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Gram-negative bacteria are equipped with quality-control systems
for the outer membrane (OM) that sense and cope with defective
biogenesis of its components. Accumulation of misfolded outer
membrane proteins (OMPs) in Escherichia coli leads to activation
of ¢F, an essential alternative o factor that up-regulates transcrip-
tion of multiple genes required to preserve OM structure and func-
tion. Disruption of bepA (formerly yfgC), a oF-regulated gene
encoding a putative periplasmic metalloprotease, sensitizes cells
to multiple drugs, suggesting that it may be involved in maintain-
ing OM integrity. However, the specific function of BepA remains
unclear. Here, we show that BepA enhances biogenesis of LptD,
an essential OMP involved in OM transport and assembly of li-
popolysaccharide, by promoting rearrangement of intramolecu-
lar disulfide bonds of LptD. In addition, BepA possesses protease
activity and is responsible for the degradation of incorrectly folded
LptD. In the absence of periplasmic chaperone SurA, BepA also
promotes degradation of BamA, the central OMP subunit of the
p-barrel assembly machinery (BAM) complex. Interestingly, defec-
tive oxidative folding of LptD caused by bepA disruption was
partially suppressed by expression of protease-active site
mutants of BepA, suggesting that BepA functions indepen-
dently of its protease activity. We also show that BepA has
genetic and physical interaction with components of the BAM
complex. These findings raised the possibility that BepA maintains
the integrity of OM both by promoting assembly of OMPs and
by proteolytically eliminating OMPs when their correct assembly
was compromised.

extracytoplasmic function sigma factor | protein quality control | disulfide
bond formation | peptidase M48 | tetratricopeptide repeat (TPR) motif

he cell envelope of Gram-negative bacteria is composed of
two layers of biological membranes, the outer membrane
(OM) and the inner (cytoplasmic) membrane (IM); the peri-
plasmic space that separates these membranes contains a thin
layer of peptidoglycans. Outer membrane proteins (OMPs) span
the OM with amphipathic, antiparallel p-strands that form a barrel
structure. OMPs are synthesized in the cytoplasm with a cleavable
signal peptide at their N termini and are translocated across the
IM through the Sec translocon (1). Signal peptide-processed
OMPs are transported across the periplasmic space with the aid of
periplasmic chaperones, such as SurA, Skp, and DegP, and are
inserted into the OM through the function of the p-barrel assembly
machinery (BAM) complex (2). The BAM complex is composed
of five components: BamA, an essential OMP belonging to the
Omp85 superfamily that includes the mitochondrial Sam50 and
chloroplast Toc75 proteins, and four lipoprotein subunits (BamB
to -E) (3-6). BamD is essential for the growth of Escherichia coli
whereas the other three lipoprotein subunits are dispensable (5-7).
BamA contains periplasmically exposed polypeptide transport-
associated (POTRA) domains that bind the lipoprotein subunits
of the BAM complex as well as substrate OMPs (8).
LptD, another essential OMP of Gram-negative bacteria, is
involved in the assembly of lipopolysaccharide (LPS), a major

E3612-E3621 | PNAS | Published online September 3, 2013

OM constituent, in the OM (9). LPS is essential for the function
of the OM as a permeability barrier. It is synthesized in the IM
and targeted to the outer leaflet of the OM through the functions
of seven Lpt proteins (LptA to -G). LptBFGC and LptDE
constitute IM and OM complexes, respectively, and LptA con-
nects these two complexes by shuttling or forming a bridge be-
tween the two membranes (10-14). While LptD is involved in
flipping of LPS from the periplasmic side to the outer side of the
OM (9), LptE is thought to contribute to LPS transport through
promotion of LptD folding (15). However, a recent view by
Kahne and colleagues suggested that LptE also directly con-
tributes to LPS transport by serving as a “plug” for the luminal
pore of LptD and by acting as a part of the OM LPS translocon
together with LptD (16, 17). LptD has two intramolecular
disulfide bonds and requires DsbA, a periplasmic oxidoreduc-
tase, for its oxidative folding (18, 19). Recently, Chng et al.
reported that LptD is assembled into the OM via formation of
a folding intermediate containing nonnative disulfide bonds that
are finally isomerized to native disulfide bonds (17). Importantly,
folding of the LptD p-barrel is rate-limiting for maturation of
LptD and precedes disulfide isomerization, the step triggered by
association with LptE. Analysis with a DsbA mutant that forms
kinetically stable mixed-disulfide intermediates with substrates
suggested that DsbA is involved in formation of both nonnative
and native disulfide bonds in LptD (17). A previous study also
suggested that DsbC participates in the oxidative folding of LptD
(17, 20) although disruption of the dsbC gene had little effect on
the stability of LptD (19).

Significance

Outer membrane proteins (OMPs) are involved in important
cellular activities in Gram-negative bacteria. Although the bepA
(formerly yfgC) gene encoding a putative metalloprotease has
been implicated in quality control of OMPs, its specific function
remains unclear. This study reveals that BepA promotes as-
sembly of LptD, an OMP involved in the transport of lip-
opolysaccharides, which undergoes intramolecular disulfide
rearrangement during its biogenesis. BepA also promotes deg-
radation of incorrectly folded LptD. BamA, another OMP in-
volved in OMP assembly, is also degraded in a BepA-
dependent manner in the absence of periplasmic chaperone
SurA. BepA thus controls the quality of OMPs by promoting
either the biogenesis or elimination of OMPs, depending on
their folding state.
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Consistent with the vital roles of the cell envelope, E. coli is
equipped with multiple envelope stress-response systems to
sense and cope with disorders of OM constituents (21). Among
them, the o®-dependent stress response system is the only essen-
tial one and is probably one of the most important for the main-
tenance of the OM structure and function. Imbalanced biogenesis
and/or defectlve assembly of OMPs and LPS leads to cytoplasmic
activation of oF, an extracytoplasmic function ¢ factor responsible
for the transcrlptlon of a class of genes involved in biogenesis and
quality control of the OM components, including those for sub-
units of the BAM complex and LPS biosynthetic enzymes (22-24).

To date 114 genes have been identified as members of the
E. coli " regulon (24); however, their functions are not fully
understood, making them a treasure trove for 1dent1ﬁcat10n of
novel regulators of OM integrity. The products of the o -con-
trolled genes include four periplasmic protease homologs, DegP,
PtrA, YhiJ, and YfgC. DegP is a protease/chaperone that can
switch between these activities, thereby acting in both the as-
sembly and elimination of OMPs (25-27). In contrast, functions
of the other three protease homologs remain largely unknown.
Recently, genome-wide comprehensive analyses of the antibiotic
sensitivity of an E. coli single-gene knockout library showed that
disruption of the yfgC gene renders cells sensitive to multiple
drugs (28-31). Moreover, profiling of the chemical sensitivities of
AyfgC cells has suggested that this putative protease is involved
in the biogenesis and/or quality control of OMPs (31). The
amino acid sequence of YfgC indicates that it belongs to the
peptidase M48 family and possesses a typical zinc metal-
loproteinase active site motif, H'**EXXH. In addition, the C-
terminal portion of YfgC contains four copies of the tetra-
tricopeptide repeat (TPR) motif, a structural element involved in
protein—protein interactions (32). Members of the M48 family
include mitochondrial Omal (33), Ste24p (34), and E. coli HtpX
(35). HtpX is a membrane-anchored protease with its protease-
active site exposed to the cytoplasm and is thought to collaborate
with the AAA* protease FtsH to eliminate misfolded IM pro-
teins (36). YfgC has recently been reported to interact with and
contribute to proper localization of LoiP (YggG), an OM-asso-
ciated protease homologous to YfgC (37). However, the pro-
teolytic activity of YfgC has not been demonstrated, and its
specific cellular function remains obscure.

In this study, we sought to determine the molecular functions
of YfgC in maintaining the structure and function of the cell
envelope. Our results suggest that YfgC exerts dual functions,
promoting either the biogenesis or proteolytic elimination of
OMPs, depending on the folding state of the OMPs. Therefore,
we suggest that YfgC should be renamed as BepA (p-barrel
assembly-enhancing protease).

Results

BepA Processes a Protease Activity That Is Important for Maintenance
of the OM Integrity. Although BepA carnes a conserved zinc
metalloprotease active site motif, H'**EXXH, it is not known
whether BepA possesses a protease activity. To verify whether
BepA is indeed a protease, we purified C-terminally deca-
histidine (Hiso)-tagged wild-type BepA (BepAmisio) and its
derivative with an amino acid substitution (E137Q) in the
metalloprotease active site motif by metal affinity chromatogra-
phy. Incubation of a-casein, a model substrate, with wild-type
BepAumisio gave rise to a small but significant amount of a band
that migrated slightly faster than a-casein (Fig. 14, open ar-
rowhead). The N-terminal sequence of this band turned out to
be FVAPF that matches the 24th to 28th residues of a-casein,
indicating that it was generated by cleavage between F* and F**,
Generation of this fragment was inhibited when metal chelating
reagent 1,10-phenanthroline or EDTA was included in the re-
action mixture (Fig. 1B). Furthermore, incubation of a-casein
with the protease active site motif mutant, BepA(E137Q)wis10,
did not produce such a fragment (Fig. 14). Although the observed

Narita et al.

A B <
'_
BepAuso - WT E137Q SED
Time (h) 0 24 0 24 0 24 kDa
100
)
gg‘ - e e BepA,. 1 22_-—— “«BepAy;io
W | < 0-Casein s e e | «—0-casein
2] 25— <
0 20
15+
154
C D
— 50+ ©
—El | g AbepA
2 2 5<&&
Z 25 3 5 oo™ &
o plasmid: - - € & T I
= i
0 ﬂ ﬂ ﬂ ﬂ ﬂ BepAr —_—
5 <5 35«88
5 9 ™ ® 5 9 o™ = MBP »|— = - - an
® 0 - - p O = —
plasmid: >0 T w>oTuw
host: AbepA wild type
Fig. 1. Protease activity is required for BepA function. (A) Protease activity

of BepA. a-casein (400 pg/mL) was incubated without (=) or with Hisqo-
tagged wild-type BepA (WT) or its E137Q derivative (E137Q) (200 pg/mL) at
37 °C for 0 or 24 h. Proteins were separated by SDS/PAGE and visualized by
staining with Coomassie brilliant blue R-250. Proteolytic product of a-casein
is indicated by an open arrowhead. Migration positions of molecular weight
markers are shown on the left. (B) Effects of metal chelators on the BepA
protease activity. Protease activity of C-terminally Hisjo-tagged wild-type
BepA was analyzed as in A except that the reaction mixture contained 50 pM
ZnCl; (Zn), 250 uM 1,10-Phenanthroline (PT), or 250 uM EDTA. (C) Erythro-
mycin sensitivity of cells expressing BepA or its derivative. The minimum
inhibitory concentration (MIC) of erythromycin for the AbepA or wild-type
strain transformed with pUC18 vector, pUC-bepA, pUC-bepA(H136R), or
pUC-bepA(E137Q) encoding wild-type, H136R mutant, or E137Q mutant
BepA, respectively, at 30 °C is shown. (D) Cellular levels of BepA. BepA levels
in the AbepA cells used in C were determined by immunoblotting with anti-
BepA antiserum. Maltose-binding protein (MBP) was also detected by im-
munoblotting with anti-MBP antibodies and was used as a loading control.

in vitro proteolytic activity of BepA is rather low for unknown
reasons, the above results collectively demonstrate that BepA is
indeed a metalloprotease.

Disruption of the bepA gene causes significantly elevated
sensitivity to high-molecular mass antibiotics, such as erythro-
mycin and vancomycin (28-31) (Fig. 1C), indicating that loss of
BepA compromises the function of OM as a permeability bar-
rier. We examined the complementation activities of two active
site motif mutants, BepA(E137Q) and BepA(H136R), against
the AbepA mutation. In contrast to wild-type BepA, these
mutants failed to restore drug resistance to the AbepA mutant
(Fig. 1C) although they accumulated at levels comparable with
the wild-type protein (Fig. 1D). Importantly, these protease-dead
mutants exhibited a dominant-negative phenotype, as their ex-
pression in the wild-type (bepA™) strain significantly increased
sensitivity to erythromycin (Fig. 1C). It is not unexpected that
proteases with a compromised proteolytic active site can exhibit
a dominant-negative phenotype because they often retain other
activities (e.g., substrate binding, oligomerization) and thus
compete with the wild-type protein. These results suggest that
protease activity of BepA is important for its function to main-
tain OM integrity. Indeed, as described in later sections (see
Figs. 5 and 8), our results demonstrate that BepA is involved in
degradation of misfolded OMPs.
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Isolation of Multicopy Suppressors of the bepA-Null Mutation. De-
spite apparent dysfunction of OM, disruption of bepA gene has
little impact on the profiles of OMPs and heat modifiability of
a major OMP, OmpA (Fig. S1). To gain insight into the role of
BepA in the envelope function, we sought multicopy suppressors
of the AbepA mutation. Multicopy suppressors provide clues to
important functions of a deleted gene by identifying alternative
routes to performing the key function disabled by the gene de-
letion. Although the AbepA strain was sensitive to erythromycin,
the AbamE/AbepA strain showed greater sensitivity to multiple
drugs than the bepA deletion alone (see Fig. 6 A and B). We thus
used the double-mutant strain as the basis for the multicopy
suppressor screen. For this screen, we used the ASKA clone li-
brary of 4,123 E. coli ORFs, individually cloned under the iso-
propyl-thio-B-p-galactopyranoside (IPTG)-inducible promoter of
a chloramphenicol-resistant multicopy vector (38). Pools of
ASKA clones were introduced into the AbamE/AbepA strain,
and transformants were selected on agar plates containing 20
pg/mL chloramphenicol and 5 pg/mL erythromycin, with (100
pM) or without IPTG to induce the cloned genes. Both regimes
were used because high expression can sometimes be toxic.
Among the ASKA pools, we found 9 erythromycin-resistant
transformants without IPTG and 248 transformants with IPTG.
After verifying that drug resistance was linked to each plasmid
(by retransformation with plasmids isolated from the first iso-
lated drug-resistant bacteria), cloned genes were identified by
DNA sequencing. We then tested whether these multicopy
suppressors conferred resistance to other AbamE/AbepA-de-
rived drug sensitivities (e.g., SDS and vancomycin) (Table S1)
and retained the 14 clones that conferred resistance to all of the
selection reagents. Of these, only the clone carrying iptE conferred
erythromycin and vancomycin resistance to a level comparable
with a plasmid carrying wild-type bepA, even in the absence of
IPTG (Fig. 24 and Table S1). Furthermore, when IptE was under
tight arabinose control, the erythromycin sensitivity of the AbepA
strain was suppressed in an arabinose-dependent manner (Fig. 2B).
These results established that overexpression of LptE compensated
for the lack of BepA, at least with respect to the drug-sensitive
phenotypes examined. LptE/D form the essential OM translocon
that is required for export of LPS to the outer leaflet of the OM (9,
10, 16), and LptE assists the biogenesis and/or function of LptD
(10, 15-17), suggesting that BepA may participate in the for-
mation of functional LptD.

LptD with Nonnative Disulfide Bonds Accumulates in the Absence of
BepA. LptE promotes the proper oxidation of LptD and stabilizes
LptD protein (19, 39). It seemed thus possible that lack of BepA,
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Fig. 2. Overexpression of LptE suppresses the drug sensitivity of the AbepA
strain. (A) Erythromycin sensitivity of the AbepA strain transformed with an
ASKA clone carrying IptE. pCA24NANot was used as a vector control. For
comparison, the MIC of the AbepA strain transformed with pTH-bepA-his;o
encoding wild-type BepAyisio is shown. (B) LptE was overexpressed from
PMAN-IptE carrying IptE under the control of the araBAD promoter. Expres-
sion of LptE was confirmed by SDS/PAGE of total cellular proteins followed by
anti-LptE immunoblotting.
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like that of LptE, destabilizes LptD. Also, considering that the
drug sensitivity of the AbepA strain was suppressed by over-
production of LptE, it might be also possible that the bepA dis-
ruption might cause decrease in the LptE level. However, these
possibilities were ruled out, as the levels of LptD and LptE were
little affected by the presence or absence of BepA (Fig. 34,
+ME). We next considered whether BepA affected disulfide
bond formation in LptD. Mature LptD has two intramolecular
disulfide bonds between nonconsecutive pairs of Cys residues
(C51—C724 and C;73-Cyps; mature LptD with correct disulfide
bonds referred to here as LptDN®) (19). As reported previously
(19), correctly disulfide-bonded LptD™C migrates more slowly
than the fully reduced form (Fig. 34, —ME, left lane). Impor-
tantly, the AbepA strain had an additional band (LptDC) that
migrated more rapidly than the fully reduced band (Fig. 34,
—ME, right lane).

To unambiguously establish that different disulfide bond con-
nectivity was responsible for generation of LptD®, we examined
the migration patterns of C-terminally hexahistidine (Hise)-tagged
LptD proteins (LptDy;s6) having various combinations of their
four Cys residues changed to Ser, thereby restricting which
disulfide bonds were able to form. LptD(CCSS)yiss, Which
formed only the sequential C5;—C;73 disulfide bond, gave only
the rapidly migrating species, even in the wild-type (bepA™)
strain (Fig. S24). In contrast, LptD(SSCC)y;ss, Which formed
only the sequential C;,4—C5;5 disulfide bond, did not produce
this rapidly migrating species. As reported (17), the C754—C725
disulfide bond can actually be formed, as this species was non-
reactive with the sulfhydryl-reactive alkylating reagent mal-
eimide PEG,-biotin, unless it had been reduced with DTT
before the alkylating reaction (Fig. S2B). All species that could
form the C3,—C,73 bond (CCCC, CCSC, and CCCS) promoted
LptDC® formation in the absence of BepA (Fig. S24). We thus
concluded that LptD® had nonnative disulfide bonds, at least
between Cs; and C;7; and possibly between Crp4 and Cyps (Fig. 3B).
Subcellular fractionation revealed that, like LptDNC, LptD®
was associated with the OM (Fig. S2 C and D).

BepA Promotes Formation of the Proper Intramolecular Disulfide
Bonds in LptD. It has been recently reported that LptD is assem-
bled into the OM via formation of an intermediate containing
nonnative disulfide bonds linked between consecutive Cys residues
that are isomerized to native disulfide bonds, the step triggered
by assembly with LptE (17). Our results suggest that LptD®
corresponds to the folding intermediate with consecutive disul-
fide bonds and that the absence of BepA causes its accumulation.
To determine whether LptD® is indeed an on-pathway species,
we examined the kinetics of formation of LptDN® and LptD®
by pulse-labeling cells with [>*S]-methionine for 1 min, followed
by chase with excess nonlabeled methionine. In wild-type cells,
almost all labeled LptD molecules were present as LptD€ after
a 1-min chase and were then converted to LptDNC in a process
in which an initial rapid (t;, ~10 min) phase was followed by a
slower conversion that took ~40 min for completion (Fig. 44).
Like in wild-type cells, LptD was mostly detected as LptD™ after
a 1-min chase in AbepA cells and was converted to LptD™ upon
chase. However, this conversion took a much longer time (t;, >
80 min) 1\§Fig' 44) in AbepA cells. Conversely, the rate of LptD®
to LptDN conversion was restored by overproduction of BepA in
AbepA cells (Fig. 4B). The conversion was slightly but signifi-
cantly accelerated by overproduction of BepA, even in wild-type
cells (Fig. S3). These results indicate that BepA promotes disulfide
isomerization of LptD and that the process promoted by BepA is
rate-limiting for LptD maturation. Importantly, overexpression of
LptE in AbepA cells promoted both the extent and rate of the
conversion of LptD to approximately those of wild-type cells (Fig.
S4), suggesting that the suppression of AbepA by LptE over-
expression resulted mainly from restoration of LptD™ formation.
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Fig. 3. Defective oxidative folding of LptD in the absence of BepA. (A)
Immunoblotting of LptD was carried out after reducing (+ME) or non-
reducing (—ME) SDS/PAGE of total cellular proteins. Wild-type (+) or AbepA
() cells were grown overnight at 30 °C. Anti-LptE immunoblotting was also
carried out after reducing SDS/PAGE. The positions of reduced LptD
(LptDRP), properly oxidized LptD (LptDN®), rapidly migrating LptD (LptD),
LptE, and molecular weight markers are indicated. (B) Schematic represen-
tation of disulfide bonds in LptDN® and LptDC. Asterisk indicates a non-
specific band.

We found that ectopic expression of the H136R or E137Q
mutant of BepA in AbepA cells also promoted LptD® to LptDN®
conversion, albeit less effectively than wild-type BepA (Fig. 4B).
In contrast, these mutants slightly retarded this conversion pro-
cess when expressed in wild-type (bepA™) cells (Fig. S3), which
was consistent with their dominant-negative properties. These
results indicated that BepA could promote oxidative folding of
LptD independently of its protease activity, although the intact
protease motif is still required for its full functioning.

Disulfide isomerization of periplasmic and OM proteins is
mainly catalyzed by DsbC (18), but that of LptD proceeds even
in the absence of DsbC (17) (Fig. S54). Additional disruption of
the dsbG gene, encoding possible periplasmic disulfide isomer-
ase, had essentially no effect (Fig. S54). Therefore, DsbC and
DsbG may be dispensable for disulfide exchange in the process
of LptD biogenesis. The oxidoreductase DsbA is required for the
oxidative folding of LptD (17, 18). In the absence of DsbA,
several bands, including both LptD and LptDN®, were gener-
ated after a 1-min chase (Fig. S5B). When treated with a re-
ducing reagent, they were converted to LptDREP (Fig. S5B),
indicating that they were LptD species with different oxidative
states. These results suggested that, in the absence of DsbA, both
consecutive and nonconsecutive disulfide bonds were formed
stochastically.

BepA Degrades LptD When LptD Fails to Form the OM LPS Translocon.
In agreement with the recent reports by Chng et al. (17), we found
that the LptD® to LptDNC conversion was almost completely
blocked in LptE-depleted cells (Fig. 54). In addition, the pulse—
chase experiment revealed that LptD® was significantly destabi-
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lized in this condition (Fig. 54). Strikingly, LptDC became stable,
even under LptE-limiting conditions, when bepA was disrupted
(Fig. 54), and the LptD -stabilizing effect of AbepA was sup-
pressed by expression of wild-type but not protease-dead BepA
protein from a plasmid (Fig. 5B). Furthermore, ectopic expres-
sion of wild-type BepA led to increased destabilization of LptD®
in LptE-depleted cells carrying chromosomal bepA™ whereas
that of protease-dead BepA mutants dominantly stabilized
LptD® (Fig. 5C). These results strongly suggest that BepA
functions as a protease in vivo to degrade LptD that has failed
to interact with LptE to form the functional LPS translocon.

Genetic Interaction of bepA with bamB and bamE. The AbepA strain
exhibits elevated drug sensitivity (28-31) (Fig. 1C), a phenotype
reminiscent of deletion of some of the nonessential members
(bamB, bamC, and bamFE) of the BAM complex (31). The BAM
complex, composed of one B-barreled subunit (BamA) and four
lipoprotein subunits (BamB to -E), facilitates insertion of
B-barrel proteins into the OM. The similarities in the antibiotic
sensitivity phenotypes of these proteins suggested that BepA may
have some functional interaction with the Bam components.
Consistent with this idea, AbamB/AbepA or AbamE/AbepA
double mutants displayed elevated sensitivity toward multiple
antibiotics (Fig. 64). These double mutants also exhibited sig-
nificantly higher SDS sensitivity; they grew much more slowly
than the wild-type cells in the presence of 0.5% SDS, although
the viability of cells seemed almost the same (Fig. 6B). None of
the single mutations conferred these phenotypes (Fig. 6B). These
results show that bepA genetically interacts with bamB and
bamE. Interestingly, the protease-dead BepA mutant proteins
restored the SDS resistance of the AbamB/AbepA strain at 30 °C,
supporting the above notion that BepA plays a nonproteolytic
role (Fig. 6C) whereas they failed to restore the SDS sensitivity
of the AbamE/AbepA strain. Moreover, these mutant proteins
dominantly sensitized the AbamE/AbepA cells to SDS at 37 °C,
underscoring the fact that the residual activity of protease-defective
proteins could be deleterious to the cell (Fig. 6C).

BepA Is Localized in Close Proximity to the BAM Complex. We then
investigated possible physical interaction with envelope compo-
nents, such as the BAM complex. The SOSUI program (40)
predicted BepA to be a periplasmic protein with an N-terminal
27 amino acid-long signal peptide. As expected, upon cell frac-
tionation, BepA was predominantly recovered in the soluble
fraction (Fig. S6). However, a significant amount of BepA was
also present in the membrane fraction (Fig. S6). As an unbiased
approach to identify putative BepA binding partners, we used
chemical cross-linking. Wild-type cells with a plasmid encoding
C-terminally His;o-tagged BepA (BepAmisio) or its HI36R or
E137Q derivatives were converted to spheroplasts and treated
with bis(sulfosuccinimidyl) suberate (BS®), a membrane-imper-
meable and amine-reactive cross-linker, and analyzed by SDS/
PAGE and anti-BepA immunoblotting (Fig. 74). BepApis1o gave
rise to several cross-linked products (Fig. 74), which were even
more obvious with BepA(H136R)y;is10 and BepA(E137Q)yis1o-
Enhanced cross-linking with protease-dead mutants may be
attributable to stalling reactions caused by impaired protease
activity. Metal affinity chromatography followed by liquid chro-
matography-mass spectrometry analysis of the strongest cross-
linked band of BepA(E137Q)m;s10 (~170 kDa) identified BamA,
the central subunit of the BAM complex (Fig. S7). Immuno-
blotting with anti-BamA antibodies confirmed BamA-BepA
cross-linking (Fig. 7B). As expected, BamA-BepA adducts were
almost exclusively recovered in the membrane fraction (Fig. 7B).
To examine the possible interaction of BepA with other subunits
of the BAM complex, we compared the patterns of BS>-medi-
ated adduct production in the presence or absence of the non-
essential lipoprotein subunits, i.e., BamB, BamC, or BamE. In
addition to the BamA-BepA(E137Q) adduct detected in all
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strains (Fig. 7 C and D), a cross-linked product of ~110 kDa,
reactive with both anti-BepA and anti-BamC antisera, was detected
in wild-type, AbamB, and AbamE strains, but not in the AbamC
strain (Fig. 7 C and F). Additionally, an ~85-kDa band reactive
with both anti-BepA and anti-BamD antisera was detected in the
Abam( strain (Fig. 7 C and G). No cross-link between BepA and
BamB was observed (Fig. 7E).

As an alternative approach to probe possible interaction, we
carried out site-directed in vivo cross-linking experiments. The
C-terminal portion of BepA contains four copies of the TPR
motif, which is widely involved in protein—protein interactions.
We expected that the BepA TPR motifs would participate in
interaction with other proteins and substituted an amber codon
for the Q428 codon in the fourth TPR motif of BepA, to allow
suppressor tRNA-mediated introduction of a nonnatural, photo-
reactive amino acid, p-benzoylphenylalanine (pBPA), at this
position (41). Cells expressing BepA(Q428pBPA) were UV-
irradiated and analyzed by SDS/PAGE and immunoblotting.
We found that a band of about 135 kDa that was reactive with
both anti-BepA and anti-BamA antibodies was yielded in UV-
irradiation and pBPA-dependent manners (Fig. 7H), indicating
that it represents a BamA-BepA(Q428pBPA) adduct.

The BAM complex is rather stable, enabling purification of
the entire BAM complex using a polyhisitidine tag attached to
a BAM component (6, 42). To examine whether formation of the
cross-linked adducts reflects direct interaction between BepA
and the BAM complex, BepA(E137Q) was coexpressed with
C-terminally Hiss-tagged BamB (BamByy;) in the AbamB strain.
Metal affinity chromatography followed by SDS/PAGE and im-
munoblotting revealed that, along with other Bam components,
a portion of BepA(E137Q) was coisolated with BamByy;s6 (Fig.
71). Taken together, these results strongly suggest that BepA
directly interact with the BAM complex possibly via its TPR
domain. Its membrane localization could be at least partly resulted
from this interaction.

BepA Cleaves BamA in Cells Lacking SurA. The above finding that
BepA interacts with BamA prompted us to examine the possi-
bility that BamA becomes a proteolytic substrate of BepA. In
the wild-type background, however, we detected no difference
in the profiles of anti-BamA-reactive bands between wild-type
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and AbepA strains (Fig. 8, Upper, lanes 1 and 2). We next com-
pared the profiles of anti-BamA-reactive bands in the Asurd
background. SurA is thought to play a primary role in the bio-
genesis of OMPs, and disruption of the surA4 gene causes massive
decreases in the levels of OMPs and increased permeability to
a wide variety of drugs (43). Absence of SurA does not affect
p-barrel folding of BamA in cells grown in rich media (44).
However, we detected several anti-BamA-reactive bands that
were smaller than intact BamA in Asur4 cells when the cells
were grown in minimal media. These bands were hardly detected
in AsurA/AbepA double mutants (Fig. 8, Upper, lanes 3 and 4)
but regenerated upon ectopic expression of wild-type but not
protease-dead BepA proteins (Fig. 8, Upper, lanes 5-8) in the
same strain background, suggesting that they are BamA degra-
dation products. Degradation of other OMPs such as LamB and
OmpA was not observed (Fig. S8 A and B) under similar con-
ditions. Loss of SurA could induce the oF stress response and
cause up-regulation of BepA. However, BamA degradation ob-
served in the AsurA strain was not the direct result of increased
synthesis of BepA because overexpression of BepA in the surA™
strain did not cause BamA degradation (Fig. S8C). It is unclear
why BamA degradation products were not detected in cells
grown in rich media, but they may be further degraded by other
proteases in that case. Collectively, these results suggest that
proper assembly of BamA is compromised in the absence of
SurA and that BepA degrades BamA under such a condition.
Alternatively, as BamA has been suggested to assume different
conformations during its functional cycle (45, 46), the absence of
SurA might cause accumulation of the BepA-susceptible form
of BamA.

We noticed that C-terminally His;o-tagged wild-type BepA
migrated faster than its HI36R or E137Q derivative and mi-
grated slightly slower than chromosomally encoded BepA upon
SDS/PAGE (Fig. 8, Lower). It seems likely that BepApis1o un-
derwent self-cleavage within its C-terminally attached tag se-
quence, which further supports our result that BepA possesses
proteolytic activity.

Discussion

In this study, we investigated the cellular functions of BepA,
a o"-regulated, periplasmic protease homolog implicated in the
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Fig. 5. BepA destabilizes LptD in LptE-limiting conditions. (A) LptE-depleted
cells carrying bepA (bepA*) or its disruptant were pulse-labeled and ana-
lyzed as described in the legend to Fig. 4A. (B and C) The stability of LptD
was assessed as in A using the AbepA (B) or wild-type (C) cells transformed
with empty vector or either of the plasmids encoding C-terminally Hiso-
tagged wild-type BepA or its H136R or E137Q derivative.

maintenance of OM integrity. With a purified preparation, we
demonstrated that BepA indeed possesses a proteolytic activity.
Our genetic and biochemical analyses suggest that BepA acts
in the assembly/degradation of two essential OMPs, LptD and
BamA, the central components of OM translocons for LPS and
OMPs, respectively. Importantly, we showed that BepA can
promote disulfide isomerization of LptD independently of its
protease activity and degradation of LptD and BamA when their
proper assembly is compromised. Our results suggest that BepA
acts as a protease/chaperone that contributes to OM quality
control by directly and/or indirectly affecting biogenesis of both
OMPs and LPS.

BepA Promotes Maturation of LptD. LptD is converted into the
mature form with nonconsecutive disulfide bonds (LptD™C)

Narita et al.

via an intermediate with nonnative, consecutive disulfide bonds
(LptDC) (17). Although Chng et al. identified this intermediate
using epitope-tagged LptD expressed from a plasmid (17), we
showed that chromosomally encoded LptD also follows this as-
sembly pathway. A detailed study by Kadokura and Beckwith
suggested that, whereas disulfide bonds of proteins are formed
vectorially from the N terminus to the C terminus in the peri-
plasm when the protein is cotranslationally translocated across
the IM, posttranslationally translocated proteins have more re-
laxed restrictions for the order of disulfide bond formation (47).
Although LptD is presumably exported across the membrane
posttranslationally, disulfide bonds are exclusively formed in the
N-to-C order. The finding that the precursor form of LptD,
observed after 1-min chase, migrated more rapidly in non-
reducing SDS/PAGE than in reducing gels (Fig. 44) supports
that at least the disulfide bond between Cz; and C;75 can be
formed before completion of polypeptide translocation. The
physical distance between the two Cys pairs (separated by 550
amino acids) may contribute to the exclusive formation of LptDS,
even in a posttranslational translocation pathway. DsbA is involved
in the oxidative folding pathway of LptD (17-19), and disulfide
bonds of LptD are formed stochastically in the absence of DsbA.
Oxidants in the media or molecular oxygen may contribute to
oxidizing some populations of LptDRE? directly to LptDNC, as
previously suggested (19), which may be why DsbA is nonessential
even though it appears to have critical roles in the biogenesis of
essential LptD.

We screened for multicopy suppressors against the drug sen-
sitivity phenotype of the AbepA strain and identified the IptE gene
that encodes a protein involved in the function and/or folding of
LptD (15). This result suggests that BepA is also involved in LptD
biogenesis. In agreement with this notion, we found that disruption
of bepA delayed the rearrangement of LptD disulfide bonds,
causing accumulation of LptD®, which was suppressed by over-
expression of LptE. Disulfide bond rearrangement in LptD is
triggered by its association with LptE (17). Our finding of sup-
pression by LptE overproduction of defective LptD -to-LptD
conversion due to loss of BepA suggests that BepA promotes
LptD/E association. Through the isolation and analyses of
mutations in bamA that allele-specifically suppress an [ptE mu-
tation, it was proposed that LptE interacts with LptD that is
being assembled by the BAM complex (15). BepA may directly
assist efficient interaction between LptD and LptE at the BAM
complex or act at some other step during LptD assembly to
eventually facilitate formation of a productive LptD/E complex
(Fig. 9, Upper).

Possible Dual Functions of BepA as a Chaperone and Protease.
Here, we purified BepA and showed that it has a low but signifi-
cant protease activity against a-casein. Its protease activity was
inhibited by metal chelating reagents or amino acid substitution
in the putative protease active-site motif (HEXXH), suggest-
ing that BepA is a metalloprotease as deduced from its sequence
homology to the M48 family of zinc metalloproteinases. Protease-
dead BepA mutants are defective in complementation of the
AbepA mutation and exert dominant-negative effects when ex-
pressed in wild-type (bepA™) cells. Degradation of LptD® in LptE-
depleted cells and BamA in AsurA cells was dependent on BepA
with an intact protease active-site motif. Moreover, overexpression
of wild-type BepA accelerated degradation of LptD® in LptE-
depleted cells whereas protease-dead BepA mutants dominantly
stabilized LptD® under the same conditions. Our observations
collectively suggest that BepA directly proteolyzes OMPs such as
LptD and BamA in vivo and that protease activity is important
for its function in maintaining OM integrity (Fig. 9, Lower). Al-
though the observed in vitro protease activity was quite modest,
it might be improved by, for instance, optimization of the assay
conditions and/or addition of unidentified partner proteins.
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Fig. 6. bamB/bepA and bamE/bepA double disruptants show elevated drug sensitivity. (A) MICs of erythromycin (ERM), rifampicin (RIF), vancomycin (VCN),
and novobiocin (NOV) at 30 °C for strains lacking bepA, bamB, bamC, and bamE individually or in combinations as indicated. (B) Overnight cultures of strains
lacking bepA, bamB, bamC, and bamE individually or in combinations as indicated were serially diluted with saline, spotted onto L agar with or without 0.5%
SDS, and incubated at 30 °C for 24 h. (C) bamB/bepA and bamE/bepA double-knockout strains were transformed with a plasmid encoding wild-type BepA or
its H136R or E137Q derivative and were grown on L agar containing 0.5% SDS for 24 h at 30 °C or 37 °C.

Several lines of evidence suggest that BepA also possesses
a protease activity-independent function. We found that the
SDS sensitivity of the bamB/bepA double disruptant was com-
plemented by protease-dead mutants. Disulfide rearrangement
of LptD was also promoted by these protease-dead BepA
derivatives. Furthermore, overexpression of BepA in wild-type
cells facilitated the rate of LptD® to LptDN conversion (Fig. S3)
without affecting the stability of LptD. It is thus conceivable that
BepA can facilitate formation of the proper conformation of
LptD independently of its protease activity. These characteristics
of BepA are reminiscent of DegP, another ¢™-regulated protease
that reversibly switches between a protease and a chaperone in
a temperature- and substrate-dependent manner (25, 27). Our
results suggest that BepA is able to function in two ways
depending on the folding state of a substrate OMP: as a chap-
erone promoting the biogenesis of a substrate OMP or as
a protease degrading it when it fails to assemble correctly into
the OM.

It should be noted that the rate of LptD® to LptDN® con-
version was not fully restored by the expression of protease-dead
BepA mutants in the AbepA strain; the protease-dead mutants
effectively recovered the initial rate of LptD® to LptDN® con-
version, but the final yield of LptDN in protease-dead BepA-
expressing cells was much lower than that in the strain expressing
wild-type BepA. Although the exact reason for the above
observations is unclear, a fraction of LptD® may elude the pro-
tease-dead mutants having reduced or altered chaperone-like
activity and enter an off-target pathway after a certain period to
yield a dead-end product that resists the action of BepA. The
protease activity of BepA may also be required for its maximum
activity to remove a portion of LptDC that would misfold, even in
the presence of LptE, and competitively inhibit the function
of BepA.

BepA Is Involved in Maintenance of OM Integrity. bep4 mutants
exhibit hypersensitivity to a variety of hydrophobic and high-
molecular-mass drugs. Recent large-scale chemical genomics com-
bined with quantitative fitness measurements have suggested that
the function of the bepA gene is highly correlated with those of
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genes involved in OMP and LPS biosynthesis (30, 31). Consistent
with the above suggestion, our in vivo observation that additional
disruption of the bamB or bamE gene synergistically elevated the
SDS and antibiotic sensitivity of the AbepA strain suggested that
BepA has genetic interactions with these BAM components and
thus is involved in normal OM assembly. Direct interaction be-
tween BepA and the BAM complex was suggested from our
biochemical results demonstrating that BepA can be pulled down
with the BAM complex and cross-linked with BamA, BamC, and
BambD. Site-specific in vivo photo—cross-linking experiments sug-
gested that the TPR domain of BepA is involved in the interaction
with BamA. These observations raise the possibility that BepA
acts in cooperation with the BAM complex.

Suppression of the antibiotic hypersensitivity of the AbepA
strain by overexpression of LptE, which would specifically im-
prove the folding/assembly of LptD, suggests that the antibiotic
hypersensitivity of this strain is mainly attributable to folding
defects in LptD. Inefficient assembly of LptD would result in
delay of LPS translocation across the OM, which causes phos-
pholipids to flip from the inner to the outer leaflet of the OM
(48). Impaired lipid asymmetry would then abolish the barrier
function of OM against drugs. However, BepA may play a more
general role in the biogenesis/quality control of OMPs. Synthetic
lethal or sick phenotypes are often observed following disruption
of two genes that have overlapping or compensatory functions.
Indeed, we found that simultaneous disruption of bepA together
with either bamB or bamE synthetically sensitized cells to SDS.
In addition, BepA can interact with the BAM complex. The
genetic and physical interactions between BepA and the BAM
complex raise the possibility that BepA promotes the correct
assembly of not only LptD but also other OMPs. The surA/bepA
double disruptant was recently reported to exhibit a tempera-
ture-sensitive growth phenotype (49). Lack of SurA would pro-
duce misfolded BamA that could be normally eliminated by
BepA, and the growth defects of the surA/bepA double dis-
ruptant may result from dysfunction of the BAM complex to
assemble OMPs. Because lack of BepA does not cause a drastic
change in p-barrel folding of OMPs that can be assessed by the
heat-modifiability assay, it is not easy to assay maturation for
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Fig. 7. BepA interacts with the BAM complex. (A-G) BS>-mediated cross-linking. (A and B) Wild-type cells transformed with the pUC18 vector (-) or its
derivative encoding the C-terminally His;o-tagged wild-type BepA (WT) or its H136R or E137Q derivative were subjected to cross-linking with BS® as described
in Materials and Methods. Membrane (M) and periplasmic (P) fractions were analyzed to SDS/PAGE followed by immunoblotting with anti-BepA (A) or anti-
BamA (B) antisera. The cross-linked product of BepA and BamA is indicated (x BamA; also indicated by asterisks). ((—G) The AbepA strain (WT) or the AbepA
strain also having deletions of bamB (AB), bamC (AC), or bamE (AE) were transformed with empty vector (-) or a plasmid encoding tag-free BepA(E137Q) and
were subjected to BS3 cross-linking. Membrane fractions were analyzed by WIDE RANGE PAGE (Nacalai Tesque) (7.5% acrylamide), except for D, in which
normal SDS/PAGE was used, followed by immunoblotting with anti-BepA (C), anti-BamA (D), anti-BamB (E), anti-BamC (F), or anti-BamD (G) antisera. (H)
Photo—cross-linking of BepA and BamA. The AbepA cells transformed with pEVOL-pBpF (aminoacyl-tRNA synthetase/suppressor tRNA) and the plasmid
encoding a BepA derivative with an amber codon at position 428 were grown with or without pBPA and were UV-irradiated for 10 min. Acid-precipitated
proteins were analyzed by SDS/PAGE and immunoblotting with anti-BepA and anti-BamA antisera. The cross-linked product between BepA(Q428pBPA) and
BamA is indicated. (/) Pull-down assay. Wild-type strain (WT) transformed with empty vector or the AbamB strain transformed with a plasmid encoding
C-terminally Hise-tagged BamB (BamBy,;ss) was cotransformed with a plasmid encoding BepA(E137Q). Membrane proteins were solubilized and subjected to
a pull-down assay using Hisg tag of BamB. Solubilized membrane (input) and affinity-purified proteins (eluate, a fivefold equivalent for Bam component
immunoblotting and a 50-fold equivalent for BepA and OmpA immunoblotting) were analyzed by SDS/PAGE and immunoblotting.
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most OMPs other than LptD, maturation of which can be assayed
by examining the disulfide rearrangement. Improvement of experi-
mental techniques to monitor folding/assembly states of OMPs
would be required to test this possibility.

Materials and Methods

Bacterial Strains, Plasmids, and Media. The bacterial strains, plasmids, and
primers used in this study are listed in Tables S2-S4, respectively. Their
constructions are described in S/ Materials and Methods. E. coli K12 strains
AD16 (50), MC4100 (51), and AM604 (10) were used as wild-type strains.
AMG604 and GC187 (P..IptE) were a generous gift from Thomas J. Silhavy
(Princeton University, Princeton, NJ). SM4106 (AbamB::tet) was a generous
gift from Shin-ichi Matsuyama (Rikkyo University, Tokyo, Japan). KRX
(Promega) and TOP10 (Invitrogen) were used as hosts for protein expression
and routine cloning procedures, respectively. The Keio collection (52), the
ASKA library (38), and plasmid pCP20 were provided by the National Bio-
Resource Project-E. coli (National Institute of Genetics, Mishima, Japan).
PEVOL-pBpF was purchased from Addgene. Cells were grown in L medium
(containing 10 g/L bactotryptone, 5 g/L yeast extract, and 5 g/L NaCl; the pH
was adjusted to 7.2 by NaOH) or M9 medium (53) (with omission of CaCly),
supplemented with ampicillin and chloramphenicol at 50 and 20 pg/mL,
respectively, when appropriate.

Selection of Multicopy Suppressors. A total of 4,123 clones from the ASKA
library were divided into 112 groups such that each group contained up to 48
clones. Mixtures of plasmids were prepared from each group and used to
transform SN537 (AbepA AbamE). Transformants were selected at 30 °C on
L agar containing 20 pg/mL chloramphenicol and 0 or 5 pg/mL erythromycin
in the presence or absence of 100 uM IPTG. Each group yielded 0-14 eryth-
romycin/chloramphenicol-resistant colonies whereas 100-300 transformants
were obtained on plates containing chloramphenicol but not erythromycin.
Plasmids were purified from erythromycin/chloramphenicol-resistant colo-
nies and reintroduced into SN537 to check whether erythromycin resistance
was linked to each plasmid. The verified plasmid clones were sequenced to
identify the cloned genes.

Pulse-Chase and Immunoprecipitation Experiments. AD16, GC187, and their
derivatives were grown to an early log phase in M9 medium supplemented
with 19 amino acids other than methionine, 2 pg/mL thiamine, and 0.2%
glucose at 30 or 37 °C. Cells carrying a pTH18cr derivative were grown
similarly, but in the presence of 0.2% maltose and 1 mM IPTG instead of
glucose. Cells were labeled with 370 kBg/mL [3*S]-methionine (American
Radiolabeled Chemicals) for 1 min at 30 or 37 °C, and chase was initiated by
the addition of 0.04% (final conc.) nonradioactive methionine. Aliquots
were withdrawn after 1, 2, 5, 10, 20, 40, 60, and 80 min, and proteins were
precipitated with trichloroacetic acid. Protein precipitates were dissolved in
50 mM Tris-HCl (pH 8.1) containing 1% SDS and 1 mM EDTA, boiled for
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Fig. 8. BepA-dependent degradation of BamA in the AsurA strain. Total
cellular protein was prepared from wild-type or mutant cells lacking bepA
and/or surA (lanes 1-4) or AsurA/AbepA cells harboring empty vector or ei-
ther of the plasmids encoding C-terminally His;o-tagged wild-type BepA or
its H136R or E137Q derivative (lanes 5-8) and was subjected to SDS/PAGE
followed by immunoblotting with anti-BamA or anti-BepA antisera. Putative
BepA degradation products of BamA are indicated by asterisks.
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Fig. 9. A model for BepA function in the assembly/degradation of the OM
LPS translocon. (Upper) BepA promotes disulfide rearrangement of LptD®
that is triggered by association of LptD® with LptE. BepA may directly assist
LptD-LptE interaction or act indirectly to facilitate formation of the productive
LptD-LptE complex. Square brackets represent disulfide bonds (Lower). In the
absence of LptE, BepA acts to proteolytically eliminate accumulated LptDS.

5 min, and diluted 20-fold with 50 mM Tris-HCl (pH 8.1) containing 150 mM
Nacl, 2% (wt/vol) Triton X-100, and 0.1 mM EDTA. After removal of insoluble
materials by centrifugation at 20,000 x g for 5 min, the supernatant was
subjected to immunoprecipitation with anti-LptD antiserum and Dynabeads
Protein A (Invitrogen). Immunoprecipitated proteins were eluted from
beads by boiling for 5 min in SDS/PAGE sample buffer with or without 1%
2-mercaptoethanol and were analyzed by SDS/PAGE and phosphorimaging
with BAS-1500 (Fujifilm). Band intensities were quantified with MultiGauge
software (Fujifilm).

BS3-Mediated Cross-Linking. MC4100 derivatives transformed with plasmids
that encode BepA derivatives were grown to a late log phase at 30 or 37 °Ciin
L medium. Cells were harvested, washed once with buffer A [20 mM sodium-
phosphate buffer (pH 7.2) containing 300 mM sucrose], and resuspended in
the same buffer. After addition of 40 pg/mL lysozyme, cells were converted
to spheroplasts by incubation at 4 °C in buffer A containing 1 mM EDTA in
the presence or absence of 1 mM BS? (Thermo Fisher Scientific) for 30 min.
Then, samples were separated into periplasmic and spheroplast fractions by
centrifugation at 20,000 x g for 2 min. Spheroplasts were suspended in 50
mM Tris-HCl (pH 7.5) and disrupted by sonication. After removal of un-
broken cells by centrifugation at 10,000 x g for 2 min, membranes were
collected by ultracentrifugation at 100,000 x g for 30 min. Proteins in the
periplasmic and membrane fractions were precipitated by the addition of
10% (wt/vol, final conc.) trichloroacetic acid and were subjected to SDS/
PAGE and immunoblotting.

pBPA-Mediated Photo-Cross-Linking. SN56 transformed with pUC-BepA
(Q428Amber) and pEVOL-pBpF was grown at 30 °C to a late log phase in
L medium supplemented with 0.2% arabinose and 1 mM IPTG in the pres-
ence or absence of 1 mM pBPA (Bachem). Cells were chilled on ice for 10 min
and UV-irradiated at 365 nm on a Petri dish for 10 min by using a B-100AP
UV lamp (UV Products) at a distance of 4 cm. Cells were then harvested,
suspended in 20 mM Tris-HCl (pH 7.5) and disrupted by sonication. After re-
moval of unbroken cells by centrifugation at 10,000 x g for 2 min, membranes
were collected by ultracentrifugation at 100,000 x g for 30 min. Proteins in
the membrane fractions were precipitated by trichloroacetic acid and sub-
jected to SDS/PAGE followed by immunoblotting.
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