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Berlin, Germany

† Electronic supplementary information
tables. See DOI: 10.1039/d1sc02146j

‡ These authors contributed equally.

Cite this: Chem. Sci., 2021, 12, 12754

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 16th April 2021
Accepted 1st September 2021

DOI: 10.1039/d1sc02146j

rsc.li/chemical-science

12754 | Chem. Sci., 2021, 12, 12754–1
f solid-state NMR and MD
simulations reveals the binding mode of
a rhomboid protease inhibitor†

Claudia Bohg,‡a Carl Öster, ‡a Tillmann Utesch,‡b Susanne Bischoff,a

Sascha Lange,a Chaowei Shi, ac Han Sun*b and Adam Lange *ad

Intramembrane proteolysis plays a fundamental role in many biological and pathological processes.

Intramembrane proteases thus represent promising pharmacological targets, but few selective inhibitors

have been identified. This is in contrast to their soluble counterparts, which are inhibited by many

common drugs, and is in part explained by the inherent difficulty to characterize the binding of drug-like

molecules to membrane proteins at atomic resolution. Here, we investigated the binding of two different

inhibitors to the bacterial rhomboid protease GlpG, an intramembrane protease characterized by a Ser–

His catalytic dyad, using solid-state NMR spectroscopy. H/D exchange of deuterated GlpG can reveal the

binding position while chemical shift perturbations additionally indicate the allosteric effects of ligand

binding. Finally, we determined the exact binding mode of a rhomboid protease-inhibitor using

a combination of solid-state NMR and molecular dynamics simulations. We believe this approach can be

widely adopted to study the structure and binding of other poorly characterized membrane protein–

ligand complexes in a native-like environment and under physiological conditions.
Introduction

Rhomboid proteases are intramembrane serine proteases that
cleave transmembrane substrates within the lipid bilayer.
Although the structural features of rhomboid proteases have
been thoroughly studied,1–7 a 3D structure of an enzyme-
substrate complex is still a major goal in the eld. A large
number of investigations have focused so far on E. coli GlpG,
which has become a model system for rhomboid proteases. Its
crystal structure reveals a six transmembrane helix (TM) core2

connected by several mechanistically important loops (Fig. 1A).
The catalytic dyad composed of serine 201 (TM4) and histidine
254 (TM6) is deeply buried in the enzyme facing the extracel-
lular side. It is still under debate whether TM5 acts as a mobile
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substrate gate,5 an idea which is supported by several studies
revealing L4, TM5 and L5 as dynamic hotspots.8–11 The L1 loop
is thought to be involved in the orientation of the enzyme within
Fig. 1 (A) Crystal structure of GlpG (PDB ID: 2IC8) with highlighted
structural features (active site green, loop regions yellow, trans-
membrane helices 2 and 5 blue). (B) and (C) Chemical structures of 2-
styryl-4H-3,1-benzoxazin-4-one (SBO, B) and 7-amino-4-chloro-3-
methoxy-1H-2-benzopyran (JLK6, C). SBO and JLK6 inhibit GlpG
reversibly and irreversibly, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the lipid bilayer,4,12 whereas the L5 loop acts as a cap above the
active site and possibly contributes to substrate binding.13

Models of substrate cleavage have been proposed based on
crystal structures of GlpG with small peptide inhibitors11,12,14

and MD simulations10 of substrate binding to the exosite. The
exact mechanisms of substrate recognition, binding, and
cleavage are, however, still under debate.

Rhomboid proteases fulll a wide range of biological func-
tions and therefore represent potential new drug targets for the
treatment of several life-threatening diseases, including
malaria, diabetes, and Parkinson's disease.15 Phosphono-
uoridates16 and isocoumarins,3 were discovered as the rst
inhibitors of GlpG, followed by b-lactams17 and b-lactones,18

however they turned out to be non-selective weak binders and
unfavorable for cell biology applications. More recently,
saccharins19 and benzoxazinones20 were shown to exhibit
stronger binding affinities. Additionally, peptidyl ketoamides14

have been suggested as selective and promising inhibitors for
drug development.

Inhibitor research in a structural biology context oen relies
on crystallization of the protein–ligand complexes, which is
highly challenging for membrane proteins and requires deter-
gents to mimic the lipid environment. Quite oen crystalliza-
tion is also hindered by addition of an inhibitor that may
disrupt the crystal. Solid-state NMR, however, does not require
crystallization. The protein and its interactions with a ligand
can be studied under native-like conditions in a lipid bilayer,
under physiological temperatures and buffer conditions.21–26

This is of particular importance since rhomboid proteases are
highly dependent on their lipid environment, which can alter
their cleavage activity and specicity.4,27,28

Previously, we have shown that we can achieve high quality,
1H-detected solid-state NMR spectra of GlpG in liposomes,
enabling a residue-specic structural and dynamic investiga-
tion.9 1H-detected solid-state NMR has become a valuable
approach to study membrane proteins due to the higher
sensitivity compared to 13C detection and the additional infor-
mation available on H/D exchange and water accessibility.29–32

Here we used it in combination with molecular docking and
molecular dynamics (MD) simulations to investigate the effects
of inhibitor binding on GlpG.

Results and discussion

To investigate ligand binding in GlpG we chose 7-amino-4-
chloro-3-methoxy-1H-2-benzopyran (referred to as JLK6), which
is an isocoumarin-derived inhibitor33 (Fig. 1C). It binds irre-
versibly by forming covalent bonds to the two catalytic dyad
residues of GlpG.34 We also investigated a reversibly binding
inhibitor, 2-styryl-4H-3,1-benzoxazin-4-one (referred to as
SBO),20 which is a structural homologue of JLK6 (Fig. 1B).
Previously, a crystallographic study revealed the binding mode
of JLK6 (ref. 34) (PDB ID: 2XOW, see Fig. S1†). A docking study
suggested the binding pose of SBO,20 but no co-crystal structure
has been determined so far.

GlpG cleaves rhomboid protease substrates in a highly
unspecic manner. No endogenous substrate is known, but
© 2021 The Author(s). Published by the Royal Society of Chemistry
GlpG has been shown to cleave several other substrates.35–37 To
verify the inhibitory effects of the two substances JLK6 and SBO,
we used TatA of P. stuartii as a model substrate. We incubated
puried GlpG and TatA in liposomes with inhibitors SBO or
JLK6 at different concentrations (5–50� molar excess, see
methods). Both inhibitors bind the catalytic dyad (S201 and
H254) and prevent substrate interaction (Fig. S2; see also
Fig. S3† for a scheme).

We then recorded a series of 1H–15N 2D solid-state NMR
spectra of GlpG with and without inhibitors. Notably, the
spectral quality of the GlpG–inhibitor complexes is slightly
reduced compared to the one of apo-GlpG (Fig. S4†), which may
be attributed to conformational heterogeneity of the protein
caused by ligand binding. We also observed that some peaks are
missing in the spectra of inhibitor-bound GlpG. To identify
which residues are affected by inhibitor binding we acquired, in
addition to the 1H–15N 2D spectra, three 3D spectra: (H)CaNH,
(H)CONH and (H)Ca(CO)NH.38 This was sufficient to transfer
our previously published assignments (BMRB ID: 27776)9 of
apo-GlpG to GlpG-JLK6 and GlpG-SBO (Fig. S5†). As JLK6 binds
irreversibly to GlpG, we can either add the ligand before the
dialysis step used for reconstitution or aer GlpG has been
inserted into a lipid bilayer. By comparing samples prepared in
these two different ways we obtained valuable information
about residues that were protected from H/D exchange due to
inhibitor binding. In the sample where JLK6 is added during the
dialysis step, peaks corresponding to the catalytic dyad (S201
and H254) and residues close by (G199, L200, G202, V203, I255
and G257) are not visible. Additionally, peaks are missing for all
residues in the gating helix (TM5), the residues at the top of
TM3 (K191, F192 and S193), H150 (TM2, part of the oxyanion
hole), W196 (L3) and parts of L4 (Q220 and L225). Unexpectedly,
the peaks of two residues that are far away from the binding site
of JLK6, I113 at the top of TM1 and W136 in loop L1, are also
missing. It should be noted that W136 is a highly conserved
residue in rhomboid proteases, forming the WR motif together
with R137. It was shown that a mutation of W136 led to
a signicant reduction of the enzyme activity.39

When JLK6 is added aer the dialysis step some of these
peaks have “re-appeared” because during the time in which H/D
exchange takes place no inhibitor was present (indicated on the
structure in Fig. 2B). Fig. 2C shows the 2D NCa projections from
the 3D (H)CaNH spectra of apo-GlpG (le) and GlpG bound to
JLK6 (right) with disappearing and reappearing peaks indi-
cated. All the residues of and around the catalytic dyad, except
for H254 and I255 are visible in the sample where JLK6 was
added aer dialysis. The catalytic residue S201, that is only
visible as a weak peak in apo-GlpG, appears stronger in GlpG
bound to JLK6 suggesting that the inhibitor stabilizes the
backbone of S201 when binding (see also Fig. S6†). F192 at the
top of TM3 is visible as a very weak and noisy peak, but K191
and S193 are still not visible. For TM5 only I237 and L229 are
visible, suggesting that inhibitor binding affects the dynamics
of this region.

In addition to the different H/D exchange patterns, we ana-
lysed the chemical shi changes caused by inhibitor binding
(see Fig. 2A, D and Table S4† for H, N and Ca chemical shi
Chem. Sci., 2021, 12, 12754–12762 | 12755



Fig. 2 Inhibitor binding observed by solid-state NMR. (A) HNCa chemical shift perturbations (CSPs) between GlpG alone and GlpG bound to
JLK6 plotted as a function of residue. Dark blue bars indicate residues not visible in spectra of GlpG bound to JLK6. (B) Residues that are
protected from H/D exchange by JLK6 (H150, F192, W196, S201, L229, I237 and G257) are plotted onto the crystal structure of GlpG bound to
JLK6 (PDB ID: 2XOW). Sidechains that are close in space to JLK6 are shown as sticks (H150, Q189, F197, S201, W236, F245 and H254). (C) 2D NCa
projections from 3D (H)CaNH experiments of GlpG alone (left) and GlpG bound to JLK6 (right), with disappearing and reappearing peaks
indicated. (D) Crystal structure of GlpG bound to JLK6 (PDB ID: 2XOW) with HNCa CSPs between GlpG alone and GlpG bound to JLK6 plotted
onto the structure. The CSPs are colour coded by increasing value. Residues for which HN assignments are missing are shown in grey and
residues for which the peaks have disappeared in the spectra of GlpG bound to JLK6 are shown in dark blue.

Chemical Science Edge Article
perturbations (CSPs)). The lower parts of TM2 (G163 to L169),
TM3 (G170 to I175) and TM4 (L213 to D218) are unaffected by
inhibitor binding. The strongest effect is seen for residue I223
in loop L4, but the rest of L4 is mostly unaffected. Several
residues surrounding the binding site of JLK6 show signicant
chemical shi changes (Q189, F192, G199, L200, S201, N251,
G252, A253 and A256). Side chains of A182, S185, Q189, F197
and A253 form the S1 subsite, the water retention site of the
enzyme channelling the water and thereby enabling the
cleavage mechanism.34 Residues of TM2 and TM5 are part of the
exosite of the enzyme that facilitates the rst contact with the
substrate.40 Other important contact points can be found in L5
(e.g. L244–M247)11 which are unfortunately not visible in our
spectra, most likely due to structural dynamics at the ms to ms
time scale causing conformational heterogeneity. Additionally,
strong effects are seen for several residues in L1. Larger CSPs
suggest a change in the local environment caused by inhibitor
binding. This can either be through direct interactions with the
inhibitor or by allosteric effects. Only a minor structural rear-
rangement of TM5 was observed in the crystal structure of GlpG
12756 | Chem. Sci., 2021, 12, 12754–12762
bound to JLK6, but according to our data the dynamics of TM5
are affected. Since most residues in TM5 are not visible in our
spectra we cannot conclude whether any structural changes
occur for TM5, but the ones that are visible (L229 and I237) have
rather small CSPs. In contrast to the crystal structure, where no
signicant structural changes were observed for L1, we observe
large chemical shi changes for several residues in the L1 loop.
Mutations of the hydrophobic residues (F133, F135, Y138, F139
and L143) in L1 with direct lipid contact were previously shown
to decrease the activity of the enzyme, probably through
a destabilization of the enzyme within the lipid bilayer.8 It was
also observed that many residues of the L1 loop are involved in
stabilizing hydrogen bonds e.g. H141 with G199. Furthermore,
it was suggested that the L1 loop is involved in substrate
interaction, forming the S4 subsite together with residues of
L3.12 It is possible that the chemical shi changes we observe for
L1 stem from rearrangements of the interactions between L1
and lipids in the bilayer. Such a rearrangement would not be
observed in crystal structures of detergent solubilized
membrane proteins that lack a lipid bilayer, highlighting the
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Computational investigation of the GlpG-SBO complex. (A)
Two docking poses, poseA (red) and poseB (yellow), were identified by
molecular docking. (B) Selected snapshots after 500 nsMD simulations
starting from the poseA and poseB structures and ending with poseB-
like (red) and poseB (yellow) binding modes. (C) Key protein–ligand
interactions in the poseB binding mode. Amino acids adjacent to the
SBO ligand are highlighted as sticks. Other residues of the protein are
indicated as grey surface volume. (D) Changes in the water accessi-
bility of the backbone amide protons derived from the MD simulations
with and without the binding of SBO. For the evaluation of water
accessibility only the last 100 ns of the individual trajectories were
included. (E) The difference of root-mean-square deviation per
residue, and (F) the difference of root-mean-square fluctuation of the
Ca atoms are highlighted on the protein structure. For (D–F), red and
blue coloured regions indicate a decrease and increase of inhibitor-
bound GlpG (poseB) compared to apo-GlpG (starting structure PDB
ID: 2NRF), respectively. All values are averaged over three inhibitor-
bound MD simulations. For the apo-GlpG, 10 MD simulations at the
same timescale were performed. The maximum and minimum values
used for the colour coding were kept at �0.1 (D) and �0.03 (E) for
better visualization. The L5 cap gave significantly largerDRMSD (>1 nm)
and DRMSF (>0.15 nm) values since it adopts the open cap confor-
mation in the apo state and the closed conformation in the inhibitor
bound state.

Edge Article Chemical Science
importance of studies under more native-like conditions.
However, further investigations are needed to clarify, with
certainty, the biological importance of the structural rear-
rangement observed in L1. Finally, we noticed a few additional
peaks in the inhibitor bound samples that were not visible in
GlpG alone. It is unfortunately not possible to unambiguously
assign these peaks but it seems likely that they originate from
exible regions of GlpG that become more rigid upon inhibitor
binding, e.g. loop L5.

Using molecular docking, we next predicted the covalent
binding mode of the reversible inhibitor SBO to GlpG using
JLK6 in complex with GlpG (PDB ID: 2XOW) as a structural
template (Fig. S3†). This approach was reassured by the highly
similar chemical shis observed in GlpG-SBO and GlpG-JLK6
(Tables S2 to S4†). The two best docking poses of SBO (poseA
and poseB) (Fig. 3A) were further rened in atomistic MD
simulations. Three independent replicas of 500 ns MD simu-
lations for each pose were performed using the Amber force
eld. Root-mean-square deviation (RMSD) analysis of the
protein backbone revealed that GlpG remained stable in both
poses (Fig. S7†). The stability of the inhibitor in the binding
pocket, however, was strongly dependent on the starting pose.
While poseB stayed nearly unchanged (Fig. 3B, yellow), the
inhibitor in poseA changed its overall orientation and ended in
a binding pose similar to poseB (Fig. 3B, titled poseB-like, red).
Therefore, we identify poseB as the preferred binding pose of
SBO in GlpG. In this binding mode, the ligand is embedded in
a hydrophobic pocket created by F146, H150, Q189, F197, W236,
and F245, while a weak hydrogen bond may be formed between
the carbonyl oxygen close to the styryl group of SBO and the 3-
nitrogen of H254 (Fig. 3C and S8†). Note however, that the exact
protonation state of H254 is unclear.

In order to further validate the predicted binding mode of
SBO (poseB), we related the calculated water accessibility of the
backbone amide protons (N–H) to the experimental H/D
exchange pattern (Fig. 2B). For this, changes in the water
accessibility between poseB and apo-GlpG in the closed
conformation were determined (Fig. 3D). These differences
describe the effect on the water accessibility upon ligand
binding and can be thus directly compared to the H/D exchange
pattern derived from the solid-state NMR experiments. Never-
theless, it should be noted that the experimental H/D exchange
difference could only be determined for the ligand JLK6, which
is a structural homologue of SBO but binds irreversibly to the
protein. Water adjacent to the N–H of F192, S201, and L229 was
only detected in the absence of SBO in the simulations, which
agrees well with the protection from H/D exchange observed
experimentally (Fig. 2B). Furthermore, the water accessibility of
G252 slightly decreased aer the inhibitor was added but
remained solvent accessible. No contact to water was observed
for the N–H of I237 for either of the simulations (with or without
SBO). The H/D exchange observed experimentally for I237 and
other TM5 residues in apo-GlpG was previously attributed to
opening and closing of the TM5 gate,9 which is too slow to be
observed in the MD simulations. The only discrepancy between
the simulations and the solid-state NMR data was found for
H150 and W196. While experimentally both residues were
© 2021 The Author(s). Published by the Royal Society of Chemistry
protected from H/D exchange aer JLK6 binding, in the simu-
lations the water accessibility was increased when SBO was
bound. This disagreement between the simulations and the
NMR experiments might be a result of the structural differences
between SBO and JLK6 and the minor differences in their
Chem. Sci., 2021, 12, 12754–12762 | 12757
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bindingmodes. This includes, among other things, a rotation of
H150 and the orientation of W196, which faces SBO but does
not point towards JLK6.

Additionally, we calculated the differences in root-mean-
square deviations (DRMSD, Fig. 3E) and root-mean-square
uctuations (DRMSF, Fig. 3F) between simulations of apo-
GlpG and SBO-bound GlpG. The DRMSD and DRMSF can be
compared to the CSPs derived from the solid-state NMR
experiments (see Fig. S9 and S10† for a direct comparison). In
general, the CSP pattern between apo-GlpG and SBO-bound
GlpG is remarkably congruent with the residue-wise DRMSD
and DRMSF values. Specically, TM5, the extracellular parts of
TM2 and TM3, and the loops L1 and L5 showed the largest
structural mobility changes, which is in accordance with the
determined CSPs. More precisely, residues D116–E118 in L1
showed a signicantly higher uctuation (RMSF) in the SBO-
bound state compared to the apo state, while the central L1
region including residues F133–F135 underwent structural
changes in both states compared to the corresponding initial X-
ray structures (DRMSD � 0.3 nm). Furthermore, TM3 (Q189–
F192) showed decreased RMSD and RMSF values in the SBO
bound state compared to the apo state, which could be caused
by direct contacts between this region and the inhibitor leading
to immobilization. The inhibitor binding pocket (G198–V203)
did not exhibit prominent structural and dynamic differences
between apo-GlpG and SBO-bound GlpG, suggesting that the
CSPs observed in this region are directly caused by interactions
with the inhibitor. The extracellular part of TM6 (N251–H254)
also showed a drastic decrease in mobility in SBO-bound GlpG,
which could be explained by direct interactions between SBO
and L5 and TM6, where H254 may form a weak hydrogen bond
to SBO (Fig. 3C).

The previous docking model of GlpG bound to a benzox-
azinone similar to SBO20 is more in agreement with the second
docking pose (poseA, red in Fig. 3A), which covered a different
area with its styryl group, than our nal models proposed byMD
simulations (poseB, yellow in Fig. 3A and B, and poseB-like, red
in Fig. 3B). According to our solid-state NMR data SBO interacts
with residues in TM3 and L3. In the poseA docking model
interactions between SBO and residues of TM3 and L3 (specif-
ically Q189 and F197 in the binding pocket) are missing, indi-
cating that poseA is not consistent with our solid-state NMR
data. Therefore, we propose poseB as the most probable binding
pose of SBO in complex with GlpG. Furthermore, the observed
instability of poseA and the transformation to a poseB-like
conformation agrees very well with the binding pose of JLK6 in
the crystal structure. Nevertheless, there are some slight
differences between the binding modes of JLK6 and SBO in
complex with GlpG: the styryl group of SBO is pointing towards
Q189 and F197 (see Fig. 3C) but for JLK6 the amino group that is
in close proximity with F197 does not directly interact with Q189
(see Fig. S8† for a comparison of the key ligand–protein inter-
actions between JLK6 and SBO). A direct comparison of the
chemical shis between JLK6 bound and SBO bound GlpG
reveals that the largest differences are seen for residues around
Q189, with a chemical shi difference of 0.84 ppm for the Ca of
12758 | Chem. Sci., 2021, 12, 12754–12762
Q189 being the most pronounced (see Fig. S11, Tables S2 and
S3†).
Conclusions

In summary, we have shown that solid-state NMR spectroscopy
provides valuable information on inhibitor binding to
membrane embedded enzymes. So far, there are few examples
where the power of solid-state NMR has been demonstrated in
determining the exact binding mode of drug-like molecules
with membrane proteins.41,42 Especially, we could show in this
study that H/D exchange patterns enable mapping of the
interaction site, while CSPs give information on both binding
interactions and allosteric effects. Furthermore, it is oen
difficult to obtain crystal structures of small molecules bound to
membrane embedded proteins and we have shown here that
solid-state NMR experiments of GlpG–inhibitor complexes are
straight-forward for both reversible (SBO) and irreversible
(JLK6) inhibitors. The combination of solid-state NMR and MD
simulations constitutes a promising approach to study
substrate binding to membrane proteins.41,42 We employed this
combined strategy here to investigate the structural and
dynamic effects caused by inhibitor binding to a membrane-
embedded enzyme on the atomic level. There are many exam-
ples of membrane proteins with excellent solid-state NMR
spectral features and for those systems the applied approach
should be similarly useful.
Experimental
Expression & purication of isotopically labeled GlpG samples

The GlpG core domain (GlpGDN, i.e. residues 87–276) with
a hexahistidine-tag was expressed and puried as described
before.9 Briey, GlpGDN in pet15b (Novagen) was transformed
into Tuner™ (DE3) pLysS competent cells (Novagen). To
produce the [2H, 13C, 15N]-labelled GlpGDN samples, 15NH4Cl
and 13C6–D7-glucose (Cambridge Isotope Laboratories, USA)
were used as the sole nitrogen and carbon sources in a per-
deuterated M9 medium.

Cells were grown in M9 medium at 37 �C until an OD of 0.8
was reached and overexpressed aer induction with 500 mM
isopropyl-b-D-thiogalactopyranosid (IPTG) for 15 h at 25 �C.
Cells were harvested, resuspended in lysis buffer and lysed
using an LM10 microuidizer (Microuidics, USA) with 15 000
psi working pressure. Insoluble parts were removed by centri-
fugation and the supernatant was incubated with 2% (w/v) n-
decyl-b-maltoside (DM, Glycon, Germany) for 2 h at 4 �C. The
solubilized protein was puried via cobalt-based affinity chro-
matography on an ÄKTA™ Pure 25 System (GE Healthcare,
Germany). Note that fully protonated buffers were used aer the
cells were harvested, leading to back-exchange of exchangeable
protons in the [2H, 13C, 15N]-labelled GlpGDN samples.
Reconstitution

The rhomboid protease was reconstituted into E. coli total lipid
extract liposomes. For this, E. coli total lipid extract (Avanti
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Polar Lipids, USA) was dissolved in dialysis buffer (50 mM Tris,
150 mM NaCl, pH 7.4) containing 3% DM and added to the
puried GlpGDN sample at a lipid/protein ratio of 30 : 1 (mol/
mol). Detergent was removed by dialysis (Spectra/Por® 1 dial-
ysis tubing, MWCO 6000–8000) against 100-fold dialysis buffer
over the course of 10 days and with buffer exchanges every 2
days until the sample was completely turbid. To facilitate
detergent removal 0.5 g L�1 Bio-Beads SM-2 resin (Biorad) were
added to the dialysis buffer.

Treatment with inhibitors

7-Amino-4-chloro-3-methoxy-1H-2-benzopyran (JLK6, Tocris
Bioscience, UK) and 2-styryl-4H-3,1-benzoxazin-4-one (SBO,
AKos Consulting & Solutions GmbH, Germany) were dissolved
in dimethyl sulfoxide (DMSO) to a 100 mM stock solution. JLK6
was added to GlpG aer dialysis (when the protein was in a lipid
environment) at an inhibitor : protein molar ratio of 10 : 1. SBO
was added to GlpG aer dialysis at an inhibitor : protein molar
ratio of 5 : 1. A molar ratio of 50 : 1 was also tested to check
whether the NMR spectra would change but no such change was
observed. The nal DMSO concentration was less than 0.2% (v/
v). To test whether the addition of an inhibitor had any effect on
the H/D exchange of GlpG, an additional sample was prepared
where JLK6 (in a 10 : 1 inhibitor : protein molar ratio) was
added directly aer purication, before the dialysis step, when
the protein was in a detergent environment. The GlpG/JLK6
mixture was incubated for 1 h and then dialyzed for 10 days.
Samples were centrifuged for 2 h at 300 000�g and packed into
1.9 mm rotors (Bruker, USA) with a few crystals of sodium tri-
methylsilylpropanesulfonate (DSS).

Activity assessment

TatA, the natural substrate of AarA in Providencia stuartii,43 was
used as the substrate for the GlpG activity assay as described
before.9 A synthesized hexahistidine–SUMO–TatA–FLAG DNA
sequence was cloned into a pET15b vector (Novagen). The
recombinant substrate protein was overexpressed in a GlpG
knock-out E. coli Bl21 (DE3) strain and puried and recon-
stituted as described for GlpGDN. 25 mL of substrate-containing
proteoliposomes (�5 mg mL�1 protein concentration, 30 : 1
(mol/mol) lipid/protein ratio) was mixed with 50 mL of protease-
containing proteoliposomes (�0.5 mg mL�1 protein concen-
tration, 30 : 1 (mol/mol) lipid/protein ratio) in the presence of
detergent DM (0.2% w/v) at 37 �C overnight. This corresponds to
a molar ratio of 1 : 5 : 180 (GlpG : substrate : lipid). To verify the
inhibitory effects, 5–50� molar excess of SBO or JLK6 was
added. The reaction was stopped by the addition of SDS-PAGE
loading buffer and observed via SDS-PAGE. Due to the highly
negative charge of the protein, the hexahistidine–SUMO–TatA–
FLAG tandem protein and its cleavage products are less mobile
in the SDS-PAGE and run higher than the expected 24 kDa, 11
kDa or 13 kDa.

Solid-state NMR spectroscopy and analysis

Proton-detected solid-state NMR experiments were performed
on a Bruker 600 MHz (1H Larmor frequency) wide-bore
© 2021 The Author(s). Published by the Royal Society of Chemistry
spectrometer equipped with a 1.9 mm probe, operating at an
MAS rate of 40 kHz. The sample temperature was kept around
25 �C, estimated from the chemical shi of water relative to the
DSS peak.44 Chemical shi assignments were transferred from
the previous assignments (performed at a lower sample
temperature) of GlpG9 and only peaks that could be identied in
CP based 3D hCaNH and hCONH experiments were used for
comparison with the samples containing inhibitors. For the
sample where JLK6 was added during dialysis, 2D (H)NH and
3D (H)CaNH, (H)CONH and (H)Ca(CO)NH spectra were recor-
ded in a uniform fashion, following a previously published
protocol.38 For the sample with SBO, the same experiments were
recorded and for the sample where JLK6 was added aer dial-
ysis, only a 2D (H)NH and a 3D (H)CaNH spectrum were
recorded. For these samples the 3Ds were recorded using non-
uniform sampling with a sampling scheme (generated from
http://gwagner.med.harvard.edu/intranet/hmsIST/)45,46 where
35% of the points were recorded. Uniformly acquired spectra
were processed using TopSpin 4 (Bruker) and non-uniformly
sampled spectra were reconstructed using compressed
sensing with the iterative re-weighted least squares algorithm in
the qMDD soware47–49 with 10 iterations and processed using
nmrPipe.50 CcpNmr Analysis51 was used for spectral analysis. 1H
– 15N – 13Ca chemical shi perturbations were calculated as
Euclidian distances (eqn (1)):52

CSP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3

�
dH

2 þ �
a� dN

2
�þ �

b� dC
2
��r

(1)

where dH, dN and dC are the chemical shi differences between
GlpG and GlpG with an inhibitor for 1H, 15N and 13Ca respec-
tively, a is 0.2 for glycines and 0.14 for all other amino acids and
b is 0.3.
Docking

The crystallographic structure of GlpG in complex with the
inhibitor JLK6 (PDB ID: 2XOW)34 served as initial state for the
docking studies. All non-protein molecules, including the
inhibitor JLK6, were removed. The initial 3D structure of the
SBO inhibitor was generated with Gaussview 6.53 Docking with
the Schrödinger 2019.3 suite was performed in a two-step
procedure.

First, the SBO inhibitor was non-covalently docked to the
active site pocket of GlpG choosing the side chain oxygen of
S201 as centre of the grid (Fig. S3†). The resulting poses were
then scored using the Glide routine.54 The ten best poses ranked
by the Glide score54 were visually inspected and the pose with
the smallest S201(OG) – inhibitor(C]O) distance (0.283 nm)
was chosen for the following step.

Second, the selected pose was used for covalent docking with
CovDock.55 In this step, the ring opening and the bond forma-
tion was “alchemically” modelled. The best (called: poseA) and
second best poses according to the Prime score56 showed only
minor structural differences. Therefore, only poseA (red, Fig. 3A)
was selected. The third best pose (called: poseB), however,
showed a differently embedded ligand (yellow, Fig. 3A and B)
and was also selected. To rule out articial poses induced by the
Chem. Sci., 2021, 12, 12754–12762 | 12759
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rigid protein during the docking, the stability of both poses, the
best (poseA) and the third best (poseB), was investigated in
subsequent all-atom molecular dynamics simulations.

Molecular dynamics simulations

The two covalently linked protein–ligand complexes, poseA and
poseB, were inserted in a pre-equilibrated and solvated 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane
with the g_membed routine.57 The resulting models consisted
of 60 836 atoms. All-atom molecular dynamics (MD) simula-
tions were carried out with Gromacs 2019.5.58 The Amber99SB*-
ILDN force eld59 was used for the protein. The POPC lipid
membrane and ions were simulated with the parameters
derived by Berger et al.60 and Joung et al.,61 respectively. Water
was modelled with the SPC/E water potential.62 The parameters
of S201 covalently linked to the inhibitor were derived as
follows. The geometry of the ligand was optimized and the
electrostatic potential was calculated at the Hartree-Fock/6-
31G* level using Gaussian09.63 The generalized amber force
eld (GAFF)64 topology of the inhibitor was generated with the
Antechamber soware65 using partial charges from the
preceding quantum mechanics calculations according to the
restrained electrostatic potential (RESP) approach.66 Charges on
the backbone were restrained to default values used in the force
eld to maintain the general scheme.

Preceding the 500 ns long production dynamics, the models
were energy minimized and thermally equilibrated at 300 K. A
time step of 2 fs was enabled by constraining all bonds to
hydrogen atoms with the Lincs algorithms.67 Short-ranged
electrostatics and van der Waals interactions were truncated
at 1.2 nm. Long-ranged electrostatics were calculated with the
Particle-Mesh Ewald summation.68 Temperature and pressure
coupling were treated with the V-rescale69 scheme and the Par-
rinello–Rahman barostate,70 respectively. The temperature was
set to 300 K and the pressure to 1 bar. Fluctuations of the
periodic cell were only allowed in z-direction, normal to the
membrane surface, keeping the density of the membrane
unchanged. Both simulations were repeated three times using
different starting velocities to get better statistics and to check
the reproducibility.

The same procedure was repeated for the closed GlpG
structure without ligand (PDB ID: 2NRF, chain B). For the apo-
GlpG, however, ten independent productions runs (replicas) of
500 ns were performed.

Data analysis

All MD simulations were analysed by root-mean-square-
deviation (RMSD), root-mean-square-uctuation (RMSF), and
RMSD per residue analysis. For this, the protein backbones
were aligned to the X-ray structure and all translational and
rotational motions were eliminated. For clarity and for catching
trends in the two poses, RMSD, RMSF, and RMSD per residue
values were averaged over all replicas.

The water accessibility of the amide backbone proton was
analysed for all amino acids. For the evaluation only the last 100
ns of each individual trajectory were utilized to calculate the
12760 | Chem. Sci., 2021, 12, 12754–12762
average values. The amide backbone proton was dened as
accessible if at least one water oxygen was within 3 Å.

Graphical images depicting the structures were generated in
ChimeraX.71,72 Molecular graphics and analyses performed with
UCSF ChimeraX, developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California,
San Francisco, with support from National Institutes of Health
R01-GM129325 and the Office of Cyber Infrastructure and
Computational Biology, National Institute of Allergy and
Infectious Diseases.

Data availability

Raw data can be obtained from the authors upon reasonable
request.
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S. Verhelst, M. Hubalek, D. C. Johnson, D. A. Bachovchin,
I. Ogorek, C. U. Pietrzik, K. Strisovsky, B. Schmidt and
S. Weggen, Biochemistry, 2017, 56, 6713–6725.

20 P. Goel, T. Jumpertz, A. Tichá, I. Ogorek, D. C. Mikles,
M. Hubalek, C. U. Pietrzik, K. Strisovsky, B. Schmidt and
S. Weggen, Bioorg. Med. Chem. Lett., 2018, 28, 1417–1422.

21 V. Ladizhansky, Biochim. Biophys. Acta, Proteins Proteomics,
2017, 1865, 1577–1586.

22 V. S. Mandala, J. K. Williams and M. Hong, Annu. Rev.
Biophys., 2018, 47, 201–222.

23 M. R. Elkins and M. Hong, Curr. Opin. Struct. Biol., 2019, 57,
103–109.

24 S. Tapaneeyakorn, A. D. Goddard, J. Oates, C. L. Willis and
A. Watts, Biochim. Biophys. Acta, Biomembr., 2011, 1808,
1462–1475.

25 S. G. Zech, E. Olejniczak, P. Hajduk, J. Mack and
A. E. McDermott, J. Am. Chem. Soc., 2004, 126, 13948–13953.

26 V. S. Mandala, M. J. McKay, A. A. Shcherbakov, A. J. Dregni,
A. Kolocouris and M. Hong, Nat. Struct. Mol. Biol., 2020, 27,
1202–1208.

27 S. Urban and S. M. Moin, Cell Rep., 2014, 8, 1241–1247.
28 S. Paschkowsky, F. Oestereich and L. M. Munter, J. Membr.

Biol., 2018, 251, 369–378.
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2002–2013.

61 I. S. Joung and T. E. Cheatham, J. Phys. Chem. B, 2008, 112,
9020–9041.

62 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, J. Chem. Phys., 1983, 79, 926–
935.

63 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
12762 | Chem. Sci., 2021, 12, 12754–12762
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
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