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ABSTRACT

Gram-negative bacteria can cause many types of infections such as foodborne diseases, cholera, 

pneumonia and gonorrhea. They have developed resistance towards antibiotics, for examples 

vancomycin and erythromycin. The inner and outer membranes in Gram-negative bacteria 

function as barriers to protect the bacteria from hazardous substances, such as chemicals and 

antibiotics. Lipopolysaccharide (LPS) is responsible for these functions, especially in the outer 

membrane. LPS is the major constituent of the outer membrane in bacteria which contributes to 

the structural integrity of bacteria and also protects the membrane from chemical attack. LPS is 

translocated by outer membrane proteins (OMPs). This means that if there is a lack of OMP, there 

could be a lack LPS in the outer membrane. For OMPs to be functional, proper folding and 

translocation of OMPs to the outer membrane are needed. Thus, the process of OMPs’ 

translocation from the cytoplasm to the outer membrane is very crucial for bacteria, which is 

regulated by periplasmic chaperones. One of the chaperones is known as β-barrel assembly 

enhancing protease (BepA). When OMPs are misfolded and cannot carry out their functions, a 

stress response in the bacteria will activate BepA which degrades the misfolded OMPs, thus 

keeping the integrity of the outer membrane . The other function of BepA is to assemble OMPs 

which will then assemble LPS. Despite having important roles, the functions and molecular 

mechanisms of BepA are relatively unclear. Therefore, the full-length protein structure of BepA 

solved by X-ray crystallography might offer important insights to BepA’s molecular mechanisms 

contributing to its functions. 

       In order to study the full-length structure, pYD296 plasmid encoding full-length E.coli BepA 

was transformed into E. coli KRX cells. The cells were cultured and protein expression was 

induced at 17°C with the addition of 0.2% rhamnose. The cells were harvested and the protease 



 6 
 

activity of the protease domain was suppressed by the addition of EDTA. After cells disruption, 

Ni-NTA chromatography was performed to purify BepA protein. His-tag was removed by TEV 

protease while being dialyzed. In order to increase the purity of the protein, gel-filtration 

chromatography was performed. Purified BepA protein was pooled and concentrated to 17 mg/mL 

and crystallized by vapor-diffusion method. The obtained crystals were brought to SPring-8 in 

Hyogo prefecture to collect X-ray diffraction data. From the diffraction data, full-length crystal 

structure of BepA protein was constructed. Then, structural analysis was performed. 

         The full-length structure of BepA protein at 2.6-Å resolution reveals that there are 11 alpha 

helices (α1-α11) and 3 strands of β-sheets in the N-terminal protease domain, while there are 10 

anti-parallel alpha helices (H1-H10) in the C-terminal TPR domain, with α12 helix connects the 

two domains together. The structure also reveals the presence of a negatively charged pocket and 

an active site coordinated by a zinc atom within the conserved HEXXH motif. Residues between 

α5-α6 and α6-α7 could not be modeled due to poor electron density, suggesting the region might 

be flexible. α9 helix is also assumed to cover the active site due to its short plug-like length and 

its convenient position near the zinc atom. The pocket and the active site of BepA probably serve 

as a substrate-binding site. Since the pocket is negatively charged, substrates of BepA might be 

positively charged. Kratky plot generated from previous small-angle X-ray scattering (SAXS) 

experiment showed that histidine tag might be stabilizing the structure of BepA by inducing 

oligomer formation of BepA. Other than that, important residues coordinating the pocket and 

active site were also directed for mutational analyses for functional studies. Given the structure 

and collaborative functional analyses data of BepA, a working model of BepA’s functional 

mechanism was proposed. This knowledge could be very crucial in drugs development against 

antibiotics-resistant bacteria. 



 7 
 

CHAPTER 1 INTRODUCTION 

1.1 Cell membranes. 

1.2 Lipopolysaccharides. 
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1.3 Translocation of lipopolysaccharides by outer membrane proteins. 

1.4 The BAM complex. 
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1.5 Biogenesis of outer membrane proteins by the BAM complex. 
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Figure 1. Translocation of an OMP.

1.6 Roles of chaperones in translocation of outer membrane proteins. 
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1.7 Beta-barrel assembly enhancing protease (BepA) maintaining membrane integrity. 

BepA was also shown to be important for cells, especially for gram-negative bacteria. Cells 

lacking BepA protein (ΔbepA) exhibited lower erythromycin resistance compared to the wild type 

protein 23. Erythromycin, rifampicin, vancomycin, and novobiocin, are examples of antibiotics 

with a high molecular mass that are not easy to pass through an intact outer membrane 22. However, 

when BepA could not perform its functions, LPS could not be inserted into the outer membrane 

due to the misfolding of Lpt proteins that assemble LPS. This causes the outer membrane to 

become more permeable, thus allowing the entries of the high molecular mass antibiotics that are 

fatal to Gram-negative bacteria 22. Another study also showed ΔbepA cells had increased 

sensitivity to vancomycin 24. Other than that, ΔbepA showed lower degradation of overexpressed 

membrane proteins that failed to form complex with their partners, most notably LptD, meanwhile 

cells with wild-type BepA showed higher LptD degradation when LptE was absent 25. ΔbepA cells 

also lack in the ability to correctly fold LptD proteins 23. These phenotypic attributes showed that 
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BepA plays a role in maintaining the integrity of membrane by mediating the correct folding of 

membrane proteins and their interaction with other membrane protein. The correct folding and 

integration to the membrane will thus keep the coherence of the cell membrane that provides 

protection for the cells. 

 

Figure 2. Proposed roles of BepA in the translocation of OMP into the OM.

Precursor OMP is translocated into periplasm region through the Sec translocon, and then to the outer 

membrane assisted by periplasmic chaperones and the BAM complex.
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1.7.1 Activation of BepA by the σE pathway. 

1.7.2 BepA as a chaperone. 
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1.7.3 BepA as a protease. 
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Figure 3. BepA acts as a chaperone and a protease. 

1.7.4 Domain architecture of BepA. 
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BepA degrades 
misfolded OMP 
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Figure 4. Domain arrangement of BepA.

BepA consists of protease domain at its N terminal side and a tetratricopeptide repeat (TPR) domain at its 

C terminal side with an approximate size of 51 kDa.

1.7.5 Comparison of sequences of BepA and a Zn-dependent peptidase Q74D82. 

Figure 5. Sequence comparison of BepA and a Zn-dependent peptidase Q74D82.
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1.7.6 The tetratricopeptide repeat (TPR) domain. 
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Figure 6. The TPR domain of BepA.
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Figure 7. Interaction of TPR domain and the BAM complex.
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1.8 Unclear molecular mechanisms of BepA. 
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CHAPTER 2 EXPERIMENTAL PROCEDURES

 

2.1 Expression and purification of BepA. 

E.coli BepA sequence encoding 45-482 amino acids region without the signal peptide was cloned 

into pET-16b-TEV plasmid using BamHI site23. The resulting plasmid (pYD296 plasmid) encodes 

MG-H10-SSGENLYFQG-BepA45-482. The plasmid was then transformed into E. coli KRX strain 

cells (Promega) and stored at -80°C as a glycerol stock. In order to prepare the pre-culture, the 

glycerol stock of KRX/pYD296 was inoculated into 25 mL LB Broth, Lennox (Nacalai) to prepare 

the pre-culture. Then, 50 μg/mL ampicillin and 0.4% glucose were added to the medium and the 

cells were cultured overnight at 37°C. Then, the pre-culture was added together with 50 μg/mL 

ampicillin to large-scale culture of 2.5 L and further cultured at 37°C until the OD600 reached ~0.6. 

After that, 0.2% rhamnose was added to induce protein expression. The culture was transferred to 

17°C incubator and shaken for 12 hours.  

In order to harvest the cells, centrifugation at 6 000g was performed for 10 min at 4 degree 

(Hitachi CR22N, R9A2 rotor). The supernatant was discarded and the pellet was suspended in 10 

mM Tris-HCl (pH 7.0). The solution was re-pelleted by centrifugation at 6,000g for 10 min and 

the pellet was re-suspended in Wash Buffer [20 mM Tris-HCl (pH 7.0), 500 mM NaCl, 20 mM 

imidazole-HCl (pH 7.0), 1 mM 2-mercaptoethanol (ME), and 0.1 mM phenylmethanesylfonyl 

fluoride (PMSF)]. In order to suppress the protease activity of one of the domains, 0.5 mM EDTA 

(pH 8.05) was added. The cells were disrupted by sonication for 30 min on ice using Q500 

(QSONICA) by the following conditions; 20% power, pulse rate: 1 s pulse on and 1 s pulse off, 

sonicator rod: CL 334). Disrupted cells were separated by centrifugation at 20,400 g for 30 min at 

4°C (Hitachi CR22N, R20A2 rotor).  
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For purification of BepA, the supernatant was mixed with 3 mL of Ni Sepharose Excel (GE 

Healthcare) pre-equilibrated with Wash Buffer. The mixture was rotated for 1 h in the cold room. 

After rotation, the resin was transferred to the column. The resin was then washed with 50 mL of 

Wash Buffer to remove unbound proteins and His-tagged proteins were eluted using 5 mL of Elute 

Buffer [20 mM Tris-HCl (pH 7.0), 500 mM NaCl, 300 mM imidazole-HCl (pH 7.0), 1 mM 2-ME, 

and 0.1 mM PMSF] for by 8-step gradient elution. SDS-PAGE was performed to confirm the 

presence of His-BepA protein in the eluted fractions. 

In order to remove the polyhistidine-tag, the eluted fractions were pooled together into a 

50 mL-Falcon tube and TEV protease was added so that the protein weight ratio would be 1:20 (1 

mg of TEV protease to 20 mg of protein). After several rotations, the protein solution was 

transferred into a dialysis membrane [Spectra/Por 7 MWCO 10 kD (SPECTRUM)] and dialysed 

against Dialysis Buffer [20 mM Tris-HCl (pH 7.0), 500 mM NaCl, 1 mM 2-ME, and 0.1 mM 

PMSF] for overnight at 4 degree. The cleaved BepA protein was checked by SDS-PAGE. The 

dialysed sample was then subjected to a second Ni-NTA  chromatography with the similar 

conditions to remove uncut His-BepA and TEV protease with His-tag. Cut BepA was then used 

for further purifications. 

Cleaved BepA protein was concentrated to ~500 μL using the Amicon Ultra 10 K filter 

(Millipore) to be further purified by gel-filtration chromatography. Samples were loaded onto 

Superdex 200 Increase 10/300 column (GE Healthcare) pre-equilibrated with Gel-filtration Buffer 

[20 mM Tris-HCl (pH 7.0), 500 mM NaCl, 1 mM 2-ME, and 0.1 mM PMSF] and separated using 

AKTA explorer 10S (GE Healthcare). SDS-PAGE was performed according to the gel-filtration 

profile to confirm the purity of BepA protein. 
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2.2 Crystallization of BepA. 

Purified BepA protein was pooled and concentrated to 17 mg/mL by the Amicon Ultra 10 K filter 

(Millipore) for crystallization experiments. 0.1 L of protein drops only, and 0.1 L of protein 

drops with 0.1 L crystallization buffer drops were automatically prepared using the Crystal 

Gryphon (Art Robbins Instruments). Crystallization of BepA protein was performed by vapor 

diffusion method in 96-well Violamo crystallization plates (VCP-1) at 4°C and 20°C against 

solutions with different concentrations of 2-Methyl-2,4-pentanediol (MPD), ammonium sulfate 

(NH4)2SO4 and sodium chloride (NaCl). Rod-shaped crystals were obtained in 2 M (NH4)2SO4 

condition after an overnight incubation at 4°C followed by an incubation at 37°C for overnight 

and incubation at 4°C for another five days. The crystals grew to a size of approximately 90 μM x 

15 μM (Fig. 8). Then, the crystals were collected using harvesting mounts and loops (MiTeGen), 

and flash-frozen in liquid nitrogen in order to be transported to SPring-8 for X-ray diffraction data 

collection. 

 

Figure 8. BepA crystals under bright-field microscope (a) and under UV exposure (b). 

 

 

 

a. b. 

100 μm 100 μm 
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2.3 X-ray data collection, phasing and structure refinement. 

2.3.1 Diffraction data collection. 

X-ray diffraction data of BepA crystals was collected on beamline BL32XU at SPring-8 by the 

Helical Data Collection Method using a microbeam. The collected data was processed by X-ray 

Detector Software (XDS). 

2.3.2 Molecular replacement. 

Molecular replacement was performed by Phaser 30 to calculate the initial phases. For molecular 

replacement, previously determined BepA TPR domain (PDB: 5XI8) 25 and zinc-dependent 

peptidase Q74D82 (PDB: 3C37) were used as templates.  

2.3.3 Structure refinement. 

BepA initial structure was refined in a stepwise fashion using COOT 31 and PHENIX 32 to 

Rwork/Rfree= 0.206/0.263 at 2.6 Å resolution. Detailed refinement statistics are listed in Table 1. The 

space group was P1 and the molecular graphics were designed using CueMol2 

(https://www.cuemol.org/).  
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Table 1. Refinement statistics of BepA structure. 

Aspects Values 

Wavelength 1 
Resolution range 48.18  - 2.598 (2.691  - 2.598) 
Space group P1 
Unit cell 85.844 104.674 104.971 113.606 105.843 

104.026 
Total reflections 327914 (31495) 
Unique reflections 89522 (8738) 
Multiplicity 3.7 (3.6) 
Completeness (%) 98.24 (94.90) 
Mean I/sigma(I) 8.88 (0.86) 
Wilson B-factor 62.50 
R-merge 0.1039 (1.218) 
R-meas 0.1219 (1.434) 
R-pim 0.06328 (0.7477) 
CC1/2 0.997 (0.402) 
CC* 0.999 (0.757) 
Reflections used in refinement 89487 (8729) 
Reflections used for R-free 2016 (195) 

R-work 0.2064 (0.3456) 
R-free 0.2634 (0.3687) 
CC(work) 0.964 (0.646) 
CC(free) 0.944 (0.511) 
Number of non-hydrogen atoms 19732 
  macromolecules 19568 
  ligands 54 
  solvent 110 
Protein residues 2485 
RMS(bonds) 0.004 
RMS(angles) 0.62 
Ramachandran favored (%) 97.87 
Ramachandran allowed (%) 2.09 
Ramachandran outliers (%) 0.04 
Rotamer outliers (%) 0.15 
Clashscore 9.18 
Average B-factor 81.27 
  macromolecules 81.39 
  ligands 86.44 
  solvent 56.41 
Number of TLS groups 35 
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CHAPTER 3 RESULTS 

Table 2. Superimpositions of the six BepA molecules in the asymmetric unit. 

 

Figure 9. Comparison of six molecules of BepA in the asymmetric unit.
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3.3 Structure of BepA. 

3.3.1 Overall structure of BepA. 

In the crystal structure, there is a N-terminal protease domain from residues 45-288 and a C-

terminal TPR domain from residues 305-482 (Fig. 10). In the protease domain, there are 11 alpha-

helices (α1-α11) and a β-sheet with three β-strands (β1-β3) between α2 and α3 (Fig. 10). In the 

TPR domain, there are 10 anti-parallel α-helices (H1-H10) (Fig. 10) which is consistent with the 

previously reported TPR domain structure of BepA (PDB ID: 5XI8) 25. 12 connects the two 

domains together (Fig. 10). The regions between α5-α6 (153-159) and α6-α7 (178-191) could not 

be modeled due to poor electron density in those sections (Fig. 10, red dashed line).  
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Figure 10. Crystal structure of BepA.
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3.3.2 The protease domain. 

3.3.2.1 The active site motif of the protease domain. 

α α

α α

α

α α α α α

α
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Figure 11. The active site motif H136EISH.
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Figure 12. Superimposition of BepA’s protease domain and Q74D82 protease.
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3.3.3 The TPR domain. 

α
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Figure 13. Comparison of the TPR domains from two crystal structures.
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Figure 14. Surface charge distribution of BepA.
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3.3.4 Interaction between the domains. 

α

3.3.5 Interaction of BepA with substrate. 

Previous small-angle X-ray scattering (SAXS) experiment performed by our laboratory implied 

that a histidine tag (His-tag) induces an oligomeric form of BepA. The generated Kratky plot, in 

which linear plots of functions of the scattered intensity I(Q) plotted against functions of the 

scattering variable Q (Figure A1). The SAXS analysis showed that BepA with His-tag forms 

larger oligomeric state compared to BepA without His-tag. I speculated that His-tag may mimic a 

substrate to BepA probably due to its positively charge surface. The generated Kratky plot also 

showed the presence of additional peaks, or shoulders, at low q, indicating that BepA forms 

ununified conformations. 
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3.3.6 Model of interaction of BepA and the BAM complex. 
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Figure 15. Interaction between the domains of BepA.
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Figure 16. Model of interacting scheme of BepA with the BAM complex.



 40 
 

CHAPTER 4 DISCUSSION 

 

The crystal structure of full-length BepA was determined at 2.6 Å resolution. The full-length 

crystal structure shows the presence of two domains, the N-terminal protease domain and the C-

terminal TPR domain.  

In order to test whether the overall structure of BepA in solution has the same conformation 

as that of the current crystal structure, additional experiments were performed with collaborators. 

First, the conformation of BepA in solution was tested by SAXS analysis23 (Fig. A1). The three-

dimensional shape model of BepA together with the experimental scattering curve and based on 

SAXS data showed that BepA in solution had the same conformation as in the crystal structure. 

The two domains were probably locked together by the aforementioned interactions. Next, to 

confirm this assumption, cysteine residues were introduced to the two domains so that they would 

form disulfide bond. Derivatives of BepA’s mutants were constructed by site-directed mutagenesis. 

Disulfide bonds can be formed under oxidizing conditions, between the thiol groups of cysteine 

residues by the process of oxidative folding34. Residues that have a close proximity between each 

other (<15 Å) at the protease and TPR domains of BepA were selected and mutated to cysteine 

residues. The selections include Q51, Y55, V57, R58, and R61 from the protease domain, and 

A440, G441, R442, F481 from the TPR domain23 (Fig. 17, Fig. A2). This would lock the 

conformation of the BepA structure as the conformation of the crystal structure.  
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Figure 17. Disulfide bonds introduction between the protease and TPR domains.
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In order to confirm the presence of disulfide bonds in BepA mutants, the migration of BepA bands 

was inspected in SDS-PAGE 23 (Fig. A2).

23

23

23

23

23

were more sensitive to EM with the MIC of around 6.25 μg/mL while WT cells can tolerate up to 

around 50 μg/mL EM23 (Fig. A2).The cells with BepA mutants also showed similar EM resistance 

as that of wild-type BepA with the MIC of around 50 μg/mL23 (Fig. A2). This suggests the locking 
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of the two domains does not affect the activity of BepA proteins and mutated BepA are still able 

to perform their functions. This shows that BepA mutants were still able to retain their chaperone 

activities in a locked conformation of the TPR and the protease domains. 

 Then, BepA mutants were tested with their capability to degrade BamA in ΔsurA cells23 

(Fig. A3). BamA was shown to be degraded by BepA in ΔsurA cells22. Cells without BepA did 

not exhibit BamA’s degradation products23 (Fig. A3). In cells with BepA mutants, however, they 

were still able to degrade BamA which was comparable to the wild-type cells and single cysteine 

mutants23 (Fig. A3). This suggests that protease activity of crosslinked BepA mutants was also still 

retained despite the limitation of the dynamics of the domains.  

Recently, another group reported the crystal structure of full-length BepA 24 (Fig. 18). In 

the crystal structure by Bryant et al., the overall conformation of BepA’s crystal structure was 

similar with the full-length BepA structure obtained in this work (Fig. 18). In the latest BepA 

structure, which I will name as Bryant’s BepA structure from now on, the HEXXH motif was also 

positioned in the H4 helix (α4 in my structure) (Fig. 18). In Bryant’s BepA structure, the zinc 

atom is also regulated by H136, H140, E201 and H246 (Fig. 18). In Bryant’s BepA structure, there 

is an active site plug between helices H6 and H8, which is labelled as H7 plug (α9 in my structure). 

H246 is positioned in the active site plug, which is similar to my structure. Since the active site 

plug in both of my and Bryant’s BepA structures seems to cover the zinc atom, these two structures 

of BepA might represent BepA in its inactive form. 

In Bryant’s BepA structure, α5 and α6 helices could not be modeled due to poor electron 

density in those regions. However, α5 and α6 helices were able to be modeled in my structure, 

indicating these helices might be flexible (Fig. 18). This speculation is further supported by the 
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observation of the poor density between α5 and α6 helices in my structure (Fig. 18). Bryant et al. 

also proposed the position of a putative lid that offers access to the active site (Fig. 18). 

In the crystal structures of full-length BepA, the two domains interact with each other (Fig. 

18). The TPR domain’s N-terminal side interacts with the protease domain by 

hydrophobic/hydrophilic interactions, while the TPR domain’s C-terminal side interacts with the 

protease domain by hydrogen bonds (Fig. 17). It is also probably due to these domain interactions 

that keep the two domains together to retain the functions of BepA in vivo. Since the overall 

conformation of the crystal structures of the full-length BepA are relatively the same 24, these 

interactions are thought to be very stable. By taking all the observations obtained in this study, the 

SAXS analysis, the functional analyses and the structure reported by Bryant et al., it is highly 

likely that the conformations of BepA in the crystal structure reflect the functional conformation 

in vivo and it does not involve conformational changes when performing the typical functions of 

BepA. 
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The conformations of the two crystal structures are relatively similar, except for the missing α5 and α6 

helices in the most recent structure (right). The putative lid and the H7 plug, which is the α9 plug in my 

structure (left), is also labelled.  

In the protease domain, there is an extra α-helix (α12) compared to the previously 

determined Q74D82 peptidase (PDB ID 3C37). α12 acts as a linker connecting the protease 

domain to the TPR domain. Other than this, the overall structure of the protease domain of current 

crystal structure and that of Q74D82 peptidase is relatively the same (Fig. 12). The active site 

motif H136EXXH is also similarly positioned (Fig. 12). Thus, the proteolysis mechanisms of the 

protease domain of BepA might be similar with those of Q74D82 peptidase. In the protease domain, 

there are residues between α5-α6 (153-159) and α6-α7 (178-191) which could not be modelled 

due to poor electron density (Fig. 10). In the crystal structure of Q74D82 peptidase, α6-α7 loop 

was able to be modelled, suggesting that the loop might be flexible in BepA which explains the 
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Figure 18. Comparison of the full-length BepA crystal structures.
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poor density at the regions. However, α5-α6 loop which is absent in the current crystal structure 

was also absent in Q74D82 peptidase structure.  

As mentioned above, recently reported full-length BepA structure by Bryant et al. lacked 

the entire α5 and α6 helices region. Another molecular surface representation according to 

electrical charges was calculated. The surface electrical charges showed some differences (Fig. 

19). When the structure lacks α5 and α6 helices, the position of the original negatively charged 

ditch was different compared to the BepA’s structure having α5 and α6 helices (Fig. 19). This 

different ‘route’ was more extended beyond the active site compared to that of the BepA’s structure 

having α5 and α6 helices (Fig. 19). The extended ditch is also negatively charged (Fig. 19). In my 

BepA structure, α5 and α6 helices were able to be modelled while the surface electrical charges 

did not yield negatively charged surface beyond the active site. This indicates that substrates 

probably could not bind to the active site when α5 and α6 helices are present. However, when α5 

and α6 helices are dislocated, the ditch opens to a new route, more extended compared to the 

original ditch and is also negatively charged. This raises the possibility of substrates attachment 

also to this extended ditch when α5 and α6 helices are absent.  
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Figure 19. Comparison of surface electrical charges. 

The negatively charged ditch in the BepA’s structure without α5 and α6 helices (b) is different from that 

of the BepA’s structure with α5 and α6 helices (a). When α5 and α6 helices are absent, the negatively 

charged ditch extended beyond the location of the active site. This raises the possibility of substrates 

attachment to this extended region, too. 
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Probably α5 and α6 helices are flexible, which allows some space for substrate to attach 

to this extended region. The size of the substrate would matter too. Whether or not these helices, 

especially α6 helix, which seems ‘detached’ from the rest of the protease domain due to the 

diordered loops (Fig. 18), is flexible and takes part in covering the active site, remains a matter to 

be resolved. 

The TPR domain of the current crystal structure is relatively similar to the previously 

determined TPR domain of BepA (PDB ID: 5XI8) (Fig. 13) 25. The TPR domain in the current 

study was found to be slightly extended compared to the previous structure (Fig. 13). This was 

presumably due to the association of the protease domain with the TPR domain, since the previous 

structure was of an isolated TPR domain (Fig. 13) 25. The presence of a negatively charged pocket 

at the TPR domain suggests that the pocket catches positively charged substrates. In general, TPR 

domains are exploited in protein-protein interactions 29 and the pocket might be the interaction site. 

Other than that, there is a negatively charged ditch that protrudes from the pocket to the active site 

at the protease domain. This suggests that the two domains are dependent on each other: any 

interaction of ligands or substrates at the negatively charged pocket at the TPR domain might affect 

the conformation of the protease domain since a part of the substrate would also bind to the ditch 

at the protease domain. 

In the crystal structure by Bryant et al., the active site at the protease domain was also 

covered by a helix, similar to the current study (Fig. 18) 24. In the current structure and Bryant’s 

BepA structure, same helix, α9 in the naming of current study, that appears to cover the active site 

(Fig. 18). H246 residue is also coordinating the zinc atom in the current crystal structure. α9 helix 

might be covering the active site during BepA’s inactive state as seen in the both full-length BepA 

structures. α9 helix would then dislocate in response to specific signals which will also dislocate 
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α9-α10 loop which contains the H246 residue. This residue might have an important role during 

the dislocation of α9 from the active site. It was shown that when BepA’s structure was 

superimposed with nuclear membrane zinc metalloprotease ZMPSTE24 structure from human 

with a trapped substrate (PDB ID: 2YPT), residue H246 on the active-site plug of BepA  clashed 

with the substrate in the ZMPSTE24 structure 35. This suggests that the dislocation of α9 helix 

would dislocate the positioning of residue H246 in the α9-α10 loop, giving space for the 

attachment of a substrate at the active site. Other than that, H246 residue was also shown to be 

conserved by sequence alignment (Fig. 5). Hence, residue H246 might be crucial. In a very recent 

study conducted by Daimon et al., when H246 was mutated to alanine (H246A), an elevated 

normal pathway of proteolytic activity of LptD was observed 34. The expression of BepA(Δα9) 

also yielded the same observation 34. This was probably caused by the inability or the absence of 

the α9 plug to dislocate to the active site to inhibit the proteolytic activity of the protease domain 

of BepA. From this observation, the α9 was proposed to be as an ON/OFF switch which regulates 

the protease activity of BepA 36. Similar observation was also seen in mutational analyses 

performed by Bryant et al., in which H246N BepA mutation showed increased sensitivity to 

vancomycin, even though the effect was not as severe as in E137Q BepA mutation 24. The study 

also showed that H246N mutation caused increased deregulated proteolytic activity of BepA 

protein 24. These results from Daimon et al. and Bryant et al., together with the observation of the 

positioning of the H246 residue in both of the crystal structures, suggest that H246 may play an 

important role in the regulation of the proteolytic activity of BepA.  

In the TPR domain, residues R466 and R470 were shown to be conserved 24. These residues 

might be important in substrate recognition due to their positions in the cavity and high level of 
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conservation. Even though these residues have high conservation, their importance will require 

further studies. 

When the substrate detaches, α9-α10 loop would then dislocate which will move α9 helix 

to cover the active site back again, forming an auto-inhibition mechanism. Therefore, the residues 

involved in the catalytic activity and the residues of the α9 helix might play crucial roles in keeping 

the functionality of the protease domain. Mature LptD (LptDNC) was not susceptible to the 

mutation of H246 and the expression of BepA(Δα9) 36. This suggests that the chaperone activity 

of BepA is not affected by the Δα9 or H246A mutant. 

The flexibility of α9 plug is also probably important. If the proteolytic activity is not 

controlled by the auto-inhibitory mechanism proposed earlier, that is by dislocating α9 plug back 

to the active site after the protease domain has performed its function, the integrity of BepA is at 

stake. In order to test this hypothesis, Bryant et al. locked the active site plug by introducing a 

disulfide bond between a residue from the plug; E241 and E103 residue from β1-β3 loop. This 

made the plug immobile, always covering the active site. Then the performance of these mutants 

were tested. It was shown that double mutations of E103C and E241C had an impact on the 

sensitivity of cells with the mutants against vancomycin 24. Cells with the mutants had lost their 

resistance against antibiotics, suggesting that the flexibility of the active site plug is important. 

A parallel observation was also observed in another study, in which the immobilization of 

BepA’s α9/H246 loop by disulfide cross-linking was tested to investigate whether it would affect 

the activity of the protease domain 34. The residues which are in close proximity around the loop 

were mutated to cystein residues (E241 of the α9 helix and E103 of the β1-β2 loop) 34. The 

immobilization of the α9 plug was shown to strongly inhibit the protease activity of BepA to 

degrade LptD 34. This was mostly caused by the covering of the active site of the protease domain 
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by the α9 plug that inhibited the proteolytic activity of BepA. Therefore, these findings suggest 

that the α9 plug has a very crucial role in the autoinhibition of the protease activity of BepA that 

is flexible and reversible. 

From the current structure, the disordered α6-α7 loop also seems to cover the active site 

(Fig. 10). α6 helix was not modelled in the structure by Bryant et al.,  due to poor electron density. 

Therefore, the disordered α6-α7 loop could not be seen in the other crystal structure.  The disorder 

was probably due to the flexibility of the α6-α7 loop. In my crystal structure of BepA, α6 helix 

and α6-α7 loop is embedding the active site, suggesting that the crystallized BepA was probably 

in its fully inactive form. When α9 helix dislocates, α6-α7 loop might also dislocate to expose the 

active site. This might correspond to fully-active form of BepA.  

  When the residues contributing to the formation of the negatively charged pocket at the 

TPR domain were mutated, BepA’s resistance to vancomycin decreased 24. This probably affected 

the formation of the pocket, thus affecting substrates attachment to BepA. Whether or not BepA 

with mutations of the residues at the pocket would still perform its chaperone functions remains to 

be a question. 

In this study, when BepA mutants were performing the degradation of BamA, probably it 

only involved the dislocation of the loop or the active site plug which exposed the active site of 

the protease domain. Significant flexibility of the domains is probably not necessary, since BepA 

mutants were still able to retain chaperone and protease activities. Taken together, the functional 

analyses suggested that crosslinked BepA mutants were still able to perform the two basic 

functions as a chaperone and a protease23 (Fig. A2, Fig. A3).  

BepA was proposed to interact with the BAM complex through the TPR domain 25. 
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(Fig. 7)

(Fig. 7)

In addition, BepA’s TPR domain was also shown to be the interaction site for membrane 

proteins such as LptD 25. Previously, it was shown that F404 residue in the TPR domain of BepA 

can be cross linked either to LptD or BamA, and mutations of the residue affect the functional 

performance of BepA 25. This suggested that the interaction with LptD and BamA mediated by 

F404 residue of the TPR domain was important for the BepA functions 25. As mentioned earlier, 

N323 residue of the TPR domain of BepA was shown to crosslink with BamD 25. When N323 

residue was mapped to the current crystal structure and surface representation according to 

electrical charges was calculated, N323 residue of the TPR domain was positioned near to the 

negatively charged pocket (Fig. 20). Thus, there is a possibility that BamD interacts with the TPR 

domain of BepA by binding to the pocket.  
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Figure 20. N323 residue positioned near the hydrophilic pocket of TPR domain. 

Based on the previous TPR domain-BAM complex model, a new model of BepA-BAM complex 

structure was constructed (Fig. 21). I manually docked the crystal structure of BepA from this 

study to that of the previous model, and the proposed interaction sites between the TPR domain 

and the BAM complex are positioned similarly in the new model as well. The protease domain 

faces the periplasmic side, without interacting with the BAM complex. 

the position 
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of N323 of the TPR domain of BepA is also distant from BamD, similar to the observation seen in 

the previous model (Fig. 21) 25. Even though N323 of the TPR domain is distant from BamD, 

photocrosslinking experiments suggested that N323 residue could indeed crosslink with BamD 25. 

This suggests the flexibility of BepA or the BAM complex during the docking process which 

require further investigations. With this new model of BepA-BAM complex, substrates bound to 

the negatively charged pocket and ditch can be handed over to BAM complex (Fig. 20), presenting 

a working model of BepA-BAM complex at the OM. 
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Figure 21. Working model of BepA-BAM complex.
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Figure 22. Working model of BepA.
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 α9 

loop, it would present the activation mechanisms of BepA.
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