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Abstract

BamaA is an essential component of the B-barrel assembly machine (BAM) responsible for
insertion and folding of p-barrel Outer Membrane Proteins (OMPS) in Gram negative bacteria.
BamA is an OMP itself, and its B-barrel transmembrane domain is thought to catalyze OMP
insertion and folding, although the molecular mechanism remains poorly understood. Crystal
structures of BamA and complementary molecular dynamics simulations have shown that its -
barrel seam (the interface between the first and last barrel strands) is destabilized. This has led to
mechanistic models where the BamA barrel seam functions as a lateral gate that opens and
successively accepts p-hairpins from a nascent OMP such that a nascent barrel can bud from
BamA. Consistent with this model, disulfide locking of the BamA barrel seam is lethal in £. coli.
Here we show that disulfide locking of the BamA barrel has no effect on its ability to catalyze
folding of a model OMP into liposomes. However, disulfide trapping experiments indicate that the
BamA barrel is highly dynamic in the liposome membranes, with the p-strands at the barrel seam
undergoing “register sliding” by more than 14A both up and down the membrane. Remarkably,
these extreme dynamics were also observed in the BamA barrel in the context of the native £. coli
outer membrane. These results are consistent with a model where the BamA barrel dynamics
induce defects in the outer membrane that facilitate insertion of nascent OMPs.
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The outer membrane of Gram-negative bacteria is an essential “organelle” that acts as a
molecular sieve to protect against lipophilic agents and antibiotics, while allowing essential
functions such as nutrient/waste exchange.! The outer membrane structure is unique, with an
asymmetric lipid bilayer containing Lipopolysaccharide in the outer leaflet.2 Furthermore,
the trans-membrane proteins of the outer membrane are almost exclusively p-barrel in
structure, compared to the strictly a-helical nature of proteins found in the inner membrane.
Also, unlike most a.-helical inner membrane proteins that fold co-translationally, outer
membrane proteins (OMPs) fold post-translationally3-5.

After being synthesized in the cytoplasm, OMPs are translocated into the periplasm through
the SEC translocon® 7. In the periplasm, OMPs are bound by chaperones SurA, Skp and
DegP before insertion and folding into the outer membrane catalyzed by the 3-Barrel
Assembly Machine (BAM), an essential protein complex that is required for proper
assembly of all OMPs®. The BAM complex is composed of BamA, an essential p-barrel
protein with an N-terminal periplasmic domain onto which the associated lipoproteins
(BamB-E) assemble®-12. In £, coli, BamD is the only essential lipoprotein of the complex,
but deletion of any of the other lipoproteins lead to outer membrane permeability
phenotypes?: 12,

While much effort has been put into understanding the BAM complex genetically and
structurally, its mechanism of action is still elusive. BamA is the central component of the
complex and the current mechanistic hypotheses are BamA centric. Crystal structures where
the BamA barrel is present indicate that the barrel seam, where the first and last strands
hydrogen bond to close the barrel, is destabilized!3-16. One model suggests that the
destabilized BamA seam could work as a lateral gate that would open to accept B-hairpins of
a nascent OMP and, through successive rounds, help a new barrel “bud” into the membrane.
13,17 It has also been suggested that BamA could create local distortions in the membrane to
facilitate insertion and folding of nascent OMPs17-20, | ateral gating is becoming a recurring
theme in hydrophobic transport as it is thought to mediate a-helical membrane protein
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insertion by the SEC translocon, OMP biogenesis by TamA?21: 22 and transport of
hydrophobic small molecules by FadL 23.

The report that disulfide locking of the BamA barrel seam proved to be lethal in E. coli was
interpreted as evidence supporting the lateral gating model. 24 However, given the lethality
of the disulfide mutations, the direct impact of BamA barrel locking on OMP folding could
not be assessed. Recent studies have reported that BamA alone is capable of catalyzing the
folding of OMPs into liposomes 7 vitro.18: 20. 25 Using disulfide locked BamA, we show
that lateral gate opening is not required to accelerate folding of the model substrate OmpX in
this assay. Nevertheless, we find that the BamA barrel seam undergoes large conformational
changes while inserted in the membrane, as cysteines offset by four residues in the barrel
seam are capable of forming disulfide bonds. Furthermore, this extreme barrel dynamics is
also observed in outer membrane embedded BamA /n vivo.

MATERIALS AND METHODS

Cloning, Mutagenesis, Expression and purification of outer membrane proteins for in vitro

assays

The gene for OmpX was PCR amplified from £. col/i genomic DNA using primers upper and
lower 2122 (Table S1), which also introduced Ndel and Xmal sites to the 5° and 3" ends
respectively. The PCR product was then digested with Ndel and Xmal and ligated into the
pMS174 vector (a pET41b derivative modified to incorporate additional restriction sites) to
generate plasmid pMS1228 encoding mature OmpX with no signal sequence for expression
into inclusion bodies. Similarly, the gene coding for wild-type mature BamA (no signal
sequence) was PCR amplified and cloned into pMS174 to generate pMS1224. Cys-less
BamA was made by mutating two native cysteines to serines (BamA(C690S-C700S)) using
the QuikChange (Agilent Technologies) mutagenesis protocol with primers upper and lower
846 and 847 (Table S1). All other BamA mutations were made on the cys-less background
using the same protocol and primers listed in Table S1. The resulting plasmids are described
in Table S2.

For expression into inclusion bodies, BL21(DE3) cells (Thermo) were transformed with the
appropriate plasmid and plated on kanamycin plates. Single colonies were used to inoculate
100mL of LB media supplemented with kanamycin and grown overnight at 37° as starter
cultures. 500mL of LB/kanamycin cultures were inoculated with 5mL of starter cultures and
grown at 37° until the cultures reached OD=0.5-0.6. Protein expression was induced with
1mM isopropyl-beta-D-thiogalactoside (IPTG, GoldBio) and the cultures incubated for 3-4
additional hours before harvesting by centrifugation. Cell pellets were resuspended in 50mM
Tris pH 8, 0.5mg/mL lysozyme and protease inhibitors cocktail (Roche) (25mL per 500mL
culture), snap frozen in liquid nitrogen and stored at —70° until use.

To purify inclusion bodies, frozen cell suspensions were thawed in a 37° water bath and then
supplemented with Benzonase (Sigma) before lysis by sonication. Insoluble material was
pelleted by centrifugation at 5500xg for 30 minutes at 4°, decanted and resuspended in
50mM Tris pH 8, 0.5mg/mL lysozyme and 0.5% Triton X-100. Resuspended pellets were
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briefly sonicated and re-pelleted. Pellets were washed twice with 10mM Tris pH 8, 1mM
EDTA resulting in purified inclusion bodies that were stored at —20° until further use.

For protein purification, inclusion bodies were solubilized in urea buffer (8M urea, 20mM
Tris pH 8), incubated at room temperature for 15 minutes before centrifuging at 10,000xg
for 5 minutes to remove debris and insoluble material. Supernatants were filtered through a
0.45um filter and loaded onto a 6mL Q Sepharose fast flow column (GE) at room
temperature. For all cysteine mutants, all urea buffers contained 5mM p-mercapto-ethanol
(BME). OmpX was eluted with urea buffer + 200mM NaCl. BamA constructs were eluted
with urea buffer + 150mM NaCl. Fractions were analyzed by SDS-PAGE and fractions with
protein were pooled, concentrated and buffer exchanged with urea buffer until the salt
concentration is less than 1mM. For all cysteine mutants, BME was exchanged for 2mM
TCEP. All proteins were concentrated to 50uM and frozen at —70° until use.

Omp folding into LUVs and folding kinetics

Refolding experiments were carried out essentially as described by Gessman et al.20, Briefly,
0.21 mg of phosphatidylethanolamine (850700, Avanti Polar Lipids) and 0.906 mg of
phosphatidlycholine (850325, Avanti Polar Lipids) were dissolved in chloroform, added to a
glass tube and dried under argon to create a thin lipid film. Lipids were desiccated overnight
to remove residual chloroform and stored at —20° under argon until use. To make liposomes,
lipid films were hydrated with 200uL of degassed 20mM borate pH 10 for a final lipid
concentration of 10mM. The suspended lipids were then extruded 25 times through a 0.1um
filter using a manual extruder (Avanti Polar Lipids).

Liposomes were first incubated for 1 hour with 2mM TCEP (reducing conditions) or 2mM
CuS0Oy (oxidizing conditions). To measure the intrinsic rate of OmpX folding, urea
denatured OmpX was diluted into a refolding buffer such that final concentrations were 4
UM OmpX, 3.2 mM lipids (liposomes), 20mM borate pH 10, 2mM EDTA, 1M urea and
2mM TCEP (reducing conditions) or 2mM CuSOy (oxidizing conditions). The refolding
reactions were incubated at room temperature and samples taken at time points between 5
and 600 seconds. Refolding was quenched by addition of 4x SDS-PAGE loading buffer and
samples were either kept on ice (unboiled) or incubated at 99° for 5 minutes (boiled). All
samples were run on TGX Mini-Protean BioRad 4-20% precast gels with cold 1X SDS-
Tris-Glycine running buffer.

For BamA accelerated OmpX folding, urea denatured BamA was diluted into a refolding
buffer such that final concentrations were to 4uM BamA, 3.2 mM lipids (liposomes), 20mM
borate pH 10, 2mM EDTA, 1M urea and 2 mM TCEP and incubated for 2 hours at room
temperature with constant stirring. This procedure incorporates BamA into liposomes with
the POTRA domain facing out (Figure S1). The reactions were then split in half and
incubated for an additional hour in 2mM TCEP (reducing conditions) or 4 mM CuSOy,
(oxidizing conditions). Buffer and urea denatured OmpX were then added to these
suspensions such that the final concentrations were 2uM BamA, 2uM OmpX, 20mM borate
pH 10, 1.6mM lipids (liposomes), 2mM EDTA, 1M urea and 2mM TCEP (reducing
conditions) or 2mM CuSQOy4 (oxidizing conditions). The reactions were incubated at room
temperature and samples taken and analyzed as described above.
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All SDS-PAGE gels were stained with Coomassie blue, scanned and band intensities
quantified using ImageJ. The intensity of the OmpX folded band over the intensity of the
boiled OmpX band was used to determine fraction folded. Plots of fraction folded vs. time
were fitted using to the equation y=yo-A~t using Kaleidagraph.

Probing seam dynamics in vitro with offset double-cysteine BamA mutants

BamA G433C-T809C, or G431C-Q803C or G429C-F802C were expressed and refolded
into liposomes for 2 hours as described above. CuSO,4 was then added to a final
concentration of 4mM and incubated for 1 hour. Samples were taken before and after the
addition of copper sulfate, immediately mixed with 4x SDS-PAGE loading buffer and either
kept on ice (unboiled), boiled in the presence or absence of 360mM BME, or boiled in the
presence of 40mM n-ethylmaleimide (NEM) (quenched). All samples were analyzed on a 4—
20% TGX Mini-Protean gel with cold 1x SDS-Tris-Glycine running buffer.

Probing seam dynamics in vitro with offset double-cysteine BamA mutants

Wild type bamA with a 6xHis tag inserted between the signal sequence and the mature N-
terminus cloned into the pZS21 vector26 (a generous gift from Dr. Silhavy) was used to
subclone, from the plasmids described above, a fragment of bamA harboring the cys-less
mutations C690S-C700S (pMS950), the cys-less mutations and G433C-T809C (pMS1341),
or the cys-less mutations and G431C-Q803C (pMS980) (see Table S2 for details). These
plasmids drive constitutive expression of BamA mutants with its native signal sequence and
a His tag at the N-terminus of the mature protein.

E. coli JICM-1669 (containing a deletion of the endogenous bamA gene and an insertion of
wild-type bamA under the arabinose promoter) cells were transformed with plasmids
pMS1341 or pMS980 and plated on kanamycin/0.1% arabinose plates. Single colonies were
used to inoculate into 5SmL of LB containing 0.01% arabinose and kanamycin and incubated
overnight at 37°. These cultures were used to inoculate 100mL of LB supplemented with
kanamycin and 0.01% arabinose, such that genomic, wild type BamA is expressed in
addition to the plasmid driven expression of the mutants. Cultures were grown to OD = 0.5-
06, pelleted by centrifugation and resuspended in 200mL of 20mM Tris pH 7.5. The cell
suspensions were split in half. One half was treated with 0.4mM NEM for 30 minutes
followed by harvesting by centrifugation. The other half was treated with 0.1mM CuSO, for
30 minutes, pelleted by centrifugation, resuspended in fresh 20mM Tris pH 7.5 and treated
with 0.4mM NEM for 30 minutes before being pelleted again. For purification of His-tagged
BamA mutants, cell pellets were resuspended in 2mL of BugBuster (Novagen) and
incubated for 20 minutes before being spun at 16,000xg for 20 minutes to remove debris and
insoluble material. The pH of the supernatant was adjusted to ~ 8 with NaOH and then
added to 200uL of nickel NTA-agarose beads (Quiagen) equilibrated in equilibration buffer
(50mM Tris pH 8, 150mM NacCl, 0.5% Triton X-100). After a 15 minute incubation at room
temperature, the beads were washed three times with 1mL of equilibration buffer and bound
proteins eluted with equilibration buffer supplemented with 500mM imidazole. Elution
fractions were mixed with SDS-PAGE loading buffer with or without 25mM dithiothreitol
(DTT) and subjected to SDS-PAGE on an 8% gel. The gels were blotted to a PVDF
membrane (Milipore) and probed with a polyclonal rabbit antibody raised against BamA
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(Cocalico Biologicals) (1:20,000 serum dilution). The blots were analyzed using a goat-anti-
rabbit secondary antibody conjugated to Horse Radish Peroxidase (Pierce) (1:50,000
antibody dilution) and Western Lightning reagents (Perkin-Elmer).

RESULTS

Barrel locked BamA accelerates OmpX folding into liposomes

An in vitro OMP folding assay was implemented to directly test the impact of BamA barrel-
locking on the ability of BamA to fold and insert a model OMP. When urea denatured OMPs
are diluted into a solution containing liposomes, they spontaneously fold into the liposome
membrane.?” The yield and rate of folding, however, is strongly dependent on the liposome
lipid composition. 18: 20 We implemented a folding system, developed by Fleming and
coworkers, with liposomes composed of 80% PC and 20% PE.20 This creates a lipid mix
with native and non-native £. coli head-groups where the model protein OmpX folds
spontaneously at an intrinsic rate, which is accelerated if BamA (but not other OMPs) is pre-
folded into the liposomes.20 The reaction can be easily followed by the OMPs “heat
modifiability”, where unboiled samples display differential mobility for the folded and
unfolded fractions when run using semi-native SDS-PAGE.28

Figure 1A shows the folding rates of OmpX, under oxidizing and reducing conditions, into
PE/PC “empty” liposomes (intrinsic rates, gray lines) and liposomes containing a cysteine-
free (Cys-less) mutant of BamA (BamA accelerated rates, blue lines). The OmpX folding
rate acceleration is similar for cys-less BamA and wild-type BamA (Figure S2), and
consistent with rate acceleration reported in the literature.18: 20. 25 As expected, the redox
conditions make little difference in the intrinsic folding rate as well as the cys-less BamA
accelerated rate.

The effect of disulfide-locking the BamA barrel on its ability to accelerate OmpX folding
was then tested using the /n vitro assay. Pairs of cysteine residues were introduced in cys-
less BamA such that the BamA barrel could be disulfide locked at three different positions:
1) at the top (G433C-N805C), 2) in the middle (G431C-G807C) and 3) at the bottom
(G429C-T809C) (Figure 1B). These BamA mutants were purified under denaturing
conditions and allowed to fold for 2 hours into liposomes either in the presence or absence
of (2mM tris(2-carboxyethyl)phosphine (TCEP)) to, respectively, prevent or allow formation
of disulfides. The samples without TCEP where then incubated for an additional hour in the
presence 2mM CuSOy to further promote formation of disulfides, whereas the samples in
TCEP remained under reducing conditions. As shown in Figure 1C, the OmpX folding
activities of the BamA mutants under reducing conditions matched well with the cys-less
control, as expected (Figure 1C, light green, light pink and light purple lines, compare to
Figure 1A blue lines). Surprisingly, however, the activity of the mutants under oxidizing
conditions was similar to those under reducing conditions (Figure 1B, dark green, dark pink
and dark purple lines). This indicates that BamA can accelerate OmpX folding into
liposomes even when its barrel is locked.

Control experiments show that the p-barrel domains of all BamA mutants are properly
folded under both reducing and non-reducing conditions as determined by their heat
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modifiability in semi-native SDS-PAGE. Figure 1D shows that unboiled samples (- Boil)
display a band running with an apparent 70kDa molecular weight that corresponds to folded
BamA, whereas boiling of the sample (+ Boil) results in shifting to its correct molecular
weight of approximately 90kDa. The BamA B-barrel domains are indeed disulfide-locked
under oxidizing conditions. Whereas fully unfolded and reduced BamA runs on SDS-PAGE
at approximately 90kDa (Unf-Red, Figure 1D, +Boil +BME lanes) disulfide formation
between the first and last strand of the BamA barrel leads to a lariat structure upon
denaturation by boiling with a faster electrophoretic mobility than the fully denatured and
reduced proteins (Unf-Ox, Figure 1D, —-BME lanes, top panel). BamA mutants maintained
in the presence of 2mM TCEP remain reduced, as seen by the lack of a faster migrating
species in the ~-BME lanes (Figure 1C, -BME lanes, lower panel). Similarly, there is no
faster migrating species in the cys-less mutant, confirming that this band corresponds the
oxidized form of the barrel. Finally, the faster migrating species are also observed when the
BamA mutants are folded and oxidized with CuSO, followed by treatment with N-ethyl-
maleimide (NEM) to block any free cysteines (Figure S3). This demonstrates that the
disulfides are formed during the incubation with CuSO4 and the BamA barrels are locked
during OmpX folding. These control experiments further support the conclusion that barrel-
locked BamA can accelerate OmpX folding into liposomes.

BamA barrel seam is highly dynamic in liposome membranes

Two sets of “offset” double cysteine BamA mutants were designed to directly probe, by
disulfide trapping, the dynamics of the BamA barrel seam while embedded in a membrane.
When modeled into the structure of £ co/iBamA (PDBID 4N75) the Cg of the cysteine
pairs G433C-T809C and G431C-Q803C face the inside of the BamA barrel, but are 14.6 and
13.8 A apart and thus too far apart to form disulfides (Figure 2A, B, cartoon structures).
However, disulfide bonds efficiently formed when both BamA mutants were first folded into
PE/PC liposomes followed by 1 hour incubation under oxidizing conditions (CuSQg,). As
shown in Figure 2A and B, oxidized samples run on non-reducing SDS-PAGE (+Boil,
+CuS0Qy,, ~-BME lanes) display bands that migrate faster than the fully denatured and
reduced species (+Boil, +CuSO,, +BME lanes), consistent with disulfide-linked lariat
structures. This indicates that the p-strands at the BamA barrel seam are highly dynamic,
undergoing “register sliding” in both directions such that the offset cysteines can align to
form disulfides. The disulfides are not forming due to misfolding of the BamA barrel, as
unboiled samples of the mutants display the heat-modifiable bands characteristic of folded
BamA with an apparent 70 kDa molecular weight (Figure 2A and B, — Boil lanes).
Furthermore, most of the disulfides are not forming during BamA folding. This is
demonstrated by the absence of the characteristic faster migrating lariat band under non-
oxidizing conditions for G433C-T809C (Figure 2A, —CuSQy, +Boil, -BME) and only a
small fraction corresponding to less than 50% of the protein displays the lariat band for
G431C-Q803C (Figure 2B, —CuSQy, +Boil, -BME). Conversely, the disulfide linked lariat
bands are efficiently formed in both mutants during incubation with CuSO, (Figure 2A and
B, + CuSOy, +Boil, -BME). To rule out the possibility that the disulfides are forming during
boiling for SDS-PAGE, samples of the BamA mutants were treated with a SDS sample
buffer containing a large excess of NEM to quench any free cysteines. These samples were
indistinguishable from those without NEM (Figure 2A and B, compare +Boil, -BME, +/-
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Q). As a negative control, the BamA mutant G429C-F802C was also tested for disulfide
formation. In this mutant, the cysteine residues are facing the inside (G429C) and outside
(F802C) of the barrel (Figure 2C, cartoon) and would thus not be expected to form disulfides
even during register sliding of the barrel g-strands. As shown in Figure 2C, whereas the
G429C-F802C barrel folds properly (—Boil lanes), no fast-migrating lariat bands were
observed under any condition. Taken together, these experiments demonstrate that the -
barrel of BamA is highly dynamic in liposome membranes, undergoing register shifts of the
seam formed by the first and last strands in both directions.

BamA barrel seam is highly dynamic in E. coli cells

The experiments described above reveal extreme dynamics in the BamA barrel seam in the
context of PE/PC liposome membranes. However, both the acyl chains and the
phosphocholine head groups of these lipids are not native to £. co/i membranes. Therefore,
the mutants G433C-T809C and G431C-Q803C were expressed in JCM-166 £. coli cells in
the presence of arabinose to probe the BamA barrel dynamics by disulfide trapping in the
context of the native outer membrane bilayer.

Cells expressing His-tagged mutant BamA from a low copy number plasmid were grown to
mid-log phase and then harvested and treated with NEM to block free cysteines, preserve the
oxidation that occurred in the cells and prevent oxidation during sample processing. After
solubilization and purification on a nickel NTA column to remove endogenous, wild-type
BamA, the oxidation state of the BamA mutants was tested by non-reducing SDS-PAGE
followed by Western blotting probed with a BamA antibody. Both double-cysteine BamA
mutants were able to form disulfides during cell growth albeit oxidation was more efficient
for G433C-T809C than it was for G431C-Q803C (Figure 3). This is evidenced by the
presence of a doublet containing fully denatured and reduced BamA as well as a faster
migrating species due to the disulfide linked lariat structure (Figure 3, -DTT panel, —CuSQ4
lanes). The doublet resolved to a single, reduced band, when samples were treated with DTT
(Figure 3, +DTT panel, ~CuSQy lanes). Treatment of intact cells with CuSO,4 enhances
disulfide formation although oxidation remains more efficient for G433C-T809C than
G431C-Q803C (Figure 3, -DTT panel, +CuSQOy, lanes). These experiments demonstrate that
the BamA barrel seam formed by the first and last strand is also highly dynamic in the
context of the native £. coli outer membrane. Furthermore, consistent with disulfide
formation, the G433C-T809C and G431C-Q803C mutants are not able to complement
depletion of wild type BamA (Figure S4).

DISCUSSION

OMPs can fold spontaneously, with the correct orientation, into model lipid bilayers without
help from extrinsic factors.2”: 29: 30 They display large AG of folding indicating that
membrane insertion and folding are very favorable.1® However, the folding rate is highly
dependent on the properties of the lipid bilayer with the polar head groups posing a high
kinetic barrier for OMP membrane insertion and folding.1% 20 The BAM complex is the
catalyst that lowers this kinetic barrier allowing OMP folding, and its exclusive presence in
the outer membrane ensures the strict segregation of OMPs from the inner membrane.2° The
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BamA subunit, with its soluble POTRA, and membrane embedded B-barrel domains, has a
central role in the BAM mechanism. Crystal structures revealed unusually sparse contacts
between the first and last strand of the BamA barrel suggesting that this seam may open
during BamA mediated OMP folding.13 This idea is supported by molecular dynamics
simulations of a BamA barrel in non-native lipids as well as recent crystal and EM structures
of detergent solubilized BAM complexes.13-16. 31 These results have led to mechanistic
models of BamA-mediated OMP folding in which the barrel seam acts as a lateral gate.13: 17
In these models, p-hairpins from folding OMPs are sequentially accommodated in the lateral
gate leading to nascent barrels budding from BamA. Consistent with this model, locking that
BamA barrel seam by disulfide crosslinking is lethal to £. coli?* However, an in vitro
system is required to directly test the effect of barrel seam locking on the ability of BamA to
accelerate OMP folding.

An in vitro system requires incorporation of BamA into bilayers such as liposomes.
However, BamA cannot be refolded into liposomes composed of native £. colilipids, which
predominantly contain 16 carbon acyl chains and phophoethanolamine (PE) as well as mono
and di-phosphoglycerol (PG) head groups.32 Conversely, BamA can be readily refolded into
liposomes composed of lipids with 10 carbon (C10) acyl chains and phosphocholine (PC)
head groups, although these head groups are not present in £. co/i membranes.2 Fleming
and coworkers thus developed a liposome system with a mix of “host” (PC) and “native-
guest” (PE) C10 lipids where BamA and model OMPs can be refolded. The system enables
measuring the folding of model OMPs such as OmpX into “empty” liposomes (the intrinsic
folding rate) and into BamA containing liposomes (the BamA accelerated rate). BamA in
which two cysteines located in an extracellular barrel loop were mutated to serine to
generate a cysteine-free variant (cys-less BamA) was utilized in the experiments presented
here. Cys-less BamA is able to complement BamA depletion /n vivo, indicating that the
cysteines are not essential for activity.33 Furthermore, wild-type and cys-less BamA produce
similar rate accelerations of OmpX folding /in7 vitro (Figure S2). This cys-less BamA mutant
was then used as a platform to introduce pairs of cysteines to disulfide-lock the BamA
barrel.

As expected, double cysteine BamA mutants maintained under reducing conditions do not
form disulfides and remain capable of accelerating OmpX folding into liposomes. Figure 1C
shows that the mutants also remained active after incubation under oxidizing conditions that
lead to barrel locking disulfides. Control experiments confirm that mutant barrels are
correctly folded, and that the disulfides are indeed formed as designed (Figure 1D). These
results are similar for three independent mutants that lock the BamA barrel in three different
positions. Therefore, these results effectively rule out a lateral-gate-insertion/nascent barrel
budding model as the mechanism for BamA acceleration of OmpX folding into the tested
liposomes.

The rate of unassisted OMP folding into bilayers is increased by perturbations that affect the
lipid packing. These include reduced hydrophobic thickness and high membrane curvature.
34-36 Consistent with this idea, bilayers with PC head-groups, which have lower packing
density than PE or PG lipids3”: 38 support fast folding of several models OMPs, 29 39-41
Furthermore, unassisted OMP folding is greatly accelerated in membranes at the phase
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transition temperature, suggesting that “membrane defects” at the boundaries between gel
and liquid phases facilitate OMP insertion and folding.3# Therefore, it has been proposed
that the role of BamA may be to induce these membrane defects or perturbations to catalyze
OMP folding.19 Indeed, molecular dynamics simulations of BamA in dimyristoyl-PE show a
large decrease in membrane thickness and disturbed lipid packing in the region next to the
BamA barrel seam.13 In this context, a highly dynamic BamA barrel seam may help induce
membrane defects to accelerate OMP folding.

To directly probe the BamA barrel seam dynamics in a membrane, cysteine residues were
introduced in the first and last strand of the BamA barrel but “out of register"—i.e., at
positions approximately 14A apart in a regular BamA barrel conformation that would not
allow disulfide formation (Figure 2). When these mutants were incorporated into C10 PC/PE
liposomes, both double cysteine mutants formed disulfides under oxidizing conditions.
Control experiments show that the barrels are correctly folded before the disulfides form and
that oxidation occurs during incubation with CuSO4 and not during sample processing
(Figure 2). These experiments show that the BamA barrel undergoes large conformational
changes while embedded in the membrane with the p-strands at the barrel seam shifting the
register in both directions by at least 14 A. These large shifts are not due to the barrels being
inserted in the relatively thin and loosely packed membrane of C10 PC/PE liposomes. When
the mutants were expressed in £. coli cells, disulfide formation was observed during growth
under non-reducing conditions and was strongly enhanced by post-harvest incubation with
CuS0Qy. This indicates that the disulfides formed while BamA is membrane embedded.
Recent structures of detergent solubilized BAM complexes also illustrate the extreme
dynamics of the BamA barrel, showing the seam in an open conformation and striking
distortion of the tilting angle of the first strands of the barrel. However, the results presented
here are not simply validating the conformations observed in the structures. For example, the
a—carbons of residue pairs G431-Q803 and G433-T809 are 17.3A and 25.7A apart
respectively in the open barrel conformations of BamA (using a composite of PDBID
5D0Q® and PDBID 5EKG?3! as G433 is not modeled in 5EKG, and T809 is not modeled in
5D0Q), while the pairs are 13.9A and 6.8A apart respectively in the closed barrel
conformations observed in 5D00.1°. These distances are too big to allow efficient disulfide
formation. Thus, our results report distinct conformational dynamics with displacements of
the first and last strands both up and down the membrane plane.

The data presented here is consistent with a model where BamA accelerates OMP folding
into liposomes by creating membrane defects rather than a lateral-gating/barrel-budding
mechanism. In the relatively thin and loosely packed membrane of C10 PC/PE liposomes,
barrel locked BamA is still able to create these defects and accelerate OMP folding.
Furthermore, the BamA barrel is extremely dynamic while embedded both into liposomes
and in its native outer membrane. The B-strands at the barrel seam undergo dramatic register
shifts both up and down the membrane plane with displacements of at least 14A. We
propose that this is necessary to create local defects in the outer membrane to facilitate OMP
insertion and folding. This model is consistent with the observation that barrel locked BamA
is lethal for £. coli as a locked barrel may not be able to create a defect in the notoriously
tightly packed outer membrane. Furthermore, BAM complex lipoproteins are required for
efficient OMP folding /n vivo, with BamD being essential for viability. Recently, a 23-amino
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acid deletion mutant of LptD (a large OMP that requires the BAM complex for folding) was
characterized as a folding intermediate stalled in the BAM complex.#2 The LptD mutant
appears to stall as an open barrel at the membrane interface that interacts with both BamA
and BamD. The study suggests that OMP folding may begin in the periplasm, and once the
first and last strands of the nascent barrel are able to pair, membrane insertion occurs.1> Our
results are consistent with displacements of the BamA barrel strands out of the membrane,
which may allow interaction with nascent OMPs engaged with BAM lipoproteins in the
periplasm at the membrane interface.
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Figure 1.

BamA barrel locking and acceleration of OmpX folding. (A) Time course of folding of urea-
denatured OmpX into “empty” liposomes (gray lines) or liposomes with Cys-less BamA
embedded in their membranes (blue lines) under reducing (Red) or oxidizing (Ox)
conditions. (B) Cartoon representation of the BamA barrel structure highlighting the
positions of the cysteine pairs that, when oxidized, lock the barrel at the top (green), middle
(pink) or bottom (purple). (C) Time course of folding of urea denatured OmpX into
liposomes with BamA double-cysteine mutants embedded in their membranes under
reducing (light green, pink and purple) or oxidizing (dark green, pink and purple)
conditions. (D) Folding and oxidation state of BamA double-cysteine mutants. Cys-less
BamA and the indicated double-cysteine mutants were folded into liposomes and the folding
state determined in a semi-native SDS-PAGE (- Boil lanes). Folded BamA has an apparent
molecular weight of 70kDa (Folded) whereas unfolded BamA (+ Boil, + BME lanes, Unf-
Red) has a molecular weight of 90kDa. Double-cysteine BamA mutants treated with CuSOg4
oxidize, forming a lariat structure with a faster electrophoretic mobility than the fully
denatured and reduced BamA (compare + Boil, +CuSOg4, — BME lanes, Unf-Ox with + Boil,
+CuSQ,4 +BME lanes, Unf-Red). BamA mutants kept in the presence of TCEP do not
oxidize and thus do not show the faster migrating species (compare +Boil, +TCEP, -BME
lanes with +Boil, +TCEP, +BME lanes). Cys-less BamA cannot oxidize and does not show a
faster migrating species under oxidizing conditions (+Boil, +CuSO4, ~-BME).
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BamA barrel dynamics in liposome membranes. Two sets of offset double cysteine mutants,
G433C-T809C (A) and G431C-Q803C (B), and a control pair facing in opposing directions,
G429C-F802C (C) were folded into liposomes and the folding state determined in a semi-
native SDS-PAGE (- Boil lanes, Folded). Folded BamA has an apparent molecular weight
of 70kDa whereas unfolded BamA (+ Boil, + BME lanes, Unf-Red) has a molecular weight
of 90kDa. The offset cysteine pairs are able to oxidize after incubation with CuSO,4 forming
a lariat structure with a faster electrophoretic mobility than the fully denatured and reduced
BamA (compare A, B, + CuSQy, + Boil, -BME lanes, Unf-Ox with A, B, + CuSQy, + Boil,
+BME lanes, Unf-Red). Samples boiled in the presence of excess NEM to quench free
cysteines show identical oxidation to those without, indicating oxidation is not occurring
during boiling (A, B + Q lanes). The control mutant does not show any oxidation under any
condition, indicating the barrel cannot oxidize (C, + Boil, -BME lanes).
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BamA barrel dynamics in £. coli cells. His-tagged variants of BamA G431C-Q803C or

G433C-T809C were expressed in JCM-166 cells and then treated with NEM (-CuSQOg4

lanes) or with CuSO, followed by NEM (+CuSQy lanes). His-tagged BamA was purified by

metal affinity chromatography and analyzed western blot probed with an anti-BamA

antibody. Formation of disulfides in £. colicells is revealed by a lariat structure with a faster
electrophoretic mobility than the fully denatured and reduced BamA (compare samples +
and — DTT). Formation of disulfides is enhanced by treating the cells with CuSO,4 (compare

—DTT, +CuSQy lanes with =DTT, —CuSQOy lanes).
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