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Substrate binding and specificity of rhomboid
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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 GlpG in a substrate-like manner, and their co-crystal
structures with GlpG reveal the S1 to S4 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 S4 subsite is plastically
formedby 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.
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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

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 P30 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 b-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-a-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).

We have first examined the inhibitory properties of tetrapeptidyl-

CMK Ac-IleAlaAlaAla-COCH2Cl (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

GlpG (Xue & Ha, 2013), which suggested that Ac-IAAA-cmk may be

cross-linking two TMDs of GlpG. The mass shift of GlpG 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 HCl).

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 S3); the second most restrictive position was P4

with preference for hydrophobic residues. Positions P5, 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 GlpG in vivo. Consis-

tently, mutations in the P4 position (I5S 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
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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 GlpG both in

vitro (Fig 2A) and in vivo (Fig 2B): I5S, I5G, A6D, A8V and A8G.

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 (I5S, I5G, A6D, A8V

and A8G) 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

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 GlpG rhomboid protease and solved the complex structure at

2.1 Å 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).

A

B

C

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 GlpG. 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 GlpG 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 GlpG, 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.

C The inhibition properties of chloromethylketones depend on the length and sequence of their peptidyl chain. All compounds were pre-incubated with GlpG 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.
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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 b-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 CMKwarhead to the catalytic dyad is unlikely to affect the

conformation of the tetrapeptide ligand in the active site significantly.

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 L5 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–p 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

A B

C

Figure 2. Tetrapeptidyl-chloromethylketones bind GlpG in a substrate-like manner.

A Specificity matrix of GlpG 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. GlpG 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.

B 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 I5S (P4 position), A6D (P3 position) and A8G or A8V (P1 position) are refractory to cleavage or show severely inhibited cleavage by GlpG in biological membranes.

C Correlation of effects of amino acid changes in inhibitors with corresponding mutations in substrates. Amino acids that are not tolerated in TatA by GlpG 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.
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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-IATA-cmk

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

A B

C D E

Figure 3. Crystal structure of GlpG 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 Fo–Fc simulated
annealing omit map, calculated at 2.1 Å and contoured at 3 r, is shown 2 Å around Ac-IATA-cmk. Crystallographic statistics is shown in Supplementary Table S1.

B Interactions between Ac-IATA-cmk and GlpG. 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.

C Superposition of the GlpG:Ac-IATA-cmk complex with the isocoumarin (ISM) and diisopropylfluorophosphonate (DFP) complexes (PDB-IDs 2XOV 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 ISM benzoyl 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 GlpG. Shown are views from two different angles. Positions of the S1–S4 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.
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are not tolerated well in the P5 position of the substrate

(Fig 2A).

Substrate-binding subsites in GlpG

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 P1 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 GlpG 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 GlpG, 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–p bond. This interaction defines the S4 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 S4 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 kcat 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 GlpG. 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

(F146A and F146I) 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 F146I

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 F146I 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 GlpG and its F146I mutant complexed to

Ac-FATA-cmk (2.9 and 2.55 Å 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 GlpG in a slightly different way in the

three complexes (Fig 4B), illustrating the plasticity of S4 subsite. In

wt GlpG, the isoleucine of Ac-IATA-cmk interacts with the main

chain atoms of W196 of the L3 loop and the side chain of F146

(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 F146I mutant of GlpG, 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 I146 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

GlpG (Vinothkumar et al, 2010, 2013; Xue & Ha, 2012; Xue et al,

2012) were useful first approximations for uncovering the structural

changes involved in GlpG 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 5A and B) reveals that only minor TMD move-

ments occur in the complex. TMD6 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 TMD5, 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 TMD5 in the

enzyme–substrate complex, we cannot exclude the possibility of

larger TMD5 movements in other phases of the catalytic cycle of

rhomboid. The most dramatic secondary structure changes involve
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A

B

Figure 4. A patch of hydrophobic residues from the L1 loop forms the S4 subsite of GlpG.

A Compensatory effect of mutations in the S4 subsite of GlpG and the P4 position of TatA. Mutation of the S4 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 GlpG 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 I5W) very poorly, the activity can be fully recovered by replacing the bulky phenylalanine
146 in the S4 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 S7).

B The S4 subsite in the complex structures GlpG:Ac-IATA-cmk, GlpG:Ac-FATA-cmk and GlpG_F146I:Ac-FATA-cmk. Crystallographic statistics are shown in Supplementary
Table S1. Upper panels: close-up view of the S4 subsite with the surface of GlpG coloured according to the Kyte-Doolittle hydrophobicity scale (Kyte & Doolittle, 1982).
The S4 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 I146 of the L1 loop make vdW contacts with their side chains. The isoleucine in the P4 position of Ac-IATA forms a CH-p interaction with the
aromatic side chain of F146.
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the L5 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, TMD5 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 S1 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 L5 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 TMD5 has rotated 180° in the complex when compared to

the apoenzyme, thus allowing the formation of an internal cavity

thought to represent the S20 subsite (Vinothkumar et al, 2010, 2013)

(Fig 5A 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 b-lactams (Vinothkumar

et al, 2010, 2013; Xue & Ha, 2012). Finally, residue F232 of TMD5 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 GlpG, 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 P30 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 S201 main

A B C

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

A Structural alignment of unliganded GlpG and the GlpG:Ac-IATA-cmk complex, side view. Unliganded GlpG (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, TMD5 and the L5 loop.

B Top view. F232 and F245 are omitted for clarity.
C 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).
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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 P20 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 P20 phenyl of TatA (Supplementary Fig S8D

and E) snugly fits into the previously proposed S20 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 P20 residue of the substrate.
Phenylalanine 245, located at the tip of L5 loop, constitutes the

‘roof’ above the S10 and S20 subsites, making van der Waals contacts

with the P10 and P20 residues (Supplementary Fig S8E). Amino acids

F153 and W157 of TMD2 and W236 of TMD5 form the outer rim of

the active site cavity that opens to the lipid bilayer, making van der

Waals contacts to the P20 residue as well as to the glycine in P30

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 TMD5, as proposed earlier (Baker et al, 2007).

Our data indicate that the full extent of the enzyme–substrate

interactions in the active site of GlpG comprises a stretch of seven

consecutive residues of the substrate in an extended conformation,

from the P4 to P30 position (I5 to G11 in TatA) (Fig 6A). The P30

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 P40. The P30 glycine exits the active site

of GlpG 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 Å, which matches

the calculated distance of 13 Å 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

A B

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-P30 . The P30 residue exits the active site of GlpG between
W236 (TMD5) and F153 (TMD2).

B A cartoon model of the full transmembrane TatA substrate interacting with GlpG. The substrate continues by the N-terminus of its helical transmembrane domain
from the point of where its P30 residue ‘exits’ the active site of GlpG 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-P30 segments are shown in
Supplementary Fig S8D and E.
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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 P30 segment of the substrate is in contact

with the active site cleft of GlpG. The importance of the P4, P1 and

P20 positions in the substrate (Strisovsky et al, 2009) was recently

confirmed by showing that they determine the kcat of rhomboid

cleavage (Dickey et al, 2013). These residues have only a negligible

impact on KM (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 P20 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

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 (P40 position) to F27 is

a-helical and about 22 Å long. The estimated hydrophobic thickness

of GlpG molecule from the point of exit of the P30 residue to the

cytoplasmic boundary of the membrane is about 13 Å (Fig 6B), and

manual docking of P. stuartii TatA TMD region P13 (P40 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 GlpG. 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 GlpG (unless GlpG is

also tilted in the membrane accordingly) and might therefore be less

likely. However, a tilted orientation with a kinked a-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 GlpG

(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 Å (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 TMD5 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 L5

loop has to be displaced significantly to allow binding of substrate
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to the active site, but we do not observe any significant movement

of the adjoining TMD5. 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 TMD5 is not required for the formation

of the acylenzyme nor the Michaelis complex with the P4 to P30

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 TMD5 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. Lep�sı́k, 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 GlpG 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 H150 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

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-

lytic 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 b-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 S185, 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,

GlpG 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. M120) (Supplementary Fig S9A), allowing for substrate
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interactions comparable to the ones observed in the S4 subsite of

EcGlpG (Supplementary Fig S9B). 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 GlpG core domain for crystallography was expressed,

solubilised in n-decyl-b-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

assays, n-dodecyl-b-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, F146I 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 GlpG, 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 [35S]-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 GlpG (20 ng/ll) in 16-ll 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), and

substrate conversion was analysed by radiography and densitometry

as described (Strisovsky et al, 2009) using ImageQuant 8.0 software

(GE Healthcare).

For evaluating GlpG activity in vivo, recombinant chimeric MBP-

TatAtmd-Trx substrates (Strisovsky et al, 2009) were expressed in

the wild-type E. coli MC4100 encoding endogenous GlpG 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.

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 lM) was

preincubated with peptidyl-chloromethylketone inhibitors at differ-

ent concentrations (50–700 lM) 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 4QO2,

4QO0 and 4QNZ.

Supplementary information for this article is available online:

http://emboj.embopress.org
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Rhomboid proteases are increasingly being explored as
potential drug targets, but their potent and specific inhibitors
are not available, and strategies for inhibitor development are
hampered by the lack of widely usable and easily modifiable in
vitro activity assays. Here we address this bottleneck and report
on the development of new fluorogenic transmembrane peptide
substrates, which are cleaved by several unrelated rhomboid
proteases, can be used both in detergent micelles and in lipo-
somes, and contain red-shifted fluorophores that are suitable
for high-throughput screening of compound libraries.We show
that nearly the entire transmembrane domain of the substrate is
important for efficient cleavage, implying that it extensively
interacts with the enzyme. Importantly, we demonstrate that in
the detergent micelle system, commonly used for the enzymatic
analyses of intramembrane proteolysis, the cleavage rate strongly
depends on detergent concentration, because the reaction pro-
ceedsonly in themicelles. Furthermore,weshowthat thecatalytic
efficiency and selectivity toward a rhomboid substrate can be dra-
matically improved by targetedmodification of the sequence of its
P5 to P1 region. The fluorogenic substrates that we describe and
their sequence variants should find wide use in the detection of
activity and development of inhibitors of rhomboid proteases.

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 substrateGurken is cleaved very poorly by
other rhomboids including the mainmodel 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), whichmay 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 onlywith 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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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 havemeasured 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

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 (molarcatalyticactivities) revealed that thesubstratecon-
taining the second transmembrane (TM)8 helix of E. coli LacY
protein (LacYTM2) (17) was themost “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

8 The abbreviations used are: TM, transmembrane; DDM, n-dodecyl-�-D-
maltopyranoside; DM, n-decyl-�-D-maltopyranoside; CMC, critical micellar
concentration; LUV, large unilamellar vesicles ; MBP, maltose-binding pro-
tein; TAMRA, tetramethylrhodamine; CE, capillary electrophoresis; BGE,
background electrolyte.

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 substrateswere exposed to purified recombinant rhomboid proteases. Cleavage productswere separated
by SDS-PAGE, stained, and quantified densitometrically to determine initial reaction rates, whichwere converted tomolar catalytic activities to allow compar-
isons.Displayedvalues are representativeof two independent experiments.B, cleavageof synthetic LacYTM2 transmembranepeptideKSp31byGlpG. Purified
synthetic peptide KSp31 was incubated with purified recombinant GlpG 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 themass 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
rhomboidproteaseGlpGusingCE. TheN-terminal cleavageproduct (P) of KSp31was separatedby free-flowCE in thebackgroundelectrolyte composedof 100
mMH3PO4 and 69mM Tris, pH 2.5, in bare fused silica capillary at separation voltage�25 kV. Samples for CEwere prepared bymixing 20�l of reactionmixture
at selected reaction times (0–90min) with 2�l of 2.2mM tyramine (T) as an internal standard. Samples were injected into the capillary by 20mbar 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 LacYTM2with 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.

Fluorogenic Substrates for Rhomboid Proteases
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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 LacYTM2 for the recognition by
E. coliGlpG, 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 LacYTM2
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

KSp35 (Fig. 2A). Previously publishedmutagenic analyses show
that these positions are not critical for recognition by rhomboid
(18, 19), and they are sufficiently close for Förster resonance
energy transfer (FRET) to occur. The KSp35 peptide was solu-
ble up to 500 �M (Fig. 2B) in frequently used detergents at 16
mM decyl maltoside (DM), nonyl glucoside (NG), and dodecyl
maltoside (DDM). At a total DDM concentration of 16 mM

(0.82%(w/v)), the concentration of micelles is about 110 �M,
suggesting a partitioning ratio of more than 1 molecule of the
substrate permicelle.WhenDDMwas kept at only 1mM (0.05%
(w/v)) total concentration, which yields about 6–10 �M

micelles, the solubility of KSp35 became limited to about 100
�M (Fig. 2B), indicating that the upper limit of the partitioning
ratio is about 10–20molecules of KSp35 perDDMmicelle. 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 �-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

FIGURE2.Fluorogenic transmembranepeptide substratebasedonLacYTM2.A, fluorogenic variant of the LacYTM2 transmembranehelix-derivedpeptide
(KSp31) with the P5 and P4� positions replaced by Glu-EDANS and Lys-DABCYL, respectively, yielding fluorogenic substrate KSp35. B, solubility of KSp35 in 16
mM detergents DDM, DM, and nonyl glucoside (NG) and at 1mMDDM. Note that the concentration of DDMmicelles is about 100�M at 16mMDDMand about
10 �M at 1mMDDM. The peptide was dissolved to the indicated concentration by dilution from a 10mM stock solution in DMSO, and after a 2-h incubation at
37 °C the solutionwas centrifuged at 21,130� g for 20min. 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 �M (KSp31) and 82 �M (KSp35) concentrations. The spectra show similarly significant helical content for both
peptides.D, identification of the cleavage site in KSp35 byGlpG. Purified 95�MKSp35was incubatedwith 26�MGlpG for 20 h and analyzed byMALDI. 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,
but it is cleaved by GlpG and probably does not influence the kinetics properties of the substrate significantly (see Fig. 1D). E, excitation and emission spectra
of KSp35 and their change upon cleavage by rhomboid GlpGmeasured in detergent micelles. The spectra of 10 �M KSp35 substrate in reaction buffer (20mM

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 emissionwasmeasured at 493nm. Theemissionwavelengths ranged from365 to 595nmwith a 10-nm increment andexcitation at 335nm.
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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 System—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 �M substrate, 0.4 �M 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 detergentmonomers is 980�M and
micelle concentration about 6–10 �M, 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 permicelle is about 1.5, and only up to 4% ofmicelles
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 �M range (Fig. 3A).
Within this concentration range, few enzyme molecules are
randomly distributed among many more micelles, providing in
principle equal conditions for each enzymemolecule. A similar
principle can also explain the observation that the dependence
of the reaction rate on substrate concentration is linear in the
0–4�M range (Fig. 3B). At the upper limit of 4�M 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 apparentMichae-
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 ofmicelles (i.e. at highDDMcon-
centrations), the probability of location of a substrate molecule

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, fSM, is equal
to the ratio of the numbers of substrate molecules, n(S), and
micelles n(M).

fSM � n�S�/n�M� (Eq. 1)

Themeannumber ofmicelles occupied by both the enzyme and
substratemolecules, n(ESM), is then given by this fractionmul-
tiplied by the number of enzyme molecules n(E).

n�ESM� � fSM � n�E� � n�S� � n�E�/n�M� (Eq. 2)

Hence, when the DDM concentration is increased at con-
stant n(S) and n(E), then n(ESM) reflecting the reaction rate
decreases in accordwith 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]�1). 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 an 	
n � log a). The logarithmic plot (Fig. 3C, open circles, right and
upper axes) can be satisfyingly (R2 	 0.9974) fitted by a second-
order polynomial, yielding equation: y	 �0.1436x2 � 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 (for x 	 2, y� 	 �0.965;
thus rate 
[DDM]�1), 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]�0.4). 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 ormolar 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-
tionmust 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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significant increase of detergent concentration in the final reac-
tion mixture, as shown in Fig. 3C. This could result in pseudo-
Michaelis kinetics and yield falsely low Km values. Practical
implications are that 1) exact detergent concentrationsmust be
known in any kinetics measurements, and 2) it is advantageous
to have the substrate stock solution dissolved in a detergent-
free medium or at a detergent concentration lower or equal to

that used in the final assay buffer. The transmembrane sub-
strates presented in this article, generated by chemical synthe-
sis, are in principle avoiding this problem, because their stock
solutions are detergent-free dissolved in anhydrous dimethyl
sulfoxide. Alternatively, they can be reconstituted into a deter-
gent of choice via disaggregation in hexafluoroisopropanol, as
described by Deber et al. (24).

FIGURE3.Kinetic characterizationof fluorogenic transmembranepeptidesubstrateKSp35 in thedetergentmicelle system.A, dependenceof the initial
reaction rate on enzyme concentration. The fluorogenic substrate KSp35 (10 �M) was incubated with varying concentrations of GlpG in a reaction buffer
composed of 20 mM HEPES, pH 7.4, 150 mM NaCl, 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 � S.D. B, dependence of the initial reaction rate on substrate concentration.
The rhomboid protease GlpG (0.4 �M) was incubated with varying concentrations of the fluorogenic substrate KSp35 in a reaction buffer composed of 20mM

HEPES, pH 7.4, 150mMNaCl, 0.05% (w/v) DDM, 10% (v/v) DMSO, and the initial reaction rates weremeasured by following fluorescence at 493 nm. Represent-
ative values fromone 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�M)was incubatedwith 0.4�MGlpGat varying concentrations ofDDM in a reactionbuffer composedof 20mM

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 	 �0.1436x2 � 0.3906x � 2.8852 is obtained, the derivative of which, y� 	 �0.2872x � 0.3906, is equal to the
power ofDDMconcentrationwithwhich the reaction rate decreases. For highDDMconcentrations thederivative tends to�1 (for x	2, y� 	 �0.965),whereas
for lowerDDMconcentrations the absolute valueof thepowerdecreases (for x	0, y� 	 �0.3906).D,overall secondary structureofGlpG is not affectedbyhigh
concentrations of DDM. CD spectra of GlpG at 0.05, 0.5, and 5% (w/v) (98mM) DDMwere recorded and showno variation in the secondary structure content of
GlpG depending on DDM concentration. E, the pH dependence of GlpG activity on the LacYTM2-derived chimeric substrate MBP-LacYTM2-Trx. The substrate
(2 �M) was incubated with 0.1 �M GlpG in a broad pH range buffer (38) composed of 40mM H3PO4, 40mM CH3COOH, and 40mM H3BO3 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 �M) was incubated with 0.4 �M GlpG in a broad pH range
buffer (38) composed of 40mM H3PO4, 40mM CH3COOH, and 40mM H3BO3 adjusted to pH values between 2 and 12, and initial reaction rates weremeasured
by recording fluorescence at 493 nm. G, selectivity of the fluorogenic substrate KSp35 for diverse bacterial rhomboid proteases. The purified recombinant
rhomboid proteases GlpG, AarA, YqgP (all at 0.4�M), and BtioR3 (at 0.04�M) were incubatedwith 10�M KSp35 in a reaction buffer composed of 20mMHEPES,
pH 7.4, 150 mM NaCl, 0.05% (w/v) DDM, and 10% (v/v) DMSO, and progress curves were measured by recording the increase in fluorescence at 493 nm.

Fluorogenic Substrates for Rhomboid Proteases

FEBRUARY 17, 2017•VOLUME 292•NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 2707

 at Institute of O
rganic C

hem
istry and B

iochem
istry of the C

A
S on D

ecem
ber 12, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


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 agreementwith previous studies (12, 13). The
dependence of the cleavage rate of KSp35 on pHalso 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 kcat/Km of GlpG against KSp35 measured at pH 7.4 and
0.05%(w/v) DDM is (2.0 � 0.5) � 10�3 min�1 �M�1, 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 byYqgP (Fig. 3G),whichdemonstrates itswideusability,
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. 4A). Neg-

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, E 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 LacYTM2-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. 5A) 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
kcat/Km of GlpG cleaving KSp76 is (1.6 � 0.5) � 10�3 min�1

FIGURE 4. The use of the transmembrane peptide substrate in liposomes. A, KSp35was 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�GlpG containing proteoliposomes formed at pH 4.0 were characterized by transmission electron
microscopy. C, the integration of KSp35 into liposomes and its secondary structure content were analyzed by electronic CD. The substrate KSp35 (3 �M) was
reconstitutedwith 2mg/ml of E. colipolar lipid extract yielding an approximate peptide:lipidweight ratio of 1:500.D, activity of GlpG in liposomes detected by
the KSp35 fluorogenic substrate. The substrate was co-reconstituted with wild type GlpG 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 10mM HEPES, 150mM NaCl, pH 7.4, to start the
cleavage reaction, which was then followed by measuring fluorescence at 493 nm. E,wild type GlpG 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.

Fluorogenic Substrates for Rhomboid Proteases

2708 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292•NUMBER 7•FEBRUARY 17, 2017

 at Institute of O
rganic C

hem
istry and B

iochem
istry of the C

A
S on D

ecem
ber 12, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


�M�1, which is similar to the EDANS variant KSp35 ((2.0 �
0.5) � 10�3 min�1 �M�1) under identical reaction conditions
within experimental error (Fig. 6C). The utility of this red-
shifted variant of the LacYTM2 substrate is demonstrated by
measuring the inhibition curves of chloromethylketone
ISKA-cmk (19), �-lactam L42 (11), and isocoumarin S037
(25, 26). Using a 60-min enzyme � inhibitor preincubation
time, the measurements yielded apparent IC50 values of
370 � 38, 12.4 � 1.6, and 0.64 � 0.08 �M, 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 kcat of the cleavage reaction, suggesting that
selective substrates for rhomboids could be designed by modi-

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, andmutation 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. 6A), which shows that the effects of the
preferred substitutions are additive. When analyzed for cleav-
age in vivo, it turns out that already the wild type MBP-
LacYTM2-Trx substrate is such a good substrate ofGlpG 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
kcat/Km of GlpG cleaving KSp64 is (3.7 � 0.4) � 10�2 min�1

�M�1, which is 23-fold higher than that of the original red-
shifted LacYTM2 substrate KSp76 ((1.6 � 0.5) � 10�3 min�1

�M�1) (Fig. 6C). The impact of themodifications 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 byGlpGbeing about 50-fold higher than that of
AarA (measured from data displayed in Fig. 6D) 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 anddevelopment of inhibitors of rhomboid
proteases.

Experimental Procedures

General Biochemicals—Lipidswere fromAvanti Polar Lipids,
detergents fromAnatrace, buffers and other biochemicals were
from Sigma or other suppliers as specified below.
DNAConstructs andCloning—The expression constructs for

rhomboid proteasesGlpG, YqgP, andAarA and chimericMBP-
TMD-Trx substrate constructs where TMD	 LacYTM2, Gur-

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 substrateKSp76 that is efficiently cleavedby rhomboidproteases
GlpG, AarA, YqgP, and BtioR3 at identical concentrations to those used in Fig.
3G. Excitationwavelengthwas 553nm, andemissionwas followed at 583nm.
B, the red-shifted fluorogenic substrate KSp76 allowsmeasurement of inhibi-
tion by compounds that absorb in the UV region, such as isocoumarin, and is
thus suitable forhigh-throughput screening. Thedose-response curvesof the
chloromethylketoneISKAcmk,�-lactamL42,andisocoumarinS037weremea-
sured after a 60-min preincubation of enzymewith inhibitor. The curveswere
fitted in GraFit 7 to yield apparent IC50 values.
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ken, TatA, or Spitz as described previously (18). The expression
construct for rhomboid protease BtioR3 was generated by PCR
amplification of the entireORF encoding theQ8A3X2 (Uniprot
ID) protein from B. thetaiotaomicron genomic DNA (pur-
chased from ATCC), and its cloning as a C terminally His-
tagged construct into pET25b�Mas 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.

Protein Expression and Purification—Bacterial rhomboid
proteases AarA, GlpG, BtioR3, and YqgP and the active site
mutant GlpG.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 °C in LBmedium toA600 of 0.4 and induced by 1mM isopro-
pyl 1-thio-�-D-galactopyranoside. The expression was contin-
ued overnight at 20 °C. Cells were harvested, resuspended in
buffer A (25 mM HEPES, pH 7.4, 100 mM NaCl, 10%(v/v) glyc-
erol, 1 mM PMSF), and lysed by 2 to 3 passes through Avestin
EmulsiFlex-C3.Cell debriswas removed by a low-speed centrif-
ugation. Cellular membranes were isolated by a 2-h centrifuga-
tion at 100,000 � g and were solubilized in 1.5%(w/v) DDM
(solubilization grade, Anatrace) in Buffer B (25 mMHEPES, 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 � g for 30 min and loaded
onto nickel-nitrilotriacetic acid HiTrap IMAC HP 1-ml col-
umns (GE Healthcare). Nonspecifically bound proteins were

FIGURE 6.Theeffect 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 GlpG. The LacYTM2 embedded in theMBP-thioredoxin chimera (18) was
point-mutated in the P5 to P1positions according to the sequencepreferences of E. coliGlpG (19). The recombinant substrateswere expressed in E. coli�glpG,
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 concentrationof substratewas always 1.47�M, concentrationofDDMwas 0.5%(w/v), the concentrationofGlpGwas 0.8�M forwild type substrate
(HISKS). and for the RISKS, HVSKS, and HISHSmutants the concentration was 0.08�M for the HISKAmutant and 0.016�M 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 GlpG in biological membranes in vivo. Plasmids encoding
individual mutant versions of the chimeric mutant LacYTM2 substrates described above were transformed into E. coliMC4100 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
terminusof the constructs.Detectionbynear-infrared laser scanning, exhibiting linearityover 6ordersofmagnitude, enabled reliablequantitation. 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 fromLacYTM2. Initial reaction rates at very low substrate concentrations
were used to calculate catalytic efficiency values (kcat/Km) of substrates KSp35, KSp64, and Ksp76 cleaved by GlpG at 0.5% (w/v) DDM. The reaction buffer was
20mMHEPES, pH7.4, 150mMNaCl, 10% (v/v)DMSO, enzymeconcentrationwas0.4�M, and substrate concentration ranged from0.5 to20�M.Note that amere
optimizationof the P5 to P1 regionof the substrate increases the catalytic efficiency (kcat/Km) of its cleavagebyGlpGby23-fold.D, influenceof theoptimization
of theP5 toP1 regionon the selectivityof a transmembrane substrate for rhomboids. KSp76underwent cleavageby rhomboidproteasesGlpG,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 GlpG dramatically.
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washed off with Buffer C (25mMHEPES, pH 7.4, 300mMNaCl,
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 NaCl,
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 DDMwas
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 �m, outer diameter 375 �m, 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

H3PO4, 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 HCl, 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 1mM concentration and
mixed with 50mMHEPES buffer containing 0.05% (w/v) DDM,
resulting in 50 �M 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 �M peptide substrate and 2.6 �M 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 HCl. Samples for CE were pre-
pared by mixing 20 �l of peptide solutions with 2 �l 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 UltrafleXtremeTM
MALDI-TOF/TOFmass spectrometer (Bruker Daltonics, Ger-
many) with �-cyano-4-hydroxycinnamic acid matrix using a
thin-layer method (33). For routine quality control during pep-

tide synthesis, mass spectra were acquired on a Waters Micro-
mass ZQ ESCi multimode ionization mass spectrometer, and
LTQOrbitrapXL (ThermoFisher Scientific) forHR-MS exper-
iments, in both cases using ESI(�) ionization.
Gel-basedAssay for RhomboidActivity—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�M substrate. Enzyme concentrations varied
to ensure adequate conditions for measurement of initial reac-
tion rates for each enzyme-substrate combination. Time
courses weremeasured bywithdrawing 10-�l aliquots from the
reactionmixture after 10, 20, 30, 40, 50, 60, and 120min 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 andWestern blotting using primary anti-penta-His
mousemonoclonal antibody (Thermo) and IRDye 800CWgoat
anti-mouse fluorescent secondary antibody (LiCor). Densitom-
etry was done in ImageStudio software (LiCor) and substrate
conversion (�) was calculated from band intensities as �� 	

[P]/[S] � [P], where [P] and [S] are product and substrate con-
centrations at time �, which are proportional to the fluores-
cence intensity of the product and substrate bands at time �,
because the monoclonal antibody binds to the substrate or
product in a constantmolar ratio irrespective of theirmolecular
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 �M fluorogenic
peptide substrate in a final volume of 50 �l, 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 �M) 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 �M

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 filmwas hydrated in 5ml of 50mM

acetate, 150 mMNaCl, 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 2mg/ml in 50mM acetate, 150mMNaCl,
pH 4.0, and protein (GlpG or its inactive mutant) dissolved in
detergent was added to a final concentration of 8 �g/ml; alter-
natively, the stock solution of substrate peptide KSp35 in
DMSO was diluted to 10 �M. 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 mMNaCl, 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 � 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 mM 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 � (deg cm2 dmol�1). 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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shown in Fig. 1D. J. Březinová contributed to all mass spectrometry
experiments, and A. T. designed, performed, and evaluated all other
kinetics and inhibition measurements that are the basis of this
manuscript.

Acknowledgments—We thank Steven Verhelst (University of Leuven,
Belgium) for his kind gift of isocoumarin S037, Matthew Freeman
(Oxford University, United Kingdom) for his kind gift of the inhibitor
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ABBREVIATIONS 

ACN  Acetonitrile 

AcOH  Acetic acid 

DCM  Dichloromethane 

DIC   Diisopropylcarbdodiimide 

DIEA  Diisopropylethylamine 

DMF  Dimethylformamide 

DTT  Dithiothreitol  

FA  Formic acid 

HATU  2-(1H-(7-azabenzotriazol-1-yl))-1,1,3,3-tetramethyluronium hexafluorophosphate  

HBTU  2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HOBt  1-hydroxybenzotriazol 

iPrOH  Isopropylalcohol 

TCEP  Tris(2-carboxyethyl)phosphine  

TFA  Trifluoroacetic acid 

TFE  Trifluoroethanol 

 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES  

Chemical Synthesis 

EDANS/Dabcyl labelled peptides 
The major part of peptide synthesis was performed on Tenta Gel S Rinkamide resin (substitution 0.24 
mmol/g) on PS3 peptide synthesizer (Protein technologies, USA), using Fmoc-chemistry protocol at a scale 
of 0.1 mmol. The coupling of Fmoc-Glu(EDANS)-OH and Fmoc-Lys(Dabcyl)-OH was performed 
manually at the same scale in fourfold excess, using HBTU (4 eqv) / HOBt (4 eqv) / DIEA (6 eqv) in 3-4 
ml DMF. The peptide was cleaved from the resin by the mixture of trifluoroacetic acid / triisopropylsilane 
/ water = 95:2.5:2.5 for 3 hours. The mixture was concentrated under nitrogen and the crude peptide was 
precipitated with cold ether. The precipitate was washed by ether, dried and purified by RP HPLC. 
 
TAMRA/QXL labelled peptides 
Synthesis of TAMRA 
Trimellitic anhydride (1) (4 g, 21 mmol) and 3-dimethylaminophenol (2) (5.8 g, 42 mmol) were refluxed in 
toluene (220 mL) for 12 hours as described (1). Upon cooling to room temperature, the resulting precipitate 
was collected by filtration, and further purified by flash chromatography (silica gel, 
dichloromethane/methanol/acetic acid = 8:1.9:0.1) to afford pure mixture of 
5(6)-carboxytetramethylrhodamine (TAMRA) as a dark purple solid. 
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Coupling of TAMRA to ε-amino group of the lysine at 7th position.  
Fmoc-Lys(Mmt)-OH was coupled overnight manually to the rest of the peptide on the resin in 4-fold excess, 
using DIC (7 eqv) / HOBt (5 eqv) method in 3 mL DMF. The peptide-containing resin was washed with 
DMF (6 × 2 mL), isopropanol (6 × 2 mL), DMF (6 mL) and DCM (10 mL). Mmt as a very acid labile 
orthogonal protecting group was removed by treatment of the resin with a mixture of DCM / TFE / AcOH 
(7:2:1) in 4-5 cycles by 15 min each and washing with pure DCM between cycles until no red-orange 
methoxytrityl cations in the eluate were detected (2). The resin was washed with DCM (10 mL) and dried 
at vacuum. The ε-deprotected lysine was proved by the ninhydrin test. After soaking with DMF (3-4 mL) 
for 10 min, the resin was ready for coupling of TAMRA (4 eqv), using HATU (4 eqv) / HOBt (4 eqv) / 
DIEA (6 eqv) method in 3 – 4 mL DMF for 4-6 h. Then the resin was washed with DMF (6 × 2 mL), 
isopropanol (6 × 2 mL), DCM (10 mL) and was dried in the vacuum. Peptide synthesis was continued in 
the automated peptide synthesizer, and the peptides were cleaved off the resin by 5-6 mL of the 
TFA/TIS/ethanedithiol/thioanisole/water mixture (90:2:2.5:3:2.5) for 3.5 h. The peptides were processed 
and purified as described for the EDANS-Dabcyl labelled ones above. 
 
Labelling with QXL610 vinylsulfone 
The purified deprotected peptide was used for labelling of the cysteine at 15 position with a dark quencher 
QXL610 with vinylsulfone (VS) reactive group as described (3). The 37-mer TAMRA-peptide (13 mg, 2.9 
μmol) was dissolved in 14 mL Tris-buffer (pH 7.8), containing 0.24 M TCEP (48 μL). The QXL610VS (3 
mg, 5.9 μmol), dissolved in 360 μL DMSO was added and the mixture was stirred for 2 – 3 h at room 
temperature. When the starting peptide was depleted (80 – 90 % conversion as judged by HPLC analysis), 
the reaction was quenched by addition of DTT (22 mg, 0.14 mmol) to a final concentration 10 mM and 
stirred for 20 min. The solution was frozen and lyophilized and the double labelled TAMRA/QXL peptide 
was isolated by RP HPLC on a C18 Watrex Reprosil semipreprative column 250 × 10 (gradient 30 – 80 % 
B) at flow 3 mL/min. 
 
HPLC analysis and purification 
Chromatographic conditions: Module Jasco PU 1580 Series (Jasco, Japan) with a preparative C18 column 
(250 × 20 mm, 10 μm particle size , Watrex International, Inc, San Francisco, California, USA), using water 
+ 0.1 % trifluoroacetic acid (A) / acetonitrile (B) as mobile phases, at 10 mL/min flow rate. Elution gradient: 
from 30 % B to 80 %B over 60 minutes at room temperature. The elution was monitored by absorption at 
210 nm, using UV – VIS 1575 detector. The fractions corresponding to the major peak (desired peptide) 
were combined, frozen and lyophilized, giving the pure peptide. Analytical runs were done on the same 
module using Watrex C18, 250 × 4.6 mm, 5 μm particle size column (Watrex International, Inc, San 
Francisco, California, USA) at 1 mL/min flow rate using various solvent gradients ranging from solvent A 
to solvent B as defined above over 30 minutes at room temperature. 
 
LC-MS 
Agilent Technologies Liquid Chromatograph coupled with TOF 6230 ESI-MS detector. Gradient: 2 %B to 
100 %B over 10 min on a 1.7 µm particle size C18, 100 × 2.1 mm RP HPLC column (Waters) at a flow rate 
of 0.3 mL/min, where A = water + 0.1%FA and B = ACN + 0.1%FA. 

NMR spectroscopy 
NMR spectra were acquired on a Bruker AV-400 MHz at room temperature. 
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SUPPLEMENTAL RESULTS 

Compound characterisation data 

5(6)-Carboxytetramethylrhodamine; 5(6)-TAMRA 

Yield 1.3 g (14 %) 
1H NMR (401 MHz, DMSO-d6) δ (ppm) = 8.69 (s, 1H, aromatic), 8.40 – 8.28 (m, 1H, aromatic), 7.59 (d, 
J = 7.9 Hz, 1H, aromatic), 7.19 – 6.85 (m, 6H, aromatic), 3.24 (s, 12H, CH3). 

ESI-MS: Monoisotopic mass 430.15; found [M+H]+ 431.2, [M+Na]+ 453.2. 

 

KSp31 peptide 

Sequence: KRHDINHISKSDTGIIFAAISLFSLLFQPLFGLLSKK 

Purified by RP HPLC using gradient of 50 – 100 % B; (A = 1 % CH3CN, 1 % iPrOH, 98 % water + 0.1 % 
TFA; B = 35 % CH3CN, 60 % iPrOH, 5 % water + 0.1 % TFA). The product elutes at 27 min.  

Yield: 20.3 mg 

LC-MS: One peak at 9.58 min, m/z 4153.36 calculated for C195H313N51O49; found 4153.3: 
[M+3H]3+1385.4, [M+4H]4+ 1039.34, [M+5H]5+ 831.66. 

 

KSp35 peptide 

Sequence: KRHDINE(Edans)ISKSDTGK(Dabcyl)IFAAISLFSLLFQPLFGLSKK 

Yield: 10.4 mg 

LC-MS: One peak at 9.39 min, m/z 4546.44 calculated for C215H328N54O53S1; found 4546.45: [M+4H]4+ 
1137.62, [M+5H]5+ 910.30, [M+6H]6+ 758.75, [M+7H]7+. 

 

KSp64 peptide 

Sequence: KRHRIK(Tamra)RVRHADTGC(QXL610)IFAAISLFSLLFQPLFGLSKK 

Yield: 2.5 mg 

LC-MS: One peak at 5.34 min, m/z calculated for C223H346N64O48S plus QXL610 fragment (formula not 
released by the manufacturer) as 5204.6; found 5204.7: [M+4H]4+ 1302.18, [M+5H]5+ 1041.94, [M+6H]6+ 
868.45. 

 

KSp76 peptide  

Sequence: KRHDINK(Tamra)ISKSDTGC(QXL610)IFAAISLFSLLFQPLFGLSKK 

Yield: 4.2 mg; 
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LC-MS: One peak at 9.45 min, m/z calculated for C207H321N51O52S plus QXL610 fragment as 4916.8; 
found 4917.28: [M+4H]4+ 1230.33, [M+5H]5+ 984.47, [M+6H]6+ 820.55. 
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Tichá et al., 2017, Cell Chemical Biology 24, 1523–1536
December 21, 2017 ª 2017 The Authors. Published by Elsevier L
https://doi.org/10.1016/j.chembiol.2017.09.007
Authors
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SUMMARY

Rhomboid-family intramembrane proteases regulate
important biological processes and have been asso-
ciatedwithmalaria, 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 ofmagnitude. 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 ofmitochondrial dy-
Cell Chemical Biology 24, 1523–1536, Decem
This is an open access article und
namics, andmembrane 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., 2006), 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 [IC50] �5–10 mM) (Pierrat et al., 2011),

and b-lactones are not very potent (apparent IC50 of �40 mM)

(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.

It is 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 P20 (Schechter and Berger, 1967) residues of the substrate

(Strisovsky et al., 2009), it largely determines the kcat of the
ber 21, 2017 ª 2017 The Authors. Published by Elsevier Ltd. 1523
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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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, which is

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 awide-

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 P20 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 GlpG (GlpG 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 GlpG 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 Ca atoms yields a root-mean-square deviation of

0.19 Å 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 ReversibleWarheads for Inhibition
of Rhomboid
Since the sequence-optimized chloromethylketones are poor in-

hibitors with low micromolar IC50, 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 IC50

values of these compounds, and while trifluoromethylketones,

acylsulfonamides, and thiazolylketones showed none or very

weak inhibition in the millimolar range, the apparent IC50 of the

boronate was 8 mM and of the ketoamide 203 mMunder 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 P20 residue (hydrophobic in case of GlpG) 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 P20 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



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-cmkwasmodified 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 IC50 values were measured with 1 hr preincubation using 10 mM 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 GlpG and structures of the complexes were solved by X-ray

diffraction (for statistics, see Table S1). In the displayed structures, the catalytic dyad is shown as yellow sticks and the inhibitors are shown as green sticks

surrounded by the 2mFo � DFc electron density map contoured at 1s and shown 1.6 Å 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 L5 loop. van derWaals contactswith the inhibitor are formed by the residues from the L3 loop of

GlpG, by S193 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: 4QO2), 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 b-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). Themost effective compound of

the series, bearing a 4-phenyl-butyl tail (compound 11), already

displayed about 1,000-fold lower IC50 than the parent compound

1. The IC50 of 11 reaches half of the enzyme concentration used

in the assay, suggesting that 11 is a potent inhibitor of GlpG.

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 andmeasured their inhibitory

potency against GlpG (Figure 3B). Removing the P5 Arg from 9 to

yield 12 had virtually no effect on IC50 (0.44 versus 0.55 mM),
while removing the P5 and P4 residues in 13 led to a �20-fold

decrease in potency in comparison with the parent compound

9 (IC50 changes from 0.44 to 9 mM). 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 mM IC50, 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 IC50 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 IC50 values of the compounds

were measured in 0.05% DDM using 10 mM 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 (EI) forms, and then a slow step leads to the muchmore sta-
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ble EI* complex (E + I4 EI4 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 kobs, which can be obtained

from progress curve data using non-linear fitting to Equation 1:

½P�= vst +
ðvi � vsÞ
kobs

½1� expð � kobstÞ�; (Equation 1)

where [P] is the concentration of the reaction products, vi is the

initial reaction rate in the first phase of the biphasic progress

curve, and vs is the steady-state reaction rate (Figure 4B). Anal-

ysis of progress curves from Figure 4A showed that vi was

independent of inhibitor concentration, and the plot of kobs
against inhibitor concentration fitted well to a linear dependence

(Figure 4D). Both phenomena are typical for simple (single-step)

slow-binding inhibition (E + I 4 EI) (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 constantKapp
i (i.e., not taking into account the inhibitionmo-

dality and the influence of the substrate) for 10 of (123 ± 47) nM

(Figure 4D).

The true inhibitory constant Ki, which is an important, sub-

strate-independent property of an inhibitor, can be calculated

from the apparent inhibitory constant Kapp
i , 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 inhibitionmodel (Figure 4E).

This inhibition modemeans 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 (a = 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 peptidyl 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 recognitionmotif 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 Ki is identical to Kapp
i (Copeland, 2013a; Purich,

2010). Similar progress curve analyses of 9 and 11 yield their kon
and koff rate constants, their K

app
i ðKapp

i = koff=konÞ, and the trueKi

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.



Figure 3. Modification of the Prime-Side

Substituent at the Amide Group of Peptidyl

Ketoamides Enhances Their Potency by Or-

ders of Magnitude

(A) A screen of the effect of the tail substituent RT

on the inhibitory properties of ketoamide inhibitors

of GlpG based on the parent compound Ac-

RVRHA-CONH2. The apparent IC50 values of all

compounds were measured in 0.05% (w/v) DDM

and 10 mM KSp35 (Ticha et al., 2017) with 1 hr

preincubation. The IC50 values of themost effective

compounds 9, 10, and 11 are three orders of

magnitude lower than that of the parent compound

1. The reported values are best-fit means with SD

representative of 2–3 measurements. The inset

shows a typical inhibition curve.

(B) The significance of the peptidyl part in com-

pound 9. The peptidyl part of 9 was progressively

truncated from the N terminus, and the apparent

IC50 values of all compounds were measured in

0.05% (w/v) DDM and 10 mM KSp35 (Ticha et al.,

2017) with 1 hr preincubation. The reported values

are best-fit means with SD representative of 2–3

measurements.
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 common to many serine hydrolases. Only limited tests of

selectivity have been conducted for the currently used rhomboid

inhibitors isocoumarins, b-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-
Cell Chemical Biolog
based probe (ABP) competition assays

that enable a more general and sub-

strate-independent measurement of

inhibitory potency, because they rely

solely on the competition between a fluo-

rescently labeled activity-based probe

and the tested inhibitor (Nguyen et al.,

2015; Serim et al., 2012). The assays we

employed used fluorophosphonate ABPs

that target the catalytic serine of a wide-

range of serine hydrolases (Bachovchin

et al., 2014), including rhomboids (Xue

et al., 2012), and are thus very practical

general detection reagents even for serine

hydrolases for which sensitive substrates

might not be available.

First, we tested 9, 10, and 11 against a

panel of bacterial and eukaryotic rhom-

boid proteases (Wolf et al., 2015), and

found that all three compounds potently

competedwith ABP labeling of rhomboids

frombacterium Providencia stuartii (AarA),

archaebacterium Methanocaldococcus

jannaschii (MjROM), and three closely
related rhomboids from bacteria E. coli (EcGlpG), Haemophilus

influenzae (HiGlpG), 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 (TmROM) at 50 mM (Figure 5A).

These data demonstrate that already these first-generation
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Figure 4. Mechanismof Inhibition ofRhomboid ProteaseGlpGbyPeptidyl KetoamidesAnalyzedUsing 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). GlpG (0.5 nM) was incubated with 25 mM 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 (vi) and steady state reaction rate (vs). 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 mM) was

pre-incubated with 0.4 mM 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 mM substrate KSp64 (Ticha et al., 2017) (yielding final 10 nM inhibitor) or into the reaction buffer with 10 mM substrate KSp64 and

1,000 nM 10. For comparison, we used b-lactam L29 (Pierrat et al., 2011) at 1 mM and isocoumarin JLK6 (Vinothkumar et al., 2010) at 10 mM as known reversible

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

Compound

GlpG YqgP

Ki (nM) kon (10
�6 nM�1 $min�1) koff (10

�3 min�1) IC50 In Vivo (nM) IC50 In Vivo (nM)

9 220 ± 80 5.7 ± 0.4 12.0 ± 0.4 8.8 ± 0.4 ND

10 120 ± 50 3.4 ± 0.2 4.2 ± 1.4 6.0 ± 0.1 ND

11 45 ± 8 8.7 ± 0.3 3.9 ± 0.6 2.7 ± 0.1 �5–10

Values for GlpG 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 b-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-
and irreversible inhibitors of rhomboid proteases, respectively. Activity recover

excitation at 553 nm and emission at 583 nm.

(D) Progress curves of KSp93 cleavage at increasing concentrations of 10 meas

binding inhibition (Copeland, 2013a; Morrison, 1982) using GraphPad Prism versi

rate constant for the onset of inhibition, kobs. The linear character of the depen

mechanism (inset), and its linear regression allows determination of the underlying

(inset). The kobs values are reported as best-fit mean ± SD.

(E) The influence of inhibitor concentration on the apparent KM and kcat sugges

inhibitor concentrations were measured by plotting vS (measured as in Figure 4B)

sensitive substrate KSp96. The data were globally fitted to the models of com

implemented in GraphPad Prism 7.02, and their statistical analysis yielded the non

shows a schematicmapping of thismechanism onto the consensual model of sub

(figure top) represent means ± SD of duplicate measurements.

(F) Summary of inhibition kinetics parameters of compounds 9, 10, and 11. The ap

rate constants kon (red columns) and koff (blue columns) were determined from pr

competitive inhibitors, the true inhibitory constant Ki equals Kapp
i . Note that 11 i

with SDs.
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 GlpG,

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 IC50

values. Strikingly, the most effective compound 11 had an

in vivo IC50 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 toBacillus 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 YqgP, 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
y was followed by measuring fluorescence over the course of 120 min with

ured under (A) were analyzed by non-linear regression as described for slow-

on 7.02 for Windows (GraphPad Software, La Jolla, California, USA) to yield the

dence of kobs on inhibitor concentration is typical for a simple slow-binding

apparent inhibitory constantKapp
i and its constituent rate constants kon and koff

ts the mode of inhibition by compound 10. Michaelis curves at the indicated

against substrate concentration using 1 nMGlpG, 0.15% (w/v) DDM and highly

petitive, non-competitive (figure top), uncompetitive, and mixed inhibition as

-competitive mechanism (figure bottom) as the best fit. Themiddle of the figure

strate recognition by rhomboid proteases. The data points in theMichaelis plots

parent inhibitory constants Kapp
i (blue-red striped columns) and the constituent

ogress curve analysis as shown in (A and C) (note that Kapp
i = koff/kon). For non-

s a highly potent inhibitor with Ki of (45 ± 8) nM. Graphs show best-fit means
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Figure 5. Selectivity of Peptidyl Ketoamides

(A) Selectivity of compounds 9, 10, and 11 for nine rhomboid proteases was profiled using activity-based probe competition assay at 50 mM and 0.5 mM con-

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

(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 GlpG (Figure 5A), it is safe to assume that

YqgP 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 S20 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 Å resolution, respectively, allowing detailed compari-

son of their binding modes. In both cases, the pentapeptide

RVRHA binds the active site cavity as an extended b strand,



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 IC50 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 AmyESP-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

STARMethods. Substrate cleavagewas 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

(ydcA::neo, yqgP::tet, xdkE::AmyESP-MBP-LacYTM2-Trx(erm, lin)) (BS88).
virtually identically to the binding mode of Ac-RVRHA-cmk

(Figure 1C). We do observe electron density for the side chain

of arginine in the P5 position in both structures, but its conforma-

tion differs between 9 and 10 (Figure 7A), and it is influenced by

crystal contacts with the same residue from a neighboring mole-

cule in the crystal (data not shown).

In both inhibitors, the ketoamide warhead is covalently

bonded via its proximal carbon to the side-chain oxygen of the

catalytic S201, and it engages in a network of six hydrogen

bonds in the active site (Figure 7B). The oxyanion formed by

the proximal carbonyl oxygen accepts hydrogen bonds from

His150 and themain-chain amide nitrogen of the catalytic serine,

and the distal ketoamide carbonyl oxygen accepts hydrogen

bonds from both H150 and N154, thus amply saturating the

hydrogen-bonding groups engaged in the stabilization of the

oxyanion (Cho et al., 2016). Furthermore, the ketoamide nitrogen

donates a hydrogen bond to H254 and to the S201 side-chain

oxygen covalently bound to the warhead. The resulting network
of six hydrogen bonds (Figure 7B) probably helps position the

ketoamide warhead in the proximity of the hydroxyl of the cata-

lytic S201 to enhance its chemical reactivity in a conformation-

dependent manner.

The tail substituents of 9 and 10 (RT9 and RT10) interact with

the prime side of GlpG, buried in a cavity delimited by the side

chains of amino acids F245, M247, and M249 from the L5

loop, W236 from TMD5, F153 and W157 from TMD2, and resi-

dues V204, M208, Y205, H254, H150, and N154 (Figure 7C).

The different sets of residues making van der Waals contacts

with each ketoamide tail are shown in magenta. The NH group

of the side chain of W236 seems to form a weak H-p bond

with the phenyl ring of the tail of both compounds, and F245

engages in p.p stacking against the dimethylbenzyl in RT10

(Figure 7C). Structural alignment of both ketoamide complexes

to the complex of the b-lactam L29 (Vinothkumar et al., 2013)

and isocoumarin S016 (Vosyka et al., 2013) (Figure 7D) shows

that the tails of 9 and 10 bind in a similar area (the S20 subsite)
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Figure 7. N-Substituted Peptidyl Ketoamides Bind GlpG in a Substrate-like Manner and Occupy the S4 to S20 Subsites of the Rhomboid

Active Site

(A) Electron density map and ligand stick model of 9 and 10 in complex with GlpG. 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 S1). The catalytic dyad is shown as yellow sticks and the inhibitors as green

sticks surrounded by the 2mFo�DFc electron density map contoured at 1s and shown 1.6 Å around 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 beenmodeled 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 GlpG 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 Å; donor . acceptor-

acceptor antecedent [D . A-AA] angle of 90�).
(C) Interaction pattern of inhibitor tails in the S20 site of GlpG. 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 S20 binding moieties in compounds 9, 10, L29 (Pierrat et al., 2011), and S016 (Vosyka et al., 2013) in the respective

complex structures PDB: 5MT6, 5MTF, 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 GlpG 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 GlpG

reveals that they bind in a substrate-like manner, occupying the

P4 to P20 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



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 peptidyl alde-

hydes (Cho et al., 2016).

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 a 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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GraphPad Prism 7.02 GraphPad Software, Inc. https://www.graphpad.com/

scientific-software/prism/

GraFit 7 Erithacus Software Ltd. http://www.erithacus.com/grafit/
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 glpG 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 yqgP gene and replacing it with a tetracyclin resistance

gene using homologous recombination, yielding strain BS4 (ydcA::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 SapI linearized plasmid pD881-SR (DNA2.0 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 AmyEsp-MBPmat-FLAG-LacYTM2-Trx-HA

construct was cloned into the XbaI, SalI 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 ScaI 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. coliGlpG for crystallisation was expressed in E. coliC41(DE3) (Miroux andWalker, 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. coliGlpG 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 GlpG 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 30-120min.

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 9were collected at the I02 beam line at the Diamond Light Source (Harwell) and the data set of 10was

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

Sch€u€urmann, 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), 5MT8 (Ac-RVRHA-

cmk), 5MT6 (compound 9) and 5MTF (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 IC50 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 mM 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 fluorophore or the identity of the fluorophore and quencher

(see Key Resources Table).

For measuring the inhibition of GlpG 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., 2011) with the followingmodifications.

The chimeric substrate encoding LacY transmembrane domain 2 inserted betweenmaltose 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, theNR698 cells were inoculated to the density of OD600 = 0.05 and grown toOD600=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 AmyEsp-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 OD600 = 1. Pre-culture was then diluted with fresh LBmedium to the density of OD600 = 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 OD600 � 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 rhomboid proteases (Wolf et al., 2015), 400 ng of a purified protein preparation of E. coliGlpG

was diluted in 30 mL of reaction buffer (20mMHEPES, 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 30min at room temperature with the indicated concen-

tration of compound, 100 mM 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 ı̀M and incubated for 2 h at 37�C in the dark. The re-

action was stopped by addition of 43 Laemmli buffer and the reaction mixture was resolved on 15%SDS-PAGE. Gels were scanned

on a Typhoon Trio+ and analyzed using ImageJ. The intensity of each rhomboid protease band calculated by ImageJ 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: 5MT7, 5MT8, 5MT6 and 5MTF.
e4 Cell Chemical Biology 24, 1523–1536.e1–e4, December 21, 2017

http://www.rcsb.org


 

 

 

 

 

 

 

 

 

 

 

Publication 4 



 

Page 1 of 48 
 

Title page 1 

Rhomboid intramembrane protease YqgP licenses bacterial membrane protein quality control 2 

as adaptor of FtsH AAA protease. 3 

 4 

1, 2, #Jakub Began, 3, #Baptiste Cordier, 1,4Jana Březinová, 3Jordan Delisle, 1Rozálie Hexnerová, 1Pavel 5 

Srb, 1Petra Rampírová, 1Milan Kožíšek, 5Mathieu Baudet, 5Yohann Couté, 3Anne Galinier, 1,6Václav 6 

Veverka, 3,7Thierry Doan* and 1Kvido Strisovsky*  7 

 8 

1Institute of Organic Chemistry and Biochemistry, Czech Academy of Science, Flemingovo n. 2, 9 

Prague, 166 10, Czech Republic 10 

2Department of Genetics and Microbiology, Faculty of Science, Charles University, Viničná 5, Prague, 11 

128 44, Czech Republic 12 

3Laboratoire de Chimie Bactérienne (LCB), Institut de Microbiologie de la Méditerranée (IMM), Aix 13 

Marseille Univ, CNRS, UMR 7283, 31 Chemin Joseph Aiguier, 13402, Marseille Cedex 20, France 14 

4Department of Biochemistry, Faculty of Science, Charles University, Albertov 6, Prague, 128 43, 15 

Czech Republic 16 

5Univ. Grenoble Alpes, CEA, Inserm, IRIG-BGE, 38000 Grenoble, France 17 

6Department of Cell Biology, Faculty of Science, Charles University, Viničná 7, Prague, 128 00, Czech 18 

Republic 19 

7Laboratoire d'Ingénierie des Systèmes Macromoléculaires Chimie Bactérienne (LISM), Institut de 20 

Microbiologie de la Méditerranée (IMM), Aix Marseille Univ, CNRS, UMR 7255, 31 Chemin Joseph 21 

Aiguier, 13402, Marseille Cedex 20, France 22 

#equal contribution 23 

*Authors for correspondence (email: kvido.strisovsky@uochb.cas.cz, tdoan@imm.cnrs.fr) 24 

   25 

Keywords 26 

Intramembrane protease, rhomboid, membrane transporter, proteostasis, ER-associated degradation 27 

 28 

Running title 29 

Rhomboid controls MgtE proteostasis. 30 

  31 

mailto:kvido.strisovsky@uochb.cas.cz


 

Page 2 of 48 
 

Abstract 1 

Magnesium homeostasis is essential for life and depends on magnesium transporters, whose activity 2 

and ion selectivity need to be tightly controlled. Rhomboid intramembrane proteases pervade the 3 

prokaryotic kingdom, but their functions are largely elusive. Using proteomics, we find that Bacillus 4 

subtilis rhomboid protease YqgP interacts with the membrane-bound ATP-dependent processive 5 

metalloprotease FtsH and cleaves MgtE, the major high-affinity magnesium transporter in B. subtilis. 6 

MgtE cleavage by YqgP is potentiated in conditions of low magnesium and high manganese or zinc, 7 

thereby protecting B. subtilis from Mn2+/Zn2+ toxicity. The N-terminal cytosolic domain of YqgP binds 8 

Mn2+ and Zn2+ ions and facilitates MgtE cleavage. Independently of its intrinsic protease activity, YqgP 9 

acts as a substrate adaptor for FtsH, a function that is necessary for degradation of MgtE. YqgP thus 10 

unites protease and pseudoprotease function, hinting at the evolutionary origin of rhomboid 11 

pseudoproteases such as Derlins that are intimately involved in eukaryotic ER-associated degradation 12 

(ERAD). Conceptually, the YqgP-FtsH system we describe here is analogous to a primordial form of 13 

‘ERAD’ in bacteria and exemplifies an ancestral function of rhomboid-superfamily proteins. 14 

 15 

Introduction 16 

Rhomboids are intramembrane serine proteases widespread across the tree of life. In eukaryotes, 17 

rhomboid proteases regulate signalling via the epidermal growth factor receptor, mitochondrial quality 18 

control or invasion of malaria parasites into the host cells (reviewed in Urban, 2016). Rhomboid 19 

proteases also pervade the prokaryotic kingdom (Kinch & Grishin, 2013, Koonin, Makarova et al., 2003), 20 

suggesting sufficient biological significance for evolutionary conservation and expansion. However, their 21 

functions in bacteria are much less well understood than in eukaryotes. Notably, in eukaryotes, the 22 

rhomboid superfamily includes a number of pseudoproteases of important biological roles, such as 23 

iRhoms and Derlins, but the mechanistic and evolutionary aspects of rhomboid pseudoprotease 24 

functions have not been clarified (Ticha, Collis et al., 2018). 25 

In the Gram-negative eubacterium Providencia stuartii, the rhomboid protease AarA is required 26 

to process a pro-form of TatA, a component of the Twin-Arginine Translocase secretion apparatus 27 

(Stevenson, Strisovsky et al., 2007), but this function does not seem to be widely conserved because 28 

most bacteria encode a mature form of TatA. In the archaebacterium Haloferax volcanii, a rhomboid 29 

protease is involved in protein glycosylation of the S-layer (Costa, Cerletti et al., 2018, Parente, 30 

Casabuono et al., 2014), but the molecular mechanism has not been uncovered yet. Similarly, the main 31 

model rhomboid protease GlpG of Escherichia coli, widely distributed in Gram-negative bacteria, is 32 

extremely well characterised structurally and mechanistically (Baker & Urban, 2012, Strisovsky, Sharpe 33 

et al., 2009, Zoll, Stanchev et al., 2014), yet its biological function is unknown. A recent report proposed 34 

a role of GlpG in the survival of a pathogenic strain of E. coli in the mouse gut (Russell, Richards et al., 35 

2017), but the mechanism has not been demonstrated and it is not clear how specific the phenotype is, 36 

because rescue experiment has not been reported. Current knowledge of functions of rhomboid 37 

proteases in Gram-positives is similarly sketchy. An isolated report indicated that YqgP may play a role 38 
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in cell division and may be required for glucose export (hence the therein coined alternative name GluP) 1 

(Mesak, Mesak et al., 2004), but rescue experiment was not reported and the involved substrates were 2 

not investigated, leaving the molecular mechanisms of these functions unknown.  3 

Therefore, to shed light on one of the significantly populated subclasses of bacterial rhomboid 4 

proteases in a model Gram-positive organism, we focused on Bacillus subtilis YqgP and used 5 

quantitative proteomics to identify its substrates and interactors. We find that YqgP cleaves the high-6 

affinity magnesium transporter MgtE and that YqgP interacts with the membrane-anchored 7 

metalloprotease FtsH. At low extracellular concentration of magnesium cations and high concentration 8 

of manganese or zinc cations, cleavage of MgtE by YqgP is potentiated, and the globular N-terminal 9 

cytosolic domain of YqgP represents the manganese/zinc sensing unit. The second molecular role of 10 

YqgP is presenting MgtE or its cleavage products as substrates to FtsH, for which the proteolytic activity 11 

of YqgP is dispensable but its unoccupied active site is essential. YqgP thus fulfils both protease and 12 

pseudoprotease functions in tandem with FtsH, representing an ancestral proteolytic platform dedicated 13 

to the regulated degradation of polytopic membrane proteins, functionally equivalent to regulatory ERAD 14 

in eukaryotes. Our results shed light on the evolution of membrane proteostasis control in response to 15 

environmental stimuli, and on the arising of pseudoproteases, which are surprisingly common in the 16 

rhomboid superfamily (Adrain & Freeman, 2012, Freeman, 2014). 17 

 18 

Methods 19 

 20 
Materials and chemicals  21 

All common chemicals were from Sigma Aldrich or VWR unless otherwise indicated. Oligonucleotides 22 

were from Sigma Aldrich and Eurogentec; restriction and DNA modification enzymes were from New 23 

England Biolabs. 24 

 25 

Plasmids and DNA cloning  26 

All DNA constructs were created by PCR and isothermal assembly (Gibson, 2011), and verified by 27 

Sanger sequencing. All constructs used in this work are summarised in Table EV1.  28 

 29 
Bacterial strains, media and growth conditions 30 

All B. subtilis strains used in this study were derived from the 168 trpC2+ strain (Nicolas, Mader et al., 31 

2012), and construction details of the strains are listed in Table EV2. For routine work, B. subtilis strains 32 

were streaked onto solid LB agar plate (supplemented with appropriate antibiotic) from -80°C stock 33 

solution and grown overnight at 37°C. Subsequently, single colony was inoculated into the fresh LB 34 

medium and cultivated until the pre-culture reached OD600 around 1.0.  Culture was then diluted in the 35 

fresh growth medium (LB or M9) to starting OD600 of 0.01 to 0.025 and cultivated until the exponential 36 
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phase was reached at OD600 ranging from 0.6 to 1.5. Depending on the experimental setup, protein 1 

expression from an ectopic site was induced either by adding 1%(w/v) D-xylose (for constructs under 2 

the control of xylose promoter, Pxyl) or IPTG (Phyperspank promoter) at the start of cultivation as indicated, 3 

at 37°C, until OD600 reached 1, unless stated otherwise. For regular growth, both B. subtilis and E. coli 4 

cells were cultivated in LB medium (Merck) at 37°C. For in vivo activity assays, B. subtilis cells were 5 

cultivated in modified M9 minimal medium (low- or high- Mg2+ content) composed of M9 salts solution 6 

(6.8 g/l Na2HPO4.2H2O, 3 g/l KH2PO4, pH 7.4, 0.5 g/l NaCl, 1 g/l NH4Cl), 0.5 % (w/v) D-glucose, 10 μM 7 

(low Mg2+) or 1 mM MgSO4  (high Mg2+), 1 μM MnCl2, 100 μM CaCl2, 10 μM FeSO4 and 18 amino acids 8 

including all genetically encoded ones except lysine and tyrosine (Harwood & Cutting, 1990). All minimal 9 

media in which toxicity assays were performed were prepared in water of ultrapure quality, processed 10 

through Milli-Q® Reference Water Purification System (Merck) and having resistivity of at least 18.2 11 

M.cm (at 25°C) and TOC values below 5 ppb. For translational shut-off chase experiments, B. subtilis 12 

cultures were grown to mid-exponential phase, in LB medium at 30°C. At this point,  expression of yqgP 13 

from the Phyperspank promoter was induced by adding 0.1 mM IPTG for 30 min. At a given time-point, 14 

proteosynthesis was blocked by the addition of tetracycline to a final concentration of 20 μg/ml. Cation 15 

toxicity assays were performed by adding concentrations of MnCl2, ZnCl2, CoSO4 or NiCl2 into M9 16 

minimal medium at various growth time points, as specified in the result section. Bacilli cultures for 17 

SILAC-based proteomic experiments were cultured in modified M9 minimal medium (see above) 18 

supplemented with either naturally occurring “light” (12C6
14N2) or “heavy”  (13C6

15N2) isotopic variants of 19 

L-lysine (Silantes GmbH, Germany). 20 

Proteins uniformly labelled by 15N or 15N13C for NMR studies were overexpressed in E. coli 21 

BL21(DE3) (YqgP NTD) or E. coli Lemo21(DE3) (YqgP CTD), grown in M9 minimal medium containing 22 

partial M9 salts solution (6.8 g/l Na2HPO4.2H2O, 3 g/l KH2PO4, pH 7.4, 0.5 g/l NaCl), 1 mM MgSO4, 23 

0.1 mM CaCl2, 0.5% (w/v) D-glucose (U-13C6, 99%, Cambridge Isotope Laboratories), and 1 g/l NH4Cl 24 

(15N, 99%, Cambridge Isotope Laboratories). 25 

 26 

Protein expression and purification  27 

Proteins for structural and calorimetric studies were prepared by overexpression in E. coli 28 

BL21Star™(DE3) (Invitrogen) and Lemo21(DE3) (Wagner, Klepsch et al., 2008) (New England Biolabs) 29 

strains grown in LB medium. This included the C-terminally 6×Histidine-tagged TEV site-containing N-30 

terminal extramembrane domain of YqgP [6×His-TEVsite-YqgP(1-177); NTD], and the N-terminally 31 

6×Histidine-tagged TEV-site containing C-terminal extramembrane domain of YqgP [YqgP(384-507)-32 

TEVsite-6×His; CTD] expressed from the pET25b or pHIS-2 vector, respectively. The N-terminal 33 

cytosolic extramembrane domain of MgtE [MgtE(2-275)] for antibody production was overexpressed in 34 

E. coli  Lemo21(DE3) as a GST-6×Histidine-TEVsite-MgtE(2-275) construct from the pGEX6P1 vector. 35 

His6-YqgP(1-170) and His6-YqgP(385-507) for antibody production were expressed in E. coli 36 

BL21(DE3)pLysS from pRSET-A vector and purified using metal-chelate affinity chromatography. 37 

Typically, protein production was induced with 0.5 mM IPTG at 25°C with aeration and gentle 38 

shaking overnight. Bacterial cultures were harvested by centrifugation at 5000×g for 10 min at 4°C, and 39 
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cells were resuspended in isolation buffer composed of 20 mM HEPES, pH 7.4, 300 mM NaCl, 10%(v/v) 1 

glycerol, 10 mM imidazole, 1 mM PMSF and 1× cOmplete™ EDTA-free Protease Inhibitor Cocktail 2 

(Roche). Cells were lysed by three passages through the high-pressure homogenizer Emulsiflex®-C3 3 

(Avestin, Inc.), and lysates were cleared from the cell debris by centrifugation (15000×g, 30 min, 4°C). 4 

Supernatants were loaded on Ni-NTA Agarose (Qiagen) equilibrated in isolation buffer and His-tagged 5 

protein was eluted specifically with increasing concentration of imidazole in elution buffer (20 mM 6 

HEPES, pH 7.4, 300 mM NaCl, 10%(v/v) glycerol). The GST-tagged MgtE(2-275) domain was 7 

additionally purified using Glutathione Sepharose® 4 Fast Flow (Merck) and specifically eluted by 10 8 

mM reduced glutathione into 20 mM HEPES, pH 7.4, 300 mM NaCl, 10%(v/v) glycerol. The 6×Histidine 9 

tags from YqgP domains and GST-6×Histidine tags from MgtE domain were removed by incubation with 10 

6×Histidine tagged TEV protease at protease-to-substrate ratio of ~1:200 (w/w), in 5 mM Tris-HCl, pH 11 

8, 1 mM EDTA, 1 mM β-mercaptoethanol for 16 h at 25°C. The cleaved protein was then buffer-12 

exchanged into isolation buffer (this paragraph) using PD-10 desalting column (GE Healthcare Life 13 

Sciences), and loaded onto Ni-NTA agarose. The flow-through fraction containing tag-free YqgP or MgtE 14 

domains were collected, concentrated by ultrafiltration (Vivaspin, Sartorius) and used for further 15 

applications.    16 

 17 

In vitro translation 18 

Reference fragments of B. subtilis MgtE encompassing the first 300, 315, 330, 340, 355 and 370 19 

residues of MgtE were generated by PCR amplification of the respective coding regions from B. subtilis 20 

168 genomic DNA, and in vitro transcribed and translated as described previously (Lemberg & Martoglio, 21 

2003, Strisovsky et al., 2009). Briefly, PCR was performed using set of mgtE-specific primers containing 22 

SP6 RNA polymerase promoter and ribosome binding site in the forward primer, and stop codon in the 23 

reverse primer. Messenger RNAs were purified by LiCl precipitation and translated using Wheat Germ 24 

Extract (Promega). The resulting crude translation mixtures containing the MgtE reference fragments 25 

were separated using SDS-PAGE, and visualised by polyclonal anti MgtE(2-275) antibody and 26 

immunoblotting. 27 

 28 

Production of primary antibodies 29 

Purified His6-YqgP(1-170), His6-YqgP(385-507) and MgtE(2-275) were used to raise rabbit polyclonal 30 

antibodies (Agro-Bio, France). Forty two days after immunization, the sera were collected and purified 31 

by affinity chromatography on an Affi-Gel 10 (Bio-Rad) column containing covalently immobilized 32 

antigen as described before (Campo & Rudner, 2006). Briefly, approximately 2 mg of purified antigen 33 

was dialyzed into coupling buffer (20 mM HEPES pH 8, 200 mM NaCl, 10% (v/v) glycerol) and coupled 34 

to 1 ml Affigel-10 resin (BioRad) as described by the manufacturer. After coupling, the antigen resin was 35 

washed with 100 mM glycine pH 2.5 and neutralized with 1×PBS to remove all uncoupled protein. 36 

Twenty ml of antisera were batch-adsorbed to the antigen-resin overnight at 4°C. The resin was loaded 37 

into a 5 ml column and washed with 20 ml 1×PBS, 50 ml 1×PBS 500 mM NaCl and 10 ml 0.2×PBS. The 38 
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affinity-purified antibodies were then eluted with 100 mM glycine pH 2.5. The peak fractions were pooled 1 

and dialyzed with three changes into 1×PBS with 50% (v/v) glycerol and stored at -20°C.  2 

 3 

Immunoblotting 4 

B. subtilis cultures in exponential phase (OD600 of ~1) were harvested by centrifugation (5000 ×g, 10 5 

min, 25°C). Cell pellet was resuspended in lysis buffer containing 20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 6 

1 mM PMSF, and 1x cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche), 1 mg/ml lysozyme, 7 

2500 U Pierce Universal Nuclease (cat no. 88700, ThermoFisher) and incubated at 37°C, for 10 min. 8 

Reducing SDS-PAGE loading buffer was added and the mixture was heated to 60°C for 10 min with 9 

vigorous shaking. Samples were separated on Tris-glycine SDS-PAGE and electroblotted onto a 10 

nitrocellulose membrane (Serva). Equivalent total protein amounts were loaded as estimated by the 11 

OD600 values, and after electrotransfer, total protein in each lane was quantified using the Revert total 12 

protein stain (LI-COR®). The following antibodies were used for immunodetection: anti-Thioredoxin 13 

antibody produced in rabbit (Merck), polyclonal anti-MgtE (this study), polyclonal anti-YqgPNTD (this 14 

study), and polyclonal anti-YqgPCTD (this study) antibodies all raised in rabbit (Agro-Bio, France), and 15 

rabbit polyclonal anti-FtsH (gift from Prof. Thomas Wiegert, Zittau, Germany). Donkey anti-Rabbit IgG 16 

(H+L) Cross-Adsorbed Secondary Antibody DyLight800 conjugate (Invitrogen) was used for 17 

visualisation by near infrared laser scanning on the Odyssey® CLx Imaging System (LI-COR®) 18 

according to manufacturer’s instructions. The resulting fluorescence intensity data for individual proteins 19 

were optionally used for quantification, as specified in each case. For occasional chemiluminiscent 20 

detection (as noted in figure legends), goat anti-rabbit IgG conjugated to horseradish peroxidase (HRP) 21 

(Dako) was used as a secondary antibody, and HRP activity was detected by the Western Lightning Pro 22 

kit (PerkinElmer). 23 

 24 

Rhomboid activity assay in vivo 25 

B. subtilis cells overexpressing particular YqgP variant under the control of Pxyl promoter were cultivated 26 

as described above. The amounts of the uncleaved and cleaved forms of MgtE or model substrate TatA 27 

were measured by quantitative fluorescence immunoblotting as described in the previous section. Since 28 

the integrated intensity of fluorescence signal for a given band is proportional to the molarity of the 29 

antigen, substrate conversion at steady state was quantified as the ratio of fluorescence intensities of 30 

bands corresponding to the cleavage product (P) divided by the sum of signals for the full-length 31 

substrate (S) and the cleavage product (P), i.e. signal(P)/[signal(S) +signal(P)]. Relative ‘specific 32 

activities’ at steady state in vivo were then calculated by dividing substrate conversion by the signal from 33 

the expressed rhomboid enzyme (YqgP variant) corrected for the total protein signal in that gel lane. 34 

 35 

SILAC-based quantitative proteomics and data evaluation 36 
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For SILAC-based quantitative proteomics, the BS50 and BS51 (Table EV2) strains of B. subtilis 1 

auxotrophic for lysine were cultivated in the medium described in section Bacterial strains, media and 2 

growth conditions. Equal amounts of heavy and light cell cultures (based on optical density at 600 nm, 3 

OD600) were mixed at harvest and centrifuged. Cell pellets were then resuspended in lysis buffer 4 

containing 20 mM HEPES, pH 7.4, 100 mM NaCl, 10% (v/v) glycerol, 1 mM EDTA, 50 µg/ml lysozyme 5 

and 0.4x MS-SAFE Protease and Phosphatase Inhibitor cocktail (Merck) and incubated at 37°C, for 15 6 

min and on ice for 15 min, afterwards. Cells were lysed by sonication using Sonopuls HD2200 device 7 

(Bandelin) set to 4×30 s pulse cycle and 30% power. Cell debris were removed by centrifugation 8 

(15000×g, 30 min, 4°C). Crude membranes were isolated by ultracentrifugation (100 000×g, 1.5h, 4°C) 9 

and washed sequentially with 0.1 M Na2CO3 and 1 M NaCl.   10 

B. subtilis transmembrane protein-enriched fractions were separated on 4-20% gradient Tris-11 

glycine SDS-PAGE system (Bio-Rad). Two SILAC experiments with swapped labelling were conducted. 12 

Experiment 1 [marked “heavy-to-light” or (H/L)]: heavy BS50 (YqgP), light BS51 (YqgP.S288A); and 13 

Experiment 2 [marked “light-to-heavy” or (L/H)]: light BS50, heavy BS51]. Both experiments were 14 

resolved in separate gel lanes, which were subsequently sliced into 5 fractions (A-E) each (Fig. 1), and 15 

individually digested using a standard in-gel digestion protocol. Briefly, every gel slice was first destained 16 

with 25 mM ammonium bicarbonate in 50% (v/v) acetonitrile (ACN, Merck), dehydrated and shrunk 17 

using acetonitrile (ACN) in a reducing environment of 5 mM 1,4-dithiothreitol (DTT, Merck) and 18 

incubated for 30 min at 65 °C. Fractions were then alkylated using 12.5 mM iodoacetamide (Merck), 19 

shrunk and digested using 0.1 µg trypsin at 37 °C overnight. Tryptic peptides were extracted with 60% 20 

(v/v) ACN in 0.5% (v/v) trifluoroacetic acid (TFA, Merck), dried and reconstituted in 20 µl of 2% (v/v) 21 

ACN with 0.1% (v/v) formic acid (FA, Merck) and analysed via LC-MS/MS. 22 

The LC-MS/MS analyses were performed using UltiMate 3000 RSLCnano system (Dionex) 23 

coupled to a TripleTOF 5600 mass spectrometer with a NanoSpray III source (AB Sciex). After injection, 24 

the peptides were trapped and desalted in 5% (v/v) ACN/ 0.1 % (v/v) FA at a flow rate of 5 μL/min on 25 

an Acclaim® PepMap100 column (5 μm, 2 cm × 100 μm ID, Thermo Scientific) for 5 minutes. The 26 

separation of peptides was performed on an Acclaim® PepMap100 analytical column (3 μm, 25 cm × 27 

75 μm ID, Thermo Scientific) using a gradient from 5% (v/v) to 18% (v/v) ACN, over 12 min, with a 28 

subsequent rise to 95 % (v/v) ACN/ 0.1% (v/v) FA, over 30 min. TOF MS scans were recorded from 350 29 

to 1250 m/z and up to 18 candidate ions per cycle were subjected to fragmentation. Dynamic exclusion 30 

was set to 10 s after one occurrence. In MS/MS mode, the fragmentation spectra were acquired within 31 

the mass range of 100 – 1600 m/z.  32 

The quantitative mass spectrometric data files were processed and analysed using MaxQuant 33 

(v1.5.2.8) (Cox & Mann, 2008). The search was performed using a Uniprot/Swissprot B. subtilis 34 

database (downloaded 17/05/15) with common contaminants included. Enzyme specificity was set to 35 

trypsin, with methionine oxidation as a variable modification. Cysteine carbamidomethylation was 36 

considered as a fixed modification. The heavy SILAC label was set to K8, the minimal peptide length to 37 

6, and 2 missed cleavages were allowed. Proteins were considered as identified if they had at least one 38 

unique peptide, and quantified if they had at least one quantifiable SILAC pair. Transmembrane topology 39 
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predictions were obtained using Phobius (Käll, Krogh et al., 2004) and additional sequence 1 

visualisations were obtained using QARIP software (Ivankov, Bogatyreva et al., 2013) (Fig. 1).  2 

 3 

Quantitative proteomics for interactor identification 4 

All procedures were performed essentially as described (Doan, Morlot et al., 2009). For crude 5 

membrane preparation, cells were grown in LB medium, at 37°C. At OD600 of 0.6, 50 mL of culture were 6 

harvested for membrane preparation. Membrane proteins were solubilized by the addition of the 7 

detergent NP-40 to a final concentration of 1% (v/v). The soluble fraction was mixed with 25 µl anti-GFP 8 

antibody resin (Chromotek, Germany) and rotated for 3h at 4°C. The resin was pelleted at 3000×g and 9 

the supernatant was removed. After washes, immunoprecipitated proteins were eluted by the addition 10 

of 85.5 µl of SDS PAGE sample buffer and heated for 15 minutes at 50°C. The eluted material (the IP) 11 

was transferred to a fresh tube and 2-mercaptoethanol was added to a final concentration of 10% (v/v). 12 

  Proteins extracted from the co-immunoprecipitation eluates were resolved using NuPAGE 13 

4-12% system (ThermoFisher Scientific), stained with Coomassie blue (R250, Bio-Rad) and in-gel 14 

digested using modified trypsin (Promega, sequencing grade) as described, previously (Casabona, 15 

Vandenbrouck et al., 2013). Of note, samples from replicates 1 and 2 were prepared using oxidation 16 

and reduction‐alkylation procedures as described (Jaquinod, Trauchessec et al., 2012). The peptides 17 

were analysed by online nanoLC-MS/MS (UltiMate 3000 and LTQ-Orbitrap Velos, Thermo Scientific). 18 

In particular, peptides were loaded on a 300 µm x 5 mm PepMap C18 precolumn (Thermo Scientific) 19 

and separated on a homemade 75 µm x 150 mm C18 column (Gemini C18, Phenomenex). MS and 20 

MS/MS data were acquired using Xcalibur (Thermo Scientific). Mascot Distiller (Matrix Science) was 21 

used to produce mgf files before identification of peptides and proteins using Mascot (version 2.6) 22 

through concomitant searches against Uniprot (Bacillus subtilis strain 168 taxonomy, September 2018 23 

version), GFP-tagged YqgP sequences, classical contaminants database (homemade) and the 24 

corresponding reversed databases. The Proline software (http://proline.profiproteomics.fr) was used to 25 

filter the results (conservation of rank 1 peptides, peptide identification FDR < 1% as calculated on 26 

peptide scores by employing the reverse database strategy, minimum peptide score of 25, and minimum 27 

of 1 specific peptide per identified protein group) before performing a compilation, grouping and 28 

comparison of the protein groups from the different samples. Proteins were considered as potential 29 

partners of the bait if they were identified only in the positive co-IPs with a minimum of 3 weighted 30 

spectral counts or enriched at least 5 times in positive co-IPs compared to control ones based on 31 

weighted spectral counts. 32 

 33 

Isothermal titration calorimetry  34 

The binding of divalent cations to the extramembrane domains of YqgP (NTD, CTD) was investigated 35 

using titration microcalorimetry. All titration experiments were performed in 50 mM Tris-HCl, pH 7.3, 150 36 

mM NaCl at 25°C using Auto-iTC200 instrumentation (MicroCal, Malvern Panalytical Ltd). Prior to the ITC 37 
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measurements, protein samples were dialyzed into the same buffer in which divalent cation salt 1 

solutions were prepared. Typically, 200 μl of the protein sample was titrated by stepwise 2 μl injections 2 

of divalent cation solution. Protein and ligand concentrations were adjusted as follows:  1.5 mM NTD 3 

was titrated by 50 mM MnCl2, 50 mM MgSO4, 50 mM ZnCl2 or 50 mM CaCl2, 0.7 mM NTD by 15 mM 4 

CoCl2 and 0.25 mM NTD by 7 mM NiCl2 buffered solutions. Control experiments included ligand titration 5 

into the buffer only. Concentrations of stock solutions of the analysed proteins were determined by 6 

quantitative amino acid analysis, and concentrations of the stock solutions of divalent metal cation salts 7 

were determined by elemental analysis. Titration data were processed and analysed using MicroCal 8 

Origin 7.0 (MicroCal, Malvern Panalytical Ltd). 9 

 10 

Nuclear magnetic resonance spectroscopy  11 

For structure determination of YqgP N-terminal domain (YqgPNTD), 350 μl samples of 1 mM 15N/13C 12 

uniformly labelled protein in 25 mM phosphate buffer pH 6.5 containing 150 mM NaCl and 5% D2O/ 95% 13 

H2O were used. All NMR spectra for backbone assignments and three-dimensional structure 14 

determination were collected on 850 MHz Bruker Avance spectrometer equipped with triple resonance 15 

(15N/13C/1H) cryoprobe at 37°C. In a series of double and triple resonance spectra (Renshaw, Veverka 16 

et al., 2004, Veverka, Lennie et al., 2006) were recorded to determine essentially complete sequence 17 

specific resonance backbone and side chain assignments. Constraints for 1H 1H distance required to 18 

calculate the structure of YqgPNTD were derived from 3D 15N/1H NOESY HSQC and 13C/1H NOESY 19 

HMQC, which were acquired using a NOE mixing time of 100 ms. The family of converged structures 20 

for YqgPNTD was initially calculated using Dyana 2.1 (Herrmann, Guntert et al., 2002). The combined 21 

automated NOE assignment and structure determination protocol was used to automatically assign the 22 

NOE cross peaks identified in the NOESY spectra and to produce preliminary structures. In addition, 23 

backbone torsion angle constraints, generated from assigned chemical shifts using the TALOS+ 24 

program (Shen, Delaglio et al., 2009) were included in the calculations. Subsequently, five cycles of 25 

simulated annealing combined with redundant dihedral angle constraints were used to produce a set of 26 

converged structures with no significant restraint violations (distance and van der Waals violations <0.2 27 

Å and dihedral angle constraint violation <5 °), which was further refined in explicit solvent using the 28 

YASARA software with the YASARA forcefield (Harjes, Harjes et al., 2006). The structures with the 29 

lowest total energy were selected and analysed using the Protein Structure Validation Software suite 30 

(www.nesg.org). Cation binding experiments were performed in 50 mM Tris-HCl, pH 7.3, 150 mM NaCl, 31 

5% D2O, at 37°C, when the same aliquots of the ligand were added to the protein solution stepwise, 32 

after every titration measurement. 33 

 34 

Data availability 35 

The mass spectrometry (MS) proteomics data have been deposited to the ProteomeXchange 36 

Consortium (http://proteomecentral.proteomexchange.org) (Deutsch, Csordas et al., 2017) via the 37 

PRIDE (Perez-Riverol, Csordas et al., 2019) partner repository with the dataset identifiers PXD014578 38 

http://proteomecentral.proteomexchange.org/
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and PXD014566. The NMR structural data have been deposited in the Protein Data Bank (PDB) under 1 

accession code 6R0J and in the Biological Magnetic Resonance Data Bank (BMRB) under the 2 

accession code 34376. 3 

4 
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Results 1 

Quantitative proteomics reveals candidate interactors and substrates of B. subtilis rhomboid protease 2 

YqgP.  3 

B. subtilis genome encodes two rhomboid protease genes, ydcA and yqgP (also known as gluP (Mesak 4 

et al., 2004)). No proteolytic activity has been detected for YdcA so far (Lemberg, Menendez et al., 2005, 5 

Urban, Schlieper et al., 2002b), while YqgP is a commonly used model rhomboid protease cleaving a 6 

number of synthetic substrates (Lemberg et al., 2005, Ticha, Stanchev et al., 2017a, Ticha, Stanchev 7 

et al., 2017b, Urban & Wolfe, 2005). YqgP has homologs in a number of Gram-positive bacteria, 8 

including Bacilli, but also Staphylococci, Listeriae and others 9 

(http://www.ebi.ac.uk/interpro/protein/P54493/similar-proteins), and thus represents an attractive 10 

system to explore the cell biology and functions of bacterial rhomboid proteases. To reveal the repertoire 11 

of YqgP substrates, we generated a strain deficient in yqgP and re-expressed yqgP or its catalytically 12 

dead mutant S288A (Lemberg et al., 2005) in this background from an ectopic chromosomal locus 13 

(strains BS50 and BS51, respectively, see Table EV2). We then conducted quantitative proteomics 14 

analysis of membrane fractions of both of these strains employing SILAC labelling and SDS PAGE pre-15 

fractionation (GeLC experiment), where we were seeking peptides belonging to proteins migrating at a 16 

lower-than-expected apparent molecular weight selectively in the YqgP-expressing strain relative to the 17 

S288A mutant expressing one. This analysis yielded the high-affinity magnesium transporter MgtE as 18 

the top candidate substrate of YqgP (Fig. 1A, B, C, Dataset S1, PRIDE dataset PXD014578).  19 

 In a complementary approach, we used affinity co-immunopurification and label-free 20 

quantitative proteomics to identify proteins associating with YqgP (Fig. 1D,E). We ectopically expressed 21 

either a functional YqgP-sfGFP fusion or catalytically dead YqgP.S288A-sfGFP fusion as the sole copy 22 

of YqgP in the cell. We solubilised the isolated membranes using the NP-40 detergent, isolated YqgP-23 

sfGFP by anti-GFP affinity pull-down, and analysed the co-isolated proteins by MS-based proteomics. 24 

Using this approach we identified several high-confidence interactor candidates including the 25 

membrane-anchored protease FtsH, and ATPase subunits A, D, F, and G (Fig.1E, Dataset S2, PRIDE 26 

dataset PXD014566). The only high-confidence overlap between the two proteomics datasets was the 27 

high-affinity magnesium transporter MgtE (Fig. 1C, E), promoting it to the highest likelihood candidate 28 

substrate. MgtE is the main magnesium transporter in B. subtilis, it is essential for magnesium 29 

homeostasis (Wakeman, Goodson et al., 2014), and we thus examined the possible functional 30 

relationship between YqgP and MgtE.  31 

 32 

YqgP cleaves the high-affinity magnesium transporter MgtE between its first and second 33 

transmembrane helices. 34 

To validate the results of quantitative proteomics and gain more insight into the role of YqgP in the 35 

physiology of B. subtilis, we first examined the proteolytic status of endogenous MgtE by immunoblotting 36 

using an in-house generated antibody recognizing its N-terminal cytosolic domain (MgtE 1-275). Both 37 

endogenous and ectopically expressed YqgP cleaved endogenous MgtE, yielding distinct cleavage 38 
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products (Fig. 2A). The cleavage was abrogated by a rhomboid-specific peptidyl ketoamide inhibitor 1 

(Ticha et al., 2017b) at low nanomolar levels, confirming that it was a rhomboid-specific event (Fig. 2B). 2 

Judging by the apparent molecular size of the N-terminal cleavage fragment compared to the in vitro 3 

translated reference fragments (Lemberg & Martoglio, 2003) of MgtE, we concluded that the cleavage 4 

by YqgP occurred within the extracytoplasmic loop between TMH1 and TMH2 of MgtE. This region is 5 

close to or within the periplasmic end of TMH2 (Fig. 2C,D), which is consistent with the topology and 6 

mechanism of a rhomboid protease (Strisovsky, 2013, Strisovsky, 2016). MgtE transporters function as 7 

homodimers with a cytosolic amino-terminal cystathionine-beta-synthase (CBS) domain that senses 8 

intracellular Mg2+ and a carboxy-terminal five-transmembrane helical pore for Mg2+ import (Hattori, 9 

Tanaka et al., 2007, Takeda, Hattori et al., 2014). Cleavage of MgtE between TMH1 and TMH2 by YqgP 10 

would thus likely inactivate the transporter.  11 

 12 

Manganese excess activates cleavage of MgtE by YqgP under conditions of magnesium starvation.  13 

It is known that MgtE homologs can also transport Mn2+ (Takeda et al., 2014) under low Mg2+ 14 

concentration (Mg starvation), and that high concentrations of Mn2+ are toxic for bacteria, mainly 15 

because Mn2+ can mis-metalate Mg2+ binding sites (Chandrangsu, Rensing et al., 2017, Hohle & 16 

O'Brian, 2014). We therefore hypothesised that YqgP could be involved in the regulation of MgtE under 17 

Mn2+ stress, and we tested the influence of manganese on the in vivo activity of YqgP. While at high 18 

extracellular magnesium concentration (1 mM) the effect of 100 μM MnCl2 was not detectable, at low 19 

extracellular magnesium concentration (0.01 mM), when endogenous MgtE is upregulated, a shift from 20 

1 to 100 µM MnCl2 activated the YqgP-dependent cleavage of MgtE four-fold (Fig. 3A).  21 

 We next tested the importance of YqgP for growth in manganese-stress conditions. During 22 

growth in minimal medium at low magnesium concentration (10 µM), adding 75 µM manganese at mid-23 

log phase caused growth arrest and lysis of wild-type B. subtilis, which was more severe upon deletion 24 

of yqgP, and fully rescued by ectopic expression of YqgP (Fig. 3B). This effect was highly reproducible. 25 

Interestingly, all strains resumed growth at later time-points, indicating the possible existence of an 26 

adaptive mechanism. This did not appear to involve the second B. subtilis rhomboid YdcA, because 27 

deletion of ydcA did not modify the phenotypic behaviour of B. subtilis regardless of the presence or 28 

absence of yqgP (Fig. EV1). Regardless, the yqgP deficient strains showed a marked growth 29 

disadvantage even in the latter phase of the growth curve, indicating that the role of YqgP for the fitness 30 

of B. subtilis in these conditions is significant. The toxic effect of 50 µM manganese sulphate was fully 31 

prevented by growth in high (5 mM) magnesium sulphate (Fig. 3C), which was consistent with a similar 32 

effect on MgtE cleavage by YqgP (Fig. 3A). In addition, increasing concentrations of YqgP inhibitor had 33 

a dose-dependent effect on the protective role of YqgP both when it was overexpressed or present at 34 

endogenous levels (Fig. 3D), indicating that the pronounced protective effect of ectopically expressed 35 

YqgP was a result of its overexpression. Finally, the phenotype manifested also during steady-state 36 

growth in rich LB medium supplemented with 75 µM manganese sulphate, where yqgP deficient 37 

B. subtilis ectopically expressing MgtE was delayed in growth compared to the same strain ectopically 38 

expressing YqgP (Fig. 3E). Intriguingly, ectopic expression of a proteolytically inactive S288A mutant of 39 
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YqgP also rescued the phenotype of the parent strain, which was initially surprising and suggested that 1 

YqgP may have a role independent of its protease activity. Together, these results reveal that a 2 

physiological function of YqgP is the protection from manganese stress by contributing to the 3 

degradation of the main magnesium transporter MgtE in B. subtilis (Wakeman et al., 2014).  4 

 5 

The N-terminal extramembrane intracellular domain of YqgP mediates the manganese induced 6 

activation of MgtE cleavage. 7 

To gain insights into the mechanism of MgtE cleavage by YqgP, we turned our attention to the two 8 

extramembrane domains of YqgP, the N-terminal cytosolic domain (NTD), and the C-terminal 9 

extracellular domain (CTD). While CTD consists of a predicted tandem array of three tetratricopeptide 10 

repeat (TPR) motifs (Zeytuni & Zarivach, 2012) and is thus likely to interact with protein or peptide 11 

ligands, NTD did not show significant sequence similarity to any protein of known structure, providing 12 

no indication of its molecular function. We first investigated the importance of NTD and CTD for YqgP 13 

activity. We created B. subtilis strains producing YqgP lacking NTD or CTD and measured the in vivo 14 

‘specific activities’ of these YqgP variants (i.e. substrate conversions at steady state normalised to 15 

enzyme expression level) in cleaving MgtE and the heterologous model substrate TatA (Ticha et al., 16 

2017a). While deletion of CTD (Δ388-507, CTD) seems to have led to about 4-6 fold increase in YqgP 17 

activity for both substrates, deletion of NTD (Δ1-178, NTD) reduced YqgP activity for MgtE 3-fold, but 18 

only marginally so for the model TatA substrate (Fig. 4A). In addition, deletion of NTD also compromised 19 

the activation effect of Mn2+ on MgtE cleavage by YqgP, while the deletion of CTD had no effect (Fig. 4B, 20 

C, D). Taken together, the existence of such a specific regulatory mechanism involving YqgP NTD 21 

further substantiated the idea that the manganese-regulated cleavage of MgtE by YqgP is 22 

physiologically significant. 23 

 24 

The N-terminal intracellular domain of YqgP binds divalent cations and mediates their sensing by 25 

YqgP. 26 

Since divalent cations often have related coordination properties, we wondered whether the manganese 27 

activation effect on YqgP transmitted via YqgPNTD may be a reflection of a more general divalent metal 28 

cation effect. We thus inspected a range of divalent metal cations for activation of MgtE cleavage by 29 

YqgP in vivo and found that high concentrations (100 µM) of Mn2+, Zn2+, and Co2+ activated MgtE 30 

cleavage by YqgP significantly in minimal medium with limiting Mg2+ conditions (10 µM), while Ca2+ and 31 

Ni2+ did not have appreciable effect (Fig. 5A). Isothermal titration calorimetry (ITC) measurements 32 

showed that Mn2+, Zn2+, Co2+ and Ni2+ bound YqgPNTD with dissociation constants in the submillimolar 33 

to millimolar range and approximately 1:1 stoichiometry, while neither Mg2+ nor Ca2+ showed any 34 

calorimetric effect up to 1.5 mM concentrations tested (Fig. 5B). Interestingly, the transition metals Co2+, 35 

Mn2+ and Zn2+ can all be transported by MgtE, albeit with lower efficiency than Mg2+. Overexpression of 36 

MgtE confers high sensitivity to Zn2+ in Bacillus firmus OF4 (Smith, Thompson et al., 1995), and Ni2+ 37 

cannot be transported but inhibits MgtE transport (Smith et al., 1995). Here we observed that yqgP 38 
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deficiency made B. subtilis more sensitive to Mn2+ and Zn2+ but not to Co2+ or Ni2+ stress at low Mg2+, 1 

and, consistently, re-expression of YqgP rescued this effect to above wild type levels (Fig. 5C). 2 

Collectively, this indicates that YqgPNTD may act as a sensor for a subset of metal cations in order to 3 

prevent cation toxicity due to MgtE permissiveness under low Mg2+ conditions.  4 

To understand the basis of the activation of YqgP by divalent cations, we undertook structural 5 

analysis of YqgPNTD. Domains homologous to YqgPNTD occur only in YqgP orthologs among the soil-6 

dwelling bacteria of the genus Bacilli (http://www.ebi.ac.uk/interpro/protein/P54493/similar-proteins), 7 

bear little sequence similarity to other proteins and show no hits at ProSite. Thus, to understand the 8 

structural basis of manganese-induced activation of YqgP, we first determined the 3D structure of NTD 9 

by solution NMR (Fig. 6A, statistics in Table EV3). The overall structural ensemble of YqgPNTD (YqgP 1-10 

177) consists of both α- and β- structural motifs, comprising six β-strand sequences at positions 21-24 11 

(β1), 30-34 (β2), 43-48 (β3), 80-88 (β4), 104-106 (β5) and 109-117 (β6), and five α-helices at positions 12 

3-16 (α1), 54-75 (α2), 96-100 (α3), 121-128 (α4) and 146-168 (α5). The central mixed β-sheet motif is 13 

packed in a twisted plane and surrounded by helices α1-4. Notably, negatively charged side-chains are 14 

clustered into several solvent-exposed regions (Fig. 6B). Structural similarity search using Dali server 15 

(Holm & Laakso, 2016) identified a number of structurally related proteins, with no conserved functional 16 

role but enriched in DNA/RNA polymerases and modifying enzymes (Table EV4). In particular, the β-17 

stranded central part of YqgPNTD adopts a fold characteristic for the type II restriction endonucleases 18 

(InterPro and Pfam codes IPR018573 and PF09491, respectively) (Kachalova, Rogulin et al., 2008).  19 

Since Mn2+ but not Zn2+ provided reliable data in ITC titrations, we focused on Mn2+ in further 20 

structural analyses aiming to understand the structural aspect of divalent cation mediated activation via 21 

YqgPNTD. NMR titrations of YqgPNTD by the paramagnetic Mn2+ induced peak intensity reductions and 22 

chemical shift perturbations in a number of residues along NTD. N-H chemical shifts could be caused 23 

by direct interaction with the metal ion, or by secondary structural effects, while peak intensity could be 24 

also diminished by the paramagnetic effect of Mn2+. The most strongly affected regions were amino 25 

acids 27-30, 35-37, 48-63, and 89-98 of the 177 amino acid NTD (Fig. 6C, D, full titration data are 26 

available in Dataset S3). To identify potential residues involved in binding Mn2+, we next focused on 27 

amino acids typically involved in chelating divalent cations (D, E, H) from each of the regions affected 28 

in NMR titrations. We analysed the effect of alanine substitutions in D29, D37, H49, D50, D52, D60 and 29 

E90 on the ability of these mutants to elicit Mn-induced activation of YqgP in vivo (Fig. 6E). This analysis 30 

indicated that the hotspot in which mutations interfered with Mn-induced activation of YqgP was centered 31 

around D50, and D50A mutation abrogated Mn-activation completely. Interestingly, several of the 32 

residues affected in NMR titrations clustered in one apex of NTD structure, with D50 being central in 33 

this region (Fig. 6F), representing the likely Mn-binding region in NTD (Fig. 6G). In summary, deletion 34 

of YqgPNTD or mutation of chelating residues from the identified Mn2+ binding surface abrogated the Mn2+ 35 

induced activation of MgtE cleavage by YqgP in vivo showing that NTD is the Mn2+ sensing device of 36 

YqgP.  37 

 38 
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YqgP works in tandem with the AAA protease FtsH to degrade MgtE in response to the environmental 1 

divalent cation concentrations.  2 

To explore more precisely MgtE proteolysis in vivo, we decided to construct a yqgP mutant strain 3 

complemented with a ectopic mutated version of yqgP that encodes a catalytically dead YqgP.S288A 4 

protein. Surprisingly, we observed that the production of this inactive YqgP.S288A in the yqgP deficient 5 

background resulted in the production of an alternative band with lower mobility on SDS PAGE, i.e. a 6 

higher molecular weight, than that of the cleavage product generated by YqgP (Fig. 7A). Since the 7 

S288A variant of YqgP lacks the catalytic serine nucleophile and is thus proteolytically completely 8 

inactive (Baker & Urban, 2012, Lemberg et al., 2005, Wang, Zhang et al., 2006), these results suggested 9 

that another proteolytic enzyme may participate in MgtE processing under these conditions. Co-10 

immunoprecipitation experiments (Fig. 1E) showed that YqgP interacts with the ATP-dependent, 11 

membrane-bound, processive zinc metalloprotease FtsH, and we thus hypothesised that FtsH is the 12 

responsible enzyme. Indeed, deletion of ftsH led to the disappearance of this alternative cleavage 13 

product (Fig. 7A). Experiment with reference fragments of MgtE indicated that the products of proteolysis 14 

by FtsH end between residues 340 and 355, which corresponds to the cytosolic side of TMH 3 of MgtE 15 

(Fig. 7B, C). This is consistent with the known mechanism of FtsH, which dislocates transmembrane 16 

proteins from the membrane and processively proteolyses them (Akiyama, 2003, Chiba, Akiyama et al., 17 

2002, Langklotz, Baumann et al., 2012, Yang, Guo et al., 2018). Interestingly, YqgPNTD is crucial also 18 

for this adaptor function of YqgP (Fig. 7D). 19 

 To investigate the relationship between YqgP and FtsH in more detail, we performed chase 20 

experiments in which translation was inhibited by tetracycline at time-point zero (‘translation shut-off’), 21 

which enabled us to observe the stability of the MgtE cleavage products generated by YqgP or FtsH 22 

(Fig. 7E). This analysis revealed that during growth with ongoing translation, the cleavage products 23 

formed by YqgP (lanes 9-12 and 33-36) or FtsH (lanes 17-20) accumulated. In contrast, no cleavage 24 

products accumulated after stopping translation. Instead, the YqgP-induced N-terminal cleavage 25 

product of MgtE was further degraded by FtsH (compare lanes 13-16 to lanes 37-40) but also by other, 26 

unknown proteases (lanes 37-40) (for quantification see Fig. EV2). In contrast, the alternative N-terminal 27 

cleavage product of MgtE generated by FtsH in the presence of YqgP.S288A was stable and was not 28 

further degraded over the chase period (lanes 21-24). In the absence of YqgP, FtsH was not able to act 29 

on MgtE at all (lanes 1-8). Intriguingly, this was mimicked by the expression of active YqgP in the 30 

presence of saturating concentrations of its specific peptidyl ketoamide inhibitor (compare Fig. 2B and 31 

Fig. 7), which binds into the active site of rhomboid and plugs it (Ticha et al., 2017b). The above data 32 

mean that YqgP fulfils dual role, both of a protease and a substrate adaptor for FtsH, and that the 33 

formation of MgtE species susceptible to proteolysis by either protease requires ongoing translation. 34 

The adaptor function does not require YqgP activity, but it does require an unobstructed active site, and 35 

is thus consistent with a ‘pseudoprotease’ function of YqgP. NTD is essential also for the 36 

pseudoprotease role of YqgP (Fig. 7D), and without YqgP protease activity, FtsH cannot degrade MgtE 37 

fully (Fig. 7), indicating that YqgP and FtsH closely cooperate in maintaining the proteostasis of MgtE. 38 
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 In conclusion, the above data yield a model where YqgP responds to divalent metal cation 1 

concentrations and cleaves MgtE under low Mg and high Mn2+or Zn2+ concentrations, facilitating the 2 

dislocation of MgtE cleavage products from the membrane and their degradation by FtsH (Fig. 8). 3 

Hence, YgqP serves as a fail-safe mechanism to limit toxicity of metal cations quickly and temporarily. 4 

It has a dual role here, because besides cleaving its substrate MgtE, it also presents the cleavage 5 

products of MgtE to FtsH, which can then degrade them processively. Interestingly, while the 6 

proteolytically inactive YqgP.S288A variant allows formation of an alternative cleavage product by FtsH 7 

(i.e. it can still present MgtE to FtsH), this band is not observed when wild-type YqgP is expressed in 8 

the presence of a rhomboid protease inhibitor (Fig. 2), suggesting that the active site of YqgP needs to 9 

be unobstructed to present MgtE (fragments) to FtsH. This phenomenon is remarkably similar to the 10 

roles of the rhomboid-like proteins Derlins, the p97 AAA ATPase and proteasome in ER-associated 11 

degradation (ERAD) (Ticha et al., 2018), and may constitute a prokaryotic precursor of ERAD. 12 

Furthermore, it provides a plausible mechanistic explanation of how the rhomboid-like pseudoproteases 13 

might have evolved from rhomboid proteases (Adrain & Freeman, 2012). In summary, we provide 14 

evidence for the role of a bacterial rhomboid protease in the regulation of key membrane protein 15 

proteostasis under environmentally restricted conditions in a process similar to the eukaryotic ERAD.  16 

  17 

Discussion 18 

Metal ions are essential for life because they serve as cofactors in various cellular processes, but their 19 

excess poses a lethal threat. Hence, various mechanisms exist to ensure metal ion homeostasis 20 

(Chandrangsu et al., 2017). Soil bacteria, such as B. subtilis, frequently encounter fluctuations in metal 21 

ion availability and need to possess sophisticated regulatory and feedback mechanisms to specifically 22 

respond to a limitation or excess of various metal ions (Chandrangsu et al., 2017). Magnesium (Mg2+) 23 

represents the most abundant divalent cation in cells. It is maintained at high free intracellular levels 24 

(0.5 to 1 mM) relative to other cations (Froschauer, Kolisek et al., 2004), and it plays vital roles in 25 

membrane integrity, charge neutralization of nucleic acids and nucleotides, ribosome structure, and 26 

activities of many metabolic enzymes. To take up environmental Mg2+, bacteria usually encode several 27 

magnesium transporters of the CorA, MgtA and MgtE families (Groisman, Hollands et al., 2013). 28 

Homologs of MgtE are universally conserved up to humans (SLC41 family), indicating their importance. 29 

In B. subtilis, MgtE is the main magnesium transporter (Wakeman et al., 2014) and is tightly regulated 30 

at several levels (Groisman et al., 2013). First, low levels of environmental magnesium trigger 31 

upregulation of mgtE transcription via a riboswitch mechanism (Dann, Wakeman et al., 2007). Second, 32 

the Mg-dependent gating mechanism by the N-terminal cytosolic domain of MgtE ensures metal ion 33 

selectivity (Hattori, Iwase et al., 2009). Third, ATP further regulates MgtE (Tomita, Zhang et al., 2017), 34 

presumably because the cell needs to maintain a balance in magnesium and ATP concentrations as the 35 

two are functionally coupled in a number of physiological processes (Pontes, Sevostyanova et al., 2015, 36 

Pontes, Yeom et al., 2016).  37 

Structural principles of ion channel selectivity of MgtE have been studied in detail (Maruyama, 38 

Imai et al., 2018, Takeda et al., 2014). At low magnesium concentrations (when Mg2+ is not a competitive 39 
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inhibitor), MgtE can also transport Co2+, Mn2+ and Zn2+ to some extent, while Ni2+ inhibits MgtE (Smith 1 

et al., 1995, Takeda et al., 2014). This implies that at low magnesium concentrations and high 2 

concentrations of Co2+, Mn2+, Zn2+ or Ni2+, other regulatory mechanisms may be required to maintain the 3 

biological function of Mg and/or minimize toxicity of other divalent cations. Indeed, previous observations                 4 

in other organisms indicate that controlling magnesium transporter selectivity with respect to transition 5 

metal ions is a widespread theme. In yeast, excess magnesium prevents manganese toxicity (Blackwell, 6 

Tobin et al., 1997), implying that MgtE may transport manganese when magnesium does not compete 7 

with it. In Bradyrhizobium japonicum, a null mutant in the manganese transporter mntH encoding gene 8 

does not grow in Mn-limiting medium, but suppressor strains can be selected. One class of suppressors 9 

are gain-of function mutants of mgtE (mutations affecting gating mechanism) (Hohle & O'Brian, 2014). 10 

In this system, when the intracellular Mg2+ levels are low, the MgtE mutants transport Mn2+ with high 11 

affinity, which is not the case at high Mg2+ and for the wild-type strain. This is particularly relevant in soil, 12 

the natural habitat of B. subtilis, where there is a negative correlation between the bio-availability of 13 

magnesium and manganese ions. As soil pH decreases, manganese becomes more available and 14 

magnesium less available (Gransee & Fuhrs, 2013, Thomas & Sprenger, 2008). Hence, in the 15 

commonly found acidic soils, B. subtilis has to cope with stress conditions of low magnesium and high 16 

manganese, and the regulation of MgtE by YqgP that we describe is important for fitness in similar 17 

conditions (Fig. 3, Fig. 5).  18 

The role of YqgP seems to be important during acute changes in cation concentrations. Several 19 

hours after manganese shock, even yqgP deficient B. subtilis starts growing again, albeit at lower rate 20 

than wild type or a strain overexpressing YqgP (Fig. 3B). This ‘adaptation’ may be based on the 21 

described genetic mechanisms related to the regulation of Mn metabolism. It is known that B. subtilis 22 

responds to Mn2+ excess in two ways. First, the MntR regulator senses excess intracellular Mn2+. It then 23 

represses the transcription of two Mn2+-uptake systems (MntABCD and MntH) and activates the 24 

expression of efflux systems (MneP and MneS) (Huang, Shin et al., 2017, Que & Helmann, 2000). In 25 

addition, the two manganese efflux pumps, MneP and MneS, are also activated via Mn2+-responsive 26 

riboswitches (Dambach, Sandoval et al., 2015, Price, Gaballa et al., 2015). These actions take place at 27 

the transcriptional level, hence take some time to efficiently allow the cell to recover from an initial Mn2+ 28 

shock. As intracellular Mn2+ returns to physiological levels, cells resume growth and YqgP may thus lose 29 

its importance for fitness in the later stages of adaptation to these toxic conditions. 30 

We find that in B. subtilis, rhomboid protease YqgP is required to cleave and inactivate species 31 

of MgtE formed at low environmental Mg2+ and high Mn2+ or Zn2+, which protects B. subtilis from toxic 32 

Mn2+ or Zn2+ stress. The identity of the MgtE species susceptible to YqgP cleavage in these conditions 33 

is unknown. Since their generation requires ongoing translation (Fig. 7), we hypothesise that these may 34 

be mis-metallated forms at some of the metal binding sites throughout the MgtE molecule (Foster, 35 

Osman et al., 2014, Maruyama et al., 2018, Takeda et al., 2014) that can form during translation and 36 

folding, and which could interfere with the proper channel function of MgtE. YqgP is thus providing a 37 

quality control check for properly functioning MgtE. Cleavage of MgtE by YqgP is more pronounced at 38 

low Mg2+ and high Mn2+ or Zn2+ concentrations. This may, in part, result from the higher concentration 39 
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of susceptible forms of MgtE in these conditions, which is consistent with our translation shut-off chase 1 

data (Fig. 7). However, metal sensing and cleavage activation are also directly provided by the 2 

intracellular N-terminal extramembrane domain of YqgP. This domain binds divalent metal cations at 3 

milimolar or submilimolar affinities and approximately 1:1 stoichiometry (Fig. 5) along a negatively 4 

charged surface of the molecule (Fig. 6). How exactly in structural and mechanistic terms Mn2+ or Zn2+ 5 

binding to YqgPNTD activates MgtE cleavage is not clear at the moment. It could be through direct 6 

interaction with the membrane embedded MgtE, or by influencing the speed of diffusion of YqgP in the 7 

membrane, as recently suggested for several other rhomboid proteases (Kreutzberger, Ji et al., 2019). 8 

Interestingly, in addition to the influence on YqgP activity, YqgPNTD is also required for the coupling of 9 

YqgP activity to FtsH, the ATP dependent processive protease that associates with YqgP. More 10 

generally, there is emerging evidence from this work and the accompanying back-to-back study by Liu 11 

et al. that rhomboid proteases can participate in membrane protein quality control in bacteria, where 12 

they are very widespread. It remains to be elucidated which structural and dynamic aspects of 13 

transmembrane domains rhomboid proteases can recognise in their substrates, to serve as 'detectors' 14 

of misfolded or orphan protein species and adaptors of downstream degradative proteases. The 15 

variability in substrate specificities and various extramembrane domains of rhomboids may be the basis 16 

of their diverse functions in bacteria. 17 

The specialised role that YqgP plays in the quality control of an essential transporter protein 18 

may seem unexpected, but conceptually, transporters are indeed regulated at a number of levels and 19 

very finely using specialised mechanisms. For example, amino acid permeases of the major facilitator 20 

superfamily in yeast are down-regulated from the cell surface under high nutrient conditions by an 21 

increase in ubiquitin E3 ligase activity of Rsp5, which initiates their trafficking from the plasma membrane 22 

to multi-vesicular bodies (Lauwers, Erpapazoglou et al., 2010). Other member of the same transporter 23 

family in yeast requires a specialised membrane chaperone Shr3, which assists the folding of the 24 

transporters and prevents their efficient degradation by ERAD (Kota, Gilstring et al., 2007).  25 

 Intriguingly, in addition to the role of YqgP in regulating MgtE, we suspect it can be engaged in 26 

other functions. In co-immunoprecipitation experiments with YqgP we identified a number of ATP 27 

synthase subunits with high confidence and abundance by mass spectrometry (Fig. 1E). Since we have 28 

not identified any of these subunits in our substrate screen (Fig. 1C), we did not follow them up. 29 

However, this finding raises the possibility that further to its role in MgtE proteostasis, YqgP may be 30 

involved in the relationship between magnesium homeostasis and ATP synthesis, which would be 31 

consistent with a growing body of evidence supporting a regulatory relationship between magnesium 32 

and ATP levels. First, it was reported that a magnesium transporter-defective strain of B. subtilis can be 33 

rescued by inactivation of ATP synthase encoding genes (Wakeman et al., 2014), suggesting that 34 

lowering ATP levels allows the cell to cope with magnesium deprivation. This is consistent with findings 35 

from Groisman and colleagues in Salmonella enterica, where low levels of Mg2+ in the cell lead to ATP 36 

synthase inhibition and reduced ribosome biogenesis. As a result, the pool of magnesium that is not 37 

ATP-bound anymore can be employed to support low levels of ribosome assembly, a priority process 38 

that requires large amounts of magnesium (Pontes et al., 2016). Finally, in the same bacterium, ATP 39 
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synthase activity can be directly inhibited by the MgtC protein, whose expression is upregulated during 1 

magnesium deprivation (Lee, Pontes et al., 2013). Strikingly, MgtC downregulation in the membrane of 2 

S. enterica is somewhat reminiscent of how MgtE is controlled by YqgP and FtsH in B. subtilis. MgtR, a 3 

small hydrophobic peptide, is thought to destabilize MgtC prior to degradation by FtsH (Alix & Blanc-4 

Potard, 2008). Hence, during magnesium deprivation and cation toxicity in B. subtilis, it is tempting to 5 

speculate that YqgP may also inhibit the activity of ATP synthase to preserve the free Mg2+ pool for 6 

translation purposes while assisting FtsH for the degradation of MgtE. 7 

 A number of native and model rhomboid substrates are single-pass membrane proteins 8 

(Johnson, Brezinova et al., 2017, Riestra, Gandhi et al., 2015, Saita, Nolte et al., 2017, Strisovsky et al., 9 

2009, Urban, Lee et al., 2002a). The cleavage of the transmembrane core of MgtE by YqgP described 10 

here adds to growing evidence that rhomboid proteases do engage in cleaving polytopic membrane 11 

proteins under some conditions (Erez & Bibi, 2009), although the features of transmembrane domains 12 

that they recognise still need to be properly structurally understood. Our results show that degradation 13 

of the susceptible MgtE species requires both YqgP and FtsH, with YqgP cleavage of the 14 

transmembrane core of MgtE being required for full degradation by FtsH. In addition, YqgP presents 15 

MgtE to FtsH, for which YqgP activity is dispensable, but its unoccupied active site is essential, thus 16 

behaving partially also as a pseudoprotease. In summary, here we uncover an ancestral membrane-17 

associated degradation mechanism including a substrate receptor/protease and processive degradative 18 

dislocase and protease. This is conceptually remarkably similar to the process of ERAD in which 19 

rhomboid pseudoproteases Derlins co-operate with ubiquitin E3 ligases such as Hrd1, the AAA ATPase 20 

p97/VCP, and the proteasome, in dislocating transmembrane proteins from the membranes of 21 

endoplasmic reticulum and degrading them (Neal, Jaeger et al., 2018, Ticha et al., 2018). Our work 22 

emphasises that even the active rhomboid proteases can have pseudoprotease functions, and suggests 23 

that the balance between their protease and pseudoprotease roles may vary. In this context it is 24 

interesting to note that the second rhomboid protease encoded in B. subtilis genome, YdcA, lacks any 25 

detectable protease activity despite having all sequence hallmarks of an active rhomboid protease 26 

(Lemberg et al., 2005, Urban et al., 2002b). Similarly, mammalian RHBDL1 and RHBDL3 failed to cleave 27 

any known model substrates of rhomboid proteases (Johnson et al., 2017), and it ought to be borne in 28 

mind that in these or other cases, the pseudoprotease roles may be key to the physiological functions 29 

of these rhomboid proteins. More generally, other intramembrane proteases may have physiological 30 

roles that do not depend on their catalytic activity, such as the role of SPP in membrane protein 31 

dislocation from the ER (Loureiro, Lilley et al., 2006). 32 

 A number of bacteria encode YqgP homologs 33 

(http://www.ebi.ac.uk/interpro/protein/P54493/similar-proteins), and the function of YqgP in magnesium 34 

homeostasis control that we describe here might be conserved more widely, because MgtE homologs 35 

are also very widespread (https://www.ebi.ac.uk/interpro/protein/O34442/similar-proteins), although it is 36 

possible that YqgP homologs will have also other functions. This is indeed suggested by two recent 37 

reports. First, it was shown that the Staphylococcus aureus YqgP homolog Rbd is synthetic lethal with 38 

the nucleoid occlusion protein Noc and is involved in the initiation of DNA replication (Pang, Wang et 39 
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al., 2017). Second, in a recent archived report, the same protein (although termed ActH therein) has 1 

been identified as a regulatory component of a complex with peptidoglycan amidase LytH and is required 2 

for LytH activation (Do, Schaefer et al., 2019). In neither case was it established whether the described 3 

function of S. aureus YqgP homolog Rbd/ActH depends on its protease activity. It is intriguing to 4 

speculate whether these functions will rely on a similar protease or pseudoprotease roles within a 5 

degradation machinery such as the one we describe here. It is fully conceivable that YqgP homologs 6 

can fulfil a range of functions in diverse bacteria depending on the client protein but using analogous 7 

general mechanism as we outline here. 8 

 In a generalised summary, this work implicates bacterial rhomboid proteases in the quality 9 

control of polytopic membrane proteins in cooperation with other processive proteases, which could be 10 

regarded as an evolutionary functional ancestor of the eukaryotic ER-associated degradation (ERAD). 11 

In our system, rhomboid plays the role of a protease that facilitates dislocation of the membrane protein 12 

by the ATP dependent AAA protease FtsH, but also the role of a substrate adaptor handing over the 13 

substrates to FtsH. It is conceivable that with a more efficient and specialised dislocation machinery in 14 

higher organisms, the requirement for protease activity of the rhomboid like protein (Derlin) could 15 

become less important, while the adaptor function becoming key. This logic would explain the 16 

particularly high occurrence of pseudoproteases in the rhomboid superfamily, which includes Derlins 17 

that are well-known essential components of the eukaryotic substrate recognition and dislocation 18 

machinery in ERAD (Neal et al., 2018). 19 
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Figures legend and Figures. 1 

Fig. 1: Quantitative proteomics reveals candidate interactors and substrates of rhomboid protease 2 

YqgP from B. subtilis. 3 

(A) Schematic representation of the SILAC-based quantitative proteomics experiment in B. subtilis. 4 

Cells overexpressing active YqgP (BS50, Table EV2) or its catalytically dead mutant YqgP.S288A 5 

(BS51), both auxotrophic for lysine, were grown in parallel in “heavy” (containing 13C6
15N2- Lysine 6 

isotope) or “light” (containing stable 12C6
14N2- Lysine) M9 minimal medium, respectively. After mixing the 7 

cell cultures in the 1:1 ratio (based on OD600), cell suspension was lysed and the fraction enriched for 8 

transmembrane proteome was analysed in a GeLC-MS/MS experiment. Using bioinformatic analysis of 9 

the MS data, highest-scoring candidate substrates were further evaluated.  10 

(B) Diagrammatic representation of a result of GeLC-MS/MS analysis of excised gel regions described 11 

in (A). Each coloured block depicts a quantified peptide at its amino acid position according to the 12 

horizontal axis. Possible ongoing proteolysis was identified by high abundance ratio of 13 

YqgP/YqgP.S288A for a given protein and lower apparent molecular weight than expected for the 14 

corresponding full-length protein, as estimated from the position of the respective gel slice relative to 15 

the molecular weight marker.  16 

(C) Table of best substrate candidates of two GeLC experiments. In order to assess possible cleavage 17 

sites in combination with topology information, the QARIP software (Ivankov et al., 2013) was used to 18 

summarize results from experiments 1 and 2. Abundance ratios (YqgP/YqgP.S288A) for the intracellular 19 

parts of proteins were calculated for each gel slice separately by QARIP from peptide ratios computed 20 

by MaxQuant (Cox & Mann, 2008). Substrate candidates highlighted in red were identified in both 21 

experiments.  22 

(D) Schematic representation of the affinity co-purification experiment in B. subtilis to identify YqgP 23 

interactors.  24 

(E) Results of MS analyses of affinity co-purification experiments in wild-type B. subtilis control (strain 25 

BTM2, Table EV2) and B. subtilis deficient in endogenous YqgP expressing the wild-type YqgP-sfGFP 26 

bait (strain BTM84, Table EV2) or the proteolytically inactive YqgP.S288A-sfGFP bait (strain BBM1, 27 

Table EV2). Proteins were considered as potential interactors of YqgP if they were identified only in both 28 

positive co-purifications with a minimum of 3 weighted spectral counts or enriched at least 5 times in 29 

positive bait samples compared to control ones based on weighted spectral counts. The protein 30 

highlighted in red was the only overlapping hit between the two proteomics approaches. 31 

 32 

 33 
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Fig. 2: YqgP cleaves the high-affinity magnesium transporter MgtE between its first and second 1 

transmembrane helices. 2 

(A) Steady-state cleavage profile of endogenous MgtE processed by endogenous and ectopically 3 

overexpressed YqgP from the inducible Phyperspank promoter in living B. subtilis (BTM2 and BTM501, 4 

respectively, Table EV2), in minimal medium at low magnesium concentration (10 µM). Strain lacking 5 

YqgP (ΔyqgP, BTM78, Table EV2) was used as a control. Proteins were detected by immunoblotting 6 

with chemiluminescence detection.  7 

(B) The cleavage is efficiently inhibited by 1 μM STS736, a specific peptidyl ketoamide rhomboid 8 

inhibitor (Ticha et al., 2017b).  9 

(C) To map the cleavage site region within endogenous MgtE (second lane from the left, from strain 10 

BTM501), MgtE-derived reference fragments encoding first 300, 315, 330 amino acids as well as full-11 

length MgtE (black arrow), were in vitro transcribed and translated. Mobility of the N-terminal cleavage 12 

product (red arrow) of MgtE on SDS PAGE was compared to the mobilities of the translated reference 13 

fragments.  14 

(D) Diagrammatic display of the mapping shows that YqgP cleaves MgtE in a periplasmic region 15 

between transmembrane helices 1 and 2 (red arrow).  16 

Data information: In all panels, endogenous full-length MgtE is indicated by a black arrow, and N-17 

terminal cleavage product by red arrows. Endogenous MgtE was visualised by anti-MgtE(2-275) (α-18 

MgtE) and ectopic YqgP by anti-YqgP antibodies. 19 

 20 
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Fig. 3: Magnesium starvation and manganese excess activate cleavage of MgtE by YqgP, which is 1 

beneficial in manganese stress conditions.  2 

(A) Detection and quantification of the cleavage of endogenous MgtE by YqgP in living B. subtilis cells 3 

(BS72, Table EV2) depending on the concentrations of magnesium and manganese ions. Cells were 4 

cultivated in glucose M9 minimal medium with limiting (0.01 mM) or high (1 mM) concentration of 5 

MgSO4, in the presence or absence of 100 μM MnCl2, and analysed by western blotting with near-6 

infrared detection (upper panel). Black arrow denotes full-length MgtE, and red arrow denotes its N-7 

terminal cleavage product formed by YqgP. The corresponding fluorescence signals were quantified by 8 

densitometry, and are displayed as relative specific activity, which is substrate conversion normalized 9 

to enzyme expression level (lower panel).  10 

(B) Growth curves of wild-type (BTM843, Table EV2), yqgP deficient (BTM844, Table EV2) and rescue 11 

(BTM845, Table EV2) strains of B. subtilis in M9 minimal medium with limiting magnesium (0.01 mM 12 

MgSO4), exposed to manganese stress elicited by adding 75 µM MnSO4 in mid-exponential phase 13 

(stress-phase denoted by blueish background). All strains further contain a deletion in the putative 14 

manganese efflux pump MntP (ΔywlD, Table EV2). Bottom panel shows that manganese is more toxic 15 

in the yqgP deficient strain than in the wild type strain, and that reintroduction of YqgP rescues fitness 16 

during manganese stress to above-wild-type level. Top panel shows no difference between the strains 17 

in the absence of manganese stress. Data are shown as individual datapoints from three independent 18 

experiments overlaid with dashed line connecting average values from each time-point, which illustrates 19 

the reproducibility of the assay.  20 

(C) Top panel: growth curves of wild-type (BTM843), yqgP deficient (BTM844) and rescue (BTM845) 21 

strains of B. subtilis in M9 minimal medium with limiting magnesium (0.01 mM MgSO4), exposed to 22 

manganese shock elicited by adding 75 µM MnSO4 in mid-exponential phase. Bottom panel: 23 

manganese toxicity is prevented by further adding 5 mM magnesium (MgSO4) in otherwise identical 24 

conditions.  25 

(D) Inhibition of YqgP by a rhomboid-specific peptidyl ketoamide inhibitor (STS736, i.e. compound 9 26 

from (Ticha et al., 2017b)) abolishes the YqgP induced fitness of B. subtilis under manganese stress, in 27 

a dose-dependent manner, both with endogenous YqgP (top panel) and overexpressed YqgP (bottom 28 

panel). Media and growth conditions were identical to those used in panel (B).  29 

(E) Overexpression of heterologous MgtE inhibits growth of yqgP deficient strain (BTM610, Table EV2) 30 

in rich LB medium supplemented with 75 μM MnSO4. Cell fitness is improved by overexpression of YqgP 31 

(BTM611, Table EV2) or its catalytically dead mutant YqgP.S288A (BTM612, Table EV2). For clarity, 32 

for panels C – E, representative experiments of 2-3 independent biological replicates are shown unless 33 

stated otherwise. 34 
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Fig. 4: The N-terminal extramembrane intracellular domain of YqgP mediates the manganese induced 1 

activation of MgtE cleavage. 2 

(A) Schematic of YqgP domain architecture. Transmembrane helices are shown as grey boxes, and the 3 

position of the catalytic dyad of S288 and H339 within the transmembrane rhomboid core is displayed.  4 

(B) Detection (left panel) and quantification (right panel) of steady-state conversion of endogenous MgtE 5 

and model chimeric substrate derived from Providencia stuartii TatA (Stevenson et al., 2007, Ticha et 6 

al., 2017a, Ticha et al., 2017b) (schemes in the middle) by ectopically expressed YqgP and its N- and 7 

C-terminally truncated variants (strains BS184-187, Table EV2) in living B. subtilis grown in rich LB 8 

medium. Black arrows indicate full-length substrates and red arrows indicate cleavage products. 9 

(C) Similar analysis of the same strains but grown in minimal M9 medium (with 10 µM MgSO4) 10 

supplemented with increasing concentrations of MnCl2. Black arrows denote full-length substrate 11 

(MgtE), red arrows denote the cleavage products generated by YqgP.   12 

(D) Western blots of four independent experiments shown in panel (C) were quantified by near-infrared 13 

fluorescence detection, quantified by densitometry and the results are displayed as fold activation of 14 

MgtE cleavage at 100 µM MnCl2 relative to 1 µM MnCl2 activity. Average values and all fours datapoints 15 

are plotted for each indicated YqgP variant.  16 
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Fig. 5: The N-terminal intracellular globular domain of YqgP binds divalent cations. 1 

(A) Detection (left panel) and quantification (right panel) of steady-state conversion of endogenous MgtE 2 

by YqgP (strain BS72, Table EV2) grown in minimal M9 medium containing 10 μM MgSO4 and 1 μM 3 

each of MnCl2, ZnCl2, CoCl2, NiCl2 and CaCl2 (reference conditions) with the additions of 10 µM  or 100 4 

μM of a given divalent cation salt solution (MnCl2, ZnCl2, CoCl2, or NiCl2), or 50 µM and 500 μM for 5 

CaCl2. Western blots were quantified by near-infrared fluorescence detection (left), quantified by 6 

densitometry and displayed as relative specific activity (graph on the right), which is substrate 7 

conversion normalized to enzyme expression level. Black arrow denotes full-length substrate (MgtE), 8 

and red arrow denotes the N-terminal cleavage product(s) generated by YqgP. All bands originate from 9 

the same western blot and identical treatment series. Irrelevant lanes have been cropped out for clarity, 10 

and the source blot is available online as Source Data.  11 

(B) Isothermal titration calorimetry of purified recombinant YqgPNTD and selected divalent cations.  12 

(C) Cation toxicity assays and their relationship to YqgP activity. Wild type B. subtilis (BTM2, Table 13 

EV2), its variant lacking YqgP (ΔyqgP, BTM78, Table EV2), and the rescue strain ectopically expressing 14 

YqgP (BTM501, Table EV2) were cultivated in minimal M9 medium containing 10 μM MgSO4 and 1 μM 15 

each of MnCl2, ZnCl2, CoCl2, NiCl2 and CaCl2 (i.e. reference conditions), and in mid-exponential phase 16 

were stressed by the addition of either 70 µM MnCl2, 500 µM ZnCl2, 25 µM CoSO4 or 400 µM NiCl2 (pale 17 

blue area). YqgP activity specifically improved cell fitness during manganese and zinc stress, while it 18 

had no effect on growth of cells cultivated in the presence of high cobalt and nickel concentrations. 19 

Representative experiments of 2-3 independent replicates are shown. 20 
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Fig. 6: Solution NMR analysis reveals manganese-binding region in the N-terminal domain of YqgP. 1 

(A) Solution NMR structure of cytosolic N-terminal domain of YqgP (YqgPNTD, amino acids 1-177), 2 

showing ensemble of 30 structures with lowest energy, and the structure with minimum energy displayed 3 

as cartoon.  4 

(B) Electrostatic surface of YqgPNTD structure reveals highly negatively charged areas. Left view is 5 

oriented as the left view in panel (A).  6 

(C) Chemical shift perturbation values and relative peak intensities for backbone resonances (15N and 7 

1H) of YqgPNTD calculated for complexes of 400 μM YqgPNTD with 10 μM (light grey, light orange) or 40 8 

μM MnCl2 (dark grey, dark orange bars). Only residues 20-100 of YqgP are displayed for simplicity. 9 

Residues identified as potential manganese-binding region based on their chemical shifts and intensity 10 

changes upon NMR titrations are depicted in orange. The X sign marks residues whose chemical shifts 11 

were not calculated due to the lack of resonance signal.  12 

(D) Details of 2D 15N/1H HSQC spectra of free (green) and Mn-titrated YqgPNTD (10 μM MnCl2 in red and 13 

40 μM MnCl2 in blue) for the residues marked in orange in panel (C). As a reference, residues marked 14 

in black do not display spectral changes upon titration, e.g. peak intensity does not change for S88N-H 15 

upon Mn titration (overlay of green, blue and red contours), but peak intensity is severely depleted for 16 

D29N-H upon Mn titration (absence of red contours). Full titration data are available in Dataset S3.  17 

(E, F) Detection (E) and quantification (F) of steady-state conversions of endogenous MgtE by YqgP 18 

variants bearing single-point mutations in putative Mn-binding region (BS184; 187; 196-203, Table EV2), 19 

cultivated in modified M9 minimal medium supplemented by low (1 μM) or high (100 μM) MnCl2. Black 20 

arrow marks full-length MgtE, and red arrow marks its N-terminal cleavage product by YqgP.  21 

(G) Overview of residues affected by Mn2+ binding to YqgPNTD mapped onto its solution NMR structure. 22 

The view is oriented as the left view in panels (A and B). 23 
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Fig. 7: The YqgP rhomboid functions as both a protease and a pseudoprotease adaptor of the AAA-1 

protease FtsH to maintain proteostasis of MgtE.  2 

(A) The proteolytically dead mutant YqgP.S288A behanes as a pseudoprotease and acts as a substrate 3 

adaptor of FtsH. Pattern of C-terminally truncated forms of endogenous MgtE formed in vivo in the 4 

presence of ectopically expressed active YqgP (strain BS72, Table EV2) or its inactive S288A mutant 5 

(BS73, Table EV2) in rich LB medium in the presence or absence of endogenous FtsH. Black arrow 6 

denotes the full-length MgtE substrate, and red arrows denote its cleavage products generated by YqgP. 7 

While the presence of the faster migrating YqgP-dependent products (full red arrows) do not depend on 8 

the presence of FtsH, the slower migrating product formed in the presence of YqgP.S288A (open red 9 

arrow) does, indicating that FtsH protease is responsible for the alternative cleavage of MgtE. The same 10 

arrow symbolics is valid throughout this figure. 11 

(B) Mapping of the boundary of the FtsH generated proteolytic product of MgtE. Immunoblot comparing 12 

the SDS PAGE mobility of the N-terminal fragment of endogenous MgtE generated by FtsH in the 13 

presence of the pseudoprotease version of YqgP (catalytically dead YqgP.S288A, strains BTM78, 14 

BTM502, Table EV2) to the mobilities of in vitro translated reference fragments corresponding to MgtE 15 

1-340, -355 and -370 shows that YqgP.S288A acts as an FtsH adaptor, and that FtsH processing of 16 

MgtE in the presence of YqgP.S288A stops at around amino acid 355, which is near or at the 17 

cytoplasmic end of TMH 3 of MgtE.  18 

(C) Schematic depiction of the regions in MgtE defining its remaining cleavage products formed by FtsH 19 

and YqgP.  20 

(D) In vivo cleavage of endogenous MgtE in the presence of ectopically expressed full-length 21 

YqgP.S288A (strain BS73), YqgPΔNTD.S288A (BS185, Table EV2) or YqgPΔCTD.S288A (BS186, 22 

Table EV2), in rich LB medium shows that YqgPNTD is necessary for the FtsH-dependent processing of 23 

MgtE.  24 

(E) Analysis of the in vivo kinetics of formation and fate of MgtE cleavage products. B. subtilis strains 25 

expressing YqgP or its S288A mutant (strains BTM78; 501 and 502, Table EV2) in the presence or 26 

absence of endogenous FtsH protease (strains BTM795, BTM796 and BTM797, Table EV2) were 27 

cultured in LB medium and at early exponential phase, after having been expressing YqgP variants for 28 

30 min, were either left grown untreated (as a control with ongoing translation) or treated with 20 μg/mL 29 

tetracycline to stop proteosynthesis (translation shut-off). At given time intervals afterwards, all cultures 30 

were analysed by α-MgtE western blotting with near infrared detection. Equal cell number (judged by 31 

OD600) was loaded into each lane. Black arrow marks full-length MgtE, red full arrows mark YqgP-32 

dependent and red open arrows mark YqgP.S288A-dependent cleavage product of MgtE.  33 
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Fig. 8: Summary of the role of YqgP in MgtE proteostasis  1 

Under conditions of magnesium starvation, MgtE is upregulated and open, poised to transport Mg2+ 2 

inside the cell. If other divalent cations, such as Mn2+ or Zn2+ are present in the environment at relatively 3 

high concentrations, MgtE can transport them or be inhibited by them, which causes toxicity. Under 4 

these conditions, the N-terminal cytosolic domain of YqgP binds Mn2+ or Zn2+, and activates YqgP for 5 

cleavage of MgtE between its transmembrane helices 1 and 2. YqgP also interacts with FtsH, and 6 

presents MgtE or its cleavage product(s) for processive proteolysis by FtsH. The cleavage of MgtE by 7 

YqgP is required for its full dislocation and degradation by FtsH. The presentation/adaptor function of 8 

YqgP is not dependent on its catalytic activity, but it requires its active site unoccupied. YqgP thus 9 

behaves also as a pseudoprotease which are common in the rhomboid superfamily. The connection of 10 

a rhomboid-like protease/pseudoprotease (YqgP) with a processive degradative membrane-bound 11 

protease/dislocase (FtsH) and its role in membrane protein quality control in B. subtilis that we identify 12 

here represent a striking analogy to the eukaryotic role of rhomboid-like pseudoproteases Derlins in ER-13 

associated degradation. 14 

 15 

 16 

 17 

  18 
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Figure Legend for EV Figures 1 

 2 

Fig. EV1: Analysis of the role of ydcA in the phenotypic behaviour of B. subtilis during Mn stress. 3 

Growth curves of wild-type (BTM843, Table EV2), yqgP deficient (BTM844, Table EV2), ydcA deficient 4 

(BTM1001, Table EV2), yqgP ydcA deficient (BTM1003, Table EV2) and YqgP rescue (BTM845 and 5 

BTM1005, Table EV2) strains of B. subtilis in M9 minimal medium with limiting magnesium (0.01 mM 6 

MgSO4), exposed to manganese stress elicited by adding 75 µM MnSO4 in mid-exponential phase 7 

(stress-phase denoted by blueish background, in bottom panel). All strains further contain a deletion in 8 

the putative manganese efflux pump MntP (ΔywlD, Table EV2). Bottom panel shows that manganese 9 

is more toxic in both yqgP deficient strains (black squares or open black circles) than in the wild type or 10 

ydcA rhomboid deficient strains. The overexpression of YqgP in both ΔyqgP and ΔyqgPΔydcA strains 11 

rescues fitness during manganese stress to above-wild-type level. Top panel shows no difference 12 

between the strains in the absence of manganese stress. 13 

 14 

  15 
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Fig. EV2: Stability of MgtE cleavage products depending on the presence of FtsH 1 

Translational stop chase experiment described in Fig. 7 (lanes 13-16 and 37-40) was performed in four 2 

independent replicates and quantified by near-infrared western blotting using α-MgtE antibody as 3 

described in Methods. The conversion of MgtE was plotted against time as average values ± SD, 4 

indicating that in the absence of endogenous FtsH, MgtE cleavage products are more stable.5 

 6 

 7 

  8 
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Table EV1: List of DNA constructs used in this work. 1 

Plasmid constructs used in this work and referred to in the main text are listed below. 2 

 3 

Plasmid name Description Source 

For B. subtilis 

pTM13 amyE::Phyperspank-yqgP (spec) This work 

pTM26 amyE::Phyperspank-yqgP-sfGFP (spec) This work 

pTM31 amyE::Phyperspank-yqgP S288A(spec) This work 

pTM79 ycgO::PmgtE-FLAG-mgtE (kan) This work 

pTM89 ycgO::Phyperspank-FLAG-mgtE (erm) This work 

pTM92 amyE::Pxyl (spec) This work 

pTM93 amyE::Pxyl-yqgP (spec) This work 

pTM94 amyE::Pxyl-yqgP S288A (spec) This work 

pPR155 amyE::Pxyl-yqgP Δ1-178 (spec) This work 

pPR157 amyE::Pxyl-yqgP Δ388-507 (spec) This work 

pTM89 ycgO::Phyperspank-FLAG-mgtE (erm) This work 

pPR290 xkdE::Pxyl-MBP-FLAG-pstatA I5G,I10G-Trx-HA (erm, lin) This work 

pJB216 amyE::Pxyl-yqgP D29A (spec) This work 

pJB217 amyE::Pxyl-yqgP D37A (spec) This work 

pJB218 amyE::Pxyl-yqgP H49A (spec)  This work 

pJB219 amyE::Pxyl-yqgP D50A (spec) This work 

pJB221 amyE::Pxyl-yqgP D52A (spec) This work 

pJB222 amyE::Pxyl-yqgP D60A (spec) This work 

pJB223 amyE::Pxyl-yqgP E90A (spec) This work 

pWX467  loxP-erm-loxP casette Gift from D.Z. Rudner 

pGP886 xkdE::Pxyl-YFP-NTD  (erm, lin) Gift from L. Krásný 

For E. coli      

pJB171 yqgP 1-177-TEV-6×His in pET25b This work 

pJB179 6×His-TEV-yqgP 384-507 in pHIS2 This work 

pJB184 GST-6×His-TEV-mgtE 2-275 in pGEX6P1 This work 

pBM9 6×His-yqgP 1-170 in pRSET-A (ThermoFisher) This work 

pBM11 6×His-yqgP 385-507 in pRSET-A This work 

 4 

 5 

 6 

 7 

  8 
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Table EV2: List of Bacillus subtilis strains used in this work 1 

Bacillus subtilis strains that were used in this work and referred to in the main text are listed below. 2 

BGSC, Bacillus Genetic Stock Center at www.bgsc.org; NBRP, National BioResource Project at 3 

www.nbrp.jp;   4 

 5 

Strain ID Genotype source 

BTM2 Wild type 168 trpC+ 
BGSC, (Nicolas 
et al., 2012) 

BTM70 168 trpC+ amyE::Phyperspank-yqgP-sfGFP (spec) This work 

BTM78 168 trpC+ ΔyqgP::cat This work 

BTM84 168 trpC+ ΔyqgP::cat, amyE::Phyperspank-yqgP-sfGFP (spec) This work 

BBM1 168 trpC+ ΔyqgP::cat, amyE::Phyperspank-yqgP.S288A-sfGFP (spec) This work 

BTM462 168 trpC+ ftsH::erm 
BGSC, (Koo, 
Kritikos et al., 
2017) 

BTM501 168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP (spec) This work 

BTM502 168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP S288A (spec) This work 

BTM610 168 trpC+ ΔyqgP::cat (spec) ycgO::Phyp-FLAG-mgtE (erm) This work 

BTM611 168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP (spec) ycgO::Phyp-FLAG-mgtE (erm) This work 

BTM612 168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP S288A (spec) ycgO::Phyp-FLAG-mgtE (erm) This work 

BTM659 168 trpC+ ΔyqgP::erm   

BTM677 168 trpC+ ΔyqgP This work 

BTM799 168 trpC+ ΔyqgP ftsH::erm This work 

BTM795 168 trpC+ ΔyqgP::cat ftsH::erm This work 

BTM796 168 trpC+ ΔyqgP::cat amyE::Phyperspank-yqgP (spec) ftsH::erm This work 

BTM797 168 trpC+ ΔyqgP::cat amyE::Phyperspank-yqgP S288A (spec) ftsH::erm This work 

BTM843 168 trpC+ ywlD::erm This work  

BTM844 168 trpC+ ΔywlD::erm ΔyqgP::cat This work 

BTM845 168 trpC+ ΔywlD::erm ΔyqgP::cat amyE::Phyperspank-yqgP (spec) This work 

BTM872 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ1-178 (spec) ftsH::erm This work 

BTM873 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ388-507 (spec) ftsH::erm This work 

BTM874 168 trpC+ ΔyqgP amyE::Pxyl-yqgP (spec) ftsH::erm This work 

BTM875 168 trpC+ ΔyqgP amyE::Pxyl-yqgP S288A (spec) ftsH::erm This work 

BTM886 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ1-178, S288A (spec) ftsH::erm This work 

BTM888 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ388-507, S288A (spec) ftsH::erm This work 

BTM1001 
BTM1003 
BTM1005 
BS50 

168 trpC+ ΔywlD::erm ydcA::kan 
168 trpC+ ΔywlD::erm ydcA::kan yqgP::cat 
168 trpC+ ΔywlD::erm ydcA::kan yqgP::cat amyE::Phyperspank-yqgP (spec) 
168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP (spec) ΔlysA::erm  

This work 
This work 
This work 
This work 

BS51 168 trpC+ ΔyqgP::cat amyE::Phyp-yqgP S288A (spec) ΔlysA::erm This work 

BS72 168 trpC+ ΔyqgP amyE::Pxyl-yqgP (spec) This work 

BS73 168 trpC+ ΔyqgP amyE::Pxyl-yqgP S288A (spec) This work 

BS55 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ1-178 (spec) This work 

BS57 168 trpC+ ΔyqgP amyE::Pxyl-yqgP Δ388-507 (spec) This work 

BS184 168 trpC+ ΔyqgP xkdE::Pxyl-MBP-FLAG-TatA I5G,I10G-Trx-HA (erm, lin) This work 

BS185 168 trpC+ ΔyqgP amyE::Pxyl-yqgP d1-178 (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin, lin) This work 

BS186 168 trpC+ ΔyqgP amyE::Pxyl-yqgP d388-507 (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS187 168 trpC+ ΔyqgP amyE::Pxyl-yqgP (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS196 168 trpC+ ΔyqgP amyE::Pxyl-yqgP D29A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS197 168 trpC+ ΔyqgP amyE::Pxyl-yqgP D37A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS198 168 trpC+ ΔyqgP amyE::Pxyl-yqgP H49A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS199 168 trpC+ ΔyqgP amyE::Pxyl-yqgP D50A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS201 168 trpC+ ΔyqgP amyE::Pxyl-yqgP D52A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS202 168 trpC+ ΔyqgP amyE::Pxyl-yqgP D60A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BS203 168 trpC+ ΔyqgP amyE::Pxyl-yqgP E90A (spec) xkdE::Pxyl-MBP-FLAG-psTatA I5G,I10G-Trx-HA (erm, lin) This work 

BKE23380 168 trpC2 ΔlysA::erm BGSC 

http://www.bgsc.org/


 

 
Page 45 of 48 

Table EV3: NMR restraints and structural statistics for the final water-refined set of YqgPNTD domain 

structures.  

Parameters were generated by the Protein Structure Validation Software suite, as specified in the 
Methods section. 
  
 

 

Non-redundant distance and angle constrains  

Total number of NOE restraints 2517 

Short-range NOEs  

Intra-residue (i = j) 290 

Sequential (| i - j | = 1) 690 

Medium-range NOEs (1 < | i - j | < 5) 542 

Long-range NOEs (| i - j | ≥ 5) 995 

Torsion angles 300 

Hydrogen bond constraints - 

Total number of restricting constraints 2817 

Total number of restricting constraints per 
restrained residue 

5.4 

Residual constraint violations  

Distance violations per structure  

0.1 – 0.2 Å 3.63 

0.2 – 0.5 Å 1.63 

> 0.5 Å 0 

r.m.s. of distance violation per constraint 0.01 Å 

Maximum distance violation 0.49 Å 

Dihedral angle viol. per structure  

1 – 10 ° 2.93 

> 10 ° 0 

r.m.s. of dihedral violations per constraint 0.33° 

Maximum dihedral angle viol. 5.0° 

Ramachandran plot summary  

 Most favoured regions 94.6 % 

 Additionally allowed regions 4.9 % 

 Generously allowed regions 0.4 % 

 Disallowed regions 0.0 % 

r.m.s.d. to the mean structure all/ordered1 

All backbone atoms 3.0/1.0 Å 

All heavy atoms 3.5/1.5 Å 

PDB entry 6R0J 

BMRB accession code 34376 
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Table EV4: List of proteins structurally similar to YqgPNTD.  

The top 20 PDB matches from a Dali server search are displayed and sorted by the Z-score, which 

indicates a significant similarity match when higher than 2. The quality of the alignment is further 

measured by RMSD (Root-Mean-Square deviation), Lali (alignment length, or number of structurally 

equivalent residues), nres (number of aligned protein residues), and %id (sequence identity).   

 

No Name Z-score RMSD Lali nres %id PDB entry 

1 Nt.BspD6I nicking endonuclease from Bacillus 6.8 4.2 122 594 11 4wl5 

2 DNA-directed RNA polymerase II- largest subunit from Saccharomyces cerevisiae 6.5 3.5 111 215 8 1i3q 

3 Human DNA-directed RNA polymerase II- subunit RPB1 6.1 3.5 107 210 9 5iy6 

4 Restriction endonuclease FokI from Planomicrobium okeanokoites 5.8 3.8 116 568 7 1fok 

6 Sporulation specific protein 16 from Saccharomyces cerevisiae 5.5 3.5 86 197 9 6bzf 

5 Zinc-dependent Dnase from Escherichia coli EC869 5.5 2.9 95 213 5 4g6u 

7 EndoMS endonuclease from Thermococcus kodakarensis (strain ATCC BAA-918) 5.4 3.4 91 239 13 5gke 

8 Hypothetical protein AF1548 from Archaeoglobus fulgidus 5.4 3.1 104 184 6 1y88 

9 Glycosyl transferase family 8 from Anaerococcus prevotii 5.3 4.8 101 234 8 3tzt 

10 Protein VC1899 from Vibrio cholerae 5.2 3.3 106 380 7 1xmx 

11 Cas4 nuclease SSO0001 from Sulfolobus solfataricus 5.2 9.9 84 206 6 4ic1 

12 R.BspD6I-S subunit type IIS restriction endonuclease from Bacillus sp. D6 4.9 3.9 114 186 11 2p14 

13 Restriction endonuclease SdaI from Streptomyces diastaticus 4.8 4 98 319 12 2ixs 

15 Putative Aromatic Acid Decarboxylase from P. aeruginosa 4.8 4.1 97 502 9 4ip2 

16 Putative decarboxylase FDC1 from Aspergillus niger (strain CBS513.88) 4.8 4.4 95 499 6 4za4 

14 Restriction endonuclease BamHI from Bacillus amyloliquefaciens 4.8 4.5 106 212 5 1esg 

17 3-octaprenyl-4-hydroxybenzoate decarboxylase (UbiD) from Escherichia coli 4.7 4.1 91 474 9 2idb 

20 Cu,Mo-CO Dehydrogenase (CODH) from Oligotropha carboxidovorans 4.6 6 91 805 10 1n63 

18 Uncharacterized protein YqeQ from Escherichia coli 4.6 4.9 99 180 9 3c0u 

21 Human double-strand break repair protein Mre11A 4.6 3.5 78 386 9 3t1i 
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Supplementary material legends 

Dataset S1: Complete protein list of the quantitative proteomics experiment displayed in Fig. 1A-C.  

The MS data are available from the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) (Deutsch et al., 2017) via the PRIDE (Perez-Riverol et 

al., 2019) partner repository with the dataset identifier PXD014578.  

 

Dataset S2: Complete protein list of the co-immunopurification experiment displayed in Fig. 1D-E.  

The MS data are available from the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) (Deutsch et al., 2017) via the PRIDE (Perez-Riverol et 

al., 2019) partner repository with the dataset identifier PXD014566.  

 

Dataset S3: Full NMR titration data of YqgPNTD by Mn2+, excerpt of which is displayed in Fig. 6C.  
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