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ABSTRACT. We characterizedscherichia coliGIpG as a membrane-embedded protease and a possible
player in the regulated intramembrane proteolysis in this organism. From the sequence features, it belongs
to the widely conserved rhomboid family of membrane proteases. We verified the expected topology of
GIpG, and it traverses the membrane six times. A model protein having an N-terminal and periplasmically
localizedp-lactamase (Bla) domain, a LacY-derived transmembrane region, and a cytosolic maltose binding
protein (MBP) mature domain was found to be GlpG-dependently cleaved in vivo. This proteolytic reaction
was reproduced in vitro using purified GlpG and purified model substrate protein, and the cleavage was
shown to occur between Ser and Asp in a region of high local hydrophilicity, which might be located in

a juxtamembrane rather than an intramembrane position. The conserved Ser and His residues of GIpG
were essential for the proteolytic activities. Our results using several variant forms of the model protein
suggest that GIpG recognizes features of the transmembrane regions of substrates. These results point to
a detailed molecular mechanism and cellular analysis of this interesting class of membrane-embedded
proteases.

Recent studies revealed the ubiquitous existence ofin the biological kingdomsY). The Drosophilarhomboid
membrane-embedded proteases in different organisms. Theiproteins, the best characterized among this family, are
biological importance has been a subject of extensive recentinvolved in the release of ligands for the epidermal growth
studies. For example, many of them have been shown to befactor receptor (EGFR)through proteolytic processing of
involved in regulated intramembrane proteolysis (RIP), in their membrane-bound precursor forms such as Spitz and
which a membrane-bound precursor protein is subject to Gurken @). The resulting EGFR ligands are essential for
cleavage within its transmembrane region, leading to a development of this organism. Mitochondrial rhomboid
release of a functional soluble domain from the membrane proteins in human and yeast are involved in fusion and/or
(1, 2). This mode of proteolytic events is important for remodeling of this organelle7( 8). AarA, a rhomboid
cellular regulation, in particular, transmembrane signaling homologue in a pathogenic Gram-negative bacteifuovi-

(1, 2). dencia stuartij is suggested to have a role in the release of

RIP protease families include S2P, presenilin, signal a signal molecule acting in quorum sensing, although its
peptide peptidase (SPP), and rhomboid. S2P proteases arexact substrate remains unknowd). (P. stuartii AarA and
zinc-activated, and those in mammals function in the ER Drosphilarhomboid-1 can function interchangeably in the
stress responses and lipid metabolidm?). Bacterial S2P respective organism4(@). Moreover, rhomboid proteins from
homologues are involved in extracytoplasmic stress responsegliverse organisms can cleave theosophilaEGFR ligand
sporulation, and differentiationl( 2). Presenilin and SPP  precursors in cultured cellst). Recognition of Spitz by
are aspartyl proteases, involved in neuropathogenic andrhomboid-1 depends on a short sequence designated the
developmental processes and cleavage of signal peptide antisubstrate motif’ in a membraneextracytoplasmic space
viral polyproteins, respectivelyl( 2). boundary region of the Spitz transmembrane segnieit (

Rhomboid proteins share a few functionally essential It was suggested that other rhomboid proteins can recognize
residues, including serine, that could constitute a serine-the same substrate motiflY), and that the function of
protease catalytic active sit&,(4). Rhomboids constitute  rhomboid proteins is conserved across different species.
one of the most widespread families of membrane proteins Escherichia coliproduces a member of the rhomboid
family, GIpG. GIpG promotes the cleavage of EGFR ligand
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Table 1:

E. coli Strains Used in This Study

Substrates

Table 2: Plasmids Encoding the GIpG Derivatives and the Model

strain relevant genotype ref or source
AD16 Apro-lac thiF' lacld ZM15 Y+ pro* 25 plasmid encoded protein ref or source
MC4100 araD139A(argF-lac)U169 rpsL150 relAl 26 pGW1 HA-GIpG this study
flbB5301 deoC1 ptsF25 rbsR pGW5 HA-GIpG(S201A) this study
CU141  MC4100/Racld 27 pGwa43 GlpG-Bla fusion 1 this study
AD202  MC41000mpT:kan 28 pGW44 GlpG-Bla fusion 2 this study
ﬁ%zgg éag'AZZQtT”lO %g pGW45 GlpG-Bla fusion 3 this study
S .cal i i
- . . pGW46 GlpG-Bla fusion 4 this study
ME8430 malE:Tn5 glfa(gce)ﬂzlti?stgg:)ean pGWA47 GlpG . th_iS study
GW170 CUl41malE:Tns this study pPGWS1 GlpG-Bla fusion 5 this study
GW220 CU141glpG:cat this study PCWS2 GlpG-Bla fusion 6 this study
GW221 GW170gIpG:cat this study PGW53 GlpG-Bla fusion 7 this study
GW338 CU141gIpG::tet this study PGW55 GlpG-Hig-Myc . th!s study
GW408 GW338degP4lkan this study PGWEG GlpG(S201A)-HisMyc this study
KS474  degP4lkan 30 pGW73 MBP-LacYTM2 this study
SN140  CU141pmpT:kan this study pGW78 Bla-LacYTM2 ) this study
pGW86 Bla-LacYTM2—MBP-Hiss this study
pGWwa8s8 Bla-LacYTM2—MBP-Hisg this study
not been studied for its intrinsic activities that are executed pgwgg :ﬁ-g:pg(szolA) ttf;:fs St;J%y
; ; ; ; ; p -Glp is study
in the contexts of the nativie. cc_)I| cell. Also, phys[olog|cal DGWO3 Bla-LacY TM2—MBP-His-Myc  this study
roIe; and the reaction mec_hamsm pf GlpG remain unknown. pGw107 HA-GIpG(H254A) this study
In this work, we characterize. coli GlpG with respect to pGW110 HA-GIpG(N154A) this study
its proteolytic activity against a model membrane protein in  pPSTD989 Bla-LacYTM6—MBP-Hiss this study
vivo and in vitro and a target sequence of substrate cleavage, PSTP990  Bla-SecYTMG-MBP-His; this study
. . pSTD991 Bla-SpitzTM—MBP-Hiss this study
Our experimental system and the results that were obtained pstpgg2 Bla-L20—MBP-Hiss this study
open up an avenue to our deeper understanding of rhomboid pCH85 pBR322-based vector 14
proteases. pHSG398 pUC-based vector 31
pMPM-T1 pBR322-based vector 32
pMPM-T1*  pBR322-based vector this study
EXPERIMENTAL PROCEDURES pSTD689 pACYC184-based vector 33
Bacterial Strains and PlasmidsStrains and plasmids ~ PSTV28 ACYC184-based vector Takara Shuzo
P pTYEOO7 pUC-based vector 34

encoding GIpG derivative proteins and model substrates are
listed in Tables 1 and 2, respectively. Strains SN140 and
GW170 were constructed by transferringnpT:kan from mids were cloned between these sites on pSTV28. Finally,
AD202 andmalE:Tn5 from MES8430, respectively, into  abla cassette fragment§) was inserted into th&pe site
CU141 by P1 transduction. Replacement of the chromosomalof each plasmid. pGW47 was constructed by cloning a
glpG gene by thecat and tet genes was carried out by Kpnl—Hindlll HA —GIpG fragment of pGW1 between these
transforming a hyper-recombinogenic strain with DNA sites on pSTV28. pGW55 was constructed by cloniglpss
fragments amplified from chromosomal DNA of AK2168 fragment amplified from the AK2168 chromosome using
and AD1735 using pairs of primers (TTATACTGTCCCCTT primers GCTCTAGATTTTGTGTGGAATAAGCGACAG
TTGTGTGGAATAAGCGACAGCAACGTCAGGAGCT- and GGAATTCTTTTCGTTTTCGCGCATTGAGCGXbd
AAGGAAGCTAA/GTTGTGACGTTGTGTTTGTTTCA- and EcaoRlI recognition sequences, respectively, are under-
TTTATAAATCCCTGGAATTACGCCCCGCCCTGCCACT  lined) between these sites on pTYEO0O07. pGW5 and pGW66
and TTATACTGTCCCCTTTTGTGTGGAATAAGCGA-  were constructed by site-directed mutagenesis of pGW1 and
CAGCAACGTATCAGTGATAGAGAAAAGT/GTTGTGAC- pGWS55, respectively, using a mutagenic primer (GGTTTG-
GTTGTGTTTGTTTCATTTATAAATCCCTGGAACTAA- GCGGGCTTGCTGGCGTGGTGTATG). pGW86 was con-
GCACTTGTCTCCTGTT, respectively) essentially as de- structed as follows. First, lala’ fragment was amplified from
scribed previouslyl4). GW220, GW221, and GW338 were pCHB85 using primers GGAATTCCATGAGTATTCAA-
P1 transductants of CU141 and GW170 that received eitherCATTTCCGTG and CCCAAGCTTGGGGGTACCCAAT-
glpG::cator glpG::tet GW408 was constructed by transfer- GCTTAATC (EcdRl and Kpnl—Hindlll recognition se-
ring degP41kanfrom KS474 to GW338 by P1 transduction. quences, respectively, are underlined) and cloned between
Plasmids encoding Glp&Bla fusion proteins were con- the EcaRl andHindlll sites of pHSG398, yielding pGW?75.
structed as follows. First, glpG fragment was amplified  Then, a DNA fragment corresponding to LacY TM2 was
from the AK2168 chromosome using primers GGGGTAC- amplified using primers GGGGTACCCCATATCAGCAA-
CCTTGATGATGATTACCTCTTTTGC and CCCAAGCT-  AAGTGATACG and CCCAAGCTTGGGACTAGTTTTG-
TATTTTCGTTTTCGCGCATTG Kpnl andHindlll recog- CGCAGCCC Kpnl and Spé—Hindlll recognition se-
nition sequences, respectively, are underlined) and clonedquences, respectively, are underlined) and cloned between
between these sites of pCH85, yielding pGW1. Next, the the Kpnl and Hindlll sites on the plasmid described above.
Spe recognition sequence was inserted by site-directed The resulting plasmid was named pGW82. Finally, a DNA
mutagenesis in front of the codons for Ala87 (for H&IpG fragment corresponding to MBP-Hisvas amplified from
fusion 1), Phel33 (fusion 2), Vall65 (fusion 3), Serl93 the AK2168 chromosome using primers GGACTAG-
(fusion 4), GIn220 (fusion 5), Met249 (fusion 6), or the TAAAATCGAAGAAGGTAAACTGG and CCCAAGCT-
termination codon (fusion 7) ajlpG on pGW1. Then, the = TAATGGTGATGGTGATGGTGCTTGGTGATACGAG-
Kpnl—Hindlll glpG (Spe) fragments of the resulting plas- TCT (Spé andHindlll recognition sequences, respectively,
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are underlined) and cloned between ®eéd and Hindlll
sites on pGW82, yielding pGW86. pGW88 was constructed
by cloning anEcaRI—Hindlll Bla—LacYTM2—MBP-Hiss
fragment of pGW86 between the same sites of pSTD689.
pGW93 was constructed by ligating a DNA fragment
encoding the MBP-HisMyc fragment that had been ampli-
fied from pGWS86 using primers GGACTAGT-
AAAATCGAAGAAGGTAAACTGG and CCCAAGCTT-
ACAGGTCCTCTTCGGAGATCAGTTTCTGTTCTTCGC-
AGATATGGTGATGGTGATGGT Spe and Hindlll rec-
ognition sequences, respectively, are underlined) Gié-
andHindllI-digested pGW82. For construction of pGW73,
a malE fragment was first amplified from the AK2168
chromosome using primers GGAATTCCATGAAAATAA-
AAACAGGTGCAC and CCCAAGCTTGGGGGTACCT-
TGGTGATACGA (Ecarl and Kpnl—Hindlll recognition
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the supernatant and pellet after disruption of spheroplasts
by sonication and differential centrifugatiob). Proteinase

K treatment of spheroplasts was carried out as described
previously (9).

Topology Assay of GIpG by Reporter Fusiome.assess
the ampicillin resistance of strain AD16 carrying GG
Bla fusion proteins, cultures were diluted appropriately with
0.9% NacCl and spotted onto L agar plates containing 1 mM
IPTG, chloramphenicol, and ampicillin. Cell growth was then
scored after incubation at 3T overnight.

Immunoblotting and PulseChase Experimentsmmu-
noblotting using anti-Myc (AB1, Santa Cruz Biotechnology,
Inc.), anti-HA (Y11, Santa Cruz Biotechnology, Inc.), anti-
Bla (Chemicon International), anti-His tag [His probe (H-
15), Santa Cruz Biotechnology, Inc.], anti-MBP, or anti-FtsH
(20) was carried out as described previoudi)( Antibody-

sequences, respectively, are underlined) and cloned betweenecorated proteins were visualized using the ECL detection

the EcaRl and Hindlll sites of pHSG398. Then, a DNA
fragment corresponding to the LacYTM2 region, amplified
using primers GGGGTACCCCATATCAGCAAAAGT-
GATACG and CCCAAGCTTATTTGCGCAGCCCGAGTT-
TGT (Kpnl andHindlll recognition sequences, respectively,
are underlined), was inserted betweenkipal and Hindlll
sites of the plasmid described above. Finally, BwRI—
Hindlll MBP—LacYTM2 fragment was recloned between
the same sites of pSTD689. pGW78 was constructed
similarly by cloning the same PCR-amplified LacYTM2
fragment between th&pnl and Hindlll sites of pGW75,
followed by recloning of theEcdRrl and Hindlll Bla—
LacYTM2 fragment between the same sites of pSTD689.
Plasmids encoding derivatives of the BlaacY TM2—MBP-

Hiss fragment having other transmembrane regions were
constructed by inserting double-stranded synthetic oligo-
nucleotides encoding either the LacYTM®6 region, the Se-
cYTMB®6 region, the SpitzTM region, or 20 leucine residues
flanked by HISKS and SDKLG sequences on the N- and
C-terminal side between th€pnl and Spe sites of pGW86

kit (Amersham Biosciences) and Fuji LAS1000 lumino-
image analyzer.

[35S]Methionine pulse chase experiments were carried out
essentially as described previoustid). Labeled proteins
were immunoprecipitated using anti-Bla and anti-MBP
antibodies, separated by 10% SBSAGE, and visualized
with a BAS1800 phosphor image analyzer.

Protein Purification and N-Terminal Amino Acid Sequence
Analysis. For purification of GIpG derivatives, SN140/
pGWS55 and SN140/pGW66 cells were grown at°87in L
medium to a mid-log phase-@ x 1 cells/mL) and induced
with 1 mM IPTG and 1 mM cAMP for 6 h. Cells were
collected by centrifugation, washed with 10 mM Tris-HCI
(pH 8.1), suspended in 20 mL of 10 mM Tris-HCI (pH 8.1)
and 10 mM 2-mercaptoethanol, and disrupted with a French
press (at 8000 psi) at 4C. Membranes were prepared by
ultracentrifugation and solubilized with 0.58«dodecyl|s-p-
maltoside (DDM). After clarification of the samples by low-
speed centrifugation, the hexahistidine-tagged proteins were
purified by nickel-nitrilotriacetic acid (NTA) agarose col-

(see Figure 5C). pGW89 and pGW90 were constructed by umn chromatography with elution with a 20 to 500 mM

cloning aHindlll —EcaRl fragment of pGW1 and pGWS5,
respectively, into th&mad site of pMPM-T1* after both ends
of the fragments were converted to blunt ends by T4 DNA
polymerase treatment. pMPM-T1* was constructed by diges-
tion of pMPM-T1 with Sal, treatment with T4 DNA
polymerase, and religation. pGW107 and pGW110 were

linear gradient of imidazole in the presence of 0.1% DDM
(19). Protein peak fractions were combined and passed
through a HiTrap desalting column equilibrated with buffer
A [10 mM Tris-HCI (pH 8.1), 10% glycerol, 0.02% DDM,
and 1 mM DTT]. Protein peak fractions were combined and
loaded onto a HiTrap SP column, which was washed with

constructed by site-directed mutagenesis of pGW89 using10 column volumes of buffer A and eluted with 20 column

mutagenic primers GGCGAACGGAGCAGCCATCGC-
CGGGTTAGC and GCATATCCTCTTTGCCCTGCTCTG-
GTGGTG, respectively.

Media.L medium (6) and M9 medium 17) were used.
Ampicillin (50 ug/mL), chloramphenicol (10 or 2@g/mL),
kanamycin (25ug9/mL), spectinomycin (5Qug/mL), and
tetracycline (12.5 or 2xg/mL) were added for selecting
transformants and transductants as well as for growing
plasmid-bearing strains.

Cell Fractionation and Protease Accessibility Assaglls
were grown in L medium containing 1 mM IPTG and 1 mM
CAMP at 25°C for 30 min, washed with 10 mM Tris-HCI

(pH 8.1), and suspended in 20% sucrose and 30 mM Tris-

HCI (pH 8.1). They were treated with 1 mg/mL lysozyme
and 10 mM EDTA at C°C for 30 min and fractionated into
the periplasmic and spheroplast fractions by centrifugation.

volumes da 0 to 1 Mlinear gradient of NaCl in buffer A.
Peak fractions were dialyzed extensively against buffer A
and stored at-80 °C.

For purification of the Bla-LacYTM2—MBP-His; fusion
protein, cells of GW408/pGW88 were grown in L medium
containing 1 mM IPTG and 1 mM cAMP at 2% for 2 h.
Cells were collected by centrifugation, suspended in a buffer
containing 10 mM Tris-HCI (pH 8.1), 10 mM 2-mercapto-
ethanol, and & protease inhibitor cocktail (nacalai tesque).
The solubilized membrane fraction was purified by-INiITA
column chromatography as described above.

The in vivo-generated C fragment of the BleacYTM2—
MBP-His; protein in cells of AD16/pGW86 was first isolated
by Ni—NTA column chromatography as described above.
Then the peak fractions were combined and loaded on an
amylose resin (New England Biolabs, Inc.) column, which

The cytoplasmic and membrane fractions were prepared aswvas washed with 20 column volumes of buffer B [20 mM



13546 Biochemistry, Vol. 44, No. 41, 2005

Tris-HCI (pH 8.1), 200 mM NaCl, 1 mM EDTA, and 10
mM 2-mercaptoethanol], and eluted with 10 column volumes
of buffer B containing 10 mM maltose. For determination
of the N-terminal amino acid sequences of the GlpG cleavage
product of the Bla-LacYTM2—MBP-Hiss protein, the in
vivo- and in vitro-generated C fragments were blotted onto

a PVDF membrane and subjected to sequencing (custom

services by Shimazu Biotech).

In Vitro Protease Actiity Assays.The reaction mixture
for the in vitro cleavage of the BtaLacY TM2—MBP-Hiss
protein contained the wild type or a mutant form of GlpG-
Hise-Myc, Bla—LacYTM2—MBP-Hiss, 55 mM Tris-HCI
(pH 8.1), 0.02% DDM, 7.5% glycerol, 10 mM 2-mercap-
toethanol, 100 mM KCI, and 10% polyethylene glycol 3350.
It was incubated at 37C, and portions were sampled and
mixed with /s volume of 5« SDS sample buffer. Proteins
were then separated by 10% SBBAGE and stained with
Coomassie brilliant blue (CBB). The casein degradation
activity of GIpG was assayed in the same buffer except that
polyethylene glycol 3350 was omitted. Fluorescence emission
at 530 nm was measured with an excitation wavelength of
490 nm, using a Hitachi F-4500 fluorometer.

RESULTS

Topology of GIpG in the E. coli Cytoplasmic Membrane.
E. coli GlpG contains six hydrophobic stretches (Figure 1A).
We expressed N-terminally HA-tagged GlpG and confirmed
its fractionation as an integral cytoplasmic membrane protein
(data not shown). We then investigated the membrane
topology of GIpG by constructing a series of Glp8la
fusion proteins in which growing N-terminal segments of
GIpG were followed by the mature Bla sequence (Figure
1A). The Bla domain can report its periplasmic localization
in the increased ampicillin resistance of a host 1) (We
detected the fusion proteins by anti-Bla immunoblotting as
proteins of increasing sizes (Figure 1B). Cells expressing
fusion proteins 2, 4, and 6 resisted B@/mL ampicillin,
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Ficure 1: Topology of GIpG in the cytoplasmic membrane. (A)
The hydropathy profile of the GIpG sequence was generated
according to the method of Kyte and Doolittl85) with an 11-
residue window. Hydrophobic regions{VI) and the positions of

the Bla fusions (+7) are indicated. (B) Cellular accumulation of
the GlpG-Bla fusion proteins and ampicillin resistance. In the top
panel, strain AD16 was transformed with either a plasmid encoding
one of the GlpG-Bla fusions (lanes 47 correspond to fusions
1-7, respectively), pPGWA47 (GIpG (lane 8), or a combination of

whereas those expressing fusion proteins 1, 3, 5, and 7 didpGW47 and pCH85 (vector) (lane 9). The plasmid-bearing cells

not (Figure 1B, bottom panel). The accumulation levels of
the fusion proteins of the latter class were no lower than
those of the former. These results identified the three
periplasmic regions in GIpG. We conclude that it traverses
the membrane six times with its N- and C-termini facing
the cytoplasm as illustrated in Figure 1C. Our topology model
agrees with a recent proposaP} based on computer-based
topology prediction and the experimental results which show
that the C-terminal GFP/PhoA tag was cytoplasmic.

Construction of a Model Substrate for Glp@/e were
able to replace the chromosontpG with either thecat or
the tet gene. TheglpG-disrupted strains grew normally in
rich (L) and minimal (M9) media at 30, 37, and 42 (data
not shown). Thus, GIlpG is not essential for growth under

were grown at 37C in L medium and induced with 1 mM IPTG
for 2 h. Proteins were precipitated with 5% trichloroacetic acid and
analyzed by SDSPAGE and immunoblotting using anti-Bla
antibodies. Molecular size marker positions (kilodaltons) are shown
at the left. In the bottom panels, each of the cultures used in the
experiments described above was diluted with saline and a portion
(containing~3 x 10* cells) was spotted onto a set of two L-IPTG
plates, one containing ampicillin (5@g/mL) and the other not.

(C) A schematic representation of the GIpG topology. The putative
serine protease active site residues (Ser201, Asn154, and His254)
are shown.

of our attempts to search for a GIpG substrate. It was a
chimeric Bla-LacYTM2—MBP-His; protein that consisted

of the Bla precursor sequence (including a signal sequence),
the sequence around the second transmembrane region of

these conditions. Although we have assumed GIpG acts as-acY (LacYTM2), the MBP sequence, and finally a hexa-
a protease, this concept remained unverified when we startechistidine tag in this N-terminus to C-terminus order. This

this study and until very recent two publications of bio-
chemical characterization of GIpG and other rhomboid
proteins (2, 13). Also, no information about substrate

proteins of GlpG as well as physiological roles played by
GIpG in E. coli cells is yet available. The objective of this

study was to characterize GIpG in the contexts offheoli

fusion protein was designed to have type lo(hN-Cin)
topology (Figure 2A) on the basis of the known property of
rhomboid substrates in eukaryotic cells. We originally
constructed this fusion protein as a platform for examining
various transmembrane sequences by exchanging them with
the LacYTM2 part and examining resulting variants whether

cell. We thus constructed a model membrane protein as onethey receive GlpG-dependent cleavage.
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Hiss model membrane protein. (A) Organization and membrane
topology. BI&S and Lep indicate the signal sequence of Bla and

leader peptidase, respectively. Highlighted by amino acid sequence
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retarded SDSPAGE mobility (Figure 2B, lane 4), indicating
that the N-terminal signal sequence had not been removed.
It is in turn inferred that, in the absence of the inhibitor, the
N-terminal region is translocated into the periplasmic side
of the membrane, where the Lep (leader peptidase) active
site resides. Periplasmic localization was also confirmed for
the N-terminal Bla domain of the fusion protein by the
formation of an intramolecular disulfide bond in it (data not
shown).

We examined the localization of the C-terminal region by
protease accessibility assays using spheroplasts (Figure 2C).
In this particular experiment, a derivative of the model
protein having a C-terminal HigMyc bipartite tag (Bla-
LacYTM2—MBP-Hiss-Myc) was used. The C-terminally
attached Myc epitope was inaccessible to externally added
proteinase K, whereas it was digested after solubilization of
the membrane with Triton X-100 (Figure 2C, lanes®).
Thus, the C-terminus of the fusion protein remained inside
the spheroplasts. The low-efficiency cleavage of the intact
protein in spheroplasts in the experiments depicted in Figure
2C may have been due to the protease-resistant folding of
the Bla domain. Taken together, we conclude that the model
protein has its Bla domain on the periplasmic side and its
C-terminal region, presumably the MBP domain as well, on
the cytoplasmic side of the membrane.

GlpG-Dependent Claage of the Model Protein in Vo.
We also expressed the BtaacYTM2—MBP-Hiss fusion

is the LacY-derived part, in which the region predicted to be Proteinin wild-type cells and found that the amount of intact

transmembrane regions by the SOSUI progras) (s underlined.
The position of GlpG-catalyzed cleavage is indicated with an
arrowhead. (B) Effects of Naj\bn the signal sequence processing

and the GlpG-dependent cleavage of the model protein. Cells of

GW170 malE:Tn5, glpG")/pGW88 (Bla—LacYTM2—MBP-Hiss)
and GW221 halE:Tn5, glpG::cat)/pGW88 were grown at 25C

in L medium, and 1 mM IPTG, 1 mM cAMP, and 0.02% NaN
were added. After 30 min, proteins were analyzed by SBAGE
and anti-Bla immunoblotting. (C) Cytoplasmic localization of the
C-terminal region of the BlaLacYTM2—MBP-Hiss-Myc protein.
Cells of GW170/pGW93 (BlaLacYTM2—MBP-His;-Myc) and
GW221/pGW93 were grown at 2% in L medium and induced
with 1 mM IPTG and 1 mM cAMP for 30 min. Cells were

converted to spheroplasts and treated with 1 mg/mL proteinase K

(ProK) in the presence or absence of 1% Triton X-100 (Tx) as
indicated. Proteins were analyzed by SEFAGE and anti-Myc
(bottom panel) and anti-FtsH (top panel) immunoblotting. FtsH, a

band observed in the\glpG cells was greatly reduced.
Instead, two new bands, one containing the N-terminal Bla
domain (N fragment) and the other containing the C-terminal
MBP domain (C fragment), were detected in wild-type cells
by respective antibodies (Figure 3A, lanes 2 and 5). Our
screening of a variety of protease-deficient mutants indicated
that only theAglpG mutant gave the fully abundant intact
protein. We then followed the biosynthesis of this protein
by pulse-chase experiments (Figure 3B). In wild-type cells,
the fusion protein was labeled initially as the full-length
product (Figure 3B, lanes 1 and 7), whereas increasing
intensities of the N and C fragments appeared during the
chase with a concomitant decrease of radioactivities associ-
ated with the full-length protein. In contrast, the Bla

cytoplasmic membrane protein having a protease-resistant peri-LacYTM2—MBP-Hiss; protein remained stable in teglpG
plasmic region and a large cytoplasmic domain, served as an internakyrqin up to 10 min. To establish that the BlaacYTM2—

control showing the spheroplast integrity. P and M represent the Ui Lo . -
precursor (signal sequence-retaining) and mature (signal sequenceY/BP-HiS protein is cleaved in a manner that is dependent

processed) forms of the model protein, respectively. N and C denote©On functiqnal G'F’Qa we Coexpressed HA-tggged GlpG as v_veII
the N-terminal and C-terminal fragments of the model protein, as its variant having an alanine substitution for the possible

respectively, generated by the GIpG-dependent cleavage. Molecularprotease active site serine (Ser201) of GlpG (see Figure 1C).
size marker positions (kilodaltons) are shown at the left in panels When HA-GIpG was expressed in theglpG strain, the
B and C. amount of the full-length BlaLacYTM2—MBP-Hiss; prod-

To our surprise, the BlaLacYTM2—MBP-Hiss; protein uct decreased remarkably while the N and C fragments were
itself proved to be cleaved by GIpG as shown below. We evident (Figure 3C, lanes 1 and 2). In contrast, HA-GIpG-
first verified that this artificially designed model protein (S201A) was ineffective in mediating the proteolytic conver-
indeed assumed type | topology in the membrane by sion of the fusion protein into the two fragments (Figure
expressing it in aAglpG strain. When the fusion gene on a 3C, lane 3). These results strongly suggest that GlpG indeed
plasmid was induced, a protein of 77 kDa was detected by cleaves the fusion protein in vivo. The size of the N fragment
anti-Bla, anti-MBP, and anti-Hisimmunoblotting (Figure  (Figure 3A, lane 2) was almost the same as that of the mature
2B, lane 3). Cell fractionation experiments showed that this Bla protein (lane 1), whereas the C fragment (lane 5) was
protein was mostly membrane-associated (data not shown)slightly larger than the mature MBP protein (lane 4),
When cells were treated with 0.02% NgMd protein export  suggesting that GlpG introduces a cleavage around the Bla
inhibitor, before induction, this fusion protein exhibited a LacYTM2 junction of the fusion protein.
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Ficure 3: GIpG cleaves the BlaLacYTM2—MBP-His; model membrane protein in vivo. (A) Cells of CU14h4|E")/pCHB85 (Bla) (lane

1), GW170 malE:Tn5, glpG")/pGW88 (Bla-LacYTM2—MBP-His;) (lanes 2 and 5), GW22Im@lE:Tn5, glpG::cal)/pGW88 (lanes 3

and 6), and CU141 (lane 4) were grown atZ5in L medium and exposed to 1 mM IPTG and 1 mM cAMP for 30 min. Total cellular
proteins were then subjected to SBBAGE separation and anti-Bla (lanes3) and anti-MBP (lanes-46) immunoblotting. Lanes 1 and

4 show mature Bla and mature MBP proteins, respectively, expressed from the respective wild-type genes. Lane 7 shows the CBB staining
pattern of a preparation of the C-terminal fragment of the model protein purified from cells of AD16/pGW8a_RIETM2—MBP-His;)

as described in Experimental Procedures. (B) Biosynthesis and cleavage of tHeaBYarM2—MBP-Hiss protein as followed by pulse

chase analysis. Cells of GW170/pGW88 and GW221/pGW88 were grown & 25M9-glucose (0.4%) medium supplemented with 18
amino acids (other than Met and Cys) and induced with 1 mM IPTG and 1 mM cAMP for 10 min. Cells were pulse-labelé&}vith |
methionine for 1 min and chased with unlabeled methionine for the indicated periods. Labeled proteins were then immunoprecipitated with
anti-MBP and anti-Bla as indicated, separated by SPAGE, and visualized by BAS1800 phosphor imager. Molecular size marker positions
(kilodaltons) are shown at left. (C) The cleavage of the-BlacYTM2—MBP-His; protein is mediated by the serine protease function of
GlpG. The GW221/pGW88 strain was further transformed with pMPM-T1* (vector, lane 1), pGW89 (HAGla& 2), pGW90 [HA-
GIpG(S201A), lane 3], pPGW110 [HA-GIpG(N154A), lane 4], and pGW107 [HA-GIpG(H254A), lane 5]. Cloned genes were induced with

1 mM IPTG and 1 mM cAMP at 25C for 30 min. Proteins were analyzed by SBISAGE and immunoblotting using either anti-Bla,
anti-MBP, or anti-HA as indicated. (D) Localization of the cleavage products. Cells of GW170/pGW88 (laBparid GW221/pGW88

(lanes 4-6) were grown in L medium at 25C and induced with 1 mM IPTG and 1 mM cAMP for 30 min. They were then fractionated

into spheroplast (S) and periplasm (P) fractions by suer@®zyme treatment. Proteins of each fraction and the whole cells (T) were
analyzed by SDSPAGE and anti-Bla (top panel) and anti-Myc (bottom panel) immunoblotting.

Upon spheroplast formation of thglpG" cells, the N residue is essential but Asn is dispensable for the functional-
fragment was released into the periplasmic fraction while ity of YqgP, aBacillus subtilisrhomboid ortholog 4, 13).
the C fragment remained associated with the spheroplastConsistent with the reports mentioned above, it was found
(Figure 3D, lanes 13). The cytoplasmic localization of the  that the proteolytic function of GIpG was lost with the
latter fragment was shown by the proteinase K resistance ofHis254Ala alteration but not with the Asn154Ala alteration
its C-terminal Myc epitope in the absence of detergent (Figure 3C, lanes 4 and 5). Thus, among the suspected active
solubilization of the cytoplasmic membrane (Figure 2C, lanes site residues, Asn154 is not essential.
1-3). These results suggest that GlpG acts against the Purification and in Vitro Characterization of GIpG as a
membrane-integrated form of the fusion protein. This was Protease.For biochemical characterization of GlpG, we
supported further by the fact that NaNnhibition of purified the wild type and a S201A mutant form of GlpG-
membrane integration resulted in accumulation of the full- Hise-Myc as well as the model substrate protein, Bla
length precursor protein that received neither the Lep- LacYTM2—MBP-Hiss. Membranes were prepared from cells
dependent nor the GlpG-dependent cleavage (Figure 2B, laneverexpressing GlpG-HigMyc, GlpG(S201A)-Hig-Myc, or
2). Bla—LacYTM2—MBP-Hiss and solubilized with DDM.

Rhomboid proteins are considered to be serine proteaseshese proteins were then purified by N\NTA column
having a conserved Ser, Asn, and His triad required for chromatography. Additional cation exchange chromatography
catalysis 8, 4). We examined the importance of the was also included for purification of GIpG.
conserved Asn and His residues (Asnl154 and His254) in When the Bla-LacYTM2—MBP-Hiss; protein was incu-
GIpG (see Figure 1C) for in vivo cleavage of the model bated at 37C with GlpG-His-Myc, it was converted into
substrate. Recent studies showed that the conserved His smaller fragment with a SDSPAGE mobility indistin-
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A 1234 5678 9101112 Assuming that there was no exoproteolysis in the in vitro
75= _ - V] system with the purified components, GlpG should cleave
50 - the Ser-Asp bond of the model substrate protein (Figure
—C 2A). Contrary to the expectation that GIpG acts against the

membrane-embedded polypeptide region, the above analysis

25- =~ GipG suggested that GIpG recognizes a substrate region that is
Time (h) 0 61218 0 61218 0 6 1218 hlgh'y hydrophlllc and even. .Charged. '
GIpG - WT S201A Requirements and Specificity of the Membrane Protein

Cleavage by GIpG.To study what features of a membrane

B 2 protein are important for the cleavage by GIpG, we examined
@ 5001 o GIpG(WT) two other constructs, BlaLacYTM2 and MBP-LacYTM2,
£ for their cleavage by GIpG. BtaLacYTM2 without the
é 300k cytoplasmic MBP domain and MBPLacYTM2 having a
s periplasmic MBP domain were both found to be cleaved
2 GlpG-dependently at 37C (Figure 5B) and 28C (data not
2 100f GIpG(S201A) shown). These results suggest that neither of the soluble
i G No GlpG domains, Bla and MBP, is specifically required for GlpG-

Time (min) catalyzed proteolysis.

Ficure 4: Demonstration of the proteolytic activity of GIpG in We then replaced the LacYTM2 sequence of Bla
vitro. (A) Cleavage of the BlaLacYTM2—MBP-His; protein by LacYTM2—MBP-Hiss with the sixth transmembrane region
GIpG-His-Myc. Purified Bla-LacYTM2—MBP-His; protein (0.5 Of LacY (LacYTM6), the sixth transmembrane region of
uM) was mixed with GlpG-His-Myc (2.5uM, lanes 5-8), GIpG- ec ec , the transmembrane region O Itz
ixed with Gl i I I SecY (SecYTM®6), the t b g f Spit
(S201A)-His-Myc (2.5 uM, lanes 9-12), or buffer alone (lanes  (SpitzTM), or 20 consecutive leucine residues (L20). All of
1—4) and incubated at 37C. The reaction mixtures were sampled these TM variants accumulated as the full-length products

at the indicated time points and subjected to SIPAGE and CBB . . L
staining. Molecular size marker positions (kilodaltons) are shown 1N Poth theglpG™ and AglpG strains, indicating that they

at left. (B) Casein degradation activity of GIpG. BODIPY-casein are no longer susceptible to GIpG cleavage (Figure 5C).
(25 ug/mL) was mixed with GIpG-HisMyc (12.5 ug/mL, red), Taken together, these results suggest that GIpG specifically
GIpG(S201A)-Hig-Myc (12.54g/mL, black), or buffer alone (blue)  recognizes the LacYTM2 sequence that is arranged in the

at 37 °C, and the BODIPY fluorescence was followed during - . - .
incubation at 37C as described in Experimental Procedures. type | configuration in the membrane for its cleavage.

guishable from that of the in vivo-generated C fragment DISCUSSION
(Figure 4A, lanes 58). This fragment indeed reacted with In this study, we established the in vivo and in vitro assay
anti-MBP upon immunoblotting (data not shown). In the systems for the proteolytic function of GlpG, @h coli
reaction mixture described above, we also detected therhomboid protein. A Bla-LacYTM2—MBP-Hiss model
generation of the N fragment of the expected size by anti- membrane protein underwent a GlpG-dependent cleavage in
Bla immunoblotting (data not shown), although it was not E. coli cells. We also demonstrated directly that GIpG is
revealed by CBB staining in the Figure 4A experiment due able to cleave this model protein, using the purified prepara-
to the coincidental electrophoretic mobilities of this fragment tions of the enzyme and the substrate. Very recently,
and GlpG-Hig-Myc. The “active site” variant, GIpG-  Lemberg et al. 13) and Urban and Wolfe1Q) described
(S201A)-Hig-Myc, was inactive in catalyzing cleavage of proteolytic activities of purified GlpG and other rhomboid
the model substrate (Figure 4A, lanes1®). proteins. Our and their results show that the GIpG protease
We also found that purified GIpG, but not the S201A does not require other proteins or small molecule cofactors
variant, significantly degraded a hydrophilic soluble protein, as essential catalytic components.
BODIPY-casein, whose proteolytic degradation can be Rhomboid proteins have three conserved residues (Ser,
monitored by the increase in fluorescence (Figure 4B). His, and Asn) that have been proposed to form a serine
Incubation of BODIPY-casein with GlpG-Hidvlyc resulted protease active site (catalytic triad). For several rhomboid
in the significant and continuous increase of fluorescence proteins, including GlpG, mutational alterations of these
over the course of 50 min. No significant fluorescence change residues compromise their functions in cultured eukaryotic
was observed when GIpG(S201A)-kHglyc was used cells @). However, an alanine substitution for the conserved
instead of wild-type GIpG (Figure 4B). These results Asn residue oB. subtilisYqgP caused only a weak effect
establish that GIpG has an endoproteolytic activity for on its in vivo and in vitro activities4, 13). Our results also
cleaving the model membrane protein in vivo and in vitro indicate that the conserved Asn residue (Asnl154) is not
and for cleaving casein in vitro. essential, in contrast to the other two conserved residues
Identification of the Clesage SiteThe in vivo-generated ~ (Ser201 and His254), for the proteolytic activity of GIpG in
C fragment of the BlaLacYTM2—MBP-His; protein was E. coli cells. However, it remains to be clarified why the
affinity purified by Ni—NTA chromatography (Figure 3A, mutational alteration of Asn154 severely inhibited the
lane 7). Its N-terminal amino acid sequence was determinedcleavage of Gurken by GIpG in cultured eukaryotic cefjs (
to be DTGII, which is found within the LacY-derived region and whether the proteolytic active sites of prokaryotic
immediately N-terminal to the predicted TM2 sequence (see rhomboids are composed of a Ser-His dyad.
Figure 2A). The in vitro-generated C fragment was also  We have shown that in vivo cleavage of the model protein
sequenced, yielding the same N-terminal sequence, DTGIl.by GIpG required its membrane assembly in a type |
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Ficure 5: Requirements and specificity of the model membrane
protein cleavage by GIpG. (A) Schematic representation of-Bla
LacYTM2 and MBP-LacYTM2 proteins. MBPS indicates the
signal sequence of MBP. (B) GlpG-dependent cleavage of Bla
LacYTM2 and MBP-LacYTM2 proteins. Cells of CU141g(pG*)/
pGW78 (Bla-LacYTM2) (lane 1), GW220 dlpG::cat)/pGW78
(lane 2), GW170/pGW73 (MBPLacYTM2) (lane 3), and GW221/
pGW?73 (lane 4) were grown at 3T in L medium and exposed
to 1 mM IPTG and 1 mM cAMP for 1 h. Total cellular proteins
were then subjected to SBAGE separation and anti-Bla (lanes
1 and 2) or anti-MBP (lanes 3 and 4) immunoblotting. Asterisks
indicate the N-terminal fragments of BtdacYTM2 (lane 1) and
MBP—LacYTM2 (lane 3) that were generated by GlpG-dependent
cleavage. Molecular size marker positions (kilodaltons) are shown
between lanes 2 and 3. (C) Inability of GIpG to cleave derivatives
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of the model protein by GIpG reflects its essential substrate
specificity.

From mutational analysis of Spitz, a substrateDobso-
phila rhomboid-1, Urban and Freemahlj identified the
“substrate motif” in its lumer-membrane interface region,
as a determinant of the substrate specificity of this rhomboid
protease. Although the exact cleavage site in Spitz (or those
in any other rhomboid substrates) is unknown, it was
suggested to be located within the substrate motif. In the
work presented here, we identified the GIpG cleavage site
in the model substrate, BldacYTM2—MBP, by the
N-terminal amino acid sequence analysis of the in vitro
cleavage product, which agreed with the in vivo product.
Our results show that the in vivo and in vitro cleavages occur
at the same position within the LacY-derived sequence.
Although the amino acid sequence around the cleavage site
in this model protein does not obviously conform to the
substrate motif and does not have the GA mdtif)(known
to be important for the cleavage of Spitz, its overall sequence
property is similar to that of the substrate motif at least in
its hydrophilic and helix-destabilizing nature. However, the
substrate motif does not appear to be the sole determinant
of the cleavage by rhomboids since some substrates such as
Gurken do not contain the substrate motif.

The cytoplasmic domain of thrombomodulin is crucial for
its cleavage by mammalian RHBDL23). We found that
neither a deletion of the cytoplasmic MBP domain nor a
replacement of the N-terminal Bla domain with MBP in the
model substrate affected its cleavage by GlpG in vivo. At
least for these model substrates, GIpG does not require a
specific sequence arrangement of the substrate soluble
domains for proteolysis. Our results showed that GIpG
efficiently cleaved the LacYTM2 sequence in vivo, whereas
little or essentially no cleavage was observed for several other
transmembrane sequences, including SpitzTM, which is a
good substrate fobrosophilarhomboids. Urban and Free-
man (1) showed that GIpG can cleave Spitz by recognizing
its substrate motif in cultured mammalian cells, although the
cleavage efficiency was extremely low. The observed in-
ability of GIpG to cleave SpitzTM in aik. coli cell might
partly be able to be ascribed to the difference in membrane
environments betwee. coliand mammalian cells; it was

of the model protein with other transmembrane sequences. Cellsshown thatE. coli lipids severely inhibited the proteolytic

of GW170 (lanes 1, 3, 5, 7, and 9) and GW221 (lanes 2, 4, 6, 8,
and 10) were transformed with pGW93 (BlaacYTM2—MBP-

Hiss, lanes 1 and 2), pSTD989 (Btd.acYTM6—MBP-His;, lanes

3 and 4), pSTD991 (BlaSpitzTM—MBP-His, lanes 5 and 6),
pSTD990 (Bla-SecYTM6-MBP-His;, lanes 7 and 8), or pSTD992
(Bla—L20—MBP-His;s, lanes 9 and 10). Cells were grown and total
cellular proteins were analyzed by anti-MBP immunoblotting as
described above. Molecular size marker positions (kilodaltons) are

shown at left. Amino acid sequences of the transmembrane regions
(possible transmembrane regions are underlined) that are used ar

shown in the top part. The five amino acid residues franking the
L20 sequence are derived from the corresponding regions of
LacYTM2. Note that addition of Najto cells before induction

resulted in accumulation of precursor forms of the respective model

substrates, suggesting that they are correctly assembled into the

membrane under a normal condition (data not shown).

orientation. The LacY TM2 sequence is specific in that it is
recognized by GlpG when present as a part of the model
substrate. Although our model substrate was an artificially

activity of GIpG against a model substrate having a Spitz-
derived substrate motif in vitrol@). Although rhomboids

are considered to be highly specific proteases, they may act
against a certain spectrum of sequences, and each rhomboid
enzyme may have some unique preference with respect to
the proteolytic target sequences. Clearly, further experiments
are needed to clarify the feature of amino acid sequence that
GIpG recognizes for proteolysis. Given that GlpG could
recognize more diverse sequences than expected, it might
be difficult to identify its physiological substrates solely on
the basis of sequence information.

An amino acid sequence (Ser-Lys-Ser-Asp-Thr-Gly) sur-
rounding the GIpG cleavage site in the BlaacYTM2—
MBP-Hiss protein has high local hydrophilicity; it even
contains two charged residues at positions P2 (Lys) and P1
(Asp). Although the mode of the GIpG action we revealed
in this work might not be regarded as exclusive, cleavage

constructed chimeric protein, no other TM-derived sequencesof a hydrophilic sequence at a membraiperiplasm inter-

conferred the GlpG sensitivity. We believe that proteolysis

face region should be one intrinsic reactivity of GIpG. We
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found that solubilized GlpG exhibited a weak but significant
activity for degrading a soluble protein, fluorescence dye-
labeled casein, in vitro. Although the GIpG cleavage sites
in casein are unknown, this finding seems to be consistent
with the observed ability of GIpG to cleave a hydrophilic
sequence. However, it cannot be concluded that GIpG can
cleave a soluble protein in vivo; under solubilized in vitro
conditions, some unstructured soluble proteins such as casein

could gain artificial access to the active site of GIpG.

In the native LacY protein, the above SKSDTG sequence
is located at the interface between the first periplasmic loop

and the second transmembrane hedif) (Without structural

information, it is difficult to define the membrane-embedded

residues of the BlaLacYTM2—MBP-His; protein. Never-

theless, the hydrophilic nature of the cleavage site region in
the model protein raises the possibility that the cleavage site

is exposed to the periplasm.

On the other hand, the above possibility should be
contrasted with the experimentally determined topology of
GIpG, in which the proposed proteolytic active site residues
(Ser201 and His254) are located within the regions identified
as membrane-spanning regions, although whether they are
actually embedded in the membrane is difficult to address
at this point without structural or additional biochemical
information. Does GIpG have to overcome any topological
segregation between its active site and the cleavage point
on the substrate? Although further detailed studies, including
structural analysis, are needed to answer this question, one
highly speculative but intriguing possibility might be that
GIpG forms an aqueous microenvironment, in which a
hydrophilic sequence around the cleavage site of the
membrane-bound substrate might be accommodated for their
cleavage. Our preliminary results suggest that GIpG forms
a homooligomer in the membrane as well as after purification
in detergent (unpublished data). The possible oligomeric 14.
structure of GIpG could contribute to the hypothetical

agueous microenvironment in the membrane.

We designed our substrate protein solely as a single
spanning membrane protein of type | orientation composed
of some well-characterized protein segments. It is surprising ;¢
that this rather fortuitous construct turned out to be a substrate
of GlpG, both in vivo and in vitro. This experimental system
could be useful for characterization of basic activities of 17
GIpG, if not its regulatory aspects. In our characterization
of another “RIP” protease, RseP, we encountered the broad
substrate specificity of this protease despite its involvement

in the strictly controlled stress response pathway in viv).(

Although the actual cellular function of GIpG is unknown,
these membrane proteases might be equipped with a broader
than expected hydrolytic reactivity that is integrated into a

specific context of regulation.
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