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ABSTRACT: Rhomboid, a polytopic membrane serine protease, represents a unique class of proteases that
cleave substrates within the transmembrane domain. Elucidating the mechanism of this extraordinary
catalysis comes with inherent challenges related to membrane-associated peptide hydrolysis. Here we
established a system that allows expression and isolation of YqgP, a rhomboid homologue from Bacillus
subtilis, as a soluble protein. Intriguingly, soluble YqgP is able to specifically cleave a peptide substrate
that contains the transmembrane domain of Spitz. Mutation of the catalytic dyad abolished protease activity,
and substitution of another highly conserved residue, Asn241, with Ala or Asp significantly reduced the
catalytic efficiency of YqgP. We have identified the cleavage site that resides in the middle of the
transmembrane domain of Spitz. Replacement of two residues that contribute to the scissile bond by Ala
did not eliminate cleavage, but rather led to additional or alternative cleavages. Moreover, we have
demonstrated that soluble YqgP exists as oligomers that are required for catalytic activity. These results
suggest that soluble oligomers of maltose binding protein—YqgP complexes form micellelike structures
that are able to retain the active conformation of the protease for catalysis. Therefore, this work not only
provides a unique system for elucidating the reaction mechanism of rhomboid but also will facilitate the

characterization of other intramembrane proteases as well as non-protease membrane proteins.

Intramembrane proteases have emerged as a new class of
membrane proteins, in which the catalytic residues of the
protease reside within predicted transmembrane domains (/, 2).
Moreover, the scissile bond of substrates appears to be
situated within a transmembrane domain as well. Three
classes of intramembrane protease have been reported: (1)
S2P-type metalloprotease that processes the transcription
factor SREBP (the sterol regulatory element-binding protein)
(3), (2) presenilin/y-secretase and signal peptide peptidase-
type aspartyl proteases that cleave multiple substrates with
broad biological activities (4—6), and (3) rhomboid-type
serine proteases that activate Spitz, a transmembrane ligand
for the EGF receptor in Drosophila (7). Intramembrane
proteases play an important role in many physiological
processes, such as cellular differentiation, lipid metabolism,
protein folding, and virus infection (8). Elucidating the
catalytic mechanism of intramembrane proteases has been a
formidable challenge that requires novel approaches for
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dealing with membrane-associated enzymology, such as how
to present an exogenous substrate to the protease and how
to catalyze peptide hydrolysis in hydrophobic environments.

Rhomboid-1 (Rho-1) was the first rhomboid discovered
through a genetic screen in Drosophila, and loss of function
of Rho-1 leads to the formation of a pointed head in the
embryonic skeleton (9). Rho-1 and another membrane
protein, Star, have been genetically linked with EGF receptor
signaling in Drosophila through the release of a transmem-
brane ligand, Spitz (/0). Rho-1, a polytopic membrane
protein, has been shown to be a serine protease which
converts inactive Spitz into its active form (7). Star acts as
a chaperone protein that escorts the inactive Spitz precursor
from the endoplasmic reticulum to the Golgi where Rho-1
cleaves Spitz to release the active form. Rhomboid is widely
conserved in all organisms (/7). Additional functions of
rhomboid-like proteins include quorum sensing in bacteria,
host invasion by parasites, mitochondrial remodeling, and
apoptosis in eukaryotic cells (/2—16). The majority of
examined rhomboids from mammals to bacteria are able to
process Spitz. Recently, rhomboids have been biochemically
reconstituted using purified recombinant protein (/7, 18).
These studies demonstrated that rhomboid is sufficient for
exhibiting protease activity, which is distinct from y-secretase
that is active as a macromolecular complex. Lately, crystal
structures of thomboids from Escherichia coli and Haemo-
philus influenzae have been resolved (/9—22). Structural
studies have provided critical insights into the architecture
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FIGURE 1: High levels of rhomboid are able to cleave Spitz in a manner independent of Star expression. (A) Amino acid alignment of
rhomboid sequences that contain the catalytic dyad (S-H) and a conserved Asn from different species: RHBDL2, Homo sapiens; Rho-1,
Drosophila; YqgP, B. subtilis. The catalytic key residues are indicated by underlined amino acids. (B) Schematic representation of constructs
used in this study. All rhomboids were tagged on the C-terminus with VSV-G. Star was tagged with HA on the C-terminus, and a Myc tag
was inserted between residues 80 and 81 of Spitz. (C) Spitz cleavage was Star-independent in proteolytic reconstitution in mammalian cell
lines. COS-1 cells were transiently transfected with Myc-tagged Spitz, Star, and VSV-G-tagged rhomboids: (top) full-length Spitz (26 kDa)
and its thomboid-cleaved form (16 kDa) detected with anti-myc and (bottom) overexpression levels of rhomboids evaluated with anti-
VSV-G. (D) Effect of expression levels of rhomboid on Spitz cleavage. Plasmid pCDNA3.1-YqgP was titrated down, while those of

pcDNA3.1-RHBDL?2 and Rho-1 were titrated up.

of the catalytic center, including the Ser-His dyad and the
oxyanion hole for substrate binding and intramembrane
proteolysis. Moreover, there is a gating mechanism that
controls the entry of substrate into the hydrophobic active
site. However, which protein domain functions as the gate
remains a controversial matter. In addition, stable trimers or
multimers of rhomboid have been observed, and their
function is unknown (/8, 20). The precise reaction mecha-
nism of the rhomboid protease remains to be elucidated.
Developing a system that enables determination of the kinetic
parameters of rhomboid will facilitate the dissection of the
reaction mechanism for substrate binding, catalysis, and
specificity of rhomboids and will provide the molecular basis
for structural and functional studies as well as for designing
mechanism-based inhibitors.

In this study, we overexpressed and purified full-length
YqgP, a rhomboid homologue from Bacillus subtilis, fused
with maltose binding protein (MBP)' at the N-terminus
(MBP—YqgP). Strikingly, MBP—YqgP can be isolated as a
soluble protein in the absence of any detergent. More
importantly, soluble MBP—YqgP is able to cleave a substrate
that contains the transmembrane domain of Spitz without

! Abbreviations: CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate; CHAPSO, 3-[(3-cholamidopropyl)dimethylammo-
nio]-2-hydroxy- 1-propanesulfonate; DCI, 3,4-dichloroisocoumarin; DDM,
dodecyl -p-maltoside; DFP, diisopropyl fluorophosphate; MBP, mal-
tose binding protein; MCA, N-&-[(7-methoxycoumarin-4-yl)acetyl];
PMSF, phenylmethanesulfonyl fluoride; SD, standard deviation; S2P,
site 2 protease; TLCK, tosyl lysyl chloromethyl ketone; TMD,
transmembrane domain; TPCK, tosyl phenylalanyl chloromethyl ketone.

reconstitution into a lipid or detergent system. Biochemical
and biophysical studies suggest that MBP—YqgP oligomer-
izes into complexes that mimic the micellelike environment
and permit catalysis. Moreover, mutagenic, kinetic, and
inhibitor analyses have shown that the activity of recombinant
MBP—YqgP exhibits the characteristics of thomboid as seen
in cellular studies and YqgP isolated from membrane
fractions.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents. Genomic DNA of B. subtilis and
COS-1 were obtained from American type Culture Collection
(ATCC). DH5o. and BL21(DES3) strains were purchased from
Invitrogen. Plasmids pcDNA3.1-Rhomboid-1, pcDNA3.1-
Star, pcDNA3.1-RHBDL2, and pcDNA3.1-Spitz were kindly
provided by M. Freeman of the MRC Laboratory of
Molecular Biology. The following antibodies were used in
the study: mouse monoclonal antibodies 9E10 against the
Myc epitope (Monoclonal antibody facility, Memorial Sloan
Kettering Cancer Center) and mouse monoclonal antibodies
against f(-tubulin, HA, and VSV-G (Roche Diagnostics,
Indianapolis, IN).

Plasmid Constructs. All constructs used for mammalian
transfection were built in pCDNA3.1. A Myc tag was
introduced into pCDNA3.1-Spitz between residues 80 and
81. Three thomboids (Rho-1, RHBDL2, and YqgP) were
fused with the VSV-G tag (peptide sequence, YTDIEMN-
RLGK) on the C-terminus (Figure 1B). Plasmid pIAD16-
YqgP was generated by inserting the YqgP gene into
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bacterial expression vector pIAD16 (23) using the Ndel and
HindIlI restriction sites with the MBP tag at the N-terminus.
The QuikChange site-directed mutagenesis kit (Stratagene)
was used to generate mutated constructs.

Peptide Synthesis. All peptides in this study were synthe-
sized using standard Fmoc solid-phase chemistry on a peptide
synthesizer (Protein Technologies, Inc.). The same method
was used to incorporate Fmoc-protected (MCA)-K {N-&-[(7-
methoxycoumarin-4-yl)acetyl]-L-lysine}, a fluorescent amino
acid, into substrate peptides. All peptides were purified by
high-pressure liquid chromatography (HPLC) on a reverse-
phase C18 column. The identity of the peptides was verified
by LC-MS/MS (Agilent Technologies).

Cell Culture, Transfection, and Lysate Preparation. COS-1
cells were grown in high-glucose Dulbecco’s modified
Eagle’s medium (DME) supplemented with 10% fetal bovine
serum, 100 units/mL penicillin, and 100 xg/mL streptomycin.
Transfection was conducted in six-well plates with FuGENE
6 transfection reagent (Roche Diagnostics) according to the
manufacturer’s protocol. The cells were incubated at 37 °C
for 48 h and then washed with cold PBS three times before
being scraped off the plate. Cell pellets were lysed with RIPA
buffer [S0 mM Tris-HCI (pH 7.4), 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, and 0.1% SDS], 1 mM EDTA,
2 mM DTT, and protease inhibitor cocktail (Roche Diag-
nostics).

Overexpression and Purification of YqgP. Plasmid pIAD16-
YqgP was transformed into the BL21(DE3) cells for protein
expression. When bacteria cells reached an ODgg of 0.8,
IPTG at a final concentration of 0.1 mM was added to induce
the expression of the target protein at 20 °C for 5 h. Cell
pellets that were resuspended in buffer A [20 mM Tris and
200 mM NaCl (pH 7.5)] were broken with a French press
(Spectronic Instruments, Rochester, NY). Cell lysates were
centrifuged at 10000g for 45 min. The supernatants then were
centrifuged at 100000g for 60 min. The ensuing supernatant
was applied to the amylose column and eluted with a gradient
of buffer A containing 10 mM maltose. The eluted proteins
were analyzed by SDS—PAGE and pooled for studies. In
addition, we solubilized and purified the YqgP protein from
membrane fractions by following the same procedure as
described previously (/8). The identity of YqgP proteins was
confirmed by trypsin digestion and LC—MS/MS analysis.

In Vitro Cleavage Assay and Cleavage Site Mapping. The
recombinant MBP—YqgP (15 ug) was incubated with 2 uM
peptide substrate in 100 4L of assay buffer [SO mM PIPES
(pH 7.0) and 4 mM DTT] at 37 °C for 3 h. The reaction
was stopped by adding 5 uL of 5% TFA in water and
centrifuged at 10000g for 10 min. Internal fluorescent
standard MCA was spiked in each reaction mixture for
calculation and normalization of the cleaved product. The
supernatant of the reaction mixture (90 uL) was analyzed
with a reverse-phase HPLC system equipped with a fluo-
rescence detector on a ZORBAX 300 SB-C18 4.6 mm x
150 mm column (Agilent Technologies). The fluorescence
signal was monitored with excitation at 340 nm and emission
at 405 nm. All peaks were integrated and normalized with
the internal standard for product quantification.

Electron Microscopy. Negatively stained specimens were
prepared by applying 2 uL (0.2 mg/mL) of the MBP—YqgP
solution on glow-discharged carbon-coated cooper grids
followed by washing and blotting with 1% uranyl acetate.
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Samples were examined in a JEM-1230 electron microscope
(JEOL, Tokyo, Japan) at an accelerating voltage of 80 keV,
and images were recorded on a 1kxlk CCD camera (Er-
langshen, Gatan Inc., Pleasanton, CA).

Lipid Analysis of Purified MBP—YqgP. Lipid analysis was
performed with a procedure described previously (24).
Briefly, purified MBP—YqgP (10 uL of a 1 mg/mL solution)
was mixed with 40 uL of a chloroform/methanol mixture
(1:2, v/v) and spotted onto a TLC plate (silica gel 60 F254,
Merck). Various amounts of total lipid extract from E. coli
(Avanti Polar Lipids) were spotted as a positive control. After
sample spots completely dried, the TLC plate was resolved
in a chloroform/methanol/25% aqueous ammonia mixture
(volume ratio of 65:25:5). We visualized the lipid by spraying
the dried plate with 0.1% 8-anilino-1-naphthalenesulfonic
acid (Sigma) under UV light.

Reconstitution of YqgP into Proteoliposomes. Medium,
100 nm unilamellar vesicles were made from mixtures of
lipids using extrusion; 400 uL (3.2 mg of total lipid) of a
freshly prepared batch of MUV (medium unilamellar vesicle)
was mixed with 25.6 uL of a 10% CHAPS solution with a
lipid:detergent ratio of 1:0.8 (w/w) followed by end-over-
end rotation at 4 °C for 1 h. MBP—YqgP (0.514 mg/mL)
was added to the liposome/detergent mixture at a 1:100
protein:lipid ratio (w/w) and end-over-end incubation at 4
°C for 2 h. Removal of the detergent was initiated by
incubation with SM-2 beads (200—300 mg/each cycle) at 4
°C for 1 h and completed by dialysis with resuspension buffer
(total 4 L) for 6 h at 4 °C. The dialysates were treated with
thrombin at 16 °C for 3 h to remove the MBP tag. The YqgP
proteoliposomes were incubated with substrate, and the
product was analyzed by HPLC as described above.

RESULTS

High Levels of Expression of Rhomboid Can Process Spitz
in the Absence of Star in Cells. Three rhomboid proteins,
Rho-1 from Drosophila, RHBDL2 from human, and YqgP
from B. subtilis, all of which show conservation of the
catalytic dyad (Ser-His) and a highly conserved residue Asn,
were selected and tagged to determine their activities (Figure
1A,B). Both rhomboid and Spitz were cotransfected with or
without Star, the chaperone which is required to export Spitz
to the Golgi complex where rhomboid cleaves Spitz. YqgP
alone is capable of cleaving Spitz (Figure 1C, lane 3, top
panel), whereas RHBDL2 and Rho-1 appear to require the
presence of Star (Figure 1C, lanes 4, 5, 7, and 8, top panel).
However, Star does enhance the processing of Spitz by YqgP
(Figure 1C, lane 3 vs lane 6, top panel). Upon further
examination of the expression of YqgP, RHBDL2, and Rho-
1, we found that the level of expression of YqgP is much
higher than those of the other two proteins (Figure 1C,
bottom panel). We reasoned that overexpression of rhomboid
overcomes the requirement of Star. To test whether Spitz
cleavage is dependent on the amounts of expressed rhomboid,
we enhanced the expression of thomboid through transfection
with increasing DNA input. As expected, the cleaved Spitz
product was detected in the absence of Star when 1 ug of
the plasmid of Rho-1 or RHBDL2 was transfected (Figure
1D). Therefore, these studies suggest that thomboids are
capable of cleaving Spitz in the absence of Star if rhomboid
expression levels are sufficiently high and YqgP is a good
candidate for the reconstitution of proteolytic activity.
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FIGURE 2: In vitro reconstitution of Spitz cleavage by YqgP. (A) Overexpression of MBP-tagged YqgP and its mutants. Purified protein was
analyzed via SDS—PAGE and stained with Coomassie blue. (B) Lipid analysis. Lipid standard and purified MBP—YqgP were analyzed via
thin-layer chromatography. (C) Fluorescence-labeled peptide substrate. The peptide substrate consists of the transmembrane domain (indicated
by the dotted line) of Spitz and the fluorescent tag MCA, which is used to monitor the cleavage of substrate. (D) Reconstitution of in vitro
MBP—Y(qgP activity. The reaction mixture was analyzed with a reverse-phase HPLC system equipped with a fluorescence detector (excitation
at 340 nm, emission at 405 nm). The blue line represents the cleavage activity of wild-type MBP—YqgP, while the red line represents the
cleavage activity of MBP—YqgP S288A (S, substrate peak; P, product peak). (E) Effects of commonly used serine protease inhibitors on
the cleavage of Spitzpmp. Each inhibitor at 400 M was used for the cleavage assay (n = 3; mean £ SD). (F) Effects of detergents and
liposomes on MBP—YqgP activity. MBP—YpqP activity was assayed in the absence and presence of detergents (CHAPS, CHAPSO,
DDM, and Triton X-100). There was no activity in the presence of 0.1—1% Triton X-100. Effects of detergents on the cleavage were

calculated as the percentage of the activity conducted without detergents (bar denoted with 0) (n = 3; mean =+ SD).

Soluble Recombinant YqgP Is Catalytically Active. We
attempted to express YqgP as a soluble protein by fusing it
to the maltose binding protein (MBP). The MBP tag without
signal sequence that directs target protein into membranes
was fused with the YqgP protein at the N-terminus in a
pIAD16 plasmid (23). The fusion protein was expressed in
E. coli and isolated from the 100000g supernatants using an
amylose column in the absence of detergent. The purified
protein was analyzed by SDS—PAGE (Figure 2A, lane 1).
A major protein band with a molecular mass of 100 kDa
that corresponds to the fused protein of MBP—YqgP was
observed (Figure 2A). Moreover, tandem mass analysis of
the in-gel-digested band confirmed its identity as the
MBP—Y(qgP protein (data not shown). Two minor bands
migrate with molecular masses of 58 and 44 kDa, which
were identified by LC—MS/MS as MBP with the partial

N-terminal fragment of YqgP that contains no key residue
of Asn, Ser, or His and as MBP, respectively. Employing
the same strategy, we were able to overexpress and purify
four mutant YqgP proteins, N241A, N241D, S288A, and
H339A, with the same purity (Figure 2A, lanes 2—5). These
MBP—YqgP proteins were isolated in high yield with
approximately 2 mg from 1 L of bacterial culture. To confirm
that bacterial lipids were not copurified in our protein
samples, we performed lipid analyses of purified MBP—YqgP
(Figure 2B). The detection limit of the assay was 0.2 ug of
lipid, and even when 10 ug of purified protein was assayed,
no lipid traces were detected, indicating the absence of
significant amounts of lipid in our preparation.

Since YqgP cleaves Spitz to release the ligand domain
for EGFR signaling, we chemically synthesized a peptide
that contains the transmembrane domain of Spitz and a MCA
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[(7-methoxycoumarin-4-yl)acetyl] fluorescent tag that allows
for the detection and quantification of the cleaved products
with high sensitivity (Figure 2C). After recombinant soluble
MBP—YqgP was incubated with the peptide substrate
Spitzrmp, the reaction mixture was analyzed by a HPLC
system equipped with a fluorescence detector. In addition
to the substrate peak (S) eluting at 20 min, a major new peak
(P) at 15.5 min was detected from the reaction mixture of
MBP—YqgP and Spitz peptide (Figure 2D, WT, blue line).
To rule out the possibility that this cleavage product peak
(P) was produced by an unknown protease which copurified
with rhomboid, the Spitz peptide was incubated with a
catalytically dead mutant in which the active site nucleophile
serine residue is substituted with Ala (S288A). No peak P
was detected in the S288A reaction (Figure 2D, S288A, red
line). Moreover, the H339A mutant in which the active site
His residue was replaced with Ala led to no product
formation (data not shown). These studies confirm that the
cleaved product (peak P) of the Spitz peptide is derived from
MBP—YqgP activity

After validating this in vitro assay, we determined the
inhibitor profiles of YqgP using established serine protease
inhibitors: 3,4-dichloroisocoumarin (DCI), tosyl-L-phenyla-
lanine chloromethyl ketone (TPCK), tosyl-L-lysine chlorom-
ethyl ketone (TLCK), diisopropyl fluorophosphate (DFP),
and phenylmethanesulfonyl fluoride (PMSF). DCI at a
concentration of 400 uM blocks 35% of protease activity,
whereas other tested inhibitors have no considerable effect
(Figure 2E). Other studies suggest that DCI at 100—400 uM
completely inhibits YqgP activity (/7, 18). We reasoned that
slow entrance of DCI into the active site in the presence of
substrate caused a moderate inhibition. To test this notion,
we have preincubated DCI with MBP—YqgP at 400 M for
60 min and then added substrate to test the remaining
protease activity. We found that DCT at 400 uM was capable
of totally abolishing YqgP activity (data not shown).

Next, we examined the effect of detergents on the
MBP—Y(qgP protease activity (Figure 2F). CHAPS at 0.1
and 0.25% stimulated MBP—YqgP activity 2.1- and 1.8-
fold, respectively. However, higher concentrations (0.5 and
1.0%) significantly suppressed the protease activity (>85%
inhibition). CHAPSO has a tendency similar to that of
CHAPS except that it reduced activity at 0.25%. However,
the presence of DDM ranging from 0.01 to 1% leads to a
similar reduction in MBP—YqgP activity (40—45%).
MBP—Y(qgP exhibits no activity in the presence of Triton
X-100 (0.1—1%) (data not shown). It appears that detergents
potentiated the proteolytic activity when their concentration
was considerably lower than the critical micelle concentration
(CMC), and they attenuated or abolished the activity when
the concentration of detergents was close to or at the CMC.
Subsequently, we inserted YqgP into liposomes and deter-
mined its activity. The YqgP proteoliposomes manifested
3.3-fold higher activity than soluble YqgP (Figure 2F). In
other words, the specific activity of YqgP in the absence of
detergent or membranes is 30% of that of YqgP when it is
engaged in the lipids.

We next mapped the cleavage site through tandem MS
analysis. Peak P was collected from HPLC and analyzed via
Agilent LC—MS/MS. A single peak at m/z 655 was detected
(Figure 3A). This peak matches the mass of the peptide
MCA-KEKASIASGAM with double charges (z = 2, mea-
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sured mass = 1308, calculated mass = 1309). A tandem
mass analysis (MS/MS) of the m/z 655 mass peak detected
a series of mass fragments, m/z 602.2, 673.2, 760.2, 873.3,
944.2,1031.2, 1088.3, and 1159.3, which perfectly matched
the bs3—by ions of the assigned peptide sequence, respectively
(Figure 3B). This result clearly indicated that MBP—YqgP
specifically cleaves the peptide bond between Met and Cys
on Spitz. To further determine the role of the Met and Cys
residues in substrate recognition, the two residues were
separately replaced with Ala in Spitz, resulting in two
mutants, M145A and C146A. Each mutation was cotrans-
fected with YqgP in COS-1 cells to assess their effects on
cleavage of Spitz by YqgP. Both substrate mutants (M145A
and C146A) can still be effectively processed by YqgP-
expressing cells, but not by the empty vector-expressing cells
(Figure 3C). Subsequently, we synthesized peptide substrates
with the M145A or C146A mutation and determined the
cleavage site. HPLC analysis showed that both pep-
tide substrates can be cleaved by MBP—Y(qgP as well at the
same rate (data not shown). However, LC—MS analyses have
revealed an extra species with a molecular mass of 1450
(mlz 726, z = 2) that comigrated with the m/z 1308 product
in HPLC for the C146A substrate (Figure 3D). The M145A
mutation caused a shift in the cleavage site toward the
C-terminus by two and three residues. There are two cleaved
products at m/z 1420 (m/z 711, z = 2) and m/z 1534 (m/z
768, z = 2) for the M145A substrate (Figure 3D). The
identity of these species was confirmed by LC—MS/MS.
Moreover, these products were not detected when each
substrate was incubated with the S288A mutant (data not
shown).

Finally, we compared the reactivity and specificity of the
soluble form of MBP—YqgP with those of the membrane-
associated one. YqgP-His6 was expressed in E. coli and
solubilized with 1% DDM from bacterial membranes. YqgP
was purified (Figure 3E) and then incubated with the
Spitzrmp substrate, and the protease activity was analyzed
as described above. A product peak (P) migrated at the same
position as observed with soluble MBP—YqgP (data not
shown; see Figure 2D). This peak was collected and analyzed
by LC—MS/MS. Again, it appeared as a single peak at m/z
665 (data not shown). Tandem mass spectra confirmed that
the exact same product was generated by both the membrane-
associated form and the soluble form of YqgP. We further
assessed the protease activity of soluble and membrane-
associated YqgP (Figure 3F). If we normalized the protease
activity of MBP—Y(qgP in the absence of detergent as 100%,
MBP—YqgP and YqgP in the presence of DDM represent
53 and 150% of the activity, respectively. These studies
indicate that soluble MBP—YqgP exhibits activity similar
to that of and the same specificity as the membrane form of
YqgP.

Mutations of Conserved Asn241 Significantly Reduce the
Catalytic Efficiency of MBP—Yqg. In addition to Ser and
His residues, classical serine proteases contain an Asp residue
that forms a triad to enhance the nucleophilicity of Ser by
orienting His, whereas rhomboids possess a conserved Asn
residue instead. To investigate the effect of Asn on catalysis,
this residue was substituted with different residues. First, we
replaced Asn with Ala (N241A) and determined the kinetic
parameters of YqgP proteins. Values of K, and Vy, are 0.70
=+ 0.14 uM and 4.05 & 0.18 pmol min~! ug~' for WT and



Reconstitution of Rhomboid without Detergents Biochemistry, Vol. 47, No. 46, 2008 11925
Intens.
A x105
6 655.0
4
° 400 "800 800 1000 1200 1400 1600 miz
B y10 y9 y8 y7 y6 ySy4 y3 y2 y1
v BT
)('ll)4 b1 b2 b3 b4 b5 b6 b7 b8 b9 b10

873.3 (b6) 944.2 (b7)

1031.2 (b8)

0.4
0.2 1088.3 (b9) 41459.3 (b10)
0.0
m/z
C
YqgP + - + - + -
: F 175
Spitz WT ~ WT  MI45A MI45 CI46A Cl46A
37kD~ 150
25KD— e— — w4 Full length
20kD— 125
15kD_ — — d— «Cleaved Spitz
100 L
D 75
WT (MCA)K-EKASIASGAM CALVFMLFV
50
M145A (MCA)K-EKASIASGAACA L VFMLFV
25
C146A (MCA)K-EKASIASGAM AA LVFMLFV
0
132 I:(B N MBP-YqgP + +
1 YqgP +
DDM + +
50 kD —
37 kD —
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bracket). The inset scheme shows that b and y ions arise from the Spitzrvp product. (C) Effects of M145A and C146A mutations on
cellular YqgP activity. The Spitz WT, M145A, or C146A plasmid was cotransfected into COS-1 cells with the YqgP plasmid. After 48 h,
cell lysates were analyzed by Western analysis as described in the legend of Figure 1. (D) Summary of cleavage of Spitzryp by YqgP and
the effect of the mutation of Met and Cys on the cleavage. Cleavage sites are denoted with arrows. (E) Analyses of YqgP isolated from
membrane fractions. Purified protein was separated by SDS—PAGE and stained with Coomassie blue. (F) Comparison of the protease
activity of MBP—Y(qgP and YqgP. The substrate Spitzryp was incubated with both forms of YqgP: MBP—Y(qgP isolated as a soluble
protein and YqgP purified from membrane fractions. The activity was determined as described in the legend of Figure 2 (n = 3, mean +

SD).

0.58 & 0.18 and 0.61 + 0.074 pmol min~! ug~! for N241A,
respectively (Figure 4). These results suggest that replace-
ment of Asn241 with Ala leaves the K, unchanged but
substantially reduces its Vi to 15% of the WT value. In
other words, the N241A mutation does not affect the
interaction between the substrate and protease but rather
diminishes the catalytic power of the His-Ser pair. Next, we
mutated Asn to Asp (N241D) to check whether Asp could
restore or enhance the catalytic activity of the His-Ser dyad.
The N241D mutant exhibits the same Ky, (0.64 £ 0.25 uM)
as WT (Figure 4). However, the Vy.x value (0.95 £ 0.06
pmol min~! ug™!) is 23% of that of WT and 155% of that
of N241A.

Soluble MBP—YqgP Proteins Assemble into Oligomers for
Catalysis. An intriguing question is how the multiple-pass
transmembrane protein MBP—YqgP remains soluble and

exhibits catalytic activity in the absence of detergent. Since
amphiphilic molecules in aqueous solutions spontaneously
form micelles or vesicles, we hypothesize that MBP—YqgP,
which consists of the hydrophilic soluble domain MBP and
a hydrophobic membrane protein YqgP, oligomerizes to form
micellelike structures, in which MBP faces bulk water while
YqgP remains in a hydrophobic environment (Figure 5A).
In other words, oligomerization of YqgP leads to the
formation of high-molecular mass complexes that are
required for its proteolytic activity. To test this hypothesis,
we initially separated the complexes by gel-filtration chro-
matography and determined the active fraction by using our
in vitro assay (Figure 5B). There are two major peaks
detected by absorbance at 280 nM (Figure 5B, red dotted
line), high (H)- and low (L)-molecular mass peaks that
migrate at approximately 2000 and 140 kDa, respectively.
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FIGURE 4: Kinetic characterization of MBP—YqgP. Determination
of Ky, and Vi of YqgP and its mutants N241D and N241A (n =
3, mean =+ SD). The MBP—YqgP activity was determined at various
substrate concentrations. K, and V.. were calculated with the
equation V = Vi [S1/(Kyn + [S]).

The H peak exhibited the greatest protease activity, and the
L fraction had no detectable activity. In addition, fractions
with molecular masses of more than 300 kDa exhibited
moderate protease activity. These studies indicate that
MBP—YqgP needs to form at least a trimer for catalytic
activity, and the majority of MBP—YqgP assembles into
megamolecular complexes. Next, we imaged the MBP—YqgP
aggregates by negative stain electron microscopy (EM). The
field view displayed in Figure 5C shows MBP—YqgP
complexes that are large and heterogeneous in size. It should
be noted that MBP (44 kDa) has dimensions of ~30 A x
40 A x 65 A, and YqgP with a molecular mass of 56 kDa
should have, to a good approximation, comparable dimen-
sions. Thus, the average size (>250 A in any dimension) of
the imaged complexes suggests that these complexes cor-
respond to multimeric aggregates of MBP—YqgP. Remark-
ably, the addition of 0.1% CHAPS that augments protease
activity in the sample did not have an effect on aggregate
size (not shown). Next, we imaged the highly active 2000
kDa MBP—YqgP fraction after size exclusion chromatog-
raphy. The eluted complexes are very homogeneous in size
with average dimensions of 350 A x 250 A (measured from
10 individual particles) (Figure 5D). Taken together, these
results suggest that the majority of MBP—Y(qgP aggregates
into large stable multimeric structures that preserve YqgP
activity. It is known that aqueous solutions generally quench
fluorescence by orienting around the excited state dipoles
and the partition of fluorescent molecules into detergent
micelles or the membrane bilayer reduces the level of
quenching (28). We argued that if the interior of the
MBP—YqgP oligomer is hydrophobic relative to bulk water,
the partitioning of a fluorescent molecule into the micellelike
structure should reduce the level of water quenching. Toward
this end, we examined the effect of MBP—YqgP oligomers
on the fluorescence intensity of our synthetic substrate. To
eliminate artifacts due to enzymatic activity, we used the
catalytically dead MBP—YqgP S288 A mutant. MBP—YqgP
S288A or MBP was incubated with the substrate, and the
fluorescence intensity was monitored. The net fluorescence
intensity change was calculated by subtracting the fluores-
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cence intensity of the fluorogenic substrate in the presence
of MBP from that observed in the presence of MBP—YqgP
S288A. In this experiment, MBP serves as a background
control for nonspecific MBP—substrate interaction. The inset
scheme shows the fluorescent signal of MBP, substrate, or
enzyme alone at different time points. The difference in net
fluorescent change between MBP—YqgP and MBP is at-
tributed to the partitioning of the substrate into rhomboid
oligomers (Figure 5E). These studies provide additional lines
of evidence suggesting that the MBP—YqgP oligomers form
micellelike catalytically competent structures.

DISCUSSION

Intramembrane proteases are polytopic membrane proteins
that cleave substrates within the transmembrane domain, an
apparently hydrophobic environment. Rhomboid, an in-
tramembrane serine protease, plays a pivotal role in cellular
signaling. In this work, we developed an expression system
that allows production of highly purified MBP—YqgP as a
soluble protein in the absence of detergents. Surprisingly,
soluble MBP—YqgP is capable of cleaving a peptide
substrate derived from Spitz protein. Moreover, this system
allows kinetic characterization of YqgP and elucidation of
the reaction mechanism in detail. Finally, we have demon-
strated that soluble MBP—YqgP forms oligomers or mega-
molecular multimers, suggesting these functional aggregates
may mimic the micellelike environments required for peptide
hydrolysis.

Biochemical reconstitution of bacterial S2P (RseP or
YaeL) and rhomboids (YqgP from B. subtilis and GlpG from
E. coli) has been reported (/7, 18, 25). All recombinant
proteins were solubilized from the bacterial membrane and
purified for reconstitution. In vitro protease activity was
detected by either Western blotting (25) or autoradiography
(18). Our system expresses purified MBP—Y(qgP as a soluble
protein without the requirement of detergent. Soluble
MBP—YqgP exhibits protease activity for hydrolysis of the
Spitz peptide substrate. Importantly, this activity is abolished
by mutation of the key catalytic residues Ser (S288A) and
His (H339A) and inhibited by DCI, which was corroborated
with previous reconstitution studies using membrane-solu-
bilized YqgP (17, 18). Taken together, these studies have
established that the cleavage activity is attributed to the
recombinant YqgP, rather than contaminated soluble pro-
teases copurified with the target protein. The next critical
question is how active the soluble YqgP aggregates are
compared with YqgP in the solubilized states or membranes.
We have demonstrated that soluble MBP—YqgP exhibited
comparable protease activity (70%) as membrane-solubilized
YqgP. In addition, although there are no kinetic or enzymatic
rate data from other reconstitution systems allowing for a
direct comparison to soluble YqgP, the fraction (40—80%)
of conversion of substrate to product by the soluble YqgP is
similar to that in solubilized YqgP (/8) after normalization
for the enzyme concentration and incubation times. A low
rate of turnover of solubilized intramembrane proteases has
been observed in rthomboids (/8) and y-secretase (Vinax =
11.8 pmol/min) (26). These studies suggest the soluble YqgP
exhibits reasonable protease activity in the absence of
detergent and membranes.

LC—MS/MS analysis mapped the cleavage site between
Met and Cys, which is close to the estimated processing site
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FIGURE 5: MBP—Y(qgP exists as oligomer or multimer complexes. (A) Hypothetical model of the megacomplex of MBP—YqgP. The
hydrophilic MBP part faces outside, while the hydrophobic YqgP is buried inside. (B) Comigration of MBP—Y(qgP protein complexes and
protease activity during gel exclusion chromatography. Purified MBP—YqgP was chromatographed with a Superose6 gel-filtration column.
The A, profile of the eluent is shown (dotted line). Fractions were collected and assayed for MBP—YqgP activity. (C) Electron microscopy
image of negatively stained MBP—YqgP before size exclusion chromatography in the absence of detergent. The MBP—YqgP aggregates
(marked by black arrows) are quite heterogeneous in size. (D) Electron microscopy image of negatively stained MBP—YqgP eluted via size
exclusion chromatography (SEC) with an apparent molecular mass of 2000 kDa. After SEC, the MBP—YqgP aggregates are homogeneous
in size with average dimensions of ~350 A x 250 A. The inset shows individual boxed particles. The scale bars correspond to 35 nm. (E)
Fluorescence changes resulted from interaction between the substrate and the MBP—YqgP complex. MBP—YqgP S288A or MBP (1 uM)
was incubated with 8 uM fluorescent substrate, and the fluorescent signals were monitored (excitation at 340 nm, emission at 405 nm).
Substrate, MBP, or MBP—YqgP alone was used for background correction. After background had been subtracted, the difference (A =
MBP—YqgP — MBP) was used as an index of the substrate and enzyme interaction (Y-axis). The inset shows the fluorescent signal of
MBP, substrate, or enzyme alone at different time points.

from cellular studies (7). This work has illustrated that the These findings support the notion that the major determinant
transmembrane domain of Spitz is sufficient to serve as a of specificity for rhomboid is the conformation of the
substrate for MBP—YqgP, which is consistent with cellular substrate, rather than the primary sequence (27). It has been
and biochemical studies (/8, 27). Importantly, we have reported that GlpG cleaves both Ala—Ser and Gly—Ala
demonstrated that soluble MBP—Y(qgP possesses the same bonds in a hybrid substrate in which the first seven residues
specificity as membrane-associated YqgP. Furthermore, of the amyloid precursor protein (APP) transmembrane
replacement of Met145 or Cys146 with Ala in Spitz led to domain were replaced with the corresponding Spitz peptide
the generation of additional or alternative cleavage sites. If (ASIASGA) (17, 29) that is recognized by rhomboid (27).
these peptides are considered to form a-helical structure, Whether distinct cleavage sites result from different sub-
which is a favorable conformation that the transmembrane strates and/or different rhomboids remains to be investigated.
domains tend to fold (28), these cleavage sites would be Multiple cleavage sites have been observed in y-secretase
located in different faces of the helix (Figure 6). The C146A for APP and Notch processing (30).

mutation allows the protease to access scissile bonds from Cellular mutagenesis studies suggested that rhomboid
opposite directions, whereas the M145A mutation results in could contain an Asn-His-Ser triad for catalysis (7). However,
generation of two novel cleavage sites on the Spitz substrate. structural studies have demonstrated that Asn is not proxi-
How these mutations affect the conformation of substrates mate to the Ser-His pair for hydrogen bonding to stabilize
and lead to the alternation of interaction between substrate the His residue. Therefore, rhomboid belongs to a class of

and protease requires more biophysical and structural studies. dyad serine hydrolases (/9, 20) in which the His-Ser ion
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FIGURE 6: Helical models of peptide substrate and cleavage sites.
The helical wheel was modeled with Lasergene 6. The cleavage
sites in the WT, C146A, and M145A substrates are denoted with
arrows.

pair is capable of performing effective catalysis. The side
chain of Asn is likely involved in the formation of the
oxyanion hole to enhance catalysis (37). However, mutation
of Asn residue did not affect in vitro YqgP activity (/8),
which is in contrast to cellular studies in which Asn
mutations considerably reduced and blocked rhomboid
protease activity (32). N241A and N241D mutations in this
study resulted in reductions in the catalytic efficiency of
MBP—YqgP of 6- and 4-fold, respectively. If Asn is one of
the catalytic residues, it was expected that the effect of these
mutations on the rate would be much more dramatic (> 103-
fold), such as the effects of trypsin (33) and subtilisin (34)
in which the catalytic Asp was replaced with Ala. In this
regard, MBP—YqgP is more closely related to the outer
membrane phospholipase (OMPLA) that is an integral
membrane enzyme with conserved Asn-His-Ser residues
(35). Replacement of Asn with Ala and Asp in OMPLA led
to 20- and 2-fold decreases in activity, respectively (36). We
have also demonstrated that these mutations have no effect
on the interaction of the substrate protease but affect the
catalytic power. Taken together, these findings indicate that
Asn does not directly contribute to catalysis but plays a
critical role in thomboid activity, which is corroborated by
previous conclusions from structural and cellular studies (/19—
21, 29, 32).

Our study has shown that soluble MBP—YqgP proteins
form oligomers or multimers for catalysis. Stable trimers or
multimers of rhomboid have been observed in other
studies (18, 20). In addition, the formation of oligomers has
been observed in other intramembrane proteases, such as
y-secretase (37, 38) and SPP (39, 40). We demonstrated that
y-secretase activity is associated with the PS1-containing
macromolecular complex with an apparent molecular mass
of ~2000 kDa (47). Gu et al. (42) detected two y-secretase
macromolecular complexes with molecular masses of ~440
and =670 kDa. The higher-molecular mass complex may
be oligomers of the y-secretase complex. It is apparent that
intramembrane proteases commonly form oligomers, at least
in solubilized states, and the oligomers” function in pro-
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teolysis may be related to the extraordinary catalysis of these
intramembrane proteases. Their roles under physiological
conditions remain to be investigated.

MBP has been proven to be a valuable tag in assisting
soluble protein expression and isolation (43). However, when
MBP was utilized for the expression of membrane proteins
with multiple transmembrane domains, solubilization and
refolding were needed to yield functional proteins (43—45).
This experimental system allows us to directly generate
soluble protein without the requirement of detergents. More
importantly, this soluble fusion membrane protein (MBP—
YqgP) is functionally active in the absence of detergent.
Therefore, in addition to providing a practical system for
studying rhomboid enzymology, this system may also be
applicable for other intramembrane proteases. Whether this
system can be utilized to express and isolate certain
membrane proteins in soluble form and investigate their
structure and function remains to be tested. Furthermore,
purified MBP—Y(qgP can be utilized for reconstitution studies
with detergents and/or lipids.

In summary, we successfully overexpressed MBP—YqgP
in a soluble form without detergents and reconstituted
rhomboid cleavage in an in vitro system. This assay could
be an important tool for characterization of rhomboid
proteases. Furthermore, our system could be used as an
experimental system to characterize other intramembrane
proteases as well as other membrane proteins.
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