’ region of their substrates (Strisovsky et al.,
2009; Zoll et al., 2014). To gain insight into these preferences
and their possible interactions, we have generated tetra- and
pentapeptidyl chloromethylketones (CMK or cmk henceforth)
harboring amino acids preferred in positions P5 to P1 by the
Escherichia coli rhomboid GIpG (GIpG henceforth), using the
sequence background of the Providencia TatA (Stevenson
et al.,, 2007), represented by the parent compound Ac-IATA-
cmk. We measured the inhibitory properties of this series of
compounds using a newly developed in vitro assay employing
a fluorogenic transmembrane peptide substrate (Ticha et al.,
2017) that faithfully represents a native rhomboid substrate.
The effects of the mutations were additive, and the inhibitor
containing the most favored amino acids in positions P5 to P1
(Ac-RVRHA-cmk) is approximately 26-fold more potent than
the parent compound Ac-IATA-cmk (Figure 1A).

To provide mechanistic explanation for the observed increase
in inhibitory potency, we determined the structures of GIpG in
complex with Ac-RVRHA-cmk and Ac-VRHA-cmk (Figure 1B).
The side chain of Arg in the P5 position of Ac-RVRHA-cmk could
not be modeled due to poor electron density, and the two struc-
tures are otherwise virtually identical; superposition of all corre-
sponding Cz atoms yields a root-mean-square deviation of
0.19 A per atom (using the SSM method as implemented in
CCP4MG v2.10.4; Krissinel and Henrick, 2004; Mitchell et al.,
1990). Both inhibitors interact with the L3 and L5 loops via

1524 Cell Chemical Biology 24, 1523-1536, December 21, 2017

main-chain hydrogen bonds, and via hydrogen bonds involving
the side chains of the strongly preferred Arg and His in the P3
and P2 position, respectively (Figure 1C). These interactions
are not observed in the structure of the parent compound Ac-
IATA-cmk (Zoll et al., 2014), suggesting that they contribute to
the higher potency of Ac-RVRHA-cmk and Ac-VRHA-cmk over
Ac-IATA-cmk. The interactions of the residues in the P4, P3,
and P2 positions with the enzyme are structurally independent,
explaining why the effects of substitutions in these positions
are additive (Figure 1A). The overall binding mode of both com-
pounds into the rhomboid active site is similar to the binding
mode of peptide aldehyde Ac-VRMA-cho (Cho et al., 2016)
(Figure 1D). Collectively, these data show that rhomboid subsite
preferences are additive in the context of an active site targeted
inhibitor and that sequence optimization in this region can signif-
icantly increase the inhibitory potency of the compounds.

A Screen of Covalent Reversible Warheads for Inhibition
of Rhomboid

Since the sequence-optimized chloromethylketones are poor in-
hibitors with low micromolar ICsy, we searched for alternative,
more suitable electrophilic warheads that might improve the
inhibitory potency. Furthermore, we reasoned that extending
the inhibitor to the prime side of the active site might offer addi-
tional binding energy. We therefore synthesized a series of com-
pounds based on the Ac-RVRHA sequence equipped with a se-
lection of electrophilic, reversibly binding warheads commonly
used for serine proteases in pharmacological settings (reviewed
in Hedstrom, 2002; Walker and Lynas, 2001), including trifluoro-
methylketones, boronates, acylsulfonamides, thiazolylketones,
and ketoamides (Figure 2), the last three of which can be
extended into the prime side. We measured the apparent ICso
values of these compounds, and while trifluoromethylketones,
acylsulfonamides, and thiazolylketones showed none or very
weak inhibition in the millimolar range, the apparent ICsq of the
boronate was 8 uM and of the ketoamide 203 uM under identical
reaction conditions (Figure 2). Although the peptidyl boronate
was the best of the series, it was still a relatively weak inhibitor
comparable with the parent chloromethylketone, and it was
not clear how to further improve its potency. The ketoamide
was about 25-fold less potent, but since it could be extended
to the prime side by a modification at the ketoamide nitrogen
(Chatterjee et al., 1999; Liu et al., 2004), we next focused our
attention on this class of compounds.

Extensions at the Prime Side of Peptidyl Ketoamides
Greatly Enhance Their Inhibitory Potency

We hypothesized that extending the peptidyl ketoamides to the
prime side of the active site might increase their potency, since
the P2’ residue (hydrophobic in case of GIpG) was shown to be
important for substrate recognition by rhomboids (Dickey
et al., 2013; Strisovsky et al., 2009), and interactions of the sub-
strate transmembrane domain beyond P2’ potentiate substrate
cleavage in a detergent micelle assay (Ticha et al., 2017). We
synthesized a series of peptidyl ketoamides based on the Ac-
RVRHA sequence, bearing a mostly hydrophobic “tail” of
increasing size at the ketoamide nitrogen (Figure 3A) that could
reach far into the prime side of the rhomboid active site. The
tail substituent indeed had a dramatic effect on the potency of
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Figure 1. The Potency of Substrate-Derived Inhibitors Can be Improved by Modifying the Amino acid Sequence of the P5 to P1 Region

(A) The parent inhibitor Ac-IATA-cmk was modified by introducing strongly preferred amino acids (Zoll et al., 2014) into the P4, P3, P2, and P5 positions to yield the
listed compounds. Their apparent ICsp values were measured with 1 hr preincubation using 10 uM fluorogenic substrate KSp35 and 0.05% (w/v) DDM. The
reported values are best-fit means with SD representative of 2-3 measurements.

(B) The sequence-optimized peptidyl chloromethylketones were soaked into the native crystals of GIpG and structures of the complexes were solved by X-ray
diffraction (for statistics, see Table 51). In the displayed structures, the catalytic dyad is shown as yellow sticks and the inhibitors are shown as green sticks
surrounded by the 2mF,, — DF, electron density map contoured at 1 and shown 1.6 A around the stick model. Note that in the Ac-RVRHA-cmk structure (right),
the side chain of the Arg residue in the P5 position of the inhibitor has not been modeled due to poor or missing electron density peaks.

(C) Interactions of RVRHA-cmk with GlpG were analyzed by Ligplot+ (Laskowski and Swindells, 2011). Ligands are shown as thick sticks with carbons in green,
proteins as thin sticks with carbons in gray, hydrogen bonds as yellow dashed lines, and amino acids involved in van der Waals contacts are highlighted as
transparent surfaces. The inhibitor forms covalent bonds with S201 and H254 via the chloromethylketone warhead, and it hydrogen bonds with the backbone of
residues 196-198 from the L3 loop and residues 248-250 from the LS loop. van der Waals contacts with the inhibitor are formed by the residues from the L3 loop of
GIpG, by $193 and Q189 from TMD3, and by F146 and M120 from the L1 loop that pack against the Val side chain of the P4 position of the inhibitor, as observed
previously (Zoll et al., 2014).

(D) The conformations of peptide inhibitors bound to the active site of GlpG were compared by performing structural alignment of the complexes of VRHAcmk
(PDB: 5MT7), RVRHAcmk (PDB: 5MT8), IATAcmk (PDB: 4Q02), and VRMAcho (PDB: 5F5B) in PyMOL (Schrodinger, 2012). Note that the structure of RVRHAcmk
suggests where the P5 amino acid points, but the density for this side chain is not visible beyond its p-carbon. The backbone of the ligands in all complexes has
virtually identical conformation with the exception of the distortion of the oxyanion by the chloromethylketone, and the biggest differences are found in the
conformation of the P2 side chain, which is not surprising, because almost any side chain can be accommodated in this position (Zoll et al., 2014).

the inhibitors in vitro (Figure 3A). The most effective compound of
the series, bearing a 4-phenyl-butyl tail (compound 11), already
displayed about 1,000-fold lower ICs, than the parent compound
1. The ICs of 11 reaches half of the enzyme concentration used
in the assay, suggesting that 11 is a potent inhibitor of GIpG.
Next, we examined the relative importance of the peptidyl part
for the inhibitory potency. We generated a series of progressively
N-terminally truncated variants of 9 and measured their inhibitory
potency against GlpG (Figure 3B). Removing the P5 Arg from 9to
yield 12 had virtually no effect on IC5q (0.44 versus 0.55 pM),

while removing the P5 and P4 residues in 13 led to a ~20-fold
decrease in potency in comparison with the parent compound
9 (ICs0 changes from 0.44 to 9 uM). Removing three residues
(from P5 to P3) in 14 led to a dramatic ~150-fold loss of potency,
yielding a weak inhibitor with about 65 pM ICsg, and the absence
of the P5 to P2 residues in 15 resulted in a total ~2,250-fold
reduction in potency compared with 9 and ICsq higher than
1 mM. This experiment demonstrates that the non-prime (P4 to
P1) and prime sides of the inhibitor contribute to its potency
almost equally. The P5 residue can be omitted with only a
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Figure 2. A Screen of Electrophilic Warheads for the Inhibition of
Rhomboid Proteases

The optimized parent sequence Ac-RVRHA was linked to electrophilic war-
heads commonly used for targeting serine proteases (reviewed in Hedstrom,
2002; Walker and Lynas, 2001). The apparent ICg, values of the compounds
were measured in 0.05% DDM using 10 uM substrate KSp35 (Ticha et al,,
2017) with 1 hr preincubation. Given are the mean values of 2-3 mea-
surements.

marginal effect on inhibitory potency, which can be probably
compensated by a suitable prime side tail substituent.

Ketoamides are known to be covalent reversible inhibitors of
soluble serine proteases with a classical catalytic triad (Liu
et al., 2004). Since rhomboids are unusual serine proteases us-
ing only a Ser-His dyad for catalysis (Wang et al., 2006), we
investigated the mechanism of rhomboid inhibition by these
compounds more closely. Progress curves measured at varying
inhibitor concentrations (Figure 4A) had biphasic character;
especially at the highest inhibitor concentrations tested, the re-
action rate decreased over approximately the first hour and
became more or less constant over the next hour (Figures 4A
and 4B). This indicates that inhibition was time dependent,
which is typical for slow-binding inhibitors (Copeland, 2013b).
In addition, upon rapid dilution of inhibitor-saturated enzyme to
a subinhibitory concentration, the reaction rate was partially
recovered (Figure 4C), together indicating that peptidyl ketoa-
mides exhibit slow-binding reversible behavior (Copeland,
2013a; Singh et al., 2011).

The slow-binding reversible inhibition mechanism can be
formally divided into two steps. First, an initial encounter com-
plex (El) forms, and then a slow step leads to the much more sta-
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ble EI* complex (E + | < El < EI*), usually involving a significant
conformational change of the enzyme (Copeland, 2013a). To
analyze the contribution of each of these two steps to the mech-
anism of inhibition of rhomboids by peptidyl ketoamides, we
investigated the concentration and time dependence of inhibi-
tion kinetics by 10. The “bending” of biphasic progress curves
(Figures 4A and 4B) reflects the rate of “onset of inhibition™
described by the rate constant k.u,s, Which can be obtained
from progress curve data using non-linear fitting to Equation 1:

[Pl= vet+ 1 — exp( — Kowst)],

i=ve) (Equation 1)
kobs

where [P] is the concentration of the reaction products, v; is the
initial reaction rate in the first phase of the biphasic progress
curve, and v, is the steady-state reaction rate (Figure 4B). Anal-
ysis of progress curves from Figure 4A showed that v, was
independent of inhibitor concentration, and the plot of kg
against inhibitor concentration fitted well to a linear dependence
(Figure 4D). Both phenomena are typical for simple (single-step)
slow-binding inhibition (E + | < EIl) (Figure 4D); in other words,
peptidyl ketoamides behave as “regular” reversible inhibitors
but with very low rate constants for association and dissociation
(Copeland, 2013a; Morrison, 1982), leading to the slow-binding
kinetics. The application of this model yields the apparent inhib-
itory constant K™ (i.e., not taking into account the inhibition mo-
dality and the influence of the substrate) for 10 of (123 + 47) nM
(Figure 4D).

The true inhibitory constant K;, which is an important, sub-
strate-independent property of an inhibitor, can be calculated
from the apparent inhibitory constant K*°, depending on the
inhibitory modality and kinetic parameters of the substrate
used. Global non-linear regression fitting of Michaelis curves
measured in the presence of increasing concentrations of 10
(plotting vs against [S]) shows that the experimental data are
best described by a non-competitive inhibition model (Figure 4E).
This inhibition mode means that the inhibitor can bind both to the
free enzyme and to the enzyme-substrate complex; in this case
specifically, the affinities of the inhibitor to both forms of the
enzyme are equal (z = 1) (Copeland, 2013a). Although non-
competitive modality is non-typical for slow-binding inhibitors,
it is conceivable why it is plausible in the case of peptidy! ketoa-
mides and rhomboids. Several studies have suggested that
substrate recognition by rhomboid proteases proceeds in two
steps, via a docking/interrogation complex, where only a part
of substrate’s transmembrane domain interacts with rhomboid,
followed by the interaction of the recognition motif with the active
site forming the scission-competent complex (Cho et al., 2016;
Strisovsky, 2016a, 2016b; Strisovsky et al., 2009) (Figure 4E).
Since the active site is unoccupied in the docking complex, bind-
ing of an active site-directed inhibitor is possible (Figure 4E), re-
sulting in non-competitive behavior. Under this mechanism of in-
hibition, the true K is identical to K?*" (Copeland, 2013a; Purich,
2010). Similar progress curve analyses of 9 and 11 yield their k5,
and Ko rate constants, their K (KPP = ko /kon), and the true K;
values of (219 + 76) nM and (45 + 8) nM, respectively (Figure 4F
and Table 1). In summary, this kinetic analysis shows that the
peptidyl ketoamides described here are high-affinity inhibitors
of rhomboid proteases unprecedented in the literature.
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Selectivity of Peptidyl Ketoamides

Any enzyme inhibitors to be used as specific tools for cell biology
or as starting points for drug development must show sufficient
level of selectivity toward their intended target. This is particu-
larly important for compounds that react with the catalytic nucle-
ophile commen to many serine hydrolases. Only limited tests of
selectivity have been conducted for the currently used rhomboid
inhibitors isocoumarins, p-lactams and B-lactones, at best inter-
rogating them against trypsin or chymotrypsin (Pierrat et al.,
2011; Vosyka et al., 2013). To map the selectivity of peptidyl ke-
toamides more objectively and widely, we employed activity-

competed with ABP labeling of rhomboids
from bacterium Providencia stuartii (AarA),
archaebacterium Methanocaldococcus
jannaschii (MjROM), and three closely
related rhomboids from bacteria E. coli (EcGlpG), Haemophilus
influenzae (HiGIpG), and Vibrio cholerae (VcROM). Compounds
9, 10, and 11 outcompeted the ABP even at a concentration of
500 nM, suggesting that they were potent inhibitors of these
rhomboid proteases. In contrast, none of these compounds
were able to compete with the ABP labeling of rhomboid prote-
ase from the bacterium Aquifex aeolicus (AaROM), rhomboids
from Drosophila (DmRho1) and mouse (MmRHBDL3), and they
only partially inhibited labeling of rhomboid protease from
bacterium Thermotoga maritima (TmMROM) at 50 uM (Figure 5A).
These data demonstrate that already these first-generation
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Figure 4. Mechanism of Inhibition of Rhomboid Protease GlpG by Peptidyl Ketoamides Analyzed Using Fluorogenic Transmembrane Peptide
Substrates

(A) Progress curves in the presence of increasing concentrations of compound 10 show biphasic character, which is typical for slow-binding inhibitors (Copeland,
2013a; Morrison, 1982). GIpG (0.5 nM) was incubated with 25 uM substrate KSp93 in the presence of 0.05% (w/v) DDM and 0-1,333 nM 10. Fluorescence at
493 nm was followed to monitor substrate cleavage.

(B) Biphasic progress curves characterized by an initial reaction rate (v)) and steady state reaction rate (v,). The progress curve at 1,333 nM compound 10 from the
experiment in (A) is shown in detail, and both reaction rates obtained from non-linear regression into Equation (1) are shown as dotted lines.

(C) Reversibility of inhibition by ketoamides was assessed by the rapid dilution method (Harper et al., 1985; Harper and Powers, 1985). Compound 10 (1 uM) was
pre-incubated with 0.4 uM GlpG, 0.05% (w/v) DDM at 37°C for 1 hr, leading to complete inhibition. This solution was then rapidly diluted 100-fold either into the
reaction buffer containing 10 uM substrate KSp64 (Ticha et al., 2017) (yielding final 10 nM inhibitor) or into the reaction buffer with 10 uM substrate KSp64 and
1,000 nM 10. For comparison, we used B-lactam L29 (Pierrat et al., 2011) at 1 uM and isocoumarin JLK6 (Vinothkumar et al., 2010) at 10 pM as known reversible

(legend continued on next page)
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Table 1. Summary of the Inhibition Properties of Compounds 9-11

GlpG YqgP
Compound K (nM) Kon (10 % nM " -min ") kot (102 min ") ICs0 In Vivo (nM) ICs0 In Vivo (nM)
9 220 + 80 57+04 12.0+ 0.4 8.8+04 ND
10 120 + 50 34x02 42+14 6.0 0.1 ND
11 45+ 8 8.7+03 3906 2.7+ 0.1 ~5-10

Values for GIpG are reported as means + SD.

peptidyl ketoamides can discriminate between diverse rhom-
boid proteases.

We next examined peptidyl ketoamides for their possible off-
target effects on other serine proteases. To get a representative
picture of the selectivity of peptidyl ketoamides, we employed a
recently developed EnPlex technology, which allows multiplex
analysis of ABP competition with about 100 human serine hy-
drolases, mostly proteases (Bachovchin et al., 2014), Profiling
of 9, 10, and 11 showed that in the concentration range where
they inhibit rhomboid proteases, they fail to inhibit most of the
tested human serine hydrolases with the exception of prolylcar-
boxypeptidase (PRCP) and the sequence related dipeptidyl-
peptidase 7 (DPP7) (Figure 5B). To put this into the context of
the current generation of rhomboid inhibitors, isocoumarins
S006 and S016 (Vosyka et al., 2013) hit about a dozen serine
hydrolases in the same concentration range. The [-lactam
L41 (Pierrat et al., 2011) inhibited appreciably only one enzyme
(predicted serine carboxypeptidase CPVL), but it is much less
potent on rhomboids than 9, 10, and 11, and it does not inhibit
GlpG completely in vivo (Pierrat et al., 2011). The selectivity
profile of ketoamide inhibitors of rhomboids is similar to the
profile of clinically used ketoamide inhibitors of the hepatitis
C protease (Bachovchin et al., 2014), indicating that the rhom-
boid-targeting N-modified peptidyl ketoamides are sufficiently
selective with minimal risk of cross-reactivity against other
serine proteases.

Peptidyl Ketoamides Potently Inhibit Rhomboids in
Living Cells

Having established the mechanism of rhomboid inhibition by
peptidyl ketoamides in detergent micelles, and having shown
that 9, 10, and 11 are able to inhibit potently rhomboid prote-

ases from several Gram-negative bacteria (Figure 5A), we
next tested whether the inhibitors will be able to target rhom-
boid proteases embedded in their native lipid bilayer in live
cells. First, we expressed the model substrate derived from
LacYTM2 in E. coli expressing endogenous levels of GIpG,
incubated the bacterial cultures in the presence of increasing
concentrations of 9, 10, and 11, and detected the steady-state
levels of substrate processing by quantitative near-infrared
western blotting (Figure 6A). The calculated substrate conver-
sion values relative to the uninhibited reaction were plotted
against the inhibitor concentration yielding the in vivo ICsg
values. Strikingly, the most effective compound 11 had an
in vivo 1Gsq value of 2.7 nM, which is three orders of magnitude
lower than any other currently known rhomboid inhibitors (Cho
et al., 2016; Pierrat et al., 2011).

We then extended the range of organisms to Bacillus subtilis, a
representative of Gram-positive bacteria, which have a thick cell
wall and include major pathogens such as Staphylococcus, Lis-
teria, Streptococcus, and others. Since the endogenous sub-
strate of the B. subtilis rhomboid protease YqgP is unknown,
and no robust and rescuable phenotypes have been reported
for YggP, we focused on inhibition of cleavage of a model sub-
strate. Of the common model rhomboid substrates, YqgP
cleaves LacYTM2 reasonably well (Ticha et al., 2017). We have
thus expressed MBP-LacYTM2-Trx (Strisovsky et al., 2009)
from the ectopic xkdE locus (Gerwig et al., 2014) in the wild-
type B. subtilis 168 (BS87) and its yqgP deletion mutant (BS88)
on an otherwise rhomboid-free background. Although the sub-
strate was to some extent truncated by unknown processes in
the dyqgP strain, a specific, closely co-migrating rhomboid-
generated N-terminal cleavage product (Figure 6B) was pro-
duced in the YqgP wild-type strain BS87 but not in the dyqgP

and irreversible inhibitors of rhomboid proteases, respectively. Activity recovery was followed by measuring fluorescence over the course of 120 min with
excitation at 553 nm and emission at 583 nm.

(D) Progress curves of KSp93 cleavage at increasing concentrations of 10 measured under (A) were analyzed by non-linear regression as described for slow-
binding inhibition (Copeland, 2013a; Morrison, 1982) using GraphPad Prism version 7.02 for Windows (GraphPad Software, La Jolla, California, USA) to yield the
rate constant for the onset of inhibition, kove. The linear character of the dependence of kqse on inhibitor concentration is typical for a simple slow-binding
mechanism (inset), and its linear regression allows determination of the underlying apparent inhibitory constant K and its constituent rate constants k., and kg
(inset). The ko values are reported as best-fit mean + SD.

(E) The influence of inhibitor concentration on the apparent Ky and k.. suggests the mode of inhibition by compound 10. Michaelis curves at the indicated
inhibitor concentrations were measured by plotting vs (measured as in Figure 4B) against substrate concentration using 1 nM GIpG, 0.15% (w/v) DDM and highly
sensitive substrate KSp96. The data were globally fitted to the models of competitive, non-competitive (figure top), uncompetitive, and mixed inhibition as
implemented in GraphPad Prism 7.02, and their statistical analysis yielded the non-competitive mechanism (figure bottom) as the best fit. The middle of the figure
shows a schematic mapping of this mechanism onto the consensual model of substrate recognition by rhomboid proteases. The data points in the Michaelis plots
(figure top) represent means + SD of duplicate measurements.

(F) Summary of inhibition kinetics parameters of compounds 9, 10, and 11. The apparent inhibitory constants K™ (blue-red striped columns) and the constituent
rate constants ko, (red columns) and Ky (blue columns) were determined from progress curve analysis as shown in (A and C) (note that Kf“’p = koti/Kon). For non-
competitive inhibitors, the true inhibitory constant K; equals K. Note that 11 is a highly potent inhibitor with K; of (45 + 8) nM. Graphs show best-fit means
with SDs.
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(A) Selectivity of compounds 9, 10, and 11 for nine rhomboid proteases was profiled using activity-based probe competition assay at 50 uM and 0.5 uM con-

centration. The upper limit of enzyme concentration was 0.4 uM.

(B) Selectivity of compounds 9, 10, and 11 against human serine hydrolases was analyzed using EnPlex as described (Bachovchin et al., 2014).

strain BS88 (Figure 6B). In the absence of any inhibitors, MBP-
LacYTM2-Trx was cleaved to about 75% conversion by the
endogenous YqgP, and addition of 11 into the growth media
completely inhibited substrate cleavage at 50 nM (Figure 6B),
indicating that the compound can penetrate the Gram-positive
cell wall easily. Moreover, since compound 11 also inhibits
several homologs of GIpG (Figure 5A), it is safe to assume that
YaqgP orthologs in other Bacilli, Lactobacilli, Staphylococci, and
Listeria might be equally susceptible to inhibition by the
described inhibitors, and compound 11 and its analogs can be
directly used for chemical proteomics and cell biological studies
of rhomboid proteases in Gram-positive bacteria.
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N-Modified Peptidyl Ketoamides Bind the Rhomboid
Active Site in a Substrate-like Manner Occupying the S4
to S2' Subsites

To understand why peptidyl ketoamides are such efficient rhom-
boid inhibitors and to establish the basis for structure-guided
design of their improved variants, we determined the co-crystal
structures of GlpG with 9 and 10 (Figure 7A). The complexes
were formed by soaking the inhibitors into apoenzyme crystals,
and the structures were solved using diffraction data to 2.16
and 1.78 A resolution, respectively, allowing detailed compari-
son of their binding modes. In both cases, the pentapeptide
RVRHA binds the active site cavity as an extended i strand,

72



[compound 10] (nM) [compound 11] (nM)

500
05—

200
go2______—]

Q
(7]
=0
(=34

100

80

% g 3
* Ed # a0
20
- [
01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000
[compound 9] (nM) [compound 10] (nM) [compound 71] (nM)
ICo= (8.8 £ 0.4) nM I1C50=(6.0£0.1) M IC5p=(2.7£0.1) nM
B

YagP WT (BS87)

[compound 71] (nM)
06 12 25 5 10 20 50

'YqgP KO (BS88)

non-specific 1,
non-specific 2 s

% substrate
conversion

Figure 6. Peptidyl Ketoamides Potently Inhibit Rhomboid Activity in the Membranes of Living Cells

(A) Inhibition of endogenous GlpG by compounds 9, 10, and 11 in the membranes of live E. coli. The substrate MBP-FLAG-LacYTM2-Trx (Strisovsky et al., 2009)
was expressed in wild-type E. coli NR698 with genetically permeabilized outer membrane (Ruiz et al., 2005) in the presence of increasing concentrations of
inhibitors as described in STAR Methods. Substrate cleavage was measured in cell lysates by immunoblotting for FLAG and quantified using near-infrared
fluorescence. The reported in vivo ICs; values are best-fit means with SD representative of 2-3 measurements. DMSO, dimethylsulfoxide vehicle control; KO,
E. coli glpG::tet.

(B) Inhibition of endogenous YqgP by compound 11 in the membranes of live B. subtilis. The substrate AmyEgp-MBP-FLAG-LacYTM2-Trx-HA was expressed in
Bacillus subtilis 168 (ydcA::neo, xdkE::AmyEsp-MBP-LacYTM2-Trx(erm, lin)) (BS87) in the presence of increasing concentrations of inhibitors as described in
STAR Methods. Substrate cleavage was detected in cell lysates by immunoblotting for FLAG and detection by near-infrared fluorescence. Unspecific cleavage of
the substrate was corrected for by substracting the intensity of the unspecific bands formed in the YqgP knockout control cells (BS88) from the product band and
the closely co-migrating unspecific bands observed in the YqgP positive cells (BS87). This treatment was necessary because the specific cleavage product could
not be resolved sufficiently well from the non-specific bands to be integrated separately. DMSO, dimethylsulfoxide vehicle control; YqgP KO, Bacillus subtilis 168
(vdcA::neo, yqgP::tet, xdkE::AmyEsp-MBP-LacYTM2-Trx(erm, lin)) (BS88).

virtually identically to the binding mode of Ac-RVRHA-cmk of six hydrogen bonds (Figure 7B) probably helps position the
(Figure 1C). We do observe electron density for the side chain  ketoamide warhead in the proximity of the hydroxyl of the cata-
of arginine in the P5 position in both structures, but its conforma-  Iytic S201 to enhance its chemical reactivity in a conformation-
tion differs between 9 and 10 (Figure 7A), and it is influenced by =~ dependent manner.
crystal contacts with the same residue from a neighboring mole- The tail substituents of 9 and 10 (R19 and R+10) interact with
cule in the crystal (data not shown). the prime side of GIpG, buried in a cavity delimited by the side
In both inhibitors, the ketoamide warhead is covalently chains of amino acids F245, M247, and M249 from the L5
bonded via its proximal carbon to the side-chain oxygen of the loop, W236 from TMDS, F153 and W157 from TMD2, and resi-
catalytic S201, and it engages in a network of six hydrogen dues V204, M208, Y205, H254, H150, and N154 (Figure 7C).
bonds in the active site (Figure 7B). The oxyanion formed by The different sets of residues making van der Waals contacts
the proximal carbonyl oxygen accepts hydrogen bonds from  with each ketoamide tail are shown in magenta. The NH group
His150 and the main-chain amide nitrogen of the catalytic serine,  of the side chain of W236 seems to form a weak H-7 bond
and the distal ketoamide carbonyl oxygen accepts hydrogen with the phenyl ring of the tail of both compounds, and F245
bonds from both H150 and N154, thus amply saturating the engages in =...w stacking against the dimethylbenzyl in R+10
hydrogen-bonding groups engaged in the stabilization of the  (Figure 7C). Structural alignment of both ketoamide complexes
oxyanion (Cho et al., 2016). Furthermore, the ketoamide nitrogen  to the complex of the p-lactam L29 (Vinothkumar et al., 2013)
donates a hydrogen bond to H254 and to the S201 side-chain  and isocoumarin S016 (Vosyka et al,, 2013) (Figure 7D) shows
oxygen covalently bound to the warhead. The resulting network  that the tails of 9 and 10 bind in a similar area (the S2' subsite)

Cell Chemical Biology 24, 1523-1536, December 21, 2017 1531

CellPress

73



Cell
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M249

Figure 7. N-Substituted Peptidyl Ketoamides Bind GlpG in a Substrate-like Manner and Occupy the S4 to §2' Subsites of the Rhomboid
Active Site

(A) Electron density map and ligand stick model of 9 and 10 in complex with GIpG. Compounds 9 and 10 were soaked into the native crystals of GlpG, and the
structures of the complexes were solved by X-ray diffraction (for statistics, see Table $1). The catalytic dyad is shown as yellow sticks and the inhibitors as green
sticks surrounded by the 2mF,, — DF,, electron density map contoured at 1o and shown 1.6 Aaround the inhibitor model. In the complex of 9, the electron density
for the Arg residue in the P5 position was weaker, and the side chain has been modeled in a different conformation than in the complex of 10, which was solved to
a higher resolution and where the side chain of the Arg in the P5 position is defined clearly.

(B) Hydrogen bond engagement by the warhead of compound 10 in the active site of GIpG was analyzed using the HBplus program (McDonald and Thornton,
1994) implemented in Ligplot+ (Laskowski and Swindells, 2011) with default criteria (donor ... acceptor [D ... A] distance cutoff of 3.9 .5\; donor ... acceptor-
acceptor antecedent [D ... A-AA] angle of 90°).

(C) Interaction pattern of inhibitor tails in the S2' site of GIpG. The cavity surrounding the tails of 9 and 10 is shown as an inverse surface, and the side chains lining
the cavity are shown as sticks. The residues engaged in van der Waals interactions (identified by Ligplot+) with the tails of the inhibitors are shown in magenta.
(D) Comparison of binding modes of the S2' binding moieties in compounds 9, 10, L29 (Pierrat et al., 2011), and S016 (Vosyka et al., 2013) in the respective
complex structures PDB: 5SMT6, 5SMTF, 3ZMI, and 3ZEB. Protein is showed as a gray surface, catalytic dyad carbons in yellow, and ligand carbons in green. The

L5 loop residues 245-250 are shown as semitransparent loops for clarity. All structures are oriented in the same way.

as the significantly larger groups of inhibitors L29 and S016. This
alignment shows that the prime side of the GIpG active site is
rather malleable, and larger or branched tails could be accom-
modated at the amide nitrogen of peptidyl ketoamides. This is
likely to provide additional selectivity or binding energy and de-
lineates one possible direction of further development of ketoa-
mides as rhomboid inhibitors. The results presented here open
the door to systematic development of rhomboid protease inhib-
itors in medically relevant contexts such as malaria (Baker et al.,
2006; O’Donnell et al., 2006), Parkinson’s disease (Chu, 2010;
Meissner et al., 2015), and cancer (Song et al., 2015).

DISCUSSION

Here, we discover that peptidyl ketoamides bearing a substantial
hydrocarbon modification at the ketoamide nitrogen are efficient
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inhibitors of rhomboid intramembrane proteases, superior to any
known rhomboid inhibitors in selectivity and by up to three or-
ders of magnitude in potency. We also show that both of these
properties are tunable by optimization of the peptide sequence
and the character of the ketoamide “tail” substituent, defining
a platform for the development of specific and potent rhomboid
inhibitors. Since ketoamides are clinically used pharmacophores
(Njoroge et al., 2008), our discovery of this pharmacologically
compliant chemotype for rhomboid proteases enables the
design of rhomboid inhibitors for cell biological and pharmaco-
logical use.

Structural analysis of peptidyl ketoamides complexed to GIpG
reveals that they bind in a substrate-like manner, occupying the
P4 to P2’ subsites (Figure 7A). The presence of residues in the P5
and P6 positions has been reported to improve the inhibition po-
tency of peptidyl aldehydes significantly, but these residues
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could not be observed in any co-crystal structures (Cho et al,,
2016). We do observe weak electron density for the side chain
of Arg in the P5 position, but its conformation in the final crystal-
lographic models of the complexes of 9 and 10 differs, indicating
some degree of flexibility, and it is probably influenced by crystal
contacts. In addition, the P5 residue does not contribute signifi-
cantly to the inhibition potency of 9 (Figure 3B) and is thus
dispensable.

The binding mode of peptidyl ketoamides suggests that
they can access the rhomboid active site from bulk solvent,
and probably do not need prior partitioning into the membrane.
They are covalent (Figure 7) and reversible (Figure 4C), and their
kinetics of binding to rhomboid is adequately described by a
one-step slow-binding mechanism (Figure 4D). Their inhibition
modality is non-competitive (Copeland, 2013a) (Figure 4E),
implying that they can bind to the free enzyme as well as
the docking/interrogation complex during rhomboid catalysis
(Strisovsky, 2016a). This is consistent with the proposed mech-
anism of inhibition of rhomboid protease GlpG by peptidy! alde-
hydes (Cho et al., 2018).

For the development of peptidyl ketoamides as rhomboid in-
hibitors, subsite preferences of the given rhomboid protease
must be mapped efficiently. This could be achieved using clas-
sical positional scanning peptide libraries starting from a known
substrate sequence. Given that the effects of the amino acids in
the P5-P1 positions are additive (Figure 1A), the optimal sub-
strate could be formed by combining the single subsite prefer-
ences identified in the positional scan. An alternative method
for mapping subsite preferences at both the prime and non-
prime sides could be multiplex substrate profiling using de-
signed peptide libraries and mass spectrometry (O’'Donoghue
et al., 2012), although its application to rhomboids has not
been tested yet.

The second module determining the potency and selectivity is
the tail substituent at the ketoamide nitrogen. Here, the effects of
flexibility versus rigidity, branching, and polarity of the substitu-
ents need to be investigated to explore the available chemical
and conformational space. A more speculative direction of
further improvement of the inhibitors may involve cyclization
via the tail substituent and the P2 residue, which seems sterically
possible and unobstructive in the enzyme-inhibitor complex
(Figure 7A). Such cyclization could improve the potency of
the inhibitor by conformationally restricting it near the bound
conformation.

Finally, peptidyl ketoamides have been used clinically to treat
hepatitis C infection (boceprevir, telaprevir) (Njoroge et al., 2008),
suggesting that both the intracellular availability and metabolic
stability of rhomboid-targeting peptidyl ketoamides can most
likely be modified for compliance with pharmacological needs.
The potential of rhomboid inhibitors in pharmacologically rele-
vant settings has yet to be proven, but it currently seems that in-
hibitors of Plasmodium rhomboids might be therapeutic for ma-
laria (Baker et al., 2006; Lin et al., 2013), inhibitors of the human
mitochondrial rhomboid protease PARL might stimulate mitoph-
agy (Meissner et al., 2015) and thus be disease-modifying in the
context of Parkinson’s disease (Chan and McQuibban, 2013),
and inhibitors of human RHBDL4 could be targeting EGF recep-
tor signaling by transforming growth factor « in colorectal cancer
(Song et al., 2015). Specific rhomboid protease inhibitors such

as those that we describe here will serve as key tools for the vali-
dation and exploitation of these and other upcoming therapeutic
opportunities involving rhomboid proteases.

SIGNIFICANCE

Intramembrane proteases of the rhomboid family are widely
conserved and have been implicated in malaria, colon can-
cer, and Parkinson’s disease. They represent potentially
attractive drug targets, but until now, no specific, potent,
and pharmacologically compatible inhibitors have been
available. Here, we discover that peptidyl ketoamides are
the first such potent and specific inhibitors of rhomboid pro-
teases, and we delineate a general modular way for their
design against diverse rhomboid enzymes. This discovery
can have a broad impact on the cell biology of rhomboid pro-
teases and on drug discovery targeting this family of en-
zymes in the context of infectious diseases, cancer, and
neurodegeneration.
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CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Kvido Strisovsky

(kvido.strisovsky@uochb.cas.cz).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Escherichia coli K12 strain NR698 (Ruiz et al., 2005), which has the MC4100 background with the imp4213 allele carried from BE100
(Eggert et al., 2001) (an in-frame deletion of amino acids 330-352 of LptD) is a gift of Dr. Tom Silhavy (Princeton University). A GlpG-
free variant was created by deleting gipG using a tetracyclin marker (Pierrat et al., 2011).
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To generate a rhomboid activity free Bacillus subtilis, the ydcA::neo mutant (BS2, this work) of the wild type B. subtilis 168 strain
(Bacillus Genetic Stock Center, USA) was modified by deleting the entire the yggP gene and replacing it with a tetracyclin resistance
gene using homologous recombination, yielding strain BS4 (vdcA::neo, yqgP::tet). Both modifications were verified by genomic PCR
of the disrupted locus and Sanger sequencing of the amplified region.

METHOD DETAILS

Constructs and Cloning

To generate a model rhomboid substrate for in vivo activity assays in E. coli, the MBP-LacYTM2-Trx-Stag-Histag construct was
PCR-amplified from pKS506 (Ticha et al., 2017) and cloned into the Sapl linearized plasmid pD881-SR (DNAZ2.0 Inc., Newark,
USA) using isothermal assembly (Gibson, 2011), yielding construct pPR61. For expression in B. subtilis, the substrate was modified
by replacing the MBP signal peptide by the signal peptide from B. subtilis AmyE, and the AmyEg,-MBP,,o-FLAG-LacYTM2-Trx-HA
construct was cloned into the Xbal, Sall digested plasmid pGP886 (Gerwig et al., 2014) (gift of Dr. Libor Krasny, Prague, CR) using
isothermal assembly (Gibson, 2011) to yield construct pPR200. This construct was linearized by Scal and integrated into the xkdE
locus of BS2 and BS4 using erythromycin-lincomycin selection yielding strains BS87 (BS2 xkdE::Pxyl-LacYTM2(erm)) and BS88
(BS4 xkdE::Pxyl-LacYTM2(erm)).

Protein Expression and Purification

The E. coli GlpG for crystallisation was expressed in E. coli C41(DE3) (Miroux and Walker, 1996) in PASM 5052 medium as described
(Lee et al., 2014). Membrane isolation, purification by metal affinity chromatography, cleavage by chymotrypsin to produce GlpG
transmembrane core domain and gel filtration chromatography were carried out as described previously (Vinothkumar et al.,
2010; Zoll et al., 2014). The E. coli GIpG for inhibition studies was expressed in E. coli C41(DE3) (Miroux and Walker, 1996) in LB me-
dium, and solubilised and purified in 0.05% (w/v) DDM as described (Ticha et al., 2017). Other rhomboid proteases were expressed
and purified as reported previously (Wolf et al., 2015).

Chemical Synthesis

All reagents were acquired from commercial sources and used without purification. Protected amino acids and amino acid deriva-
tives were purchased from Iris Biotech (Marktredwitz, Germany), Sigma-Aldrich (St. Louis, MO, U.S.A), Thermo Fischer Scientific
(Waltham, Massachusets, U.S.A) and Fluorochem (Hadfield, Derbyshire, UK). Further details on chemical syntheses as well as com-
pound characterisation data by mass spectrometry and NMR are available as Supplemental Information (Methods S1).

Protein Crystallography

Crystals of truncated wild type GIpG apoenzyme were obtained by mixing a solution of 2 - 3 M ammonium chloride or sodium chlo-
ride, 0.1 M Bis-Tris, pH 7.0 with protein (4-6 mg/mL) at ratio of 1:1 in hanging drops at 22°C (Vinothkumar et al., 2010; Wang and Ha,
2007). Inhibitors were diluted from 10 mM stock solutions in anhydrous DMSO into buffer resembling the mother liquor to yield final
1 mM inhibitor and 10% DMSO just before soaking. For the chloromethylketone inhibitors, the crystals were incubated with inhibitors
at 0.3-0.5 mM concentrations for 24 h. The ketoamide inhibitors were incubated at final concentrations of 0.3-0.5 mM for 30-120 min.
All crystals were cryo-protected by adding 25% (v/v) glycerol to the mother liquor and flash frozen in liquid nitrogen.

Data sets of the CMKs and 9 were collected at the 102 beam line at the Diamond Light Source (Harwell) and the data set of 10 was
collected at BESSY (Berlin, Germany). Diffraction data were indexed, integrated and scaled with XDS (Kabsch, 2010) and AIMLESS
(Evans, 2011). For the structures with inhibitor bound, the coordinates of GlpG (PDB 2XOV) with residues 245-249 (of Loop 5) omitted
were used as an input model for Phaser (McCoy, 2007). Restrained refinement was carried out with Refmac (Murshudov et al., 2011)
followed by manual model building in COOT (Emsley and Cowtan, 2004). In the final step, TLS was used using the enzyme and the
inhibitor peptide as one group (Murshudov et al., 2011). The model, library and link files of the inhibitors were generated with Jligand
(Lebedev et al., 2012). In the structures of Ac-(R)VRHA-cmk, H150 was modelled to hydrogen bond to the chloromethylketone ox-
ygen. An additional density was observed close to M149 and H150 raising the possibility that the H150 residue could be also in an
alternative conformation, but modeling the alternative conformation or both conformations of H150 was not conclusive in explaining
the density. Other similar datasets of CMKs obtained by soaking show that this density might perhaps represent a bound ion, but due
to ambiguity we have left the density unmodelled.

In order to find the best possible fit of the molecules of 9 and 10 to the experimental electron densities, quantum mechanical cal-
culations were performed. The model systems comprised the whole inhibitors in their tetrahedral intermediate form with methoxy
group representing the S201 side-chain. These models were made in several variants: i) cis/trans isomers of the ketoamide prox-
imal/distal carbonyls, ii) cis/trans isomers of the distal carbonyl/NH, and iii) different rotameric forms of the His side chain in the
P2 position of the inhibitors. All these variants were optimized in Turbomole ver. 7 program (Ahlrichs et al., 1989) using DFT-D3
method (Grimme, 2006) at B-LYP/DZVP level (Fanfrlik et al., 2016; Jensen, 2006) and COSMO implicit solvent model (Klamt and
Schutrmann, 1993). Their intrinsic stabilities were assessed by comparing the final energies, and the conformer with the lowest en-
ergy was built into the electron density and chosen as a model for crystallographic refinement.

Noncovalent interactions between the ligands and protein were detected using Ligplot+ (Laskowski and Swindells, 2011) and
hydrogen bonds were defined by canonical geometrical criteria (Laskowski and Swindells, 2011; McDonald and Thornton, 1994).
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Structural alignments and all structure figures were made with Pymol (Schrodinger, 2012). The coordinates of the structures pre-
sented in this manuscript have been deposited in the PDB under the following IDs: 5MT7 (Ac-VRHA-cmk), 5SMT8 (Ac-RVRHA-
cmk), 5MT6 (compound 9) and SMTF (compound 10). Data collection and refinement statistics are listed in Table S1.

Rhomboid Activity and Inhibition Assays

The activity of GlpG in vitro was determined as reported (Ticha et al., 2017). Concentrations of stock solutions of peptide substrates
and inhibitors were determined by quantitative amino acid analysis. The ICsq and reversibility measurements were performed in
20 mM HEPES, pH 7.4, 150 mM NaCl, 0.05%(w/v) DDM, 12%(v/v) DMSO, and other kinetic measurements in 50 mM potassium
phosphate, pH 7.4, 150 mM NaCl, 0.05%(w/v) DDM, 10%(v/v) DMSO, 0.05%(w/v) PEG8000, and 20%(v/v) glycerol unless noted
otherwise. The reaction mixture typically consisted of 10 uM fluorogenic peptide substrate and the measurements were performed
without enzyme-inhibitor pre-incubation unless noted otherwise. Note that the fluorogenic substrates used in Figure 4 had nearly
identical amino acid sequences but for the point of attachment of the fluocrophore or the identity of the fluorophore and quencher
(see Key Resources Table).

For measuring the inhibition of GIpG in vivo, the E. coli strain NR698 with genetically permeabilised outer membrane (Ruiz et al.,
2005) and its glpG knock-out derivative KS69 (glpG::tet) were used as described (Pierrat et al., 201 1) with the following modifications.
The chimeric substrate encoding LacY transmembrane domain 2 inserted between maltose binding protein and thioredoxin (Strisov-
sky et al., 2009) was expressed under control of rhamnose promoter (construct pPR61). To evaluate the in vivo inhibition by ketoa-
mides, the NR698 cells were inoculated to the density of ODggo = 0.05 and grown to ODgn0=0.6 at 37°C. The cells were then incubated
with increasing concentrations of inhibitor for 15 min at room temperature, and expression of the chimeric substrate was induced by
adding 1 mM L-rhamnose. Cells were grown for further 4 h at 25°C, after which steady-state level of substrate cleavage was eval-
uated by western blotting with near-infrared fluorescence detection as described (Ticha et al., 2017).

For measuring the inhibition of YqgP in vivo, the B. subtilis strains BS87 and its yqgP knock-out derivative BS88, generated in this
work (see Constructs and Cloning section), were used as follows. The chimeric LacYTM2 substrate AmyE,,-MBP-FLAG-LacYTM2-
Trx-HA (this work) was expressed under control of xylose promoter from the xdkE genomic locus. Fresh LB medium, supplemented
with appropriate antibiotic, was inoculated with a few colonies of the B. subtilis strain grown overnight on selective LB agar plate and
pre-culture was grown for 2 h at 37°C to ODggq = 1. Pre-culture was then diluted with fresh LB medium to the density of ODggq = 0.05.
At this point, the expression of LacYTM2 was induced by adding 1% (w/v) D-(+)-xylose (Sigma), rhomboid inhibitors were added at a
range of concentrations, and the cultures were further incubated for 2.5 h at 37°C (reaching ODgqg ~ 1). Steady-state conversion of
the substrate was evaluated by western blotting with near-infrared fluorescence detection as described (Ticha et al., 2017), sub-
stracting the intensity of non-specific bands, closely co-migrating with the specific rhomboid-formed N-terminal cleavage product
of the substrate.

Inhibitor Selectivity Profiling

For inhibitor selectivity profiling against rnomboid proteases (Wolf et al., 2015), 400 ng of a purified protein preparation of E. coli GIpG
was diluted in 30 pL of reaction buffer (20 mM HEPES, pH 7.4, with 0.05% (w/v) DDM). For other rhomboids, amounts were taken that
gave similar labeling intensity during profiling. Rhomboids were incubated for 30 min at room temperature with the indicated concen-
tration of compound, 100 uM DCI as positive control, or an equal volume of DMSO as negative control. Next, TAMRA-FP serine hy-
drolase probe (Thermo Fisher #88318) was added to a final concentration of 1 iM and incubated for 2 h at 37°C in the dark. The re-
action was stopped by addition of 4 x Laemmli buffer and the reaction mixture was resolved on 15% SDS-PAGE. Gels were scanned
on a Typhoon Trio+ and analyzed using ImagedJ. The intensity of each rhomboid protease band calculated by ImagedJ was normalized
against its corresponding DMSO-treated counterpart (100% activity) to indicate the residual activity left after inhibition. The remain-
ing activity was used to calculate the percentage of inhibition depicted in the heatmap. Selectivity profiles against human serine
hydrolases were determined by EnPlex as described previously (Bachovchin et al., 2014).

QUANTIFICATION AND STATISTICAL ANALYSIS

Enzyme kinetics and inhibition data were analysed in GraphPad Prism v7.02 using in-built algorithms. Means and standard deviations
have been derived from the best fit of the data, or based on three independent measurements, as specified, unless noted otherwise.
Quantitative western blots were evaluated using near infrared detection with the IRDye 800CW secondary antibody on a LiCor
Odyssey CLx infrared scanner with normalisation to total protein using the Revert total protein stain (LiCor).

DATA AND SOFTWARE AVAILABILITY

All crystallographic coordinates of the protein structures presented in this manuscript have been deposited in and will be freely avail-
able from the Protein Data Bank (www.rcsb.org) under the following identifiers: 5SMT7, 5MT8, 5MT6 and 5MTF.
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6.4 Membrane protein dimerization in cell-derived lipid membranes measured
by FRET with MC simulations

Background

Limited information is available on the behaviour of proteins from rhomboid-like
superfamily in native biomembranes. It has been published that rhomboid proteases dimerize
in detergent micelles, which results in their allosteric activation [115], but information about
their aggregation state in biomembranes has been absent. By combining several biophysical
methods employing fluorescence reporters attached to proteins, we focused on both strong and
weak interactions and we also excluded the potential effect of varying lipid composition in

different cell compartments.

Summary

We used Foester resonance energy transfer (FRET) and fluorescence correlation
spectroscopy (FCCS) combined with Monte Carlo (MC) simulation to address dimerization of
human rhomboid protease RHBDL2 in its native biomembrane. Using this non-invasive
approach, we found no evidence of rhomboid dimerization in membrane. By adapting methods
commonly used for soluble proteins to 2D membrane environment, we developed a novel
approach for membrane protein dimerization studies. To study the oligomeric state of
RHBDL2 during its maturation in ER, our approach was also complemented by colocalization

analysis of fluorescently labeled proteins (Figure 21).

eGFP-RHBDL2 mCherry-RHBDL2 merge

Figure 21: Localization of human rhomboid RHBDL2 in fusion with fluorescent protein on
the plasma membrane.
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Abstract

Many membrane proteins are thought to function as dimers or higher oligomers, but
measuring membrane protein oligomerization in lipid membranes is particularly challenging.
Forster resonance energy transfer (FRET) and fluorescence cross-correlation spectroscopy
(FCCS) are non-invasive, optical methods of choice that have been applied to the analysis of
dimerization of single-spanning membrane proteins. However, the effects inherent to such
two-dimensional systems. such as excluded volume of polytopic transmembrane proteins,
proximity FRET, and rotational diffusion of fluorophore dipoles, complicate interpretation of
FRET data and have not been typically accounted for. Here. using FRET and FCCS we
introduce a method to measure surface protein density and to estimate the apparent Forster
radius, and we use Monte Carlo (MC) simulations of the FRET data to account for the
proximity FRET effect occurring in confined 2D environments. We then use FRET to
analyze the dimerization of human rhomboid protease RHBDL?2 in giant plasma membrane
vesicles (GPMVs). We find no evidence for stable oligomers of RHBDL2 in GPMVs of
human cells even at concentrations that highly exceed endogenous expression levels. This
indicates that the rhomboid transmembrane core is intrinsically monomeric. Our findings will
find use in the application of FRET and FCS for the analysis of oligomerization of

transmembrane proteins in cell derived lipid membranes.
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Statement of Significance

Membrane proteins often function as dimers or higher oligomers. Measuring membrane
protein oligomerization in native lipid membranes is thus very important, but it is also
particularly challenging. Here we address key problems and develop a method to measure
surface protein density and to estimate the apparent Forster radius, and we use Monte Carlo
simulations of the FRET data to account for the proximity FRET effect occurring in confined
2D environments. Using this method we find that thomboid protease RHBDL?2 is monomeric
in lipid membranes. Our findings will find use in the application of FRET and FCS for the

analysis of oligomerization of transmembrane proteins in native cellular lipid membranes.
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Introduction

Membrane proteins frequently form functionally important homo or hetero-oligomeric
complexes, and their surrounding milieu, i.e. lipid membrane, can shape their properties and
interactions profoundly (1). It is thus important to study membrane protein interactions
directly in their native membranes in a minimally invasive way. Optical, fluorescence-based
methods appear ideal for this purpose. Fluorescence resonance energy transfer (FRET) is a
powerful technique for measuring distances at the nanometer scale and thus it can potentially
address protein oligomerization. FRET reports on the vicinity of protein that carries an
energy donor in the presence of an acceptor. typically provided by fluorescent protein
reporters, fused genetically to the protein of interest. In the three dimensional space (in
solution), FRET response is observed almost exclusively when the proteins of interest are
indeed physically interacting in oligomers. However. in a two dimensional confinement of
membranes, protein density can be elevated to such a level that even if the two proteins do
not physically interact in a complex, energy can be transferred to multiple acceptor molecules
that are in close proximity of the donor (2). Studying protein oligomers within cellular lipid
membranes by FRET is therefore ideal for situations of low protein density, ie. the
mnteraction has to be rather strong. Measuring dissociation constants of weaker interactions
requires higher protein surface density. which results in increased FRET ‘background’ arising
merely from the proximity of non-interacting fluorescence acceptors (3-6). We aimed at
analyzing and compensating these and other limitations to allow usage of fluorescence
techniques for the study of oligomerization of polytopic membrane proteins spanning a wide

range of dissociation constants in live cell derived lipid membranes.

Already under mild overexpression conditions, common in cell-biological
experiments, the ‘proximity-induced FRET” effect mentioned above may become significant,
and it has to be properly taken into account to avoid spurious results. This problem can be
ameliorated by the use of FRET controls, i.e. validated known interacting and non-interacting
protein pairs. In addition to that, protein density level in the membrane has to be evaluated
and only samples with similar surface densities of donor and acceptor labelled proteins
should be mutually compared. In most membrane structures of living cells, direct protein
surface density determination is not feasible, since the membrane area from which the
fluorescence signal is collected cannot be measured. Therefore, fluorescence intensity of the
donor and acceptor is used instead for relative comparison (7). Even such a comparison,

however, requires careful interpretation because the level of FRET is influenced not only by
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oligomerization and density-induced proximity, but also possibly by the length of the linker
between the protein of interest and the fluorescent probe. In addition. it is affected by the
excluded area of studied proteins (8). Importantly, global protein surface density at the
membrane can be determined in spherical giant plasma membrane-derived vesicles (GPMVs)
formed from cells expressing proteins of interest (9-12). Finally, recent work analyzing the
FRET efficiency signatures of non-interacting membrane proteins both experimentally and by
Monte Carlo (MC) simulations indicates how the overall FRET efficiency should be

corrected for the “proximity-induced FRET" effect mentioned above (2).

We show that if FRET is combined with quantification of lateral concentrations of the
proteins and combined with MC simulations, the true interaction can be distinguished from
the proximity effect, and quantification of oligomerization directly in the membrane becomes
possible. Understanding the interaction quantitatively helps evaluate its importance, i.e. the
value of dissociation constants refers to the protein concenfration at which the
oligomerization occurs. Knowing this. we can decide whether the interaction of endogenous
proteins is their intrinsic property, or whether other physical forces may need to be involved
to explain oligomerization. if it occurs in cells, such as other proteins. cytoskeleton or lipid

arrangement.

Here we focus on intramembrane proteases of the thomboid family, proteins formed
by six or seven o-helical transmembrane segments (reviewed in 13). These enzymes occur
widely across evolution and regulate EGF receptor signaling. mitochondrial dynamics,
mitophagy, apoptosis, or invasion of apicomplexan parasites, and are relevant for a growing
number of diseases including malaria, cancer and Parkinson’s disease (reviewed in 14).
Based largely on in vifro experiments in detergent-solubilized state of three bacterial
rhomboid proteases, these enzymes have been proposed to form stable dimers and thereby
become allosterically activated (15). If indeed rhomboid protease activity was regulated by
dimerization, this could be significant for the interpretation of biological mechanisms
involving rhomboids. Thus, to clarify this issue, here we zoom in on the well-characterized
human rhomboid protease RHBDL2 (16-21), which is localized to the plasma membrane and
consists of seven transmembrane helices, and analyze its oligomeric status in cell-derived

lipid membranes.

Strong interactions are detectable by single molecule approaches such as fluorescence

cross-correlation spectroscopy (FCCS) or photobleaching, but to observe weaker interactions

Page 5 of 35

89



in the native membranes, higher protein densities are required. To investigate the oligomeric
status of RHBDL2 as a model transmembrane protein, we use human cells expressing
fluorescently labelled RHBDL?2 to create GPMVs, which have simple geometry and show
homogeneous distribution of the observed molecules. In addition to FCCS, we then employ
FRET in individual vesicles in combination with Monte Carlo (MC) simmlations to
investigate the oligomeric state of RHBDL2. In doing so we build on the MC-FRET
approach introduced by Johannsson et al (22. 23) and later applied to lipid clustering by
others (24, 25). Within this context we develop and implement several novel considerations
that are essential when addressing large membrane inclusions (such as RHBDL?2) linked to
fluorescent proteins. We focus on the direct determination of protein surface density in the
2D environment of GPMVs, we address the issue of not being in the isotropic dynamic limit
in these conditions, and we show that the commonly used Forster radius (Rp) cannot be
satisfactorily used in FRET quantification. Finally. we use MC simulations to model the
FRET measurements in GPMVs, thus accounting for the lack of & priori knowledge of the
dissociation constant and the geometry of the putative dimer. Comparing the simulation read-
out with the measured data then allows drawing conclusions on the dimerization of the

membrane protein.

In summary, we address several key limitations of using FRET for oligomerization
studies of polytopic membrane proteins in live cell derived membranes and demonstrate their
use by showing the lack of dimerization of rthomboid protease RHBDL2, which we confirm
independently also by cell biological ‘relocalization’ experiments. Our results can find use in
the application of FRET and FCCS for the analysis of oligomerization of transmembrane

proteins in lipid membranes.

Materials and Methods

Materials

Oligonucleotides were from Sigma-Aldrich (USA), and restriction endonucleases and other
enzymes for DNA cloning were from New England Biolabs (USA). All other chemicals were
from Sigma Aldrich unless stated otherwise.

Cloning and constructs
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The fluorescence reporters eGFP and mCherry were cloned as fusions to the N-terminus of
human RHBDL2 (NCBI Reference Sequence NP_060291.2) in the pEGFP vector (18). For
relocalization experiments, DNA sequence encoding the peptide KDEL preceded by a (GS)s
linker was cloned at the 3" end of the RHBDL2 gene in the eGFP/mCherry-RHBDL2
constructs. The constructs encoding fluorescently tagged human GCPIT were generated by
fusing eGFP or mCherry and a 17 amino acid linker to the N-terminus of human GCPII
(NCBI Reference Sequence NP 004467.1) harbouring mutations L4A/LSA (26, 27) that
impair endocytosis. The control constructs for RHBDL2 encoding its N-terminal cytosolic
domain (R2Ncyto) of 72 amino acids fused to eGFP or mCherry and equipped with a His-tag
(eGFP-R2Ncyto-Hiss and mCherry-R2Ncyto-Hisg) were cloned into the pET25b+ vector for
bacterial expression. The constructs encoding Hiss-eGFP or Hise-mCherry were kind gifts of
Evzen Boura and had been generated by cloning the eGFP or mCherry encoding fragments
into the pHis2 vector downstream of a Hise purification tag and TEV cleavage site (28),
yielding a spacer of 18 amino acids between the His tag and the fluorescent protein. All

constructs were verified by Sanger sequencing.

Protein expression and purification

The His-tagged fusions eGFP-R2Ncyto-Hiss, mCherry-R2Ncyto-Hiss eGFP-GCPIINcyto-
Hiss. and mCherry-GCPIINcyto-Hiss were expressed from T7 driven vectors in E.coli
BL21(DE3) at 20 °C. inducing by 0.5 mM IPTG for 12 hrs. Cells were broken by 3 passages
through Emulsiflex C3 (Avestin, Canada) in the presence of 1 mM serine protease inhibitor
phenylmethylsulfonylfluoride, and the insoluble fraction was removed by cenfrifugation at
15000xg for 30 min at 4 °C. The His-tagged proteins were purified from the supernatant by
metal-chelate affinity chromatography using NiNTA agarose (Qiagen), and eluted into 20
mM HEPES pH 8.0, 300 mM NacCl, and 10% (w/v) glycerol using 250 mM imidazole, which
was immediately removed by desalting into PBS pH 7.4 using a PD-10 desalting column (GE
Healthcare). Protein concentration was determined from absorbance at 280 nm, and purified
proteins were flash-frozen into liquid nitrogen and stored at —80 °C. The identity of purified
proteins was further validated by quantitative amino acid analysis, mass spectrometry and

SDS-PAGE with fluorescence scanning.

Cell culture
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Hela cells (ATCC) were cultured in DMEM medium (Invitrogen) supplemented with 10%
foetal calf serum (Thermo) at 37 °C and 10% CO,. For transfection, 2x10° cells were seeded
per well of a 4-chamber dish (Cellvis, cat. no. D35C4-20-1.5-N) and transfected by FuGene6
(Promega). The eGFP-RHBDL2 and mCherry-RHBDL2 mutant fusion construct plasmids
were transfected at 50:50 ng, and 50:500 ng DNA per well for donor:acceptor ratios of
approximately 1:1 and 1:10, respectively, for FLIM-FRET experiments, and 50:50 ng
(donor:acceptor ratio of approximately 1:1) for FCCS experiments. The eGFP-GCPII and
mCherry-GCPII mutant fusion construct plasmids were transfected at 250:250 ng, 250:750 ng
and 75:750 ng DNA per well for donor:acceptor ratios of approximately 1:1, 1:3 and 1:10,
respectively, for FLIM-FRET experiments, and 250:250ng (donor:acceptor ratio of
approximately 1:1) for FCCS experiments. The transfection mixtures were complemented
with empty vector pcDNA3.1 to 1 pg of total DNA mass. Natural heterogeneity in expression
levels within the cell population was exploited to choose cells with a range of fluorescence
intensities of expressed reporters. For the relocalization experiments, 50 ng of FP-RHBDL2
vector with corresponding 50 ng FP-RHBDL2-KDEL fusion construct plasmids were

transfected.

Spontaneously immortalized human keratinocytes HaCaT (29) (item no. 300493, Cell
Lines Service, Germany) were cultured in DMEM medium (Invitrogen). To deplete
endogenous RHBDL2. HaCaT cells were transduced with a recombinant lentivirus
expressing the shRNA #01 targeting RHBDL2 (17) as described (16) and selected for

puromycin resistance.

Immunoblotting

The integrity of the expressed fusion proteins and the expression levels of RHBDL2 were
examined by immunoblotting. Cell lysates were separated by 4-20% gradient Tris-Glycine
SDS PAGE (BioRad), electroblotted onto a PVDF membrane (Immobilon-FL, Millipore),
optionally stained by the Revert protein stain (Li-Cor) and scanned using infrared
fluorescence scanner Odyssey CLx (Li-Cor), destained, blocked in the Casein Blocker
solution (Thermo) for 1 hr at 25°C, and exposed to primary antibodies over night at 4°C.
Primary antibodies were from rabbit (with the exception of aGCPII-02 (30) which was from
mouse). and were used at the following concentrations: ¢-RHBDL?2 (Proteintech, cat. no.

12467-1-AP) at 1:500, v-eGFP (Cell Signaling Technology. cat. no. 2956) at 1:1000, 0-RFP
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(Thermo Fischer Scientific, cat. no. R10367) at 1:3000, aGCPII-02 at 1:5000 and secondary
antibody Donkey o-Rabbit IgG (H+L) or Donkey o-Mouse IgG (H+L) cross-adsorbed and
conjugated to DyLight 800 (Thermo Fischer Scientific, cat. no. SA5-10044) at 1:10000.
Secondary antibody fluorescence was visualized using near-infrared fluorescence scanner

Odyssey CLx (Li-Cor), and optionally quantified using Image Studio™ Lite (Li-Cor).

GPMYV preparation

GPMVs were prepared as described elsewhere (31). Briefly, HelLa cells transiently
expressing eGFP and mCherry fusions to human RHBDL2 were washed by the GPMV buffer
(10 mM HEPES, 150 mM NaCl, 2mM CaCl,, pH 7.4). Then 2mM solution of N-
ethylmaleimide in the GPMV buffer was added and the cells were incubated for minimum 1
hour at 37°C. Once GPMVs were formed. they were immediately used for microscopy
experiments in situ. GPMVs containing GCPII constructs were produced using the chloride
salt method as described (10).

GUV preparation

GUVs were prepared by electroformation (32). Chloroform-lipid mixture was prepared so
that total lipid concentration was 5 ug/pL. containing 75 mol % of POPC, 20 mol %
cholesterol and 5 mol % DGS-NTA(Ni) (all lipids purchased from Avanti Polar Lipids.
Alabaster, AL). Ten pL of the mixture was spread on two ITO coated glass electrodes each.
The electrodes were dried under vacuum overnight and then assembled in parallel into a
homemade Teflon holder containing 5SmL of 600 mM sucrose solution. For the
electroformation, 10 Hz, harmonically oscillating voltage of 1 V peak-value was applied to
the electrodes for 1 hour in an incubator set to 60°C. For the imaging, BSA-coated 4-
chamber glass bottom dish (In Vitro Scientific) were used, and 100 puL. of GUVs were mixed
with 100 pL iso-osmotic buffer (25 mM Tris pH 8, 10 mM MgCl,, 20 mM imidazole,
261.5 mM NaCl. 2 mM p-mercaptoethanol) containing the His-tagged fluorescent proteins.

For the experiments that were carried out to validate the FCCS based lateral
concentration measurement, we prepared GUVs consisting of POPC and ATTO488- and
ATTO647N-DOPE (ATTO-TEC GmbH, Siegen, Germany). The amount of the acceptor
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labelled lipid was varied so that it was sufficient for the single molecule measurement as well

as for the FRET, 1.e. from 0.01 to 10 %. The amount of donor was 0.01 %.

Microscopy

All the microscopy images were acquired on the LSM 780 confocal microscope (Zeiss. Jena,
Germany) using 40x/1.2 water objective. For the FLIM-FRET and FCCS measurements the
external tau-SPAD detectors equipped with time-correlated single photon counting (TCSPC)
electronics (Picoquant, Berlin, Germany). For FCCS experiments, eGFP and ATTO488 was
excited with the 490 nm line of the Intune laser (Zeiss) pulsing at 40 MHz repetition
frequency and mCherry and ATTO647N was excited continuously at 561 and 633 nm,
respectively. The excitation light was focused on the apical membrane of giant liposomes.
The precise positioning was checked by maximizing fluorescence intensity and the apparent
molecular brightness (33). Fluorescence intensity, collected by the same objective lens, was
re-focused on the pinhole (1 airy unit) and the re-collimated light behind the pinhole was split
on the external tau-SPADs in front of which emission band pass filters 520/45, 600/52, and
679/41 for eGFP and ATTO488, mCherry and ATTO647N signal. respectively, were placed.
The intensity of the excitation light at the back aperture of the objective was 2, 6. and 0.5 pW
for 490 nm. 561 nm. and 633 nm laser line, respectively. The collected data were correlated
by home-written script in Matlab (Mathworks, Natick, MA) according to a described
algorithm (34, 35).

To avoid detector crosstalk, i.e. the bleed through from the GFP channel to the
mCherry channel, the red channel fluorescence signal was split according to its TCSPC
pattern (exponential for the signal generated by the pulsed Intune laser and flat for the 561 or
633 nm continuous wave laser) into two contributions and only the signal assigned to the flat
TCSPC profile was correlated (Fig. S1). The data were processed as described (35. 36). The
FLIM-FRET data were acquired in the equatorial plane of giant liposomes. The equatorial
plane was chosen as it is well defined, easy to find and the measurement is not affected by
small drifts of focus that are possible during FRET measurements. The data were
accumulated during fast repetitive frame scans. Frame-sequentially, the acceptor signal was
collected. The mean fluorescence signal of the donor and acceptor was used to obtain
information on their concentrations by extrapolation of the calibration measurement as

described in the Results section. The excitation intensity of the 561 and 633 nm laser was
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decreased to 0.5 and 0.05 pW, respectively, in order to minimize photobleaching of the

acceptor.

Monte Carlo (MC) simulations

For each FLIM measurement carried out on a single GPMV/GUV, an MC simulation
was executed. The simulation algorithm is illustrated step by step in Fig. S2. The mput
parameters for the simulation were the surface concentrations of donor- and acceptor-labelled
proteins that were obtained directly during FLIM acquisition with the help of the calibration
measurement (see further). The simulations were run for the following variable parameters: i)
Forster radius (Roapp) Or ii) dissociation constant, Kp, and excluded radius, Lo, when

oligomerization was addressed.

MC simulations were performed on the grid of 10000 = 10000 pixels. Size of the
pixel was set to be 0.01xR,. First, the total amount of proteins in the simulated field was
calculated. Based on the assumed Kp. overall numbers of monomers and dimers were

calculated. In our planar system, the dissociation constant Kp is defined as follows:

2
[5
KD - _M.
€p
ey
where ep and ¢y are surface concentrations of dimer and monomer, respectively.

All the monomers and one of the partners from each dimer were placed to the field so
that they did not overlap (each occupies a circular area of a diameter of an excluded
distance), i.e. a random position was generated and if it was occupied, it was rejected and
another one was generated. Subsequently, the partners in the dimers were located: a random,
already localized molecule was selected and a new one was placed directly next to it (so that
the distance of their centers equals the excluded distance) at a random angle. Once the
molecule was located, a random number was generated that distinguishes whether the
molecule is a donor or an acceptor based on the experimentally known ratio between those.

The system uses periodic boundary.

Once the molecules were localized in the field, a random donor was selected and

overall FRET rate ; was determined according to the formula:
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Q; = ¥,(Ro/Ri;) 15" + 0.5 # C,(Ro/Re)* 5.
(@)

where R; is the distance between the selected donor and all acceptors closer than the cut-off
distance Re (10xRy), tp is the lifetime of the donor in the absence of acceptor, and C; is the

number of the acceptors inside the circle of the Forster radius (22, 23, 37).

For the FRET efficiency calculations, 100 configurations of donors and acceptors
within the simulated field are generated. For each configuration, 10 random donors are
selected and their FRET rates generated according to Eq. 2. For the overall FRET efficiency
it holds: n=1—-3%,(1+Q;)""), where the sum goes over all selected donors in all

configurations.

For the fluorescence decay calculations, a random time Az at which the energy

Ina . .
transfer occurs was generated: At; = o - where a is a random number from the interval of 0
i

to 1. For each situation. i.e. each GPMV/GUV. 100 configurations of donors and acceptors
were generated and at each configuration, 100 random excitations were performed. First, the
probability that the donor does not transfer its energy to an acceptor is calculated by
cumulative histogramming of Az. Second, this probability is multiplied by the acceptor free
donor decay (fit of the eGFP decay). and third. the resulting function is convolved with the

instrumental response function.

The simulated efficiencies as well as the fluorescence decays for the given
acceptor/donor surface densities were compared with the measured data by calculating the

mean square displacement (MSD).

Experimental values of FRET efficiencies were obtained from the fits of experimental

decays from the amplitude weighted average of the decay times:

YiApaiTpAi
n= 1 _ LifDAL DAL’
YiADpiTpi

&)}
where 4; and 7 stay for amplitudes characteristic times of bi-exponential fits of the

experimental decays of donor in the presence and absence of acceptors.

FRET based determination of surface acceptor concentration
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According to Bauman and Fayer (37), the donor fluorescence decay F(f) consists of two

contributions:

F(t) = G*(t) X azexp(— t/1y).
4

i) the decay of the donor in the absence of acceptors characterized by the amplitudes ¢; and
the corresponding decay times 7, and ii) the probability G*(¢), that a donor does not transfer
its energy to an acceptor from the moment of having been excited until time 7. G°(7) is a

product of an intra and infer membrane leaflet energy transfer:

INGieea(t) = —C,I(2/3) (/DY and
%)

InGEyeer () = — C,/3 (d/Ry)? (@u/3)M3 [/ (1 — e=5)s™4/3ds.
6)

Here, (5 is the number of acceptors within in a single leaflet in the circular area of Rp in
radius, d is the membrane thickness, I™is the gamma function, u = 3T(Ro/d)6/21'. §= Zgzcosﬁﬁpf?a,
where &; is the angle between the bilayer normal and a vector that connects positions of donor

and acceptor dipoles.

We used the model to determine C> for a 2D membrane system, where ATTO488 and
ATTOG647N-DOPE served as donor and acceptor, respectively. First, we have determined
amplitudes ¢; and the decay times r; of the donor in the absence of acceptors by 2-exponential
fitting of the donor fluorescence decay. Second. we have fifted the donor decay in the
presence of acceptors with Eq. 4. The fitting involved convolution with the experimental

instrument response function and was implemented in Matlab.
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Results

Investigating dimerization of human rhomboid protease RHBDL?2 by fluorescence cross-
correlation spectroscopy

The joint motion of proteins of interest provides the most convincing evidence of their
physical interaction. and single-molecule fechniques based on tracking individual
fluorescently labeled proteins thus represent straightforward tools to address protein-protein
oligomerization. Since single-molecule based approaches require protein concentrations low
enough to distinguish individual molecules, they are applicable only to strongly interacting

species (i.e. those that form significant fraction of oligomers at low total concentrations).

We have first employed fluorescence cross-correlation spectroscopy (FCCS) (38) to
investigate the dimerization status of human RHBDL2 in live cell derived membranes of
giant plasma membrane derived vesicles (GPMVs) (31). The FCCS technique analyzes
fluorescence intensity fluctuations arising from individual molecular transits through the
diffraction limited laser focus, and the temporal cross-correlation between the signal of
fluorescence reporter labeled membrane proteins suggests their joint motion. We have
performed the experiment in the apical membrane of GPMVs (Fig. 1J) derived from HeLa
cells co-expressing eGFP-RHBDL?2 and mCherry-RHBDL2. Both fusion proteins localized
largely to the plasma membrane. were mostly full-length (Fig. 1A, D. G), and exhibited
normal protease activity of RHBDL?2 against a well-established model subsirate (Eig. S3).
Cross-correlation functions (Fig. IM) did not suggest any interaction of RHBDL2 monomers
at this concenfration range. The same experiment was performed with murine GCPII
(Fig. 1B, E. H, K, N). which is known to form dimers and localize to the plasma membrane
(39, 40). As expected, the co-expressed eGFP and mCherry fusions of GCPII exhibited a
positive cross-correlation amplitude (Fig. IN). indicative of a dimer. In contrast. eGFP and
mCherry fused to His-tagged N-terminal cytosolic domain of RHBDL2 (R2Ncyto) attached
to the membrane via Ni-NTA lipid containing GUVs (Fig. 1C, F, I, L) did not show any
cross-correlation (Fig. 10). serving as negative. monomeric controls. More details on fits and
the analysis of correlation amplitudes are given in SI (Fig. S4, Table S1). Taken together,
these results indicated that if RHBDL2 dimers exist at all, their interaction is relatively weak,
and their analysis thus requires methods that can access higher concentration ranges. The use
of FCCS has been shown to be subjected solely to brightness of molecules and can
principally address also higher concentrations provided that detectors can handle high

fluorescence countrates and that effects of laser fluctuations can be corrected (41). This
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approach represents a great potential in addressing protein-protein interactions, but cannot be
achieved with most of the common microscope setups at the moment, including ours. Our
detectors can work linearly to about 0.2 MHz, which means that we can observe maximum
about 100 fluorophores (with brightness of 2-3 kHz per molecule, as is common for eGFP or
mCherry) in focus (which corresponds to about 0.4x107 fluorophores per nm?®), and
corrections of fluctuations of laser power, and fluctuation of 2D system. such as thermal

motion of the membrane, have not been addressed.

Inwvestigating weakly dimerizing polytopic membrane proteins by FRET

From a biophysical point of view., quantifying weaker protein-protein interactions by
fluorescence techniques requires working at concentrations that are close to the dissociation
constant, which may exceed maximum levels used in single-molecule experiments (fypically
fewer than about 0.4x107 fluorophores per nm?). Therefore, spectroscopic techniques
probing the vicinity of fluorescent probes are required, such as FRET. Working at high
protein densities, with membrane-embedded entities of non-negligible excluded volume that
are potentially forming dimers of unknown spatial orientation however brings specific
problems, such as proximity-induced FRET, and the need to know the surface density of
donors and acceptors at the site of measurement. To accommodate all the specifics of dealing
with weakly interacting polytopic transmembrane proteins fused to fluorescent protein

reporters, we discuss several underlying physical and methodological considerations below.

Determination of protein surface densities in the membrane of giant liposomes

Quantitative determination of dissociation constants requires simulations of FRET
efficiencies by Monte Carlo approach (24), and for this, knowledge of surface densities of
donors and acceptors is essential. Due to the large differences in geometry of 3D and 2D
systems, calibration of fluorescence intensity versus known protein concentration feasible in
3D is not transferrable to a 2D system. Therefore, we employed a single molecule technique
of fluorescence correlation spectroscopy (FCS) that enables counting fluorescent molecules
within a diffraction-limited spot. The full length in half maximum (FWHM) of the spot light

profile is given as FWHM = % where / is the excitation wavelength and N, stands for the

numerical aperture of the objective lens. We used FCS fo measure fluctuations of
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fluorescence intensity in the upper membrane of a liposome (its apical surface) (Fig. 2A)
(42). and analysis of the intensity trace yielded the absolute number of fluorophores within
this focal spot. Since the FRET measurement, for which we need to know surface densities of
donors and acceptors. is made in the equatorial plane of a spherical liposome (GPMV)
(Fig. 2A) at a lower excitation power, the relationship between the mean equatorial intensity
at the excitation power used for FRET and the apical surface density needs to be established.
FRET protein densities are much higher than the single molecule experiment requires,
therefore the dependence between the equatorial signal and the apical protein density is
linearly extrapolated from the FCS data (Fig. 2B).

In order to validate our approach, we decided to compare the results obtained by the
FCS/extrapolation approach with a FRET based approach. In a planar system of donors and
acceptors which are in the dynamic isotropic regime, such as ATTO488 and ATTO647N
headgroup labeled lipids. the fluorescence decay of donors in the “sea” of acceptors has been
theoretically described by Bauman and Fayer (37). For details see Methods. This analysis
(Fig. S5) shows a reasonably good agreement between the two methods of acceptor surface
density determination, indicating that our approach is a valid way of determination of protein

surface densities in giant liposomes.

Determination of the apparent Forster radius

Forster radius represents the main characteristics of a FRET pair. It equals the distance where
FRET efficiency drops to 50%, and it thus refers to the distances that can be addressed by the

pair. Forster radius (Rp) can be determined as follows:

6| 9In10 x2Qp
R, = ——].
128m°Ny n

M

where Na stays for the Avogadro’s number, # is the refractive index. Op is the quantum yield
of the donor in the absence of acceptor, J is the spectral overlap integral and ” is the
orientation factor kappa squared. which equals 2/3 if rotational depolarization upon excitation
occurs much faster than transfer of energy and all orientations of the fluorophores are equally
distributed (i.e. dynamic isotropic limit). Fluorescent proteins attached to membranes via
fusions to integral membrane proteins are thought to rotate slowly compared to the donor

fluorescence lifetime, and thus the dynamic limit may no longer hold for them. In addition,
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membranes are naturally anisotropic. which prevents the fluorophores from sampling the
entire rotational space. and together makes correct mathematical treatment of such a system
exceedingly complicated. In these cases the distribution of acceptor transition dipole
orientations becomes distance dependent as a direct consequence of the motion restrictions
and system anisotropy. Therefore the appropriate physical description of the system would
require knowledge of not only a mean value of the orientation factor (if we had a chance to
access it). but of its entire donor/acceptor distance distribution. In single molecule studies the
orientation factors were determined for some single donor-acceptor pairs (43, 44). In our
laterally crowded system. however. a donor can transfer its energy to several acceptors with
different probabilities. Experimentally, in such laterally crowded systems, an individual
energy transfer cannot be separated from transfers to other neighboring acceptors, and this

has to be taken into account.

These considerations imply that Forster radius obtained for isotropic dynamic limit
cannot be automatically used for quantitative description of membrane attached fluorescent
proteins. Moreover, even the simple equations that are commonly used when characterizing
FRET are no more valid due to the need for quantum yield averaging. Despite that the

established formalism for FRET efficiency » can be kept:

n=1-0pa/0p .
(®

where Opa and Op are quantum yields of donor in the presence and absence of the acceptor,

respectively. For their ratio, it holds:

Qpa/Qp = 1/Mlimy_0 Xy [1 + Z?=1(Roapp/R,;)6]_l__
©

where summing over 7 holds for all acceptors in the vicinity of a selected donor and summing
over M stays for all donors in the system in all possible configurations. We introduce the
apparent Forster radius, Roapp, Which formally behaves as a common Férster radius, but is not
only specific for the given donor/acceptor pair, but for the entire situation, i.e. angular
distribution of all transition dipole moments at given protein densities. It has to be
emphasized that Rospp 1S an empirical constant that is principally influenced by the linker
length between the transmembrane protein and the fluorescent protein, as well as to the given

donor/acceptor surface density or heterogeneities in lateral protein organization.
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In order to characterize protein-protein interaction by means of dissociation constant,
Rospp has to be determined in a reference system that experimentally best resembles the
system of our interest (which are GPMV's with transmembrane proteins fused to fluorescent
proteins). In our approach, we decided for the reference system that consists of the N-
terminal cytosolic extramembrane part of the studied transmembrane protein RHBDL2
(R2Ncyto). fused to the fluorescent protein and attached to the membrane of giant unilamellar
vesicles (GUVs) via His-tag and a NTA-lipid anchor. Geometrically, both the reference
system and the studied system represent planes with green and red fluorescing protein barrels
separated by the cytosolic domain from the plane, i.e. the rotational motion of the barrels and
their mutual geometry would be comparable. Therefore, we assume that the donor-acceptor
distance-dependent x~ factor distribution would be similar to that in GPMVs containing
polytopic membrane proteins fused to fluorescence proteins. The use of this approach would
be restricted only to the systems where this assumption holds. ie. those with similar
rotational dynamics and geometry. It has to be pointed out that in any FRET experiments
using established interacting or non-interacting membrane proteins as positive or negative
controls, this assumption is tacitly expected to hold, because otherwise the differences in
FRET efficiencies could be caused by a different x* distribution rather than by interaction

between the proteins of interest.

In order to estimate the Rp.p, for two fluorescent proteins attached to the membrane,
we made use of the discussed proximity FRET effect. Knowing that the distribution of Hise-
R2Ncyto-eGFP and Hiss-R2Ncyto-mCherry attached to the membrane of giant unilamellar
vesicles (GUVs) spiked with DGS-NTA(Ni) is homogeneous and that no significant
mnteraction between the two proteins occurs, the combination of FRET with MC simulations
allows estimation of the apparent Forster radius of this fluorophore pair. At given surface
densities of donors and acceptors, and with knowledge of the excluded areas of the protein
barrels, the apparent Forster radius is the only variable parameter required for the
determination of FRET efficiency. We have thus prepared GUVs containing DGS-NTA(Ni)
and measured FRET efficiency for various amounts of His-tagged fluorescent proteins added
to the GUVs. For every GUV, the mean equatorial intensity was evaluated, the surface
protein density of donors and acceptors was calculated from the extrapolation of the
calibration measurement described above, and FRET efficiency based on fluorescence
lifetime imaging (FLIM) was determined (Fig. 3A).
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The surface densities of donors and acceptors obtained for each GUV were taken as
input parameters for MC simulations that were employed to calculate a theoretical level of
FRET efficiency for the given situation including the proximity FRET phenomenon. Varying
the value of the apparent Forster radius (Roap) and assuming that the donor (eGFP) and
acceptor (mCherry) cannot come closer to each other than 30 A (4), we have obtained the
best agreement between our experimental data and the MC simulation for Ro., ranging
between 50 and 58 A (Fig. 3A. inset). Also when fitting our experimental data with the
numerical model established by Snyder and Freire (8), we obtained the value of Roapp of 54 A
(for fixed value of the excluded distance of 30 A). Both for the MC simulations and for the
Snyder-Freire model, we used the closest donor acceptor distance of 30 A. Tt is of note that
we do not precisely know the distance, but based on the protein geometry it has to fall within
the range of 25 to 35 A. The numerical model gives corresponding values of Ry, 52 and
56 A, which means that the error in the closest protein-protein distance estimate is much

smaller than the range of Roapp obtained from our simulation.

Both the values we obtained from the FRET efficiency simulations as well as those
we obtained from the numerical model are very close to the value of Ry for the
eGFP/mCherry pair at dynamic isotropic limit, 52 A. In addition, we have performed the
reference experiment also with a shorter linker of 18 amino acids instead of the whole 72
amino acid R2Ncyto and obtained very similar values of FRET efficiency suggesting that the
effect of the linker length is negligible (see Fig. S6). Collectively this suggests that despite
our concerns the FRET behavior of the fluorescence proteins barrels resembles the dynamic

isotropic regime in our system.

Our MC simulations were not only adopted for the FRET efficiency calculations. but
also for modeling of fluorescence decays. The advantage of the fluorescence lifetime imaging
combined with the decay simulations over the efficiencies is that the whole decay bears
significantly more complex information on the energy transfer. Therefore, even from a single
GUV measurement, the information on Forster radius or interaction parameters (see later) can
be drawn. To prove this, we have chosen a few single-GUV measurements and analyzed
fluorescence decay data gathered during imaging of the GUVs in their equatorial plane.
Comparing the measured decay with the simulated data revealed the best agreement for Roapy,
of 58 A (see Fig. 3B). which is remarkably close to the values resulting from the analysis of
FRET efficiencies (Fig. 3A).
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Dimerization of RHBDL?2 and GCPII

To address the thermodynamic propensity of the human rhomboid intramembrane protease
RHBDL2 to form dimers in the natural lipid environment and at high protein densities, we
have measured FRET in giant plasma membrane-derived vesicles (GPMVs) prepared from
Hela cells co-expressing eGFP and mCherry fusions to RHBDL2, using glutamyl
carboxypeptidase IT (GCPIL also known as NAATL ADase) as a dimeric positive control (39,
40) (Fig. 1). The use of the spherical GPMVs was crucial for quantification of protein surface
densities in the area from which the signal was collected. In living cells, membrane proteins
are synthetized at the endoplasmic reticulum (ER) membranes and are then trafficked to the
plasma membrane. Since plasma membrane surface is not simply planar, but it is complicated
by ruffles and numerous filopodia-like protrusions (Fig. 1G, H), plenty of signal intensity
heterogeneities are visible when focusing on the plasma membrane adhering to the glass
(Fig. 1G. H). This could be also due to numerous ER-plasma membrane contact sites. As a
consequence, overall area of the plasma membrane cannot be easily measured in live cells.
Thus, GPMVs with low fluorescence signal were used for the calibration of surface protein
density by FCS as described above, and protein density in the apical surface of the highly
fluorescent GPMVs used for FRET measurements was calculated from the mean equatorial
fluorescence. These surface protein densities were used as input parameters for MC
simulations, where the value of Kp and the closest donor-acceptor distance (excluded radius)

were varied, and the results were compared to the experimental values of FRET efficiency
(Fig. 4).

The results for RHBDL2 show that independently of the excluded radius of the
protein (Lo in Fig. 4B). experimental data match the simulations only at relatively high Kp
values (low —log(KDXnmz)) of about 0.16 nm™> (corresponding to about 4.5 mol % assuming
lipid head group size is 60 A%). This is one or two orders of magnitude higher than the highest
acceptor concentration achieved in our experiment, and a few more orders of magnitude
higher than the concentration of the endogenous RHBDL?2 in HeLa cells (Fig. S7). It is thus
highly unlikely that the rthomboid protease scaffold of RHBDL2 be intrinsically dimeric in
lipid membranes at physiological concentrations. For the positive control, GCPIL the
simulation predicts apparent Ky, value of 1.5<107° — 1.5x10~* nm” (corresponding to 0.00045
— 0.0045 mol %, respectively, provided the lipid head group size is 60 A%). which is 3-4
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orders of magnitude lower than that of RHBDL2, and in agreement with the known dimeric
character of this protein (39, 40).

For both RHBDL2 and GCPII, we have also employed the analysis of fluorescence
donor decays. We have selected several GPMVs with higher acceptor density to assure for
high enough level of FRET. We have simulated the decay for the selected GPMV
characterized by the surface concentrations of donors and acceptors. Similar to efficiency
simulations, we have executed the simulations for increasing Kps and radii of excluded
volumes (Lg). Eventually, the simulated data were compared with the experimental decay
curve. which shows that the Kps as well as the excluded radii obtained from the decay

analysis are in a good agreement with those obtained from the analysis of efficiencies
(Fig. 5).

It is worth noticing that the levels of FRET observed for RHBDL2 are comparable to
those obtained with R2Ncyto. the negative control, for similar levels of acceptor density (the
donor density was small in both sifuations, see Table S2). This means that the observed
FRET efficiency can be attributed entirely to the proximity phenomena in case of RHBDL2
and R2Ncyto. In contrast. in the case of GCPIL large FRET efficiencies (around 30 %) were
observed already at protein densities almost an order of magnitude lower than the highest
densities used with RHBDL2 and R2Ncyto. At the concentrations used for GCPIIL, the level
of proximity FRET for a GCPII monomer would not exceed 5 %, for dimer it would be even
lower (2). Most of the FRET efficiency in GCPII experiments thus arises from the strong

interaction between GCPII monomers.

Our analysis indicates that RHBDL?2 is not dimeric to any significant degree in cell
membrane derived vesicles at expression levels far exceeding the endogenous ones (17 to 56-
fold higher, Fig. S7). We however could not exclude that in other intracellular compartments
such as the ER or Golgi., which have a different lipid composition and hydrophobic thickness.
RHBDL2 may dimerize. Since interactions within the intracellular compartments of the
secretory pathway are not easily directly addressable by FRET or FCCS, we resorted to a cell
biological approach exploiting the cellular mechanism of retrieving proteins back to the ER
from early Golgi via the KDEL tag (45) and membrane-bound KDEL receptor (46. 47). In
fact, KDEL tagging was shown to exert a strong dominant negative effect on the secretion of
dimeric proteins such as TGFp (48), documenting feasibility of this approach. When eGFP-
RHBDL2 and mCherry-RHBDL2 are co-expressed in HeLa cells, both constructs show
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predominantly plasma membrane localization. notably labelling filamentous extrusions of the
cell surface (Fig. GA, Fig. S8A). When both of these constructs are equipped with a C-

terminal, luminal KDEL tag. both show predominantly an ER localization with a complete

overlap and complete loss of filopodia-like labelling (Fig. 6B, Fig. S8B). When, however,
mCherry-RHBDL2-KDEL and eGFP-RHBDL?2 are co-expressed, only mCherry-RHBDIL.2-
KDEL relocalizes to the ER, while the localization of eGFP-RHBDL?2 is barely affected and
fluorescence of the two reporters overlaps only minimally (Fig. 6C, Fig. S8C). The same is
true when eGFP-RHBDL.2 is KDEL-tagged and mCherry-RHBDL2 is not (data not shown).
These independent qualitative data strongly indicate the absence of stable dimers of RHBDL2
that could traffic together. In other words, RHBDL2 appears monomeric in all major

membrane compartments of the secretory pathway where it normally resides.

Discussion

For addressing weak protein oligomerization in cellular membranes, FRET combined with
FLIM represents one of few applicable optical non-invasive techniques. It has been shown
that the expression levels of fluorescent protein acceptor fusion has to be kept under control
as it may contribute to the overall FRET efficiency by the proximity effect (2). Having full
control of lateral protein density does not seem to be possible in living cells, but it is possible
in GPMVs derived from the cells of interest using an external calibration (4). To separate the
impact of the proximity effect from the impact caused by protein oligomerization on the

overall FRET efficiency we have utilized MC simulations.

A large fluorescent protein attached to a membrane-residing protein of interest,
however. cannot freely rotate in all directions, and it rotates at the time-scales much slower
that the donor fluorescence lifetime. Such fluorescent fusion membrane proteins hence do not
fulfil the requirements for the dynamic isotropic limit that predicts the value of the orientation
factor x* to be 2/3. Knowledge of x* and consequently of Forster radius is however essential
for meaningful quantification of FRET. In situations that are neither isotropic nor dynamic,
estimation of ¥ is very difficult and usually requires understanding the dynamics of the
involved proteins. Moreover, to calculate FRET efficiency under the stafic or intermediate
conditions, the overall dependence of the x* factor on the donor-acceptor distance has to be
known (49). Here, we propose to use an apparent value of Ro (Roagp) that would allow to

compare systems resembling each other well as regards rotational dynamics and geometry of
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the fluorophores. In this sense, we consider our system consisting of transmembrane proteins
fused to fluorescence proteins comparable to the eGFP/mCherry donor/acceptor pair attached
by a linker and His-tag to the membrane of GUVs. Our approach then simulates FRET
efficiencies at experimentally obtained protein densities and compares those with the
measured FRET efficiency values. The only optimized parameter in the simulations is the
apparent Farster radius. Our results clearly indicate that the apparent Férster radius for eGFP
and mCherry in our system falls into the range of 50— 58 A, which is in a very good
agreement with the value reported in literature for the dynamic isotropic limit, i.e. 52 A (50).
This result however does not prove that the pair is in the dynamic isotropic regime. Whether
it is close to it or whether it is just a coincidence cannot be distinguished from our data. Our
results however imply that a pair of similar barrel-like fluorescent proteins attached to a
membrane plane via a transmembrane protein may be treated as if they were in dynamic
isotropic regime as their geometrical situation is similar to our system. Being aware that the
rotational rigidity caused by the close proximity of the fluorescent protein barrel and the lipid
membrane can be significantly decreased by the presence of a flexible linker, we tested two
different linker lengths: 18 and 72 amino acids. As we did not observe any difference
between those two, we can conclude that already 18 residues probably allow maximal

mobility of the fluorescence protein barrel.

The quantitative determination of the dissociation constant by the MC simulation can
be generally applied also for any higher-order protein-protein interaction. It is, however,
limited by the a priori knowledge of the stoichiometry of the protein complexes. When it is
known, it can be straightforwardly implemented into the MC simulation. When stoichiometry
is unknown, single molecule or other biochemical approaches can be employed to acquire

this information.

Apart from FRET, we have also applied FCCS to address protein dimerization. In our
hands the two techniques are more or less complementary. While FCCS is used for lower
surface concentrations of proteins (typically up to approximately 0.4x10° protein
fluorophores per nm?), FRET, even though it can be applied generally in all concentration
ranges, is beneficial especially in ranges were FCCS cannot be easily used in practice
(typically above approximately 0.4x10> protein fluorophores per nm?). Although the
concentration range where FCCS can be applied can generally be much broader, theoretically
unlimited (41), its limits are in practice set by the technical features of the used microscope,

specifically, by the dynamic range of the detectors or by the ability to correct for the laser
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fluctuations. In addition. the membrane thermally fluctuates. which would probably also add
a noise component to the correlation curve. This may be negligible at low protein densities as
its amplitude is very small, but it could become significant at high protein concentrations.

The actual donor concentrations in experiments depicted in Fig. 4 are reported in Table S2.

In order to validate our method, we have applied it to the dimeric membrane protein
GCPIL. The data indicated that GCPII was dimeric in GPMVs, and the values of the
dissociation constant of GCPII were 3-4 orders of magnitude lower than those of the
rhomboid intramembrane protease RHBDL2, which was previously proposed to be dimeric
(15). Interestingly, recent single-molecule photobleaching analysis of several rhomboid
proteases and pseudoprotease by Kreuzberger and Urban (51) also found no evidence for
dimerization in live cells. This study was however limited to low concentrations of the
species compatible with single-molecule studies. Our study additionally provides data from
the high concentration range of rhomboid, and is testing the possibility of weak interactions
between rhomboid monomers. Since our study alse finds no evidence for rhomboid
dimerization, these two studies together strongly indicate that the rhomboid domain is
intrinsically monomeric in membranes. This is particularly relevant for the related rhomboid
pseudoproteases iRhoms (52) and Derlins (53) that are involved in inflammatory signaling
(54) and ER associated degradation (55). respectively. Derlins were proposed to be dimeric
based on detergent solubilisation and pull-down experiments (56), but it is highly likely that
Derlins themselves do not dimerize in membranes. Indeed. dimerization of the rthomboid-
family proteins could occur if there was an additional force that drives the partners to one
another. such as dimerization of their extramembrane domains (57). interaction via a third

partner. segregation to some specific lipid pools, or binding to juxtamembrane structures.

Conclusions

Here we adapt the usage of FRET for the analysis of dimerization of polytopic
fransmembrane proteins by taking into account proximity induced FRET. by careful
estimation of the apparent Forster radius that can principally deviate from the wvalue
commonly used in isotropic conditions. and by employing Monte Carlo simulation to
interpret FRET results. In addition, we have developed and validated a method for lateral
concentration determination that is crucial for having distribution of donors and acceptors

under the control. Using these methods, our biophysical and cell-biological experiments do
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not provide any evidence for the dimerization of human rhomboid protease RHBDL2 in lipid
membranes of live cells, which suggests that the transmembrane core of rhomboid protease is

intrinsically monomeric, unlike proposed previously (15).
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Figure Legends

Fig. 1: The experimental system used and fluorescence cross-correlation analysis of
dimerization of RHBDL2 and GCPIL

(A-C) Construct schemes for eGFP-RHBDL2 and mCherry-RHBDL?2 (A), eGFP-GCPII and
mCherry-GCPII (B). and eGFP-R2Ncyto-Hiss and mCherry-R2Nceyto-Hiss (C). (D, E)
Western blots showing expression and integrity of eGFP-RHBDL2 and mCherry-RHBDL2
(D). and eGFP-GCPII and mCherry-GCPII (E). (F) Coommassie-stained SDS PAGE
showing integrity of recombinant eGFP-R2Ncyto-Hiss and mCherry-R2Ncyto-Hiss. (G, H)
Live-cell GFP fluorescence showing subcellular localization of eGFP-RHBDL2 (G) and
eGFP-GCPII (H) expressed in HeLa cells. Scale bars mark 10 pm. (I) Scheme of GUVs
spiked with DGS-NTA(Ni). (J-L) Fluorescence images illustrating GPMVs containing
eGFP-RHBDL?2 and mCherry-RHBDL2 (J) (scale bar 2 pm), eGFP-GCPII and mCherry-
GCPII (K) (scale bar 2 pm). and NTA-decorated GUVs containing surface-bound eGFP-
R2Ncyto-Hisg or mCherry-R2Ncyto-Hisg (L) (scale bar 5 pm). (M-O), Auto- and cross-
correlation functions of eGFP-RHBDL2 (green) and mCherry-RHBDL2 (red) in GPMVs
(M). eGFP-GCPII (green) and mCherry-GCPII (red) in GPMVs (N). and R2Ncyto-Hiss
(green) and mCherry-R2Nceyto-Hisg (red) bound to DGS-NTA(Ni)-spiked GUVs (0). Blue
lines denote the cross-correlation functions. Representative measurements are displayed. A
number of GPMVs/GUVs were measured for each construct pair, with detailed statistics of

the FCCS experiment available in Fig. S4.
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Fig. 2: Determination of protein surface densities in the membrane of giant liposomes.

(A) Scheme of the calibration experiment: FCCS determining the protein concentration was
acquired in the apical membrane of the GUVs — the magenta laser light profile; the FRET
experiment requiring the equatorial intensity of the fluorescent proteins was carried out in the
middle section of the GUVs — orange ellipse. (B) Linear dependence of the fluorescent
protein surface concentration on the mean equatorial intensity: green and red lines denote
Hise-eGFP and for Hisg-mCherry. respectively. The dotted lines show the extrapolation to the

concentrations for which FCCS cannot be carried out.
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Fig. 3: Determination of the R, for two fluorescent proteins attached to the membrane.

(A) FRET efficiency as a function of acceptor concentration: black squares denote the
measured data; circles denote the simulated data with increasing apparent Forster radius. The
best agreement between the measured and the simulated data was found for the apparent
Forster radius is 50-58 A. The black line is a fit of experimental data by a numerical model
introduced by Snyder and Freire giving the value of Ry, = 54 A. (B) MC simulation of the
fluorescence decay (grey line) obtained for a selected GPMV:; colored lines are obtained from
the simulation with increasing apparent Forster radius. The best agreement between the data
and the simulation was obtained for Rosp, = 58 A. The insets show the dependence of MSD
(mean square deviation), calculated from the measured data and each of the simulated
dependences, on the apparent Forster radius. Table S2 lists all concentrations of donor and

acceptors.
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Fig. 4: Analysis of dimerization of RHBDL2 and GCPII in GPMVs derived from HeLa cells
by FRET measurements and MC simulations.

(A) Comparison of acceptor concentration dependent FRET efficiencies obtained
experimentally (black squares) and from MC simulations (circles). The MC simulations were
carried out for RHBDL2 and GCPIL, at increasing Kp values. and for excluded radii ranging
from 30 to 60 A and from 20 to 70 A for RHBDL2 and GCPII. respectively. Donor
concentrations are not depicted for the sake of simplicity, but for every analyzed GPMV. they
were used as input parameters for the MC simulations. (B) Heat-maps of —log (MSD)
visualizing the agreement between the measured and the simulated data for various values of
Kp and the excluded radii. Table S2 lists all concentrations of donor and acceptors. pKp= -

log(Kp): MSD — mean square deviation;
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Fig. 5: Analysis of dimerization of RHBDL2 and GCPII in GPMV's derived from HeLa cells
by FLIM-FRET measurements and MC simulations.

(A) Comparison donor fluorescence decay (grey line) obtained at given lateral concentration
of donors and acceptors with decay curves obtained from MC simulations (colored lines).
The MC simulations were carried out for RHBDL2 and GCPIL at increasing Kp and Lg
values. (B) Heat-maps of —log (MSD) visualizing the agreement between the measured and
the simulated data for various values of Kp and the excluded radii Ly. pKp= -log(Kp): MSD —

mean square deviation;

Page 34 of 35

118



Fig. 6: Relocalization analysis of RHBDL2 in live cells

Fluorescent constructs of human RHBDL2 fused to either eGFP or mCherry with or without
the ER-retaining KDEL signal fused to the very C-terminus of each protein were co-
expressed in HeLa cells, and live cell fluorescence was recorded 20-24 hrs after transfection.
A, eGFP-RHBDL2 co-expressed with mCherry-RHBDL2; B, eGFP-RHBDL2-KDEL co-
expressed with mCherry-RHBDL2-KDEL; C. eGFP-RHBDL2 co-expressed with mCherry-
RHBDL2-KDEL. Note that while both fusions show strong plasma membrane localization
including filopodia (A)., KDEL tagging effectively relocalizes both fusions to the ER (B).
while KDEL tagging of only one of the fusion proteins does not relocalize the other co-
expressed one (C), meaning that the two fusion proteins do not stably interact with one
another within the cell. Scale bars are 5 pm. Images of more cells from panels A — C are

shown in Fig. S8.
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A eGFP-RHBDL2 mCherry-RHBDL?2 merge

B eGFP-RHBDL2-KDEL  mCherry-RHBDL2-KDEL merge

C eGFP-RHBDL2 mCherry-RHBDL2-KDEL merge
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7 Discussion

7.1 Substrate binding, specificity and reaction mechanism of rhomboid protease
GlpG

The phenomenon of intramembrane proteolysis was first described about twenty years
ago [7]. Since then, we have learn that this mechanism is linked with many important cell
biological processes, from protein quality control and degradation [40] to cell proliferation
[11] and differentiation [9], and also with many diseases like Parkinson’s disease [109] and
cancer [108]. To develop effective drugs targeting intramembrane proteolysis we have to
understand it mechanistically, and acquiring detailed information about substrate-enzyme
interaction is key. To this end we have studied the main model intramembrane protease — E.

coli GlpG from the thomboid-like superfamily.

With the help of X-ray crystallography, we have solved high-resolution structures of
GlpG in complexes with peptidyl-chloromethylketone inhibitors. We have identified the
substrate residues at P1 — P4 subsites which are crucial for substrate recognition and catalysis
[102]. We have also demonstrated that the S4 subsite is formed by the L1 loop, which is
highly conserved among rhomboids and function of which was unknown. We speculate that its
role in the enzyme-substrate recognition and cleavage reaction is also conserved in other
members of the rhomboid superfamily. The combination of our structural data and
biochemical analyses with previously published work [136,137] enabled us to outline a model
of enzyme-substrate complex, which showed an interaction between the P4 to P3’ segments of
the substrate and the GlpG active site. Substrate residues at positions P4, P1 and P2’ strongly
influence the k., of the cleavage reaction, whereas they play minimal role in the substrate
binding event, because the Ky remains almost unaffected [136]. Taken together, the
interaction interface between the enzyme and substrate is much larger than just the segment
comprising residues at positions P4 to P2’ and this region of the substrate is responsible only
for a small part of the total binding energy of the substrate. We significantly contributed to the

clarification of the mechanism of substrate binding by rhomboid proteases. The full details of
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substrate recruitment by the enzyme, such as the structure of the transmembrane helix of the

substrate bound to rhomboid, however, still remain to be elucidated.

To build a structural model of GlpG with the full transmembrane domain of the
substrate, we used an NMR structure of E. coli TatA [137]. Our model of the homologous P.
stuartii TatA showed that its TMH is about 22 A long, flanked by residues P13 and F27. In
contrast, the thickness of the GlpG membrane portion is about 13 A. Manual docking of this
substrate TMH to the GlpG enzyme showed that a part of the TatA substrate TMD would stick
out of the membrane (Figure 22). This situation is very unlikely due to the energy demand of
such hydrophobic mismatch. Most probably, the substrate would try to avoid this by one of the
two possible strategies. In the first case, the substrate TMD could be tilted or kinked to be
completely hidden in the membrane; in this case the interaction of the transmembrane portion
of the substrate with the enzyme would be minimal. In the second scenario, the substrate TMD
could be curved and interact with GlpG to avoid interaction with the hydrophilic environment
outside the membrane (Figure 22). The interface between GIpG and its substrate would thus
be much larger in the second scenario, which is supported by our data and which would thus
be more likely. In addition, similar behavior has been described for a region in a different

protein a with a hydrophobic mismatch larger than 4 A [138].
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Periplasm

Figure 22: Structural model of GlpG protease with the TatA substrate TMH. Three different
possibilities of substrate TMH orientation within a membrane are distinguished by colors.
Adopted from [139].

We propose that the interaction interface between the substrate and the enzyme is
large, by showing the importance of the transmembrane region of the substrate for its
recognition and catalysis using a series of C-terminally truncated transmembrane peptide
substrates. These substrates are derivatives of LacYTM2, which is readily cleaved by diverse
rhomboid proteases. These peptides were cleaved by the enzyme only in their full
transmembrane versions, but their derivatives truncated by more than 5 residues from the
transmembrane C-terminus were poorly utilized [140]. We tested whether LacYTM?2 could
also be used as a fluorogenic substrates when residues at the P5 and P4’ positions were
modified by the EDANS/DABCYL FRET pair. These positions are not critical for rhomboid
cleavage [102,139] and GlpG action was not affected by their mutations. The 7 amino acid
residues distance between the two fluorophores is short enough for FRET to occur in the
uncleaved substrate (EDANS is quenched by DABCYL) and cleavage is thus accompanied
with an increase in fluorescence of EDANS. Such substrate can also be used in liposomes
(Figure 19), where it is cleaved similarly as in detergent micelles. We also verified with CD
spectroscopy that the helical structure of the TMH 1is unaffected. In addition, we

experimentally confirmed that changing the sequence of the substrate according to GlpG

128



specificity [139] results in a more efficient GlpG-specific cleavage. By mutating all five
residues at positions P5 to P1 of the fluorogenic LacYTM2 derivate, we reached 23-fold more
efficient cleavage as compared to the wild type. We have also shown that by using this
modification approach substrates can be easily adapted for efficient cleavage by different

rhomboid proteases.

Furthermore, we used the information about GlpG substrate specificity to generate
aset of novel peptidyl-o-ketoamide inhibitors. We identified ketoamide as a promising
electrophilic warhead, which exceeds other electrophilic reversibly binding warheads
commonly used for serine proteases that we tested (trifluoromethylketones, boronates,
acylsulfonamides, thiazolylketones) [141,142]. We experimentally confirmed that
a modification of the peptidyl-a-ketoamides at their prime side of the active site increases their
ability to inhibit thomboids, presumably because the hydrophobic (in case of GlpG) P2’
residue of the substrate is important for rhomboid substrate recognition [102,136]. We have
confirmed the selectivity of the peptidyl-a-ketoamides by a high-throughput assay for testing
inhibitor potency and specificity [143], and a kinetic and structural analysis of our compounds
revealed that they inhibit the rhomboid in a substrate-like manner and that the inhibition is
covalent and reversible. They inhibited E. coli GlpG in vivo with up to 2 nM IC50. The
inhibitors are modular because the peptidyl part of the inhibitor and the ketoamide warhead
modification can be tailored separately, yielding selective inhibitors. In summary, we
generated a new class of potent and selective rhomboid inhibitors that are superior to all other
currently used rhomboid inhibitors and have a straightforward application in biology and drug

discovery.

7.2 Dimerization properties of membrane proteases from rhomboid family

Dimerization of rhomboid proteases was reported as a mechanism regulating their

activity in vitro [115]. However, this report was based only on experiments in a solubilized

state in detergent micelles and the in vivo situation was not studied. The importance of this

topic is confirmed by the fact that the same question was also addressed by other researchers.
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Their observation is consistent with our results that the thomboid behaves as a monomeric
entity in natural lipid membrane [116]. By an integration of biophysical fluorescent techniques
(FRET, FCCS), we focused on registration of strong and also weak interactions between two
proteins. Our constructs of fluorescently labeled human rhomboid RHBDL2 were designed
with respect to their usage on membrane surface (Figure 21). We paid special attention to the
linker between the protein of interest and the fluorescent marker, as the distance between the
fluorophores is one of FRET intensity determinants. We also needed to avoid
misinterpretation and false positive results of FRET experiments caused by the ‘proximity
effect’ [144] of overexpressed protein in high density. In the first place, we had the protein
expression and localization under strict control and then we also used the Monte Carlo
simulations to confirm the relevance of our observations. During its maturation, a membrane
protein is exposed to varying lipid environment in different cellular organelles [145] and this
can of course also affect the protein oligomeric state [146]. Taking this scenario into
consideration, we also focused on the dimeric state of RHBDL2 in endoplasmic reticulum.
Using this approach, we examined the oligomeric state of human rhomboid RHBDL2 under
about 20-fold overexpression above physiological concentration, and we found no evidence of
its dimerization in natural biomembranes after or during its maturation. This suggests, contrary
to the current belief based on in vitro experiments, that dimerization may not be a universal

regulatory mechanism in rhomboid proteases.
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8 Conclusions

In this work we focused on the mechanism, specificity and potential drug targeting of
intramembrane proteases from the rhomboid family using biochemical and biophysical
approaches. By X-ray crystallography combined with enzymatic assay and in silico modeling,
we focused on the interaction between E. coli thomboid protease GlpG and its substrate. We
also used the non-invasive spectroscopic techniques FRET/FCCS in combination with MC
simulations to investigate the oligomerization of human rhomboid RHBDL?2 in native cell-

derived biomembranes.

We elucidated the specificity of GlpG by positional scanning mutagenesis of rhomboid
substrate TatA. Our observations confirmed the importance of substrate residues at positions
P4 and P1. We found that some substrate mutations inhibit cleavage, but GlpG was also
surprisingly more efficient in cleaving some mutant substrates. From our structural data on
GlpG in complex with TatA-based peptidyl-chloromethylketone inhibitors, we identified the
S1 to S4 subsites of the protease and elucidated the role of the conserved L1 loop, which co-
forms the S4 subsite. Furthermore, we used molecular dynamics to build a model of GlpG

with the TatA substrate bound in its active site.

We also focused on rhomboid proteases as potential therapeutic targets for inhibitor
development. Detailed information about GlpG interaction with substrate helped us design
a variety of fluorogenic substrates based on the sequence of the promiscuous rhomboid
substrate TatATM2. By employing functional thomboid cleavage assay, we confirmed the
applicability of our fluorogenic substrates in the environment of detergent micelles and also in
liposomes. Our substrates can be also easily adapted for different rhomboid proteases by
mutating residues in the peptidyl part of the substrate at the P1 to P5 positions. By applying
principles similar to those for the fluorogenic substrates, we further developed peptidyl-a-
ketoamide inhibitors of rhomboids. These inhibitors bind the enzyme in a substrate-like
manner, covalently and reversibly. The inhibition is selective and the inhibitors work in

nanomolar range. Their advantage is that they can be easily adapted to different rhomboid
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proteases by inhibitor warhead modification and also by alteration of amino acid residues in

the peptidyl part.

We analyzed in vivo the behavior of human rhomboid RHBLD2. By spectroscopic
techniques FCCS and FRET in combination with in vivo imagining of rhomboid localization
and MC simulation, we investigated the tendency of rhomboid to dimerize. Although
rhomboid dimerization and related activation was already described in detergent micelles in
vitro, we found no evidence for occurrence of this phenomenon in vivo. The methodological
approach we have used to study RHBDL?2 is generally applicable to any eukaryotic membrane

protein.
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