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Abstract 
Escherichia coli periplasmic zinc-metallopeptidase BepA normally functions by promoting maturation of 

LptD, a β-barrel outer membrane protein involved in biogenesis of lipopolysaccharides, but degrades it 

when its membrane assembly is hampered. These processes should be properly regulated to ensure normal 

biogenesis of LptD. The underlying mechanism of regulation, however, remains to be elucidated. A 

recently solved BepA structure has revealed unique features, in particular the active site is buried in the 

protease domain and conceivably inaccessible for substrate degradation. Additionally, the His-246 residue 

in the loop region containing helix α9 (α9/H246 loop), which has a potential flexibility and covers the active 

site, coordinates the zinc ion as the fourth ligand to exclude a catalytic water molecule, thereby suggesting 

that the crystal structure of BepA represents a latent form. To examine the roles of the α9/H246 loop in the 

regulation of the BepA activity, we constructed BepA mutants with a His-246 mutation or a deletion of the 

α9/H246 loop and analyzed their activities in vivo and in vitro. These mutants exhibited an elevated protease 

activity and, unlike the wild-type BepA, degraded LptD that is in the normal assembly pathway. In contrast, 

tethering of the α9/H246 loop repressed the LptD degradation, which suggests that the flexibility of this 

loop is important to the exhibition of protease activity. Based on these results, we propose that the α9/H246 

loop undergoes a reversible structural change that enables His-246-mediated switching (histidine switch) 

of its protease activity, which is important for regulated degradation of stalled/misassembled LptD. 

 

Significance Statement 

The outer membrane (OM) of gram-negative bacteria functions as a permeability barrier against xenobiotics 

and is essential for their viability. The periplasmic zinc-metallopeptidase BepA maintains the integrity of 

the OM by either promoting the assembly of LptD, a β-barrel component of the lipopolysaccharide 

translocon in the OM, or degrading it when its correct assembly is compromised. How BepA uses its dual 

functions properly and exerts its protease activity specifically against LptD to be degraded has been 

unknown. This study shows that the activity of BepA is regulated by reversible auto-inhibition mediated 

by His-246 that acts as the fourth zinc ligand. These findings provide new insights into the regulation of 

metallopeptidases and the quality control of bacterial outer membrane proteins. 
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Introduction 
The outer membrane (OM) of gram-negative bacteria acts as a barrier to toxic compounds including 

chaotropic reagents, detergents and antibiotics (1). The OM is a lipid bi-layer membrane as other biological 

membranes, but is unique in that its outer leaflet is composed of lipopolysaccharides (LPSs) that are 

important to maintain OM integrity and confer a cell resistance to toxic compounds (1, 2). LPSs are 

synthesized and maturated on the cytoplasmic side of the inner membrane, flipped across the inner 

membrane by MsbA, and transported to the OM by the Lpt proteins (2). At the final step of the LPS 

transport, a complex of β-barrel OM protein (OMP) LptD and lipoprotein LptE catalyzes insertion of LPS 

into the OM as the LPS translocon (2, 3). The LptD/E hetero-dimer has a peculiar structure wherein the 

protein domain of LptE is accommodated within the membrane-embedded β-barrel domain of LptD (4–6). 

OMPs are also crucial to maintaining the OM structure and functions. Defective biogenesis of β-barrel 

OMPs causes increased drug sensitivity of a cell. They are synthesized as a precursor with a cleavable 

signal peptide and translocated to the periplasm by the Sec translocon. OMPs are then exported to the OM 

by the aid of periplasmic chaperones/foldases (7, 8) and inserted into the OM by the function of the b-barrel 

assembly machinery (BAM) complex, the OMP translocon in the OM. The BAM complex is composed of 

5 components; one β-barrel OMP (BamA) is associated with 4 lipoproteins (BamB-E) (8, 9). This complex 

has a silk-hat (top-hat) like structure wherein the β-barrel domain of BamA corresponds to the OM-

embedded “crown” and the periplasmic “brim”, which is supposed to undergo dynamic structural changes, 

is formed by the periplasmic POTRA domains of BamA and the lipoprotein components (9–11). 

Escherichia coli BepA, a periplasmic M48 family metallopeptidase belonging to gluzincins (12), is 

required to maintain the functional integrity of the OM possibly through promotion of biogenesis and 

quality control of LptD (13–16). LptD has four Cys residues and its mature form (LptDNC) contains two 

disulfide bonds that are formed by non-consecutive pairs of the Cys residues (C31-C724 and C173-C725) 

(17). However, it has been shown that just after transport to the periplasm, an assembly intermediate 

(LptDC) with consecutive disulfide bonds (C31-C173 and C724-C725) was first formed and converted to 

LptDNC (13, 18). This conversion is accelerated by BepA. In addition, when a normal assembly of LptD is 

blocked by a mutation in lptD (lptD4213) (19), or decreased availability of LptE, BepA degrades the stalled 

or misassembled LptD (13, 16). BepA is composed of two domains (13–15) an N-terminal M48 family 

metallopeptidases domain (12) and the C-terminal tetratricopeptide repeat (TPR) domain (20–22). BepA 

has been shown to interact with the BAM complex components and LptD through its TPR domain (13, 14). 

These interactions are important in the biogenesis and quality control of LptD by BepA. Furthermore, 

previous studies of the BepA TPR domain suggested that this domain is inserted into the interior of the 

periplasmic ring-like structure (“brim”) of the BAM complex (14, 15). 
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Recently, we determined the structure of the full-length BepA (Fig. 1A, PDB ID: 6AIT) (15). The 

overall structure of BepA coincided well with the structure of the minigluzincin that represents a minimal 

structural scaffold of the catalytic domains of the M48 and M56 family metallopeptidases (23), except that 

it has several unique regions including those containing α6 and α9 helices (SI Appendix, Fig. S1). The α6 

and α9-containing loop regions cover the protease active site, apparently hindering access of substrates to 

the active site. Gluzincins have an active site zinc ion that is generally coordinated in a tetrahedral way by 

three ligand residues (two His in the HExxH motif and the third ligand (typically Glu)) and a solvent water 

molecule required for the catalysis (24). BepA has two His residues in the conserved H136ExxH motif in 

the α4 helix and Glu-201 in the α7 helix that serve as ligands for zinc coordination. In gluzincins, the 

catalytic water is generally bound to the zinc ion and Glu in this motif (Glu-137 for BepA) that acts as the 

general base/acid (24). Intriguingly, the BepA structure showed that it does not have the catalytic water 

molecule, but instead has the fourth zinc ligand residue (His-246 in the α9-containing loop) (Fig. 1B). The 

solved structure suggests that BepA in this state is a latent form with its protease activity repressed, which 

is consistent with the very low in vitro proteolytic activity of purified BepA (13). To understand the 

functions of BepA, it will be important to know how His-246 is involved in the exhibition of the protease 

activity of BepA. 

In this study, we examined the roles of His-246 and the loop region containing α9 and His-246 in the 

regulation of the BepA protease activity expression. Our results suggest that the proteolytic activity of 

BepA is usually repressed by His-246 but expressed as a result of the movement of the α9 loop region that 

will dislocate His-246 from the catalytic zinc ion. We propose that the proteolytic activity of BepA is 

reversibly regulated through binding of His-246 to the zinc ion, which is important for the selective 

degradation of misassembled or stalled LptD. 

  

Results 
The His-246 residue of BepA is required for the regulated expression of the proteolytic activity 

Our previous X-ray structural study of BepA showed that in addition to the three zinc-coordinating residues 

(two His in the H136ExxH motif and Glu-201) conserved among gluzincins, His-246 located adjacent to the 

C-terminus of a short helix α9 (Ile-242 to Leu-244) coordinates the active site zinc ion in place of a zinc 

bound water molecule that is required for catalysis (15) (Fig. 1A and B). This suggests that the protease 

activity of BepA is auto-inhibited and that some conformation changes that displace His-246 will be needed 

for BepA to exhibit its protease activity in a timely manner. 

Examination of the crystal structure of the a Geobacter sulfurreducens BepA homolog (Q74D82; 

PDB ID 3C37) showed that it has a very similar architecture to the protease domain of E. coli BepA, with 
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His-208 corresponding to His-246 in E. coli BepA coordinating zinc ion being quite similar to E. coli BepA, 

except that a region including α9 is disordered (SI Appendix, Fig. S2). It would thus be conceivable that the 

loop region containing α9 and H246 (designated as α9/H246 loop hereafter) of BepA (shown in red in Fig. 

1A and B) potentially has a dynamic nature. Also, comparison of the secondary structure arrangement of 

the BepA protease domain with that of the proposed minimal scaffold of the minigluzincin (23) revealed 

that the latter lacks the structural element corresponding to α9 of BepA (SI Appendix, Fig. S1), thereby 

suggesting that α9 is not directly required for the protease activity of BepA. Based on these considerations, 

we hypothesized that the α9/H246 loop has structural flexibility, which allows His-246 to act as an ON/OFF 

switch for regulation of the protease activity of BepA. 

We reasoned that, if His-246 is indeed involved in repression of the BepA protease activity through 

coordination of the zinc ion, a mutational alteration of His-246 or removal of the α9/H246 loop would 

activate the protease function of BepA. We thus constructed a mutant form of BepA either having an H246A 

mutation or a deletion of the α9/H246 loop (Δα9; the amino acid residues from Pro-239 to Pro-247 were 

replaced by a flexible linker sequence Gly-Ser-Gly-Ser-Gly-Ser) and examined their effects on the 

accumulation level of the chromosomally-encoded LptD protein in a ΔbepA strain (Fig. 1C). We found that 

expression of the Δα9 or the H246A mutant greatly reduced the accumulation level of LptD, although, as 

shown previously (14), expression of wild type BepA little affected it. The results also showed that 

introducing an additional mutation in the protease active site motif (H136R or E137Q) that compromises 

the proteolytic activity of BepA largely canceled the effects of the Δα9 or H246A mutation. This was 

evidenced by the increased accumulation of LptD by the strains expressing the protease-dead derivatives 

of the Δα9 or H246A mutant as compared with the same mutants with the intact active site. The Δα9 and 

H246A derivatives of BepA accumulated at slightly lower levels than the control proteins without these 

mutations. Notably, in addition to the full length proteins, a fragment (~30 kDa) was detected with anti-

BepA antibodies for BepA(Δα9) and BepA(H246A). This fragment should be produced by self-cleavage 

because no such fragment was observed for their derivatives carrying the H136R or E137Q mutation. 

The above results suggest that BepA(Δα9) and BepA(H246A), but not wild type BepA, can degrade 

LptD even in a normal strain (i.e. in the absence of LptD assembly failure). We noticed that expression of 

the mutant forms of BepA carrying the Δα9 or H246A mutation and/or the active site mutations caused an 

elevated accumulation of DegP, suggesting that it induces extracytoplasmic stress responses (25). However, 

the observed decreases in the levels of LptD upon expression of BepA(Δα9) and BepA(H246A) should not 

result from the induction of the extracytoplasmic stress responses, as the similar levels of DegP were 

accumulated upon induction of BepA(Δα9) and BepA(H246A), and their protease-dead derivatives (Fig. 

1C). We also occasionally observed that the accumulation levels of LptD decreased substantially upon 
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expression of the E137Q mutant, presumably due to the lowered expression of LptD caused by some 

unknown reasons. The H136R mutants were, therefore, used as the protease-dead BepA derivatives in the 

following experiments. To minimize the possible indirect effects due to the BepA mutant overexpression 

and examine BepA-dependent LptD degradation in more detail, we next examined the maturation and 

stability of chromosomally-encoded LptD by pulse-chase experiments after short (15 min) induction of 

BepA and its derivatives (Fig. 1D). Cells expressing each protein were pulse-labeled with [35S]-Met for 3 

min and chased with unlabeled Met for 0.1, 20, or 40 min at 37°C. LptD was then recovered by 

immunoprecipitation. Because LptD is converted during the assembly process from the intermediate form 

(LptDC) having consecutive disulfide bonds to the mature form (LptDNC) having non-consecutive ones (13, 

18), a portion of the samples were analyzed by non-reducing SDS/PAGE to monitor the maturation process 

(LptDC is electrophoresed faster than LptDNC in a non-reducing condition). Parallel non-labeling 

experiments conducted under essentially the same condition showed similar levels of accumulation for 

BepA and its derivatives as well as a milder DegP induction (SI Appendix, Fig. S3A). The results with the 

reducing SDS/PAGE (+ME) (Fig. 1D, upper panel) showed that LptD was destabilized significantly by 

expression of BepA(Δα9) or BepA(H246A), whereas it was stable over 40 min when wild type BepA was 

expressed. This destabilization depended on the intactness of the protease active sites as LptD remained 

stable upon expression of BepA(Δα9/H136R) and BepA(H246A/H136R), thereby confirming the results 

of the immunoblotting analyses (Fig. 1C). Analysis with the non-reducing SDS/PAGE (-ME) (Fig. 1D, 

lower panel) showed that a small amount of LptDNC that was generated in the presence of BepA(Δα9) or 

BepA(H246A) remained stable during the chase periods, suggesting that LptDNC is not susceptible to the 

Δα9 or H246A mutant. To further examine this, BepA(Δα9) was induced at the same time as cold Met 

addition or 20 min after the initiation of chase (Fig. 1E). The results showed that the induction of not only 

the wild type BepA, but also BepA(Δα9) during the chase had very little effect on the stability of LptDNC. 

Similar amounts of BepA accumulated after 15 min induction under these conditions (SI Appendix, Fig. 

S3B). These results collectively suggest that, while LptD in the normal biogenesis pathway is not 

susceptible to degradation by wild type BepA, BepA(Δα9) and BepA(H246A) can degrade an intermediate 

(most likely LptDC) at an early phase of its OM assembly, although they can not degrade OM-assembled 

LptD with the mature conformation (LptDNC). 

We then examined the abilities of BepA(Δα9) and BepA(H246A) to complement the DbepA mutation. 

The DbepA strain exhibited increased sensitivity to erythromycin (EM) (13). Expression of wild type BepA 

conferred substantial EM resistance to the DbepA cells, but BepA(Δα9) and BepA(H246A) did not (SI 

Appendix, Fig. S4). These results support that the regulated expression of the proteolytic activity is required 

for the normal functionality of BepA. In the bepA+ background, BepA(Δα9) and BepA(H246A) did not 



7 
 

exert a dominant-negative effects, unlike the protease-dead mutants (H136R). This might be partly because 

wild type BepA competes with BepA(Δα9) and BepA(H246A), and promotes biogenesis of a significant 

level of LptD even in the presence of these mutant proteins. 

 

BepA with the deletion of the α9/H246 loop or the H246A mutation exhibits increased proteolytic 

activity in vitro 

To examine the protease activity of BepA(Δα9) and BepA(H246A) directly, these proteins were purified 

by affinity chromatography using a C-terminally attached His10-tag (Fig. 2A). We found that BepA(Δα9) 

and BepA(H246A) underwent considerable self-degradation between Ala-181 and Leu-182 (in the region 

just following α6) and that introduction of A181E/L182T mutationsgreatly suppressed the self-degradation. 

It enabled us to obtain preparations of the purified BepA(Δα9) and BepA(H246A) derivatives carrying the 

A181E/L182T mutations (represented as BepA(Δα9)* and BepA(H246A)*, respectively) that contained 

primarily full-length proteins (Fig. 2A, lanes 7 and 13), although BepA(Δα9)* and BepA(H246A)*, still 

underwent self-cleavage between Ala-171 and Met-172 during in vitro incubation (Fig. 2A and SI Appendix, 

Fig. S5A and Supplementary Results). We used BepA(Δα9)* and BepA(H246A)* in addition to the “wild 

type” BepA carrying the A181E/L182T mutations (BepA*) as well as their protease-dead (H136R) 

derivatives for in vitro degradation assay with a model substrate α-casein described below. 

We previously reported that BepA showed a very weak proteolytic activity against α-casein, yielding 

a small amount of a cleaved fragment only after a long (24 h) incubation with the purified wild-type BepA 

(13). The α-casein cleavage was not observed after 8-h (Fig. 2B and SI Appendix, Fig. S5) or 24-h (SI 

Appendix, Fig. S5B) incubation with the wild-type BepA prepared in this study. The exact reason for the 

failure in detection of the caseinolytic activity with the purified BepA this time remains unclear, but this 

might be ascribed to the very low activity of BepA that is just around the threshold of detection and greatly 

affected by subtle differences in the purified protein preparations. In marked contrast to wild type BepA, 

8-h incubation of α-casein with the BepA(Δα9)* or BepA(H246A)*, which were purified parallelly with 

wild type BepA*, substantially decreased the amount of full-length α-casein with concomitant generation 

of a α-casein fragment of ~22 kDa (red arrowheads) (Fig. 2B and SI Appendix, Fig. S5C. See SI Appendix, 

Fig. S6B for time course between 0 h and 8 h). The effect on α-casein was more marked with BepA(Δα9)* 

than with BepA(H246A)*. It should have resulted from degradation of α-casein by these BepA mutants as 

the ~22 kDa fragment was not observed with their derivatives additionally having the protease-dead 

mutation (H136R) (Fig. 2B and SI Appendix, Fig. S6B), or in the presence of a metal chelating reagent, 

1,10-phenanthroline or EDTA, inhibitors of metallopeptidases (SI Appendix, Fig. S5C). 
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The results with the purified proteins clearly demonstrated that BepA(Δα9)* and the BepA(H246A)* 

exhibit elevated protease activity as compared with wild type BepA*. The in vivo and in vitro results 

collectively suggest that the α9/H246 loop acts to repress the protease activity of BepA, and once this 

repression was released, BepA degrades normally assembling LptD. 

 

Tethering of the helix α9 inhibits the protease activity of BepA 

BepA lacking the α9/H246 loop or with the H246A mutation degraded LptD that was assembling through 

a normal biogenesis pathway in vivo (Fig. 1) and exhibited an elevated protease activity in vitro (Fig. 2). 

As we hypothesized, the mobility of the α9/H246 loop could be important for regulation of the BepA 

protease activity via His-246. To investigate this hypoesthesia, we examined whether immobilization of 

the the α9/H246 loop by disulfide cross-linking affects the protease activity of BepA. In the structure of 

full-length BepA (15), Glu-241 located adjacent to the N-terminus of α9 is close (about 3.6 Å) to Glu-103 

in the loop between the β1 and β2 strands (Fig. 3A). These two residues are individually or simultaneously 

replaced by a Cys residue. To examine the formation of the intramolecular disulfide bond between the 

introduced Cys residues and the protease activity of these mutants, we used the LptD overproducing system 

(14). In this system, most of the overexpressed LptD molecules failed to associate with the chromosomally-

encoded LptE as LptE became limiting, and as a result, they are degraded by co-expressed BepA depending 

on the intactness of the active site to yield degradation products (Fig. 3B, lane 2 and Fig. 3C, lane 2). Co-

expression of each of the single Cys mutants resulted in essentially the same results with wild type BepA, 

whereby reduced accumulation of full-length LptD and generation of the degradation products were 

observed (Fig. 3B, lanes 4 and 5). In contrast, LptD degradation was hardly observed with the double Cys 

(E103C/E241C) mutant (Fig, 3B, lane 6; 3C, lane 4). The E103C/E241C mutant migrated faster in non-

reducing SDS/PAGE (-ME) as compared with in reducing SDS/PAGE (+ME), indicating that the Cys 

residues in this mutant were mostly oxidized to form a disulfide bond. When cells expressing the 

E103C/E241C mutant were cultured in the presence of 1 mM Tris(2-carboxyethyl)phosphine (TCEP), a 

reducing reagent, the disulfide bond of BepA was mostly reduced and the LptD degradation products were 

generated (Fig. 3C, lane 8) albeit at lower levels as compared with cells expressing the wild type BepA 

(lane 6). This indicates that the inability of the oxidized E103C/E241C mutant to degrade LptD was at least 

partly brought about by the disulfide crosslinking between the Cys residues introduced at positions 103 and 

241. Analysis of LptD with non-reducing SDS/PAGE (-ME) showed that under the condition used, LptDNC 

was mostly resistant to reduction by TCEP, possibly because LptDNC is associated with the OM with a 

stable conformation, although some of LptDC was converted to the reduced form (LptDRED). Wild type 

BepA and the E103C/E241C mutant degraded LptDRED and LptDC, but not LptDNC, to produce the 
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degradation products in the presence of TCEP (Fig. 3C). These results showed that the disulfide-bond 

mediated immobilization of the α9/H246 loop strongly hinders the protease activity of BepA. 

 

The α9/H246 loop is not essential for the chaperone-like activity of BepA. 

BepA has a chaperone-like activity that promotes maturation of LptD, as revealed by accelerated 

conversion of LptDC to LptDNC (13, 14). Pulse-chase experiments (Fig. 1D and E) showed that the 

conversion appeared to be slightly faster when wild type BepA was co-expressed as compared with 

BepA(Δα9) and BepA(H246A). However, self-cleavage of the Δα9 and the H246A mutants, which would 

affect the accumulation levels of these proteins, as well as unregulated degradation of LptD by them, makes 

the evaluation of their chaperone-like activity complicated. We thus examined the chaperone-like activity 

by pulse-chase experiments using the protease-dead derivatives of BepA, BepA(Δα9) and BepA(H246A). 

The experiments were conducted at 30°C to slow the LptDC to LptDNC conversion and makes it easier to 

detect possible differences. Consistent with the previous results (13), BepA(H136R) had a reduced but 

significant ability to promote the LptDC to LptDNC conversion as compared with wild type BepA (Fig. 4A 

and B). BepA(Δα9/H136R) and BepA(H246A/H136) promoted the conversion with similar kinetics to 

BepA(H136R) (Fig. 4A and B). After 15 min induction, the accumulation levels of BepA and its derivatives 

(SI Appendix, Fig. S7) were comparable. Also, the extracytoplasmic stress response induction by these 

proteins, as shown by the DegP accumulation, were similar (SI Appendix, Fig. S7). These results indicate 

that the α9/H246 loop is not essential for BepA to exhibit the chaperone-like activity that promotes the 

LptD assembly. 

 

Discussion 
Recent elucidation of the full-length BepA protein structure revealed several interesting features, namely 

the protease active site exists inside the protease domain and is not exposed to the external milieu, and the 

zinc-bound water molecule is likely excluded by a His residue (His-246) that coordinates the zinc ion as 

the fourth ligand residue (15). In this study, we focused on the α9/H246 loop, and examined its role in the 

BepA functions. Deletion of the α9/H246 loop or the H246A mutation increased the protease activity of 

BepA in vivo and in vitro. On the contrary, immobilization of the α9/H246 loop by a disulfide cross-linking 

repressed the proteolytic activity. These results collectively suggest that His-246 maintains BepA in the 

latent form and the movement of the α9/H246 loop is important for activation of BepA. Interestingly, the 

Δα9 and the H246A mutants of BepA degraded normally assembling LptD that is not a proteolytic substrate 

of wild type BepA. Thus, this auto-inhibitory mechanism should be strictly regulated to proceed 

appropriately in the normal functioning of BepA. The inabilities of BepA(Δα9) and BepA(H246A) to 



10 
 

complement the DbepA mutation supports the importance of the α9/H246 loop-mediated regulation for the 

functioning of BepA. 

     It is essential to understand how the wild type BepA in the latent (or low protease activity) form 

becomes activated. There are several precedents of the fourth ligand residue mediated auto-repression of 

the protease activity of metallopeptidases. For instances, in the latent forms of human matrix 

metalloproteinases (MMPs) including MMP-1 (human fibroblast collagenase) (26) and MMP-3 (human 

prostromelysin-I) (27), a cysteine residue in the propeptide coordinates the catalytic zinc atom instead of a 

water molecule. Proteolytic removal of the propeptides converts the latent proenzymes to the active forms. 

This auto-inhibitory Cys-mediated regulation mechanism is called a “cysteine switch”. Similar regulation 

mechanisms are also known for other metallopeptidases, such as fragilysin-3 of Bacteroides fragilis (28) 

and astacin of the crayfish (29). In these cases, an Asp residue in the propeptide acts as the fourth ligand, 

which maintains the zymogen inactive, and the enzymes are activated by removal of their propeptide. This 

mechanism is called an “aspartate switch”, similar to the “cysteine switch”. As for BepA, the fourth ligand 

that would regulate the protease activity is His-246, and thus the auto-inhibitory mechanism in this case 

could be called a “histidine switch”. It has been reported that an E. coli peptidoglycan amidase (MepA) has 

a His residue (His-110) that acts as the fourth metal ligand, but an Ala substitution of this residue did not 

elevate, but instead reduced the amidase activity of MepA (30, 31). It was thus suggested that His-110 of 

MepA does not act as the “histidine switch” but has a role to keep the zinc ion in the active site in the 

absence of a substrate. In contrast to the similarity of the auto-inhibitory mechanisms, the mechanisms of 

releasing the inhibition seem to be different between BepA and the cysteine/aspartate switch proteases, as 

the region including His-246 is not proteolytically removed from BepA during its activation. BepA not 

only promotes biogenesis of LptD, but also degrades a mutant form of LptD (LptD4213) that is stalled on 

the BAM complex and also the LptD assembly intermediate (LptDC) that accumulated upon depletion of 

LptE. Because it has been reported that LptD associates with LptE on the BAM complex in its biogenesis 

pathway (19, 32), the accumulated LptDC molecules under the LptE-limiting condition should also be 

associated with the BAM complex. The protease activity of BepA should therefore be reversibly expressed 

to assure that BepA can degrade only the stalled or misassembled LptD on the BAM complex. It would be 

possible that prolonged interaction of BepA with a stalled/misassembled substrate at the BAM complex 

leads to transient conformational changes of the α9/H246 loop that occur stochastically or in response to 

some unknown signal(s) to displace His-246 from the catalytic zinc atom. His-246 in BepA is conserved 

among the M48 family metallopeptidases, including eukaryotic members of this family such as human 

OMA1 and human Ste24 protease homolog (ZMPSTE24) (SI Appendix, Fig. S8), which raises the 

possibility that the residues corresponding to BepA His-246 also participate in regulation of their protease 
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activities. In the reported structures of yeast and human Ste24 protease homologs (33, 34), the His residues 

corresponding to His-246 in BepA exist at similar but slightly distant locations as compared with BepA 

His-246 and apparently does not directly coordinate the zinc ion. The structures might represent the 

activated forms of these enzymes with the relocated fourth ligand His residue. 

     The results of our disulfide crosslinking experiments indeed demonstrate that the mobility 

(conformational change) of the α9/H246 region is important for the regulated expression of the BepA’s 

protease activity. Although it cannot be ruled out that the decreased protease activity by the cross-linking 

was caused by some indirect effects, such as structural distortion around the crosslinked residues, the 

possible flexibility of the α9/H246 region is also suggested from the structure of the G. sulfurreducens 

BepA homolog (PDB ID 3C37) in which the region around α9 is disordered. To dislocate His-246 from the 

active site zinc ion, it might be sufficient for the α9/H246 region to move slightly. However, in order for a 

substrate polypeptide to get access to the buried or recessed active site in BepA, a relatively large 

conformation change would be needed. The possible movement of the α9/H246 loop might be accompanied 

with a more dynamic conformational change to allow entry of a substrate into the active site. The structures 

of E. coli BepA and the G. sulfurreducens BepA homolog showed that the regions around α6, which is also 

not present in the minigluzincin (23), is partially disordered (Fig. S2). In addition, the self-cleavage sites 

(Ala-181–Leu-182 and Ala-171–Met-172) of BepA(Δα9) and BepA(Δα9)* (SI Appendix, Supplementary 

Results) were found to be located in the region just following α6. Taken together, these findings suggest 

that the region containing α6 (α6 loop) also moves flexibly to form an opening for the substrate access. 

Because the regions following α6 and α9 interact closely with each other in the BepA structure, the possible 

movement of the α6 loop and the α9/H246 loop might be coupled. 

     The pulse-chase experiments using the protease-dead (H136R) derivatives of the Δα9 and the H246A 

mutants suggest that the chaperone-like activity of BepA that promotes conversion of LptD from an 

intermediate to the mature form can be expressed in the absence of the α9/H246 loop region. Although we 

cannot exclude the possibility that the α9/H246 loop is somehow involved in the chaperone-like activity, 

as the protease-dead mutation partially impairs the chaperone-like activity and the α9/H246 loop might be 

involved in the chaperone-like activity that requires the intactness of the active site, our results indicate that 

the α9/H246 loop is not essential to promoting the LptD maturation. The TPR domain of BepA that has 

been shown to interact with LptD (14) and some regions in the BepA protease domain other than the 

α9/H246 loop might be implicated in the chaperone-like activity of BepA. 

     We propose a functional model of BepA as shown in Fig. 5. Our previous results suggest that BepA 

interacts with the BAM complex such that its C-terminal TPR domain is inserted into the ring-like structure 

of the periplasmic domain of the BAM complex (14, 15). Thus, BAM-bound BepA may accept LptD at the 
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periplasmic side of the BAM complex, although it would be also possible that BepA first interacts with 

LptD in the periplasm and delivers it to the BAM complex. Therefore, BepA that interacts with LptD at the 

first step should be in the latent form. As mentioned above, degradation of stalled/misassembled LptD by 

BepA should occur on the BAM complex. Also, it is highly likely that the BepA-mediated promotion of 

the LptD maturation proceeds on the BAM complex; while the absence of BepA causes accumulation of 

the LptD assembly intermediate (LptDC), its conversion to the mature form (LptDNC) is promoted by the 

overexpression of LptE (13) that would form a complex with LptD on the BAM complex (19, 32), which 

suggest that LptDC is accumulated at the BAM complex in the absence of BepA (19, 32). BepA is normally 

in the latent form and promotes the maturation of LptD accompanied by the disulfide rearrangement and 

the association with LptE on the BAM complex, resulting in release of the functional LptD/LptE complex 

to the OM. When the assembly of LptD is retarded on the BAM complex, the α9/H246 loop (likely in 

combination with the α6 loop) of BepA moves transiently in a stochastic or signal-dependent manner to 

activate the proteolytic activity of BepA as discussed above. After the stalled substrate is degraded and 

released from the BAM complex, BepA would return to the latent form. The regulated protease activity of 

BepA would be important even under normal growth condition as well as in the specific instance where the 

stalled/misassembled LptD is generated due to the lptD mutation or the LptE-depletion, as expression of 

the protease-dead BepA mutants cannot restore the drug-sensitivity of the bepA mutant (14). It is 

conceivable that BepA acts to proteolytically eliminate a small amount of stalled/misassembled LptD 

molecules generated under normal growth condition, which is necessary to maintain the full integrity of the 

OM. 

     We note that during the preparation of this manuscript, an archived preprint (35) reported 

determination of the E. coli BepA structure and analysis of His-246. The structure solved in that study was 

very similar to the structure we have reported previously and, consistent with our results, their mutational 

analysis of His-246 and the α9/H246 loop in that study reportedly supported the importance of these 

elements in the overall BepA function, although the protease activity of the His-246 mutants of BepA were 

not directly examined in that report. 

     Further experiments will be needed to verify the above model. For example, the possible reversible 

movement of the the α9/H246 loop and the α6 loop should be investigated experimentally by biochemical 

and/or biophysical approaches. Also, structural study on the BepA-substrate complex and the BepA-BAM 

complex as well as molecular dynamics simulation will provide useful information of the possible 

conformation changes of BepA. In addition, in vitro system to reproduce the BepA- and BAM-mediated 

OM assembly and degradation of LptD should be established for detailed analysis of the regulation 

mechanism of the BepA protease activity. 
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Materials and Methods 
Bacterial strains, plasmids and media 

The E. coli K12 strains and plasmids used in this study are listed in SI Appendix, Table S1. Details of the 

strain and plasmid construction and media used are described in SI Appendix, Supplementary Materials and 

Methods. 

 

SDS/PAGE, Immunoblotting, Pulse-Chase and Immunoprecipitation Experiments 

SDS/PAGE and immunoblotting with anti-BepA,-LptD or -DegP antiserum were carried out essentially 

according to the previously described procedures (36, 37). Pulse-Chase experiments with [35S]-Met and 

immunoprecipitation experiments using anti-LptD antiserum and Dynabeads Protein A (Invitrogen) were 

carried out also essentially according to the previously described procedures (13). Details were described 

in SI Appendix, Supplementary Materials and Methods. Anti-BepA anti serum was raised against purified 

BepA (13). Anti-LptD, and -DegP antisera were provided by Shin-ichi Matsuyama (Rikkyo University, 

Tokyo, Japan). 

 

Purification and In Vitro Proteolytic Activity Assay of BepA. 

SN896(DE3) cells carrying pCDF-bepA-his10 derivatives were grown in L medium at 30°C. BepA and its 

derivatives were affinity purified using a C-terminally-attached His10-tag essentially as described 

previously (13) with slight modification (see SI Appendix, Supplementary Materials and Methods for 

details). 

The reaction mixture for BepA proteolytic activity assay contained 5 mM Tris·HCl (pH 8.0), 150 mM 

NaCl, 1 μM ZnCl2, 7.5% glycerol, 0 or 200 μg/mL α-casein (Sigma) and 0 or 100 μg/mL BepA. Where 

specified, 1,10-phenanthroline or EDTA was added to the reaction mixture at the final concentration of 250 

μM. After incubation at 37°C for the appropriate time periods, a portion of the samples were withdrawn, 

mixed with SDS sample buffer, boiled for 10 min, and subjected to 5-20% linear gradient SDS-PAGE. 

Proteins were visualized by staining with QC Colloidal Coomassie Stain (Bio-Rad). 
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Figure legends 
Fig. 1. Degradation of chromosomally-encoded LptD by BepA(Δα9) and BepA(H246A). (A) The crystal 

structure of BepA (PBD ID: 6AIT). The α9/H246 loop (red), α6 loop (teal), b1/b2 (light green), zinc atom 

(yellow) and His-246 residue (magenta) are indicated. The TPR domain is shown in orange. Broken lines 

indicate disordered regions. (B) A close view of the proteolytic active site of BepA. The catalytic residues 

are shown in cyan. (C) Accumulation levels of chromosomally-encoded LptD in cells expressing the 

Δα9/H246 loop mutants. Wild-type cell carrying pUC18 (bepA+) and ΔbepA cells carrying either pUC18 

(vector), pUC-bepA (WT), or its derivatives were grown at 37°C in M9-based medium with 1 mM IPTG. 

Total cellular proteins were analyzed by immunoblotting with anti-LptD (upper panel), anti-BepA (middle 
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panel), or anti-DegP (lower panel) antiserum. BepA' and DegP' indicate a degradation product of BepA and 

DegP, respectively. The arrowhead indicates a non-specific band serving as a loading control. The 

migration positions of molecular weight markers are shown. (D) Pulse-chase analysis of LptD. ΔbepA cells 

carrying either pUC18 (vector), pUC-bepA, or its derivatives were grown at 37°C in M9-based medium, 

induced with 1 mM IPTG for 15 min, pulse-labeled with [35S]-Met for 3 min and chased with excess 

unlabeled Met for the indicated times. Proteins were immunoprecipitated with anti-LptD antiserum and 

analyzed by reducing (+ME) or non-reducing (−ME) SDS/PAGE. Relative band intensities of total LptD 

(LptDRED) are shown in the lower graphs (the values for the band intensity at 0.1 min chase was set to 100), 

in which mean values of two independent experiments are shown with standard deviations. (E) Effects of 

BepA(Δα9) expression on the stability of mature LptD (LptDNC). Pulse-chase analysis of LptD were 

conducted as in D except that expression of BepA or BepA(Δα9) were induced at 15 min before pulse-

labeling (pre), simultaneously with the initiation of chase (0 min), or at 20 min after the initiation of chase 

(20 min). Relative band intensities of total LptD are depicted as in D. 

 

Fig. 2. BepA with the deletion of the α9/H246 loop or the H246A mutation exhibits increased proteolytic 

activity in vitro. (A) Self-degradation of the Δα9 and the H246A mutants. Wild-type (WT) or the indicated 

mutant forms of BepA with a C-terminal His10-tag were incubated at 37°C for 0 or 8 h and analyzed by 

SDS/PAGE and Coomassie Brilliant Blue G-250 (CBB) staining. BepA derivatives with the A181E/L182T 

mutations are indicated by asterisks. Full-length (FL) BepA derivatives are indicated. (B) Degradation of 

α-casein by the BepA derivatives. Wild-type (WT) or the indicated mutant forms of BepA, carrying the 

A181E/L182T mutations (indicated by asterisks) and a C-terminal His10-tag, were incubated with α-casein 

at 37°C for 0 or 8 h and analyzed by SDS/PAGE and CBB staining. FL BepA derivatives and α-casein are 

indicated. Proteolytic fragments of α-casein are indicated by red arrowheads. The C-terminal fragments of 

BepA derivatives generated by self-cleavage between A181 and L182 and between A171 and M172 are 

indicated by blue and green arrowheads, respectively (See SI Appendix, Supplementary Results). Other 

proteolytic fragments of BepA derivatives are indicated by black arrowheads. The migration positions of 

molecular weight markers are shown on the left. 

 

Fig. 3. Tethering of the helix α9 inhibits degradation of overproduced LptD by BepA. (A) A closed view 

and a schematic representation of the regions connected by the disulfide bond formation between E103C 

and E241C (shown in cyan). The distance between b-carbons of Glu-103 and Glu-241 is shown. (B) LptD 

degradation by the α9/H246 loop-fixed mutants of BepA. ΔbepA/pTWV-lptD-his10 cells carrying an empty 

vector pSTD689 (vector) or either of the plasmids encoding the indicated BepA derivatives were grown in 
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M9-based medium with 1 mM IPTG, and total cellular proteins were analyzed by reducing (+ME) or non-

reducing (-ME) SDS/PAGE and immunoblotting with anti-LptD (upper panel) or anti-BepA (middle and 

lower panels) antiserum. A ~40 kDa band reacted with LptD antiserum in the lanes for the vector (lane 1) 

and E103C/E241C (lane 6) samples are unknown backgrounds that were detected occasionally. The 

arrowheads indicate non-specific bands serving as a loading control. (C) Effects of disulfide cleavage by 

TCEP on the LptD degradation by the E103C/E241C mutant. Cells were grown and analyzed as in B except 

that they were treated with 1 mM (final conc.) of TCEP for 10 minutes at an early log phase before sampling. 

The representative results of two independent replicates are shown. BepAOX and BepARED indicate the 

disulfide-oxidized and reduced form of BepA(E103C/E241C), respectively. 

 
Fig. 4. The chaperone-like activity of the α9/H246 loop mutants. (A) Analysis of the LptD disulfide 

isomerization kinetics by pulse-chase experiments. ΔbepA cells carrying a plasmid encoding the indicated 

BepA mutants were grown at 30°C in M9-based medium until early log phase, induced with 1 mM IPTG 

for 15 min and subjected to pulse-chase analysis as in Fig. 1D. The representative result of two independent 

replicates are shown. (B) LptDNC (%) was calculated by dividing the band intensity for LptDNC by the sum 

of those for LptDC and LptDNC and mean values are shown with standard deviations. 

 

Fig. 5. A schematic model of the reversible auto-inhibitory regulation of BepA in biogenesis and quality 

control of LptD. Upper left. When LptD assembles normally, BepA in the latent form promotes conversion 

of LptDC (the assembly intermediate form) to LptDNC (the mature form) at the BAM complex, which is 

accompanied by disulfide exchanges. In the latent form, the protease activity of BepA is repressed by zinc 

coordinating His-246 (magenta), and the access of LptD to the active site (cyan) is blocked by the α9/H246 

loop (red) and the α6 loop (teal). Upper right. Impaired maturation of LptD, caused by a mutation such as 

lptD4213, low LptE availability and, presumably, occasional LptD misassembly, leads to prolonged stay 

of the LptDC at the BAM complex (a; enlarged views of BepA at each step are shown in a lower part). 

Under such conditions, conformational changes of the α9/H246 loop, and possibly the α6-loop, are induced 

(stochastically or by some signals) to allow entry of a catalytically-required water molecule and access of 

the substrate to the active site (b), and the stalled LptD is degraded by BepA (c). BepA then returns to the 

latent form for the next round of LptD assembly/degradation (c). Note that BepA and LptD are 

schematically depicted as we know neither the exact regions of LptD that interacts with BepA nor the 

conformation of the BepA-interacting LptD. 
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Supplementary Results 

Isolation of the mutations that suppress self-degradation of BepA(Δα9) and BepA(H246A) 
We overexpressed and purified wild-type and the mutant forms of the BepA proteins with 

His10-tag at their C-terminus by metal-affinity chromatography. SDS/PAGE analysis of the eluted 
fraction of BepA(Δα9) and BepA(H246A) showed that the purified preparations contained less 
amounts of full-length BepA compared to wild-type BepA, with several faster-migrating proteins 
(Fig. 2A, lanes 5 and 11). Some of these faster-migrating species (such as 31.5 kDa and 15 kDa 
bands) possibly represent self-degradation products because their amounts increased upon 
incubation of the purified preparations with concomitant decrease in the amount of the full-length 
protein (Fig. 2A). N-terminal sequence analysis of the major fragment of about 30 kDa (Fig. 2A, 
blue arrowheads) showed that this fragment was a C-terminal part of BepA generated by cleavage 
between Ala-181 and Leu-182. To reduce the self-degradation, which was supposed to improve 
the yield of full-length BepA, we conducted random mutagenesis against the codons for A181 and 
L182 and screened for the mutants with decreased degradation (see SI Appendix, Supplementary 
Materials and Methods for details). We found that a pair of mutations (A181E/L182T) significantly 
suppresses the in vivo self-degradation of BepA(Δα9) and BepA(H246A) (Fig. 2A, lanes 7 and 13). 
The purified preparations of BepA(Δα9) and BepA(H246A) carrying the A181E/L182T mutations 
(represented as BepA(Δα9)* and BepA(H246A)*, respectively) contained primarily full-length 
proteins (Fig. 2A, lanes 7 and 13), although incubation of these proteins for 8 h at 37°C still resulted 
in decrease in the amount of the full-length proteins and concomitant generation of faster migrating 
species. This conversion should also result from self-degradation because it was not observed with 
the BepA(Δα9)* and BepA(H246A)* derivatives additionally having the active site mutation (H136R) 
(Fig. 2A), or when incubation was performed in the presence of a metal chelating reagent such as 
1,10-phenanthroline or EDTA, inhibitors of zinc metallopeptidases (SI Appendix, Fig. S5A). N-
terminal sequence analysis of a major self-degradation product of BepA(Δα9)* (Fig. 2A, green 
arrowhead) indicated that it was cleaved between Ala-171 and Met-172.  

 Comparison of the -casein degradation by BepA(Δα9) and BepA(H246A) with or without 
the A181E/L182T mutations showed that the A181E/L182T mutations had little effect on the 
proteolytic activity of the Δα9 and the H246A mutants (SI Appendix, Fig. S5D). Also, time course-
analysis showed that -casein degradation was observed even after most of BepA(Δα9)* was self-
cleaved at the A171/M172 site (SI Appendix, Fig. S6B), suggesting that the self-cleaved 
BepA(Δα9)* remained proteolytically active. 

 
Supplementary Materials and Methods 
 
Bacterial strains, plasmids and media 

Strain SN896(DE3) was constructed by lysogenizing λ(DE3) into SN896. Derivatives of pUC-
bepA or pCDF-bepA-his10 encoding a mutant form of BepA were constructed by site-directed 
mutagenesis using pairs of complementary primers.  

Derivatives of pSTD-bepA were constructed by site-directed mutagenesis or by subcloning 
an EcoRI-HindIII fragment of the pUC-bepA derivatives into the same sites of pSTD689. To 
construct pCDF-bepA(A181E/L182T)Δ(239-247)::GSGSGS-his10, the codons for Ala-181 and Leu-
182 of the bepA gene on pCDF-bepAΔ(239-247)::GSGSGS-his10 were mutagenized by site-
directed mutagenesis using a pair of primers with randomized sequences for these codons. The 
plasmid library thus obtained was introduced into SN896(DE3) and the transformants were 
screened for the elevated accumulation of full-length BepA by immunoblotting. One of them that 
showed the highest accumulation level was stored and the DNA sequence of the bepA region was 
determined. 

Unless indicated otherwise, cells were grown in L medium (10 g/L Bacto Tryptone, 5 g/L Bacto 
Yeast Extract and 5 g/L NaCl; pH was adjusted to 7.2 using NaOH) or M9 medium (without CaCl2). 
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Ampicillin (50 μg/mL) and spectinomycin (each of 50 μg/mL) were added as appropriate for 
selecting transformants and for growing plasmid-bearing strains. 

 
SDS-PAGE and Immunoblotting Experiments 

Cells of SN56 and SN56/pTWV-lptD-his10 additionally carrying a vector (pUC18 or pSTD689) 
or their derivatives encoding wild-type or a mutant form of BepA were grown to an early log phase 
at 37°C in M9 medium supplemented with 2 μg/ml thiamine, 0.2% maltose, 1 mM IPTG and either 
19 amino acids other than Met or 18 amino acids other than Met and Cys. Proteins were 
precipitated with 5% trichloroacetic acid, washed with acetone, solubilized in SDS sample buffer 
with or without 2-mercaptoethanol and separated by 7.5% or 10% SDS-PAGE. Then, they were 
blotted onto a PVDF membrane filter (Merck Millipore; Billerica, MA, USA). The filter was blocked 
with 5% skimmed milk, and probed with anti-BepA, anti-LptD, or anti-DegP antiserum followed by 
HRP-conjugated anti-rabbit goat antibody. The proteins recognized by the antibodies were 
visualized using ECL Prime Western Blotting Detection Reagents (GE Healthcare) and a lumino-
image analyzer (LAS-4000mini; Fujifilm).  

 
Pulse-Chase and Immunoprecipitation Experiments 

SN56 carrying pUC18 or its derivative encoding wild-type or a mutant form of BepA were 
grown at 30 or 37°C to an early log phase in M9 medium supplemented with 18 amino acids other 
than Met and Cys, 2 μg/ml thiamine, and 0.2% maltose. Then the cells were induced with 1 mM 
(final conc.) IPTG for the appropriate time periods, labeled with 370 kBq/ml [35S]-Met (American 
Radiolabeled Chemicals) for 3 min at 30 or 37°C, and chased with 0.07% (final conc.) cold Met. At 
the indicated time points, a portion of the cultures were withdrawn and mixed with the same volume 
of 10% trichloroacetic acid to precipitate proteins. The proteins were dissolved in 50 μl of 50 mM 
Tris·HCl (pH 8.1) containing 1% SDS and 1 mM EDTA, boiled for 5 min, and diluted with 1 ml of 
Triton buffer containing 50 mM Tris·HCl (pH 8.1), 150 mM NaCl, 2% (wt/vol) Triton X-100, and 0.1 
mM EDTA. After removal of insoluble materials by centrifugation at 20,000 × g for 5 min, the 
supernatant was subjected to immunoprecipitation with anti-LptD antiserum and Dynabeads 
Protein A (Invitrogen). Proteins recovered with the antibody were eluted from beads by boiling for 
5 min in SDS sample buffer without 2-mercaptoethanol, separated by 7.5% SDS/PAGE, and 
visualized with with BAS-1800 (Fujifilm). Where specified, the eluted samples were further treated 
with 10% (final conc.) 2-mercaptoethanol before SDS/PAGE. Proteins were separated by 7.5% 
SDS/PAGE, and visualized with with BAS-1800 (Fujifilm). Band intensities were quantified by using 
MultiGauge software (Fujifilm).  

 
Purification of BepA. 

SN896(DE3) cells carrying pCDF-bepA-his10 derivatives were grown in L medium at 30°C. 
When the culture OD (at 600 nm) reached 0.2, expression of the BepA derivatives was induced 
with 75 μM IPTG for 2 h. Cells were then harvested, washed once with 5 mM Tris·HCl (pH 8.0), 
and resuspended in 5 mM Tris·HCl (pH 8.0) containing 300 mM sucrose, 10 μg/ml DNase I and 
cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche). They were converted into spheroplasts 
by addition of 50 μg/ml lysozyme and 1 mM EDTA followed by incubation for 20 min at 4°C. After 
addition of 2 mM MgCl2, the spheroplasts and insoluble materials were removed by successive 
centrifugations at 10,000 × g for 5 min and at 100,000 × g for 30 min to obtain the periplasmic 
fraction. The periplasmic fraction was applied to a TALON metal affinity resin (Clontech) column. 
The column was successively washed with buffer A [5 mM Tris·HCl (pH 8.0), 50 mM NaCl] and 
buffer A containing 5 mM imidazole, and finally eluted with buffer A containing 250 mM imidazole. 
The buffer of eluted fraction was exchanged to 5 mM Tris·HCl (pH 8.0) containing 10% glycerol by 
passage through a Sephadex G-25 desalting column (PD-10; GE Healthcare), followed by 
concentration by the Amicon® Ultra centrifugal filters (Millipore). Protein concentration of purified 
proteins was determined using the Bio-Rad Bradford protein assay. 
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Fig. S1. Comparison of the secondary structure arrangements between minigluzincin and BepA. The secondary 
structure arrangements of the BepA (15) and minigluzincin (23) are schematically depicted. Arrows and rods 
indicate β-strands and α-helices, respectively, and colored as in Fig. 1A. 
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Fig. S2. Structures of E. coli BepA (PBD ID: 6AIT) and G. sulfurreducens BepA homolog (PDB ID 3C37). 
The regions corresponding to the α9/H246 loop (red), α6 loop (teal), β1/ β2 (light green), zinc atom (yellow) 
and His-246 residue (magenta) of E. coli BepA are colored as in Fig. 1A. 
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Fig. S3. Accumulation levels of BepA and DegP under the conditions of the pulse-chase experiments shown in 
Fig. 1. (A) Cells were grown and treated as in Fig. 1D except that they were not pulse-labeled. A portion was 
withdrawn at the time point corresponding to just before pulse-labeling or at 60 min chase for analysis of BepA 
and DegP, respectively. Proteins were acid-precipitated and subjected to SDS/PAGE and immunoblotting 
analysis with anti-BepA (upper panel) or anti-DegP (lower panel) antiserum. DegP' indicates the degradation 
products of DegP. The migration positions of molecular mass markers are shown.  (B) Cells were grown and 
treated as in Fig. 1E except that they were not pulse-labeled. A portion was withdrawn at the time point 
corresponding to just before (IPTG -) or 15 minutes after (IPTG +) the induction for each culture. Proteins were 
acid-precipitated and subjected to SDS/PAGE and immunoblotting analysis with anti-BepA antiserum. 
Arrowheads indicate a non-specific band serving as a loading control. The representative results of two 
independent replicates are shown. 
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Fig. S4. Effects of expression of the Δα9 and the H246A BepA mutants on the erythromycin sensitivity of the 
cells. Strains AD16 (ΔbepA) and SN56 (bepA+) carrying a plasmid encoding wild type or the indicated mutant 
form of BepA were grown to stationary phase in L medium with 0.1% glucose at 30°C. Under this condition, 
BepA would be expressed at a similar level to chromosomal BepA (1). The minimum inhibitory concentrations 
(MICs) were determined by spotting 5 µl of the 103-fold-diluted cultures on L-0.1% glucose agar plates 
supplemented with the various concentrations of erythromycin and incubating the plates at 30°C for 24 h, as 
reported previously (2). The representative results of two independent experiments are shown. 
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Fig. S5. Effects of metal chelators on the proteolytic activity of the Δα9 and the H246A mutants. (A) Effects of 
metal chelators on the self-cleavage activity of BepA mutants were analyzed by incubating the BepA(Δα9)* or 
the BepA(H246A)* protein, each carrying the A181E/L182T mutations, at 37°C in the absence (-) or presence 
of 250 µM 1,10-phenanthroline (PT) or 250 µM EDTA for 0 or 8 h, followed by SDS/PAGE and Coomassie 
Brilliant Blue G-250 (CBB) staining. (B) Wild-type BepA with a C-terminus His10-tag was incubated with α-
casein at 37°C in the absence (-) or presence (+) of 250 µM EDTA for 0, 8 or 24 h and analyzed by SDS/PAGE 
and CBB staining. (C) Effects of metal chelators on the caseinolytic activity of BepA(Δα9)* or BepA(H246A)* 
were analyzed as in B except that the reaction mixture contained α-casein. (D) Effects of the A181E/L182T 
mutations on the caseinolytic activity of BepA were analyzed by incubating wild-type (WT) or the mutant forms 
of the BepA proteins, either with or without the A181E/L182T mutation, with α-casein at 37°C for 0 or 8 h 
followed by SDS/PAGE and CBB staining. Red arrowheads indicate a degradation product of α-casein. 
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Fig. S6. Time course of α-casein degradation by the α9 and the H246 mutants of BepA. (A) Self-degradation 
of the Δα9 and the H246A mutants. Wild-type (WT) or the indicated mutant forms of BepA with a C-terminal 
His10-tag were incubated at 37°C for 0, 1, 2, 4 or 8 h and analyzed by SDS/PAGE and CBB staining. BepA 
derivatives with the A181E/L182T mutations are indicated by asterisks. Full-length (FL) BepA derivatives are 
indicated. (B) Degradation of α-casein by the BepA derivatives. Wild-type (WT) or the indicated mutant forms 
of BepA, carrying the A181E/L182T mutations (indicated by asterisks) and a C-terminal His10-tag, were 
incubated with α-casein at 37°C for 0, 1, 2, 4 or 8 h and analyzed by SDS/PAGE and CBB staining. Full-length 
(FL) BepA derivatives and α-casein are indicated. Proteolytic fragments of α-casein are indicated by red 
arrowheads. The C-terminal fragments of BepA derivatives generated by cleavage between Ala-171 and Met-
172 are indicated by green arrowheads. Other proteolytic fragments of BepA derivatives are indicated by black 
arrowheads. 
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Fig. S7. Accumulation levels of BepA and DegP under the conditions of the pulse-chase experiments shown in 
Fig. 4. Cells were grown and treated as in Fig. 4 except that they were not pulse-labeled. A portion was 
withdrawn at the time point corresponding to just before pulse-labeling or at 20 min chase time for analysis of 
BepA (upper panel) and DegP (lower panel), respectively. Proteins were acid-precipitated and subjected to 
SDS/PAGE and immunoblotting analysis with anti-BepA or anti-DegP antiserum. Arrowhead indicates non-
specific bands serving as a loading control. The representative results of two independent replicates are shown.  
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Fig. S8. Sequence alignment of M48 peptidase family proteins. Amino acid sequences of Escherichia coli BepA (Ec 
BepA; UniProt P66948), E. coli HtpX (Ec HtpX; UniProt P23894), E. coli LoiP (Ec LoiP; UniProt P25894), E. coli YcaL 
(Ec YcaL; UniProt P43674) and Homo sapiens OMA1 (Hs OMA1; UniProt Q96E52) and H. sapiens ZMPSTE24 (Hs 
STE24; UniProt O75844) are aligned by the Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
Conserved residues are colored in red. 
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 Table S1: Strains and plasmids used in this study 
E. coli strains Genotype Reference 

AD16 Δpro-lac thi/ F’lacIq ZΔM15 Y+ pro+ (3) 

SN56 AD16 ΔbepA::FRT (4)  

MC4100 araD139 Δ(argF-lac)U169 rpsL150 relA1 flbB5301 
deoC1 ptsF25 rbsR (5) 

SN896 MC4100 ΔbepA::FRT (4) 

SN896(DE3) SN896, λDE3  (4) 

Plasmids Description Reference or source 

pUC18 Expression vector; Plac, bla  (6) 
pUC-bepA pUC18 derivative encoding BepA (4) 
pUC-bepA(H136R) pUC-bepA derivative, H136R (4) 
pUC-bepA(E137Q) pUC-bepA derivative, E137Q (4) 
pUC-bepAΔ(239-247)::GSGSGS pUC-bepA derivative, Δα9 This study 

pUC-bepA(H136R)Δ(239-247)::GSGSGS pUC-bepA derivative, H136R, Δα9 This study 
pUC-bepA(E137Q)Δ(239-247)::GSGSGS pUC-bepA derivative, E137Q, Δα9 This study 
pUC-bepA(H246A) pUC-bepA derivative, H246A This study 

pUC-bepA(H136R/H246A) pUC-bepA derivative, H136R/H246A This study 
pUC-bepA(E137Q/H246A) pUC-bepA derivative, E137Q/H246A This study 
pSTD689 Expression vector; Plac, aadA (7)  

pSTD-bepA pSTD689 derivative encoding BepA (2) 
pSTD-bepA(H136R) pSTD-bepA derivative, H136R This study 
pSTD-bepAΔ(239-247)::GSGSGS pSTD-bepA derivative, Δα9 This study 
pSTD-bepA（H136R）Δ(239-247)::GSGSGS pSTD-bepA derivative, H136R, Δα9 This study 

pSTD-bepA(H246A) pSTD-bepA derivative, H246A This study 
pSTD-bepA(H136R/H246A) pSTD-bepA derivative, H136R/H246A This study 
pSTD-bepA(E103C) pSTD-bepA derivative, E103C This study 

pSTD-bepA(E241C) pSTD-bepA derivative, E241C This study 
pSTD-bepA(E103C/E241C) pSTD-bepA derivative, E103C/E241C This study 
pTWV228 Expression vector; Plac, bla (8) 
pTWV-lptD-his10 pTWV228 derivative encoding LptD-His10 (2) 

pCDFDuet-1 Expression vector; PT7 aadA Novagen 
pCDF-bepA-his10 pCDFDuet-1 derivative encoding BepA-His10 (4) 
pCDF-bepA(A181E/L182T)-his10 pCDFD-bepA-his10 derivative, A181E/L182T This study 

pCDF-bepAΔ(239-247)::GSGSGS-his10 pCDFD-bepA-his10 derivative, Δα9 This study 

pCDF-bepA(A181E/L182T)Δ(239-247)::GSGSGS-his10 pCDFD-bepA-his10 derivative, A181E/L182T, Δα9 This study 

pCDF-bepA( H136R)(A181E/L182T)Δ(239-247)::GSGSGS-his10 pCDFD-bepA-his10 derivative, H136R/A181E/L182T, 
Δα9 This study 

pCDF-bepA(H246A)-his10 pCDFD-bepA-his10 derivative, H246A This study 
pCDF-bepA(A181E/L182T)(H246A)-his10 pCDFD-bepA-his10 derivative, A181E/L182T/H246A This study 

pCDF-bepA(H136R)(A181E/L182T)(H246A)-his10 pCDFD-bepA-his10 derivative, 
H136R/A181E/L182T/H246A This study 
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