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In Gram-negative bacteria, the BAM (p-barrel assembly machinery)
complex catalyzes the essential process of assembling outer membrane
proteins. The BAM complex in Escherichia coli consists of five proteins: one
B-barrel membrane protein, BamA, and four lipoproteins, BamB, BamC,
BamD, and BamE. Despite their role in outer membrane protein biogenesis,
there is currently a lack of functional and structural information on the
lipoprotein components of the BAM complex. Here, we report the first
crystal structure of BamB, the largest and most functionally characterized
lipoprotein component of the BAM complex. The crystal structure shows
that BamB has an eight-bladed R-propeller structure, with four p-strands
making up each blade. Mapping onto the structure the residues previously
shown to be important for BamA interaction reveals that these residues,
despite being far apart in the amino acid sequence, are localized to form a
continuous solvent-exposed surface on one side of the p-propeller. Found
on the same side of the p-propeller is a cluster of residues conserved among
BamB homologs. Interestingly, our structural comparison study suggests
that other proteins with a BamB-like fold often participate in protein or
ligand binding, and that the binding interface on these proteins is located on
the surface that is topologically equivalent to where the conserved residues
and the residues that are important for BamA interaction are found on
BamB. Our structural and bioinformatic analyses, together with previous
biochemical data, provide clues to where the BamA and possibly a substrate
interaction interface may be located on BamB.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

both bacteria and eukaryotes, the proteins embed-
ded in the outer membrane are essential for main-

The outer membrane is a common feature in
Gram-negative bacteria as well as in eukaryotic
organelles of endosymbiotic origin, namely, the
mitochondria and chloroplast.' The outer membrane
acts as a physical barrier and a molecular sieve that
regulates the traffic of solutes into and out of the cell
(in bacteria) or an organelle (in eukaryotes)."” In

*Corresponding author. E-mail address: mpaetzel@sfu.ca.

Abbreviations used: BAM, p-barrel assembly
machinery; OMP, outer membrane protein; SAD, single-
wavelength anomalous dispersion.

taining the physical and functional integrity of the
outer membrane.'® These proteins all share a -
barrel structure and are collectively known as outer
membrane proteins (OMPs).>* In Gram-negative
bacteria, OMPs fulfill a diverse range of biological
functions such as nutrient uptake, antibiotic resis-
tance, cell adhesion, and maintenance of membrane-
selective permeability.'™ Tt is therefore critical for
cell viability that OMPs are properly assembled and
inserted into the outer membrane.!24

OMP biogenesis begins in the cytosol where OMPs
are first synthesized. The N-terminal signal sequence
then targets the newly synthesized OMPs to the inner
membrane, and the protein is translocated across the

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. A schematic diagram of the OMP secretion and assembly pathway in E. coli. Following their synthesis in the
cytosol, OMPs (orange) are translocated across the inner membrane in an unfolded state via the Sec translocation system
(green). The OMPs are then released into the periplasm and subsequently escorted by chaperones to the BAM complex,
which is a multicomponent protein complex consisting of BamA, BamB, BamC, BamD, and BamE. By an unknown
molecular mechanism, the BAM complex facilitates the assembly and insertion of the OMPs into the outer membrane

lipid bilayer.

inner membrane via the Sec translocation system.’
Following the removal of the N-terminal signal
sequence by signal peptidase, the processed protein
is released into the periplasm and subsequently
carried to the outer membrane in an unfolded state
by the periplasmic chaperones SurA, Skp, and
DegP.25 At the outer membrane, the folding and
membrane insertion of OMPs are catalyzed by the
multicomponent BAM (B-barrel assembly machin-
ery) complex (Fig. 1).°? Systems homologous to the
BAM complex are also found in the mitochondrial
and chloroplast outer membrane and function in the
assembly of their B-barrel proteins.®'*!!

In Escherichia coli, the BAM complex consists of the
following five proteins with their commonly known
names within brackets: BamA (YaeT/Omp85),
BamB (YfgL), BamC (NlpB), BamD (YfiO), and
BamE (SmpA).'>"* BamA is a p-barrel-type integral
membrane protein (i.e., it itself is an OMP), and the
remaining members of the complex are lipoproteins
anchored to the periplasmic face of the outer
membrane via a lipid moiety at their N termini.””
While loss of a gene encoding BamA or BamD
completely halts OMP biogenesis and leads to cell
death,!3151¢ deletion of the genes coding for BamB,
BamC, or BamE results in decreased efficiency of
OMP folding and assembly.'>'”'® The detailed
molecular mechanism of how these five different

proteins work together as a BAM complex to assist
in OMP folding and membrane insertion remains
poorly understood.

The BAM complex is currently visualized as a
large molecular machine in which BamA is the
major structural and functional component, with
BamB, BamC, BamD, and BamE serving as its
accessory proteins to enhance its efficiency.”> BamA
is a P-barrel protein with a long periplasmic tail
consisting of five polypeptide transport associated
(POTRA) motifs.>”? BamB-BamE proteins are
lipoproteins, and therefore they are expected to be
found anchored to the periplasmic side of the outer
membrane.® Thus far, the only structural informa-
tion available for the BAM complex is the partial
POTRA domain structure of E. coli BamA'®~2? and
the structure of a BamA homolog, Bordetellapertussis
FhaC".*® Kim et al.”* and Knowles et al."” separately
solved the crystal structure of the four N-terminal
POTRA domains (POTRA1-POTRA4), while Gat-
zeva et al.* solved the solution NMR structure of the
first two N-terminal POTRA domains (POTRA1 and
POTRA2). Kim et al.** have also shown by a
combination of mutagenesis and pull-down studies
that POTRA motifs of BamA serve as docking sites
for the lipoproteins BamB-BamE. The POTRA
motifs also seem to be important for initial substrate
(i-e., unfolded OMP) recognition and chaperone-like
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aCtiVity.24_26 In comparison to BamA, the lipopro-
tein components of the BAM complex are much less
well characterized.

Among all the lipoprotein members of the BAM
complex, BamB is currently the best-characterized
lipoprotein, although its exact role within the BAM
complex still remains to be elucidated. Previous
studies have shown that the simultaneous absence
of BamB and the periplasmic chaperone/protease
DegP or the absence of BamB and fkpA (another
periplasmic chaperone) results in a conditional
synthetic lethal phenotype.'®*® Tt has also been
shown that SurA (periplasmic chaperone) and BamB
deletion mutants are almost indistinguishable from
each other in phenotype.”” Taken together, these
experimental results suggest that BamB may work
in the SurA pathway to facilitate the delivery of
substrates to the essential components of the BAM
complex, namely, BamA and BamD.

In order to gain insights into the workings of the
BAM complex, we have initiated structural studies
on the members of the BAM complex. This paper
specifically focuses on BamB, the largest lipoprotein
subunit of the BAM complex. Here, we present
the first structure of the BAM complex lipoprotein
BamB.

Results

Crystal structure of BamB

We have produced a soluble construct of BamB
that encompasses the entire wild-type sequence
immediately following the cleavable N-terminal
signal sequence and the conserved lipidation resi-
due, Cys20 (Ser21-Arg392). The protein was suc-
cessfully crystallized following purification, and its
structure was solved by the single-wavelength
anomalous dispersion (SAD) phasing method and
then refined to 2.6-A resolution.

General structural features of BamB

The overall shape of BamB resembles that of a
short cylinder with a funnel-shaped channel run-
ning down the cylindrical axis (Fig. 2). The protein is
approximately 48 A in diameter and 28 A in height,
and the opening of the channel in the center of the
protein is ~18 A in diameter at one end and ~10 A
at the opposite end. The solvent-exposed cavity
created by this channel is approximately 5845 A® in
volume (Fig. 2d).

The ring-like structure of BamB arises from the
eight-bladed R-propeller fold of the protein. Each
blade of BamB consists of four antiparallel p-
strands, and the blades are arranged around a
pseudo-8-fold axis. The last blade (blade 8) is formed

by one N-terminal-most p-strand and three C-
terminal-most P-strands, and this ‘1 + 3 velcro
closure’ arrangement of the terminal p-strands
closes the ring structure. By convention,® each
strand in a blade is labeled A through D starting
with strand A as the innermost strand (Fig. 2b and
c). The R-strands within each blade are connected by
short turns, while the blades are connected to each
other via a long loop between the outermost (-
strand (strand D) of the previous blade and the
innermost B-strand (strand A) of the next blade (Fig.
2b and c). These long connecting loops, referred to as
the d-a loops hereinafter, are arranged in a radial
manner, with each loop crossing from the outer edge
of each blade towards the common center of the
propeller structure. The d-a loops together form
a continuous molecular surface on one side of the
B-propeller.

Analysis of the electrostatic properties of BamB
reveals that the protein has a predominantly
negatively charged surface (Fig. 2e). This observa-
tion is in agreement with the low theoretical pI value
of 4.7 for the region of the BamB construct seen in
the crystal structure. The solvent-filled central
channel of the protein is especially negatively
charged, with several aspartate and glutamate
residues (Glul97, Asp246, Asp248, Asp288, and
Asp370) lining the channel surface (Fig. 2f).

Mapping conserved residues onto the structure
of BamB

Sequence comparisons of E. coli BamB with its
functional homologs using ClustalW *'indicate that
a large part of the protein is well conserved
throughout different species of Gram-negative
bacteria (Fig. 3a). The alignment result shows that
there are in total 74 invariant residues,
corresponding to 20% of the protein. These invariant
residues are spread out throughout the amino acid
sequence, but many are found adjacent to each other
when the conservation is mapped onto the molec-
ular surface of BamB (Fig. 3b and c).

Most of the solvent-exposed invariant residues
(Argl95, Glu240, Asp242, Arg243, Asp246, Arg325,
and Glu343) are localized onto a surface of BamB at
one side of the B-propeller formed by the d-a loops
(Fig. 2¢). Located on the same side of the propeller,
and both within and in close proximity of this
region, are also the residues that were previously
determined by mutagenesis to be important for
interaction with BamA (Fig. 3; discussed in more
detail later).

There are also several residues buried inside the
protein that are conserved throughout BamB homo-
logs. Interestingly, many of these buried invariant
residues are found repeatedly in each blade,
suggesting that the BamB blades are not only
structurally but also sequentially homologous to
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each other. Alignment of the sequences from all
blades (except blade 8, which is topologically
different from the other blades) shows that there
are several conserved hydrophobic amino acids as
well as an invariant glycine residue (Supplementary
Fig. S1). When mapped onto the BamB structure, the
hydrophobic residues seem to promote inter-blade
contacts by forming interlocking hydrophobic inter-
actions, whereas the conserved glycine residues
seem to play a structural role in the connecting loop
between strands C and D of each blade.

Mapping residues previously identified as
important for BamA interaction onto the
BamB structure

As mentioned earlier, some residues found within
and near the conserved area on the solvent-exposed
surface of BamB have previously been shown to be
important for interaction with BamA. Five residues
involved in the interaction were identified by Vuong
et al.” using a series of mutagenesis studies, and
they are Leul92, Leul94, Argl95, Asp246, and
Asp248. When these residues are mapped onto the
BamB crystal structure, all five residues are found in
a continuous linear patch on the surface of the
protein (Fig. 4). While Leu192, Leu194, and Argl195
are located on the d-a loop that connects blade 3 and
blade 4, Asp246 and Asp248 are located in the d-a
loop connecting blade 4 and blade 5. As these two
loops are located adjacent to each other, the five
residues are brought into close proximity to form a
continuous patch on the surface of BamB.

Structural homologs of BamB

A search for structural homologs using the
DALI’? server identified several proteins that have
a significant degree of similarity in protein topology
and architecture with BamB (Fig. 5). Proteins with a
BamB-like fold include an alcohol dehydrogenase
from Pseudomonas putida known as ADH IIB** (PDB
ID: 1KV9) (Fig. 5b), Homo sapiens Fbw7* (part of an
ubiquitin ligase complex; PDB ID: 2QVR) (Fig. 5c¢),
Paracoccus pantotrophus cytochrome cd; nitrite
reductase® (PDB ID: 1H]J5) (Fig. 5d), and Saccharo-
myces cerevisiae Sif2p®° (a transcriptional co-repres-
sor of meiotic genes; PDB ID: 1R5M) (Fig. 5e). All

these proteins have an eight-bladed P-propeller
structure, and most of them have additional
domains positioned on either side of the p-propeller
domain. In all four structurally homologous pro-
teins, protein binding sites (the peptide binding site
of Fbw?7 and the conserved putative protein binding
surface of Sif2p) or ligand binding sites (PQQ
binding pocket of AD IIB and the heme binding
site of nitrite reductase) are found in the p-propeller
domain, more specifically on the surface of the
domain formed by the d-a loops that are equivalent
to the surface of BamB where the conserved residues
and the five residues important for BamA interac-
tion are located.

Discussion

In E. coli, the BAM complex plays an essential role
in OMP folding and assembly in the outer
membrane.”'? The multicomponent complex is
made up of one integral membrane protein, BamA,
and four lipoproteins, BamB, BamC, BamD, and
BamE."*""* Here, we have presented the first crystal
structure of BamB, the largest lipoprotein compo-
nent of the BAM complex.

Analysis of the eight-bladed p-propeller structure
of BamB provides us with clues on how BamB may
interact with BamA and possibly with frotein
substrates (i.e., unfolded OMPs). Kim et al.** have
previously shown through a series of deletion and
mutagenesis studies that BamB requires four C-
terminal POTRA motifs (POTRA2-POTRA5) in
order to be co-purified with BamA. In other
words, deletion of any of the four POTRA motifs
abolishes the observable interaction between the
two proteins. Furthermore, they showed, through
mutagenesis, that one of the p-strands in POTRA3
(Asp241-Leu247) is important for the BamA-BamB
interaction.”” The authors suggested that the mode
of this interaction is probably a p-augmentation
(protein—protein interaction through pB-strand addi-
tion), based on their observation that the C-terminal
tail of the crystallized POTRA domain construct was
bound to the POTRA3 R-sheet of a neighboring
molecule in the crystal lattice.”* Similarly, Gatzeva-
Topalova et al.* also observed B-augmentation of
the POTRA3 p-sheet by the C-terminal tail of a

Fig. 2. General structural features of BamB. (a) A ribbon diagram of the BamB structure, with each blade of the p-
propeller structure numbered and shown in different colors. The protein is oriented in such a way that the d-a loop end is
facing away from the reader. (b) A topology diagram of BamB. By convention, the p-strands of each blade are labeled A
through D starting from the innermost strand (strand A) towards the outermost strand (strand D). As an example, the
strands in blade 3 are labeled. (c) A side view of BamB. The different loops found in each blade are colored and labeled. (d)
A cross section through the middle of the BamB molecule reveals the dimensions of the funnel-shaped channel of BamB.
The overall outer dimensions of the BamB molecule are also given. (e) Electrostatic properties of the BamB molecular
surface. The electrostatic potential is mapped onto the solvent-accessible surface of BamB. Red and white represent
negative and hydrophobic potentials, respectively. (f) The negatively charged amino acids lining the pore of the protein are
shown as spheres on a ribbon model of BamB. The protein is shown in the same orientation as the surface diagram in (c).
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D246

Fig. 4. A potential BamA interaction surface. The five amino acid residues (L192, L194, R195, D246, and D248) of BamB
that have previously been identified to be important for interaction with BamA*” are shown as spheres on a ribbon model

of the BamB backbone structure.

neighboring molecule in their crystal structure,
despite different crystallization condition and crys-
tal packing. In a separate study, Vuong et al.”
identified five amino acids of BamB that are essential
for interaction with BamA. We have shown here that
many of these residues are highly conserved among
BamB homologs, and have also mapped where these
residues are found on our solved crystal structure of
BamB. The five residues—Leul92, Leul94, Argl95,
Asp246, and Asp248—are found in a continuous
patch formed by two d-a loops on the solvent-
exposed surface of BamB. Further experiments are
necessary to determine whether this region of BamB
is where POTRA3 of BamA binds.

In addition to the binding surface identified in this
study, there may be additional sites of interaction
with BamA on the BamB molecular surface, as all
four POTRA motifs (POTRA2-POTRAD5) have been
shown to interact with BamB.** One possible
additional binding surface could be the negatively
charged pore, which is located adjacent to the

identified binding surface. Another possible site
of protein—protein interaction is the propeller rim
of the BamB structure. If the POTRA motifs, each
of which contains a three-stranded p-sheet,
interact with BamB indeed via p-augmentation
as Kim et al.** hypothesized, then it seems plausible
that the outermost p-strand (i.e., strand D) in each
blade of BamB may serve as a binding surface. The
strand D from each blade is exposed to the solvent
and available for hydrogen-bonding interactions.
Similarly, if the function of BamB involves substrate
bindin% and delivery, as suggested in some
studies,'®*” this may be how it interacts with the
unfolded OMP substrates. Future biochemical stud-
ies and a co-crystal structure of BamB with the
POTRA motifs or with an OMP substrate will be
needed to confirm this B-augmentation hypothesis.

Even though BamB by itself is not absolutely
essential for cell viability, it has been shown that it is
essential for proper biogenesis and assembly of the
type III secretion system in Salmonella enterica

Fig. 3. Conserved amino acids within BamB homologs in Gram-negative bacteria. (a) Sequence alignment of E. coli
BamB with homologous proteins. The sequences represent those of the mature proteins after their N-terminal signal
sequences are removed. The secondary structure of E. coli BamB as classified by DSSP*’ is shown above the alignment.
Absolutely conserved residues are shown in red boxes, similar residues in red, and stretches of residues that are similar
across the group of sequences in blue boxes. The protein sequences were acquired from the Swiss-Prot database:
Escherichia coli (P77774), Salmonella enterica (B5Q1L2), Arsenophonus nasoniae (D2TXCS), Yersinia pestis (D1TUC6), Shigella
dysenteriae (B3WYD?), Vibrio cholerae (D7HLHS6), Chronobacter turicensis (C9XY24), and Pseudomonas aeruginosa (A6VOW3).
(b) A view of BamB conservation mapped onto the BamB surface generated using the above alignment. The protein is
shown viewing down the axis with the d-a loops closest to the reader. Individual amino acid residues are colored
according to the degree to which they are conserved; absolutely conserved residues are shown in maroon, while highly
variable residues are shown in cyan. (c) The side chains of the surface-exposed invariant (maroon) and highly conserved
(dark pink) residues are shown as spheres on the ribbon model.


image of Fig. 4

674 Crystal Structure of BamB

E. coli BamB P. putida HK5
(alcohol dehydrogenase)
PDB: 3P1L
PDB: 1KV9
% Sequence identity = 19%
rm.s.d. =2.4A

H. sapiens Fbw7 P. pantotrophus Cytochrome cdl

(part of an ubiquitin ligase complex) (nitrite reductase)

PDB: 2QVR PDB: 1HJ5

% Sequence identity = 10% % Sequence identity = 11%
rm.s.d. =2.4 A rm.s.d. =264

S. cerevisiae Sif2p
(part of the SET3C corepressor complex; transcriptional
corepressor of meiotic genes)

PDB: 1R5M
% Sequence identity = 9%
rm.s.d. =294

Fig. 5 (legend on next page)
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Table 1. Crystallographic data collection, phasing, and
refinement statistics

Se-Met
Native incorporated
Crystal parameters
Space group P432,2 P432,2
ab,c (A) 101.7,101.7, 108.8 101.6, 101.6, 109.8
% Solvent 63.2 63.5
Data collection statistics
Wavelength (A) 0.9794 0.9792
Resolution (A) 48.0-2.6 (2.7-2.6)  60.1-2.8 (3.0-2.8)
Total reflections 173,441 210,506
Unique reflections 17,912 14,763
Rumerge’ 0.075 (0.399) 0.023 (0.127)
Mean (I)/ol 20.1 (6.0) 25.8 (6.7)
Completeness 99.1 (99.7) 100.0 (100.0)
Redundancy 9.7 (9.8) 14.3 (14.6)
Phasing statistics
No. of sites 6 (out of possible 8)
Overall FOM” 0.26
Overall FOM (after 0.42
density modification)
Refinement statistics
Protein molecules in 1
asymmetric units
Residues 361
Water molecules 80
Total no. of atoms 2711
Reryst/ Reree 0.20/0.23
Average B-factor (A%
All atoms 49.2
Protein atoms 49.5
Main-chain atoms 48.4
Water molecules 39.7
rmsd on angles (°) 1.99
rmsd on bonds (A) 0.02

The data collection statistics in parentheses are the values for the
highest-resolution shell. Se-Met is selenomethionine.
® Rmerge = 37, 3, [i(hkl) - I(hKD)| / "y 3o (hkI), where I,

(k) is the observed intensity and I (hkl) is the average intensity
obtained from multiple observations of symmetry-related
reﬂectlons after rejection.

® FOM is figure of merit; (| 2P(a)e™/3P(c) |}, where « is the
phase angle and P() is the phase probability distribution.

¢ Reyst = 21 IF I = I1F.I1/31F,l, where F, and F. are the
observed and calculated structure factors, respectively.

4 Riee is calculated using 5% of the reflections randomly
excluded from refinement.

serovar Enteritidis.”” Fardini et al.”” showed that the
absence of BamB renders the bacteria avirulent due
to its inability to secrete Varlous virulence factors via
the type III secretion system.’® This suggests that
BamB may serve as a novel drug target. Further
structural and functional studies of BamB and other
components of the BAM complex will not only

enhance our understanding of how R-barrel proteins
assemble and insert into the outer membrane but
may also contribute to the development of novel
antibiotics.

Materials and Methods

Cloning

A 1116-bp DNA fragment, coding for residues 21-392 of
E. coli BamB, was amplified from E. coli K-12 genomic
DNA using the forward primer 5-ATA TAC ATA TGT
CGC TGT TTA ACA GC-3’ and the reverse primer 5'-ATA
TAC TCG AGT TAT TAA CGT GTA ATA GA-3’, which
contain the restriction sites Ndel and Xhol, respectively.
The PCR product was ligated into vector pET28a (Nova-
gen), and the resulting construct encodes BamB (21-392)
with a cleavable N-terminal hexa-histidine affinity tag.
Subsequent DNA sequencing (Macrogen) confirmed that
the BamB insert matched the sequence reported in the
Swiss-Prot database (P77774).

Protein expression and purification

The expression plasmid was transformed into E. coli
BL21(ADE3) and used to inoculate (1:100 back dilution)
3 liters of Luria-Bertani medium containing kanamycin
(50 pg/mL). Cultures were grown at 37 °C until the
ODggo nm reached 0.6. The culture was then induced with
1 mMIPTG for 3 h. Cells were harvested by centrifugation
and subsequently lysed using an Avestin Emulsiflex-3C
cell homogenizer in buffer A [20 mM Tris-HCI (pH 8.0),
100 mM NaCl]. The resulting lysate was clarified by
centrifugation (45,000g) for 30 min at 4 °C, and the
expressed protein was initially purified by Ni** affinity
chromatography. The protein was eluted from the nickel-
nitriolotriacetic column (Qiagen) with a step gradient
(100-500 mM imidazole in buffer A in 100-mM incre-
ments). The fractions containing the protein were pooled
and concentrated to approximately 10 mg/mL using an
Amicon ultracentrifugal filter device (Millipore) and were
then further purified by size-exclusion chromatography
(Sephacryl S-100 HiPrep 26/60 column) in buffer A on an
AKTA Prime system (GE Health Care). The final protein
(Ser21-Arg392 with an N-terminal histidine tag) is 393
residues in length and has a calculated molecular mass of
42,044 Da and a calculated isoelectric point of 5.1. The
protein was then concentrated to 30 mg/mL for crystal-
lization. The protein concentration was determined using
the Nanodrop ND-100 spectrophotometer and an extinc-
tion coefficient of 62,910 M~ ' cm™".

Se-Met-incorporated BamB was prepared by growing an
overnight culture of BL21(NDE3) transformed with the
expression plasmid carrying the BamB gene in M9 minimal
medium supplemented with 50 ng/mL kanamycin. Thirty

Fig. 5. E. coli BamB (a) has a similar topology and architecture to a variety of other proteins (b—e). Only the regions of
the proteins that share structural homology with BamE are shown in color. Nonhomologous regions are shown as grey
ribbons. The bound cofactor in (b) and the peptide in (c) are shown as colored spheres and labeled. The percent sequence
identity and rmsd for three-dimensional superposition are given for each structure in comparison to BamB.
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milliliters of overnight culture was used for each liter of
medium to inoculate a total of 3 liters of M9 minimal
medium (50 pg/mL kanamycin), which was grown at
37 °C until the ODggp nm reached 0.6. Each 1-liter culture
was then directly supplemented with a mixture of the
following amino acids: 100 mg of lysine, phenylalanine,
and threonine; 50 mg of isoleucine, leucine, and valine; and
60 mg of selenomethionine. After 15 min, protein
expression was induced with 1 mM IPTG (final concen-
tration) for 3 h at 37 °C. The purification procedure for Se-
Met-incorporated BamB was the same as that used for the
native protein.

Crystallization

The crystals used for SAD data collection were grown
by the sitting drop vapor diffusion method. The crystal-
lization drops were prepared by mixing 1 pL of protein
(30 mg/mL) suspended in buffer A with 1 uL of reservoir
solution and then equilibrating the drop against 1 mL of
reservoir solution. The BamB construct yielded crystals in
the space group P452,2 with unit cell dimensions of 101.6,
101.6, and 109.8 A. The crystals have one molecule in the
asymmetric unit with a Matthews coefficient of
3.2 A3 Da™! (63.5% solvent). The optimal crystallization
reservoir condition was 0.1 M citric acid and 2 M sodium
chloride. Crystallization was performed at room temper-
ature (~22 °C). The cryo-solution condition contained
0.1 M citric acid, 2 M sodium chloride, and 20% glycerol.
Crystals were washed in the cryo-solution before being
flash-cooled in liquid nitrogen.

Data collection

Diffraction data were collected on selenomethionine-
incorporated crystals at beamline 08ID-1 at the Canadian
Macromolecular Crystallography Facility of the Canadian
Light Source, using a MarMosaicRayonix MX300 CCD X-
ray detector. The crystal-to-detector distance was 320 mm.
A total of 120 images were collected with 1° oscillations,
and each image was exposed for 1.5 s. The diffraction data
were processed with the program iMosfilm.* The data
collection strategy for the native data was the same as that
for the SAD data set. See Table 1 for data collection
statistics.

Structure determination and refinement

The BamB structure was solved by SAD using a data set
collected at the peak wavelength (0.9792 A), using the
programs Autosol and Autobuild within PHENIX version
1.6.4.*° Autosol found six of the possible eight selenium
sites. The program Autobuild automatically constructed
90% of the polypeptide chain and performed density
modification (histogram matching and solvent flattening
The rest of the model was built using the program Coot.
The structure was then refined against a higher-resolution
native data set (~2.6 A) by molecular replacement using
AutoMR (within PHENIX) followed by restrained refine-
ment using the program Refmac5.** The structure includes
all but the 10 most amino-terminal residues of the
construct. The structure also includes 80 ordered water

1

molecules and one sodium ion. The data collection,
phasing, and refinement statistics are summarized in
Table 1. The structural coordinate and structure factors for
BamB (residues 31-392) have been deposited in the RCSB
Protein Data Bank (PDB ID: 3P1L).

Structural analysis

Secondary structural analysis was performed with the
programs DSSP** and PROMOTIF.** The program Coot
was used to overlap coordinates for structural compari-
son. The stereochemistry of the structure was analyzed
with the program PROCHECK,*® and the DALI*? server
was used to find proteins with similar protein folds. The
surface electrostatics analysis was performed with the
adaptive Boltzmann-Poisson solver plug-in using dielec-
tric constants of 2 and 80 for solute and solvent,
respectively. The programs CASTp*® and SURFACE
RACER 1.2 were used to detect potential substrate
binding sites and measure solvent-exposed molecular
surface and cavities, respectively. A probe radius of 1.4 A
was used in the calculation.

Figure preparation

Figures were prepared using PyMOL.** The alignment
figure was prepared using the programs ClustalW>" and
ESPript.*

Accession numbers

PDB accession numbers: E. coli BamB (3P1L)
Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2010.12.020
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