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SI Methods
Protein Purification. Transformed bacteria [Escherichia coli strain
BL21 (DE3) for AarA, GlpG, and deformylase overexpression;
E. coli ΔglpEGR::kan derived from E. coli MG1655 for TatA
overexpression] were induced at an OD600 = 0.8 (TatA and
deformylase) and OD600 = 0.6 (GlpG and AarA). Protein ex-
pression was performed for 4 h at 37 °C (TatA and deformylase)
and 18 h at 16 °C (GlpG and AarA). The pelleted cells were
lysed in buffer (20 mM Hepes, pH 7.4; 10 mM NaCl; 10%
glycerol; and Roche Complete inhibitor mix) by French press
and sequentially centrifuged 3,000 × g, 15 min, 4 °C to remove
unbroken cells, and at 100,000 × g, 30 min, 4 °C to pellet
membrane fraction. The membrane pellet was resuspended in
buffer (20 mM Hepes-NaOH, pH 7.4; 10% (vol/vol) glycerol;
300 mM NaCl; and 10 mM imidazole) and solubilized by adding
1.5% (wt/vol) β-D-dodecyl-maltoside (DDM) and left shaking for
3 h at 4 °C. Centrifugation at 100,000 × g, 30 min, 4 °C removes
the unsolubilized membrane debris, and supernatant is subjected
to nickel-nitrilotriacetic acid beads (Qiagen; 0.5 mL beads per 2 l
bacterial expression culture) for several hours and eluted by
standard imidazole washing steps (25 mM, 50 mM, 100 mM, and
750 mM final elution). Dialysis was performed against buffer (20
mM Hepes-NaOH, pH 7.4; 10% (vol/vol) glycerol; 300 mM
NaCl; 10 mM imidazole; and 0.05% DDM for rhomboids AarA
and GlpG; 0.0125% DDM for TatA and deformylase; dialysis
membrane with 1-kDa MW cutoff).

Deformylation of TatA and Ionization Factor. For deformylation of
TatA, peptide deformylase enzyme (PDF) was added in a 1:5
molar ratio and incubated until full deformylation of TatA was
achieved (∼2 h, tested by MALDI-MS; Fig. S2). The ionization
factor was determined by mixing formylated or deformylated
TatA and the proteolytic product (100% cleavage by AarA) in
a 1:1 molar ratio. Differences in signal intensities of these mol-
ecules during MALDI-MS analysis were used to calculate a cor-
rection factor for the different ionizability of these species. This
factor was used to normalize screening and titration data.

Crystallization. Crystals of GlpG were obtained by mixing a solu-
tion of 2.5–3.0 M ammonium chloride with protein (∼5–7 mg/
mL) at a ratio of 1:1 in hanging drops at 25 °C. Inhibitors were
dissolved in 100% DMSO at a concentration of 10 mM and
stored at −20 °C. For soaking, inhibitors were diluted to 2 mM in
buffer resembling the mother liquor (25 mM Bis-Tris, pH7.0,
and 2.5 M ammonium chloride) with 10% DMSO. Single crystals
were incubated in a diluted solution with final inhibitor con-
centrations between 0.35 mM and 1 mM for a wide period
ranging from 30 min to 48 h. All crystals were cryoprotected by
adding 25% glycerol (by volume) to the mother liquor and flash
frozen in liquid nitrogen. There was a general tendency of
crystals to lose their diffracting ability upon soaking with more
hydrophobic substitutions, and incubation for a short period
showed either no reaction or very low occupancy. The structure
described here was collected from crystals soaked with 4-chloro-
isocoumarin (IC) 16 for 48 h at a final concentration of 0.5 mM.
Datasets were collected on the I02 beam line at the Diamond

Light Source (Harwell). Diffraction data were indexed and in-
tegrated with XDS and reduced with SCALA (1, 2). The structure
of WT GlpG in trigonal crystal form [Protein Data Bank (PDB)
ID code 2XOV], with residues 245–249 corresponding to L5,
active-site serine 201 and H150 omitted, was used as an initial input
model for Phaser (3). The ligand dictionary file was generated with

GRADE server, and the link file was generated with JLigand (4).
Manual model building with Coot (5) and restrained refinement
of the structure was performed with Phenix (6) and Refmac with
riding hydrogen atoms included in the refinement (7). Structural
figures were generated with PyMol (8).

Docking of Substrate. The tetrapeptide substrate formyl-Thr-Ala-
Ala-Phe-NH2 was built as a tetrahedral intermediate resulting
from si-face attack onto the scissile peptide bond between the
two alanine residues. The substrate was geometry optimized with
an MMFF94 force field. The substrate was then defined as an
extension of the side chain of the GlpG S201 (PDB ID code
2XOW, from which the inhibitor structure was deleted). Dock-
ing of the substrate as a flexible side chain of S201 was per-
formed with AutoDock Vina (9).

In Vivo Labeling of GlpG. E. coli cells carrying a plasmid for GlpG
expression were grown to OD = 0.6, and expression was induced
by adding 1 mM isopropyl β-D-1-thiogalactopyranoside for 2 h.
Cells were harvested by centrifugation (45 min, 4 °C, 30,00 × g),
washed with 1× PBS buffer, resuspended in 4 mL 1× PBS con-
taining 1 mM EDTA, and incubated at 37 °C for 30 min. First,
100 μL of this suspension was treated with 200 μM IC 16 or
DMSO for 30 min, then it was incubated with 10 μM activity-
based probe (ABP) 36 for 30 min and subsequently lysed by
adding SDS-sample buffer.

Labeling of Endogenous GlpG. E. coli cell strains BL21(DE3)gold
and ΔglpG were grown at 37 °C to OD600 = 0.8 and sub-
sequently lysed with a French press. Cell debris was removed
by centrifugation, and membranes were isolated by ultra-
centrifugaton (100,000 × g, 4 °C, 30min), resuspended in 50 mM
Hepes buffer, and stored at −80 °C until use. Next, 1 mg/mL of
total protein was incubated with 2 μM IC 36 at 37 °C for 30 min
and resolved by SDS/PAGE.

In Vivo Inhibition of AarA in Providencia stuartii. P. stuartii cells
(strain DSM4539) were grown in LB medium at 37 °C to OD =
0.3, diluted (1:1) with LB containing 1 mM EDTA, and in-
cubated for 30 min. Thereafter, 1 mL each was transferred to 24-
well culture plates and incubated with 100 μMAarA inhibitors or
DMSO for 1 h. Cells then were analyzed directly by microscopy
(100× magnification).

ABP Labeling of Rhomboids in Different Detergents. While shaking,
10 ngGlpG in 50mMHepes buffer (pH 7.5) containing 5× critical
micelle concentration of octyl maltoside, decyl maltoside, DDM,
or tetradecyl maltoside was incubated with ABP 36 at 37 °C in
the dark, and samples were taken after 10, 30, and 60 min. The
labeling reaction was quenched by the addition of 1× sample
buffer. The samples were separated by a 15% Tris-glycine SDS-
polyacrylamide gel and visualized on a fluorescent scanner at 546
nm excitation and 574 nm emission. Fluorescent band intensity
was determined densitometrically using ImageJ (10).

SI Synthesis of Compounds
Compound 35 (Scheme S1). To a solution of 32 (55 mg, 0.20 mmol)
in dichloromethane (2.0 mL) was added a solution of HBr in
acetic acid (33%, 2.0 mL). After stirring at room temperature for
30 min, the solvents were removed in vacuo. The residue was
coevaporated twice with chloroform to afford the crude HBr-
salt. To this salt was directly added azido-phenylalanine (11) (23
mg, 0.12 mmol), benzotriazol-1-yloxy-tris(dimethylamino)-phos-
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phonium hexafluorophosphate (57 mg, 0.13 mmol), dichloro-
methane (2.0 mL), and diisopropylethylamine (49 μL, 0.28
mmol). After stirring for 1 h at room temperature, the solvent
was evaporated. The residue was dissolved in EtOAc (20 mL)
and washed with KHSO4 (1.0 M, 2 × 10 mL), NaHCO3 (5% m/
m, 10 mL), and brine. Drying (Na2SO4) followed by column
chromatography (gradient from 2% acetone/CH2Cl2 to 2.5%,
and finally to 3%) afforded 35 as a white solid (19.7 mg, 33%).
1H NMR (300 MHz, acetone-d6): δ = 2.84, [dd, Jgem = 14.1 Hz,
Jvic = 9.4 Hz, 1H, CHaPh (N3Phe), 2.96 (dd, Jgem = 13.8 Hz, Jvic =
8.4 Hz, 1H, CHaPh (Phe-ψ[CH2SO2])], 3.06 [dd, Jgem = 13.8Hz,
Jvic = 6.0 Hz, 1H, CHbPh (Phe-ψ[CH2SO2])], 3.16, [dd, Jgem =
14.1 Hz, Jvic = 4.6 Hz, 1H, CHbPh (N3Phe)], 3.34 (dd, Jgem = 14.6
Hz, Jvic = 5.0 Hz, 1H, NCHCHaSO2), 3.42 (dd, Jgem = 14.6 Hz,
Jvic = 7.6 Hz, 1H, NCHCHbSO2), 4.01 (m, 2H, NCHCH2SO2),
4.07, 4.10 (2d, 2H, N3CH), 4.61 [m, 1H, NCH (Phe-
ψ[CH2SO2])], 6.70 (t, J = 6.2 Hz, 1H, NHCH2CH2), 7.26 (m,

10H, 2× C6H5), 6.70 (d, J = 8.4 Hz, 1H, NHCHCH2);
13C NMR

(75 MHz, acetone-d6): δ = 38.3, 38.5 (NCH2), 40.4 (NCHCH2Ph),
38.3 (NHCH), 51.9, 52.1 (CH2SO2F), 55.2 (CHCH2SO2), 65.2
(N3CH), 127.5, 127.7, 129.3, 130.2, 130.3, 138.0, 138.4 (2× C6H5),
169.9 (C = O); 19F NMR (282 MHz, acetone-d6): δ = −144.6 (s);
IR (KBr): 2,122 cm−1 (N3). High resolution mass spectrometry
(HRMS) calcd for C20H24FN5NaO5S2 [M + Na] 520.1098; found
520.1038.

Compound 36 (Scheme S2). To a solution of 6 (0.82 mg; 1.5 eq) and
5 (6)-carboxamido-(3-azidopropyl)-tetramethylrhodamine (1.06
mg; 1 eq) in THF (0.5 mL) was added 0.1 mg CuBr and 5 μL of
a 100-mM tris-(benzyltriazolylmethyl)amine solution. The mix-
ture was stirred at 50 °C overnight. The solvent was evaporated,
and the residue was dissolved in DMSO and purified by HPLC,
giving 0.80 mg of a red solid (50% yield). HRMS calcd for
C41H39ClN7O7 [M + H] 776.2599; found 776.2618.
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Fig. S1. Comparison of rhomboid cleavage kinetics and determination of the ratio of ionizability of the uncleaved and cleaved TatA substrate species. (A) The
ratio (def/form) between the signal intensities of deformylated and formylated TatA over time was calculated from four independent cleavage reactions by
rhomboid AarA. One-way analysis of variance shows there is no significant difference in the ratio at different time points. (B) Fully formylated TatA (87 μM)
was in vitro deformylated using recombinant E. coli peptide deformylase (PDF; 10 μM) until full deformylation was achieved (2-3 h; tested by MALDI-MS
analysis). TatA was processed further by adding AarA (5 μM) until quantitative cleavage was achieved (0.5–1 h; tested by MALDI-MS analysis). (Right) All TatA
species were mixed with 2% of TFA to quench enzymatic activity of AarA and PDF. In four independent experiments, each formylated and deformylated TatA
was mixed with fully cleaved TatA in a 1:1 molar ratio and analyzed directly by MALDI-MS. The ratio between signal intensities of the cleaved and the for-
mylated or the deformylated TatA species was further used as ionization factors (fformylated = 1.56 and fdeformylated = 1.32) to normalize all MALDI-MS
measurements of TatA cleavage.
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Fig. S2. Identification of rhomboid inhibitors and enhancers. (A) Purified recombinant rhomboid protease AarA (0.5 μM) was preincubated with compounds
at 200 μM for 20 min. Substrate protein TatA (10 μM) then was added, and the residual substrate amount was determined after 30 min by MALDI-TOF. All
compounds leading to at least 95% of residual substrate were designated as hit compounds. Depicted values of residual substrate percentages are means of
two independent assays. Compounds 7 and 12 disturbed the ionization of the substrate, and inhibition could not be measured. (B) An assay similar to the one
in A but with GlpG (1.5 μM; cleavage for 60 min). (C) Results of duplicate screenings were plotted against each other, and the R2 value was calculated to assess
the reproducibility of the separate screenings.
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Fig. S3. Structural comparison of GlpG–IC 16 complex with apoenzyme and other structures. (A) Comparison of GlpG apoenzyme (2XOV) and GlpG in complex
with IC 16 (3ZEB). The inhibitor molecule and key residues that interact with the inhibitor are shown in stick representation. The carbon atoms of IC 16 are
colored in white and the amino acids in magenta. Major differences are observed in transmembrane (TM) helix 5, L5 and L1 (residues 128–135). (B) Comparison
of GlpG in complex with IC 16 and methoxy isocoumarin (ISM; ring-opened form of JLK-6) (2XOW). In both these structures, the inhibitor is doubly bonded to
the enzyme. The structural change in TM5 is very similar in both these structures. However, in the IC 16 structure, L5 adapts a slightly different conformation.
As the inhibitor doubly bonds to S201 and H150, it leaves the active site H254 and, consequently, Y205 unperturbed. The double-bonded ISM structure (with
S201 and H254) also results in a change in TM6, which is minimal in the IC 16 structure. (C) An overlay of the active-site residues of the apoenzyme and GlpG in
complex with IC 16. Movement of H150 and the formation of a covalent bond with the inhibitor are seen clearly. (D) Two distinct modes of isocoumarin
binding in GlpG. The active-site residues of GlpG in complex with either ISM (2XOW) or IC 16 are highlighted. The carbon atoms of ISM molecule are colored
yellow, and those of IC 16 are in white. In the complex with ISM, the second bond is formed with H254, whereas in IC 16, the second bond is formed with H150.
This leaves the side chains of Y205, W236, and H254 closer to the conformations of the apoenzyme. Perhaps because of this arrangement, a hydrophobic cavity
observed in ISM structure is not formed in complex with IC 16. (E) The formation of the alkylated acyl enzyme of GlpG with IC 16 and the position of the
inhibitor is comparable with the position of Cbz-phosphonate that forms a single covalent bond to S201 (PDB ID code 3UBB). The carbon atoms of Cbz-
phosphonate are shown in white and those of IC 16 in yellow. (F) The active site of GlpG in complex with IC 16 or Cbz-phosphonate. The reaction of the
phosphonate with S201 results in displacement of H254, which in turn leads to a different conformation of Y205, whereas these changes are not observed in IC
16 structure. (G) The position of the IC 16 inhibitor also is comparable with the position of the lipid molecule observed previously in a structure of GlpG by Ben-
Shem et al. (1) (PDB ID code 2IRV). However, in the IC 16 structure, the extent of change in TM5 and L5 is minimal compared with the structure with the lipid at
the active site.

1. Ben-Shem A, Fass D, Bibi E (2007) Structural basis for intramembrane proteolysis by rhomboid serine proteases. Proc Natl Acad Sci USA 104(2):462–466.
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Fig. S4. Docking of a tetrahedral intermediate into the active site of GlpG. (A) Structure of the docked tetrapeptide substrate formyl-TAAF-NH2 as a tetra-
hedral intermediate with S201 of GlpG. The side chains M149, F153, F245, and M247 are shown in green, the tetrapeptide and S201 in yellow (stick repre-
sentation). (B) Surface representation of GlpG with an overlay of the docked tetrapeptide substrate (yellow), IC 16 (magenta), and the Cbz-phosphonate (cyan).
The hydrophobic groups on the substrate and the inhibitors all protrude through the hydrophobic opening between TM2, L5, and TM5.
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Fig. S5. Inhibition of substrate processing and labeling by sulfonyl fluorides 32 and 35. (A) Structure of azido sulfonyl fluoride 35. (B) Sulfonyl fluoride 32 and
azido sulfonyl fluoride 35 inhibit GlpG as measured by the residual substrate presence after incubation with GlpG. GlpG (1.5 μM) was incubated with 200 μM
(from 10 mM DMSO stocks) sulfonyl fluoride compound 32 and its azide derivate 35 for 20 min at 37 °C. The cleavage reaction was started by adding substrate
protein TatA (10 μM), reacted for 60 min, and analyzed by MALDI-MS. (C) Sulfonyl fluoride 35 labels WT GlpG as well as the catalytically inactive S201A mutant
(purified in DDM-micelles or in a crude lysate of E. coli overexpressing the respective recombinant rhomboid). Hence, labeling is not activity based. The azido-
probe-GlpG complex was functionalized by clicking on a tetramethylrhodamine (TAMRA)-alkyne and visualized on a fluorescent scanner.
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Fig. S6. Activity-based labeling of rhomboid proteases. (A) Purified AarA in DDM-micelles is labeled by ABP 11. Preincubation with inhibitors diminishes
labeling. (B) Crude lysates from E. coli overexpressing GlpG (WT or S201A) were treated with probe 6 (Left) or probe 11 (Right) and visualized by clicking on an
azido-TAMRA derivative. The third lane in each panel (DMSO control) depicts the background occurring from the click reaction. In the fourth lane of each
panel, 5 ng of purified GlpG was loaded. (C) Comparison of probes 36 and 6 in crude lysates from E. coli overexpressing GlpG (WT). The DMSO control indicates
background occurring from click reaction (DMSO) or azido-TAMRA sticking nonselectively to proteins (DMSO–Cu; no copper added). (D) Lysates (E. coli ΔglpG,
rat liver, and rat spleen; total protein concentration, 1 mg/mL) were incubated with 2 μM ABP 36. Preincubation with the general serine protease inhibitor
phenylmethanesulfonyl fluoride (PMSF) shows that some bands are a result of the presence of other serine proteases in the lysate.
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Fig. S7. In vivo inhibition of AarA in P. stuartii. P. stuartii cells (strain DSM4539) were incubated with the IC inhibitors 3,4-dichloroisocoumarin, 9, 11, and 19
(B–E) or with DMSO vehicle control (A) and subsequently analyzed by bright-field microscopy (100× magnification). Treatment with the AarA inhibitors led to
the same phenotype as the chain-forming ΔaarA P. stuartii mutant PR51 (1).

1. Rather PN, Orosz E (1994) Characterization of aarA, a pleiotrophic negative regulator of the 2′-N-acetyltransferase in Providencia stuartii. J Bacteriol 176(16):5140–5144.

Fig. S8. TatA cleavage kinetics. (A) Measurement of TatA cleavage by different concentrations of AarA followed over time. For this experiment, a completely
deformylated TatA protein was used. Cleavage percentages were calculated after correction for the difference in ionization of cleaved and uncleaved TatA
(Fig. S2) (B) The percentage of cleavage plotted against the AarA concentration. (C) kcat/KM can be determined by the indicated formula (1), as long as [S] << KM.
In this experiment, [TatA] was used at 10 μM concentration, with an unknown KM. At a KM value approaching or lower than 10 μM, the kcat/KM will be under-
estimated.

1. Timmer JC, et al. (2009) Structural and kinetic determinants of protease substrates. Nat Struct Mol Biol 16(10):1101–1108.
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Scheme S1. Synthesis of probe 35.

Scheme S2. Synthesis of probe 36.
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Table S1. Compounds used in MALDI inhibition assay
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Table S2. Data collection and refinement statistics for the crystal
structure of GlpG with IC 16

Data collection
Beam line Diamond/IO2
Space group R32
Cell dimensions

a, b, c (Å) 111.1, 111.1, 126.07
γ (°) 120

Resolution (Å) 44.9–2.2 (2.32–2.2)*
Rmerge 0.055 (0.48)
I/σI 13.5 (3.1)
Completeness (%) 99.6 (98.1)
Redundancy 4.9 (4.9)

Refinement
Resolution (Å) 44.9–2.2
No. of reflections 15317
Rwork/Rfree

† 0.214/0.247
No. of atoms

Total 1523
Protein 1436
Ligand‡ 21
Heteroatoms 48
Water 18

B-factors (Å2)
Total 60
Protein 59.3
Ligand 60.2
Heteroatoms 83.6
Water 56.4

rms deviations
Bond lengths (Å) 0.008
Bond angles (°) 1.09

*Values in parentheses are for highest-resolution shell.
†Rfree was calculated using a randomly selected subset of reflections (5%),
remaining (95%) reflections was used for calculation of Rwork.
‡Ligand denotes IC16 covalently bound to the enzyme.

Other Supporting Information Files

Dataset S1 (PDF)
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