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In Gram-negative bacteria, integral outer membrane β-barrel pro-
teins (OMPs) are assembled by the beta-barrel assembly machine
(Bam) complex. The essential components of this complex are the
OMP BamA [which contains a carboxyl-terminal β-barrel and an
amino-terminal periplasmic module composed of five polypeptide
transport associated (POTRA) domains] and the lipoprotein BamD. In
Escherichia coli, the Bam complex also contains three nonessential
lipoproteins (BamBCE), all of which require the barrel-proximal
POTRA domain (P5) for stable interactions with BamA. We have
previously reported that the BamA β-barrel assumes two different
conformations. A method for conformation-specific labeling of
BamA described here reveals that these conformers reflect the de-
gree of surface exposure of the conserved sixth extracellular loop
(L6). L6 is surface accessible in one conformation but not in the
other, likely because it occupies the lumen of the BamA β-barrel in
the latter case. A gain-of-function mutation that promotes Bam ac-
tivity (bamDR197L) and a loss-of-function mutation that decreases
the activity of Bam (ΔbamE) both favor surface exposure of BamA
L6, suggesting that BamD and BamE normally act to control L6 ex-
posure through opposing functions. These results, along with the
synthetic lethality of the bamDR197L ΔbamE double mutant, imply
a cyclic mechanism in which the Bam lipoproteins regulate the con-
formation of BamA during the OMP assembly reaction. Our results
further suggest that BamDE controls L6 exposure via conforma-
tional signals transmitted through P5 to L6.
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How proteins are successfully integrated into lipid membranes
is a fundamental biological problem. In Gram-negative

bacteria, this problem is compounded by the need to transport
and assemble a diverse array of proteins into two distinct
membrane compartments. The transmembrane domains of inner
membrane (IM) proteins are α-helical in nature, whereas pro-
teins that span the outer membrane (OM) are instead rich in
β-structure that permits the formation of integral β-barrels.
Periplasmic proteins modified with N-terminal lipid moieties,
which can be found tethered to one or the other membrane,
represent an additional class of membrane-associated protein. In
Escherichia coli, dedicated transport pathways enable targeting
and assembly of envelope proteins into the correct membranous
compartment (1). Proteins that span the OM are assembled lo-
cally by the beta-barrel assembly machine (Bam) complex (2, 3).
The process of assembling OM β-barrel proteins (OMPs) is an

intensely studied phenomenon, and much has been learned since
the initial discovery of the Bam complex. In E. coli, this complex
is composed of the OMP BamA and the four associated lip-
oproteins BamBCDE (4, 5). BamA and BamD are essential for
growth, and both are highly conserved among Gram-negative
species (4, 6). Individually deleting the genes encoding BamB,
BamC, and BamE does not affect viability; however, there are
modest OMP assembly defects of varying degrees associated with
mutation of these genes (4–7). Synthetic phenotypes are ob-
served when these mutations are combined, with the ΔbamB
ΔbamE double mutant being the most impaired (8, 9).

Bam components are not equally conserved across Gram-
negative bacteria. The two essential components, BamA and
BamD, are the most highly conserved, followed by the nones-
sential lipoproteins BamE and BamB. BamC is apparently found
only in β- and γ-proteobacteria (10); it is perhaps unsurprising,
then, that bamCmutations do not cause detectable OMP assembly
defects in E. coli (5, 6). However, all five Bam proteins must be
present to assemble OMPs with maximal efficiency in vitro (11).
Biochemical and genetic experiments have demonstrated that the
E. coli Bam holocomplex can be separated into two essential
subcomplexes: BamAB and BamCDE (11, 12).
BamA is a bipartite OMP that contains a C-terminal β-barrel

domain and an N-terminal periplasmic module that can be
further subdivided into five polypeptide transport associated
(POTRA) domains. The β-propeller protein BamB and the tet-
ratricopeptide-repeat protein BamD associate directly with one
or more of the POTRA domains (13), and BamCE dock onto
BamA indirectly through stable interactions with BamD (5, 6).
Deletion of any POTRA domain except POTRA 1 (P1) prevents
formation of BamAB; however, P5 alone is sufficient for the
BamA–BamCDE interaction (13). Thus, P5 is essential for the
interaction between BamA and BamD, which is apparently sta-
bilized by BamCE (5).
Recent genetic and biochemical analyses further suggest that

P5 is critical for conformational signaling between BamA and
BamD. We have described a substitution in P5 (E373K) that
abrogates the stable interaction between BamA and BamD (12).
A strong suppressor of bamAE373K was isolated in bamD, but
this mutation (bamDR197L) does not lead to restoration of
the BamA–BamD interaction. Rather, bamDR197L is a gain-
of-function allele that renders BamD active even in the ab-
sence of a stable interaction between the Bam subcomplexes.
Genetic evidence suggests that bamDR197L bypasses the need for
activation of BamD by BamA, implying that BamD is a dynamic
component of the Bam complex.
Concurrent findings shed light on the functional relationship

between BamD, BamE, and BamA. We have shown that BamE
functions uniquely among the nonessential Bam lipoproteins;
specifically, BamE modulates the conformation of the BamA
β-barrel domain (8). Because BamE is not thought to directly
interact with BamA, this activity is presumably mediated through
BamD. The change in BamA conformation was demonstrated by
increased protease sensitivity of BamA in a ΔbamE mutant.
These findings suggest that the accessory Bam lipoproteins can
influence the state of the BamA β-barrel.
In this report we describe assays that distinguish the different

conformations of the BamA β-barrel domain, and we probe the
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mechanism by which BamDE control the conformation of BamA.
We show that a highly conserved extracellular loop of BamA
[sixth extracellular loop (L6)] is accessible to a specific chemical
labeling reagent and that accessibility to this reagent increases in
bamD and bamE mutant strains. Increased labeling of L6 corre-
lates with increased sensitivity of BamA to protease. Additionally,
we present genetic evidence showing that BamE modulates the
conformation of BamA through direct control of BamD activity.
Taken together, these findings suggest that surface accessibility of
L6 is diagnostic for a conformational change in the BamA β-barrel
that is controlled by BamDE. Our genetic analysis of bamA mu-
tants and their suppressors supports the idea that the conforma-
tion of the BamA β-barrel is modulated by the Bam lipoproteins
via P5 and implies a regulated reaction cycle that underlies the
OMP assembly process in E. coli.

Results
Perturbations to the BamCDE Subcomplex Influence the Conformation
of BamA. In previous studies, we uncovered evidence that both
BamA and BamD can exist in different states. In contrast to the
protease-resistant BamA form found in wild-type cells, BamA
exists primarily in an alternate, protease-sensitive conformation
in the absence of BamE (8). Additionally, we isolated a gain-
of-function mutation in bamD (bamDR197L) that was proposed
to stabilize the activated state of BamD (12). Given that BamA
and BamD normally interact with each other directly and that this
interaction is critical for efficient OMP assembly, we wondered if
the activation state of BamD could influence the conformational
state of BamA.
To test this, we first assayed the protease sensitivity of BamA

in a bamDR197L background. As shown in Fig. 1A, the protease
sensitivity of BamA in a bamDR197L strain is comparable to that
observed in a ΔbamE mutant strain. This confirms our suspicion
that activation of BamD (i.e., bamDR197L) and deactivation of
BamE (i.e., ΔbamE) lead to the same net result—an increase in
the ratio of protease-sensitive (BamAS) to protease-resistant
(BamAR) species of BamA.
Although the protease assay is useful for distinguishing BamAS

from BamAR, it does not allow us to interrogate the conformational

dynamics of BamA that impact protease susceptibility. For ex-
ample, our observations may suggest that the β-barrel domain is
destabilized in the BamAS form in a way that renders it highly
susceptible to proteolysis. To test this possibility, we took advan-
tage of the intrinsic stability of β-barrel proteins. The β-barrel
domain of BamA is, like most OM β-barrels, naturally resistant to
denaturation by SDS. However, the β-barrel domain is sensitive to
heat denaturation. Thus, when protein extracts are analyzed by
SDS/PAGE following gentle cell lysis at room temperature,
BamA remains fully folded and migrates faster than heat-
denatured BamA, a property known as heat modifiability (14).
However, the electrophoretic mobility of BamA is retarded in
the presence of mutations that destabilize or impair folding of
the β-barrel domain (9). We subjected wild-type, bamDR197L,
and ΔbamE strains to gentle lysis and examined BamA folding
by SDS/PAGE and immunoblot (Fig. 1B). As expected, BamA
migrated at the predicted molecular weight in samples incubated
at 100 °C. In samples incubated at room temperature, BamA
remained folded as evidenced by its migration at a lower apparent
molecular weight. Using this assay, we found that folding of
BamA was indistinguishable among the three strains. This indi-
cates that the protease assay reports on a specific structural fea-
ture of BamA and does not reflect β-barrel instability. To identify
this feature, we first sought to predict the topology and structure
of the BamA β-barrel domain.

Method for Selective Surface Labeling of BamA Loop 6.Although the
structure of the periplasmic domain of BamA has been de-
termined in various conformations by multiple groups (13,
15–18), the structure of the β-barrel domain has not been reported.
We investigated the topology of the β-barrel domain using
the PRED-TMBB algorithm (19). BamA is predicted to form a
β-barrel with 16 transmembrane β-strands and 8 extracellular
loops. Of these loops, the sixth loop (L6) is significantly longer
and better conserved than the others; a portion of this loop
constitutes a motif common to all Omp85 family proteins (20).
The full-length structure of the related Omp85 transporter FhaC
revealed L6 in an extended conformation folded into the lumen
of the β-barrel domain such that the tip of the loop reaches the
periplasmic space (21, 22). Moreover, FhaC L6 is known to be
accessible to surface proteases only in the presence of FHA, the
substrate of the transporter (23), suggesting that the loop is
flexible. Accordingly, we wondered whether the protease sensi-
tivity of BamA observed in bamDR197L and ΔbamE back-
grounds might reflect the surface exposure status of L6. To test
this possibility, we developed an assay to monitor surface expo-
sure of L6 specifically.
Precise monitoring of the exposure status of L6 requires a re-

agent that specifically labels this loop. To that end, we exploited
the fact that there are two naturally occurring cysteine residues
in BamA (Cys690 and Cys700), both of which are found in L6. By
treating whole cells with methoxypolyethylene glycol-maleimide
(Mal-PEG), an ∼20-kDa cysteine-reactive reagent that is too
large to enter the periplasm, we can detect labeling of BamA by
size shift on immunoblots. We find that wild-type BamA is effi-
ciently labeled with Mal-PEG when cells are pretreated with
the reducing agent DTT (Fig. 2A, lane 3). Mal-PEG labeling
is specific to L6, as replacement of both cysteine residues
(BamAC690S+C700S) with serine precludes labeling of BamA (Fig.
2A, lane 12). To confirm that Mal-PEG cannot penetrate the
OM and label cysteines in the periplasm, we took advantage of
a bamD allele that encodes a cysteine substitution at position
203 (bamDR197L+R203C). As expected, Mal-PEG labeling of
BamDR197L+R203C occurs only when cells are permeabilized with
SDS (Fig. S1), demonstrating the OM impermeability of the
Mal-PEG reagent.
The fact that efficient labeling of BamA requires pretreatment

with DTT indicates that the cysteine residues at positions 690
and 700 are typically oxidized, perhaps suggesting that their thiol
groups are coupled in a disulfide bond. A number of OM
β-barrel proteins are known to contain intramolecular disulfide
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Fig. 1. BamA exists in two conformations. (A) Cell pellets from wild-type,
bamDR197L, and ΔbamE strains were treated with proteinase K where in-
dicated. The protease was inactivated by treatment with PMSF, and samples
were analyzed by SDS/PAGE and immunoblot using anti-BamA and anti-MBP
antibodies. MBP serves as a loading control to ensure that protease does
not enter the periplasm. (B) Wild-type, bamDR197L, and ΔbamE cells were
processed by gentle lysis and treated at the indicated temperatures. Samples
were analyzed by SDS/PAGE and immunoblot using anti-BamA and anti-
BamC antibodies.
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bonds (24–26), and these proteins may exhibit altered mobility
on SDS/PAGE when maintained in an oxidized state (25). To
explore the possibility that the BamA β-barrel normally contains
a disulfide bond, we prepared whole-cell lysates of cells ex-
pressing either wild-type BamA (BamACC) or a cysteine-less
variant of BamA (BamAC690S+C700S or BamASS) in the presence
or absence of reducing agent (β-mercaptoethanol) and compared
the electrophoretic mobility of these variants by SDS/PAGE. We
find that the oxidized species of BamA+ (BamAox) migrates
faster than the reduced form (BamAred), yielding an apparent
size shift; however, we do not detect any such mobility shift for
the BamASS variant (Fig. 2B). This suggests that the observed
shift in BamA+ is a consequence of disulfide bond formation
between Cys690 and Cys700. In support of this result, we find
that Mal-PEG labeling of BamAC700S (BamACS) is significantly
higher than that of BamACC in the absence of DTT (Fig. 2A;
compare lane 8 with lane 2), suggesting that residue Cys690 is
normally inaccessible to Mal-PEG due to its involvement in the
Cys690-Cys700 disulfide bond. Although some OMPs (e.g., the
LPS insertase LptD) are known to contain essential intramolecular
disulfide bonds (25), the Cys690-Cys700 disulfide must be dis-
pensable for BamA folding and activity, as there are no differences
between strains expressing BamACC and BamASS with respect to
OM permeability, OMP levels, BamA levels, or BamA stability
(Fig. S2). Additionally, a number of Omp85 family members and
BamA homologs lack cysteines in the β-barrel domain, suggesting
that this disulfide bond is not highly conserved.
We next determined whether BamA is more sensitive to Mal-

PEG labeling in bamDR197L and ΔbamE mutant backgrounds
(Fig. 2C). BamA was labeled more efficiently with Mal-PEG in
both mutant strains than in wild-type E. coli. This finding con-
firms that the protease assay is diagnostic for the surface acces-
sibility of L6 rather than the stability of the BamA β-barrel
domain. It is worth noting that some proportion of wild-type
BamA can be labeled with Mal-PEG. We take this to mean
that both species of BamA (BamAR and BamAS) are normally
present in wild-type cells, suggesting that BamA is capable of
interconverting between the BamAR and BamAS conformers.

bamE Is Conditionally Essential in a bamDR197L Strain Background.
As described above, the consequence of bamDR197L and ΔbamE
mutations is the same; in either case, BamA exists predominantly
in the protease-sensitive, Mal-PEG–accessible conformation
(BamAS). Although the equilibrium of the two forms of BamA
appears to be influenced by the BamDE lipoproteins, there does
not seem to be any significant impact on OMP assembly in either
mutant described above. Despite this fact, we find that bamE is
conditionally essential in a bamDR197L background (Fig. 3A).
Null alleles of bamE can be transduced into a bamDR197L
background at 30 °C, but the resulting strain exhibits profound
growth and OMP biogenesis defects (Fig. 3B) and does not grow
at elevated temperatures. In contrast, bamDR197L mutants are
indistinguishable from wild-type E. coli by every measure, and
deletion of bamE has no affect on growth and only mild effects on
OM permeability and β-barrel assembly. The conditional lethality
of bamDR197L ΔbamE, then, cannot be explained by invoking
additive effects.

Genetic Interaction Between POTRA 5 and Loop 6. The results pre-
sented above show that BamA can exist in two distinct con-
formations that can be discriminated on the basis of the surface
accessibility of L6. Both conformations are observed in wild-type
cells, but the protease-sensitive, Mal-PEG–reactive conformation
apparently accumulates in the presence of a gain-of-function
bamD mutation or a loss-of-function bamE mutation, suggesting
that BamD and BamE have opposing roles in regulation of
BamA β-barrel dynamics. How might periplasmic lipoproteins
(BamDE) modulate the conformation of an OM-integral
β-barrel protein? Several observations led us to investigate the
possibility that the barrel-proximal POTRA domain (P5) serves
as an intermediary between the BamA β-barrel and the
BamCDE subcomplex. First, BamCDE associate physically with
BamA exclusively through P5 (13). Second, the activating
bamDR197L mutation was isolated as a suppressor of a condi-
tional lethal bamA allele (bamAE373K) that encodes a charge–
change substitution in P5 (12). A third connection between P5
and L6, described below, was uncovered in the course of ana-
lyzing a nonlethal substitution at position 373.
The bamAE373K mutant grows poorly even at the permissive

temperature and is therefore difficult to manipulate experi-
mentally. However, when we replace Glu373 with a nonpolar
residue (E373A), we find the resulting strain to be viable,
showing no OMP assembly defects but exhibiting increased
sensitivity to detergent (Table 1). Additionally, we find that the
amount of BamAE373A that copurifies with BamD-His6 is re-
duced compared with wild-type BamA (Fig. 4A), although the
BamA–BamD interaction is not compromised to nearly the
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Fig. 2. BamA L6 is surface-exposed and contains an intramolecular disulfide
bond. (A) Cells from wild-type or bamA cysteine mutants were labeled with
Mal-PEG as described in SI Materials and Methods either with or without
DTT pretreatment. (B) Folding of BamA was assessed in wild-type (bamACC)
and double mutant (bamASS) cells by performing SDS/PAGE under reducing
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Fig. 3. Genetic interactions between bamDR197L and ΔbamE. (A) Growth
of wild-type (square), bamDR197L (circle), ΔbamE::cam (diamond), and
bamDR197L ΔbamE::cam (triangle) strains at 37 °C was monitored by mea-
suring OD600. All strains were grown to stationary phase at 30 °C and then
diluted 1:1,000 in fresh LB and grown at 37 °C. (B) OMP levels were de-
termined by immunoblot in cell extracts of wild-type, bamDR197L, ΔbamE::
cam, and bamDR197L ΔbamE::cam strains grown at 30 °C.
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degree observed in the presence of BamAE373K (12). This mu-
tation clearly causes defects that are relatively mild in compari-
son with bamAE373K, but the apparent destabilization of
BamAD observed in a bamAE373A background implies that the
E373A and E373K substitutions affect BamA function in a sim-
ilar manner yet differ in severity.
We isolated detergent-resistant suppressors of bamAE373A,

expecting that suppressor analysis might reveal residues impli-
cated in either the BamA-CDE association or the activity of
BamA. One suppressor that we identified carried a mutation in
L6 that changed residue 693 from glutamine to proline (Q693P).
This substitution does not affect the folding or stability of the
BamA β-barrel, which retains the property of heat modifiability
in the presence of the suppressor mutation (Fig. S3). However,
the close proximity of this residue to C690 in the primary se-
quence of BamA and the propensity of proline to disrupt local
secondary structure raised the possibility that the Q693P muta-
tion might impact L6 structure in the segment containing the
C690-C700 disulfide bond. We reasoned that destabilizing this
segment of L6 by dissolving the C690-C700 disulfide bridge
would also confer detergent resistance in a bamAE373A back-
ground. To test this, we mutated one or both L6 cysteine residues
to serine and determined whether these mutations phenocopy
the spontaneous Q693P suppressor. Consistent with our pre-
diction, we find that both the C700S single mutation and the
C690S/C700S double mutation restore detergent resistance to
a bamAE373A mutant (Fig. 4B). Suppression must not require
disruption of the disulfide bond, as BamAQ693P is apparently
properly oxidized (Fig. S4). These data suggest that the sup-
pressive effect of Q693P on the P5 mutation (E373A) is related
to the conformation of L6 or a segment thereof. This result
implies an association, perhaps direct, between P5 and L6, and
further suggests that functional defects caused by mutation of
E373 reflect some impairment in the activity or folding of the
BamA β-barrel (particularly L6).

Deletion of Accessory bam Genes Causes Lethality in a bamAE373A
Background. Single bam mutations that cause subtle defects often
exhibit synergistic effects when combined (5, 8). As these phe-
notypes have the potential to both unmask critical roles for the
various components in OMP assembly and reveal the step(s) at
which they act, we sought to determine whether such interactions
are observed when accessory Bam components are deleted in
a bamAE373A mutant background. Although deletion of bamC
did not affect the growth or viability of a bamAE373Amutant, we
found that introduction of a loss-of-function bamB mutation
(bamB8) (7) precludes growth of bamAE373A at 37 °C and that
bamE cannot be deleted in a bamAE373A background under any
growth condition (Table 2). Thus, a bamAE373A bamB8 double
mutant is conditionally lethal and bamE is essential for growth in
a bamAE373A background.
In an attempt to understand the basis of these synthetic effects,

we determined whether the L6 mutations described above (Q693P,
C690S, C700S) could restore growth to a bamAE373A mutant

lacking either BamB or BamE. None of the mutations above
suppresses the synthetic lethality of a bamAE373A ΔbamE
double mutant. However, these L6 mutations individually restore
growth of the bamAE373A bamB8 double mutant at the non-
permissive temperature (Table 2). Levels of BamAE373A and
the model OMP LamB, which are significantly reduced in
a bamAE373A bamB8 background, are increased by these sup-
pressor mutations to varying degrees, with the disulfide-disrupting
mutations exhibiting the most significant effect (Fig. 5).

Discussion
We have shown that BamA exists in two distinct conformations
that reflect the degree of surface exposure of L6. In one con-
formation, L6 is largely protected from Mal-PEG and externally
added protease, most likely for reasons noted below, because this
loop is folded back inside the β-barrel where it could interact
with POTRA 5 (BamAR); in the other conformation, L6 is sur-
face-exposed and accessible to both reagents (BamAS). Because
both conformations can be detected in wild-type cells, we suggest
that both are physiologically relevant and present at equilibrium.
The bamDR197L and ΔbamE mutations alter this equilibrium

so as to favor BamAS. Our genetic and biochemical analyses in-
dicate that, despite this apparent similarity, BamD and BamE
must have opposing mechanistic roles in modulating the confor-
mational state of BamA. This must be so because bamDR197L
and ΔbamE oppositely affect the phenotype of a bamA101 mu-
tant. Recall that the bamA101 mutation, which alters the bamA
promoter but not the ORF, causes a growth defect secondary
to a 10-fold reduction in BamA levels (27). Whereas the gain-
of-function mutation bamDR197L is a suppressor of bamA101

Table 1. Growth phenotypes of bamA E373 mutants compared
with wild type

Growth condition

LB

bamA allele 24 °C 37 °C Bile salts SDS

bamA+ +++ +++ +++ +++
bamAE373K + − − −
bamAE373A +++ +++ +++ −

Growth of each strain on the indicated agar plates was scored after in-
cubation overnight. Strains were scored on the following scale: +++, normal
growth; +, weak growth; −, no growth. The results shown are from a repre-
sentative experiment.

ELUATEINPUT 

  BamA 

BamDHis6

  BamD 

BamC

A

bamA 

E373A

bamA 

E373A

Q693P

bamA 

E373A

C700S

bamA 

E373A

C690S/C700S

LB + 0.5% SDS/1mM EDTAB

Fig. 4. BamA L6 and BamDE communicate via POTRA5. (A) A His-tagged
variant of BamD was expressed in bamA+ or bamA E373A strains to enable
copurification of the Bam complex. Extracts of each strain were purified using
a Ni-NTA affinity resin and eluted with imidazole. Input and eluted fractions
were analyzed by SDS/PAGE and immunoblot with antibodies that recognize
BamA, BamC, or BamD. (B) Strains carrying bamAE373A, bamAE373A+Q693P,
bamAE373A+C700S, or bamAE373A+C690S+C700S mutations were streaked
onto LB agar plates supplemented with 0.5% SDS and 1.0 mM EDTA. The
image was captured after overnight growth at 37 °C.
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growth defects (12), the loss-of-function ΔbamE mutation is syn-
thetically lethal with bamA101 (8). This suggests that bamDR197L
increases the activity of Bam. In contrast, Bam must be less active
in the absence of BamE because a significant reduction in cellular
BamA levels is tolerated only when BamE is present. To account
for these facts, we propose that BamD activity shifts the confor-
mational equilibrium toward BamAS, whereas BamE activity shifts
the equilibrium toward BamAR as depicted in Fig. 6.
It is not immediately clear how and why conformational changes

in the BamA β-barrel influence its function. One interpretation is
that these conformers reflect “active” and “inactive” states of the
Bam complex and that the BamA forms that we can distinguish
biochemically represent these two states. However, because the
bamDR197L andΔbamEmutations oppositely affect BamAactivity
but equivalently affect the ratio of BamAS to BamAR, it is unlikely
that BamAS represents an active (“ON”) conformation of BamA.
BamAS, furthermore, cannot represent an inactive molecule be-
cause this form is stabilized in the presence of theBamA-activating
bamDR197L mutation. Consequently, we disfavor this model.
An alternative model, which we currently favor, suggests that

OMP assembly in E. coli occurs via a reaction cycle involving the
regulated, cyclic interconversion between an initial and a final
state of the Bam complex. Our findings are consistent with a two-
step model in which BamA is induced by BamD to assume the
BamAS conformation while BamE promotes completion of the
reaction cycle by indirectly restoring the initial BamAR state
through regulation of BamD. In wild-type cells, an unfolded
substrate would interact with and alter the conformation of
BamA in a BamD-dependent manner, causing L6 to become
surface-exposed. After a round of assembly is completed, the
Bam lipoproteins act to restore the ground state, thereby priming
the machine to accept and assemble another incoming substrate.

Two lines of evidence support this “reaction cycle” model.
First, this model provides a satisfying explanation for the seem-
ingly paradoxical synthetic lethality of bamDR197L ΔbamE. In
the presence of BamDR197L, the conversion from the initial to
the final state is accelerated, whereas in the absence of BamE,
restoration of the initial state is substantially slowed. When the
two mutations are combined, the equilibrium is shifted strongly
in favor of the final state, which accumulates at the expense of
the initial state. The overall effect is to reduce the efficiency of
OMP assembly enough to inhibit cell growth by slowing the ki-
netics of Bam recycling. This reduction in efficiency is lethal at
elevated temperatures when growth is fastest and demand on the
Bam machine is greatest.
Second, there is precedent for such a reaction cycle that involves

similar changes in β-barrel conformation. BamA is related phylo-
genetically to FhaC, an Omp85-type transporter that mediates
secretion of a single substrate, FHA, across the OM of Bordetella
pertussis. The FhaC β-barrel also contains a sixth extracellular loop
that exhibits two conformational states. L6 of FhaC is susceptible
to surface proteolysis only in the presence of the substrate FHA,
which suggests that the conformation of the barrel is modulated
only when the substrate engages the transporter (23). Jacob-
Dubuisson and colleagues have proposed that FhaC L6 normally
occupies the lumen of the β-barrel, as evidenced by the crystal
structure, but is displaced when the transporter is activated (21,
28). We extend this principle to BamA by proposing that activa-
tion of the Bam machine by substrate involves a conformational
change in the BamA β-barrel that is evidenced by surface expo-
sure of L6 and that the Bam lipoproteins regulate OMP assembly
by modulating this conformational change.
Our genetic analysis suggests that residue E373 defines a crit-

ical region in POTRA 5 (P5) that is necessary for communication
between BamA and its associated lipoproteins. The conditional-
lethal mutation bamAE373K disrupts the interaction between
BamA and BamD, separating the heteropentameric Bam com-
plex into two stable subcomplexes, BamAB and BamCDE (12).
A less deleterious substitution at the same residue, E373A, which
partially destabilizes the BamA–BamD interaction and renders
BamB function essential, can be suppressed by mutations in L6
that likely affect the region containing the intramolecular di-
sulfide bond identified here. Although the importance of the
BamA disulfide remains to be determined, our results clearly
demonstrate a genetic link between L6 and the periplasmic do-
main of BamA. Because the BamD-binding site on BamA is in
P5 (13), we suggest that BamDE control the conformation of
BamA via signals transmitted indirectly through P5 to L6. Our
results also show that the function of BamB becomes critical
when this communication network is compromised.

Table 2. Genetic interactions between bamA, bamB, bamC, and
bamE mutants

bamB8 ΔbamC ΔbamE::cam

bamA allele 30 °C 37 °C 30 °C 37 °C 30 °C 37 °C

bamA+ +++ +++ +++ +++ +++ +++
bamAE373A ++ − +++ +++ − −
bamAE373A+Q693P ++ ++ ND ND − −
bamAE373A+C690S+C700S +++ +++ ND ND − −

Growth of each strain on LB agar plates at the indicated temperature was
scored after incubation overnight. Strains were scored on the following
scale: +++, normal growth; ++, intermediate growth; +, weak growth; −,
no growth; ND, not determined. The results shown are from a representative
experiment.

bamB
+

bamB8

BamA 

LamB 

BamC

Fig. 5. Mutations in BamA L6 can suppress the synthetically lethal
bamAE373A bamB8 double mutant. Immunoblot analysis of extracts from
the indicated strains were prepared as described in Materials and Methods.
Extracts were probed with anti-BamA, anti-BamC, and anti-LamB antibodies.

Fig. 6. Conformational dynamics of the Bam complex. BamA cycles be-
tween two different conformations that involve movement of the conserved
L6. Interconversion between the protease-resistant, Mal-PEG inaccessible
form (BamAR) and the protease-sensitive, Mal-PEG accessible form (BamAS) is
regulated by BamDE. In strains carrying gain-of-function bamDR197L and
loss-of-function ΔbamE mutations, the equilibrium is shifted to the right.
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How structural information is transduced from P5 to L6
remains to be determined, although it is conceivable that L6
directly contacts the periplasmic domain of BamA as its length is
more than sufficient to traverse the barrel lumen and extend into
the periplasmic space (28, 29). Notably, suppressor mutations in
L6 restore viability to strains lacking BamB, -C, and -E, cor-
roborating our assertion that a functional relationship exists
between the BamA β-barrel and the Bam lipoproteins (9).
Although the similarities between BamA and FhaC with re-

spect to L6 surface exposure imply a conserved function com-
mon to all Omp85 family members, any comparison is limited
by the fact that FhaC promotes protein translocation and
BamA promotes membrane protein assembly. However, a role
for Bam in protein secretion has been established (30–32),
and it has been proposed that the hydrophilic extracellular
loops of OMPs are translocated across the OM through the
pore of the BamA β-barrel (14, 28). This raises the possibility
that the two conformations of BamA are each involved in the
assembly and/or secretion of different types of substrates.
Clearly, more work is required to clarify the functional rele-
vance of the BamA conformations identified here. However,
we note in closing that SecYEG, the IM protein translocase
involved in secretion and membrane assembly of envelope
proteins, has a central channel gated with a plug that is ex-
pelled to accommodate both secreted proteins and integral
IM proteins (33). Moreover, gain-of-function mutations (the
prl mutations) that either destabilize the closed form or

stabilize the open form can activate Sec, allowing secretion of
substrates with defective signal sequences (34). Further elucida-
tion of Bam conformational dynamics will likely provide signifi-
cant mechanistic insight into the molecular underpinnings of
protein integration into and translocation across the OM.

Materials and Methods
Strains andMedia.All strains and plasmids used in this study are listed in Table
S1. All strains were grown in LB medium at 37 °C unless noted otherwise.
Antibiotics were included in the culture medium where appropriate at the
following concentrations: ampicillin (125 μg/mL), chloramphenicol (20 μg/mL),
kanamycin (25 μg/mL), and tetracycline (25 μg/mL). Mutant strains were
constructed by P1 transduction as described (35).

Mal-PEG Labeling Assay. Cells from exponential-phase cultures were har-
vested and washed in reaction buffer as described above for the protease
assay. Where indicated, DTT was added to samples at a final concentration of
10 mM followed by incubation at room temperature for 10 min. The cells
were then harvested by centrifugation and washed twice in an equal volume
of reaction buffer. Where appropriate, Mal-PEG (Laysan Bio) was added to
the resuspended cells and incubated at room temperature for 10 min. The
cells were washed twice as before, resuspended in an equal volume of SDS/
PAGE sample buffer, and then analyzed by SDS/PAGE and immunoblot.
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