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ABSTRACT The asymmetric Gram-negative outer membrane (OM) is the first line of
defense for bacteria against environmental insults and attack by antimicrobials. The
key component of the OM is lipopolysaccharide, which is transported to the surface
by the essential lipopolysaccharide transport (Lpt) system. Correct folding of the Lpt
system component LptD is regulated by a periplasmic metalloprotease, BepA. Here,
we present the crystal structure of BepA from Escherichia coli, solved to a resolution
of 2.18 Å, in which the M48 protease active site is occluded by an active-site plug.
Informed by our structure, we demonstrate that free movement of the active-site
plug is essential for BepA function, suggesting that the protein is autoregulated by
the active-site plug, which is conserved throughout the M48 metalloprotease family.
Targeted mutagenesis of conserved residues reveals that the negative pocket and
the tetratricopeptide repeat (TPR) cavity are required for function and degradation
of the BAM complex component BamA under conditions of stress. Last, we show
that loss of BepA causes disruption of OM lipid asymmetry, leading to surface ex-
posed phospholipid.

IMPORTANCE M48 metalloproteases are widely distributed in all domains of life. E.
coli possesses four members of this family located in multiple cellular compartments.
The functions of these proteases are not well understood. Recent investigations re-
vealed that one family member, BepA, has an important role in the maturation of a
central component of the lipopolysaccharide (LPS) biogenesis machinery. Here, we
present the structure of BepA and the results of a structure-guided mutagenesis
strategy, which reveal the key residues required for activity that inform how all M48
metalloproteases function.

KEYWORDS Escherichia coli, structure, BepA, lipopolysaccharide, LptD, M48
metalloprotease, BAM complex, outer membrane, protease

The outer membrane (OM) of Gram-negative bacteria is the first line of defense
against environmental insults, such as antimicrobial compounds (1, 2). As such, the

integrity of the OM must be maintained lest the bacteria become susceptible to stresses
to which they would otherwise be resistant. The OM consists of an asymmetric bilayer
of phospholipids and lipopolysaccharide (LPS) decorated with integral outer membrane
proteins (OMPs) and peripheral lipoproteins. The impermeable nature of the OM can be
attributed to several characteristics of the LPS leaflet, such as dense acyl chain packing,
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intermolecular bridging interactions, and the presence of O-antigen carbohydrate
chains (1, 3–7).

All the components required to construct the OM are synthesized in the cytoplasm.
Specialized systems transport these molecules across the cell envelope and assemble
the molecules into the OM in a coordinated fashion. Central to this is the �-barrel
assembly machinery (BAM) complex. In Escherichia coli, the BAM complex is composed
of two essential subunits, the OM �-barrel BamA and the lipoprotein BamD, and three
nonessential accessory lipoproteins, BamB, BamC, and BamE (8–11). The BAM complex
is responsible for assembly of the Lpt system, which traffics LPS from the cytoplasm to
the outer leaflet of the OM in order to maintain OM permeability barrier function
(12–14). The Lpt machinery is composed of three modules: the inner membrane
(IM)-localized LptBFGC complex, which flips the LPS molecule across the IM and
energizes the system; LptA, which forms a bridge between the IM and OM along which
the LPS travels; and the OM complex LptDE (12, 15, 16). The C terminus of LptD forms
an OM �-barrel which facilitates insertion of LPS directly into the outer leaflet of the OM
(17, 18). The N terminus contains a periplasmic domain that interacts with the LptA
bridging molecule (19). The two LptD domains are connected via two disulfide bonds,
at least one of which is required for efficient function of the LptDE complex (20, 21).
Formation of the correct LptD disulfide bonds is reliant upon the periplasmic thiol-
disulfide oxidoreductase, DsbA, as well as proper folding and insertion of the LptD
�-barrel into the OM. The latter step is dependent on the BAM complex and the
interaction of LptD with its cognate OM lipoprotein partner LptE (20, 21). To be
effective at LPS delivery and to maintain the integrity of the OM, maturation of the
LptDE complex is tightly regulated. The proteases DegP, BepA, and YcaL each have
specific roles in LptD maturation. DegP is responsible for the degradation of misfolded
LptD in the periplasm, whereas YcaL targets LptD which has docked with the Bam
machinery but stalled at an early step in folding. Lastly, BepA degrades LptD which has
engaged with the Bam machinery but stalled during insertion of a nearly complete
barrel (22).

Among the LptD quality control proteases, BepA is different in that it also has
chaperone activities and influences the insertion of other OMPs into the outer mem-
brane, and its deletion renders cells sensitive to multiple antibiotics (23, 24). The
primary sequence of BepA indicates that this protein is a member of the M48 family of
zinc metalloproteases, of which there are four in E. coli. The M48 proteases are
characterized by an HEXXH motif on the active-site helix (25). The histidine residues
within this motif act, usually with a third amino acid and a water molecule, to
coordinate the metal ion, typically zinc, at the active site (26–28). In addition to the
N-terminal M48 protease domain, BepA has a C-terminal tetratricopeptide repeat (TPR)
domain. TPR domains consist of a number of stacked repeats of �-helix pairs, together
forming a solenoid-like structure that is known to facilitate protein-protein interactions
and multiprotein complex formation (29). Narita et al. reported that BepA has a dual
role, degrading misfolded LptD but also promoting correct folding and accumulation of
the mature disulfide isomer of LptD (23). Further to this, the BepA protease has been
shown to interact with the main BAM complex component, BamA, and to degrade
BamA under conditions of stress created by the absence of the periplasmic OMP
chaperone SurA (23).

Following the work of Narita et al. (23), we sought to determine the structure of
BepA to understand the roles of the TPR and M48 peptidase domains in substrate
recognition and processing. During this study, two papers from other groups were
published using similar structural approaches. First, Daimon et al. (30) determined the
crystal structure of the TPR domain of BepA in isolation and observed that this domain
presents a negatively charged face which was postulated to recognize components of
the Bam complex and LptD. Using protein cross-linking analysis, they demonstrated
that residues of the TPR domain interacted with BamA, BamC, BamD, and LptD.
Mutation of the TPR residue F404 resulted in decreased proteolysis of BamA, indicating
that this residue is involved in targeting of the M48 protease domain of BepA to this

Bryant et al. Journal of Bacteriology

January 2021 Volume 203 Issue 2 e00434-20 jb.asm.org 2

https://jb.asm.org


substrate. More recently, Shahrizal et al. (31) presented a full-length structure of the
BepA TPR and M48 protease domains solved to 2.6 Å. In this structure, the negatively
charged TPR face noted by Daimon et al. (30) is largely buried, forming a peripheral
association with the M48 protease domain. SAXS and engineered disulfide bonds
were used to explore the potential for the TPR domain and M48 domain to move
relative to one another, but the cross-linking experiments demonstrated that the
TPR and M48 domains likely remain in tight association. While multiple mutations
were made, designed from the full-length structure of BepA, none of them led to
any significant observable phenotype when expressed in E. coli (30).

Here, we present our independently solved 2.19-Å structure of near-full-length
BepA, encompassing the TPR and M48 domains. Our structure largely agrees with that
of Shahrizal et al. (31), providing further evidence that TPR movement relative to the
M48 domain is unlikely to be a mechanism of BepA function. Additionally, we noted the
presence of an active-site plug, the TPR cavity, and the negatively charged pocket
formed by the association of the BepA TPR and M48 domains, which we targeted for
further study. Using structure-led mutagenesis studies, we probed the roles of these
three BepA structural elements and identified key residues in each that are required for
BepA function. Furthermore, the active-site plug of BepA is a structural element
conserved in the M48 protease family, and so our findings have broad ramifications for
proteases involved in processing varied substrates across all domains of life.

RESULTS
The BepA structure reveals a nautilus-like structure with TPR-protease con-

tacts. The crystal structure of BepAL44 –Y484 was solved to a resolution of 2.18 Å by
experimental phasing using the endogenous zinc copurified with recombinant BepA
protein, present in our structure at a 1:1 stoichiometry with BepA (data collection and
refinement statistics are reported in Table 1); we observe a single copy of BepA in the
asymmetric unit. The structure revealed the TPR domain, consisting of 12 �-helices
forming 4 TPR motifs and four non-TPR helices, in tight association with the M48
zinc-metallopeptidase domain. This forms a nautilus-like fold with the TPR subdomain

TABLE 1 Data collection and refinement statistics

Data category Value(s)a

Data collection
Space group P21 21 21
Cell dimensions

a, b, c (Å) 53.12, 77.02, 124.60
�, �, � (°) 90.00, 90.00, 90.00

Resolution (Å) 77.02–2.18
I/�I 2.65 (at 2.18 Å)
Completeness (%) 98.9 (91.5)
Redundancy 16.5 (6.0)

Refinement
Resolution (Å) 2.18
No. of reflections 25,763
Rwork/Rfree 0.176/0.201
No. of atoms 3,269

Protein 3,143
Ligand/ion 6
Water 120

B factors 47.0
Protein 43
Ligand/ion 71 (SO4), 37 (Zn)
Water 48.9

RMSDb

Bond lengths (Å) 0.006
Bond angles (°) 1.00

aValues in parentheses are for highest-resolution shell.
bRoot mean square deviation.
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cupping the metallopeptidase domain (Fig. 1). The high-resolution data presented here
are in broad agreement with those presented previously (30, 31); however, there are
some differences of note. The BepA TPR subdomain was previously annotated as being
composed of four TPR motif helix pairs and two non-TPR helices (nTH1 and nTH2);
therefore, we have adopted this nomenclature.

Our structure demonstrates that the TPR domain consists of 12 �-helices, whereas
the structure was previously annotated with 10 �-helices in order to maintain the
nomenclature used with the previously solved TPR domain structure of residues 310 to
482 (30, 31). Despite their previous annotation as non-TPR helices, we observe that
helices 8 and 9 form part of the TPR domain and are preceded by an extended linker
region, comprising residues M263 to S271, which connects the TPR domain to helix 7
of the protease domain (Fig. 1). Helices 8 and 9 contribute a tight turn at the end of the
TPR domain, allowing the M48 metallopeptidase domain to be cupped by the pocket
formed from TPR motifs 2 and 3 (Fig. 1). Interaction of the protease domain with the
TPR pocket creates a larger negatively charged pocket, which is also noted in the
structure presented by Shahrizal et al. (31). The context provided by the full-length
protein structure shows that while the TPR pocket interacts with the protease domain,
the TPR cavity is positioned away from the protease active site on the opposite side
(Fig. 1). The cavity also comes into close proximity to the N-terminal helix, which is

FIG 1 The structure of BepA reveals an occluded active site. Cartoon schematic of the X-ray crystallography
structure of BepA, solved to a resolution of 2.18 Å. The TPR domain is represented in blue and the protease domain
in white, with the active-site plug in yellow. Also labeled are the N and C termini, the TPR pocket, the TPR cavity,
the linker and the site at which we expect the active site lid (lid). Important active site residues H136, H140, H246,
and E201 are shown by a stick diagram. TPR motifs 1 to 4, non-TPR helices 1 and 2 (nTH1 and nTH2), helices, sheets,
and the plug are labeled. Alignment of the structure presented here with that of the G. sulfurreducens M48
metalloprotease (PDB code 3C37; magenta ribbon) reveals occlusion of the active site by the potential active site
lid, represented as magenta surface density from the 3C37 structure; the active-site plug is represented as yellow
surface density.
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contained within the protease domain, therefore potentially facilitating TPR-protease
domain communication.

The protease domain of BepA consists of the active site �-helix H4 containing the
HEXXH motif, and an active-site plug formed by a loop between helices H6 and H7,
residues S246 to P249. We did not observe any density corresponding to positions L146
to I194, and considering that this section is in close proximity to the active site, we
expect that it may form a dynamic regulatory region (Fig. 1). We sought evidence that
the unresolved area of the protein may correspond to a dynamic lid. Therefore, we
scrutinized the Protein Data Bank (PDB) for similar structures. Information on the
missing region of our structure can be inferred from an unpublished structure in the
PDB of an M48 zinc-metallopeptidase from Geobacter sulfurreducens, which consists of
only the protease domain, with no associated TPR (PDB code 3C37). The structure of the
G. sulfurreducens protease structure provides some information on the missing section
and demonstrates a short three-turn extension to the C terminus of active-site helix H4,
beyond that seen in the BepA structure. This is followed by a glycine-facilitated kink
and another three helical turns terminating at residue D136 of the 3C37 structure (see
Fig. S1 in the supplemental material). The 3C37 structure is also missing a section, D136
to N139; however, residues M140 to F149 form another short �-helical region, which is
connected to the N terminus of helix H5 by an extended region formed by residues
G150 to S158 of the 3C37 structure (Fig. S1). While also incomplete, the recently
published BepA structure also provides some information on this section, which is also
largely in agreement with that of the 3C37 structure (Fig. S1) (31). Overall, comparison
of the structure presented here, that of Shahrizal et al. (31) (PDB code 6AIT), and the G.
sulfurreducens structure (PDB code 3C37) suggests that the missing section from the
structure presented here may form a putative active-site lid. The putative lid, along with
the plug, likely regulates access to the active site, as alignment of the three structures
shows that the lid and plug occlude the active site (Fig. 1). The facts that no density for
the putative lid is observed in our structure and that partial sections are missing in
those presented previously suggest that the active-site lid is dynamic and may adopt
multiple conformations.

Mobility of the conserved active-site plug is required for BepA function. The
structure shows the HEXXH motif, which is characteristic of zinc-dependent metallo-
peptidases (25, 27) and is found within helix H4 (Fig. 1). The active-site zinc ion is
coordinated by H136 and H140 within the HEXXH motif, E201 contributed by helix H5,
and H246 on a loop that forms the small �-helical active-site plug (Fig. 1). Multiple
alignment of the four E. coli M48 metallopeptidases, HtpX, YcaL, LoiP, and BepA,
demonstrates that zinc-coordinating residues are all conserved, along with the proline
following H246, P247, and an arginine further toward the C terminus, R252, which
resides within the active site (Fig. 2A and Fig. 3A). Analysis of the hidden Markov model
(HMM) logo generated for the M48 metallopeptidase family demonstrated that not
only are the HEXXH motif and the zinc-coordinating glutamic acid conserved, but the
HPX4R motif within the active-site plug is also conserved throughout the whole pfam
family (PF01435), which includes proteins from all domains of life (Fig. 2B). Addition of
the active-site plug motif to the characteristic HEXXH motif of zinc metallopeptidases
allows the specific identification of this protein family within E. coli by using the online
pattern search tool MOTIF2 (https://www.genome.jp/tools/motif/MOTIF2.html) using
the pattern search H-E-x-x-H-x(30, 140)-H-P-x(4)-R. The results of this search, in E. coli,
identify three proteins other than the four M48 family metallopeptidases. One of these
is a prophage cell death peptidase encoded by the lit gene, which is classified as the
single member of the U49 peptidase family. We anticipate that this peptidase and the
rest of the M48 family of zinc metallopeptidases are likely to contain the HP motif
active-site plug structural element, similar to that of BepA.

The active-site zinc ion is usually chelated by three amino acid residues and one
water molecule, which is utilized to catalyze proteolysis of the substrate (26, 28).
Coordination of the zinc ion by H246 acts as the fourth ligand, therefore suggesting
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that a rearrangement of the active-site plug should be required for proteolytic activity.
Alignment of the structure of human nuclear membrane zinc metalloprotease, ZMP-
STE24, with a bound substrate peptide (PDB code 2YPT) reveals that the BepA active-
site plug occupies the physical space that the substrate for ZMPSTE24 would occupy
(Fig. 3B). Residue H246 on the BepA active-site plug directly clashes with positioning of
substrate in the 2YPT structure, and the hydrophobic residues I242 and L243 occupy a
space similar to that of the 2YPT substrate hydrophobic residues I3= and M4= (Fig. 3B).
Based on these observations, we hypothesized that the active-site plug occludes the
active site and is likely to relocate in order to facilitate substrate access to the active site
(Fig. 1 and Fig. 3B).

To test the importance of H246 in occupying the fourth coordination site on the zinc
ion, we generated a mutation of the H246 position to asparagine (H246N). For com-
parison, we also constructed the E137Q mutation in the active helix HEXXH motif,
which has previously been shown to prevent protease activity of BepA (23). To test
whether the H246N BepA mutant is functional, we assayed the ability of this mutant to

FIG 2 Conservation of the M48 metalloprotease HEXXH motif and active-site plug residues. (A) Amino acid sequences for E. coli BepA, YcaL, LoiP, and HtpX were
submitted to Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) in order to generate a multiple alignment to allow analysis of amino acid conservation
and subsequently processed using ESPript 3.0 (http://espript.ibcp.fr) (53, 54). Sequence numbering (above the line) is based on the BepA sequence. Gaps in
the alignment are represented by dots. Single fully conserved residues are highlighted in red, and the zinc coordinating residues are labeled with a triangle
under the residue. BepA secondary structure is represented on the top line with �-helices indicated by spirals and �-sheets indicated by arrows. The protease
domain subsection of the alignment is shown (for the full alignment, see Fig. S3). (B) HMM logo generated for the pfam M48 family of metalloproteases
(PF01435) from the pfam website (https://pfam.xfam.org) with the HMM profile constructed on the pfam seed alignment. Three sections of the alignment are
shown, which demonstrate conservation of the active site zinc coordinating residues H136, H140, E201, and H246. The active-site plug clearly contains a
conserved motif, HPX4R. Amino acid position in BepA and within the model are both shown, with the stack height corresponding to information content (bits),
which represents the invariance of the position. Letter height divides the stack height according to letter frequency.
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complement the ΔbepA strain, which is known to exhibit increased sensitivity to large
antibiotics such as vancomycin, presumably due to impaired barrier function of the OM.
The E137Q active-site mutant was incapable of restoring vancomycin resistance to
ΔbepA cells and severely increased the vancomycin sensitivity of the ΔbepA mutant
(Fig. 3C). The H246N mutant BepA was also incapable of complementing vancomycin
sensitivity of the ΔbepA cells; however, while the H246N protein also severely increased
the vancomycin sensitivity of the mutant beyond that of the empty vector control, the
negative effect was less extreme than with the E137Q version of the protein (Fig. 3C).
Considering this phenotype, we decided to investigate if the mutated proteins had a
dominant negative effect in the parent background expressing wild-type bepA. We
found that the empty vector and wild-type BepA had no detrimental effect on
BW25113 parent cells grown in the presence of vancomycin. Our analysis of the E137Q
mutant was in agreement with previous studies, where it was analyzed in the parent
background and demonstrated a severe dominant negative phenotype (23). We also
observed that the presence of H246N BepA had a dominant negative effect on the
capacity of the cells to grow in the presence of vancomycin, despite the presence of
wild-type BepA expressed from the chromosomal locus. Similar to the effect in the
mutant background, the dominant negative effect of the H246N protein was less severe
than that of the E137Q derivative (Fig. 3C). Western blotting to detect the expression
of BepA proteins in whole-cell lysates using anti-His6 antibodies showed an elevated
level of the E137Q protein compared to the wild type and an absence of observable
tagged protein in the H246N sample. These observations were consistent between the
ΔbepA and parent backgrounds (Fig. S2). These results support the hypothesis that the
E137Q mutation renders BepA protease inactive, therefore stabilizing the protein due
to a lack of autoproteolytic activity, which has been observed previously (23). Consid-

FIG 3 The BepA active-site plug acts to regulate BepA proteolytic activity. Analysis of the BepA structure suggested a regulatory role for
the active-site plug; therefore, plasmids carrying mutated bepA were screened for their capacity to complement the vancomycin sensitivity
of ΔbepA E. coli. (A) Structural diagram of the BepA active site with key conserved residues represented by a stick diagram and labeling.
(B) Alignment of the BepA active site (transparent white and yellow ribbon) with that of the human nuclear membrane zinc metallo-
protease ZMPSTE24 mutant E336A with a synthetic substrate peptide (PDB code 2YPT) (55) (opaque blue ribbon). 2YPT residues are
labeled with the addition of a prime symbol. (C) Screen for vancomycin sensitivity of cells carrying pET20b encoding WT or mutated copies
of BepA in the parent or ΔbepA strain background. EV, empty vector control. Cells were normalized to an OD600 of 1 and 10-fold serially
diluted before being spotted on the LB agar containing the indicated antibiotics (all plates also contained 100 �g/ml carbenicillin).
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ering that the H246N BepA has a dominant negative effect, the absence of a detectable
tagged protein by Western blotting suggests the C-terminal His tag may be autopro-
teolytically degraded, an observation that has previously been made for the wild-type
BepA protein (23). These data support the hypothesis that the H246N mutation gives
rise to a protein with deregulated proteolytic activity.

In order to test if the autoproteolysis of the H246N protein was due to increased
protease activity, we introduced the established protease-dead mutation E137Q. The
BepA E137Q H246N substitution was not capable of complementing the vancomycin
sensitivity and had a severe dominant negative effect similar to that of E137Q alone
(Fig. 3C). Analysis of the E137Q H246N BepA protein by Western blotting showed a
similar level of tagged protein to the E137Q protein (Fig. S2). These data suggest that
introduction of the E137Q mutation either prevents autoproteolysis of the C-terminal
His6 tag in the H246N mutant or alternatively stabilizes the protein, preventing it from
being targeted by other periplasmic proteases.

The importance of residue H246 for BepA function, and the conformation of the
active-site plug observed in our crystal structure, suggests that the solved crystal
structure may represent a proteolytically inactive form of the protein. Therefore, we
hypothesized that movement of the active-site plug must be required to facilitate
substrate access to the active site. We aimed to tether the active site in the conforma-
tion observed in our crystal structure by engineering a disulfide bond. Cysteine
substitutions were introduced into proximal sites in BepA, specifically at positions E103,
in the loop between S1 and S2, and E241 in the active-site plug, either individually or
in concert (Fig. 4A). The single-cysteine-substitution mutants complemented the van-

FIG 4 Flexibility of the active-site plug is required for BepA proteolytic activity. The requirement for flexibility of the BepA active-site plug for full BepA function
was assayed by disulfide bond tethering of the active-site plug and functional screening. (A) Structural representation of the BepA active site with residues
targeted for mutation to cysteine, E103 and E241, labeled and colored yellow. (B) Screen for vancomycin sensitivity of cells carrying pET20b encoding WT or
mutated copies of BepA in the parent or ΔbepA strain background. EV, empty vector control. Cells were normalized to an OD600 of 1 and 10-fold serially diluted
before being spotted on the LB agar containing the indicated antibiotics or the reducing agent TCEP (all plates also contained 100 �g/ml carbenicillin). (C) The
E103C E241C double cysteine substitution prevents BepA-dependent generation of a putative BamA degradation product in the ΔsurA background in the
absence of TCEP. Total cellular protein extracts were prepared from ΔbepA ΔsurA cells carrying pET20b encoding WT or mutated copies of BepA following
growth in the presence or absence of TCEP. EV, empty vector control. Samples were separated by SDS-PAGE and transferred to nitrocellulose membrane for
Western immunoblotting using antisera raised in rabbits against the BamA POTRA domain. The putative BamA degradation product is labeled with an asterisk,
and the full-length BamA is indicated.
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comycin sensitivity phenotype, indicating that the single substitutions had no impact
on BepA function. However, the double cysteine mutant was incapable of restoring
vancomycin resistance to the bepA mutant under normal growth conditions. In con-
trast, in the presence of the reducing agent TCEP [tris(2-carboxyethyl)phosphine], the
double cysteine mutant was able to complement vancomycin sensitivity (Fig. 4B). The
double cysteine mutant also caused a severe dominant negative effect in the parent
background, which was alleviated by the presence of the reducing agent TCEP (Fig. 4B).
These observations suggest that in the E103C E241C BepA, a disulfide bond may have
formed that tethered the active-site plug in an inactive conformation, causing effects
similar to those of the E137Q protease-dead mutation, and that free movement of the
plug is essential to function (Fig. 4B).

BepA has been shown to degrade the BAM complex component BamA under
conditions of stress induced by the absence of the chaperone SurA (23). Therefore, we
analyzed whole-cell lysates from ΔbepA ΔsurA cells expressing wild-type (WT) BepA or
the E103C, E241C, or E103C E241C double mutant derivatives of BepA by Western
immunoblotting with antiserum raised against POTRA (polypeptide transport-
associated) domain 5 of BamA (32). Cells were grown in the presence or absence of the
reducing agent TCEP. As demonstrated previously, we observed that introduction of
WT BepA into the cells leads to generation of an anti-BamA antibody-reactive BamA
degradation product of approximately 40 kDa, regardless of TCEP addition to the
growth medium (23) (Fig. 4C). Production of the putative BamA degradation product
was also detected in cells expressing the single cysteine substitutions. However,
BepA-dependent BamA degradation was decreased in cells expressing the double
cysteine mutant under standard growth conditions but was restored during growth in
the presence of TCEP (Fig. 4C). These results demonstrate that in vivo BepA proteolytic
degradation of the substrate BamA requires free movement of the active-site plug.

The BepA-negative pocket and TPR cavity are required for function and BepA-
mediated degradation of BamA. The TPR domain contains two potential substrate
binding sites, termed the “pocket” on the protease-proximal face and the “cavity” on
the protease-distal face (Fig. 1 and 5). We identified two conserved charged residues,
R280 and D347, in the BepA TPR pocket, which forms a larger negatively charged cleft
through interaction with the protease domain (Fig. 5A). The negatively charged cleft is
connected to the active site via a negatively charged ditch and has previously been
hypothesized to facilitate substrate interactions (31). However, no evidence for the
importance of this site for BepA function has yet been provided. We targeted these two
conserved charged residues within the pocket, and vancomycin sensitivity assays
revealed that the R280 mutations had no significant effect on complementation of the
bepA mutant. However, the D347R mutation had a mild negative effect on the capacity
of the BepA protein to complement the vancomycin sensitivity of the bepA mutant and
a dominant negative effect in the parent background. The D347R mutation led to the
protein being detected at a lower level by immunoblotting than the WT protein, which
could be due to either decreased stability or increased autoproteolytic activity (Fig. S2
and S3).

The effect of D347R is weak by comparison with that of the active-site mutations;
therefore, we utilized a more sensitive permeability assay to assess the mutation.
Vancomycin is a large (1,450-Da) hydrophobic antibiotic that does not normally pen-
etrate the OM. The target for vancomycin is the abundant D-alanyl-D-alanine substrate,
which it must bind in sufficient quantity to exhibit an effect on cell growth and lysis.
Chlorophenyl red-�-D-galactopyranoside (CPRG) is a hydrophobic �-galactosidase sub-
strate that is smaller (585 Da) but also fails to penetrate wild-type E. coli. OM perme-
ability defects allow penetration of CPRG into the cell, where it is then accessible to
cytoplasmic �-galactosidase, which hydrolyzes the CPRG to produce a red color (33, 34).
Production of the red color is a sensitive indicator of cell permeability and thus can be
measured using a time-resolved wave scan of cells grown on LB agar supplemented
with CPRG (34, 35). The BW25113 parent strain is Lac�; therefore, strains were cotrans-
formed with the relevant bepA-carrying plasmid and a lacZYA expression vector (33, 34,
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36). CPRG assays indicated that the bepA mutant cells are indeed more permeable to
the �-galactosidase substrate CPRG and that this permeability phenotype can be
complemented (Fig. 5B). The active-site mutations E137Q and H246N, which cause
increased vancomycin sensitivity compared to the bepA mutant empty vector control,
are not able to restore the OM barrier against CPRG. The conditions used for the assay
here appear to be too sensitive to measure the differences between the empty vector
control and the E137Q and H246N mutants that are apparent from vancomycin
sensitivity screening (Fig. 5B). However, the increased sensitivity of the assay showed
that mutations altering conserved residues in the pocket (R280M and D347R) are not
able to fully complement the permeability defect (Fig. 5B). This suggests that the

FIG 5 Conserved residues in the pocket and TPR cavity are required for function. The BepA pocket and
TPR cavity contain conserved residues that were mutated to test their importance for BepA function. (A)
Structure of BepA showing residues targeted for mutation as color-coded spheres that match the
color-coded chart in panel B. Also shown are surface representations of BepA in the same orientations,
colored according to surface charge: red for negatively charged, white for near neutral, and blue for
positive charge. The enlargement in the box depicts the position of the key D347 and R280 residues. (B)
CPRG permeability assay of parent or ΔbepA cells carrying pET20b with WT or mutant copies of BepA, as
indicated. EV, empty vector control. The CPRG turnover score (change in absorbance at OD575 compared
to Lac� cells) is represented for two independent experiments each containing three replicates. (C) The
R280M, R466A, and R470A substitutions prevent BepA-dependent generation of a putative BamA
degradation product in the ΔsurA background. Total cellular protein extracts were prepared from ΔbepA
ΔsurA cells carrying pET20b encoding WT or mutated copies of BepA. EV, empty vector control. Samples
were separated by SDS-PAGE and transferred to nitrocellulose membrane for Western immunoblotting
using antisera raised in rabbits against the BamA POTRA domain. The putative BamA degradation
product is labeled with an asterisk, with the full-length BamA indicated.
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phenotypes caused by these mutations are mild compared to those caused by the
active-site mutations. The mild permeability phenotype could explain the lack of
observable vancomycin sensitivity despite increased permeability to CPRG.

We next sought to assess the cavity in the TPR domain, which has been shown to
be involved in BepA binding to the Bam complex (30). Conservation analysis revealed
two conserved arginine residues, R466 and R470, which have yet to be analyzed for
their role in BepA function. We expected that these residues might be involved in
substrate recognition or interaction with protein complex partners due to the promi-
nent position in the cavity and their high level of conservation despite the lack of any
obvious structural role (Fig. 5A). Mutation of these residues to alanine appeared to have
no impact on the capacity of the BepA protein to complement the vancomycin
sensitivity phenotype (Fig. S3). However, the CPRG permeability assay demonstrated
that R466 and R470 are indeed required for full complementation of the OM perme-
ability defect caused by loss of BepA (Fig. 5B).

Considering that the TPR cavity has been shown to interact with Bam complex
subunits (30) and that we observed cell permeability defects on complementation with
the TPR cavity mutants, we reasoned that these mutants may be defective in BepA-
mediated degradation of BamA. Therefore, we analyzed whole-cell lysates from ΔbepA
ΔsurA cells expressing WT BepA or the R280M, R280Q, D347R, R466A, or R470A
derivatives of BepA by Western immunoblotting with anti-BamA antiserum (32). Pro-
duction of the putative BamA degradation product was not detectable in cells express-
ing the R280M derivative or in cells expressing BepA with substitutions in the TPR cavity
(R466A and R470A), all of which had the most severe permeability defects in this set
(Fig. 5B and C). In contrast, production of the putative BamA degradation product was
unaffected in cells expressing the negative pocket derivatives R280Q and D347R, which
were also less permeable to CPRG than the other mutants assayed (Fig. 5B and C). These
data suggest that these residues are important for BepA-mediated degradation of
BamA in the absence of the chaperone SurA. This also supports the previous observa-
tion that the TPR cavity is required for interaction with the Bam complex (30).

Loss of BepA leads to increased surface-exposed phospholipid. The permeabil-
ity of ΔbepA cells was demonstrated previously by sensitivity to erythromycin and here
with vancomycin, as well as by CPRG assay (23). This has been suggested to be due to
perturbed OM lipid asymmetry, which can be detected through monitoring the activity
of the OM protein PagP, an enzyme that palmitoylates lipid A in response to surface-
exposed phospholipid (37–39) (Fig. 6A). To measure the levels of hepta-acylated lipid
A, radiolabeled lipid A was isolated from the ΔbepA mutant or bacteria that had been
complemented with BepA, BepA E137Q, or BepA H246N. The lipids were then sepa-
rated by thin-layer chromatography. The parent strain BW25113, transformed with
empty pET20b, was treated with EDTA prior to lipid A isolation, a process that is known
to induce high levels of hepta-acylated lipid A production and act as a positive control
(40–42). Cells lacking BepA showed a significant increase in the levels of hepta-acylated
lipid A in relation to hexa-acylated lipid A, indicating perturbation of OM lipid asym-
metry in the absence of functional BepA (Fig. 6B and C). While the E137Q and H246N
mutants were not able to rescue this defect, they also did not appear to significantly
increase the levels of hepta-acylated lipid A compared to cells lacking BepA (Fig. 6B and
C). Additionally, we did not see any effect on lipid A palmitoylation for any of the other
mutations used in this study. This is likely due to the lack of sensitivity of the assay.
These data demonstrate that loss of BepA leads to an increase in surface exposed
phospholipid and subsequent modification of lipid A.

DISCUSSION

In this study, we present the structure of full-length BepA at a resolution of 2.18 Å,
which is a periplasmic M48 zinc metalloprotease family protein involved in regulating
the maturation of the LPS biogenesis machinery in Gram-negative bacteria. It has been
established that cells lacking BepA are more sensitive to hydrophobic antibiotics with
a high molecular mass, such as vancomycin, erythromycin, rifampin, and novobiocin,
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FIG 6 Loss of BepA leads to surface-exposed phospholipid. The increased permeability of ΔbepA cells
was hypothesized to be due to increased surface-exposed phospholipid; therefore, this was tested by the

(Continued on next page)
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which has been suggested to be caused by increased OM permeability (23). Here, we
supply further evidence, obtained through the use of the CPRG assay, that the bepA
mutant has increased cell permeability and show that there is an increased amount of
surface-exposed phospholipid, as determined with the PagP reporter assay. Therefore,
we hypothesize that the loss of BepA results in decreased LptD assembly, leading to
decreased OM LPS content. This would in turn cause phospholipids to flip from the
inner leaflet to the outer leaflet of the OM, creating a perturbation in OM lipid
asymmetry and increased OM permeability to large antibiotics and the CPRG molecule
(22, 23, 43). On detecting surface exposed phospholipids, the OM-localized lipid A
palmitoyltransferase, PagP, utilizes the outer leaflet phospholipids as palmitate donors
to convert hexa-acylated lipid A to hepta-acylated lipid A (37–39), as detected in this
study. While this hypothesis is well supported by the data, we should also consider the
possibility that increased OM permeability could be caused by defective, partially
folded OMP barrels.

The solved crystal structures, presented here and previously, are missing density for
a region near the active site, which we suggest is an active site lid that in part occludes
access to the active site residues (31). The three available structures all demonstrate
some missing density within the lid; this could be explained by flexibility within this
region to facilitate substrate access to the active site. This highlights an attractive area
for future study of the regulatory mechanisms employed by BepA and the M48
metalloproteases. In combination with the active site lid, access to the site is also
blocked by the active-site plug, which we focused on here. We have shown that H246
within a small helix on the active site loop coordinates the zinc in our structure and is
essential for correct function of BepA. We speculate that this may be because the
active-site plug in the H246N mutant is less able to interact with the active site zinc ion
and that the protein may be in a constitutively activated or “deregulated” conforma-
tion. The H246N derivative of BepA was undetectable through immunoblotting with
antibodies targeting the C-terminal His tag, which would be positioned in close
proximity to the active site in the solved crystal structure. This could be due to either
increased C-terminal autoproteolysis of the His tag or increased instability of BepA
H246N and subsequent degradation by other periplasmic proteases. Stabilization of the
H246N mutant by introduction of the E137Q mutation supports the hypothesis that this
mutant is hyperactivated; however, it does not rule out the possibility that the
vancomycin sensitivity phenotype could be due to increased periplasmic degradation
of BepA by other proteases. Regardless, our data demonstrate that the interaction of
the plug with the active site zinc ion is essential for correct function of BepA. Through
the use of disulfide bond tethering, we also demonstrate that the plug must be mobile
for proteolytic activity of BepA on the in vivo substrate BamA. We note that while this
study was under review, similar work was presented in a preprint report revealing that
residue H246 is important for BepA function (44) and that the active-site plug can be
tethered using the identical residues reported here, leading to switchable proteolytic
activity on the LptD substrate and the in vitro substrate �-casein. This confirms our

FIG 6 Legend (Continued)
PagP mediated lipid A palmitoylation assay, which detects surface exposed phospholipid. (A) Schematic
demonstrating the role of PagP in sensing and responding to surface exposed phospholipid. (B)
PagP-mediated lipid A palmitoylation assay. PagP transfers an acyl chain from surface-exposed phos-
pholipid to hexa-acylated lipid A to form hepta-acylated lipid A. 32P-labeled lipid A was purified from cells
grown to mid-exponential phase in LB broth with aeration. Equal amounts of radioactive material (counts
per minute per lane) were loaded on each spot and separated by thin-layer chromatography before
quantification. As a positive control, cells were exposed to 25 mM EDTA for 10 min prior to lipid A
extraction in order to chelate Mg2� ions and destabilize the LPS layer, leading to high levels of lipid
A palmitoylation. (C) Hepta-acylated and hexa-acylated lipid A were quantified, and hepta-acylated lipid
A levels are presented as a percentage of the total. Triplicate experiments were utilized to calculate
averages and standard deviations, with Student’s t test used to assess significance. *, P � 0.005 compared
with parent empty vector control (EV); **, P � 0.005 compared with ΔbepA EV; ***, P � 0.001 compared
with ΔbepA WT; NS*, P � 0.1 compared with parent EV (not significant); NS**, P � 0.1 compared with
ΔbepA WT (not significant).
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results and suggests that the plug may act in an autoregulatory fashion and must
relocate to facilitate access for the substrate and subsequent proteolytic activity.

We also identified specific residues in the pocket and cavity formed by the TPR that
are important for function. The TPR cavity was previously shown to be the site of
interaction with the Bam complex (30), and here, we demonstrate that a specific
conserved arginine residue within the cavity is important for function and for BepA-
mediated degradation of BamA under conditions of stress. Based on previous evidence
(30) and the lack of BamA degradation by the R466A derivative, we suggest that the
TPR cavity is likely to be the interaction site for docking with the Bam complex;
however, this will require further study. While the importance of R280 and R466 for
BepA function is clear, the role of the conserved residues D347 and R470 is less so. The
D347R and R470A derivatives of BepA were detected at lower levels in whole-cell
lysates than the WT protein, which may explain why these proteins were less able to
fully complement the CPRG permeability defect of bepA cells. The decreased levels of
these derivatives could be due to increased instability or increased autoproteolysis, but
this result suggests that they may be important for the function of the TPR pocket and
cavity.

M48 metalloproteases are found in all domains of life. In humans, loss of function is
associated with several diseases, such as Hutchinson-Gilford progeria, mandibuloacral
dysplasia, and generalized lipodystrophy (45). In Drosophila, the enzymes are associated
with spermatid maturation and a germ cell migration (46, 47). In Saccharomyces
cerevisiae, they are required for the maturation of the �-factor mating pheromone (48).
Our HMM analyses reveal that all of these proteins contain the conserved active-site
plug residues, and therefore, we anticipate that these proteins may be autoregulated
by a common H-P-motif active-site plug mechanism, similar to that of BepA, which is
displaced upon substrate binding to induce an active state. These residues are indeed
also conserved in the E. coli M48 metalloproteases, and we therefore expect that YcaL,
LoiP, and HtpX are likely regulated by an active-site plug (Fig. 7). However, these
observations do not shed light on the substrate recognition mechanisms of these
proteins. For example, while the TPR domain of BepA is required for Bam complex
interaction and substrate recognition, the three remaining metalloproteases of E. coli
lack the TPR (22, 49), even though YcaL has also been shown to target BAM-engaged
substrates that have yet to fold (22). Considering that it lacks the TPR domain (30), YcaL
must recognize the complex and the stalled substrate through a different mechanism,
revealing an interesting area of future study. We expect that our characterization of the
BepA active-site plug regulatory mechanism will be important for the understanding
and further study of the M48 metalloproteases in a wide range of other organisms.

MATERIALS AND METHODS
Expression and purification of BepA. The BepA open reading frame, including N-terminal signal

peptide, was codon optimized for expression in E. coli and cloned into the IPTG (isopropyl-�-D-
thiogalactopyranoside)-inducible vector pET20b fused to a C-terminal His6 tag (a service provided by
GenScript). This vector was transformed into E. coli DE3 cells and used for recombinant-protein produc-
tion. Briefly, overnight cultures grown in LB medium at 37°C were used as the inoculum for autoinduction
medium supplemented with 10 �M ZnCl2. The resulting cultures were grown at 37°C to an optical
density at 600 nm (OD600) of �0.8 before the temperature was changed to 18°C for �18 h. Cells were
harvested by centrifugation, and cell pellets were stored at �80°C.

To purify His-tagged BepA, cell pellets were resuspended in buffer A (20 mM imidazole, pH 7.5;
400 mM NaCl) supplemented with 0.05% Tween 20 and lysed by sonication. Cell lysates were clarified by
ultracentrifugation and then incubated with Super Ni-NTA (nickel-nitrilotriacetic acid) agarose resin
(Generon) at 4°C with gentle agitation overnight. The incubation mixture was centrifuged briefly, the
supernatant was removed, and the resin was resuspended in buffer A before being loaded onto a gravity
flow purification column. The resin was washed extensively with buffer A and then with 20 ml of buffer
A supplemented with 50 mM imidazole before being washed with buffer B (400 mM imidazole, pH 7.5;
400 mM NaCl; 2% glycerol). BepA protein, eluted in buffer B, was dialyzed against buffer C (20 mM MES
[morpholineethanesulfonic acid], pH 6.5; 5 mM EDTA) at 18°C for 6 h (to remove metals copurified with
BepA protein) and then dialyzed extensively with sequential buffer changes against buffer D (like buffer
C but lacking EDTA and instead supplemented with 10 �M ZnCl2 and 150 mM LiSO4) at 18°C. BepA
protein was concentrated to �60 mg/ml by ultrafiltration and then further purified on a HiLoad Superdex
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200 26/600 column (GE Healthcare) equilibrated in buffer D. Fractions containing pure BepA protein were
pooled and concentrated to 35 mg/ml for use in crystallization trials.

Crystallization and determination of BepA structure. Purified recombinant BepA was used with
proprietary crystal screens (supplied by Molecular Dimensions and Jena Bioscience) in sitting-drop
crystallization experiments using 2 �l of protein solution and 2 �l of crystallization mother liquor at 18°C.
Large crystals were obtained in 0.1 M Na HEPES, pH 7.0, and 8% (wt/vol) polyethylene glycol (PEG) 8000
and grew within 30 days. Crystals were cryoprotected by stepwise addition of mother liquor supple-
mented with 25% ethylene glycol prior to flash freezing in liquid nitrogen.

Protein crystals were used in X-ray diffraction experiments at the Diamond Light Source synchrotron
facility (Oxford, United Kingdom). Data for single anomalous diffraction (SAD) experimental phasing were
collected at a wavelength of 1.28 Å and were processed using XDS. A single atom of Zn2� (copurified
with BepA) was identified using SHELXD. This initial map was used for autobuilding with Phenix. Models
were improved by iterations of refinement using Phenix and manual manipulations in COOT.

Conservation analysis. The consurf server was used to analyze conservation of surface residues. A
multiple alignment of BepA homologues was generated using Clustal Omega and submitted to the
consurf server along with the BepA pdb file as a basis for conservation analysis. In addition, the amino
acid sequences of the four M48 metalloproteases encoded by E. coli were used to generate a multiple
alignment by using Clustal Omega and visualized using ESPript 3.0 (http://espript.ibcp.fr) (see Fig. S4 in
the supplemental material). Last, Pfam was used to visualize conservation within the M48 metallopro-
tease family through use of the HMM logo and the Skylign web server (http://skylign.org) (50–52).

Mutagenesis of bepA. Mutations in bepA were created using a PCR-based site directed mutagenesis
approach using the pET20b::bepA::His6 vector as the template. Briefly, pET20b::bepA::His6 was used in 18
cycles of PCR using the Phusion polymerase (NEB) as described by the manufacturer but using
complementary primers containing the desired mutation flanked by at least 15 bp of sequence (Table
S1). As a negative control, replica reactions were set up and the polymerase omitted. Template DNA was
then digested by addition of 20 U (1 �l) DpnI restriction enzyme (R0176S; NEB) and incubation at 37°C
for 1 h. The reaction mixture was then used to directly transform NEB DH5� high-efficiency competent
cells. Mutations were confirmed by plasmid isolation and Sanger sequencing (Source Bioscience).

FIG 7 Regulation of the stages of membrane protein biogenesis by the E. coli HP plug M48 metalloproteases. Model for the proteolytic quality control of
different stages in integral membrane protein biogenesis by the four E. coli M48 metalloproteases, HtpX, YcaL, BepA, and LoiP, each of which contains the
conserved regulatory HP active-site plug. HtpX is an IM-localized M48 metalloprotease targeting misfolded integral membrane proteins; however, the targets
remain elusive. YcaL is an OM-localized lipoprotein specifically targeting Bam-associated, unfolded OMPs, whereas BepA is a periplasmic metalloprotease
targeting the next stage in OMP biogenesis, Bam-engaged partially folded �-barrels (22). Lastly, LoiP is another OM-localized lipoprotein; however, LoiP
substrates remain uncharacterized. All four E. coli M48 metalloproteases encode a conserved regulatory active-site plug mechanism and appear to be involved
in proteolytic quality control of specific stages in integral membrane protein biogenesis. (Based on and updated from reference 22.)
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Functional screening of mutant bepA. Parent or ΔbepA cells were first transformed with the
appropriate pET20b::bepA::His6 vector and stored as glycerol stocks at �80°C. Starter cultures were
generated by growth overnight (�16 h) at 37°C with aeration in LB broth (10 g/liter tryptone, 5 g/liter
yeast extract, 5 g/liter NaCl) supplemented with 100 �g/ml carbenicillin. Cells were normalized to an
OD600 of 1 and then 10-fold serially diluted before 1.5 �l was spotted onto the relevant LB agar plates.
Cells were then incubated at 37°C overnight (�16 h), and the plates were photographed for the record.
Cells were screened on LB agar plates supplemented with 100 �g/ml carbenicillin and vancomycin at the
stated concentrations and 2 mM TCEP [tris(2-carboxyethyl)phosphine] where stated.

Western immunoblotting. To examine the expression of BepA in ΔbepA or parent E. coli, cells were
grown as described for the experiments for functional screening of mutant BepA. For analysis of
BepA-mediated degradation of BamA, cells were grown for 16 h at 37°C in M9 minimal medium
supplemented with 0.1% Casamino Acids, 0.4% glucose, and 2 mM MgSO4 but with CaCl2 omitted and
2 mM TCEP added where indicated. The OD600 of the cultures was recorded, and cells were isolated by
centrifugation and then resuspended in Laemmli buffer so that the numbers of cells in all samples were
equivalent. Samples were boiled for 10 min, followed by a brief centrifugation step, before being
resolved by SDS-PAGE and subjected to Western blotting using anti-His6 antibodies (631212; TaKaRa) or
anti-BamA POTRA antiserum (32) as the primary antibody and horseradish peroxidase (HRP)-conjugated
anti-rabbit immunoglobulin (Sigma-Aldrich: A6154) antibodies as secondary antibodies for detection
with the ECL system. Samples were loaded in duplicate and subjected to SDS-PAGE simultaneously,
followed by Coomassie staining and visualization.

CPRG permeability assay. Following double transformation with the relevant pET20b::bepA::His6

plasmid and the pRW50/CC-61.5 lac reporter plasmid (36), cells were grown to mid-exponential phase
(OD600, 0.4 to 0.6) in LB broth with aeration and harvested by centrifugation. Cells were resuspended in
LB broth to an OD600 of 0.1, and 5 �l was used to inoculate 96-well culture plates containing 150 �l LB
agar supplemented with CPRG (chlorophenol red-�-D-galactopyranoside; Sigma) (20 �g/ml), carbenicillin
(100 �g/ml), and tetracycline (15 �g/ml). The 96-well plates were incubated at 30°C, and the optical
density at 300 to 800 nm was monitored every 20 min for 48 h. By using the absorbance of LacZ� strains
unable to turn over CPRG, we created an estimating function that predicts the expected absorbance due
to cell growth at 575 nm (CPR peak absorbance) using the absorbance at 450 nm and 650 nm. This model
accurately predicts the growth-related absorbance at 575 nm with residuals ranging typically within
�0.02. By subtracting the actual absorbance at 575 nm, from the expected growth-related absorbance
we derive the CPRG turnover score, which is exclusive to cell membrane permeability. For both expected
and measured absorbance at 575 nm, the time point of 24 h postinoculation was used.

LPS labeling, lipid A isolation, and analysis. Labeling of LPS, lipid A purification, thin-layer
chromatography (TLC) analysis and quantification were done exactly as described previously (41). Briefly,
starter cultures were incubated at 37°C overnight with aeration in LB broth supplemented with
100 �g/ml carbenicillin. Starter cultures were then subcultured in 5 ml LB broth supplemented with
100 �g/ml carbenicillin, and the experiment was completed precisely as described previously, including
the addition of the positive control, in which the parent strain was exposed to 25 mM EDTA for 10 min
prior to harvest of cells by centrifugation in order to induce PagP-mediated palmitoylation of lipid A (41).
Experiments were completed in triplicate, and the data generated were analyzed as described previously
(41).

Data availability. The BepA X-ray structure has been deposited in the PDB with the accession
number 6SAR.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
We thank Jeff Cole for stimulating discussion and assistance with manuscript

editing.
This work was funded by BBSRC and MRC grants to I.R.H. and A.F.C. The lipid A

palmitoylation work was supported by the Singapore Ministry of Education Academic
Research Fund Tier 2 (MOE2013-T2-1-148) grant (to S.S.-C.).

We declare that we have no conflicts of interest with the contents of this article.
BepA was identified as a target for study by I.R.H. and F.C.M., and the project was

facilitated by I.R.H. and A.F.C. The BepA mutant was made by F.C.M. Production of the
protein was completed by Y.R.S., whereas further production, purification, crystalliza-
tion, and modeling of the BepA structure were done by R.W.M., I.T.C., and A.L.L. Consurf
analysis, mutagenesis, western blotting and functional analysis screens were done by
J.A.B. with guidance from A.L.L. Western blotting analysis of cysteine mutants was done
by G.B. Lipid A palmitoylation assays were done by J.A.B. and Z.-S.C. under the
supervision of S.-S.C. CPRG permeability assays were also completed by J.A.B. with the
advice and supervision of M.B. CPRG assay data were processed and analyzed by M.B.

Bryant et al. Journal of Bacteriology

January 2021 Volume 203 Issue 2 e00434-20 jb.asm.org 16

https://doi.org/10.2210/pdb6SAR/pdb
https://jb.asm.org


and G.K. Manuscript preparation was completed by J.A.B., and general project design
was done by J.A.B. with the guidance of A.L.L. and I.R.H. J.A.B., I.R.H., M.B., I.T.C., and
A.L.L. contributed to manuscript editing.

REFERENCES
1. May KL, Grabowicz M. 2018. The bacterial outer membrane is an evolv-

ing antibiotic barrier. Proc Natl Acad Sci U S A 115:8852– 8854. https://
doi.org/10.1073/pnas.1812779115.

2. Nikaido H. 2003. Molecular basis of bacterial outer membrane permea-
bility revisited. Microbiol Mol Biol Rev 67:593– 656. https://doi.org/10
.1128/mmbr.67.4.593-656.2003.

3. Zgurskaya HI, Löpez CA, Gnanakaran S. 2015. Permeability barrier of
Gram-negative cell envelopes and approaches to bypass it. ACS Infect
Dis 1:512–522. https://doi.org/10.1021/acsinfecdis.5b00097.

4. Sperandeo P, Martorana AM, Polissi A. 2017. Lipopolysaccharide biogen-
esis and transport at the outer membrane of Gram-negative bacteria.
Biochim Biophys Acta Mol Cell Biol Lipids 1862:1451–1460. https://doi
.org/10.1016/j.bbalip.2016.10.006.

5. Konovalova A, Kahne DE, Silhavy TJ. 2017. Outer membrane biogenesis.
Annu Rev Microbiol 71:539 –556. https://doi.org/10.1146/annurev-micro
-090816-093754.

6. Osborn MJ, Gander JE, Parisi E, Carson J. 1972. Mechanism of assembly
of the outer membrane of Salmonella typhimurium. Isolation and char-
acterization of cytoplasmic and outer membrane. J Biol Chem 247:
3962–3972.

7. Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope. Cold Spring
Harb Perspect Biol 2:a000414. https://doi.org/10.1101/cshperspect.a000414.

8. Wu T, Malinverni J, Ruiz N, Kim S, Silhavy TJ, Kahne D. 2005. Identification
of a multicomponent complex required for outer membrane biogenesis
in Escherichia coli. Cell 121:235–245. https://doi.org/10.1016/j.cell.2005
.02.015.

9. Iadanza MG, Higgins AJ, Schiffrin B, Calabrese AN, Brockwell DJ, Ashcroft
AE, Radford SE, Ranson NA. 2016. Lateral opening in the intact beta-
barrel assembly machinery captured by cryo-EM. Nat Commun 7:12865.
https://doi.org/10.1038/ncomms12865.

10. Mahoney TF, Ricci DP, Silhavy TJ. 2016. Classifying beta-barrel assembly
substrates by manipulating essential Bam complex members. J Bacteriol
198:1984 –1992. https://doi.org/10.1128/JB.00263-16.

11. Knowles TJ, Scott-Tucker A, Overduin M, Henderson IR. 2009. Membrane
protein architects: the role of the BAM complex in outer membrane
protein assembly. Nat Rev Microbiol 7:206 –214. https://doi.org/10.1038/
nrmicro2069.

12. Bohl TE, Aihara H. 2018. Current progress in the structural and biochem-
ical characterization of proteins involved in the assembly of lipopoly-
saccharide. Int J Microbiol 2018:5319146. https://doi.org/10.1155/2018/
5319146.

13. Chng SS, Gronenberg LS, Kahne D. 2010. Proteins required for lipopoly-
saccharide assembly in Escherichia coli form a transenvelope complex.
Biochemistry 49:4565– 4567. https://doi.org/10.1021/bi100493e.

14. Ma B, Reynolds CM, Raetz CR. 2008. Periplasmic orientation of nascent
lipid A in the inner membrane of an Escherichia coli LptA mutant. Proc
Natl Acad Sci U S A 105:13823–13828. https://doi.org/10.1073/pnas
.0807028105.

15. Sherman DJ, Xie R, Taylor RJ, George AH, Okuda S, Foster PJ, Needleman
DJ, Kahne D. 2018. Lipopolysaccharide is transported to the cell surface
by a membrane-to-membrane protein bridge. Science 359:798 – 801.
https://doi.org/10.1126/science.aar1886.

16. Suits MD, Sperandeo P, Deho G, Polissi A, Jia Z. 2008. Novel structure of
the conserved gram-negative lipopolysaccharide transport protein A
and mutagenesis analysis. J Mol Biol 380:476 – 488. https://doi.org/10
.1016/j.jmb.2008.04.045.

17. Qiao S, Luo Q, Zhao Y, Zhang XC, Huang Y. 2014. Structural basis for
lipopolysaccharide insertion in the bacterial outer membrane. Nature
511:108 –111. https://doi.org/10.1038/nature13484.

18. Dong H, Xiang Q, Gu Y, Wang Z, Paterson NG, Stansfeld PJ, He C, Zhang
Y, Wang W, Dong C. 2014. Structural basis for outer membrane lipo-
polysaccharide insertion. Nature 511:52–56. https://doi.org/10.1038/
nature13464.

19. Chng SS, Ruiz N, Chimalakonda G, Silhavy TJ, Kahne D. 2010. Character-
ization of the two-protein complex in Escherichia coli responsible for

lipopolysaccharide assembly at the outer membrane. Proc Natl Acad Sci
U S A 107:5363–5368. https://doi.org/10.1073/pnas.0912872107.

20. Chng SS, Xue M, Garner RA, Kadokura H, Boyd D, Beckwith J, Kahne D.
2012. Disulfide rearrangement triggered by translocon assembly con-
trols lipopolysaccharide export. Science 337:1665–1668. https://doi.org/
10.1126/science.1227215.

21. Ruiz N, Chng SS, Hiniker A, Kahne D, Silhavy TJ. 2010. Nonconsecutive
disulfide bond formation in an essential integral outer membrane pro-
tein. Proc Natl Acad Sci U S A 107:12245–12250. https://doi.org/10.1073/
pnas.1007319107.

22. Soltes GR, Martin NR, Park E, Sutterlin HA, Silhavy TJ. 2017. Distinctive
roles for periplasmic proteases in the maintenance of essential outer
membrane protein assembly. J Bacteriol 199:e00418-17. https://doi.org/
10.1128/JB.00418-17.

23. Narita S, Masui C, Suzuki T, Dohmae N, Akiyama Y. 2013. Protease
homolog BepA (YfgC) promotes assembly and degradation of beta-
barrel membrane proteins in Escherichia coli. Proc Natl Acad Sci U S A
110:E3612–E3621. https://doi.org/10.1073/pnas.1312012110.

24. Oh E, Becker AH, Sandikci A, Huber D, Chaba R, Gloge F, Nichols RJ, Typas
A, Gross CA, Kramer G, Weissman JS, Bukau B. 2011. Selective ribosome
profiling reveals the cotranslational chaperone action of trigger factor in
vivo. Cell 147:1295–1308. https://doi.org/10.1016/j.cell.2011.10.044.

25. Hooper NM. 1994. Families of zinc metalloproteases. FEBS Lett 354:1– 6.
https://doi.org/10.1016/0014-5793(94)01079-x.

26. Hangauer DG, Monzingo AF, Matthews BW. 1984. An interactive com-
puter graphics study of thermolysin-catalyzed peptide cleavage and
inhibition by N-carboxymethyl dipeptides. Biochemistry 23:5730 –5741.
https://doi.org/10.1021/bi00319a011.

27. Matthews BW. 1988. Structural basis of the action of thermolysin and
related zinc peptidases. Acc Chem Res 21:333–340. https://doi.org/10
.1021/ar00153a003.

28. Matthews BW, Jansonius JN, Colman PM, Schoenborn BP, Dupourque D.
1972. Three-dimensional structure of thermolysin. Nat New Biol 238:
37– 41. https://doi.org/10.1038/newbio238037a0.

29. Perez-Riba A, Itzhaki LS. 2019. The tetratricopeptide-repeat motif is a
versatile platform that enables diverse modes of molecular recognition.
Curr Opin Struct Biol 54:43– 49. https://doi.org/10.1016/j.sbi.2018.12.004.

30. Daimon Y, Iwama-Masui C, Tanaka Y, Shiota T, Suzuki T, Miyazaki R,
Sakurada H, Lithgow T, Dohmae N, Mori H, Tsukazaki T, Narita SI,
Akiyama Y. 2017. The TPR domain of BepA is required for productive
interaction with substrate proteins and the beta-barrel assembly ma-
chinery complex. Mol Microbiol 106:760 –776. https://doi.org/10.1111/
mmi.13844.

31. Shahrizal M, Daimon Y, Tanaka Y, Hayashi Y, Nakayama S, Iwaki S, Narita
SI, Kamikubo H, Akiyama Y, Tsukazaki T. 2019. Structural basis for the
function of the beta-barrel assembly-enhancing protease BepA. J Mol
Biol 431:625– 635. https://doi.org/10.1016/j.jmb.2018.11.024.

32. Rossiter AE, Leyton DL, Tveen-Jensen K, Browning DF, Sevastsyanovich Y,
Knowles TJ, Nichols KB, Cunningham AF, Overduin M, Schembri MA,
Henderson IR. 2011. The essential �-barrel assembly machinery complex
components BamD and BamA are required for autotransporter biogen-
esis. J Bacteriol 193:4250 – 4253. https://doi.org/10.1128/JB.00192-11.

33. Kritikos G, Banzhaf M, Herrera-Dominguez L, Koumoutsi A, Wartel M,
Zietek M, Typas A. 2017. A tool named Iris for versatile high-throughput
phenotyping in microorganisms. Nat Microbiol 2:17014. https://doi.org/
10.1038/nmicrobiol.2017.14.

34. Paradis-Bleau C, Kritikos G, Orlova K, Typas A, Bernhardt TG. 2014. A
genome-wide screen for bacterial envelope biogenesis mutants identi-
fies a novel factor involved in cell wall precursor metabolism. PLoS
Genet 10:e1004056. https://doi.org/10.1371/journal.pgen.1004056.

35. Banzhaf M, Yau HC, Verheul J, Lodge A, Kritikos G, Mateus A, Cordier B,
Hov AK, Stein F, Wartel M, Pazos M, Solovyova AS, Breukink E, van
Teeffelen S, Savitski MM, den Blaauwen T, Typas A, Vollmer W. 2020.
Outer membrane lipoprotein NlpI scaffolds peptidoglycan hydrolases
within multi-enzyme complexes in Escherichia coli. EMBO J 39:e102246.
https://doi.org/10.15252/embj.2019102246.

Structure and Functional Analysis of BepA Autoregulation Journal of Bacteriology

January 2021 Volume 203 Issue 2 e00434-20 jb.asm.org 17

https://doi.org/10.1073/pnas.1812779115
https://doi.org/10.1073/pnas.1812779115
https://doi.org/10.1128/mmbr.67.4.593-656.2003
https://doi.org/10.1128/mmbr.67.4.593-656.2003
https://doi.org/10.1021/acsinfecdis.5b00097
https://doi.org/10.1016/j.bbalip.2016.10.006
https://doi.org/10.1016/j.bbalip.2016.10.006
https://doi.org/10.1146/annurev-micro-090816-093754
https://doi.org/10.1146/annurev-micro-090816-093754
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1016/j.cell.2005.02.015
https://doi.org/10.1016/j.cell.2005.02.015
https://doi.org/10.1038/ncomms12865
https://doi.org/10.1128/JB.00263-16
https://doi.org/10.1038/nrmicro2069
https://doi.org/10.1038/nrmicro2069
https://doi.org/10.1155/2018/5319146
https://doi.org/10.1155/2018/5319146
https://doi.org/10.1021/bi100493e
https://doi.org/10.1073/pnas.0807028105
https://doi.org/10.1073/pnas.0807028105
https://doi.org/10.1126/science.aar1886
https://doi.org/10.1016/j.jmb.2008.04.045
https://doi.org/10.1016/j.jmb.2008.04.045
https://doi.org/10.1038/nature13484
https://doi.org/10.1038/nature13464
https://doi.org/10.1038/nature13464
https://doi.org/10.1073/pnas.0912872107
https://doi.org/10.1126/science.1227215
https://doi.org/10.1126/science.1227215
https://doi.org/10.1073/pnas.1007319107
https://doi.org/10.1073/pnas.1007319107
https://doi.org/10.1128/JB.00418-17
https://doi.org/10.1128/JB.00418-17
https://doi.org/10.1073/pnas.1312012110
https://doi.org/10.1016/j.cell.2011.10.044
https://doi.org/10.1016/0014-5793(94)01079-x
https://doi.org/10.1021/bi00319a011
https://doi.org/10.1021/ar00153a003
https://doi.org/10.1021/ar00153a003
https://doi.org/10.1038/newbio238037a0
https://doi.org/10.1016/j.sbi.2018.12.004
https://doi.org/10.1111/mmi.13844
https://doi.org/10.1111/mmi.13844
https://doi.org/10.1016/j.jmb.2018.11.024
https://doi.org/10.1128/JB.00192-11
https://doi.org/10.1038/nmicrobiol.2017.14
https://doi.org/10.1038/nmicrobiol.2017.14
https://doi.org/10.1371/journal.pgen.1004056
https://doi.org/10.15252/embj.2019102246
https://jb.asm.org


36. Gaston K, Bell A, Kolb A, Buc H, Busby S. 1990. Stringent spacing
requirements for transcription activation by CRP. Cell 62:733–743.
https://doi.org/10.1016/0092-8674(90)90118-x.

37. Bishop RE, Gibbons HS, Guina T, Trent MS, Miller SI, Raetz CR. 2000. Transfer
of palmitate from phospholipids to lipid A in outer membranes of gram-
negative bacteria. EMBO J 19:5071–5080. https://doi.org/10.1093/emboj/19
.19.5071.

38. Hwang PM, Choy WY, Lo EI, Chen L, Forman-Kay JD, Raetz CR, Prive GG,
Bishop RE, Kay LE. 2002. Solution structure and dynamics of the outer
membrane enzyme PagP by NMR. Proc Natl Acad Sci U S A 99:
13560 –13565. https://doi.org/10.1073/pnas.212344499.

39. Dekker N. 2000. Outer-membrane phospholipase A: known structure,
unknown biological function. Mol Microbiol 35:711–717. https://doi.org/
10.1046/j.1365-2958.2000.01775.x.

40. Yeow J, Tan KW, Holdbrook DA, Chong ZS, Marzinek JK, Bond PJ, Chng
SS. 2018. The architecture of the OmpC-MlaA complex sheds light on the
maintenance of outer membrane lipid asymmetry in Escherichia coli. J
Biol Chem 293:11325–11340. https://doi.org/10.1074/jbc.RA118.002441.

41. Chong ZS, Woo WF, Chng SS. 2015. Osmoporin OmpC forms a complex
with MlaA to maintain outer membrane lipid asymmetry in Escherichia
coli. Mol Microbiol 98:1133–1146. https://doi.org/10.1111/mmi.13202.

42. Jia W, El Zoeiby A, Petruzziello TN, Jayabalasingham B, Seyedirashti S,
Bishop RE. 2004. Lipid trafficking controls endotoxin acylation in outer
membranes of Escherichia coli. J Biol Chem 279:44966 – 44975. https://
doi.org/10.1074/jbc.M404963200.

43. Ruiz N, Kahne D, Silhavy TJ. 2009. Transport of lipopolysaccharide across
the cell envelope: the long road of discovery. Nat Rev Microbiol
7:677– 683. https://doi.org/10.1038/nrmicro2184.

44. Daimon Y, Narita S-i, Miyazaki R, Hizukuri Y, Mori H, Tanaka Y, Tsukazaki
T, Akiyama Y. 2020. Reversible auto-inhibitory regulation of Escherichia
coli metallopeptidase BepA for selective �-barrel protein degradation.
bioRxiv https://doi.org/10.1101/2020.07.07.192476.

45. Barrowman J, Wiley PA, Hudon-Miller SE, Hrycyna CA, Michaelis S. 2012.
Human ZMPSTE24 disease mutations: residual proteolytic activity corre-
lates with disease severity. Hum Mol Genet 21:4084 – 4093. https://doi
.org/10.1093/hmg/dds233.

46. Ricardo S, Lehmann R. 2009. An ABC transporter controls export of a

Drosophila germ cell attractant. Science 323:943–946. https://doi.org/10
.1126/science.1166239.

47. Adolphsen K, Amell A, Havko N, Kevorkian S, Mears K, Neher H, Schwarz
D, Schulze SR. 2012. Type-I prenyl protease function is required in the
male germline of Drosophila melanogaster. G3 (Bethesda) 2:629 – 642.
https://doi.org/10.1534/g3.112.002188.

48. Fujimura-Kamada K, Nouvet FJ, Michaelis S. 1997. A novel membrane-
associated metalloprotease, Ste24p, is required for the first step of
NH2-terminal processing of the yeast a-factor precursor. J Cell Biol
136:271–285. https://doi.org/10.1083/jcb.136.2.271.

49. Lutticke C, Hauske P, Lewandrowski U, Sickmann A, Kaiser M, Ehrmann
M. 2012. E. coli LoiP (YggG), a metalloprotease hydrolyzing Phe-Phe
bonds. Mol Biosyst 8:1775–1782. https://doi.org/10.1039/c2mb05506f.

50. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, Heger
A, Hetherington K, Holm L, Mistry J, Sonnhammer EL, Tate J, Punta M.
2014. Pfam: the protein families database. Nucleic Acids Res 42:
D222–D230. https://doi.org/10.1093/nar/gkt1223.

51. Schuster-Bockler B, Schultz J, Rahmann S. 2004. HMM Logos for visual-
ization of protein families. BMC Bioinformatics 5:7. https://doi.org/10
.1186/1471-2105-5-7.

52. Wheeler TJ, Clements J, Finn RD. 2014. Skylign: a tool for creating
informative, interactive logos representing sequence alignments and
profile hidden Markov models. BMC Bioinformatics 15:7. https://doi.org/
10.1186/1471-2105-15-7.

53. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P,
Tivey ARN, Potter SC, Finn RD, Lopez R. 2019. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res 47:W636 –W641.
https://doi.org/10.1093/nar/gkz268.

54. Robert X, Gouet P. 2014. Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res 42:W320 –W324.
https://doi.org/10.1093/nar/gku316.

55. Quigley A, Dong YY, Pike AC, Dong L, Shrestha L, Berridge G, Stansfeld
PJ, Sansom MS, Edwards AM, Bountra C, von Delft F, Bullock AN, Burgess-
Brown NA, Carpenter EP. 2013. The structural basis of ZMPSTE24-
dependent laminopathies. Science 339:1604 –1607. https://doi.org/10
.1126/science.1231513.

Bryant et al. Journal of Bacteriology

January 2021 Volume 203 Issue 2 e00434-20 jb.asm.org 18

https://doi.org/10.1016/0092-8674(90)90118-x
https://doi.org/10.1093/emboj/19.19.5071
https://doi.org/10.1093/emboj/19.19.5071
https://doi.org/10.1073/pnas.212344499
https://doi.org/10.1046/j.1365-2958.2000.01775.x
https://doi.org/10.1046/j.1365-2958.2000.01775.x
https://doi.org/10.1074/jbc.RA118.002441
https://doi.org/10.1111/mmi.13202
https://doi.org/10.1074/jbc.M404963200
https://doi.org/10.1074/jbc.M404963200
https://doi.org/10.1038/nrmicro2184
https://doi.org/10.1101/2020.07.07.192476
https://doi.org/10.1093/hmg/dds233
https://doi.org/10.1093/hmg/dds233
https://doi.org/10.1126/science.1166239
https://doi.org/10.1126/science.1166239
https://doi.org/10.1534/g3.112.002188
https://doi.org/10.1083/jcb.136.2.271
https://doi.org/10.1039/c2mb05506f
https://doi.org/10.1093/nar/gkt1223
https://doi.org/10.1186/1471-2105-5-7
https://doi.org/10.1186/1471-2105-5-7
https://doi.org/10.1186/1471-2105-15-7
https://doi.org/10.1186/1471-2105-15-7
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1126/science.1231513
https://doi.org/10.1126/science.1231513
https://jb.asm.org

	RESULTS
	The BepA structure reveals a nautilus-like structure with TPR-protease contacts. 
	Mobility of the conserved active-site plug is required for BepA function. 
	The BepA-negative pocket and TPR cavity are required for function and BepA-mediated degradation of BamA. 
	Loss of BepA leads to increased surface-exposed phospholipid. 

	DISCUSSION
	MATERIALS AND METHODS
	Expression and purification of BepA. 
	Crystallization and determination of BepA structure. 
	Conservation analysis. 
	Mutagenesis of bepA. 
	Functional screening of mutant bepA. 
	Western immunoblotting. 
	CPRG permeability assay. 
	LPS labeling, lipid A isolation, and analysis. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

