BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Activity-Based Protein Profiling of the Escherichia coli GlpG
Rhomboid Protein Delineates the Catalytic Core

Allison R. Sherratt,” David R. Blais," Houman Ghasriani,® John Paul Pezacki,* "8
and Natalie K. Goto* ™

"Department of Biochemistry, Microbiology and Immunology, University of Ottawa, Health Sciences Campus, 451 Smyth Road,
Ottawa, Canada K1H 8MS5

*Steacie Institute for Molecular Sciences, National Research Council of Canada, 100 Sussex Drive, Ottawa, Canada K1A OR6
§Department of Chemistry, University of Ottawa, 10 Marie-Curie, Ottawa, Canada KIN 6N5
Crude
Pure membrane
’ Probe

Although these assays can report on the ability of a rhomboid to
catalyze peptide bond cleavage, differences in measured hydrolysis \
rates can reflect changes in the structure and activity of catalytic (C%‘éd Activity-based Identified role
residues, as well as the ability of the substrate to access the active site. ) il Al
Here we show that a highly reactive and sterically unencumbered
fluorophosphonate activity-based protein profiling probe can be used to report on the catalytic integrity of active site residues in
the Escherichia coli GlpG protein. We used results obtained with this probe on GlpG in proteomic samples, in combination with a
conventional assay of proteolytic function on purified samples, to identify residues that are located on the cytoplasmic side of the
lipid bilayer that are required for maximal proteolytic activity. Regions tested include the 90-residue aqueous-exposed N-terminus
that encompasses a globular structure that we have determined by solution nuclear magnetic resonance, along with residues on
the cytoplasmic side of the transmembrane domain core. While in most cases mutation or elimination of these residues did not
significantly alter the catalytic status of the GlpG active site, the lipid-facing residue Arg227 was found to be important for
maintaining a catalytically competent active site. In addition, we found a functionally critical region outside the transmembrane
domain (TMD) core that is required for maximal protease activity. This region encompasses an additional 8—10 residues on the
N-terminal side of the TMD core that precedes the first transmembrane segment and was not previously known to play a role in

rhomboid function. These findings highlight the utility of the activity-based protein profiling approach for the characterization of
rhomboid function.

© Supporting Information

ABSTRACT: Rhomboid proteins comprise the largest class of ‘g P&
intramembrane protease known, being conserved from bacteria to (

humans. The functional status of these proteases is typically assessed ,ly :

through direct or indirect detection of peptide cleavage products.

homboids are unique integral membrane proteins that use and/or C-terminal soluble domains that vary in size, sequence,
a serine protease mechanism to cleave transmembrane and putative function.” In some cases, these domains appear to
substrates within the lipid bilayer. This large intramembrane influence substrate specificity or protease activity, with the most

protease group is nearly ubiquitous across all kingdoms,"* and
although only a fraction has been assigned a function, the
prospective medical importance of the rhomboid family has
become widely appreciated.>* This is supported by the
rhomboid’s role in cell signaling,s’é mitochondrial remodel-

well-characterized example being human RHBDL2. This
rhomboid cleaves thrombomodulin, but only when both its
cytoplasmic domain and that of the thrombomodulin are
present.' The Escherichia coli and Pseudomonas aeruginosa

ing,”® apoptosis,”'® activation of signal translocation in GlpG rhomboids also have cytoplasmic domains that appear to
bacteria,"" host cell invasion by apicomplexan parasites that be important for maximal activity, with the removal of this
cause malaria and toxoplasmosis,12 and immune system evasion domain reducing the rate of protein hydrolysis.”’18 However,
in parasitic amoeba.*"? In addition to identification of these structures of a full-length GlpG rhomboid from either system

diverse functions, an abundance of structural and functional
data has been obtained, allowing the development of a cohesive
model that explains how a TM helix substrate in the normally
water-poor environment of the lipid membrane can be cleaved

are not available, with removal of the cytoplasmic domain being

18—24

required for crystallization. Consequently, it is not yet

known how sequences outside the rhomboid core domain can

(reviewed in refs 14 and 15). influence the activity of the catalytic site.
One aspect of rhomboid function that is still not well

understood is the potential role of extramembraneous domains Received: March 19, 2012

in modulating rhomboid function. Many rhomboids contain N- Published: September 10, 2012
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One way to directly probe the activity of enzyme catalytic
sites that we have used in this work is based on the activity-
based protein profiling (ABPP) approach typically used for
high-throughput analyses of enzyme families in complex
proteomic samples. ABPP usually involves activity-based probes
(ABPs) that target and chemically modify the active site of
groups of enzymes (reviewed in refs 24—28). This approach
has been applied successfully to important problems related to
human health, such as cancer, neurobiology, parasitology, and
virology.”*™>® A variety of enzyme classes have also been
studied using this technique, including proteases, kinases,
phosphatases, lipid transferases, and histone deacetylase
enzymes.”"> For the study of serine hydrolases, fluoro-
phosphonate (FP)-containing activity-based probes have
demonstrated great utility, having been used extensively in
cell culture and diverse tissue types,**>* to identify inhibitors
of enzyme function,>** and to functionally annotate enzymes
of unknown function.**”” One advantage of this class of
mechanism-based suicide inhibitors is their small size, because
their reaction with the nucleophilic serine hydroxyl group is not
restricted by substrate specificities of target enzymes. Moreover,
when the FP probe is linked to a fluorescent marker such as
rhodamine, polyacrylamide gel analysis of ABP-treated
proteomic samples allows the activity of specific enzyme targets
to be characterized without the need for purification. Herein we
have used a rhodamine-tagged FP probe in ABPP experiments,
in combination with other approaches, to delineate the
functionally important regions in aqueous-exposed cytoplasmic

regions of the E. coli GlpG rhomboid.

B EXPERIMENTAL PROCEDURES

Plasmids and Reagents. The C-terminally hexahistidine
tagged E. coli GlpG rhomboid in a pET15b vector”® was kindly
provided by Christopher Koth’s group of the Ontario Centre
for Structural Genomics at the University of Toronto (Toronto,
ON). This plasmid was used to create expression vectors for
the C-terminal transmembrane domain consisting of residues
60276 (TMDy,), 81-276 (TMDy,), and 91—276 (TMD,).
TMDy, and TMDy, were cloned into pET25b, and TMDy, was
cloned into pET30a using primers synthesized by Integrated
DNA Technologies, Inc. (Table 1 of the Supporting
Information). All mutants were generated using the Quik-
Change site-directed mutagenesis protocol (Stratagene) and
primers listed in Table 2 of the Supporting Information. All
constructs were verified by sequencing performed at the
Ontario Genomics Innovation Centre at the Ottawa Health
Research Institute.

GIpG Expression and Purification. Expression vectors
were transformed into E. coli C43(DE3) competent cells and
grown at 37 °C in LB medium with 100 pg/mL ampicillin or
50 pg/mL kanamycin. When the optical density of the culture
at 600 nm reached 0.5—0.7, the temperature was reduced to 16
°C and expression was induced with 1 mM isopropyl fB-p-
thiogalactopyranoside and allowed to proceed for 16—20 h.
Detergent-solubilized protein was purified as described
previously'”*® with some modifications. Briefly, the bacterial
pellet from 500 mL of culture was resuspended in 20 mM
HEPES buffer (pH 7.3) containing 100 mM NaCl, S mM
MgCl,, 10% glycerol, and Complete EDTA-free protease
inhibitor cocktail (Roche). Cells were lysed by sonication and
centrifuged at 50000¢ for 1 h. The insoluble membrane fraction
was resuspended in SO mM HEPES buffer (pH 7.3) containing
1% (w/v) dodecyl maltoside (DDM) (Anatrace), 200 mM
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NaCl, 10% glycerol, 5 mM imidazole, and protease inhibitor
cocktail for 1 h and then centrifuged for 30 min at 50000g. The
DDM:-solubilized protein in the supernatant was applied to a
nickel affinity column equilibrated in the same buffer without
detergent and then washed in SO mM HEPES buffer (pH 7.3)
containing 0.1% DDM, 500 mM NaCl, 10% glycerol, and 30
mM imidazole. A similar wash with 200 mM NaCl was
performed prior to elution in S0 mM HEPES buffer (pH 7.3)
containing 0.1% DDM, 200 mM NaCl, 10% glycerol, and 250
mM imidazole. Eluted protein was concentrated using a 30 kDa
molecular mass cutoff ultracentrifugation device (Amicon
Ultra) and then applied to a Superdex-200 size exclusion
column using an AKTA FPLC system (GE Healthcare)
equilibrated in 50 mM HEPES buffer (pH 7.3) containing
0.1% detergent, 200 mM NaCl, 10% glycerol, and 100 uM
EDTA. Production of the TMD construct by limited
proteolysis was performed as described previously'® using
trypsin, and the digest was reapplied to the size exclusion
column to isolate the transmembrane domain. All samples were
reapplied directly onto the size exclusion column to obtain a
>90% pure protein sample as judged by Coomassie-stained
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE), with highly similar degrees of purity for
truncation and point mutant samples (Figure 1 of the
Supporting Information). Matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) was used to analyze the full-length and trypsin-generated
TMD sample using a Microflex MALDI-TOF mass spectrom-
eter (Bruker) and the ultrathin layer method with a-cyano-4-
hydroxycinnamic acid as the matrix.*’

Determination of the CytD Structure. E. coli GlpG CytD
(residues 1—61) was cloned into the pET30a vector between
the Ndel and Xhol restriction sites to contain a C-terminal Hisq
tag preceded by a Leu-Glu sequence. The CytD expression
plasmid was transformed into BL21(DE3) cells, which were
then grown in M9 containing 0.1% (w/v) '*N-labeled
ammonium chloride and 0.3% (w/v) glucose (U-">C) as the
sole nitrogen and carbon sources, respectively, as well as 50 ug/
mL kanamycin. The bacterial pellet from a 1 L culture was
resuspended in 25 mM phosphate buffer (pH 6.5) containing
150 mM NaCl, EDTA-free protease inhibitor cocktail (Roche),
and 10 mM imidazole and lysed by sonication. Cell debris was
centrifuged at 16000g for 20 min, and the CytD was purified by
nickel affinity chromatography. Concentrated CytD fractions
were subjected to size exclusion chromatography on a Superdex
75 column (GE Healthcare) equilibrated in phosphate buffer
(pH 6.5) containing 150 mM NaCl and 100 yM EDTA.
Concentrated samples for NMR analysis typically contained ~1
mM CytD in 25 mM phosphate buffer (pH 6.5), 150 mM
NaCl, and 10% D,0.

All NMR spectra were recorded at 25 °C on a Varian Inova
500 spectrometer equipped with a triple-resonance pulsed field
gradient probe at the University of Ottawa NMR Facility. N
HSQC, *C HSQC, HNCO, HNCA, HNCACB, HBHA(CO)-
NH, HN(CO)CA, HCCH-TOCSY, HCCH-COSY, "3C
NOESY-HSQC, and SN NOESY-HSQC experiments were
used to determine the structure.*” Data were processed with
NMRPipe*' and analyzed with NMRView.” NOE distance
restraints and backbone dihedral angles derived from TALOS*
were used in the torsion angle dynamics program CYANA
version 2.1,** which performed automatic NOE assignment to
calculate 200 conformers. The 20 lowest-energy structures from
the final round of CYANA were individually refined in explicit
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solvent* using XPLOR-NIH***" and scripts available from
ttp://ftp.pasteur.fr/pub/BIS/linge/. Subsequently, the quality
of the solvent-refined structures was validated by using AQUA,
PROCHECK,** and WHAT IF.*® Structural statistics are
listed in Table 3 of the Supporting Information. Chemical shift
assignments and structure coordinates were deposited in the
Biological Magnetic Resonance Data Bank (entry 17720) and
the Protein Data Bank (PDB) (entry 2LEP), respectively.

Rhomboid Protease Assay Using Fluorogenic Casein.
After the protein concentration had been determined using the
BCA assay,”’ wild-type, truncated, and mutant GlpG were
assayed for activity using BODIPY-labeled casein (Invitrogen).
This rhomboid assay was based on previously described
protocols,'® where 5 ug of BODIPY FL casein was incubated
with 0.8 uM GIpG in SO mM HEPES buffer (pH 7.3)
containing 0.1% detergent, 200 mM NaCl, 10% glycerol, and
100 M EDTA at 37 °C. Fluorescence excitation of a 200 yL
volume was induced at 485 nm and emission monitored at 530
nm using a SpectraMax S microplate reader (Molecular
Devices) in the top-reading mode. All samples were assayed
in duplicate against a buffer blank, with assays on each mutant
being repeated with at least two different purified samples.
Specific activities were calculated using the slope of relative
fluorescence units (rfu) over 30 min after a 10 min
equilibration period.

Active Rhomboid Labeling with FP-PEG-Rhodamine.
Purified thomboid (10 ug) was incubated in the dark with 10
nM FP-PEG-rhodamine (from a 0.1 zM stock in DMSO; final
DMSO concentration of 0.2%) for 2 min at 37 °C, and the
reaction was quenched by precipitating the proteome with §
volumes of ice-cold acetone to remove unreacted probe. The
crude membrane extract in 1% DDM (40 ug of total protein at
1 mg/mL) was incubated for 1 h with FP-PEG-rhodamine
using the same conditions that were used for purified
rhomboid. The precipitated proteins were subjected to SDS—
PAGE separation on a 15% gel (1.5 mm thickness) at 100 V.
The gels were scanned for fluorescence using the FMBIO III
instrument (Hitachi Solutions Ltd., Tsurumi-ku Yokohama,
Japan) to visualize the active protein. The amount of FP-PEG-
rhodamine labeling in crude membrane extracts was measured
by integrating fluorescent band intensities and subtracting
background intensity from these measurements. FP-PEG-
rhodamine labeling was normalized for differential protein
expression using relative intensities measured via Coomassie-
stained SDS—PAGE. All labeling reactions were performed in
duplicate or triplicate.

B RESULTS

Isolation and Activity of the TMD Core. To confirm the
functional importance of the GlpG cytoplasmic N-terminal
sequence, we performed limited proteolysis with trypsin to
isolate the TMD core.”® Similar to previous observations using
fluorogenic casein as a rhomboid substrate," this TMD sample
displayed roughly half the specific activity of the full-length
GlpG over the range of substrate concentrations tested (Figure
2A of the Supporting Information). Both full-length and TMD
samples gave rise to Michaelis—Menten kinetic profiles, with
the maximal velocity (V,,,,) for the TMD being roughly half
that of the full-length protein, while the Michaelis constant
(K,) was not altered (Figure 2B of the Supporting
Information).

GIpG Residues 1-61 Form a Structured Domain.
Solution NMR previously performed on a fragment from the
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N-terminus of the GlpG-like rhomboid from P. aeruginosa
showed that the first ~70 residues form a compact af structure,
with the remaining ~20 cytoplasmic residues being largely
unstructured.>” Given the low degree of sequence homology
with the N-terminus of the E. coli GlpG rhomboid (25%
identical sequence for residues 1—91), we determined the
structure of the analogous region of the E. coli homologue to
inform our investigations on potential functional influences
exerted by this domain. As shown in Figure 1, residues 1—61
from E. coli GlpG, called the cytoplasmic domain (CytD), form
a compact structure consisting of a three-stranded f-sheet, (1,
residues 2—7; 32, residues 27—30; /33, residues 35—39) and two
a-helices (al, residues 10—22; a2, residues 42—57) packed
against the hydrophobic side of the sheet. The a-helices interact
extensively with each other and the f-sheet via a conserved
cluster of hydrophobic and aromatic residues that form the
core. This is different from the Pseudomonas structure that
shows almost orthogonal relative positioning of the two helices
with respect to each other, along with less extensive interactions
between these helices, giving rise to a relatively high Car rmsd
between the two structures [6.45 A (Figure 3B of the
Supporting Information)]. Aside from this hydrophobic core,
regions of the cytoplasmic domain showing the highest degree
of sequence conservation among homologues from Enter-
obacteriaceae species map to the surface-exposed surface of al
(Figure 1A), suggesting a potential role for inter- or
intramolecular interactions. Consequently, mutations were
introduced at two sites in this conserved helix (i.e, R11A and
D18A), as well as the conserved Asn preceding this helix
(N9A) and Trp in the central part of the fS-sheet (W38A), to
allow evaluation of the functional role of these residues.

Interactions of the TMD Cytoplasmic Face. To
determine if interactions between the CytD and cytoplasmic
face of the TMD could account for differences in activity
observed between full-length and TMD GlpG, mutations were
introduced at the conserved solvent-exposed sites in the CytD
described above, or conserved residues in the cytoplasmic side
of the TMD (Figure 1 and Table 4 of the Supporting
Information). In our initial screens, proteolysis activity was
assessed with the same casein-based assay used for the TMD.
This assay showed that mutants E216A and R227A had
reduced activity compared to that of wild-type GlpG (Figure
1C), with peptide hydrolysis rates being similar to that of the
active site serine knockout S201A. A small but significant
decrease in activity was also observed for K167A, D218A, and
Y224A, which showed 30—40% lower activity than wild-type
GlpG. In contrast, mutations made in the CytD (i.e., N9A,
R11A, D18A, and W38A) did not significantly alter polypeptide
cleavage rates, suggesting that these sites are not critical for
proteolysis activity. Furthermore, the presumably destabilizing
introduction of a negatively charged residue into the hydro-
phobic core of the CytD (FSSD) did not have an effect on
protease activity, suggesting that the CytD does not play a role
in modulating catalysis (Figure 1C).

To delineate more precisely the functionally important
region of the N-terminal sequence that gave rise to the
observed reduction in TMD activity, we made three truncation
mutants: TMDg, (GlpG residues 60—276) that lacks only the
CytD, TMDy, (residues 91—276) that omits all N-terminal
residues not observed in the GlpG TMD X-ray structures, and
TMDy,; (residues 81—276) that is slightly longer than the
fragment obtained after chymotrypsin digestion.'® As shown in
Figure 1C, two constructs lacking a substantial portion of the

dx.doi.org/10.1021/bi301087c | Biochemistry 2012, 51, 7794—7803


ftp://ftp.pasteur.fr/pub/BIS/linge/

Biochemistry

| Article |

0.16
]
z 0.12
i * *
2z 0.08 x o
2
T
<
L 0.04 * *
= N .
Q.
» 0
<0 @83 5L LILLTTL L
5558882:-2885285288¢8%
NF 33 3 roz Ly NYNNNNY
o 222 vauedaorocd
Figure 1. Identification of functionally important residues at the

cytoplasmic face of the TMD. (A) Solution NMR structure of E. coli
GlpG CytD. Surface-exposed residues showing the highest degree of
sequence conservation among homologues from Enterobacteriaceae
species are indicated (Table 4 of the Supporting Information), with
residues that were mutated to alanine highlighted in dark pink. (B)
Location of residues that were mutated in the GlpG TMD structure
(PDB entry 21C8'%), highlighted in pink, and active site residues,
highlighted in blue. (C) Specific activities using fluorogenic casein as
the substrate for trypsin-isolated TMD, the wild type and indicated
mutants of GlpG. Activities that were significantly lower than that of
the wild type (WT) are identified by asterisks (p < 0.0S).

N-terminal sequence (TMDgy, and TMDy,) displayed the same
level of activity as the full-length protein, indicating that this
part of the cytoplasmic region is not responsible for the
reduction in activity observed with trypsin-generated TMD. In
contrast, TMDy, was essentially inactive, although Gng X-ray
structures begin at E91 or later in the sequence.'®™>* This
suggested that only 10 additional amino acids N-terminal to the
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first TM helix are required for maintaining an active state for
the TMD.

Although TMDy, exhibited no activity in the casein assay, the
TMD product of limited trypsin proteolysis did show
significant activity, albeit at lower levels than the full-length
protein. However, the loop connecting the cytoplasmic domain
to the TMD has multiple potential cleavage sites that could
produce a mixture of active and inactive digestion products. To
evaluate the homogeneity of the purified trypsin digest,
MALDI-TOF MS was performed on a purified TMD produced
by trypsinolysis (Figure 4 of the Supporting Information).
These spectra showed that this sample is comprised of a
mixture of cleavage products and is consistent with the decrease
in V,,, and unchanged K, that were observed relative to those
of the full-length protein, because the trypsin digest produced a
mix of active and inactive TMD.

One of the drawbacks to the fluorogenic substrate used in
this study was the requirement for purified rhomboid samples
to be generated for each mutant, with high background activity
from other proteases preventing analysis of crude membrane
extracts (data not shown). More recently, a similar type of
fluorescence-based assay was developed using a water-soluble
fragment of a known rhomboid substrate sequence, although
susceptibility to other proteases was also retained in its
design.>® Consequently, these assays cannot be used to assess
the function of rhomboids or their mutants in the more
stabilizing environment of the lipid membrane. However, the
use of purified rhomboid samples can overemphasize the
influence of mutations on protease function because
interactions with the native lipid tend to be supplanted by
detergent interactions during purification, providing a less
stabilizing environment (for reviews, see refs $4—58). This may
be particularly significant for the rhomboid, because inter-
actions with the surrounding lipid have been proposed to be
important for membrane positioning effects,”®' and discrep-
ancies between rhomboid activities in detergents versus lipid
membranes have previously been reported.>***%>% For these
reasons, we have investigated the ability of the ABPP approach
to avoid these problems by allowing rhomboid active sites to be
specifically labeled from crude membrane preparations prior to
separation from the rest of the proteomic sample using SDS—
PAGE (Figure 2B).

Active Site Labeling of Purified Rhomboid Protease.
To evaluate the utility of an ABPP approach to assay rhomboid
function, we used a rhodamine-tagged fluorophosphonate [FP-
PEG-rhodamine (Figure 2A)] ABP known to be specific for
serine hydrolases.* This type of fProbe has been used in ABPP
of soluble serine hydrolases®*® as well as the membrane-
associated carboxylesterase 1. Although diisopropyl fluoro-
phosphonate (DFP) has previously been described as a weak
rhomboid inhibitor (in the micromolar range),24’68 we found
that the FP-PEG-rhodamine ABP was able to label GlpG at a
concentration of 10 nM (Figures 2C and 3A), where it is
expected to enter the rhomboid active site from the aqueous
phase. The GlpG crystal structure of the DFP adduct™* suggests
that the bulky PEG-rhodamine from our probe should project
out of the binding pocket into the solvent, making the probe
compatible with the membrane-submerged structural features
of the active site. Covalent modification of purified GlpG by the
FP-PEG-rhodamine was found to be specific for activity, as
wild-type GlpG was labeled by the ABP while the active site
serine mutant S201A was not (Figure 2C). Moreover, ABPP
results with the truncation mutants were consistent with those
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Figure 2. Rhomboid active site labeling using a fluorophosphonate
fluorescent probe. (A) Chemical structure of the fluorophosphonate
probe (FP-PEG-thodamine). (B) Scheme for activity-based profiling
of rhomboid protease activity. (C) Fluorescent probe labeling of
purified wild-type, mutant, and truncated versions of the GlpG
rhomboid protease. Visualization was done by rhodamine fluorescence
(top), followed by silver stain (below). Rhomboid samples were
labeled for 2 min in S0 mM HEPES (pH 7.3), 0.1% dodecyl maltoside
(DDM), 200 mM NaCl, 10% glycerol, and 100 uM EDTA with 10 nM
FP-PEG-rhodamine (from a 0.1 yM stock in DMSO; final DMSO
concentration of 0.2%) before ice-cold acetone precipitation was used
to isolate the protein fraction from the unreacted probe. The expected
position for full-length GlpG and mutants is indicated by the arrow.
WT A refers to a purified wild-type sample that has been heat-
denatured by being exposed to 100 °C for 10 min.

obtained using the fluorogenic protein substrate (Figures 1C
and 2C), with only TMDy, showing a significant reduction in
the level of labeling. These results demonstrate that FP-PEG-
rhodamine is a suitable ABP for GlpG.

Active Site Labeling of the Rhomboid in Crude
Membrane Extracts. To test the ability of FP-PEG-
rhodamine to assay GIlpG function in a proteomic sample,
crude membrane fractions isolated from bacteria expressing
wild-type or mutant GlpG samples were suspended in the same
detergent normally used for GlpG purification. As shown in
Figure 3A, a band with significantly higher fluorescence
readings over background levels was observed at the molecular
weight expected for full-length GlpG that was not seen for the
S201A mutant. Moreover, it was possible to quantitate the
relative extent of labeling after normalizing for the amount of
expressed protein loaded in each sample. Using this approach, a
quantitative measure of ABPP-based activity could be obtained
for all mutants in cellular membrane extracts (Figure 3B). In
general, the effect of mutations on rhomboid activity was less
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Figure 3. Identification of functionally important residues when the
thomboid is isolated in crude membranes. (A) Fluorescent probe
labeling of wild-type, mutant, and truncated GlpG rhomboid protease
in crude membrane proteomes. Membrane extracts were incubated
with the probe for 1 h, and 40 ug of total protein was loaded onto the
gel. (B) Expression-normalized fluorescence band intensities from FP-
PEG-rhodamine-labeled crude membrane extracts measured for TMD
truncation and full-length wild-type and mutant rhomboid samples.
Intensities were normalized for variances in expression with significant
differences in labeling from that of the wild type (p < 0.05) identified
by asterisks.

severe than that observed in purified samples, a result that is
not altogether unexpected in the more stabilizing environment
of the lipid bilayer. For example, labeling of TMDy, is almost
completely abrogated in purified samples (Figure 2C), whereas
it is reduced by only ~50% when the experiment was
performed in crude membrane extracts (Figure 3). This was
not the case for the catalytic serine knockout mutant S201A,
which showed no labeling in crude membrane extracts or
purified samples in detergent. The difference between
detergent-solubilized and crude membrane activities observed
for samples such as TMD,, therefore suggests that these
mutants were destabilized by the detergent conditions to a
greater extent than the wild-type enzyme.

There were some mutants with less functionality in the
casein assay that also showed reduced levels of active site
labeling in crude membrane extracts, namely, D218A, R227A,
and TMDy,. Interestingly, R217A also showed a similarly small
decrease in the level of labeling, even though it was fully active
against the casein substrate. While the exact mechanism behind
this difference is not known, it appears that the E216—D218
stretch of amino acids at the end helix 4 may sense changes in
the local environment in a way that affects the structure of the
active site. This helix contains the precisely positioned active
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Figure 4. Changes in the GlpG active state detected through active site labeling. (A) Location of residues that were mutated in the GlpG TMD
structure (PDB entry 2IC8'®). Mutations expected to decrease rhomboid activity are colored orange, and mutations comprising the double mutant
expected to increase rhomboid activity are colored green. (B) Specific activities using fluorogenic casein as the substrate for the indicated mutants of
GlpG. Specific activities that were significantly different than that of the wild type are identified by asterisks (p < 0.05). (C) Fluorescent probe
labeling of wild-type and mutant GlpG in crude membrane proteomes. Expression-normalized fluorescence band intensities that show significant
differences in labeling vs that of the wild type (p < 0.05) are identified by asterisks.

site serine at its N-terminal side, which could be altered by
these mutations (Figure SB of the Supporting Information).
Complementarity of ABPP- and Proteolysis-Based
Assays. An interesting feature of the FP-PEG-rhodamine
ABP was highlighted by the apparent discrepancy in results for
mutant E216A, which had a greatly reduced ability to hydrolyze
a polypeptide substrate yet still underwent efficient labeling by
the ABP, even after purification in detergent (Figures 1C and
2C). These two different outcomes for the same mutant
suggest that the ABPP approach can also be used to distinguish
between mutations that alter the catalytic status of active site
residues, versus those that disrupt proteolytic activity by some
other mechanism, such as inhibition of substrate entry. To test
this idea, an additional set of mutations previously shown to
inactivate the rhomboid through various mechanisms was
evaluated using the ABPP and casein assays. These include
R137A,%°7% HI150A,% Y205A,°* and A253T,** mutations
expected to disrupt L1 loop structure, oxyanion binding,
catalytic serine activation, and S1 pocket specificity, respec-
tively. As shown in Figure 4, these mutants showed significantly
lower activity against casein, as was previously observed in
studies using TMD-based substrates. However, as expected,
only those mutants that are known to alter the catalytic
integrity of active site residues were impaired in FP-PEG-
rhodamine labeling, namely, R137A and H1S0A (Figure 4C
and Figure 6 of the Supporting Information). Specifically,
Argl37 has a critical structural role,%” with the mutation to
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alanine disrupting the stability, and likely the structure, of the
active site. Similarly, while the stability of HISOA is the same as
that of the wild-type protein,” this mutant lacks a key residue
required for stabilization of the oxyanion in the transition state.
Therefore, the inability of either of these mutants to undergo
reaction with FP-PEG-rhodamine confirms its utility as a probe
of active site structure and catalytic integrity.

Other mutants showed differential activity as evaluated by
the proteolysis assay versus the ABPP method. One example is
that of the mutant A253T, which is not expected to alter the
activation status of catalytically important residues. Instead,
entry of a substrate polypeptide into the active site should be
inhibited because Ala253 sits at the mouth of the P1 pocket
that binds a bulky hydrophobic side chain without altering the
activation status of catalytic residues.”” This is consistent with
the observed impairment of polypeptide hydrolysis but robust
labeling by FP-PEG-rhodamine. Additional confirmation that
ABPP together with proteolysis-based assays of activity can
identify mutants that alter substrate entry or binding is
provided by our results with the F153A/W236A double
mutant. The loss of gating residues proposed to line the
substrate entry site between TM helices 2 and S has been
shown to increase the rate of TM substrate hydrolysis,*>** an
outcome that we also obtained using the casein substrate
(Figure 4B). No difference in labeling by FP-PEG-rhodamine
was observed for this mutant, confirming that this increase in

dx.doi.org/10.1021/bi301087c | Biochemistry 2012, 51, 7794—7803



Biochemistry

activity does not come about because of an increase in the
catalytic efficiency of active site residues.

One unexpected result arising from this series of mutants was
the robust labeling seen for the proteolytically inactive Y205SA
mutant, even though this residue is thought to play a role in
fixing the orientation of the imidazole ring from His254 that is
required to activate the catalytic serine.'®**®> Our results
indicate that the nucleophilic state of this Ser is preserved in the
Y205A mutant, suggesting that this residue may play a role in
proteolysis different from that previously proposed. In fact, a
series of crystal structures with GlpG covalently modified by
fluorophosphonate- or isocoumarin-based inhibitors shows a
reorientation of this side chain that appears to be coupled with
changes in the orientation of gating residue Trp236 in TMS5.**
In the apo structure, the Trp236 indole ring occupies a region
of the active site that has been proposed to block the putative
binding pocket for the substrate P2’ side chain.** Our results
suggest that the loss of Tyr20S may lead to a structural change
in this region that potentially prevents the reorientation of
Trp236 that is required for peptide binding** but would not be
needed for reaction with a fluorophosphonate inhibitor.”*

B DISCUSSION

Previous work on the Pseudomonas GlpG-like rhomboid had
suggested that the cytoplasmic and transmembrane domains
might interact in a way to enhance activity.'” However, the
truncation mutants of E. coli GlpG detailed in this study
revealed that removal of the structured CytD, as well as most of
the N-terminus up to Arg81, had no significant effect on
protease activity against casein or reactivity of the active site
with FP-PEG-rhodamine. Nonetheless, the conservation of this
domain in the GlpG family, along with the identification of a
conserved patch of surface-exposed residues that line one side
of al, argues for a functionally important role for this domain
that has yet to be discovered. A potential clue may be provided
by the results of a structural homology search”®”" showing that
the CytD structure is highly similar to the that of sporulation-
related domain (SPOR, Pfam accession number 05036”%)
found in the bacterial cell division protein FtsN,”> with the
exception that the SPOR domain typically has an extra -strand
at the C-terminus (Figure 7 of the Supporting Information).
This domain has been shown to act as a binding module, with
its most well-characterized role being that of a peptidoglycan-
binding domain required for localization to the cytokinetic
septum during bacterial cell division.”*””® An intriguing link
between the SPOR domain and GlpG is provided by the sole
phenotype that has been identified in the E. coli GlpG
knockout. This strain showed a decreased susceptibility to an
antibiotic that binds the peptidoglycan synthase required for
the last stage of bacterial cell wall synthesis in cell division, but
not other antibiotics that act by different mechanisms,”” a
phenotype that is strikingly similar to that of an FtsN-depleted
strain of E. coli.”® Although these observations may invite
speculation about a role for GlpG in some aspect of divisome
assembly, the true function of the CytD will nonetheless remain
a mystery until the physiological substrate is identified.

While our results show that the CytD is not required for
proteolytic function in GlpG, this is the first study to implicate
a functional role for residues 81—90, an aqueous-exposed
segment that is a few residues from the N-terminus of TMI.
There is no structural information yet available for this part of
the protein, with most structures determined using 8protease—
generated fragments containing residues 91—270""** that
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show TMI starting at residue 95, with the four preceding
residues being in a more extended conformation. Only one
GlpG structure used a slightly longer construct starting at
residue 87, although no electron density was fit for residues
87—90."" The helix-initiating role of Pro95” in TM1 makes it
unlikely that the shorter constructs prematurely truncate this
TM helix, particularly given the high degree of structural
similarity for the resolved structure preceding TM1 over a
range of crystallization conditions.

Sequence analysis of residues 81—90 provides a potential
clue into the structure of this segment, with a prediction for
amphipathic helix formation®® for residues Phe85—Glu-91 that
is conserved throughout the rthomboid family (Figure 8 of the
Supporting Information). This could facilitate a direct
interaction between this helix and the lipid bilayer for additional
membrane positioning purposes. Alternatively, this short
segment may be involved in interactions with functionally
important residues from the TMD, such as those identified in
this study. In particular, all X-ray structures that were able to
resolve residue 91 show it in the proximity of Lys167 and
Tyr224, residues that may serve as an interaction site with this
pre-TM1 segment.

The functional importance of the pre-TMI segment is
particularly intriguing given the recent identification of an
inactivating cleavage event that occurs in the mitochondrial
homologue presenilin-associated rhomboid-like (PARL) pro-
tein.®" The mitochondrial rhomboid family is characterized by
an additional N-terminal TM helix®* (sometimes called TM A)
that is eliminated by cleavage of a sequence preceding TM1
with weak homology to the GlpG pre-TM1 sequence (Figure
9A of the Supporting Information). While it has been proposed
that the loss of this extra TM helix is responsible for
inactivation, our results also raise the possibility that the loss
of the pre-TM1 sequence may be inactivating for PARL family
proteins.

In addition to the pre-TM1 segment, this is also the first
study to identify a functional role for Arg227 on TMS, which
appears to project out into the lipid phase in all published
rhomboid structures.'®™>* While it is not yet possible to
identify the mechanism by which the R227A mutation alters the
catalytic status of active site residues, there is some evidence to
suggest that this side chain participates in specific interactions
with lipid or detergent molecules. For example, a recent crystal
structure for GlpG in dimyristoylphosphatidylcholine
(DMPC)/CHAPS bicelles shows a DMPC molecule bound
in the interface between TM2 and TMS, with the choline group
in the proximity of the Arg227 side chain.”> Molecular
dynamics simulations of GlpG in 1-palmitoyl-2-oleoylphospha-
tidylcholine (POPC) and 1-palmitoyl-2-oleoylphosphatidyle-
thanolamine (POPE) bilayers also show hydrogen bonding
interactions involving lipid headgroups and the Arg227 side
chain.*” These same simulations revealed functional coupling
among TMS, L1, and the active site with perturbations in TMS5
affecting the local structure and GlpG orientation in the
membrane. It is tempting to speculate that loss of lipid binding
capabilities by this residue could change the conformational
dynamics of TMS and other dynamically coupled parts of the
protein to alter its function. This not only would explain the
reduction in activity for the R227A mutant but also might
provide a mechanism for previous observations that different
lipid environments promote various levels of rhomboid
activity.68
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Bl CONCLUSION

In summary, we demonstrate that ABPP can effectively examine
the activity of rhomboid proteases that are present in crude
lipid extracts isolated from E. coli. When used in combination
with protease-based assays of rhomboid function, efficiencies of
labeling by the FP-PEG-rhodamine probe can distinguish
between mutations that disrupt the catalytic integrity of the
active site and those that alter substrate binding. Using this
approach, we identify an N-terminal sequence that is critical for
maintaining a catalytically competent state for the E. coli GlpG
rhomboid, even under the more stabilizing conditions provided
by solubilized membranes. Future structural studies of GlpG
that include this critical N-terminal sequence will be required to
determine how these residues influence the active site in both
micelle and membrane environments, and if it functions
through membrane positioning and/or interactions with the
TMD cytoplasmic face. We also identify Arg227 as a
functionally important lipid-facing residue, suggesting a role
for specific protein—lipid interactions. These functional insights
should be relevant for future inhibitor development, particularly
given the emergence of the rhomboid as a potential target in
parasites that rely on rhomboid function for pathogenic-
ity.**>** Inhibition of active site labeling by the FP-PEG-
rhodamine probe used in this study may provide a convenient
monitor for the identification of potential leads in these future
investigations.
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