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Abstract The insertase BamA is the central protein of the

Bam complex responsible for outer membrane protein bio-

genesis in Gram-negative bacteria. BamA features a

16-stranded transmembrane b-barrel and five periplasmic

POTRA domains, with a total molecular weight of 88 kDa.

Whereas the structure of BamA has recently been determined

by X-ray crystallography, its functional mechanism is not well

understood. This mechanism comprises the insertion of sub-

strates from a dynamic, chaperone-bound state into the bac-

terial outer membrane, and NMR spectroscopy is thus a

method of choice for its elucidation. Here, we report solution

NMR studies of different BamA constructs in three different

membrane mimetic systems: LDAO micelles, DMPC:DiC7-

PC bicelles and MSP1D1:DMPC nanodiscs. The impact of

biochemical parameters on the spectral quality was investi-

gated, including the total protein concentration and the

detergent:protein ratio. The barrel of BamA is folded in

micelles, bicelles and nanodiscs, but the N-terminal POTRA5

domain is flexibly unfolded in the absence of POTRA4.

Measurements of backbone dynamics show that the variable

insertion region of BamA, located in the extracellular lid loop

L6, features high local flexibility. Our work establishes bio-

chemical preparation schemes for BamA, which will serve as a

platform for structural and functional studies of BamA and its

role within the Bam complex by solution NMR spectroscopy.
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spectroscopy � Backbone dynamics � Bicelles � Nanodiscs

Abbreviations

DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

DiC7PC 1,2-Diheptanoyl-sn-glycero-3-phosphocholine

LDAO Lauryldimethylamine-N-oxide

POTRA Polypeptide transport-associated

BAM b-barrel assembly machinery

OMP Outer membrane protein

Introduction

Membrane proteins are carriers of essential biological

functions, including substrate transport, signalling, and

protein biogenesis. They comprise two main architectural

classes, with transmembrane a-helical and b-barrel struc-

ture, respectively (White 2004). Integral b-barrel mem-

brane proteins occur specifically in the outer membranes of

Gram-negative bacteria, mitochondria and chloroplasts

(Fairman et al. 2011; Walther et al. 2009). As an essential

step of their biogenesis, the unfolded b-barrel outer

membrane proteins (Omps) are inserted into the membrane

by insertase complexes (Höhr et al. 2015; Rigel and Sil-

havy 2012; Selkrig et al. 2014). In the Gram-negative

bacterium E. coli, the b-barrel assembly machinery (Bam)

is responsible for the biogenesis of most Omp substrates

(Fig. 1a) (Rigel and Silhavy 2012; Voulhoux and
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Tommassen 2004). Bam consists of five proteins, BamA,

BamB, BamC, BamD, and BamE. BamA is an integral b-

barrel membrane protein with a periplasmic N-terminal

region composed of five polypeptide transport-associated

(POTRA) domains (Bos et al. 2007) (Fig. 1b). The other

four proteins BamB–BamE are lipoproteins, each of which

is attached to the inner leaflet of the outer membrane by a

lipid anchor (Sklar et al. 2007). In E. coli, two of the five

Bam proteins, BamA and BamD, are essential for cell

viability under laboratory conditions, however, the com-

plex was found to function optimally only when all five

proteins are present (Malinverni et al. 2006; Onufryk et al.

2005; Hagan et al. 2010).

Structures of all Bam complex members are now

available (Albrecht et al. 2014; Albrecht and Zeth 2011;

Dong et al. 2012a, b; Kim et al. 2012, 2011a, b; Kim and

Paetzel 2011; McMorran et al. 2014; Ni et al. 2014; Noinaj

et al. 2013; Warner et al. 2011). These include several

variants of periplasmic BamA POTRA domains, which can

be crystallized from aqueous solution without the need for

membrane mimetics (Gatzeva-Topalova et al. 2008, 2010;

Kim et al. 2007; Zhang et al. 2011). Recently, the crystal

structures of BamA variants from three different organisms

(H. ducreyi, N. gonorrhoeae and E. coli) were determined

from detergent solution and bicelles (Albrecht et al. 2014;

Ni et al. 2014; Noinaj et al. 2013). The related Omp85
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Fig. 1 The insertase BamA and

its role in bacterial outer

membrane protein biogenesis,

a Schematic representation of

the Bam complex and its

function. The Bam complex

(blue) consists of the five

proteins BamA–BamE. Its

central component BamA

features a 16-stranded

transmembrane b-barrel and

five periplasmic POTRA

domains. BamB–BamE are

lipoproteins anchored to the

inner leaflet of the outer

membrane. The Bam complex

folds and inserts outer

membrane protein substrates

(green) into the outer

membrane. Periplasmic holdase

chaperones (purple) deliver the

substrates to Bam. b Topology

plot of BamA(344–810) from

E. coli, comprising the domain

POTRA5 (residues 344–422)

and the transmembrane domain

(residues 424–810). Residues

with b-strand secondary

structure are represented as

squares, all other residues as

circles. Periplasmic turns T1–T8

and extracellular loops L1–L8

are indicated. Interstrand

hydrogen bonds are shown as

orange lines. Residues with side

chains facing the membrane are

highlighted grey. The

approximate position of the

membrane is shown as a yellow

rectangle. The positions of

secondary structure elements

were derived from PDB entries

4N75 (Ni et al. 2014) and 3Q6B

(Zhang et al. 2011)
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protein TamA, a protein from the Omp85 family that is

involved in autotransporter biogenesis in E. coli was

crystallized from bicelle solution (Gruss et al. 2013). The

crystal structures of BamA and TamA share a highly

similar structure and revealed two unique structural fea-

tures that are likely part of the functional mechanism of

substrate insertion: a lateral gate and a tight extracellular

lid. The lateral gate is formed by the weak b-sheet pair

formed between strands 1 and 16, hinting towards a puta-

tive lateral opening mechanism, where the unfolded outer

membrane protein would use these strands as a template for

b-augmentation, and form a hybrid BamA–Omp barrel

prior to release the folded Omp into the membrane (Gruss

et al. 2013). The relevance of barrel opening for BamA

function has been recently highlighted by disulphide

crosslinks between strands 1 and 16, making BamA non-

functional (Noinaj et al. 2014). The second unique struc-

tural feature is a lid that closes the barrel tightly at its

extracellular side (Albrecht et al. 2014; Gruss et al. 2013;

Ni et al. 2014; Noinaj et al. 2013). The lid is formed by the

‘‘lid loop’’ L6, which is essential for BamA function

(Leonard-Rivera and Misra 2012; Ni et al. 2014; Noinaj

et al. 2013). The variable position of the POTRA domains

relative to the barrel in different crystal forms has led to the

proposal that these domains form a gate that regulates the

access to the interior of the b-barrel (Albrecht et al. 2014;

Noinaj et al. 2013). In contrast, solid-state NMR studies of

BamA reconstituted in liposomes suggested that the

POTRA domains are tightly attached to the b-barrel and

have only limited mobility (Sinnige et al. 2014).

In this work, we characterize different BamA construct

in LDAO micelles, DMPC:DiC7PC bicelles and

MSP1D1:DMPC nanodiscs towards their suitability for

structural and functional studies by solution NMR spec-

troscopy. The impact of biochemical parameters on the

spectral quality is investigated, including the total protein

concentration and the detergent:protein ratio. In particular,

the structural conformation of the POTRA5 domain is

characterized based on sequence-specific resonance

assignments and by a comparison with a soluble protein

construct. We find that the transmembrane b-barrel of

BamA is folded in either micelles, bicelles or nanodiscs,

but that the N-terminal POTRA5 domain is flexibly

unfolded in solution, due to the absence of stabilizing

contacts with other protein domains. These findings give

important advice on the choice of suitable domain con-

structs for functional studies of BamA. Finally, distinct

time scales of dynamic behavior were observed for the

BamA b-barrel and its extracellular loop L6. Our work

presents the first high-resolution 2D solution NMR spectra

of the BamA barrel reconstituted in membrane mimetics

and establishes improved biochemical preparation

schemes, which will serve as a platform for structural and

functional studies of BamA and its role within the Bam

complex.

Results and discussion

The BamA barrel is folded in three different membrane

mimetic systems

To facilitate solution NMR studies of BamA in aqueous

solution, a protocol for the reconstitution of BamA in three

different membrane mimetic systems was established

(Fig. 2). A construct of BamA, comprising the POTRA5

domain and the C-terminal transmembrane b-barrel

[(BamA(344–810)] was expressed in E. coli and refolded

from a chaotrope-denatured state by rapid dilution into

LDAO micelles. 2D [15N,1H]-TROSY NMR spectra of

BamA in LDAO micelles feature a wide dispersion of the

amide proton chemical shifts (Fig. 2, orange). In particular,

the region characteristic for b-strand secondary structure

(8.5–10.0 ppm) is substantially populated with resonances,

indicating the formation of secondary structure and thus the

conclusion that the transmembrane barrel is stably formed,

in agreement with crystallization results from LDAO

micelles (Albrecht et al. 2014; Ni et al. 2014). From the

LDAO-solubilized state, BamA(344–810) was further

transferred to either bicelles or lipid bilayer nanodiscs,

resulting in biochemically homogeneous samples, as evi-

denced by monodisperse size-exclusion chromatograms

(Fig. 2). 2D [15N,1H]-TROSY NMR of these preparations

indicate that the BamA b-barrel is similarly well-folded in

either of these membrane mimetics (Fig. 2, yellow and

magenta).

The 2D [15N,1H]-TROSY spectrum acquired in LDAO

micelles (Fig. 2, orange) features a high dynamic range of

signal intensities. A set of high-intensity peaks in the

random-coil region of the spectrum [7.5 \ d(1-

H) \ 8.5 ppm] was on average about ten times more

intense than resonances located in the spectral region typ-

ical for b-strand secondary structure [8.5 \ d(1-

H) \ 10 ppm], indicating that BamA contains certain

segments that experience fast local dynamics relative to the

rest of the protein. In an attempt to improve the spectral

quality, different sample preparations were explored

(Fig. 3). Thereby, a particular focus was put on the total

protein concentration, because for sequence-specific

backbone resonance assignments of large membrane pro-

teins in detergent micelles, well-resolved spectra at protein

concentrations [0.5 mM are required. The concentration

dependence of the signal intensities was quantified by

measuring the average intensities of three different groups

of resonances (Fig. 3): POTRA domain (purple), flexible

loops (green) and transmembrane domain (blue).
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The experimental sensitivity for the barrel resonances

showed only a slight dependence on the protein:detergent

ratio (Fig. 3b, left panel). For this parameter, a ratio of 200

molecules of LDAO to BamA was found to be ideal and

used in all subsequent experiments with LDAO detergent.

The sodium chloride concentration was varied in the range

of 50–300 mM. At high salt concentrations, the spectral

sensitivity was reduced due to the absorbance of rf-waves

by the salt ions (Kelly et al. 2002). At low salt concen-

trations, the intensity was also reduced, presumably arising

from reduced stability of the protein. The average

concentration of 150 mM sodium chloride was thus found

to be the best compromise for the different domains in the

protein (Fig. 3b, right panel). For the resonances from the

POTRA domain, an increase in total protein concentration

leads to a concomitant increase of signal intensity, but for

the flexible loops and the transmembrane domain, a drastic

decrease of spectral sensitivity is observed (Fig. 3c). These

data thus suggest that increased concentration of the pro-

tein leads to non-specific oligomerization, which in turn

affects the molecular tumbling properties of the protein and

thus leads to increased line widths. Mutation of the two
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Fig. 2 Workflow for the reconstitution of BamA in three different

membrane mimetic systems. Samples of BamA were reconstituted in

either LDAO micelles (orange, left column), DMPC:DiC7PC bicelles

(yellow, middle column), or MSP1D1:DMPC nanodiscs (magenta,

right column). For each system, a representative size exclusion

chromatogram and a 2D [15N,1H]-TROSY NMR spectrum are shown.

The NMR spectra were acquired at 500, 300 and 250 lM protein

concentration for micelles, bicelles, and nanodiscs, respectively.

Cartoons indicate the three-dimensional arrangement of the mimetic

systems. See ‘‘Materials and Methods’’ section for details
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cysteine residues C690 and C700 to serines did not sub-

stantially improve the spectral quality (data not shown).

Backbone assignment of flexible segments

of BamA(344–810) in LDAO micelles

The flexible parts of BamA(344–810) were assigned using

a [U-99 % 2H, 13C, 15N]-BamA(344–810) sample in

LDAO micelles. Analysis of the 3D TROSY-HNCACB

spectrum (Fig. 4b) established unambiguous sequence-

specific resonance assignments for the following segments

of residues: D358–V364, T397–R404, and D410–V414.

These residues are part of the POTRA5 domain (Fig. 4c),

with T397–R404 and D410–V414 forming an anti-parallel

b-sheet in the available crystal structures (Zhang et al.

2011). However, the secondary backbone 13C chemical

shifts of these residues in BamA(344–810) are close to

random-coil values, indicating a lack of secondary struc-

ture (Fig. 4d, orange). The POTRA5 domain is thus

unfolded for BamA(344–810) in LDAO micelles. This

conclusion is additionally supported by a comparison with

the sequence-specific assignment of a soluble [U-99 %,
13C, 15N]-POTRA4–5 construct (BamA(263–424)), in

which POTRA5 is known to be folded, and which shows

large secondary chemical shifts for these residues (Fig. 4d).

We then speculated that the presence of detergent might

be the reason for POTRA5 being in an unfolded state.

LDAO is a relatively strong detergent that can potentially

denature globular protein domains. Interestingly, however,

2D [15N,1H]-TROSY spectra showed that POTRA5 of

BamA(344–810) is also unfolded in preparations with the

other two membrane mimetics investigated in this work,
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Fig. 3 Experimental sensitivity

of BamA in high-resolution

NMR spectra. a 2D [15N,1H]-

TROSY spectrum of

BamA(421–810) (orange) at

200 lM protein concentration

and of BamA(344–810) (black)

at 500 lM, both in LDAO

micelles. b–d Normalized

average intensities for groups of

resonance peaks as a function of

biochemical parameters. The

three groups are POTRA5

domain (purple), flexible loops

(green) or transmembrane

domain (blue). The biochemical

parameters are (b)
detergent:protein ratio (left

panel) and NaCl concentration

(right panel), c total protein

concentration in LDAO

micelles [BamA(344–810) left

panel, BamA(421–810) right

panel], d type of membrane

mimetic system

[BamA(344–810) left panel,

BamA(421–810) right panel].

Values were normalized relative

to 0.3 mM BamA(344–810) in

66 mM LDAO and 150 mM

NaCl or 0.2 mM

BamA(421–810) in 50 mM

LDAO and 150 mM NaCl (full

symbols)
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DMPC:DiC7PC bicelles and MSP1D1:DMPC lipid bilayer

nanodiscs (Fig. 4e). Since lipid bilayer nanodiscs are

detergent-free, inhibition of POTRA5 folding is thus not

caused by LDAO.

Another possibility was that POTRA5 did not refold

properly during our preparation protocol from inclusion

bodies. To test this hypothesis, we attempted to study the

isolated POTRA5 domain. However, this domain did not

express in E. coli, whereas analogous constructs of PO-

TRA4 and POTRA4–5 did show overexpression (data not

shown). Furthermore, we characterized a chimeric protein

construct, in which POTRA5 was fused N-terminally to a

GB1 solubility domain (Zhou et al. 2001), and which was

purified directly from the soluble fraction of E coli.

Whereas GB1 is well folded in detergent-free buffer, the

resonances of the POTRA5 domain feature random coil

chemical shifts, showing that POTRA5 is not folded in this

construct (Fig. S1).

The inhibition of POTRA5 folding in the POTRA5–

barrel construct is thus not caused by detergent and not by

defective refolding. Folded forms of POTRA5 have so far

been observed in crystal structures of protein constructs

that contained the POTRA4 domain adjacent to POTRA5,

which features strong stabilizing side chain contacts at the

POTRA5–POTRA4 interface (Gatzeva-Topalova et al.

2010; Zhang et al. 2011), and in a crystal form of a
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Sequence-specific resonance assignments are indicated. b Strips from
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construct POTRA5–BamA-barrel, where POTRA5 was

stabilized by non-natural crystal contacts with the extra-

cellular side of the BamA barrel (Albrecht et al. 2014).

Importantly, in the latter structure, crystallographic

B-factors are particularly high for the POTRA5 domain,

indicating increased dynamics, possibly in combination

with conformational heterogeneity (Fig. S2). Overall, our

observations are thus best rationalized with an intrinsically

low thermodynamic stability of the POTRA5 domain,

requiring additional stabilizing factors to shift the confor-

mational equilibrium towards a folded state. Specific side-

chain contacts at the interface to POTRA4 provide the

stabilization of folded POTRA5 in the full-length BamA

protein.

Based on the finding that POTRA5 is intrinsically

unfolded in all three membrane mimetics tested, a con-

struct of the BamA transmembrane domain,

BamA(421–810), with N-terminal His6-tag was prepared.

This BamA construct was expressed and refolded into

LDAO micelles and transferred into either bicelles or lipid

bilayer nanodiscs by the established protocols. The back-

bone amide resonances for the transmembrane domain

show a good dispersion in LDAO micelles and their

position overlaps with the construct containing POTRA5

(Fig. 3a). This indicates that the barrel fold is identical in

both constructs and thus independent of the presence of the

unfolded POTRA5 domain. However, protein oligomeri-

zation at concentrations required for the acquisition of

triple-resonance NMR spectra for backbone assignment

was also observed for BamA(421–810) prepared in either

membrane mimetic (Fig. 3c, d, right panels). Overall, the

currently explored biochemical preparations thus prohibit

the application of conventional backbone assignment

strategies for the BamA barrel, since the sensitivity

requirements for these experiments are not met. However,

these preparations allow a characterization of the dynamic

parts of the protein and can provide a basis for functional

studies of BamA, such as protein interaction studies.

Assignment and dynamics of mobile segments

of BamA(421–810) in lipid bilayer nanodiscs

For BamA(421–810), a set of 21 resonance peaks with high

signal intensities was observed in each of the three mem-

brane mimetic systems (Fig. 5a). Their narrow line width

and high intensity indicates that these resonances constitute

parts of BamA with a high local flexibility relative to the

rest of the barrel structure. We chose to assign these resi-

dues in the lipid bilayer nanodisc mimetic, because this

system represents the most native-like bilayer environment.

A 850 lM sample of triple-labeled BamA(421–810) in

nanodiscs was prepared and a 3D TROSY-HNCACB

spectrum was acquired. With this spectrum, it was possible

to unambiguously assign the 21 high-intensity peaks and

thus identify their position in the BamA amino acid

sequence as the segment D678–Q698 (Fig. 5a). Their

secondary chemical shifts are close to random coil values,

indicating the lack of secondary structure elements in this

region. Interestingly, residues 688–690 show a tendency

towards a-helical secondary shifts (Fig. 5b). The residues

D678–Q698 are part of the loop L6, which was previously

identified as the lid that covers the top of the barrel on the

extracellular side (Fig. 5c, d) (Gruss et al. 2013; Ni et al.

2014).

Analysis of the segment D678–Q698 in the three

membrane mimetics shows that it has virtually identical

chemical shifts and thus conformations in bicelles and lipid

bilayer nanodiscs (Fig. S3). The differences to micelles are

slightly larger, with Dd values of up to 0.16 ppm for the

residues Y686 and D687. To characterize the backbone

dynamics of the segment Q678–D698, we measured the

relaxation rate constants 15N{1H}-NOE, R1, R2, and gxy at

a field strength of 700 MHz (Fig. 5e). These relaxation rate

constants adopt similar values along the polypeptide seg-

ment. R1 varies between 0.8 and 1 s-1, and R2 between

about 15 and 25 s-1 with the exception of residues 697 and

698 at the C-terminal end of the segment. The 15N{1H}-

NOE has values between 0.2 and 0.3, with the exception of

residue 698 at the end of the segment, which has an

increased NOE of 0.5. The effective correlation times sc,eff

calculated from the R1/R2 ratio was 12 ns (Kay et al. 1989),

and 10 ns from the cross-correlated cross-relaxation rate

constant gxy (Lee et al. 2006). These values correspond

approximately to the relaxation parameters of a freely

tumbling protein with a molecular weight of about 20 kDa,

which is substantially smaller than the nanodisc-embedded

protein with a molecular reorientation time of typically

85 ns (Raschle et al. 2009; Yu et al. 2012). The different

time scales of molecular motion and the low heteronuclear

NOE indicate that segment Q678–D698 adopts a dynamic

conformation relative to the barrel structure, and rational-

ize the high signal intensities for these resonances in the 2D

[15N,1H]-TROSY spectra.

Lid loop conformation in BamA proteins

In order to rationalize the observed lid loop dynamics from

a structural perspective, an alignment of Omp85 protein

sequences from different Gram-negative bacteria was

employed, together with a superimposition of the available

crystal structures (Fig. 6). This comparison reveals an

interesting finding: BamA generally features high sequence

conservation among different species for the major parts of

the b-barrel (Browning et al. 2013; Noinaj et al. 2013).

Loop L6, however, contains an insertion region with var-

iable insertion length in different bacterial species. The
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Fig. 5 Backbone dynamics of the BamA lid loop. a 2D [15N,1H]-

TROSY spectra of BamA(421–810) in MSP1D1:DMPC nanodiscs

(magenta), DMPC:DiC7PC bicelles (yellow) and LDAO micelles

(orange). Sequence-specific resonance assignments are indicated.

b Secondary 13C chemical shifts of residues Q678–D698 of

BamA(421–810) in MSP1D1:DMPC nanodiscs. c Enlarged view of

the 2D topology plot of BamA. All residues of BamA in nanodiscs

that feature high local flexibility relative to the barrel are highlighted

blue. d Position of the dynamic polypeptide segment (dark blue) in

the BamA crystal structure [PDB 4N75 (Ni et al. 2014)] e Sequence-

specific NMR relaxation parameters of the backbone nitrogen for

BamA in nanodiscs, determined at a field strength of 700 MHz
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residues with high local flexibility relative to the barrel

structure match exactly the extent of the non-conserved

loop insertion of E. coli BamA relative to other BamA

sequences (Fig. 6). The dynamics thus rationalize why

residues 685–697 feature poor electron density in E. coli

BamA crystal structures, preventing modeling of the side

chains of these residues (Ni et al. 2014). High protein

dynamics were similarly observed by Albrecht et al.

(2014), which could not detect residues 678–693 in the

structure of BamA in detergent micelles (Fig. S2). Inter-

estingly, deletion of this loop insertion (residues 676–700)

results in slower growth in E. coli (Noinaj et al. 2013),

revealing that these flexible residues have a functional role

in the efficiency of BamA to insert substrate proteins into

the membrane. For example, they may be required for the

formation of large BamA–Omp hybrid barrels, in which

this part of the lid loop may temporarily be fully stretched

(Gruss et al. 2013).

In summary, the biochemical preparations reported here

provide a basis for structural and functional studies of

BamA by solution NMR spectroscopy. In aqueous solution,

the domain POTRA5 as part of BamA(344–810) is unfol-

ded, which should be taken into account for the design of

biochemical experiments. The backbone dynamics of the

BamA lid loop L6 in lipid bilayer nanodiscs and other

membrane mimetics provide an important piece of infor-

mation towards understanding the functional mechanism of

the BamA insertase at the atomic level.

Materials and methods

Cloning, expression and purification of BamA

A pET30b-based expression plasmid containing E. coli

BamA POTRA5 and transmembrane domain sequences

VLGRTRWGYGDGLGGK-----EMPFYENFYAGGSSTVRGFQSNTIGPKAVYFPHQASNYDPDYDYECATQDGAKDLCKSDDAVGGNAMAVASLEFIT
VLGRTRWGYGDGLGGK-----EMPFYENFYAGGSSTVRGFQSNTIGPKAVYFPHQASNYDPDYDYECATQDGAKDLCKSDDAVGGNAMAVASLEFIT
VLGRTRWGYGDGLGGK-----EMPFYENFYAGGSSTVRGFQSNTIGPKAVYFPHQASNYDPDYDYECATQDGAKDLCKSDDAVGGNAMAVASLEFIT
LLLRGRLGYGNGYGQTDGKDNLFPFYENFYAGGFTSLRGFGSNSAGPKAVYRDYSGSNNGS--------------DTATDDSVGGNAIALASVELIV
IDLIARFKTQGGYIFRYNTDDYLPLNSTFYMGGVTTVRGFRNGSVTPKDEFGL----------------------------WLGGDGIFTASTELSY
IATKGGLAYTNSFGGK-----EVPFYQLYSAGGMGSLRGFAGGSIGPKAIYYREDGF------------------KAPSQDVIGGNAMVNASLELII
LMLGGEVGIAGGYG----RTKEIPFFENFYGGGLGSVRGYESGTLGPKVYDE------------------------YGEKISYGGNKKANVSAELLF
LMLGGEVGIAGGYG----RTKEIPFFENFYGGGLGSVRGYESGTLGPKVYDE------------------------YGEKISYGGNKKANVSAELLF
-VTRGTLGWIET-----GDFDKVPPDLRFFAGGDRSIRGYKYKSIAPKYANGD----------------------------LKGASKLITGSLEYQY

BAMA_ECOLI P0A940
BAMA_SHIFL P0A943
BAMA_SHISS Q3Z5I1
BAMA_VIBCJ C3NVY3
BAMA_HELPY O25369
BAMA_HAEDU G1UBA5
BAMA_NEIG1 Q5F5W8
BAMA_NEIME X5EFL5
TAMA_ECOLI P0ADE4

(a)

(b)

Q678

D698

096086 700670660650640 027017630

β11 β12L6

N709

Q664

Fig. 6 Structural comparison of lid loop conformations in the Omp85

protein family. a Sequence alignment of BamA from selected Gram-

negative bacteria (E. coli, S. flexneri, S. sonnei, V. cholerae, H. pylori,

H. ducreyi, N. gonorrhoeae and N. meningitidis) and of TamA from

E. coli. Sequences were aligned using Clustal Omega (Sievers et al.

2011). The sequence segment shown contains b-strands 11 and 12,

and the extracellular lid loop L6. Residues which are locally dynamic

in E. coli BamA (Fig. 5) are highlighted in dark blue. b Superimpo-

sition of available BamA and TamA crystal structures: EcBamA

(PDB 4N75 (Ni et al. 2014), blue), HdBamA (PDB 4K3C (Noinaj

et al. 2013), pink), NgBamA (PDB 4K3B (Noinaj et al. 2013), green)

and EcTamA (PDB 4C00 (Gruss et al. 2013), orange). The loop L6

insertion, corresponding to the locally dynamic residues, is high-

lighted in blue
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(residues 344–810) with C-terminal His6 tag was obtained

from Monika Schütz (University of Tübingen). The BamA

transmembrane domain (residues 421–810) was cloned

with an N-terminal His6-tag into pET15b, using NdeI and

XmaI restriction enzymes. The QuikChange II mutagenesis

protocol (Agilent Technologies Inc) was used to introduce

the mutations C690S and C700S into BamA.

BamA was expressed in inclusion bodies in E. coli

BL21 (k DE3) Lemo cells in M9 minimal media (Green

and Sambrook 2012) in D2O supplemented with 15NH4Cl

and D-glucose for double labeling or (2H,13C)-D-glucose for

triple labeling, in the presence of 30 lg/ml kanamycin

(pET30b) or 100 lg/ml ampicillin (pET15b). Cells were

grown at 37 �C until and OD600 of 0.8 an induced with

1 mM IPTG. Cells were harvested after 5 h and resus-

pended in buffer A (50 mM TRIS–HCl pH 8.0, 300 mM

NaCl, and 2 mM b-mercaptoethanol) containing lysozyme,

DNAse and Complete EDTA-free protease inhibitor

(Roche). Cells were lysed by French-press and centrifuged

for 30 min at 16,000g. Inclusion bodies were solubilized in

buffer A with 6 M guanidine hydrochloride (Gdm-HCl) by

stirring at room temperature for 1 h and centrifuged for

30 min at 16,000g before being applied to a Ni-charged

resin (Genscript). Ni beads were incubated with the solu-

bilized inclusion bodies for 1 h while shaking. BamA was

eluted with buffer A with 6 M Gdm-HCl and 200 mM

imidazole. Eluted protein was precipitated by dialysis and

resuspended in buffer A with 6 M Gdm-HCl. At this stage,

BamA was [95 % pure with a yield of 100 mg per liter of

culture. Reducing agents were omitted in all protocols for

experiments with the cysteine-free BamA mutants.

Cloning, expression, and purification

of POTRA4–5(263–424)

POTRA4–5(263–424) was cloned from genomic DNA via

NdeI and NotI into the pET28b expression vector (Nova-

gen) containing a thrombin-cleavable N-terminal His6-tag.

BL21(k DE3) pLysS cells (Novagen) were transformed

with the plasmid, grown at 37 �C in M9 minimal media

(Green and Sambrook 2012) in H2O supplemented with
15NH4Cl and (13C)-D-glucose for double labeling, con-

taining 30 lg/ml kanamycin and 50 lg/ml chlorampheni-

col to OD600 = 0.6, and then an additional 30 min at

20 �C. Expression was induced by 0.4 mM IPTG. Cells

were harvested 15–18 h after induction, resuspended in

buffer B (25 mM HEPES pH 7.5, 150 mM NaCl, 10 mM

imidazole, Complete EDTA-free protease inhibitor

(Roche)) at a 4:1 buffer:pellet weight ratio, and lysed by 4

passes through a French press. The lysate was centrifuged

for 30 min at 12,000g at 4 �C, applied to a Ni2?-HisTrap

column (GE Healthcare) and eluted via an imidazole gra-

dient. POTRA4–5(263–424) eluted at 150 mM imidazole

concentration. After overnight dialysis against buffer B

without imidazole, POTRA4–5(263–424) was applied to a

HiTrap Q HP column (GE Healthcare) and eluted with a

NaCl gradient (150–500 mM). The elution fractions con-

taining POTRA4–5 were concentrated by ultrafiltration

(Vivaspin 10-kDa-cutoff concentrator, Vivascience) and

subsequently applied to a gel filtration column (Superdex

75 10/300 GL, GE Healthcare) equilibrated with 25 mM

MES pH 6.5, 150 mM NaCl. Afterwards, PO-

TRA4–5(263–424) was concentrated by ultrafiltration and

stored at -80 �C until usage.

Cloning, expression, and purification

of POTRA5(344–424) and POTRA5–GB1

POTRA5(344–424) was cloned from genomic DNA via

NdeI and NotI into the pET28b expression vector (Nova-

gen) containing a thrombin-cleavable N-terminal His6-tag.

A POTRA5–GB1 plasmid was prepared by introducing the

GB1 sequence in the previous plasmid by restriction-free

cloning after the POTRA5 sequence.

BL21(k DE3) pLysS cells (Novagen) were transformed

with the plasmid, grown at 37 �C in M9 minimal media in

H2O supplemented with 15NH4Cl, containing 30 lg/ml

kanamycin to OD600 = 0.6, and then an additional 30 min

at 25 �C. Expression was induced by 0.4 mM IPTG. Cells

were harvested 15–18 h after induction, resuspended in

buffer B and lysed by French press. The lysate was centri-

fuged for 30 min at 12,000g at 4 �C, applied to a Ni2?-

HisTrap column (GE Healthcare) and eluted via an imid-

azole gradient. POTRA5–GB1 eluted at 150 mM imidazole

concentration. After overnight dialysis against buffer B

without imidazole, POTRA5–GB1 was applied to a HiTrap

Q HP column and eluted with a NaCl gradient

(150–500 mM). The elution fractions containing POTRA5–

GB1 were concentrated by ultrafiltration and subsequently

applied to a gel filtration column (Superdex 75 10/300 GL)

equilibrated with 25 mM MES pH 6.5, 150 mM NaCl.

BamA refolding and purification in LDAO micelles

BamA was refolded by dropwise addition to a five-fold

volume of refolding buffer (50 mM TRIS–HCl pH 8,

300 mM NaCl, 500 mM Arginine and 0.5 % LDAO) while

stirring at 4 �C. The solution was stirred overnight and then

dialyzed against 20 mM TRIS–HCl pH 8.0. Refolded

BamA was applied to a HiTrap Q HP column and eluted

with a NaCl gradient (0–500 mM). Well-refolded protein

eluted at approx. 250 mM NaCl. Fractions were concen-

trated by ultracentrifugation (Vivaspin 30-kDa-cutoff

concentrator, Vivascience) before being applied to a gel

filtration column (Superdex 200 10/300 GL, GE Health-

care) equilibrated with 25 mM MES pH 6.5, 150 mM
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NaCl, 0.1 % LDAO. The final yield of pure refolded BamA

in LDAO micelles was 25 mg per liter of culture. Samples

were concentrated and the buffer was exchanged by

ultracentrifugation. LDAO concentration on the samples

was monitored by 1D 1H-NMR spectroscopy and adjusted

when necessary.

Incorporation of BamA in DMPC:DiC7PC bicelles

To prepare a solution of 10 % DMPC:DiC7PC (q = 0.5)

bicelles, 50 mg of DiC7PC were dissolved in water and

incubated for 1 h shaking at 30 �C, and this solution was

then added to 50 mg of DMPC and again incubated for 1 h

shaking at 30 �C. Final volume was adjusted to 1 ml and

the bicelle solution was stored at -20 �C. Refolded BamA

was transferred from LDAO micelles to DMPC:DiC7PC

bicelles by mixing of the protein with the bicelles at a final

concentration of 2 %. After incubation for 1 h on ice, the

sample was loaded on a Superdex 200 equilibrated with

buffer 25 mM MES pH6.5, 150 mM NaCl, 0.1 % DiC7PC.

Incorporation of BamA in MSP1D1:DMPC nanodiscs

The membrane scaffold protein MSP1D1 was expressed

and purified as previously described (Bayburt et al. 2002;

Denisov et al. 2004; Raschle et al. 2009), and treated with

TEV protease for His-tag removal yielding [MSP1D1(-)].

Small scale batches of BamA in nanodiscs were initially

prepared at different MSP1D1:DMPC ratios and analyzed

by size exclusion chromatography in order to obtain the

highest fraction of assembled nanodiscs. An optimal ratio of

1:6:300 for BamA:MSP1D1:DMPC was determined.

Refolded BamA (20 lM) in LDAO micelles was incubated

with MSP1D1(-) (120 lM) and DMPC (6 mM) solubilized

in sodium cholate (20 mM) for 1 h at room temperature in

buffer 50 mM TRIS–HCl pH 7.5, 150 mM NaCl, 0.5 mM

EDTA and protease inhibitors. Detergents were removed by

rotating incubation with 80 % (w/v) Bio-Beads SM-2

(BioRad) for 2 h at room temperature. Bio-Beads were

removed by centrifugation and the sample was dialyzed

against 50 mM TRIS–HCl pH 7.5, 150 mM NaCl, 10 mM

imidazole. Empty nanodiscs were separated from nanodiscs

containing BamA by Ni-affinity chromatography and fur-

ther loaded on a Superdex 200 equilibrated with 25 mM

MES pH 6.5, 150 mM NaCl.

NMR spectroscopy

NMR spectra were recorded at 30 �C on a Bruker Ascend

700 spectrometer equipped with a cryogenic triple-reso-

nance probe. NMR data were processed with PROSA

(Güntert et al. 1992) and analyzed with CARA and

XEASY (Bartels et al. 1995). BamA samples in different

conditions were analyzed by 2D [15N,1H]-TROSY (Per-

vushin et al. 1997). For the comparison of experimental

sensitivity, the measured peak intensities were normalized

by the spectral acquisition parameters (as number of scans)

and by the protein concentration (Wider and Dreier 2006).

For the sequence-specific backbone resonance assignment

of [U-99 % 2H, 13C, 15N]-BamA(344–810) in LDAO

micelles and [U-99 % 2H, 13C, 15N]-BamA(421–810) in

nanodiscs 3D TROSY-HNCACB (Salzmann et al. 1998)

was acquired. For the resonance specific assignment of

1.3 mM POTRA4–5(263–424) the following NMR exper-

iments were measured at 37 �C: [1H,15N]-HSQC, HNCA,

HNCACB, HNCO, HNCACO. Secondary chemical shifts

were calculated relative to the random-coil values of

Kjaergaard and Poulsen (Kjaergaard and Poulsen 2011).

For determination of the dynamic properties of [U-99 %
2H, 15N]-BamA(421–810) in nanodiscs the following

experiments were acquired: 15N-1H NOE (Zhu et al. 2000),

2D T1 (Zhu et al. 2000) and 2D TRACT (Lee et al. 2006).
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