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Abstract

The B-barrel-assembly machinery (BAM) complex mediates the assembly of B-barrel membrane proteins in
the outer membrane. BepA, formerly known as YfgC, interacts with the BAM complex and functions as a
protease/chaperone for the enhancement of the assembly and/or degradation of B-barrel membrane proteins.
To elucidate the molecular mechanism underlying the dual functions of BepA, its full-length
three-dimensional structure is needed. Here, we report the crystal structure of full-length BepA at 2.6-A
resolution. BepA possesses an N-terminal protease domain and a C-terminal tetratricopeptide repeat (TPR)
domain, which interact with each other. Domain cross-linking by structure-guided introduction of disulfide
bonds did not affect the activities of BepA in vivo, suggesting that the function of this protein does not
involve domain rearrangement. The full-length BepA structure is compatible with the previously proposed

docking model of BAM complex and TPR domain of BepA.



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Structure of BepA Shahrizal et al.

Introduction

Gram-negative bacteria, including Escherichia coli, possess two layers of biological membranes,
namely the outer membrane and the inner membrane, between which exists the periplasmic space containing
a peptidoglycan layer [1]. The two membranes act as a barrier to protect cells from changes in the external
environment and hazardous substances. In addition, these membranes are involved in several stress responses,
including the activation of the ot factor, which occurs on the cytoplasmic side, by monitoring the changes in
the states of the outer membrane and the periplasm [2-5]. The outer membrane, which possesses an
asymmetric architecture, is mainly composed of phospholipids on the inner leaflet and lipopolysaccharides on
the outer leaflet, together with peripherally associated lipoproteins and embedded B-barrel proteins. All
[B-barrel outer membrane proteins are synthesized in the cytoplasm, translocated across the inner membrane
via the Sec complex, and inserted into the outer membrane via the BAM (B-barrel assembly machinery)
complex [6-8], where they are converted into folded mature forms.

Precursors of outer membrane proteins with an N-terminal signal peptide that are targeted to the inner
membrane are initially synthesized by ribosomes and transferred to the Sec machinery, which consists of
SecA ATPase, SecYEG complex, and SecDF [9, 10]. Following their transfer, the machinery drives the
translocation of unfolded precursor proteins across the inner membrane using the ATP hydrolysis energy and
proton motive force. The signal sequence is cleaved by the signal peptidase during this process and the
processed proteins are released into the periplasm. At the final stage, the proteins are inserted into the outer
membrane via the BAM complex and assembled while undergoing quality control and the assistance of
targeting to the membrane by periplasmic chaperones/proteases such as Skp, DegP, SurA, and FkpA,
resulting in their conversion into functional B-barrel proteins [11-13]. The central, essential component of the
BAM complex is an evolutionarily conserved B-barrel protein BamA [14], which belongs to the Omp85
protein family, which includes Sam50 in mitochondria and Toc75 in chloroplast. In E. coli, BamA forms a
complex with four lipoproteins, namely BamB, BamC, BamD, and BamE [6-8].

The c5-dependent stress response, which is an essential regulation system in E. coli, is activated by the

accumulation of misfolded outer membrane proteins. One of 114 genes identified as members of E. coli o
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regulon encodes a periplasmic protein BepA (formerly YfgC) [5]. A BepA-deficient E. coli strain was shown
to be more sensitive to specific antibiotics than wild-type cells, presumably due to the disrupted barrier
functions of the outer membrane. Studies of the biogenesis of a 3-barrel outer membrane protein LptD, which
is involved in the transport and assembly of lipopolysaccharides, suggest that BepA is related to the
biogenesis and quality control of LptD [15, 16]. LptD, which has two intramolecular disulfide bonds in its
mature form, undergoes disulfide bond rearrangement during its biogenesis. BepA promotes this
rearrangement and degrades incorrectly folded LptD. Impairment in biosynthesis of BepA-dependent LptD
would cause reduction of the outer membrane barrier functions, leading to increased drug sensitivity of the
cells. In addition, it was proposed that BepA interacts with the BAM complex to act in LptD folding and
degrades a stalled LptD on the BAM complex. BepA was also proposed to cleave BamA that is misassembled
during its biogenesis under a chaperone (SurA)-depleted condition. [15-17]. These results suggest that BepA
functions as a chaperone for outer membrane protein biogenesis and as a protease for the removal of
misfolded outer membrane proteins.

The mature BepAzsssr (MW ~51,000) protein, which is generated by cleavage of the signal peptide from
the precursor form, is composed of a N-terminal protease domain and a tetratricopeptide repeat (TPR)
domain. According to the MEROPS protein database [18], the protease domain is classified under the
metalloprotease M48C subfamily, which shares a HEXXH motif. The active center is proposed to be formed
by a Zn atom and residues H136, E137, and H140 of the HEXXH motif and E201 of the following
C-terminal side (Fig. S1). Mutations H136R or E137Q in the HEXXH motif affect LptD biogenesis, implying
that protease activity is crucial for BepA function [15]. Deletion mutants of the TPR domain abolish the
activities of BepA, indicating that the TPR domain is also essential [16]. The crystal structure of the TPR
domain revealed that 10 successive anti-parallel alpha-helices formed a large palm structure with a negatively
charged pocket and a small palm structure with a cavity [16]. Generally, TPR domains provide a pocket for
interactions with partners [19, 20]. However, the interactions between the pocket of the BepA TPR domain
and a substrate have not been elucidated to date. In contrast, site-specific photocrosslinking experiments

revealed that several points at the edges of the TPR domain interact with Bam proteins and LptD. Based on
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these results, a model of the BAM complex with the TPR domain of BepA was proposed (Fig. S2) [16].
However, in order to unravel the underlying molecular mechanism in detail, the full-length structure of BepA
is needed. In this study, we determined the full-length structure of BepA and proposed a functional

mechanism for its activity in consideration of the stability of this protein in solution.

Results and discussion
Overall structure of full-length BepA

Initial phases were calculated by molecular replacement with the crystal structures of the BepA TPR
domain (PDB ID 5XI18) [16] and a Zn-dependent peptidase Q74D82 (PDB ID 3C37) from Geobacter
sulfurreducens. The crystal structure of BepAas.s. at 2.6-A resolution was modeled with Rwork= 21.5 % and
Riree = 25.9 % (Fig. 1, Table 1). The asymmetric unit of the P1 space group contains six BepA molecules
(designated Mol A-F), the superimpositions of which showed that the overall structures exhibit no significant
structural change, with a root mean square deviation (RMSD) of 0.47-0.82 A for the Co atoms (Fig. S3).
Here, we discuss the structure of BepA using Mol B, which has the clearest electron density map among Mol
A-F. The crystal structure of BepA consists of two domains: the N-terminal residues 45-288 form a M48C
protease domain with eleven o-helices (al-a11l) and a B-sheet with three -strands (31-33) between o2 and
o3 (Fig. 1A,B, Fig. S1), similar to the zinc peptidase Q74D82 (PDB ID 3C37); the successive C-terminal
residues 305-482 form the TPR domain with ten anti-parallel o-helices (H1-H10) in accordance with the
previously reported TPR domain structure [16] (Fig. S4). The a12 tightly links the a1l of the protease
domain and the H1 of the TPR domain. The residues 153-159 between a5-a6 and residues 178-191 between
o6-a.7 were not modeled because of the poor electron density (Fig. 1B dotted line). The o-helices H1, H3,
and H5 in the N-terminal region of the TPR domain are strongly associated with o-helices a2, all, and al2
in the protease domain via hydrophobic/hydrophilic interactions, resulting in a 1,126 A? interaction area
between the 45-304 and 305-390 residues. The C-terminal regions of the TPR domain show several
interactions with the protease domain, including the formation of hydrogen bonds between the O of N68 and

No32 of N411, between Nn1 of R61 and the O of L439, and between Oel of Q51 and Nn1 of R480, creating a

5
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505 A? surface area between the 45-304 and 391-482 residues (Fig. 1B).

Active site of BepA

In the present crystal structure of BepA, the active site motif of the protease domain, H***EISH,
has one zinc atom that is coordinated by two histidine residues (H136 and H140) of the o4 helix, one
glutamate residue (E201) residue of the a7 helix, and one histidine residue (H246) of the o9-a10 loop (Fig.
1B). The sequence alignment of full-length BepA with a Zn-dependent peptidase Q74D82 (PDB ID 3C37)
indicates that the sequence identity is about 28% (Fig. S1), while the superimposition of BepA and
Zn-dependent peptidase Q74D82 structures show 1.77 A of RMSD for the Ca atoms (Fig. S4). Therefore, the
overall architectures of the protease domain of BepA and Q74D82 are similar. The residues coordinating the
zinc atom of the active site in Q74D82, whose positioning is also essentially similar to that of BepA, are two
histidine residues of H'®EINH, E162, and H208 (Fig. S4, Fig. S1). The molecular mechanisms of proteolysis
by BepA and Q74D82 are expected to be similar. Although the loop between the a6 and a7 helices of BepA
is partially disordered (Fig. 1B red), the C-terminal region of the loop seems to cover the active site. In the
crystal structure of BepA, the activity of this protein would be low as the Zn atom of the active site is buried
and the surrounding residues sterically interfere with the interaction between the active site and substrates. It
is proposed that when BepA exhibits protease activity, the loop is dislocated in response to interactions with
substrates or an unidentified factor, which enables unfolded regions of substrates to approach the protease

active site. The dynamics of the loop covering the active site may adequately regulate the protease activity.

TPR domain and central cavity of BepA

Although the overall architecture of the TPR domain in the full-length structure of BepA is similar
to that of the previously reported isolated TPR domain [16], reflecting an RMSD (1.67 A) of the
superimposition in Fig. S4, the TPR domain in the full-length structure is slightly extended compared with
that of the isolated TPR domain, presumably due to the interaction with the protease domain (Fig. S4B). In

the full-length structure, the negatively charged cavity of the TPR domain faces the protease domain (Fig.
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1C), resulting in a characteristic cavity that is larger than that of the isolated TPR structure [16]. The
hydrophilic cavity, which is about 20.2 A x 12.5 A wide and 14.6 A deep at its maximum, includes D69 in
al-a2 loop of the protease domain, E321 in H1 helix, D347 and D351 in H3 helix, and D408 and D409 in
H6-H7 loop (Fig. 1C). In addition, a negatively-charged ditch protruding from the cavity leads to the area
near the active site. Because TPR domains generally provide binding surfaces [19, 20], the negativity charged

regions of BepA may provide interaction sites for positively charged parts of substrates.

The crystal structure of BepA reflects its active form in solution

We performed small-angle X-ray scattering (SAXS) analysis of BepA to verify whether its
conformation in an aqueous solution is the same as that of its crystal structure. The experimental scattering
curve and the three-dimensional shape model of BepA based on SAXS data were adequately fitted with the
BepA crystal structure (Fig. 2A, Fig. S5). However, we cannot exclude the possibility that BepA function
involves alteration of the interaction between the protease and TPR domains; the dissociation of its domains
may be necessary for its function. To confirm the conformation of BepA in vivo, we performed disulfide bond
crosslinking analysis using BepA mutants. We selected five pairs of N-terminal amino and C-terminal
residues that are proximal within 13.3 A (Fig. 2B) and introduced single and double cysteines into the
indicated positions in Fig. 2B. The formation of intramolecular disulfide bonds between the cysteine residues
restricts the flexibility of the N-terminal and C-terminal domains: BepA mutants possessing disulfide bonds
can stably exist in vivo with a conformation similar to the crystal structure. First, we detected the
accumulation and migration of BepA mutants over-expressed in the AbepA strain (Fig. 2C). The
double-cysteine mutants Q51C-F481C, Y55C-F481C, R58C-G441C, and R61C-A440C show highly migrated
bands (BepA®*) on non-reducing SDS-PAGE. These bands disappeared under reducing conditions and the
single-cysteine mutants did not exhibit such highly migrated bands, indicating that the double-cysteine
mutants formed intramolecular disulfide bonds in vivo. The higher mobility of the BepA mutants possessing
an intramolecular disulfide bond would be ascribed to the more compact conformations of these proteins than

that of wild type BepA. In addition, any upshifted bands due to disulfide bond formation were not observed



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

Structure of BepA Shahrizal et al.

(Fig. S6), suggesting that no intermolecular crosslink product between the BepA mutants was formed. In this
experiment it is reasonable that two pairs located more than 9 A-distant in the crystal structure did not form a
disulfide bond. Further, we examined the ability of the BepA mutants to enhance LptD-maturation. Although
the absence of BepA (vector) caused the accumulation of LptD®, a folding intermediate, whose
intramolecular disulfide bonds (C31-C173 and C724-C725) are different from those of mature LptDN®
(C31-C724 and C173-C725) [15, 16, 21], all of the BepA mutants retained the LptD-maturation enhancing
activity (Fig. 2C). Next, we examined the properties of erythromycin (EM) sensitivity of AbepA cells
expressing the BepA mutants. The cells without BepA showed increased sensitivity to EM (Fig. 2C vector),
whereas all of the cells expressing BepA mutants exhibited EM resistance, similar to that of wild-type BepA
(Fig. 2C). Although most of the Q51C-F481C and R58C-G441C mutant BepA molecules spontaneously
formed an intramolecular disulfide bond, some amount of the mutant proteins remains reduced. Therefore, it
cannot be ruled out that these reduced molecules are responsible for the above observed activities. To make
sure that the BepA with a disulfide bond indeed possesses the activities comparable to normal (reduced)
BepA, we lowered the accumulation of BepA proteins by adjusting the glucose concentration of the medium
to repress expression from the lac promoter and examined their activities (Fig 2D). In the presence of 0.1%
glucose, the levels of the plasmid-expressed BepA were as low as that of the chromosomally-encoded BepA
(chr), but the mutant proteins were able to decrease LptD® accumulation and increase EM resistance of the
cells (Fig. 2D, 0.1% glucose). Under this condition, a small amount of the reduced form of the mutant BepA
proteins still accumulated. However, their levels were significantly lower than that of WT BepA in the
presence of 0.4% glucose (Fig. 2D WT, 0.4% glucose vs mutants, 0.1% glucose) that were not sufficient to
exhibit the normal BepA activities. This result suggested that the disulfide-bonded BepA mutants retain their
chaperone-like activities. Finally, we confirmed the protease activity of BepA (Fig. 2E), showing that all
BepA mutants generated the degradation products of BamA that is probably misassembled in AsurA cells. In
addition, a comparison of the R58C/G441D mutant with chromosome-encoded BepA (chr), which showed
little BamA degradation, indicates that at least the disulfide-bonded R58C/G441C mutant is active in

substrate degradation (Fig. 2E). Taken together, BepA mutants were found to retain the chaperone-like and
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protease activities regardless of the presence or absence of disulfide bonds between the N-terminal and
C-terminal regions; that is, the crystal structure of BepA reflects its active form in solution. It is suggested
that BepA can function without the dissociation between the independent protease and TPR domains in vivo,

and the crystal structure represents both its functional and resting states.

Putative functional model of BepA

In this paper, the full-length structure of BepA was determined at 2.6-A resolution by X-ray
crystallography and modeled by SAXS in aqueous solution. Our functional analyses revealed that BepA
showed activity in vivo without large conformational transitions involving the dissociation of the protease and
TPR domains. Daimon et al. previously proposed a three-dimensional model of BepA and the BAM complex
based on cross-linking results and the crystal structure of the TPR domain [16] (Fig. S1). Indeed, this
previously described model lacks the protease domain. Here, we superimposed the structure of full-length
BepA onto the previous model [16] based on positions of each TPR domain. The orientation of BepA was
slightly modified to avoid clashes between the BAM complex and BepA (Fig. 3A). The positions of the TPR
domains in the previous and new models are similar. Therefore, the interaction sites between the BAM
complex and BepA, which were identified by photocrosslinking experiments, are reasonably positioned in the
new model as well. The protease domain protrudes to the periplasm side from the outer membrane. Here, we
discuss the molecular mechanism of BepA in combination with the BAM complex based on the new model.
It has been proposed that substrate proteins interact with BamD, the POTRA domain of BamA, and BepA [16,
22-24]. This model shows a space between them, which may temporarily capture a proportion of the unfolded
substrates. The flexible POTRA domain [25] may undergo large structural changes during integration of the
outer membrane proteins into the outer membrane; accordingly, the site may be larger, and interact with
larger proteins than the space in the model. The negatively charged cavity of BepA (Fig. 1C) may interact
with the positively charged parts of substrates; however, this remains to be confirmed. The previously
reported interaction sites of BepA with LptD are located at the edge of the cavity [16], which is consistent

with the idea that the substrate proteins interact with the cavity. The negatively charged cavity and protruded
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ditch (Fig. 1C) might interact with the histidine, arginine, and lysine residues of the substrate. The unfolded
substrate protein may integrate into the membrane from the lateral gate of BamA in a stepwise fashion after
interacting with BepA and the POTRA domain of BamA in the budding model, or the integration of the
temporarily folded substrate protein into the membrane may be mediated by BepA and the BAM complex in
the assisted model [11, 12]. The chaperone activity of BepA may be important during these reactions. If the
transportation of a substrate stops midway, the substrate may be stalled for a long time in the area indicated
by the asterisks shown in Fig. 3A. The short helices a5, a6, and a9, which includes H246, and loops near the
active site of BepA may be flexible (Fig. 1A); it is conceivable that they are sometimes dislocated
stochastically or in response to some unidentified signals. The prolonged stalling of the substrate at this
position may result in a higher probability of its interaction with the active site resulting from the dislocation
of the loops and short helices. Therefore, the long-stalled substrate protein at the same position may be
cleaved by the protease domain of BepA. The loop structure on the active site of BepA may play an important
role in prolonging the duration of transport of the substrate to the active site; this stalling may result in the
substrate being cleaved (Fig. 3B). This notion is consistent with the idea that BepA digests stalled proteins
[17]. To elucidate the molecular mechanism underlying BepA activity, it is necessary to perform detailed
analysis of the interaction at the amino-acid residue level of BepA and the substrate protein, and to obtain

structural information for the full complex of BepA and the BAM complex.

10
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Table 1 | Data Collection and Refinement

Figure 1 | Crystal structure of BepA

A, Schematic representation and amino acid sequence of BepA. a helices (a1-12 and H1-10) and B strands
(B1-3) are shown. The protease active site motif, HEXXH, and Zn-coordinated residues are highlighted by
red boxes. Residues contributing to the negative cavity are labeled by red ellipses. B, Overall structure and
close-up views. The protease domain is indicated in various colors, from blue to green. The connecting helix
and TPR domains are colored in gray and orange, respectively. The side chains interacting with other
domains are represented as a stick model. The zinc atom in the active center is coordinated by side chains of
H136, H140, H246, and E201 (upper left). The C-terminal region of the TPR domain interacts with a1 of the
protease domain via hydrogen bonds (lower left, dashed yellow line). C, Surface representation. The surfaces
are colored as in B (left). The other surfaces are colored to indicate electrostatic potential ranging from blue
(+10 kT/e) to red (-10 KkT/e). The orientations are the same as B (left and middle). The acidic residues in the

negatively charged cavity are represented as a stick model.

Figure 2 | Crystal structure of BepA reflects its active form in solution

A. SAXS analysis of BepA in solution. The crystal structure was superimposed on the shape reconstruction of
BepA based on SAXS data. B, Close-up view of the N-terminal and C-terminal regions. The positions that
were substituted by Cys were mapped on the crystal structure. C and D, Intramolecular disulfide-bonded
BepA mutants retain the chaperone-like activity of BepA. Accumulation of LptD and BepA (middle and
bottom) and erythromycin (EM) sensitivity (upper) of the AbepA cells expressing the individual BepA double
cysteine mutants were determined. Wild-type cells carrying pUC18 (chr) or AbepA cells carrying pUC18
(vector), pUC-bepA (WT), or a derivative of pUC-bepA having the single or double cysteine mutations at the
indicated positions in B were grown at 30°C in L medium. The medium was supplemented with 0.1% or
0.4% glucose in D. Total cellular proteins were analyzed by SDS-PAGE under a reducing (+ME) or a

non-reducing (—ME) condition and immunoblotting. The minimum inhibitory concentration (MIC) of EM for

12
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each of the cells expressing BepA or its derivative were examined as described in Methods. E, Degradation of
BamA by double cysteine BepA mutants. The AsurA cells carrying pUC18 (chr) or the AsurA AbepA cells
carrying pUC18 (vector), pUC-bepA (WT), or a derivative of pUC-bepA harboring the double cysteine
mutation were grown at 30°C in M9 medium supplemented with 1 mM IPTG. Total cellular proteins were
analyzed as above. LptDN®, LptDC, and LptD"=® indicate LptD with the non-consecutive disulfide bonds (the
mature form), LptD with the consecutive disulfide bonds (a folding intermediate), and reduced LptD,
respectively. BepA™® and BepA®* indicate reduced BepA and oxidized BepA, respectively. The asterisks

indicate non-specific bands serving as a loading control.

Figure 3 | Working model of BepA

A, Docking model of the BAM complex and BepA. LptD-interaction sites were mapped onto the BepA
structure [16]. The asterisks represent a putative substrate-interaction area described in the text. B,
Substrate-cleavage model of BepA. The TPR domain might provide the negatively charged interaction site
for the substrate. The active site of the protease domain is covered by the flexible loop (red). When substrates
interact with BepA for a prolonged duration, the frequency of the contact with the protease active site would
increase with time, resulting in the eventual cleavage of the substrate by BepA, which contributes to the

quality control of biogenesis for outer membrane proteins.
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Methods

Expression and purification of BepA

The pYD296 plasmid, which was modified from pET-16b-TEV [16], encodes MG-H10-SSGENLYFQG-E.
coli BepAus.as. E. coli strain KRX strain cells (Promega) were transformed with pYD296 and stored at -80°C
as a glycerol stock until use. The pre-cultured E. coli cells in 25 mL of LB Broth, Lennox (Nacalai)
supplemented with 50 pg/mL ampicillin and 0.4% glucose at 37°C for 12 h were inoculated into 2.5 L of LB
Broth, Lennox supplemented with ampicillin, and cultured at 37°C until ODgy ~ 0.6. Then, protein
expression was induced by 0.2% rhamnose. The culture was transferred into a 17°C incubator and shaken for
12 h. The cells were harvested by centrifugation at 6,000 x g for 10 min (Hitachi CR22N) and suspended in
10 mM Tris-HCI (pH 7.0). The washed cells were retrieved by centrifugation at 6,000 x g for 10 min as a
pellet and resuspended in sonication buffer (20 mM Tris-HCI (pH 7.0), 500 mM NaCl, 20 mM imidazole-HCI
(pH 7.0), 1 mM 2-mercaptoethanol (ME) and 0.1 mM phenylmethanesulfonyl fluoride (PMSF)), together
with 0.5 mM EDTA (pH 8.05). Cells were disrupted by sonication using Q500 (QSONICA) (20% power,
pulse rate: 1s on and 1s off, rod: CL 334 for 30 min and centrifuged (20,400 x g, 30 min) at 4°C. The
supernatant was mixed with 3 mL of Ni Sepharose Excel (GE Healthcare) equilibrated with 20 mM Tris-HCI
(pH 7.0), 500 mM NaCl, 20 mM imidazole-HCI (pH 7.0), 1 mM 2-ME and 0.1 mM PMSF and rotated for 1 h
at 4°C. The resin was washed with 50 mL of wash buffer (20 mM Tris-HCI (pH 7.0), 500 mM NaCl, 20 mM
imidazole-HCI (pH 7.0), 1 mM 2-ME and 0.1 mM PMSF) and eluted with 40 mL of 20 mM Tris-HCI (pH
7.0), 500 mM NacCl, 300 mM imidazole-HCI (pH 7.0), 1 mM 2-ME and 0.1 mM PMSF with different batches.
TEV protease was mixed with the eluted proteins, with a protein weight ratio of 1:1 (1 mg of TEV protease to
1 mg of protein) and dialyzed against 20 mM Tris-HCI (pH 7.0), 500 mM NaCl, 1 mM 2-ME, and 0.1 mM
PMSF at 4°C for 12 h using a dialysis membrane (Spectra/Por 7 MWCO 10 kD (SPECTRUM)). The cleaved
protein was then incubated with 3 mL of Ni Sepharose Excel (GE Healthcare) by rotation before being
washed from the polyhistidine-tag with 20 mM Tris-HCI (pH 7.0), 500 mM NaCl, 20 mM imidazole-HCI (pH
7.0), 1 mM 2-ME and 0.1 mM PMSF. The cleaved protein was then concentrated using an Amicon Ultra 50K

filter (Millipore) and applied to a Superdex 200 Increase 10/300 column (GE Healthcare) equilibrated with 20
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mM Tris-HCI (pH 7.0), 500 mM NaCl, 1 mM 2-ME, and 0.1 mM PMSF. For crystallization, the purified

sample was concentrated to 17 mg/mL.

Crystallization of BepA

A volume of 0.1 pL of 17 mg/mL purified BepA was incubated at 4°C by the sitting drop vapor diffusion
method against a reservoir solution of 2 M ammonium sulfate in 96-well Violamo crystallization plates (plate
model number: VCP-1). The crystallization plate was set up using Crystal Gryphon (Art Rabbins
Instruments). Microcrystals appeared after a 24-h incubation at 4°C; then, the plate was incubated at 37°C
overnight to dissolve the microcrystals, followed by incubation at 4°C for two days. Single rod-shaped
crystals grew to a size of approximately 90 um x 15 um in five days. The crystals were collected using
crystal harvesting mounts and loops (MiTeGen) and directly cryo-cooled in liquid nitrogen before performing

X-ray diffraction experiments.

Data collection and determination of structure

The X-ray diffraction dataset of the BepA crystal was collected by the Helical Data Collection Method on
beamline BL32XU at SPring-8 using a microbeam [26]. The collected diffraction images were processed with
XDS [27]. Initial phase was calculated by molecular replacement with the previously determined BepA
tetratricopeptide repeat (TPR) domain (PDB ID 5XI8)[16] and a Zn-dependent peptidase Q74D82 (PDB ID
3C37) as templates using Phaser [28]. We found independent six BepA molecule in the asymmetric unit by
connecting the peptidase domain and the TPR domain based on the SAXS model. The structural model of
BepA was stepwise-refined using COOT [29] and PHENIX [30] to Rwor/Rfree = 0.206/0.263 with space group
P1 at 2.6 A resolution. A Ramachandran plot was constructed using Molprobity [31], and molecular graphics

were generated using CueMol2 (http://www.cuemol.org/).

SAXS analysis

The SAXS measurements were carried out at the beamline BL-10C, Photon Factory (Tsukuba, Japan) [32].
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Scattering images were collected from buffer (containing 20 mM Tris-HCI, 500 mM NaCl, 1 mM DTT, 0.1
mM PMSF, pH 7) and BepA solutions at 5 different concentrations (3.3, 6.5, 9.8, 12.7, and 15.9 mg/mL) at
20°C. Ovalbumin (45 kDa, Sigma-Aldrich) was also measured to estimate the apparent molecular weight of
BepA. The 60 scattering images were collected using a PILATUS3 2M detector (Dectris), where the exposure
time for each image is 15 sec. The 2D images were converted into 1D profiles using SAngler software [33].
The scattering profile averaging the first 10 frames among the 60 frames, where no radiation damage was
observed at every concentration, were subject to the following analysis. The Guinier plots of BepA (Fig.
S5A) did not show a steeper curve at the low Q-region, suggesting that no obvious aggregation occurred. The
Rg? and the forward scattering intensity normalized by the weight per volume (mg/ml), I1(0)/conc. were
extrapolated to obtain values at zero protein concentration (Fig. S5B). The scattering profile at zero protein
concentration was also calculated from extrapolation of the 5 scattering profiles at the different
concentrations using the SVD implemented to Igor software (WaveMetrics). The scattering profiles at the
higher Q-region (> 0.12 A™%) did not exhibit a clear dependence on concentration. The profile at the highest
concentration at the high Q-region was merged into the profile at zero protein concentration. The maximum
dimension was calculated using GNOM software [34]. The parameters from the above analyses were
summarized in the Table S2. Ab initio shape modelling was performed using DAMMINIF to obtain 20
models without structural restrictions such as point symmetry and particle anisometry [35]. Using the average
model of the 20 models as a starting model, we finally refined the shape model using DAMMIN [36]. The
refinement procedures were independently performed three times to confirm reproducibility. Fig. 2A shows

the representative model, into which the crystal structure of BepA is superposed using Situs software [37].

Functional analyses of BepA

The preparation of media was as described previously [16]. E. coli K12 strains and plasmids used in this
study are listed in Supporting Information Table S2 [15, 38, 39]. Derivatives of pUC-bepA encoding a mutant
form of BepA were constructed by site-directed mutagenesis. For determination of minimum inhibitory

concentration (MIC) of erythromycin, overnight cultures were diluted 10°-fold with L-medium, and 5 pL of
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370  these cultures were inoculated on L medium-based agar plates supplemented without or with 0.1% or 0.4%
371  glucose and containing 6.25, 12.5, 25, 50, and 100 pg/mL erythromycin. The plates were incubated for 18-20
372 hat30°C.

373

17



374

375
376

Structure of BepA

Table 1 | Data Collection and Refinement

Shahrizal et al.

BepA
Wavelength (A) 1.00
Resolution range 48.18 - 2.598 (2.691 - 2.598)
Space group P1
Unit cell a, b, c (A) 85.844 , 104.674 , 104.971
a, B,y () 113.606 105.843 104.026

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma (1)
Wilson B-factor
R-merge
R-meas
R-pim
CCup
CC*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC (work)
CC (free)
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
ligands
solvent
Number of TLS groups

327,914 (31,495)
89,522 (8,738)
3.7 (3.6)

98.24 (94.90)
8.88 (0.86)
62.50

0.1039 (1.218)
0.1219 (1.434)
0.06328 (0.7477)
0.997 (0.402)
0.999 (0.757)
89,487 (8,729)
2,016 (195)
0.2064 (0.3456)
0.2634 (0.3687)
0.964 (0.646)
0.944 (0.511)
19,732

19,568

54

110

2,485

0.004

0.62

97.87

2.09

0.04

0.15

9.18

81.27

86.44

56.41

35

Statistics for the highest-resolution shell are shown in parentheses.
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