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Abstract The b-barrel assembly machinery (BAM) is

involved in folding and insertion of outer membrane pro-

teins in Gram-negative bacteria, a process that is still poorly

understood. With its 790 residues, BamA presents a chal-

lenge to current NMR methods. We utilized a ‘‘divide and

conquer’’ approach in which we first obtained resonance

assignments for BamA’s periplasmic POTRA domains 4

and 5 by solution NMR. Comparison of these assignments to

solid-state NMR (ssNMR) data obtained on two BamA

constructs including the transmembrane domain and one or

two soluble POTRA domains suggested that the fold of

POTRA domain 5 critically depends on the interface with

POTRA 4. Using specific labeling schemes we furthermore

obtained ssNMR resonance assignments for residues in the

extracellular loop 6 that is known to be crucial for BamA-

mediated substrate folding and insertion. Taken together,

our data provide novel insights into the conformational

stability of membrane-embedded, non-crystalline BamA.

Keywords NMR spectroscopy � Membrane proteins �
Proteoliposomes � b-Barrel assembly � Protein dynamics

Introduction

The outer membrane protein (OMP) BamA is the main

component of the b-barrel assembly machinery (BAM)

(Voulhoux et al. 2003; Wu et al. 2005) that folds and

inserts OMPs into the outer membrane of Gram-negative

bacteria, where they serve e.g. as porins, receptors and

enzymes. In Escherichia coli, BamA consists of a trans-

membrane (TM) domain that is organized in a 16-stranded

b-barrel, and a periplasmic extension containing five

Polypeptide TRansport Associated (POTRA) domains

(Noinaj et al. 2013; Sánchez-Pulido et al. 2003). The PO-

TRA domains are thought to possess a chaperone function

in binding the nascent OMP polypeptide (Kim et al. 2007;

Knowles et al. 2008). Furthermore, recently solved crystal

structures of BamA from Neisseria gonorrhoeae and

Haemophilus ducreyi in bicelles (Noinaj et al. 2013) and

two structures comprising the TM domain of E. coli BamA

in detergent micelles (Albrecht et al. 2014; Ni et al. 2014)

suggested that the b-barrel can open up to form a lateral

gate for substrate release into the membrane. However,

detailed investigations of dynamics and conformational

changes will be required to reveal the molecular mecha-

nism of BamA-mediated OMP folding and insertion.

In recent years, magic angle spinning (MAS) solid-state

NMR (ssNMR) has proven a valuable method for structural

studies of membrane proteins (see, e.g. Cady et al. 2010;

Etzkorn et al. 2007, 2008, 2010; Lange et al. 2006; Shahid
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et al. 2012; van der Cruijsen et al. 2013; Wang et al. 2013)

that can be probed in a native-like environment such as

lipid bilayers, a feature that is not easily accessible by other

structural biology techniques. The power of NMR spec-

troscopy is that atomic-resolution information on the

structure, dynamics and interactions of the biomolecule of

interest can be obtained. Previously, ssNMR studies from

our lab showed that the periplasmic POTRA domains of

BamA can undergo fast motion in a precipitated state or in

membranes when POTRA 1-4 are removed (Renault et al.

2011). In contrast, our recent ssNMR experiments of

membrane-embedded BamA suggested the absence of fast

overall POTRA motion in constructs containing at least

POTRA 4 and POTRA 5 (Sinnige et al. 2014a).

To study the structure and dynamics of membrane-

embedded BamA in more detail, extensive NMR resonance

assignments are required. However, BamA encompasses

790 amino acids and hence represents a challenge for

current ssNMR methods. Previously, we have demon-

strated the use of combining solid—and solution-state

NMR experiments to study the 40 kDa histidine kinase

DcuS (Etzkorn et al. 2008) and the dimeric 40 kDa sensory

rhodopsin/transducer complex (Etzkorn et al. 2010) in lipid

bilayers. In the following, we have adapted such a ‘‘divide

and conquer’’ approach (Fig. 1a) to study membrane-

embedded BamA. Firstly, we characterized the periplasmic

POTRA domains 4 and 5 that precede the trans-membrane

(TM) b-barrel domain using solution NMR. Assignments

obtained in solution readily superimposed onto the ssNMR

spectra of membrane-embedded BamA constructs. Using

dedicated labeling schemes we subsequently succeeded in

acquiring well-resolved 2D and 3D ssNMR spectra, lead-

ing to de-novo NMR assignments for a number of residues

from the 390-residue BamA b-barrel. These studies shed

light onto the conformational stability of BamA embedded

in lipid bilayers, suggesting that in steady-state, the PO-

TRA domains and extracellular loop 6 have a defined

conformation, whereas the proposed lateral gate could not

be detected in our experiments, possibly due to local

motion or disorder.

Materials and methods

Sample preparation

The DNA fragments for BamA P5 (G344-N422) and P4P5

(T261-G424) were amplified from the plasmid pET11aDssYaeT

Fig. 1 a Constructs used in this study: isolated BamA P5 and P4P5 in

solution, as well as membrane-embedded BamA P5-TM and BamA

P4P5-TM, with their respective number of residues. TM transmem-

brane domain, P POTRA. b 2D 1H,15N HSQC spectra of BamA P5

(red) and P4P5 (blue) in solution (upper panel). Close-ups of the

boxed regions (lower panels) show assignments for P5 residues in the

P4P5 construct. c P4P5 crystal structure (PDB 3OG5) (Gatzeva-

Topalova et al. 2010) with P4 in blue and P5 in red. Labeled residues

contribute to the stabilizing interface by polar and cation-p stacking

interactions (dashed lines)
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encoding Escherichia coli bamA (Renault et al. 2011; Robert

et al. 2006) and cloned into pLICHIS using enzyme-free cloning

(de Jong et al. 2006) with the primers listed in Table 1. Proteins

were produced in E. coli BL21 Rosetta in M9 minimal medium

supplemented with 0.5 g/L 15NH4Cl and in addition 2 g/L 13C-

glucose for uniformly 13C, 15N-labeled samples. Cultures were

grown at37 �C and induced at the mid-exponential growth phase

by adding IPTG at a final concentration of 1 mM, after which the

culture was incubated at 25 �C for 16 h. After cell lysis, the

protein was purified in one step from the soluble fraction using

nickel affinity chromatography. The His-tag was cleaved off

after thrombin digestion and the sample was applied to a

Superdex75 column (GE Healthcare) equilibrated in 50 mM

sodium phosphate pH 6.25 and 100 mM NaCl, the buffer con-

dition used in all solution NMR experiments. The proteins were

concentrated to approximately 0.5 mM forNMRmeasurements,

using Amicon centrifugal concentrators (cut-off 3.5 kDa).

Construction of the plasmids pET11aDP1-P4yaeT

encoding BamA P5-TM and pET11cDP1-3yaeT encoding

BamA P4P5-TM was described previously (Renault et al.

2011; Sinnige et al. 2014a). Both proteins were produced in

BL21(DE3) star as cytoplasmic inclusion bodies. Cells

were grown at 37 �C in minimal medium containing

100 lg/mL ampicillin. For reverse labeled cultures, the

medium contained 2 g/L 15NH4Cl and 2 g/L 13C-D-glucose

and natural abundance amino acids were added 30 min

prior to induction at a final concentration of 200 mg/L.

Forward labeled cultures contained the same concentration

of natural abundance NH4Cl and D-glucose and U–13C, 15N

labeled amino acids were added in the same way. Protein

expression was induced by the addition of 1 mM IPTG at

an OD600 of 0.6–0.8 and continued for 4 h at 37 �C.

Inclusion bodies were isolated as described previously

(Dekker et al. 1995; Renault et al. 2011). BamA TM-P5

(VLK) was solubilized in 100 mM glycine, 20 mM Tris–

HCl pH 8.0 (IB buffer) containing 8 M urea and refolded

by 20-fold dilution in 50 mM Tris–HCl and 0.5 % N-

dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate

(sulfobetaine 12, SB12), followed by overnight incubation

at room temperature. All other BamA samples were solu-

bilized in IB buffer containing 6 M guanidinium chloride,

refolded by tenfold dilution in 50 mM sodium phosphate

pH 7.0 and 1 % N,N-dimethyl-N-dodecylamine-N-oxide

(LDAO) and incubated overnight at room temperature.

For reconstitution, dilauroyl phosphatidylcholine

(DLPC) (Avanti Polar Lipids) was dried from a chloroform

solution to reach a molar lipid-to-protein ratio (LPR) of

21:1 for BamA P5-TM (VLK), 8:1 for BamA P5-TM

(GSCAVLTI) and 10:1 for BamA P4P5-TM constructs, the

latter two amounting to the same LPR in weight. The lipidic

film was rehydrated with 20 mM sodium phosphate and

5 mM MgCl2 (reconstitution buffer). Refolded protein was

added and diluted approximately tenfold with reconstitution

buffer, after which the mixed micelles were dialyzed in

reconstitution buffer for 1 day at room temperature and

several days at 4 �C, until no detergent was observed in the

dialysis buffer. The resulting proteoliposomes were col-

lected by ultracentrifugation at 100,0009g for 1 or 2 h and

the pellets were packed in 3.2 mm MAS rotors.

NMR spectroscopy

Solution NMR experiments were performed using

AVANCE III Bruker spectrometers operating at 600 MHz
1H Larmor frequency equipped with regular or cryogenic

TXI probes. Resonance assignments were obtained on

0.5 mM U–(13C,15N)-labeled P4P5 in 50 mM sodium

phosphate pH 6.25, 100 mM NaCl at 25 �C using standard

3D triple-(HNCA, HNcoCA, HNCACB, CBCAcoNH,

HNCO, HAHBcoNH) and double-resonance (hCCH-DI-

PSY, HcCH-DIPSY) experiments. Secondary chemical

shifts (HN, N, HA, CA, CB, C0) were computed using TA-

LOS? (Shen et al. 2009) and used for secondary structure

determination. Resonance assignments were deposited in the

BioMagResBank (BMRB) under accession code 19928.

All ssNMR experiments were performed on a Bruker

AVANCE III spectrometer operating at 700 MHz 1H Lar-

mor frequency (16.4 T) and equipped with a 3.2 mm
1H,13C,15N MAS probe (Bruker BioSpin). The MAS fre-

quency was set to 11 kHz in experiments aimed at 13C,13C

sequential correlations (Seidel et al. 2004), and otherwise to

13 kHz or 15 kHz. The effective sample temperature was

kept to -2 �C for dipolar-based experiments unless stated

otherwise and to 8 �C for the INEPT-HETCOR experiment.

Table 1 Primers used to clone

BamA P4P5 and P5 constructs

LIC overhangs are shown in

capitals

BamA P4P5 T261 forward long 50 GCCGCGCGGCAGCCTGaccgaaggcgatcagtacaag 30

BamA P4P5 T261 forward short 50 TGaccgaaggcgatcagtacaag 30

BamA P4P5 G424 reverse long 50 CAAGAAGAACCCCTCAaccggtgttgcgctcttttacc 30

BamA P4P5 G424 reverse short 50 TCAaccggtgttgcgctcttttacc 30

BamA P5 G344 forward long 50 GCCGCGCGGCAGCCTGggtaaccgtttctacgtgcg 30

BamA P5 G344 forward short 50 TGggtaaccgtttctacgtgcg 30

BamA P5 N422 reverse long 50 CAAGAAGAACCCCTCAgttgcgctcttttaccttgtag 30

BamA P5 N422 reverse short 50 TCAgttgcgctcttttaccttgtag 30
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Hartman-Hahn cross-polarization (CP) was performed with

a linear ramp of 70–100 %. The contact time was optimized

for each sample and typically found between 600 and

900 ls. 13C,13C magnetization transfer was achieved using

the PARIS pulse sequence (Weingarth et al. 2009). 4 ms

SPECIFIC-CP (Baldus et al. 1998) was used for 15N–13C

transfer steps. For decoupling, SPINAL64 (Fung et al.

2000) was applied with 78 kHz irradiation on 1H. Spectra

were processed using Bruker TopSpin 3.0 and analyzed in

Sparky (Goddard and Kneller 2008).

Fig. 2 a DCa (upper panel) and

DCb (lower panel) with DCa/b

= Ca/b - Ca/b (random coil) for

P4P5 residues plotted along the

residue numbers. b Secondary

structure of P4P5 from the

crystal structure (PDB 3Q6B)

and TALOS? predictions (Shen

et al. 2009) based on solution

NMR assignments

Fig. 3 a 2D 13C,13C PARIS ssNMR spectra of BamA P5-TM (red)

and P4P5-TM (blue) (both 13C,15N-labeled at amino acids GSAVLTI)

in dilauroyl phosphatidylcholine (DLPC) bilayers. b Close-up of the

boxed region in a. Black crosses are assignments for P4P5 in solution.

P4 peaks are labeled in italic, P5 bold and underlined. c Ca–Ha region

of a 2D 1H,13C INEPT-HETCOR ssNMR spectrum for mobile

regions of BamA P5-TM (13C,15N-labeled at amino acids GSAVLTI)

in DLPC bilayers. Black dots indicate the expected correlations for P5

based on the solution NMR assignments
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Results

The P5 domain of BamA occupies a central position in the

BAM complex, being located at the interface of the BamA

b-barrel and the membrane. Moreover, it serves as a

binding site for the essential lipoprotein BamD and indi-

rectly for the BamCDE sub-complex (Kim et al. 2007). To

study this domain at atomic resolution, we firstly recorded

NMR spectra of the isolated P5 domain and the tandem

POTRA 4-5 (P4P5) construct in solution (Fig. 1a, b).

Unexpectedly, the 1H,15N HSQC spectra, which serve as a

fingerprint of the protein fold, showed large differences,

indicating that the fold of P5 is not preserved between both

constructs. Presumably, the correct fold of P5 requires

stabilization by the P4P5 interface, consisting mainly of

polar interactions and cation-p interactions (Fig. 1c).

We obtained resonance assignments of P4P5 using stan-

dard solution NMR triple-resonance experiments (see

‘‘Materials and methods’’ section; BMRB deposition

19928). Backbone assignments could be obtained for 149 out

of 159 non-proline residues. The Ca and Cb secondary

chemical shifts indicated the presence of secondary structure

elements in line with previous crystallization studies using

the P4P5 construct (Fig. 2) (Gatzeva-Topalova et al. 2010;

Zhang et al. 2011). In contrast, the correlation pattern of the

isolated P5 domain was reminiscent of a protein that is lar-

gely unfolded. Only the central b-sheet seemed to remain

partially intact, judged by P5 resonances that remained close

to the assignment in the P4P5 spectrum (Fig. 1b; Fig. S1a,b).

Next, we examined whether the solution NMR assign-

ments could serve as a reference for analysis of ssNMR

spectra recorded on membrane-embedded BamA constructs.

Moreover, we probed whether the fold of P5 would be sta-

bilized by contacts with the periplasmic loops and the TM

domain of BamA, which have been observed in crystal

structures of BamA (Noinaj et al. 2013) and TamA (Gruss

et al. 2013), another member of the Omp85 protein family.

Hence, we investigated constructs consisting of the BamA

TM domain preceded by either P5 alone or P4P5 in lipid

bilayers using ssNMR. The protein variants were refolded

from inclusion bodies and reconstituted in dilauroyl phos-

phatidylcholine (DLPC) bilayers at low lipid-to-protein ratio

(LPR) to achieve the best possible sensitivity [see ‘‘Materials

and methods’’ section and Sinnige et al. (2014a)].

We could readily identify signals of the P4 (italic) and

P5 (bold and underlined) domains in 13C,13C ssNMR cor-

relation spectra of the P4P5-TM construct (Fig. 3a, b, blue)

using our solution-state NMR assignments as a reference.

In contrast, signals from P5 were not detected in dipolar-

based ssNMR experiments on the P5-TM construct

(Fig. 3a, b, red). In scalar-based experiments, which select

for protein segments that are mobile on the nanosecond

timescale (Andronesi et al. 2005; Renault et al. 2011),

protein signals were observed but the peak positions did

not correspond to the chemical shift assignments that we

obtained in solution (Fig. 3c). Likely, this signal stems

from unfolded or misfolded P5. Taken together, these

findings confirmed that P5 folding critically depends on the

Fig. 4 ssNMR labeling schemes used in this study shown on the

sequence of the BamA TM domain. The topology and secondary

structural elements (b-strands, a-helices, periplasmic and extracellu-

lar loops, taken from crystal structure of the E. coli BamA TM

domain, PDB 4N75) are indicated at the top. The residues are color

coded according to the labeling: red 13C,15N-labeled; blue 13C-

labeled; green 15N-labeled. Sequential contacts of labeled residues are

shown underlined. Labeling schemes GS(C)AVLTI are combined

into one row with cysteine residues in grey
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interface with P4, even when associated with the mem-

brane-embedded BamA part and that the domains as a

whole are relatively rigid in this sample preparation, as we

observed in previous work (Sinnige et al. 2014a).

Finding unique sequential correlations using a minimal

forward labeling scheme

We subsequently set out to obtain de-novo ssNMR resonance

assignments of the membrane-embedded b-barrel domain of

BamA. We initially chose to label only three residue types to

obtain a minimum of sequential correlations (Fig. 4, first

lane). For this forward labeling strategy, U-13C,15N Val, Leu

and Lys were added to the culture medium. The resulting

BamA (VLK) sample should reveal the unique sequential

contacts VVL, KK, LV and KL within the TM domain. To

further limit spectral overlap in the dipolar-based spectra, we

utilized the construct BamA P5-TM, in which signals from

P5 were not observed as shown above.

Based on a set of 2D experiments, we could identify and

partially assign the sequential correlations from residue

pairs K580-L581, V628-V629-L630 and K792-K793

(Fig. 5). These residues are located in b-strand 8, b-strand

11, and the b-strand 15/extracellular loop 8 boundary

region, respectively (vide infra).

More extended labeling scheme at high spectral

resolution

Next, we extended the isotope labeling to other residue

types. We selected residues GSCAVLTI because they can

easily be identified by virtue of their 13C chemical shift

correlations (see Figs. 3, 4). We combined forward label-

ing of Thr and Ile and reverse labeling of the amino acids

Fig. 5 Assignments of unique

sequential correlations in BamA

P5-TM (VLK) reconstituted in

DLPC at LPR 21:1 sample

based on 2D ssNMR spectra. 2D
13C,13C spectra were recorded

with PARIS mixing times of

40 ms (blue, top) and 150 ms

(black, top); the 2D NCACX

(middle) and NCOCX (bottom)

spectra were recorded with a

40 ms PARIS mixing time.

Grey lines and bars indicate

intra- and inter-residue

correlations that led to the

assignments that are labeled in

the spectra. Experiments for

intra-residue correlations

(13C,13C with short mixing time

and NCACX) were recorded at

15 kHz MAS, whereas the

experiments for sequential

contacts were recorded at

11 kHz MAS. In all

experiments the effective

sample temperature was kept at

-2 �C
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DEFHKMNPQRYW. Unfortunately, this strategy resulted

in nitrogen scrambling. Indeed, glutamine and glutamate

are subject to transamination in E. coli metabolism, and

scrambling of the 14N atoms of these reverse labeled amino

acids caused an overall decrease in 15N signal intensity.

Consequently, the 3D NCOCX experiment was not feasi-

ble, but instead a 3D NCACX was recorded that was

helpful to assign spin systems. This spectrum (Fig. 6a) was

well resolved and individual spin systems could be traced

to their respective amino-acid types. Interestingly, BamA

contains only two cysteine residues located in the extra-

cellular loop 6 (eL6) that presumably form a disulfide bond

(Rigel et al. 2013). However, the chemical shift values that

were measured experimentally did not correspond to oxi-

dized cysteines (Fig. 6b), suggesting flexibility of this part

of eL6 (vide infra).

Identification of residues in BamA’s extracellular

loop 6

Since the combination of reverse and forward labeling

resulted in nitrogen scrambling, we subsequently opted

for forward labeling of residues GSAVLTI. Because the

two cysteine residues were not observed previously, this

amino acid was not further included. This labeling

strategy was applied to the BamA P4P5-TM construct.

We note that including an additional POTRA domain did

not affect the resonances from the TM domain (see

Fig. 3a, b).

By analyzing 2D 13C,13C spectra recorded with dif-

ferent mixing times (Fig. 7), the 3D NCACX discussed

before (see Fig. 6), a 2D NCOCX data set (not shown), as

well as a 3D NCOCX recorded on a sample with reverse

labeling of the residues VLKY (not shown), the unique

sequential stretches T667-I668-G669 and T600-I601 could

be assigned. Remarkably, the stretch T667-I668-G669 is

located in the extracellular loop 6 (eL6), which we spec-

ulated to be dynamic (see also Rigel et al. 2013). How-

ever, in the crystal structures of BamA from N.

gonorrhoeae, H. ducreyi and E. coli, the loop partially

folds back into the b-barrel (Albrecht et al. 2014; Ni et al.

2014; Noinaj et al. 2013). Notably, the assigned TIG

stretch is very close to the conserved motif VRGF, which

is locked to the wall of the b-barrel by several interactions

in the crystal structures.

To examine eL6 and in particular the VRGF motif in more

detail, we designed a tailored labeling strategy to be able to

unambiguously assign these residues. We labeled BamA

P4P5-TM with 13C-Val, 13C,15N-Arg and 15N-Gly and Ser,

leading to V-R/S/G and R–R/G sequential contacts in 2D

NCO and NCOCX experiments (Fig. 8, see also Fig. 4).

Comparison with solution NMR assignments of P4P5 cor-

roborated the labeling strategy (Fig. 8, orange symbols). In

addition, several cross-peaks were present that could be

attributed to the TM domain, yet not all predictions matched

well enough to serve as starting points for sequential

assignment (Fig. 8, purple symbols). On the other hand, the

2D NCOCX experiment lacked many cross-peaks (Fig. 8,

Fig. 6 a 2D planes extracted from the 3D NCACX spectrum

recorded with a 30 ms PARIS mixing time on the BamA P5-TM

(GSCAVLTI) sample reconstituted in DLPC (LPR of 8:1). b Close-up

of a 2D 13C,13C experiment recorded with a 30 ms mixing time

showing the expected position of the Ca–Cb correlation for oxidized

cysteine in random coil conformation (black cross; grey box indicates

the standard deviation) (Wang and Jardetzky 2002). The spectra were

acquired at 13 kHz MAS and an effective sample temperature of -

2 �C
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right) due to the limited sensitivity of the experiment and

potentially to the presence of protein dynamics. However,

V660-R661 from the VRGF motif (random coil) and V733-

R734 (b-strand) could be tentatively assigned based on

their different secondary structures (Wang and Jardetzky

2002).

All ssNMR assignments obtained for the BamA TM

domain from the different samples are listed in

Table 2. The resulting conformation-dependent

secondary chemical shifts based on Ca and Cb

assignments (Fig. 9a) are in good agreement with the

crystal structure of the E. coli BamA TM domain (see

Fig. 4) (Ni et al. 2014). The only exception is K793

that showed a b-strand rather than random coil value,

but this residue is located at the tip of b-strand 15

(Fig. 9b). Possibly, this b-strand is slightly elongated

in our proteoliposomal BamA preparations. In addi-

tion, the I668 residue located in eL6 showed a rather

Fig. 7 2D 13C,13C correlation spectra recorded with 30 ms (cyan)

and 150 ms (black) PARIS mixing times on the BamA P4P5-TM

(GSAVLTI) sample reconstituted in DLPC (LPR 10:1). The sequen-

tial correlations between T667 and I668 are labeled and connected

with grey lines. Orange dots indicate FANDAS predictions

(Gradmann et al. 2012) for sequential correlations based on solution

NMR assignments of P4P5. The experiment with 30 ms mixing was

recorded at 13 kHz MAS frequency, whereas the experiment with

150 ms mixing was recorded at 11 kHz. In both cases the effective

sample temperature was set to -2 �C

Fig. 8 Sequential correlations from BamA P4P5-TM labeled with
13C-Val, 13C,15N-Arg and 15N-Gly and Ser and reconstituted in DLPC

at LPR 10:1. Shown are a 2D NCO spectrum (left panel), and an

overlay of a 2D NCOCX (right panel, black) and a 2D NCA (right

panel, cyan). Squares and triangles represent predicted inter-residue

and intra-residue correlations, respectively (orange: P4P5; purple:

TM domain). Labels indicate tentative sequential assignments based

on secondary structure. Spectra were recorded at 11 kHz MAS (NCO,

NCOCX) or 13 kHz MAS (NCA) and an effective sample temper-

ature of 4 �C
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a-helical secondary chemical shift, although it has a

random coil conformation in the crystal structures

(Fig. 9b).

Discussion

Critical POTRA domain–domain interactions

in solution and solid-state

In this work, we applied a combination of solution and solid-

state NMR experiments to obtain resonance assignments for

the outer membrane protein BamA. We showed that solution

NMR resonance assignments of the soluble construct com-

prising POTRA domains 4 and 5 superimpose well to the

ssNMR data recorded on membrane-embedded BamA con-

structs. Remarkably, we found that P5 in isolation or

attached to the b-barrel was not correctly folded, most likely

due to the lack of a stabilizing interface with P4. It is inter-

esting to note that BamA with only P5 is functional in N.

meningitidis (Bos et al. 2007), suggesting that the require-

ment for stabilization by P4 can vary among different spe-

cies. Contrary to our results, a recently published crystal

structure of E. coli BamA P5-TM showed a folded P5 domain

in the absence of P4 (Albrecht et al. 2014). In this structure

however, P5 was highly stabilized by crystallographic con-

tacts involving residues in exactly the region that we judged

to be unfolded in our NMR experiments (Fig. 1b, Fig. S1b,c).

This provides a likely explanation for the seemingly con-

flicting results and highlights the importance of studies on

non-crystalline, membrane-embedded systems.

Solid-state NMR assignments of the BamA TM domain

using specific labeling schemes

With its 390 residues, the TM domain of BamA is larger than

any protein for which site-specific resonance assignments

have been obtained using MAS ssNMR on unoriented sam-

ples. Moreover, we included one or two POTRA domains,

leading to constructs of 465 and 547 residues, respectively

(Fig. 1a). To limit spectral crowding and NMR assignment

ambiguities, we used sparse labeling schemes with selec-

tively labeled amino acids, VLK and GSAVLTI, that

enabled the assignment of several short sequential stretches

in the BamA TM domain based on 2D and 3D ssNMR

experiments (Table 2). These residues are located in b-

strands, at the beginning of extracellular loops and in the

extracellular loop 6 (eL6) (Fig. 9b). Experimental secondary

chemical shifts are in good agreement with secondary

structural elements found in the crystal structure of the E. coli

BamA TM domain (PDB 4N75), although b-strand 15

appeared elongated, as K793 was found to be in a b-strand

conformation in our experiments, whereas it is the first res-

idue of eL5 in the crystal structure (Fig. 9b).

More extended assignments could be achieved by

labeling with precursors such as 1,3-13C and 2-13C glycerol

(Higman et al. 2009) or 1-13C and 2-13C glucose (Loquet

et al. 2011) that have been applied in ssNMR assignments

of membrane proteins and fibrils. These methods have the

advantage that spectral resolution is further improved by

elimination of 13C scalar couplings. Such labeling schemes

can be expected to yield high-resolution spectra for BamA,

but they rely on a well-characterized uniformly labeled

sample and seem to be more useful in later stages of

finalizing the assignments and collecting distance restraints

for structure determination. Similar considerations may

apply to the use of proton-detected solid-state NMR

approaches that do not require membrane protein unfolding

that we have already described in the context of BamA

(Sinnige et al. 2014b) or the membrane-embedded ion

channel KcsA (Weingarth et al. 2014).

Table 2 ssNMR chemical-shift (CS) assignments of the BamA b-

barrel in DLPC bilayers

Residue Atom CS (ppm) Residue Atom CS (ppm)

K580 N 118.2 L630 CA 52.3

K580 CA 50.9 L630 CB 44.0

K580 CB 34.2 L630 CG 27.2

K580 CD 28.0 L630 CD1 25.8

K580 CG 25.2 L630 CD2 20.6

K580 CE 43.2 V660 CO 173.9

K580 CO 175.8 V660 CA 60.5

L581 N 121.3 R661 N 126.6

L581 CA 54.0 T667 CB 70.5

T600 CO 172.2 I668 N 115.9

T600 CA 61.7 I668 CA 64.2

T600 CB 72.3 I668 CB 37.0

T600 CG 22.4 I668 CG1 30.0

I601 N 130.1 I668 CG2 15.2

I601 CA 61.3 I668 CD1 12.6

I601 CB 38.8 I668 CO 176.6

I601 CG1 29.9 G669 N 111.8

I601 CG2 17.7 G669 CA 45.8

I601 CD1 15.0 V733 CO 174.5

V628 CA 60.2 V733 CA 59.6

V628 CB 37.9 R734 N 129.8

V629 N 126.7 K792 CA 56.6

V629 CA 61.5 K793 N 122.2

V629 CB 33.5 K793 CA 54.8

V629 CG 22.2 K793 CB 36.2

L630 N 130.5

Assignments with high confidence based on sequential correlations in

at least two experiments; italics: tentative assignments based on

secondary structure
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Fig. 9 a Secondary chemical shifts of BamA TM residues for which

Ca and Cb were assigned (or only Ca for glycine). DCa/b = Ca/b -

Ca/b,rc (Wang and Jardetzky 2002). Positive values are indicative of

a-helical conformation; while negative ones suggest b-strand

conformation. b Assigned residues are shown as sticks on the

E. coli BamA TM domain (PDB 4N75) (Ni et al. 2014). Purple

residues are located in extracellular loops (eL); blue residues in

b-strands

Fig. 10 a Overlay of available

BamA crystal structures with

eL6 colored (E. coli PDB 4C4V

blue; E. coli PDB 4N75 cyan; N.

gonorrhoeae PDB 4K3B

purple; H. ducreyi PDB 4K3C

yellow). The conserved VRGF/

Y motif is shown in sticks and

the expected disulfide bond in

E. coli BamA that is not

resolved in the crystal structures

is indicated with an orange line.

b Labeling of b-strands 1 and 16

resulting from the amino acid

schemes GSAVLTI (blue) and

VLK (orange) shown in sticks

on the E. coli BamA TM

structure (PDB 4N75). Residues

indicated in black form

sequential correlations in one of

the labeling schemes, whereas

those in grey are isolated in the

individual labeling schemes.

c Hypothetical model of

conformational changes within

BamA. In steady-state, the

BamA b-barrel is in equilibrium

between an open and closed

conformation, whereas eL6

(black) is folded back inside the

b-barrel. In presence of a

substrate (red), the POTRA

domains may undergo a

conformational change and eL6

is displaced
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Implications for BamA dynamics

The long extracellular loop 6 is crucial for BamA function

(Leonard-Rivera and Misra 2012; Noinaj et al. 2013) and

has been proposed to undergo a conformational change

related to substrate-insertion (Rigel et al. 2013). A short

stretch from eL6, T667-I668-G669, was assigned using the

GSAVLTI labeling strategy. We further examined this loop

using an even sparser labeling scheme involving amino

acids that are only 15N or 13C labeled, and targeting at the

conserved VRGF motif in eL6. Using this strategy, we

obtained tentative assignments for V660-R661 from the

conserved motif. These results suggest that this part of eL6

is rigid on a timescale of milliseconds and faster. In all

BamA crystal structures currently available (Albrecht et al.

2014; Ni et al. 2014; Noinaj et al. 2013), eL6 similarly

folds back into the b-barrel, where the conserved VRGF

motif is stabilized by interactions with the b-barrel wall

(Fig. 10a). Perhaps, binding of the substrate is required for

a conformational change in eL6 to occur. Also the lipo-

proteins BamD and BamE have been implied in confor-

mational cycling of BamA between a protected and

exposed eL6 (Rigel et al. 2013). However, the part of eL6

that protrudes further away from the b-barrel may be more

mobile in our sample preparations. The two cysteine resi-

dues that are present in the insertion in eL6 of E. coli

BamA and supposedly form a disulfide bond (Rigel et al.

2013) were not observed in our experiments, in agreement

with lacking electron density in the crystal structures

(Fig. 10a).

Remarkably, most of the assigned residues map to the

side of the BamA TM domain where eL6 is coordinated

(Fig. 9b). Clearly, these results may be biased by the

choice of labeling schemes and the fact that spectrally

resolved chemical shifts can be more readily assigned, but

they do imply that this part of the domain is altogether

rigid. On the other hand, no residues around the proposed

lateral gate (Noinaj et al. 2013) between b-strands 1 and 16

could be assigned in this study, although with the labeling

schemes VLK and GSAVLTI, a significant portion of the

terminal b-strands was labeled in our experiments

(Fig. 10b). Whether these residues could not be assigned

because of spectral crowding and sequence ambiguity, or

as a consequence of dynamics (Fig. 10c), remains to be

determined. A tailored labeling scheme to probe specific

sequential residues in b-strands 1 and 16, possibly in

combination with proton detection (Sinnige et al. 2014a),

should lead to further assignments.
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