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ABSTRACT The outer membrane of Gram-negative bacteria presents a robust physicochemical barrier protecting the cell from
both the natural environment and acting as the first line of defense against antimicrobial materials. The proteins situated within the
outer membrane are responsible for a range of biological functions including controlling influx and efflux. These outer membrane
proteins (OMPs) are ultimately inserted and folded within the membrane by the b-barrel assembly machine (Bam) complex. The
precise mechanism by which the Bam complex folds and inserts OMPs remains unclear. Here, we have developed a platform for
investigating Bam-mediated OMP insertion. By derivatizing a gold surface with a copper-chelating self-assembled monolayer,
wewere able to assemble a planar system containing the complete Bamcomplex reconstitutedwithin a phospholipid bilayer. Struc-
tural characterization of this interfacial protein-tethered bilayer by polarized neutron reflectometry revealed distinct regions consis-
tent with known high-resolution models of the Bam complex. Additionally, by monitoring changes of mass associated with OMP
insertion by quartz crystal microbalance with dissipation monitoring, we were able to demonstrate the functionality of this system
by inserting two diverseOMPswithin themembrane, pertactin, and OmpT. This platform has promising application in investigating
themechanism of Bam-mediatedOMP insertion, in addition toOMP function and activity within a phospholipid bilayer environment.
SIGNIFICANCE The b-barrel assembly machinery (Bam) complex is responsible for folding and inserting Outer
Membrane Proteins (OMPs) into the Gram-negative outer membrane (OM). However, the precise mechanism of Bam-
mediated OMP insertion remains uncertain. Here, using established chemistry, we have tethered the complete pentameric
Escherichia coli Bam complex to functionalised gold surfaces, prior to reconstitution within a planar phospholipid bilayer.
Polarized neutron reflectometry with selective deuteration has revealed colocalization of phospholipids with the
transmembrane domain, orientational control over the reconstituted complexes and structures comparable to high-
resolution models. Furthermore, we have demonstrated the activity of the reconstituted complex in inserting functional
OMPs into the membrane. These data report the development of a robust and powerful platform for investigating Bam-
mediated OMP insertion which is compatible with benchtop surface-sensitive techniques.
INTRODUCTION

Gram-negative bacteria contain an extracytoplasmic outer
membrane (OM) that is unique in both its constitution and
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function. Within its makeup there is an asymmetrical assem-
bly of phospholipid on the inner leaflet and lipopolysaccha-
ride on the outer leaflet, with lipoproteins on both sides of
the membrane and integral membrane proteins that have a
unique b-barrel fold. This organization presents a major to-
pological problem, all components are synthesized in the
cytoplasm and must therefore traverse both the inner mem-
brane and the periplasm to reach their site of function. In
the case of integral OM b-barrel proteins (OMPs) this is
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achieved by means of translocation in an unfolded form
across the inner membrane (IM) via the secretory pathway
(SEC) machinery, then ferried across the periplasm in a
nonnative but folding-component state via a suite of peri-
plasmic chaperones. At the OM the insertion and assembly
of OMPs is mediated by the ubiquitous and essential b-bar-
rel assembly machine (Bam) complex.

How this essential complex functions to fold/insert the
myriad OMPs found in the OM is still unclear. OMPs are
diverse, with varying numbers of b-strands (8–26 in
Escherichia coli) and often with the presence of periplas-
mic/extracellular extramembranous domains. They can be
monomeric, consist of small assemblies (dimers, trimers,
etc.) or form oligomeric structures (up to 60 stranded pores).
They can have varying copy numbers, some low or absent
under standard growth (e.g., OmpN (1–4)) conditions,
whereas others have in excess of >100,000 copies per cell
(e.g., OmpA (1)). Furthermore, the OM is devoid of an en-
ergy source, so folding occurs in an apparently energy-inde-
pendent fashion.

In E. coli, the Bam complex is composed of BamA and
four lipoproteins BamB, BamC, BamD, and BamE. BamA
forms the core of this complex and is an evolutionary
conserved OMP with an N-terminal periplasmic domain
containing five amino-terminal polypeptide transport asso-
ciated repeats attached to a C-terminal b-barrel domain
embedded in the membrane. Of the four accessory lipopro-
teins, only BamD is essential in wild-type cells, and is
believed to regulate OMP engagement (5) but all are needed
for efficient and correct insertion of OMPs into the OM (6).

Current theory postulates four possible models for Bam
complex mediated protein folding: 1) the Bam-assisted
model, whereby Bam plays a passive role in OMP
folding/insertion and functions to target nascent OMPs to
a destabilized bilayer produced by its barrel domain (7);
2) the Bam budding model, whereby the nascent OMP bar-
rel grows laterally in to the membrane after templating onto
the barrel of BamA (7,8); 3) the swing/elongation model,
whereby partial folding/elongation of the OMP occurs in
the periplasm on binding to BamA, followed by a
conformational change that inserts the folded OMP into
the membrane (9,10); and 4) the lumen-catalyzed model,
whereby substrates fold against the interior wall of the
BamA barrel (11).

From known x-ray crystal structures (12–22), NMR
(23–27), small angle x-ray scattering (22,23), and pulsed
electron-electron double resonance (PELDOR) (28) spec-
troscopy, the Bam complex can adopt multiple conforma-
tions, both within the barrel, adopting both laterally open
and closed conformations, and within the periplasmic region
with the polypeptide-associated-transport (POTRA) repeats
showing significant conformational flexibility; however, the
significance of these are yet to be fully determined, espe-
cially because much of this work was performed using
either using full or fragments of BamA in isolation or the
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complex in a detergent background, which does not always
reflect accurately the processes occurring within the mem-
brane. Greater understanding of the structural changes that
occur and the role the Bam subunits play in folding the
diverse array of OMPs into the membrane is therefore a ma-
jor research goal. Furthermore, increased understanding of
Bam-mediated protein folding could lead to the develop-
ment of novel antibiotics. Indeed, the Bam complex is a sig-
nificant new target for antimicrobial development as it is
essential for membrane biogenesis in Gram-negative patho-
gens such as Neisseria meningitidis, Acinetobacter bauman-
nii, and Pseudomonas aeruginosa.

In this study we sought to develop a system that could be
used to study Bam complex mediated protein folding at the
nanoscale level. Using a combination of quartz crystal mi-
crobalance with dissipation monitoring (QCM-D), activity
assays and isotopic contrast neutron reflectometry we
show tethering of the complete Bam complex to a Cu2þ-ni-
trilotriaceticacid (Cu2þ-NTA) derivatized gold surface,
bilayer membrane reconstitution and show that the complex
is active by monitoring folding of two outer membrane pro-
teins, OmpT, a classical b-barrel protein and pertactin (Ptn),
an autotransporter. Precise measurements of the complex
within the membrane provide details of the extent the peri-
plasmic domain protrudes within the periplasm, while using
specific deuteration we show the position of BamCDE.
Together these results provide a basis of an assay system
for studying Bam-mediated protein folding at the nanoscale
level and provide additional insight into Bam complex
mediated protein folding.
MATERIALS AND METHODS

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was obtained

from Avanti Polar Lipids (Alabaster, AL). All phospholipid samples were

used without further purification. Buffer salts and deuterium oxide (D2O)

were sourced from Sigma-Aldrich (Gillingham, UK) or Thermo Scientific

(Loughborough, UK). n-Dodecyl b-D-maltopyranoside (DDM) and octyl b-

D-glucopyranoside (b-OG) were sourced from Anatrace (Maumee, OH,

USA) and used without further purification. Silicon crystals (50 � 80 �
20 mm) with a polished 80 � 50-mm face (111 orientation) were obtained

from Pi-Kem (Tamworth, UK).
Plasmid construction

Plasmids containing E. coli BamAB (pSK38), BamCD (pSK46) were kindly

provided by Daniel Kahne. pSK38 was modified slightly to include a

9-residue histidine tag into loop 7 of the BamA barrel between residues

Q753-Y754 and termed pSK389H encoding BamA(L7H9)B. A plasmid con-

taining E. coli BamE was chemically synthesized (Genscript (Leiden, the

Netherlands)) lacking sequences corresponding to both the N-terminal signal

sequence and cysteine to prevent acylation. This sequence was inserted into

pET16b between restriction sites NdeI and XhoI yielding a protein with a

Factor Xa cleavable N-terminal deca-histidine tag (Pet-BamE-Nhis).

A plasmid containing E. coli SurA (pET-SurA) was chemically synthe-

sized (Genscript), lacking its N-terminal signal sequence, and cloned into
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pET28b between restriction sites NdeI and XhoI yielding a protein with a

thrombin cleavable N-terminal His-tag. A plasmid containing E. coli

OmpT (pET-OmpT) was chemically synthesized (Genscript) and cloned

in to pET26b between restriction sites NdeI and XhoI to yield the wild-

type sequence lacking its N-terminal signal sequence and without a His-tag.

A plasmid containing B. pertussis Ptn was chemically synthesized (pET-

Pert) (Genscript) to lack its N-terminal signal sequence and cloned in to

pET21b between restriction sites NdeI and XhoI yielding the WT protein

sequence with no purification tag.
Protein production and purification

BamA(L7H9)BCDE was expressed from its constituent parts, BamA(L7H9)B,

BamCD and BamE to allow partial deuteration of the Bam complex

yielding the following samples hBamA(L7H9)BCDE (fully protonated) and

hBamA(L7H9)BdCDE (BamCDE deuterated), as detailed in the Supporting

materials and methods. Expression and purification of SurA, OmpTand Ptn

are detailed in the Supporting materials and methods.
Fluorescence activity assay

Fluorescence activity was based on the method of Iadanza et al. (14). Briefly

BamA(L7H9)BCDE (5mg) inDDMwasmixedwithE. colipolar lipidfilmssol-

ubilized in 500mLTBS, 0.05% (w/v)DDMat a ratio of 2:1 (w/w) lipid/protein

anddialyzed extensively against 20mMTris (pH8), 0.01%(w/v) sodiumazide

at 20�C for 7 days. Resultant proteoliposomes were either flash frozen and

stored at �80�C or used for the activity assay. The assay was performed by

mixing equal volumes of two subreactions; one containing 1.28 mM Ba-

mA(L7H9)BCDE proteoliposomes in the presence of 200 mMof the fluoropep-

tideAbz-Ala-Arg-Arg-Ala-Tyr(NO2)-NH2 (peptide synthetics) and the other a

mixture of 10 mMOmpTand 30 mMSurA in 20mMTris (pH 8), 1.75M urea.

Each subreaction was incubated separately for 15 min before mixing. All

OmpT-folding reactions were carried out in 100 mL final volumes. Fluores-

cence emission was observed following excitation at 325 nm and monitored

at 430 nm using a Clariostar fluorometer (BMG Labtech (Aylesbury, UK)

with continuous readings for 5 h.
Functionalization of gold surfaces with DTSP-
ANTA-Cu2D

Surface modification was based on the method of Hughes et al. (29). Briefly,

QCM-D sensors with gold-surface coating (Biolin Scientific, Gothenburg,

Sweden) were cleaned by ultraviolet-ozone treatment for 10 min then

immersed in a 5:1:1 solution of H2O/H2O2 (25%)/NH4OH (30%) heated to

75�C for 5min. The sensorswere then rinsed in ultrapurewater, dried, and sub-

ject to a final ultraviolet-ozone treatment for 10 min. Functionalization was

then performed based on the method of Giess to introduce a nitrilotriacetic

acid surface (30). Briefly, surfaces were immersed in a solution of 2 mg/mL

dithiobis (N-succinimidyl propionate) (DTSP) in anhydrous DMSO for

30 min, then rinsed extensively with anhydrous DMSO, ultrapure water, and

ethanol and then dried in a stream of nitrogen. The surfaces were then

immersed for 2 h in a solution of 150 mM N-(5-amino-1-carboxypentyl) imi-

nodiacetic acid (ANTA) buffered to pH 9.8 with 0.5 M K2CO3, then washed

with ultrapure water. To charge the surface with Cu2þ, 40mM CuSO4 in

50 mM sodium acetate buffer was added and left to incubate for 30 min.

The surfaces were then washed with ultrapure water and dried in a stream of

nitrogen.
QCM-D

QCM-D was performed using a Q-sense Analyzer QCM-D System (Biolin

Scientific, Gothenburg, Sweden). Sensors were mounted into a temperature-

controlled flow cell at 20�C attached to a calibrated peristaltic pump and
filled with ultrapure H2O. A flow rate of 0.1 mL/min was used throughout

unless otherwise stated. Frequency and dissipation changes (Df and DD)

were monitored using multiple harmonics (n¼ 3, 5, 7, 9, 11, 13) of the reso-

nant frequency. A baseline was acquired for 5 min in H2O to allow for tem-

perature equilibration before the measurement was started. Buffer was

exchanged for b-OG buffer (50 mM Tris (pH 8), 150 mM NaCl, 25 mM

b-OG) for 10 min hBamA(L7H9)BCDE or hBamA(L7H9)BdCDE was diluted

to 0.1 mg/mL in the same buffer and injected into the flow cell to bind to the

DTSP-ANTA-Cu2 þ functionalized surface. Once the Df3 (change in fre-

quency of the third harmonic) reached �40 Hz, an arbitrary value chosen

for consistency and to limit surface saturation by BamA(L7H9)BCDE (e.g.,

to provide adequate space for lipid coverage), excess BamA(L7H9)BCDE

was removed by washing with b-OG buffer for 20 min. Mixed POPC and

b-OG micelles were prepared by resuspension of a desiccated POPC film

in 25 mM b-OG, 20 mM Tris (pH 8), 100 mM NaCl to a concentration

of 0.2 mg/mL and subsequent sonication for 30 min to ensure homogeneity.

POPC/b-OG mixed micelles were injected into the QCM-D flow cells for

15 min to allow for detergent to exchange for phospholipids. POPC small

unilamellar vesicles (SUVs) were prepared by resuspension of a desiccated

POPC film in 20 mM Tris (pH 8), 100 mM NaCl to a concentration of

0.2 mg/mL and subsequent sonication for 30 min until an optically trans-

parent solution was obtained. The formation of SUVs of �50-nm diameter

was confirmed by dynamic light scattering. POPC SUVs were then flowed

over the bound BamA(L7H9)BCDE for 10 min to deposit a supported bilayer

as indicated by the characteristic initial adsorption and subsequent rupture

of vesicles indicative of bilayer deposition (31). The surfaces were thor-

oughly washed for 20 min in 50 mM Tris (pH 8), 150 mM NaCl to ensure

excess phospholipids had been removed. To enable Bam-mediated OMP

insertion the buffer was exchanged with 20 mM Tris (pH 8), 150 mM

NaCl, 20 mM imidazole, 0.8 M urea. Imidazole to prevent nonspecific bind-

ing, and urea to prevent aggregation of unfolded OMPs, as used by others in

liposome-based assays (14,32). Folding was initiated by the injection of

either OmpT or pertactin at a concentration of 0.4 mM in the presence of

4 mM SurA in 20 mM Tris (pH 8), 100mM NaCl, 20 mM imidazole,

0.8 M urea into the cell at a flow rate of 0.1 mL/min. Excess OMP was

removed by washing the surfaces in 20 mM Tris (pH 8), 100 mM NaCl,

20 mM imidazole, 0.8 M urea, then into 20 mM Tris (pH 8), 100 mM

NaCl, allowing a measured response to be obtained.

Because of the large dissipation shifts observed with QCM-D, the Ba-

mA(L7H9)BCDE-containing films were not considered rigid. We made the

assumption that these films were laterally homogeneous, as supported by

our neutron reflectometry analysis, andperformedviscoelasticmodeling to es-

timate themass changes at the surface in response to each analyte.Viscoelastic

modeling was performed using Dfind software (Biolin Scientific). Frequency

and dissipation values of the 3rd, 5th, 7th, 9th, 11th, and 13th harmonics were

modeled using the included ‘‘Broadfit’’ viscoelastic modeling algorithm, with

data collected for 20 mM Tris (pH 8), 100 mM NaCl, 25 mM b-OG in the

absence of protein and 20mMTris (pH 8), 100 mMNaCl, 20 mM imidazole,

and 0.8 M urea used as reference value. In line with Reviakine et al. (33) the

assumption that the interfacial material is laterally homogeneous with a den-

sity similar to that of the bulk solvent, at 1000 g/L wasmade (33). The density

of the bulk solvent was held constant at 1006 g/L, taking into account the den-

sity of water at 293 K and buffer components.
In-situ, surface-tethered fluorescence activity
assay

BamA(L7H9)BCDE was adsorbed onto a DTSP-ANTA-Cu2þ functionalized

gold QCM-D sensor surface, reconstituted into a POPC bilayer, and inter-

acted with SurA and OmpT as described above. The assembly procedure

was monitored using QCM-D to ensure a representative interfacial assem-

bly had been achieved. Control depositions were also conducted, where

either BamA(L7H9)BCDE was not introduced (resulting in a POPC bilayer

which was subsequently interacted with SurA and OmpT), or Ba-

mA(L7H9)BCDE was fully reconstituted, but not interacted with SurA and
Biophysical Journal 120, 5295–5308, December 7, 2021 5297
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OmpT. Following formation of the interfacial assembly, 100 mM of the flu-

oropeptide Abz-Ala-Arg-Arg-Ala-Tyr(NO2)-NH2 (peptide synthetics) was

prepared in 20 mM Tris (pH 8), 100 mM NaCl, and 4 mL independently

recirculated over each sensor surface for 24 h in the absence of light. After

24 h, the fluorescence intensity at 430 nm following excitation at 325 nm

was measured in sextuplicate using a Fluostar Omega fluorimeter (BMG

Labtech). The fluorescence intensity of each sample was normalized to

the fluorescence of a sample of the peptide solution that had not been in-

jected into the flow cell. All experiments were performed to n ¼ 3, and sig-

nificance assessed by means of a one-way ANOVA using GraphPad Prism.
Polarized neutron reflectometry

Polarized neutron reflectometry (PNR) was used to examine the structure

across the silicon/water interface. Measurements were undertaken on the

POLREF reflectometer at the Rutherford Appleton Laboratory (Oxford-

shire, UK). This instrument measures the reflection of white beams of neu-

trons (34) and is able to operate in a polarized mode; i.e., examine the

reflection of a single neutron spin state from a sample surface (which

was used for the analysis of the majority of samples discussed here). Polar-

ization was achieved by the use of a polarizing mirror upstream from the

sample that selects for a single neutron spin state and a spin flipper which

is used to alternate the polarization of the mirror reflected beam. Specular

NR measures the neutron reflection as a function of the angle and/or wave-

length of the beam relative to the sample (35,36). The reflected intensity

was measured as a function of the momentum transfer, Qz (Qz ¼ (4p sin

q)/l where l is wavelength and q is the incident angle). The white beam in-

struments are able probe a wide area of Qz space at a single angle of reflec-

tion because of the use of a broad neutron spectrum. Therefore, to obtain

reflectivity data across a Qz range of �0.01–0.3 Å�1, glancing angles of

0.25,0.5, 1.25, and 2.5� were used with neutron wavelengths of 2–12 Å.

Piranha-acid-cleaned silicon crystal substrates (50 � 80� 15 mm) with a

polished 80� 50-mm face (111 orientation, surface roughness (RMS)�3 Å)

were ozone-cleaned and sequentially sputter coated with permalloy

(Ni80Fe20) and gold at the National Institute of Standards and Techniology

(NIST) center for Nanoscience and Technology, Gaithersburg, MD, in a Den-

ton Discovery 550 sputtering chamber (Denton Vacuum, Moorestown, NJ,

USA)(37,38). Permalloy/gold-coated silicon surfaces were functionalized

with DTSP-ANTA-Cu2þ using the method described above. These were

then placed in solid/liquid flow cells specifically built for the analysis of

the solid liquid interface by neutron reflectometry and placed on a variable

angle sample stage in the NR instrument (35). The samples are placed in a

magnetic field, which orients the magnetic moment of the permalloy layer

on the silicon surface, the neutron spin is then manipulated such that it is

either parallel or antiparallel to the magnetization of the permalloy layer.

The inlet to the liquid cell was connected to a liquid chromatography

pump (L7100 HPLC pump; Merck (Gillingham, UK), Hitachi (Tokyo,

Japan)), which was used for programmable control change of solution

H2O/D2O mixtures and solution changes. A flow rate of 1.5 mL/min was

used throughout. Bam complex adsorption and reconstitution was performed

following the method described for QCM-D experiments above.
Neutron reflectometry data analysis

The magnitude of neutron-scattering length varies randomly across the pe-

riodic table (35). Some isotopes, most usefully the hydrogen isotopes pro-

tium and deuterium, have different neutron-scattering lengths. The use of

differential hydrogen isotope labeling of samples for neutron-scattering ex-

periments is commonly employed to collect a series of sample data sets un-

der chemically similar but isotopically different conditions. Using isotopic

labeling of the bulk solution and sample to produce multiple scattering

‘‘contrasts’’ is advantageous when analyzing complex structures, as not

only does having multiple data sets greatly limit the number of potential

structural solutions to the data when its simultaneously analyzed, but
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also, if a suitable labeling strategy is employed, the individual distribution

of components within the complex can be resolved (35). The SLDs of all

components investigated in this study are presented in Table S1.

In addition, the use of a magnetic reference layer in the sample (in the

work described here, permalloy (37)) and the collection of reflectivity

data using a spin-polarized neutron beam allowed for two distinct

reflectivity profiles to be collected (one with spin-up and one for spin-

down neutrons) for every isotopic condition examined, which additionally

constrained the data fitting.

Neutron reflectivity data were analyzed using the in-house software,

RasCal (A. Hughes, ISIS Spallation Neutron Source; Rutherford Appleton

Laboratory) that fits layer models describing the interfacial structure calcu-

lated using Abelès matrix formalism to the experimental reflectivity data

(39). In this approach the interface is described as a series of slabs, each

of which is characterized by its SLD, thickness, and roughness. The reflec-

tivity for the model starting point is then calculated and compared with the

experimental data. The model parameter values were adjusted using a Sim-

plex fitting algorithm (40) until the model and experimental data sets were

in agreement. Complete descriptions of the models used to analyze PNR

data are given in the Supporting materials and methods.

Error estimation of the fitted parameters were carried out using RasCal’s

in-built Bayesian analysis routines (41,42), with the log-likelihood function

described in terms of the overall chi-squared. In addition to the model param-

eters, the backgrounds, scale factors and instrument resolutions were also

fitted. Marginalized posteriors were obtained using a Delayed Rejection

Adaptive Metropolis algorithm, using 10,000 burn-in iterations, and

100,000 Markov-Chain Monte Carlo (MCMC) iterations, repeated three

times. Best fit parameters taken as the distribution maxima, and the uncer-

tainties displayed here were obtained from the shortest 95% confidence inter-

vals of each distribution.
RESULTS AND DISCUSSION

L7 loop modification does not interrupt activity
and allows for surface tethering

The particular architecture of the Bam complex negates the
possibility of using an N- or C-terminal hexa-histidine tag
to orientate the complex correctly onto a surface with its
periplasmic face orientated toward the solution as all termini
are periplasmic facing. Using separate constructs for Ba-
mAB, BamCD, and BamE (32) (required for specific label-
ing for neutron studies) (kindly provided by Daniel Kahne)
we engineered a histidine tag into extracellular loop 7 of
BamA. To enhance binding efficiency to planar Cu2þ-
NTA-functionalized surfaces, an extended His (9) tag was
used. BamA(L7H9)B, BamCD, and BamE were subsequently
expressed and reconstituted as per Hagan et al. (See Support-
ing materials and methods and Figs. S1–S4) (32). To ensure
that this insertion did not overly affect function we tested
Bam-mediated OMP folding using an established OmpT-
folding assay (14,32) (Fig. 1; Figs. S5 and S6). Clear activity
was noted despite the presence of the insert in the L7 loop,
suggesting the insertion did not overly affect function.
Fabrication of gold-surface-tethered planar
BamABCDE/POPC proteomembrane

Next, a combination of QCM-D and PNR were used to
examine the fabrication of a BamA(L7H9)BCDE/POPC



FIGURE 1 Preincubated solutions of urea-denatured OmpT with and

without SurAwere diluted (at t¼ 0 min) into liposomes or proteoliposomes

containing hBamA(L7H9)BCDE. Fluorescence observed following proteo-

lytic cleavage of a self-quenching fluorogenic peptide by OmpT. Data re-

corded in triplicate with mean and standard deviation (SD) shown.
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membrane complex tethered to a DTSP-ANTA-Cu2þ self-
assembled monolayer functionalized gold surface. Using
the approach of Giess et al. (30) the gold surfaces of both
quartz crystal microbalance sensor surfaces and gold-coated
silicon substrates for PNR were derivatized with a DTSP-
ANTA-Cu2þ monolayer. Cu2þ was chosen over Ni2þ due
to its higher affinity for polyhistidine tags. Fig. 2 a depicts
a schematic of the assembly process followed throughout
this study. Initially BamA(L7H9)BCDE, solubilized in b-
OG micelles is adsorbed to the DTSP-ANTA-Cu2þ func-
tionalized gold surface. Reconstitution is initiated by
exchanging b-OG for mixed micelles of b-OG and
phospholipids. Finally, phospholipid SUVs are introduced,
leading to vesicle adsorption, fusion and ultimately rupture,
resulting in a planar phospholipid bilayer containing
BamA(L7H9)BCDE.

QCM-D was used to follow the assembly process in real-
time through mass changes on the sensor surface while PNR
utilizing an isotopic and magnetic-contrast variation
approach (35) was used to structurally resolve changes in
the relative distribution of SAM, protein, lipid, and water
in the interfacial assembly.

QCM-D measurements (Fig. 2 b) showed that following
equilibration of the flow cells in b-OG containing buffer
(Fig. 2 b, i), subsequent injection of BamA(L7H9)BCDE
solubilized within b-OG micelles (Fig. 2 b, ii) leads to a
large decrease in resonant frequency and a concomitant in-
crease in dissipation, indicative of the adsorption of visco-
elastic material onto the surface. Removal of excess
BamA(L7H9)BCDE/b-OG micelles by continuous flushing
with b-OG containing buffer (Fig. 2 b, iii) leads to a small
increase in frequency, and a decrease in dissipation sug-
gesting the removal of nonspecific, weakly adsorbed spe-
cies from the surface, resulting in a more rigid
monolayer of BamA(L7H9)BCDE adsorbed to the surface.
Reconstitution of a PL bilayer around the complex was
then achieved using the approach of Tiberg et al. (43),
based on the higher aqueous solubility of the detergent
with respect to the lipid.
POPC was chosen for the lipid due to the mixed satura-
tion of the acyl chains, thermotropic properties and zwitter-
ionic headgroup providing an ideal balance between a
realistic structural analog of the E. coliOM, and amenability
for formation of supported lipid bilayers on protein func-
tionalized surfaces, even though it is not a constituent of
E. coli membrane (29,44,45). Here, a buffer containing
POPC in b-octylglucoside at a molar ratio of 1:10 was in-
jected. A slight decrease in the frequency with constant
dissipation was observed (Fig. 2 b, iv) which is consistent
with others, and is detergent dependent (46). We next in-
jected pure POPC SUVs alone resulting in a dramatic
decrease in frequency and a concomitant increase in dissipa-
tion followed rapidly by desorption and stabilization. This
behavior is characteristic of vesicular adsorption, leading
to a large increase in adsorbed mass, until a critical lipid sur-
face excess is reached, leading to vesicle fusion and rupture,
resulting in a decrease in mass (and increase in frequency)
and a more rigid film constrained by a lipid bilayer (as indi-
cated by a decrease in dissipation). The resulting stabilized
signal following washing to remove excess POPC (Fig. 2 b,
vi) showed similar values of frequency and dissipation to the
presence of adsorbed BamA(L7H9)BCDE/b-OG alone and is
presumably because of the restructuring of the environment
around the protein resulting in removal of b-OG and its
replacement with a continuous bilayer of POPC and stabiliz-
ing BamA(L7H9)BCDE, consistent with our previous find-
ings (29).

For PNR measurements, the silicon substrates were
sequentially coated with layers of permalloy (a nickel and
iron alloy) and gold. The magnetized permalloy underlayer
allowed an approach to be employed where NR was
collected with differing polarizations of the neutron beam,
being either parallel (spin up ([)) or antiparallel (spin
down (Y)) to that of the permalloy. This meant that for
each individual solution isotopic contrast collected, two
distinct data sets were obtained which differed only in the
SLD of the permalloy layer (which is a combination of nu-
clear and magnetic scattering) but not the gold/water inter-
face, which was of interest, where the SLD is dependent
only on the isotopic contribution of the interface. This
approach has been shown to allow for additional precision
in the resolution of complex interfacial architectures like
the proteolipid complexes reported here (47).

Details on the assembly and structure of hBa-
mA(L7H9)BCDE/POPC complex was examined with PNR
to provide precise details on the relative distributions of
the SAM, lipid and protein components of the interfacial
assemblage and therefore validate the model membrane sys-
tem and ascertain whether within the confines of a phospho-
lipid bilayer the Bam complex adopts a conformation
consistent with published detergent solubilized crystal
structures (12,14–16). NR is uniquely suited to study mem-
brane protein architecture within or on a lipid bilayer and is
able to provide information that is not available by other
Biophysical Journal 120, 5295–5308, December 7, 2021 5299



FIGURE 2 (a) Schematic detailing the assembly

process of surface-tethered BamA(L7H9)BCDE/

POPC sensor surfaces. (b) QCM-D data following

the assembly procedure. (c) PNR data (points) and

fits (lines) corresponding to D2O solution contrast

with both spin-up ([) and spin-down (Y) magnetic

contrasts for the functionalized gold substrates

before hBamA(L7H9)BCDE adsorption (blue), after

the adsorption of hBamA(L7H9)BCDE within b-

OG micelles (green) and upon reconstitution of

hBamA(L7H9)BCDE within a POPC bilayer (blue).

(d) SLD profiles of the complete interface

throughout the assembly process of a hBa-

mA(L7H9)BCDE/POPC proteomembrane, derived

from fits to NR data shown in (c and e). SLD profile

of the functionalized gold/water interface derived

from fits shown in (c). Shaded regions represent

95% confidence intervals determined from

MCMC resampling of the experimental data fits.
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techniques. The protein position and distribution profile
normal to the membrane surface as well as bilayer thickness
upon protein binding can be measured with precision on the
ångström scale (35,48).

Results showed the addition of hBamA(L7H9)BCDE sta-
bilized with b-OG was coincident with changes in the
PNR data (Fig. 2 c), which revealed a layer of protein
depositing adjacent to the DTSP-ANTA-Cu2þ self-assem-
bled monlayer (SAM) surface. This protein layer consisted
of a dense region close to the functionalized gold surface
and a more diffuse region next to the bulk solution
(Fig. 2, d and e).
5300 Biophysical Journal 120, 5295–5308, December 7, 2021
Once it was confirmed that protein had deposited onto the
gold/water interface POPC was added to the sample over an
increasing gradient of POPC and decreasing b-OG until
only POPC was present, followed by the removal of excess
lipid (similar to that conducted for QCM measurements).
The structure at the gold/water interface was again exam-
ined and the structure adjacent to the DTSP-ANTA-Cu2þ

SAM was now found to have changed significantly
following the interaction of the vesicles with the surface
adhered Bam complex (Fig. 2).

The hBamA(L7H9)BCDE/POPCmembrane was character-
ized in four solution contrasts: D2O, gold-matched water



FIGURE 3 (a) PNR data (points) and fits (lines) for a hBamA(L7H9)BCDE/POPCmembrane adsorbed to a DTSP-ANTA-Cu2þ functionalized gold surface,

characterized in both spin-up ([) and spin-down (Y) magnetic contrasts in D2O (red data), Gold-matched water (gold data), PrMW (green data) and H2O

(blue data) solution isotopic contrasts. SLD profiles (top panels) and component volume fraction profiles (bottom panels) corresponding to fits shown in (a),

describing (b), the complete interfacial structure and (c), the membrane-containing region. Shaded regions represent the 95% confidence intervals determined

from MCMC resampling of fits to the experimental data.

Platform for investigating OMP folding
(AuMW; 75% D2O, 25% H2O), protein-matched water
(PrMW; 36% D2O, 64% H2O) and H2O (Fig. 3 a). Models
fit to these data, found the structure of the hBa-
mA(L7H9)BCDE/POPC membrane to contain three distinct
regions (Fig. 3, b and c). These regions were identified,
moving from the gold surface to the bulk solution, as a pro-
tein only layer adjacent to the gold bound NTA SAM, a
composite protein-lipid bilayer region and a protein only pe-
ripheral membrane region facing the extracellular solution.
Table 1 lists structural parameters obtained from the fitting
of the experimental reflectivity data.

The proteinaceous region closest to the DTSP-ANTA-
Cu2þ SAMwas found to be�3 nm in thickness and presum-
ably partially composed of the nona-histidine tag binding
the BamA(L7H9)BCDE to the NTA SAM surface as well as
surface exposed extracellular loops of BamA. Adjacent to
this away from the gold surface is a lipid bilayer region of
the membrane which consists of 26þ1

�1 % POPC, 29þ1
�1 %

embedded Bam protein chain and 45þ1
�1% hydration from

the bulk solvent.
The hydration within the lipid bilayer region of the

structure is likely to be due to three factors. Firstly, de-
fects in the bilayer due to patches across the surface which
do not contain the membrane structure (49). Secondly,
there is a possibility that residual b-OG remains associ-
ated with the membrane, resulting in an increase in hydra-
tion. Given the low volume fraction of interfacial b-OG
present before reconstitution, and the subsequent dilution
below the CMC, we anticipate this factor to be negligible,
though without measurements with deuterated surfactant,
is challenging to unequivocally rule out. Finally, in a com-
posite protein-lipid bilayer the protein will have inherent
hydration. In the neutron-scattering data analysis conduct-
ed here the volume fraction of protein refers to the chain
only, i.e., no hydration is accounted for. Protein crystals
are known to contain 30% or more hydration, exempli-
fying the importance of hydration in maintaining protein
structure (50). Recently, when examining the binding of
the antibacterial protein colicin-N to a membrane surface,
MD simulations of the protein suggested that the volume
fraction of �40% protein chains was equivalent to a com-
plete coverage of the protein on a membrane surface due
to intrinsic protein hydration (51). Here, the membrane
embedded region of the protein complex is likely to be
predominantly composed of BamA (16). Volume fractions
of the protein chain embedded in the membrane and the
solution component are similar at �29 and �45%,
respectively.
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TABLE 1 Structural parameters obtained by fitting PNR data of hBamA(L7H9)BCDE/POPCmembrane tethered to an Si-Py-Au-DTSP-

ANTA-Cu2D substrate

Layer Thickness (Å) Net SLD (� 10�6 Å�2)

Component volume

fractions (%) Roughness (Å)

Si ND 2.07a Si: 100a 9:6þ0:3
�0:6

SiO2 22:2þ0:6
�0:5 4:41þ0:08

�0:12 SiO2: 100a 4:1þ0:5
�0:5

Permalloy 114:3þ0:3
�0:2 [: 9:89þ0:01

�0:01 Permalloy: 100a 8:3þ0:3
�0:3

Y: 7:22þ0:01
�0:01

Gold 182:7þ0:4
�0:3 4.62a Gold: 100a 5:9þ0:1

�0:1

DTSP-ANTA-Cu2þ SAM 9:8þ1:3
�1:4 1.80a DTSP-ANTA-Cu2þ: 56þ8

�6
b 4:6þ1:7

�2:0

Solvent: 44þ6
�8

hBamA(L7H9)BCDE (between

SAM and membrane)

31:2þ1:6
�1:6 D2O: 3:08þ2:17E�3

�2:93E�3
b hBamA(L7H9)BCDE: 28þ1

�1
b 9:8þ0:2

�0:3

AuMW: 2:78þ0:43E�3
�0:58E�3

b

PrMW: 2:45þ0:01
�0:01

b Solvent: 72þ1
�1

H2O: 2:05þ0:05
�0:02

b

hBamA(L7H9)BCDE þ b-OG 40:6þ1:6
�1:7 D2O: 3:07þ0:01

�0:02
b b-OG: 0:2þ0:3

�0:2 9:8þ0:2
�0:3

hBamA(L7H9)BCDE: 29þ1
�1

b

Solvent: 71þ1
�1

b

hBamA(L7H9)BCDE þ
POPC bilayer

40:6þ1:6
�1:7 D2O: 1:74þ0:04

�0:04
b POPC: 26þ1

�1
b 9:8þ0:2

�0:3

AuMW: 1:58þ0:04
�0:03

b hBamA(L7H9)BCDE: 29þ1
�1

b

PrMW: 1:41þ0:03
�0:03

b Solvent: 45þ1
�1

H2O: 1:20þ0:03
�0:03

b

hBamA(L7H9)BCDE

(adjacent to bulk solvent)

84:4þ7:1
�8:0 D2O: 3:08þ2:17E�3

�2:93E�3
b hBamA(L7H9)BCDE: 7þ1

�1
b 9:8þ0:2

�0:3

AuMW: 2:78þ0:43E�3
�0:58E�3

b Solvent: 93þ1
�1

PrMW: 2:45þ0:01
�0:01

b

H2O: 2:05þ0:02
�0:02

b

Bulk solvent ND D2O: 6:39þ0:01
�0:02 Solvent: 100a ND

AuMW: 4:70þ2:39E�3
�3:25E�3

PrMW: 2:84þ0:06
�0:06

H2O: 0:62þ0:10
�0:09

Error values indicate the 95% confidence intervals estimated from MCMC resampling.

ND, not determinable.
aValues were held constant throughout the fitting procedure.
bValues were not directly fit, but calculated from the fitted parameters and associated 95% confidence intervals calculated from MCMC chains of the depen-

dent fitted parameters.
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Using the ability of the Bam complex to be formed from
its component parts, BamAB, BamCD and BamE and the
fact that the nuclear neutron-scattering length varies greatly
between the isotopes of hydrogen: protium (1H) and deute-
rium (2H), with there being a greater coherent scattering
cross section for 2H, deuteration of BamCDE could lead to
enhanced contrast relative to BamAB and the lipid bilayer
to more firmly identify the location of these components
within the membrane environment. Complex deposition
was performed in a similar manner and the structure of the
solid/liquid interface was again examined using PNR
(Fig. 4 a). The architecture of the hBamA(L7H9)B dCDE/
POPC membrane (Fig. 4, b and c) was consistent with that
of hBamA(L7H9)BCDE, demonstrating the robustness of the
assembly procedure. Three distinct regions of similar thick-
nesses were again revealed, with a protein only layer adjacent
to the gold bound Cu2þ-NTA SAM, a composite protein-
lipid bilayer region and a protein only peripheral membrane
region facing the extracellular solution. The complexity of
the interfacial assembly meant that absolute confirmation
of the position of the deuterated (dBamCDE) component
was challenging. However, with the inclusion of a natural
abundance hydrogenated protein contrast matched water
5302 Biophysical Journal 120, 5295–5308, December 7, 2021
data set (PrMW) data suggested, at least, a partial presence
of the deuterated component in the region of protein distribu-
tion outside the hydrophobic core of the membrane, adjacent
to bulk solvent (Fig. 4 c; Table 2). This is consistent with the
expected structure of the assembled Bam complex from
high-resolution structures determined to date (12,14–16),
where the periplasmic peripheral region is composed of PO-
TRA domains of BamA, and BamB (which in this case will
be hydrogenated) complexed with BamCDE (which are
deuterated in this case). Similarly, the observed thicknesses
of both the transmembrane and peripheral regions are consis-
tent with known high-resolution structures (Fig. 4 c).

Recent studies have used a similar approach using a Ni2þ

chelating SAM on a gold support to investigate the structure
of BamA (52). Compared with these data, the complete re-
constituted Bam complex investigated here shows a notable
compaction of the peripheral membrane region correspond-
ing to the POTRA domains. Presumably, this is due to
conformational restrictions imparted on the complex though
intersubunit interactions. This observation highlights the
importance of reconstituting the complete Bam complex
to ensure the adoption of a physiologically relevant
conformation.



FIGURE 4 (a) PNR data (points) and fits (lines) for a hBamA(L7H9)BdCDE:POPC membrane adsorbed to a DTSP-ANTA-Cu2þ functionalized gold sur-

face, characterized in both spin-up ([) and spin-down (Y) magnetic contrasts in D2O (red data), Gold-matched water (gold data), PrMW (green data) and

H2O (blue data) solution isotopic contrasts. (b) SLD profiles (top panel) and component volume fraction profile (bottom panel) corresponding to fits shown in

(a). (c) Component volume fraction profile corresponding to fits shown in (a), describing the membrane-containing interfacial region. Shaded regions repre-

sent the 95% confidence intervals determined from MCMC resampling of fits to the experimental data. Vertical dashed lines show layer boundaries for the

interfacial proteo-bilayer region, overlaid with a schematic representation of a high-resolution model of the BamABCDE complex (Protein Data Bank: 5LJO)

situated within a POPC bilayer.

Platform for investigating OMP folding
Surface-tethered reconstituted Bam complex is
functional in OMP insertion into the membrane

Following detailed structural investigation of the interfacial
structure of the reconstituted BamA(L7H9)BCDE complex,
we next sought to investigate the functionality of the inter-
facial assembly in OMP insertion into the bilayer using
QCM-D. We chose to investigate the insertion of two proto-
typical OMPs: OmpTand Ptn. Both these proteins have been
previously shown to be substrates of BamABCDE, and both
contain a transmembrane b-barrel which is assembled
within the membrane by the Bam complex, though the b-
barrel of Ptn functions as an autotransporter domain to
fold, secrete, and finally cleave a large b-helix domain.

To insert OMPs from the periplasm into the OM, a chap-
erone is required to stabilize the unfolded nascent OMP
(53). SurA is the primary chaperone involved in this process
and is responsible for stabilizing the OMP during transit
through the periplasm from the Sec machinery to the Bam
complex (53). Initially, the interaction of SurA with either
Ptn or OmpT was investigated with pure POPC solid-sup-
ported lipid bilayers (SLBs). Here, POPC bilayers were
deposited on silicon substrates via thewell-established vesicle
fusion method. In all cases, frequency and dissipation re-
sponses were observed characteristic for vesicular adsorption
and rupture. In the absence of BamA(L7H9)BCDE, SurA alone
(Fig. 5 a), or SurA preparedwith either Ptn (Fig. 5 a) orOmpT
(Fig. 5 b) leads to no persistent change in frequency or dissi-
pation, indicating the lack of affinity of SurAwith andwithout
native OMPs for POPC bilayers alone. We subsequently
investigated the interaction of SurA with the Ba-
mA(L7H9)BCDE/POPC proteomembranes in the absence of
unfolded OMPs (Fig. 5 c). A small decrease in frequency
and increase in dissipation was observed in all cases, corre-
sponding to an increase in adsorbed mass (Table 3). There
are two possible explanations for this apparent minor adsorp-
tion. Firstly, incomplete coverage of the interfacial membrane
could lead to bulk solvent-exposed DTSP-ANTA-Cu2þ, for
which SurA may display some affinity despite lacking a
His-tag. Alternatively, this adsorption could be due to specific
interaction with the surface-tethered Bam complex. From
viscoelastic modeling of QCM-D data (Figs. S7–S9; Table
3), we can estimate the surface excess of BamA(L7H9)BCDE
as 5.65 5 1.01 pmol/cm2. Upon interaction with SurA, we
can estimate the adsorption of 6.94 5 4.36 pmol/cm2 of
SurA, giving a ratio of SurA/Bam of 1.2 5 0.7. Although
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TABLE 2 Structural parameters obtained by fitting PNR data of hBamA(L7H9)BdCDE/POPC membrane tethered to an Si-Py-Au-

DTSP-ANTA-Cu2 D substrate

Layer Thickness (Å) SLD (�10�6 Å�2) Component volume fractions (%) Roughness (Å)

Si ND 2.07a Si: 100a 9:5þ0:5
�1:0

SiO2 11:3þ2:6
�2:8 3:59þ0:26

�0:13 SiO2: 100a 9:2þ0:6
�0:6

Permalloy 122:5þ0:5
�0:4 [: 10:15þ0:01

�0:01 Permalloy: 100a 7:7þ0:3
�0:3

Y: 7:00þ0:02
�0:01

Gold 161:1þ0:5
�0:5 4.62a Gold: 100a 8:2þ1:0

�1:0

DTSP-ANTA-Cu2þ SAM 9:2þ2:1
�2:1 1.80a DTSP-ANTA-Cu2þ: 68þ12

�9
b 4:2þ2:1

�1:1

Solvent: 32þ9
�12

hBamA(L7H9)B (between

SAM and membrane)

30:5þ4:1
�3:5 D2O: 3:09þ1:43E�3

�2:57E�3 hBamA(L7H9)B: 24þ5
�5

b 7:3þ2:2
�2:4

AuMW: 2:77þ0:45E�3
�0:66E�3

PrMW: 2:45þ0:02
�0:02 Solvent: 76þ5

�5

H2O: 2:01þ0:03
�0:03

hBamA(L7H9)B þ POPC bilayer 36:3þ3:2
�5:0 D2O: 1:77þ0:13

�0:14 POPC: 31þ5
�4

b 7:3þ2:2
�2:4

AuMW: 1:60þ0:12
�0:12 hBamA(L7H9)B: 35þ4

�4
b

PrMW: 1:43þ0:10
�0:11 Solvent: 34þ4

�6

H2O: 1:20þ0:09
�0:09

hBamA(L7H9)B dCDE

(adjacent to bulk solvent)

41:1þ3:0
�2:8 D2O: 3:58þ0:19

�0:19 hBamA(L7H9)B: 17þ2
�2

b 7:3þ2:2
�2:4

AuMW: 3:27þ0:20
�0:19 dBamCDE 2þ1

�1

PrMW: 2:95þ0:20
�0:20 Solvent: 81þ2

�2

H2O: 2:52þ0:21
�0:20

Bulk solvent ND D2O: 6:39þ0:01
�0:01 Solvent: 100a ND

AuMW: 4:65þ2:53E�3
�3:68E�3

PrMW: 2:82þ0:09
�0:09

H2O: 0:39þ0:16
�0:17

Error values indicate the 95% confidence intervals estimated from MCMC resampling.

ND, not determinable.
aValues were held constant throughout the fitting procedure.
bValues were not directly fit, but calculated from the fitted parameters and associated 95% confidence intervals calculated from MCMC chains of the depen-

dent fitted parameters.

Hall et al.
this value suggests near stoichiometric binding, this analysis
likely overestimates the adsorbed mass due to contributions
in the acoustic mass sensed by QCM-D from coupled solvent,
and b-OGmicelles in the case of BamA(L7H9)BCDE, which is
not fully accounted for despite viscoelastic modeling.

The introduction of SurA in the presence of either Ptn
(Fig. 5 d) or OmpT (Fig. 5 e) to surface-tethered Ba-
mA(L7H9)BCDE/POPC proteomembranes leads to substan-
tially larger decreases in frequency and increases in
dissipation compared to SurA alone (Table 3). This indicates
the adsorption of a much larger mass, which persists after
washing the surface in the same buffer. This is suggestive
of the reconstituted Bam complex being functional in the
folding and insertion of the OMPs into the planar membrane.
Surface excesses estimated from viscoelastic modeling al-
lows us to determine the molar ratio of Ptn/Ba-
mA(L7H9)BCDE within the membranes as 2.8 5 1.6 and
OmpT/BamA(L7H9)BCDE as 2.5 5 0.7. These values are
similar for both OMPs, suggesting the reconstituted Bam
complex displays similar activity independent of the intro-
duced OMP. Furthermore, these molar ratios suggest that
the reconstituted Bam complex is functioning in an enzy-
matic fashion with a single Bam complex being able to insert
multiple OMPs. Similar molar ratios observed for both Ptn
and OmpT, despite the difference in molecular weights, sug-
gest that the proximity of the Au-DTSP-ANTA-Cu2þ surface
5304 Biophysical Journal 120, 5295–5308, December 7, 2021
does not sterically hinder initial insertion into the membrane.
This demonstrates the breadth of OMPs which are amenable
for investigation using this platform.

While mass estimates from QCM-D experiments suggest
that BamA(L7H9)BCDE is able to enzymatically insert a vari-
ety ofOMPs into themembrane, asmentioned above,mass es-
timates from QCM-D measurements are substantially
influenced by coupled solvent, which viscoelastic modeling
cannot fully account for. Recent cross-linking and structural
studies have shown the existence of an intermediate folding
step during OMP insertion in which the final b strand of the
clientb-barrel is bound toBamAb1,which remains boundun-
til the OMP is fully folded (10,15,54). The proximity of the
functionalized gold surface could therefore lead to a stalled
Bam-substrate complex should the OMP not have sufficient
space to fold any peripheral domains. To investigate the influ-
ence of surface proximity on OMP folding, we performed an
in-situ OmpT activity assay (Fig. 5 f). Here, QCM-D experi-
ments were performed where BamA(L7H9)BCDE was recon-
stituted in POPC before interactions with SurA/OmpT
(Fig. S10a). Following this a 100mMsolution of a fluorogenic
peptide (as described above) was recirculated over the sensor
surface for 24 h. If OmpT is correctly folded and functional,
the peptide will be cleaved by OmpT and an increase in fluo-
rescence can bemeasured.Theexperimentwas repeatedusing
a POPC membrane without the Bam complex which was



FIGURE 5 QCM-D data showing changes in frequency (red-orange traces) and dissipation (blue traces) corresponding to (a). The interaction of SurA

before SurA and Ptn with a POPC SLB on a SiO2 sensor. (b) The interaction of SurA and OmpT with a POPC SLB on a SiO2 sensor. (c) The interaction

of SurAwith a BamA(L7H9)BCDE/POPC proteomembrane assembled on a DTSP-ANTA-Cu2þ functionalized Au sensor. (d) The interaction of SurA and Ptn

with a BamA(L7H9)BCDE/POPC proteomembrane assembled on a DTSP-ANTA-Cu2þ functionalized Au sensor. (e) The interaction of SurA and OmpTwith

a BamA(L7H9)BCDE/POPC proteomembrane assembled on a DTSP-ANTA-Cu2þ functionalized Au sensor. (f) Normalized changes in fluorescence following

proteolytic cleavage of a self-quenching fluorogenic peptide recirculated over surface-tethered membranes containing POPC with and without Ba-

mA(L7H9)BCDE, with and without interaction with SurA/OmpT. Points represent individual repeats, and error bars represent the standard deviation. Statis-

tical significance is shown by double asterisks, indicating p < 0.01, and triple asterisk, indicating p < 0.001.

Platform for investigating OMP folding
exposed to SurA/OmpT (Fig. S10 c), in addition to a Ba-
mA(L7H9)BCDE-containing POPC membrane without any
SurA/OmpT interaction (Fig. S10 b). These data show a sig-
nificant increase in fluorescence over the control measure-
ment (in which the peptide solution was not injected into the
flow cells) and was only obtained in the complete system con-
taining BamA(L7H9)BCDE which has been incubated with
SurA/OmpT. Crucially, there is also a significant increase in
fluorescence over the samples lacking BamA(L7H9)BCDE,
indicating that OmpT is not being functionally inserted in
the membrane in the absence on BamA(L7H9)BCDE. These
data demonstrate not only that the Bam complex is functional
in catalyzing OmpT insertion, but also that OmpT is folded in
a functional state.Despite this, there are undoubtedly steric re-
strictions associated with the proximity of the functionalized
gold surface to the membrane, and some OMPs are expected
to be too large to be folded in a functional state, though further
investigation is required to understand the structural compat-
ibility of inserted OMPs.
CONCLUSIONS

We have reported the development of a robust surface-based
assay platform for investigating Bam-mediated OMP folding.
Using a copper-chelating SAM adsorbed to a gold surface,
we have been able to bind and reconstitute the complete
Bam complex within a tethered phospholipid bilayer. Exploi-
tation of both isotopic and magnetic-contrast variation al-
lowed detailed structural characterization using PNR. This
has provided, for the first time, structural information of the
complete intact Bam complex within a planar phospholipid
bilayer environment, consistent with high-resolution models
of the surfactant-solubilized Bam complex. Crucially, using
a Cu2þ-chelating SAM allows for orientational control of
the Bam complex within the tethered membrane which is
not feasible with alternative planar proteomembrane fabrica-
tion protocols, such as vesicular rupture.

In-situ assembly of the tethered proteomembrane, moni-
tored with QCM-D, allowed for real-time monitoring of
Biophysical Journal 120, 5295–5308, December 7, 2021 5305



TABLE 3 Frequency, dissipation and mass shifts observed during QCM-D measurements of the assembly and interactions of a

BamABCDE/POPC membrane tethered to an Au-DTSP-ANTA-Cu2D substrate

Process Parameter

Interaction

SurA SurA þ Ptn SurA þ OmpT

BamABCDE/b-OG deposition Df3 (Hz) �43.3 5 4.2 �43.8 5 2.2 �37.1 5 10.5

DD3 (ppm) 0.7 5 0.2 0.7 5 0.1 0.5 5 0.4

Dm (ng/cm2) 1124.0 5 201.8 1053.3 5 67.7 957.9 5 320.1

BamABCDE/POPC Reconstitution Df3 (Hz) �4.9 5 4.9 �4.9 5 10.7 �8.6 5 13.5

DD3 (ppm) �1.3 5 1.1 �1.2 5 1.7 �1.2 5 1.4

Dm (ng/cm2) �205.6 5 129.9 96.7 5 422.6 �15.3 5 216.3

Chaperone 5 OMP interaction Df3 (Hz) �12.0 5 6.2 �68.6 5 40.6 �22.8 5 7.6

DD3 (ppm) 0.7 5 0.6 5.4 5 3.7 2.7 5 0.7

Dm (ng/cm2) 308.2 5 196.7 1358.4 5 815.7 553.1 5 560.3

All values are shown as the mean5 standard deviation of four independent measurements. Frequency and dissipation shifts are shown for the third harmonic

(Df3 and DD3, respectively) and changes in mass (Dm) are values estimated from viscoelastic modeling taking into account all harmonics measured. In the

case of the initial adsorption of BamABCDE in b-OG micelles, values are given relative to the observed absolute frequency and dissipation values of DTSP-

ANTA-Cu2þ functionalized substrates in b-OG buffer in the absence of BamABCDE. For subsequent processes, changes in frequency, dissipation and mass

are given relative to that at the end of the previous process.
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changes in mass and viscoelasticity during the assembly
process, and demonstrated the activity of the reconstituted
Bam complex in folding and inserting OMPs into the
tethered membrane. Through viscoelastic modeling of
QCM-D data, we were able to estimate the stoichiometries
of proteinaceous components within the membrane. This al-
lows a quantitative measurement of the activity of Bam in
folding and inserting individual OMPs. The capability to
measure the real-time activity of the Bam complex within
a near native phospholipid bilayer provides a powerful plat-
form for investigating and manipulating Bam-mediated
OMP insertion.

Although now structurally well characterized, the precise
mechanism of Bam-mediated OMP insertion remains specu-
lative, as is the role of individual components of the Bam
complex and the role of periplasmic chaperones in targeting
OMPs destined for the OM to the Bam complex. The combi-
nation of structural and functional information available to be
collected from the tethered membrane platform presented
here has substantial application in answering these questions.
Similarly, with increasing emergence of antimicrobial resis-
tance, there is a substantial drive to disrupt the activity of
the Bam complex as a strategy to compromise the integrity
of the OM. The platform presented here is highly applicable
to investigating both the structural and functional effect of
novel antimicrobials on the Bam complex in a phospholipid
bilayer in the absence of a detergent background.
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3. Fàbrega, A., J. L. Rosner, ., J. Vila. 2012. SoxS-dependent coregula-
tion of ompN and ydbK in a multidrug-resistant Escherichia coli strain.
FEMS Microbiol. Lett. 332:61–67.

4. Prilipov, A., P. S. Phale, ., J. P. Rosenbusch. 1998. Identification and
characterization of two quiescent porin genes, nmpC and ompN, in Es-
cherichia coli BE. J. Bacteriol. 180:3388–3392.

5. Malinverni, J. C., J. Werner,., T. J. Silhavy. 2006. YfiO stabilizes the
YaeT complex and is essential for outer membrane protein assembly in
Escherichia coli. Mol. Microbiol. 61:151–164.

6. Hart, E. M., and T. J. Silhavy. 2020. Functions of the BamBCDE lipo-
proteins revealed by bypass mutations in BamA. J. Bacteriol.
202:e00401-20.

7. Noinaj, N., S. E. Rollauer, and S. K. Buchanan. 2015. The b-barrel
membrane protein insertase machinery from Gram-negative bacteria.
Curr. Opin. Struct. Biol. 31:35–42.
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