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Rhomboid proteases are evolutionary conserved intramembrane
serine proteases. Because of their emerging role in many important
biological pathways, rhomboids are potential drug targets. Un-
fortunately, few chemical tools are available for their study. Here,
we describe a mass spectrometry-based assay to measure rhom-
boid substrate cleavage and inhibition. We have identified isocou-
marin inhibitors and developed activity-based probes for rhomboid
proteases. The probes can distinguish between active and inactive
rhomboids due to covalent, reversible binding of the active-site
serine and stable modification of a histidine residue. Finally, the
structure of an isocoumarin-based inhibitor with Escherichia coli
rhomboid GIpG uncovers an unusual mode of binding at the active
site and suggests that the interactions between the 3-substituent
on the isocoumarin inhibitor and hydrophobic residues on the pro-
tease reflect S’ subsite binding. Overall, these probes represent
valuable tools for rhomboid study, and the structural insights
may facilitate future inhibitor design.

MALDI screening | covalent inhibition | regulated intramembrane proteolysis

Proteolysis controls many important biological processes, such
as apoptosis, antigen presentation, and blood coagulation.
Selective digestion of protein substrates is possible by a combi-
nation of tight posttranslational control of protease activity (1)
and the protease’s substrate specificity, which generally is gov-
erned by the primary sequence around the scissile bond (2). The
use of inhibitors and activity-based probes (ABPs) has led to a
tremendous gain in understanding the roles of proteases within
physiological and pathological processes (3). ABPs are small
molecules that bind only to active enzymes, but not to zymogen
or inhibitor-bound forms (4). ABPs generally consist of a de-
tection tag, a spacer, and a “warhead.” The warhead covalently
binds to the target enzyme(s) and often is derived from a mech-
anism-based inhibitor. In the past, ABPs were used to study the
activation, localization, and function of soluble proteases in
a variety of organisms and disease models (5).

Most proteases are soluble and surrounded by an aqueous
environment. However, several families of intramembrane pro-
teases exist (6-8): the metalloprotease family M50 (site-2 pro-
tease), the aspartic protease family A22 (signal peptide peptidase
and y-secretase), and the serine protease family S54 [rhomboid;
numbering according to the MEROPS database (9)]. Rhomboid
was discovered in 2001 as a protease in the EGF receptor sig-
naling pathway in the fruitfly Drosophila melanogaster (10). In-
terestingly, rhomboid genes occur in all kingdoms of nature and
are found in most sequenced organisms (11, 12). Rhomboids
appear to have a wide range of physiological functions, including
bacterial protein export (13) and invasion by apicomplexan
parasites (14, 15), but the roles of many rhomboids remain to
be discovered.

Rhomboids catalyze peptide bond hydrolysis using a catalytic
dyad formed by a serine residue in transmembrane domain 4
(TM4) and a histidine residue in TM6. Crystal structures of the
Escherichia coli thomboid GlpG have shown that these residues
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are in close enough proximity to form a hydrogen bond (16, 17).
The attack onto the scissile bond of the substrate is proposed to
occur at the si-face, opposite that of most other serine proteases
(18, 19). Another difference between rhomboids and classical
serine proteases is the form in which they are translated. Soluble
proteases are produced mainly as inactive zymogens, which need
proteolytic activation. Subsequently, the protease activity is tightly
controlled by posttranslational processes, such as phosphorylation,
ATP binding, and inhibition by endogenous proteins. Although the
human rhomboid RHBDL2 is proposed to undergo autocleavage
for activation (20), most rhomboids appear to be translated in their
active form. Whether rhomboid activity is regulated directly, and
how this is achieved mechanistically, currently is unclear.

Only a few serine protease inhibitors work against rhomboids.
3,4-Dichloroisocoumarin (DCI) inhibits Drosophila thomboid-1
(10) and purified bacterial rhomboids (21, 22), but it lacks po-
tency and selectivity. One other isocoumarin (JLK-6; 20, Table
S1) has been reported to inhibit E. coli thomboid GlpG (23).
Sulfonylated f-lactams recently were found to inhibit bacterial
rhomboids (24), as well as two fluorophosphonates (25, 26).

In this work, we present a unique rhomboid inhibition assay that
monitors the cleavage of a protein substrate by MALDI mass
spectrometry (MS). In a screen of small molecules, we discovered
inhibitors and ABPs for bacterial rhomboids. The ABPs, which are
based on the isocoumarin reactive group, label active rhomboids
and may be used in activity-based profiling. Additionally, we pro-
vide structural insight into an unusual mode of inhibitor binding at
the active site of rhomboids, providing a framework for rational
design of inhibitors.

Results

MALDI-Based Quantification of Rhomboid Substrate Cleavage. Gel-
based assays are the most widely used method to detect cleavage
of rhomboid substrates, in bacteria (27), in eukaryotic cell cul-
ture (10), or by purified rhomboids (21, 22). However, gel
analysis is not optimal for identifying inhibitors because of the low
throughput. One FRET-based assay for the rhomboid AarA of the
Gram-negative bacterium Providencia stuartii has been reported
(24); it made use of a 16-mer FRET peptide, but many rhom-
boids do not cleave this substrate efficiently. The development of
small molecule fluorescent reporters for rhomboids is difficult
because the details of their substrate specificities still are not well
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Fig. 1. MALDI-MS detection of rhomboid protein substrate cleavage. (A)

Recombinant P. stuartii TatA in its N-terminally formylated (m/z 11416.5) and
unformylated (m/z 11388.5) form. The addition of rhomboid protease AarA
leads to a cleavage of the substrate and a concurrent reduction in mass
corresponding to proteolysis at the natural cleavage site (Am = 804.8, equal
to the N-terminal MESTIATA peptide sequence). (B) Cleavage of TatA (20 uM) by
rhomboids AarA (P. stuartii; 0.5 uM) and GIpG (E. coli; 1.5 pM) monitored over
time. Cleavage percentage refers to the means + SE from four independent
reactions. TatA cleavage by AarA is faster than by GIpG, probably because TatA
is the natural substrate of AarA and better matches its substrate selectivity.

defined. However, various natural and engineered protein sub-
strates are known. We therefore decided to directly monitor the
cleavage of a protein substrate by rhomboid proteases in a gel-
and label-free analysis method using MS. We chose MALDI-MS
because it is much less restricted in the use of salts and buffers
compared with electrospray ionization MS, and it requires only
minimal sample preparation efforts. Hence, we expressed
recombinant E. coli rhomboid GlpG, P. stuartii thomboid AarA,
and its natural substrate TatA in E. coli and purified these in
dodecylmaltoside (DDM) micelles. Overexpression of P. stuartii
TatA in E. coli led to incomplete deformylation of the initiator
N-formylmethionine by peptide deformylase, which is a known
problem for recombinantly produced proteins (28) (Fig. 14).
However, the N-terminal formyl group on the substrate protein
did not have any influence on the rhomboid cleavage kinetics in
comparison with the deformylated substrate (Fig. S14). Both
AarA and GlpG were able to cleave TatA at its known cleavage
site (13) and give rise to a product peak corresponding to a loss
of the first eight N-terminal amino acids (Fig. 14). We used the
ratio of the signal intensities from the intact substrate and the
cleavage product (corrected for the difference in ionizability; Fig.
S1B) as a read-out of substrate turnover. We then monitored the
substrate cleavage in time (Fig. 1B) and found that full substrate
cleavage can be achieved within 1-2.5 h.

Table 1.
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MALDI-Based Inhibition Assay. For the identification of rhomboid
inhibitors, we used an endpoint assay in which the rhomboid first
was treated with small molecules and subsequently incubated
with the substrate. The percentage of residual substrate then was
used as a read-out of inhibition. From eight replicates of positive
and negative controls (AarA active-site mutant SIS0A and wild
type, respectively), we determined the Z'-factor (29), which is
a statistical parameter for overall assay quality. The high Z'-
score of 0.82 shows that this assay setup is sensitive and robust.

We screened a collection of compounds consisting of reactive
electrophiles that are known to modify the active-site residues
of serine proteases (Table S1). All proteolytic reactions were
stopped before 100% of cleavage was achieved, which allows one
to observe a decrease as well as an increase in substrate pro-
cessing. As a positive inhibitor control, we used DCI at 200 pM.
Several compounds completely inhibited GlpG or AarA (Fig. S2
A and B), and a duplicate screen showed good reproducibility of
the data (Fig. S2C). Besides inhibitors, we also found molecules
that led to an enhancement of the TatA cleavage by GlpG or
AarA. Enhancers of cleavage have been found before (24), but in
view of our search for mechanism-based inhibitors to be used as
warheads for ABPs, we focused on the compounds that showed
an inhibitory effect.

For GIpG, the hits in the screening were mainly 4-chloro-
isocoumarins (ICs) and one peptido sulfonyl fluoride. For AarA,
ICs were the best inhibitors. One diphenyl phosphonate showed
weak inhibition of AarA but did not react as a mechanism-based
inhibitor (see Activity-Based Probes for Rhomboids). For
a better quantification of inhibition, we determined the apparent
ICs values of the best hits (Table 1). IC 16 displayed approxi-
mately an order of magnitude higher potency against GlpG
compared with DCI. For selected inhibitors, we also measured
the apparent ICs, values against bovine trypsin and chymo-
trypsin as two representative examples of the largest family of
serine proteases (S1 family). Although IC 6 and 16 achieve
good selectivity over trypsin, they also inhibit chymotrypsin,
probably as a result of the hydrophobic substituent at the
3-position that can fit into the hydrophobic S1 binding pocket
of chymotrypsin.

Structural Insights into Inhibitor Binding. To understand the struc-
tural basis of the higher potency of the new isocoumarin inhib-
itors, we performed soaking studies with preformed crystals of
E. coli GlpG. Among the different isocoumarins tested, IC 16
readily reacted with GlpG crystals (Table S2). As expected,
the structure of the protease inhibitor complex shows the ring-
opened reaction product of IC 16, which forms after the nucle-
ophilic attack of active-site serine on the carbonyl group

Apparent ICsq values (uM) of rhomboid hit structures

NHZ o

6 R =NH,

1MR=H
Compound ICso GIpG ICs0 AarA ICs trypsin ICso chymotrypsin
6 1.8+046 n.i. >50 0.40+0.12
9 24+070 29+ 6.6 n.d. n.d.
1 86+17 50+ 17 6.1+22 0.024 + 0.009
16 0.74+0.13 n.d. >50 0.11 +£0.02
19 n.d. >100 n.d. n.d.
DCI 58+28 33+96 n.d. n.d.

Values are calculated from triplicate experiments and given =+ SE. n.d., not determined;

n.i., no inhibition.
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Fig. 2. Structures of rhomboid in complex with IC 16. (A) 2Fo-Fc map drawn
around the inhibitor and residues 5201 and H150 at 1c. (B) Interactions of IC
16 with GIpG. The carbonyl oxygen of IC 16 points toward the oxyanion hole,
and hydrogen bonds to N154 (3.05 A) and a water molecule (2.8 A). Other
polar interactions include the hydrogen bonds between the amino group
and the hydroxyl of Y205 (2.87 A) and main chain carbonyl of W236 (3.1 A).
The NE1 atom from the side chain of W236 hydrogen bonds to the oxygen
atom of the ester carbonyl of the inhibitor. The aromatic ring with the
amino group of the inhibitor stacks against the side chain of W236. For
clarity, the interactions with side chains from L5 are not shown. (C) Loop5
covers the inhibitor and the active site. The side chains of F245, M247, and
M249 in L5 are shown in stick representation. Hydrophobic interactions
between these residues in L5 and residues in TM2, such as M149 and F153,
with the inhibitor are highlighted. (D) Surface representation of GlpG
viewed from the periplasm showing the bound inhibitor. The protein mol-
ecule is color coded according to the biochemical properties of the amino
acids: positive and negatively charged residues are shown in blue and red,
polar residues in light blue, and the rest in gray. The active-site residues 5201
and H254 are colored green and orange, respectively. Water molecules (red
spheres) are found occluded in a cavity that has been postulated as the S1
substrate-binding site. The carbon atoms of the inhibitor are colored in
yellow and shown in stick representation.

(Figs. 24 and 3H). Surprisingly, the second nucleophilic attack
on the 4-position of IC 16 is performed by H150 (Fig. 24) rather
than the active-site H254, which was observed in a previous
structure with the IC inhibitor JLK-6 (23). The carbonyl oxygen
points toward the oxyanion hole, hydrogen bonding to N154 side
chain, and water molecule. Although the N, (ND1) atom of
H150 is within hydrogen-bonding distance to the carbonyl oxy-
gen, it is unlikely to play a role in stabilization of the anion as it is
covalently bonded to the inhibitor. The amino group of the IC
forms hydrogen bonds with the hydroxyl of Y205 and the back-
bone carbonyl of W236 (Fig. 2B). The hydrophobic substituent
on the 3-position of IC 16 makes contact with the side chains of
M149 and F153 in TM2 and the side chains of F245 and M247 in
L5 (Fig. 2C), an interaction also observed in a recent structure of
GlIpG in complex with a Cbz-containing phosphonate inhibitor
(28). The aromatic ring of IC 16 stacks against the side chain of
'W236, which in other inhibitor complexes is rotated away toward
the bilayer (23, 25, 30). Perhaps it is because of the position of the
W236 side chain that a hydrophobic cavity postulated as the S2

2474 | www.pnas.org/cgi/doi/10.1073/pnas.1215076110

substrate binding site (23) is not observed in this new rhomboid—
IC structure (Fig. 2D).

Overall, the present GlpG-inhibitor structure closely resem-
bles the apoenzyme (average rmsd for all Ca atoms is 0.6 A). As
observed in structures with other inhibitors, TM5 moves slightly
away from TM2 and L5 lifts upward (23, 25, 30) (Fig. S3 4 and
B). The conformation of the L5 loop is slightly different from
conformations observed in previous GlpG-inhibitor complexes,
but it still covers the ligand. In the active site, the mode of in-
hibitor binding results in different conformations of S201 and
H150 (Fig. S3C). The conformations of residues Y205, W236,
and H254, however, closely match those of the apoenzyme rather
than the conformations observed in the presence of inhibitors
(23, 25, 30) (Fig. S3 D-G).

The position of the IC inhibitor resembles not only that of the
Cbz-phosphonate (25) but also that of a lipid molecule pre-
viously observed in the structure of GlpG (31) (Fig. S3G). To
make a comparison with substrate binding, we covalently docked
the tetrahedral intermediate of a tetrapeptide comprising the
four amino acids around the cleavage site of TatA into GlpG
(Fig. S44). The phenylalanine side chain in the P2’ position of
the substrate shows interactions similar to those of the hydro-
phobic substituent on IC 16 and the Cbz-group of the phos-
phonate inhibitor (Fig. S4B), suggesting that the hydrophobic
residues in TM2 and L5 play a role in ligand binding.

Activity-Based Probes for Rhomboids. Some of the inhibitors
identified in our screen (Table 1) carry an alkyne functional
group amenable to functionalization with a fluorophore by click
chemistry (32, 33). In addition, we synthesized an azide analog of
the peptido sulfonyl fluoride 32 (Fig. S54, Scheme S1, and
Dataset S1). This azide analog also inhibits substrate processing
by GlpG (Fig. S5B), indicating that the slight modification in the
structure does not influence the activity of the molecule. The
peptido sulfonyl fluoride indeed covalently reacts with GlpG, but it
also labels the catalytically inactive S201A mutant (Fig. S5C).
Apparently, the molecule sulfonylates amino acid residues other
than the expected active-site serine and therefore does not label in
an activity-dependent way. Diphenyl phosphonate 22, which
showed weak inhibition of AarA, did not yield any labeling of the
active AarA protease and probably acts as a competitor for sub-
strate binding inside the active site.

The ICs 6 and 11 label GlpG, but not the GlpG S201A active-
site mutant, either in detergent micelles or in crude lysates of
E. coli expressing recombinant GlpG (Fig. 34). Pretreatment of
the enzyme with DCI or IC 16 blocks labeling (Fig. 3B). The
same is observed for AarA (Fig. S64). Next, we synthesized ABP
36 (Scheme S2 and Dataset S1), a preclicked version of IC 6,
which also labels GlpG (Fig. 3C). Although in crude lysates
there is some labeling of other proteins by IC 6, 11, and 36, the
labeled rhomboid can be resolved easily on 1D gels (Fig. S6 B
and C). We also treated different proteomes not containing
bacterial rhomboids with IC 36 (Fig S6D). This only gave rise to
the labeling of a few other protein bands, illustrating that the IC
probes are suitable for use in complex protein mixtures. With
ABP 36, we were able to tag endogenous GlpG in isolated E. coli
membranes (Fig. 3D). This labeling was not present in a AglpG E.
coli cell strain or in the presence of the inhibitor IC 16. ABP 36 also
enabled in vivo labeling of recombinantly expressed GlpG in E. coli,
which was diminished upon preincubation of the cells with IC 16
(Fig. 3E). Hence, both the alkynylated isocoumarins and fluo-
rophore-conjugated compound 36 act as true ABPs, labeling the
rhomboid active site in micelles, lysates, and in vivo. To further
illustrate the applicability of ICs on live cells, we incubated P.
stuartii bacteria with different AarA inhibitors. We observed the
same change in cell morphology as is typical for AaarA strains (34),
which shows the possibility of functional modulation of rhomboids
by small molecules (Fig. S7).

Vosyka et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/sd01.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF10
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/sd01.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215076110/-/DCSupplemental/pnas.201215076SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1215076110

A purified GlpG full lysate B purified GlpG full lysate
Wt S201A Wt S201A Wt S201A Wt S201A 1 inhib { 16 g - - b - -
‘ : DCl - + - - 4 -
6 + + - - + + - -
1 = - + + = s + + 2. ABP 6 + + + + + +
C - D E.coli
DM)G \N_ (membrane fraction) E
WI S201A & g .
AgipG eg,‘é(g‘ E.coli (in vivo)
1. inhib. 16 s - + 1. inhib. 16 =i +
N 2.ABP 35 + 2.ABP 36 +
A - ——
/\/(”N 33 kDa — P on® 33 kDa — —
—
J —
F (10% Bis-Tris gel) G (15% Tris-Glycine gel)
ABP 6 1 ABP 6 1
incubation[h] 05 1 2 4 6 05 1 2 4 6 better separation  incubation[h] 0,5 1 2 2 5 16
> singly bound — ..- —
GlpG b ond A . Al crosslinked — % -.
H150 S201 H254

mx\/ m/\/

Compound 6: stable, covalent modification

o
. HO™ ser
2 QOH
/\/4 GlpG
0
His

Serine bound

H,0 Doubly bound
5 HO™ “Ser (o} g HO™ Ser
o i/ — o0 ser — o OH P
& Z
z o/\/ o/\// o’\/ ,
¢ cl oH Histidine bound

Compound 11: hydrolysis/turnover by the serine protease

Fig. 3. Rhomboid ABPs. (A) Rhomboid GlpG, either in a DDM-micelle environment or in a crude E. coli lysate, can be detected by incubation with probe 6 or
11 (2 pM) and subsequent click chemistry functionalization. The S201A active-site mutant does not react with the probe. (B) The ABP labeling of GlpG can be
abolished by preincubation with DCI or the best hit from the screen, IC 16. (C) Structure of the ABP 36, derived from IC 6 and its labeling of purified GlpG. (D)
Endogenous GlpG (MW: 31.3 kDa) can be visualized in gel by ABP 36, and was not detected in a AglpG control cell strain. Labeling of endogenous GlpG was
blocked upon treatment with active-site inhibitor IC 16. (E) Recombinant GlpG was labeled in vivo by ABP 36, and labeling was prevented by preincubation
with active-site inhibitor IC 16. (F) Activity-based labeling of GlpG followed over time shows stable modification with probe 6, whereas probe 11 led to a loss
of signal over time. (G) A better separation shows that reaction with probe 6 leads to two labeled protein species. The signal intensity of the lower band
decreases over time. (H) The binding mechanism of ICs with and without a 7-amino group. The initial step comprises an attack of the serine onto the IC
carbonyl group. The 7-amino group on the IC (present in 6, but not in 11) then leads to formation of a quinone imine methide electrophile (Center) that reacts
with the active-site histidine. This enables stable, covalent modification of the active site. Compound 11 slowly hydrolyzes from the active site of GIpG because
of the instability of the ester bond. (/) An IC probe, when doubly bound to a serine and a histidine, cross-links two TMs and makes the protein more compact,

leading to a lower apparent MW during gel electrophoresis.

Interestingly, the labeling pattern of GlpG reveals the mech-
anism of inactivation by ICs. It comprises an initial attack by the
active-site serine and—depending on the presence of the 7-amino
group—a second attack by a histidine residue (Fig. 3H). Indeed,
when GlpG labeling was followed in time, IC 6 showed a robust
and permanent signal owing to the stable carbon—nitrogen bond
formed between the histidine residue and the 4-position of the
IC (Fig. 3F). In contrast, IC 11 binding showed a loss in signal
over time, which is the result of slow hydrolysis of the ester bond
between the serine and the IC ring. This is in accordance with
recent findings for DCI (30). With better gel resolution, labeling
of GlpG by IC 6 shows two distinct protein species (Fig. 3G). It is
likely that the lower band is GlpG with IC 6 temporarily cross-
linked to both serine and histidine side chains. This species has
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a lower apparent molecular weight (MW) as the result of a more
compact protein structure (Fig. 3I). The lower gel band dis-
appears in time, because the ester bond is labile. The IC 6 finally
forms a single-bonded probe complex with the 4-position of the
IC attached to the histidine residue. As expected, IC 11 shows
only the upper (single-bonded) complex.

We then applied our ABPs to evaluate the effect of small
molecules on the activity state of rhomboids. To this end, GlpG
was reacted with ABP 36 in the presence of maltoside detergents
with increasing alkyl tail lengths, varying from 8 to 14 carbon
atoms. We found that the labeling kinetics were equal in all
detergent micelles except for octyl maltoside, in which the
reaction rate was decreased by ~35% (Fig. 4). An influence of
detergent and lipid environments on rhomboid substrate cleavage
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Fig. 4. Rhomboid labeling dependent on detergent. Labeling kinetics of
GIpG in different detergent environments. GIpG was incubated with 36 in
the presence of maltoside detergents with increasing alkyl chain length. At
different reaction times, samples were analyzed by SDS/PAGE and the in-
crease of fluorescent gel band intensity was determined. The slope of the
linear part of the curve was calculated from duplicate experiments and is
given in arbitrary units per minute + SE. *P < 0.05. DDM, dodecyl maltoside;
DM, decyl maltoside; OM, octyl maltoside; TDM, tetradecyl maltoside.

has been reported (21, 35). Here, we see that the alkyl chain
length does not have a significant effect on the rhomboid activity,
unless the chains are very short compared with the natural E. coli
phospholipids. Overall, this supports the observation that mild,
nonionic detergents represent good environments for the re-
constitution of bacterial rhomboids.

Discussion

For most soluble proteases, fluorogenic or chromogenic peptide
substrates are available that are based on the protease substrate
specificity (2). Although helix-breaking residues within a TM
seem to be an important factor for cleavage (36), it remains largely
unclear how the initial substrate recognition by intramembrane
proteases takes place. For the rhomboid AarA, a consensus se-
quence around the scissile bond has been discovered (37), but
substrate recognition may extend over a large part of the TM, so
small peptide substrates are not cleaved efficiently enough to be
used as diagnostic tools in inhibitor screens. Here, we report a
label-free MALDI-TOF-based assay for screening potential
rhomboid inhibitors. The assay uses a protein substrate with
a complete TM, which ensures proper recognition by rhomboids.
A good Z'-factor illustrates that this assay is amenable to high-
throughput screening. In addition to the detection of inhibition,
MALDI-TOF-based analysis of substrate processing may be
used in future studies of the cleavage kinetics of rhomboids (Fig.
S8). Comparison of parameters such as k.,/Ky of different
substrates or thomboid mutants might give further insight into
the factors that govern substrate recognition.

In the current assay, we screened a focused library of different
electrophiles to find covalent, mechanism-based inhibitors.
Several IC derivatives were found that showed higher potency
than previously reported IC inhibitors. Interestingly, some inhib-
itors of GlpG did not show inhibition of AarA, and vice versa. For
example, compounds 10 and 22 inhibited AarA and displayed no
inhibitory effect on GlpG, whereas compound 20 inhibited GlpG
and had almost no effect on AarA. Although GlpG and AarA can
cleave the same TatA substrate and apparently have an over-
lapping substrate recognition motif, the differences in the in-
hibition profile suggest that there is enough structural variation
around the active site to design inhibitors selective for one
rhomboid over others. Originally, the IC scaffold was designed for
the inhibition of soluble serine proteases (38). The reported IC
reagents indeed are not highly selective for rhomboids. Although
this is not problematic for use in activity-based protein profiling,
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other applications may require higher selectivity. Further optimi-
zation of the IC scaffold for rhomboids may be aided by structural
design based on the crystal structure reported here.

The structural characterization of the most potent hit struc-
ture IC 16 showed a binding mode different from the one
reported for the IC JLK-6. For soluble serine proteases, multiple
modes of IC inhibition have been observed before. In elastase,
for example, ICs may form either an acyl enzyme species (39)—
i.e., single-bonded to the catalytic serine residue—or a cross-
linked species (40) bonded to both serine and histidine catalytic
residues. Despite these data supporting the flexible mode of IC
binding, it was surprising to see that IC 16 reacts with H150
whereas the related JLK-6 binds to H254. The interactions be-
tween the bulky hydrophobic group at the 3-position of IC 16
and hydrophobic residues on TM2 and L5 may bring the elec-
trophilic 4-position closer to H150. The smaller methoxy group
on JLK-6 perhaps does not undergo this interaction, promoting
reaction with H254. The present mode of IC binding also may
explain our observation that the ester bond is hydrolyzed slowly
during the labelings with the ABPs 6 and 11 derived from IC 16:
this probably happens through the activation of a water molecule
by H254 and subsequent attack onto the ester bond between
S201 and the IC. The observation that both the histidines in
GlpG can perform a nucleophilic attack and form an irreversible
complex may be important for the future design of rhomboid-
specific inhibitors.

Rhomboids cleave single-pass TM proteins, but at the mo-
ment, an enzyme-substrate structure is not available for any
rhomboid. Enzyme-inhibitor complexes and simplified sub-
strate models therefore are valuable alternatives to gain in-
sight in rhomboid-ligand interactions. In our structure, the
hydrophobic substituent in IC 16 is sufficiently big that the
phenyl group protrudes toward the bilayer and interacts with
hydrophobic residues on TM2 and L5. A model of a tetrapeptide
derived from the TatA substrate suggests that these might be
residues involved in primed-site interaction. In general, the P
"-residues of the substrate (largely part of the TM helix) are
hydrophobic, and the present structure thus provides a further
extension in our understanding of how a substrate may interact
with the enzyme.

Tagged ICs, either comprising an alkyne “minitag” or directly
conjugated to a fluorescent label, act as rhomboid ABPs, can
distinguish between the active and inactive forms, and allow
detection of endogenous rhomboid. These tools provide a means
for future examination of the possible mechanisms of rhomboid
activity regulation, which remain largely unknown. The rhom-
boid ABPs may be used not only on purified preparations, but
also in lysates and on whole cells. This will enable the future study
of rhomboids in whole proteomes, which may be particularly
beneficial for the study of instable rhomboids, such as eukaryotic
rhomboids that up to date have not been purified in their active
form. ABPs also may facilitate profiling of rhomboid activity
in proteomes derived from different cell or tissue types. Alto-
gether, these probes represent valuable tools for the study of
rhomboid proteases.

Methods

Protein Purification. Expression and purification of rhomboids and substrate
were performed as previously described (22), with slight modifications
(SI Methods).

Substrate Cleavage Assay. TatA cleavage by the rhomboids GIpG and AarA
was performed in buffer (50 mM Hepes, pH 7.4; 10% (volivol) glycerol;
0.0125% DDM) at 37 °C. The reaction was stopped by adding 1 volume of
2% (vol/vol) TFA in water and mixed with 2,5-dihydroxyacetophenone
MALDI matrix [sample:2% (vol/vol) TFA in water:matrix, 1:1:1]. On a MALDI
target plate, 1.5 pL of sample/TFA/matrix solution was spotted, and samples
were measured using a Bruker Ultraflex MALDI-TOF/TOF mass spectrometer.
The signal intensities of the protein substrate and the rhomboid cleavage
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product were analyzed using a custom-made software macro and imported
into a Microsoft Excel worksheet for further analysis. The Z'-factor was cal-
culated by measuring the substrate to product a ratio of eight independent
sets of positive (0.5 pM AarA S201A inactive mutant + 10 uM TatA; no
cleavage = full inhibition) and negative control (0.5 pM AarA + 10 pM
TatA; full cleavage = no inhibition). The reaction was stopped after 30 min
and analyzed by MALDI-MS.

MALDI-Based Inhibitor Screening. Purified AarA (0.5 uM) or GlpG (1.5 pM) was
incubated with small molecules (200 pM; from 10 mM DMSO stocks) for 20
min. The cleavage reaction was started by adding 10 pM TatA and reacted at
37 °C for 30 min (AarA) or 60 min (GIpG). All reactions were done in 10 pL
volume and stored at —20 °C until MALDI-MS analysis. Inhibitor screening
was performed in duplicate, and every reaction was analyzed in triplicate.

Synthesis of Compounds. The synthesis of compounds 35 and 36 is described
in S/ Methods. All other compounds were made as described (41-43) or
obtained from commercial suppliers.

Crystallization. Expression and purification were carried out as described
previously (23). Crystals of GIpG in complex with IC 16 were obtained as
described in S/ Methods.
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Click Chemistry. Complexes between rhomboid and alkyne- or azide-ABPs
were coupled to fluorophore using Cu(l)-catalyzed click chemistry. Coupling
was done by adding 50 uM tetramethylrhodamine (azido-propyl-TAMRA for
alkyne probes, propargyl-TAMRA for azide probes; both from 5 mM DMSO
stock), 17 pM Tris-(triazolylbenzylmethyl)-amine (from 1.7 mM stock in H,0),
1 mM CuSOy4 (from freshly prepared 100 mM stock in H,0), and 1 mM Tris-(2-
carxyethyl)phosphine (from 100 mM stock in H,0). The reaction was in-
cubated for 1 h and stopped by adding 4x sample buffer.

ABP Labeling of Rhomboids. Purified enzymes and bacterial lysates were in-
cubated with ABPs at 37 °C and analyzed directly by SDS/PAGE (in case of
fluorophore-bound ABP 36) or visualized using click chemistry before gel
electrophoresis. Samples were separated using 15% Tris-glycine or 10% Bis-
Tris gels. Fluorescent gel bands were detected using a Typhoon TRIO+
fluorescent scanner.
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