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ABSTRACT Most integral outer membrane proteins (OMPs) of Gram-negative bacte-
ria, such as Escherichia coli, assume a �-barrel structure. The �-barrel assembly ma-
chine (Bam), a five-member complex composed of �-barrel OMP BamA and four as-
sociated lipoproteins, BamB, BamC, BamD, and BamE, folds and inserts OMPs into
the outer membrane. The two essential proteins BamA and BamD interact to stabi-
lize two subcomplexes, BamAB and BamCDE, and genetic and structural evidence
suggests that interactions between BamA and BamD occur via an electrostatic inter-
action between a conserved aspartate residue in a periplasmic domain of BamA and
a conserved arginine in BamD. In this work, we characterize charge-change muta-
tions at these key BamA and BamD residues and nearby charged residues in BamA
with respect to OMP assembly and Bam complex stability. We show that Bam com-
plex stability does not correlate with function, that BamA and BamD must adopt at
least two active conformational states during OMP assembly, and that these charged
residues are not required for function. Rather, these charged residues are important
for coordinating the activities of BamA and BamD to allow efficient OMP assembly.
We present a model of OMP assembly wherein recognition and binding of unfolded
OMP substrate by BamA and BamD induce a signaling interaction between the two
proteins, causing conformational changes necessary for the assembly reaction to
proceed. By analogy to signal sequence recognition by SecYEG, we believe these
BamA-BamD interactions ensure that both substrate and complex are competent for
OMP assembly before the assembly reaction commences.

IMPORTANCE Conformational changes in the proteins of the �-barrel assembly ma-
chine (Bam complex) are associated with the folding and assembly of outer membrane
proteins (OMPs) in Gram-negative bacteria. We show that electrostatic interactions be-
tween the two essential proteins BamA and BamD coordinate conformational changes
upon binding of unfolded substrate that allow the assembly reaction to proceed. Mu-
tations affecting this interaction are lethal not because they destabilize the Bam
complex but rather because they disrupt this coordination. Our model of BamA-
BamD interactions regulating conformation in response to proper substrate interac-
tion is reminiscent of conformational changes the secretory (Sec) machinery under-
goes after signal sequence recognition that ensure protein quality control.

KEYWORDS Escherichia coli, Gram-negative bacteria, membrane biogenesis, outer
membrane proteins, protein-protein interactions

The �-barrel outer membrane proteins (OMPs) play crucial roles in maintaining the
integrity of the outer membrane (OM), transporting nutrients, and removing small-

molecule toxins from Gram-negative bacteria (1). OMPs destined for the OM are
translocated via the secretory (Sec) machinery through the inner membrane (IM),
ferried across the periplasm via chaperone proteins, and then properly folded and
assembled into the OM by the �-barrel assembly machine (Bam) complex (2). The Bam
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complex is a heteropentamer composed of BamA (itself an OMP with five N-terminal
periplasmic POTRA domains) and four associated OM lipoproteins, BamBCDE (3–7).

BamA and BamD are both required for viability, and each essential component
forms a stable subcomplex involving the accessory lipoproteins (BamAB and BamCDE)
(3–7). Structural studies show electrostatic interactions between the membrane-
proximal POTRA domain (POTRA5) and the C terminus of BamD, specifically between
conserved residues E373 of BamA and R197 of BamD (8–12) (Fig. 1A). A conditionally
lethal mutation that perturbs this interaction (bamAE373K) is thought to prevent the
formation of a critical salt bridge between these conserved residues and, consequently,
to split the Bam holocomplex into BamAB and BamCDE subcomplexes (13).

The lethality conferred by bamAE373K is suppressed by a compensatory mutation in
BamD (bamDR197L) that restores Bam complex function but does not restore the stable
BamABCDE holocomplex (13). This suggests that bamAE373K and bamDR197L are both
gain-of-function mutations that enable Bam function even in the absence of a direct
physical interaction between BamA and BamD (13).

Biophysical characterization of POTRA5 revealed local conformational plasticity in
the electrostatic network within this domain (which includes E373), and it has been
proposed that interchanging salt bridges between charged residues in this network
underlie the conformational exchange within POTRA5 observed by nuclear magnetic
resonance (NMR) (9) (Fig. 1B). Consistent with this suggestion, the E373K mutation
introduced as described above was found to shift the conformational equilibrium of
POTRA5 (9).

In light of the observed effects of E373 mutation on BamA function, conformation,
and protein-protein interactions, we sought to discern the role of this electrostatic
network on Bam complex formation and function by combining POTRA5 charge-

FIG 1 A network of electrostatic interactions connects BamA and BamD. (A) The interface between BamA (green) and
BamD (blue) centers around a set of conserved charged residues in POTRA5 (D362, R366, and E373) that interact with one
another and with Y176, E177, and R197 of BamD (PDB: 5EKQ). The BamD-POTRA5 interface is shown in the inset and in
greater detail in panel B. (C) ClustalW alignment of BamA POTRA5 peptide sequences from representative proteobacterial
species within Alphaproteobacteria (�) (Brucella abortus), Betaproteobacteria (�) (Neisseria gonorrhoeae), Gammaproteobac-
teria (�) (Escherichia coli), Deltaproteobacteria (�) (Myxococcus xanthus), and Epsilonproteobacteria (�) (Campylobacter jejuni)
classes. Conserved residues D362, R366, and E373 are highlighted, and the position of the variable residue corresponding
to K351 in E. coli is indicated by an arrow.
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change variants with wild-type (bamD�) or gain-of-function (bamDR197L) alleles of
bamD. Analysis of complex function and complex stability in this mutant panel shows
that while the stability of the Bam holocomplex is sensitive to charge-change mutations
in the conserved POTRA5 electrostatic network, holocomplex stability is not correlated
with Bam complex function. Our results suggest that this network of electrostatic
interactions is not required for Bam function per se, but that this electrostatic network
evolved as a mechanism for regulating the conformational dynamics of the essential
Bam components during OMP assembly. We propose that conserved POTRA5 residues
enable coordination of the conformational dynamics of BamA and BamD during the
OMP assembly cycle and that mutations that uncouple the intermolecular communi-
cation between BamA and BamD may stabilize BamA and BamD conformations that are
incompatible and that therefore cannot productively engage in the coordinated pro-
cess of membrane protein assembly.

RESULTS
Charge change mutations alter the electrostatic network in POTRA5. To probe

the importance of the dynamic electrostatic interactions between BamA residue E373
and BamD residue R197, as well as the electrostatic interactions between BamAE373
and other residues within this region of POTRA5, we generated point mutations that
alter the charge of the residues in the POTRA5 electrostatic network (K351, D362, and
R366) (Fig. 1B) and characterized their effects on Bam complex function and stability in
bamD� and bamDR197L backgrounds. Three of these residues (D362, R366, and E373)
are highly conserved across proteobacteria, while K351 is variable (Fig. 1C). As observed
previously (13), the bamAE373K allele causes lethality at physiological temperature
(37°C) in bamD� strains carrying the inducible PBAD-bamA� construct grown in the
absence of the inducer (arabinose), a phenotype that is completely suppressed upon
introduction of the bamDR197L allele; the bamAE373K bamDR197L double mutant
grows comparably to a wild-type (WT) strain in the absence of arabinose.

Like bamAE373K mutants, bamAK351E, bamAD362R, and bamAR366E mutants are
viable in merodiploid strains in which WT bamA is expressed (i.e., in the presence of
arabinose). This indicates that each of the charge change mutations is recessive to
bamA�. However, when these mutant BamA variants were expressed in the absence of
WT BamA (i.e., in the absence of arabinose), a variety of phenotypes were observed
depending on the cognate allele of bamD carried in each strain (Fig. 2A and Table 1);
these are described below. In general, these phenotypes were stronger at 37°C than at
30°C.

The K351E substitution seems not to compromise Bam function, as bamAK351E had
no effect on growth or Bam complex function in both the bamD� and bamDR197L
backgrounds at both 30 and 37°C (Fig. 2A; also see Fig. S1 in the supplemental
material). The bamAD362R and bamAR366E alleles, on the other hand, display an
inverse genetic interaction with the wild-type (bamD�) and gain-of-function
(bamDR197L) alleles compared to bamAE373K: bamAD362R and bamAR366E mutants
are viable in a bamD� background but grow poorly at 37°C (Fig. 2A) and exhibit
mucoidy in a bamDR197L background at 30°C (Fig. S1 in the supplemental material).

In summary, every BamA POTRA5 charge-change mutant tested was functional with
at least one bamD allele tested, demonstrating that none of these conserved residues
is necessary for BamA function. These mutations must not affect the ability of BamA
and BamD to interact with unfolded substrate or to undergo the conformational
changes necessary for normal OMP assembly. It is likely, then, that normal Bam activity
(and therefore viability) is compromised by “incompatible” combinations of bamA and
bamD alleles (e.g., bamAR366E bamDR197L or bamAE373K bamD�).

Stability of the Bam complex does not correlate with function. Normally, the
Bam complex exists as a stable five-member complex that can be purified intact
without the use of cross-linking agents by affinity purification with any one of the
members (3, 5). This complex comprises two stable subcomplexes (BamAB and
BamCDE) that can form efficiently both in vivo and in vitro and can combine to form a
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holocomplex centered around POTRA5 (3, 5, 6). It was previously shown that the
conditionally lethal E373K mutation disrupts the interaction between the BamAB and
BamCDE subcomplexes and that this separation likely contributes to the lethal effects
of this mutation by interfering with the ability of BamA and BamD to functionally
collaborate. The bamDR197L mutation suppresses the lethal effects of bamAE373K, but
it does not restore a stable BamAB-BamCDE interaction (13). This observation led to the
previous suggestion that the physical separation of the subcomplexes compromises
Bam activity not because a stable BamA-BamD interaction is critical for function per se
but because a signaling interaction occurs between wild-type BamA and BamD pro-
teins that regulates (and perhaps coordinates) their activities. If this is true, we should
observe that perturbing additional residues in the electrostatic POTRA5 network im-
plicated in the stable BamA-BamD interaction can influence holocomplex stability
without necessarily compromising complex function. To test this assumption and to
determine the effect of the other bamA charge change mutations on complex stability,
we used affinity purification of His-tagged BamA to monitor the BamAB-BamCDE
interaction in the presence of these mutations.

We found that while the R366E mutation has no effect on Bam complex stability (i.e.,
BamCDE can be copurified with BamA carrying the R366E substitution), the K351E

FIG 2 Charge-change mutations in BamA POTRA5 cause growth defects. Strains containing an arabinose-inducible copy of bamA (JCM320) as well as
pZS21::bamAmut were grown to stationary phase with arabinose, 10-fold serial dilutions (top) were spotted onto LB medium with 25 �g/ml kanamycin or LB
with 25 �g/ml kanamycin and 0.2% arabinose, and plates were incubated overnight at 37°C. (A) bamAD362R and bamAR366E are synthetically lethal with
bamDR197L, while bamAE373K is synthetically lethal with bamD�. bamAK351E showed no growth defects. (B) bamAK351E is an intragenic suppressor of
bamAE373K but not bamAD362R. (C) Both bamAD362R and bamAR366E show reciprocal incompatibility with bamAE373K.

TABLE 1 Phenotypes of charge change substitutions in POTRA5a

pZS21::bamA variant

Growth at 37°C in
background:

Stable Bam complex in
background:

bamD� bamDR197L bamD� bamD197L

Wild type � � � �
bamAK351E � � � �
bamAD362R � � � �
bamAR366E � � � �
bamAE373K � � � �
bamAK351E-E373K � � � �
bamAK351E-D362R � � ND ND
bamAD362R-E373K � � � �
bamAR366E-E373K � � � �

aND, not determined.
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mutation affects the interaction with BamD� specifically, and the D362R mutation (like
E373K) destabilizes the complex in both the bamD� and bamDR197L backgrounds
(Fig. 3). This result is intriguing because bamAE373K and bamAD362R exhibit opposite
compatibilities with bamD� and bamDR197L despite the fact that the E373K and D362R
mutations both destabilize the Bam complex (Fig. 2A). In contrast, bamAR366E has the
same compatibilities with respect to bamD as does the bamAD362R allele (Fig. 2A); yet,
unlike D362R, the R366E mutation does not affect complex stability in either a bamD�

or bamDR197L background. These results clearly demonstrate that Bam complex
function does not correlate with Bam complex stability and that incompatibility be-
tween bamDR197L and bamAD362R or bamAR366E is unrelated to the stable physical
interaction between BamA and BamD. Furthermore, the reciprocal functional relation-
ship between these bamA and bamD alleles cannot be explained by the presence or
absence of a stable Bam complex.

An intragenic suppressor of bamAE373K does not restore complex stability. To
further probe the role of the dynamic electrostatic interactions in BamA POTRA5, we
constructed strains carrying multiple charge change mutations in bamA and charac-
terized their phenotypes in both the bamD� and the bamDR197L backgrounds. Re-
markably, we discovered that K351E acts as an intragenic suppressor of bamAE373K in
that it restores growth in a bamD� background at physiological temperatures (Fig. 2B).
As with the extragenic suppressor bamDR197L, which rescues the viability of a
bamAE373K mutant without restoring the BamA-BamD interaction, bamAK351E also
suppresses the lethality caused by the E373K mutation without restoring the stability
of the Bam complex; in both the bamD� and the bamDR197L backgrounds, the K351E
E373K double mutant exhibits the same affinity purification profile as BamAE373K,
indicating that the stable interaction between BamA and BamD has not been restored
(Fig. 4).

Interestingly, bamAK351E is not a generic suppressor of incompatible bamA and
bamD alleles; it does not suppress the synthetic lethality of bamAD362R bamDR197L
(Fig. 2B). On the contrary, the K351E D362R double mutant exhibits a more severe
growth phenotype than the D362R single mutant in a bamDR197L background (Fig. 2
and Table 1). This demonstrates that the bamAK351E mutation is not a gain-of-function
mutation that is cis dominant to other charge change mutations in POTRA5; this
mutation cannot suppress all defective BamA-BamD interactions.

FIG 3 Complex stability does not correlate with function. Affinity purification of His-bamA and His-bamAmut was performed
in both a bamD� and bamDR197L background. Samples were run on SDS-PAGE gels and immunoblotted for BamA, BamC,
BamD, and BamE. Left, sample before purification; right, samples after purification. When the complex has been
destabilized, BamCDE no longer stably associate with BamA and are not eluted during purification.
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Reciprocal incompatibility between alleles of BamA and BamD causes synthetic
lethality. To further explore the contribution of charge POTRA5 residues to Bam
function, we constructed double mutants carrying the E373K mutation and either the
D362R or R366E substitution and assessed for compatibility with both wild-type bamD
and bamDR197L mutant alleles (Fig. 2C). The bamAD362R-E373K double mutant is
inviable at all tested temperatures in a bamD� background and is partially suppressed
by bamDR197L at 37°C (Fig. 2C and S1). Similar (if slightly stronger) phenotypes are seen
in a bamAR366E-E373K double mutant, which is inviable at all temperatures in a bamD�

background and with bamDR197L at both 30°C and 37°C (Fig. 2C and S1).
While bamDR197L suppresses the lethality of bamAE373K, it does not suppress the

lethality of the bamAR366E-E373K and bamAD362R-E373K double mutants, indicating
that the bamDR197L mutation is incompatible with the R366E or D362R substitutions
in BamA, even when the gain-of-function bamAE373K mutation is present. Furthermore,
the bamAR366E and bamAD362R mutations do not suppress the lethality of bamAE373K
in a bamD� background even though each of those mutations has no defect in a
bamD� background, suggesting that both sets of mutations have cis-dominant and
opposite defects with respect to interactions with different bamD alleles; that is, the
bamAE373K phenotype is observed when these BamA double mutants are expressed in
a bamD� background, whereas the bamAD362R or bamAR366E phenotype is observed
in a bamDR197L background. Additionally, while BamAD362R does not interact with
either BamD or BamDR197L and BamAR366E interacts normally with both BamD and
BamDR197L (Fig. 3), in both double mutants (bamAD362R-E373K and bamAR366E-
E373K) a stable physical interaction between BamA and BamD cannot be detected (Fig.
4). Like the mutant with the bamAE373K mutation alone, the double mutants show Bam
subcomplex separation in both a bamD� and bamDR197L background. This suggests
that the bamAE373K mutation is cis-dominant in its ability to destabilize the Bam
complex, as no double mutants containing bamAE373K, including the bamD�-
compatible allele bamAK351E-E373K, permit the formation of a stable Bam holocom-
plex.

We suggest that the bamAD362R-E373K and bamAR366E-E373K double mutants
cannot properly coordinate with either bamD allele, rendering them unable to undergo

FIG 4 Double mutations do not restore complex stability even when they restore function. Affinity
purification of His-BamA and His-BamAmut was performed in both a bamD� and bamDR197L background.
Samples were run on SDS-PAGE gels and immunoblotted for BamA, BamC, BamD, and BamE. Left, samples
before purification; right, samples after purification. When the complex has been destabilized, BamCDE no
longer stably associate with BamA and are not eluted during purification. Regardless of the double
mutation combination, BamAE373K always destabilizes the Bam complex.
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the necessary conformational changes to proceed with OMP assembly. That neither
mutation overrides the other in the double mutant is further evidence of the reciprocal
incompatibility between the POTRA5 mutants.

DISCUSSION

The salt bridge between the invariant residues BamAE373 and BamDR197 is a
prominent feature of all Bam complex crystal structures to date, and charge change
mutations at BamA373 are known to disrupt the BamA-BamD interaction. However,
several observations challenge the notion that the critical role of BamAE373, and the
salt bridge it forms with BamDR197, is simply to stabilize an essential physical inter-
action between BamA POTRA5 and BamD. Chief among these observations is the
finding that intragenic and extragenic suppressors of bamAE373K restore Bam function
but fail to restore complex stability, demonstrating that the BamAE373-BamDR197 salt
bridge is not critically important for Bam complex function. We argue that the dynamic
electrostatic interactions among the closely linked charged residues in POTRA5 and
BamD are conserved not because they are central to the function(s) of these essential
factors but rather because they serve to coordinate the conformational dynamics, and
therefore the activities, of BamA and BamD.

The bamAE373K mutation and its extragenic suppressor bamDR197L allow both
mutant BamA and BamD proteins to function in the absence of the stable physical
interaction that normally occurs between them. The simplest explanation for this
suppression posits that the mutations alter the conformation of both proteins so as to
bypass the requirement for a stable interaction. Presumably, then, BamAE373K cripples
Bam function in the presence of wild-type BamD, not because BamA is incompetent to
bind and assemble substrates but because the lack of a stable interaction prevents
proper BamA-induced activation of the cognate BamD partner. This conclusion is
supported by recent NMR-based characterization of the conformational dynamics of
POTRA5 carrying various residues at position 373; this work suggests that the E373K
mutation does not result in a novel POTRA5 conformation but rather shifts the
observed two-state conformational equilibrium of POTRA5 to one extreme (9). In what
follows, we use the terms of allostery to describe these conformations (14) with
unfolded OMPs as the ligand. In the absence of interaction with an unfolded OMP,
BamA remains in an inert, or “tense,” basal state. Because the BamAE373K variant is fully
functional in the presence of a suppressor mutation and in the absence of a direct
interaction with BamD, we suggest that the E373K mutation biases the conformation of
BamA toward a relaxed conformation that is normally achieved only when the Bam
complex engages client OMPs (the ligand) in the course of normal assembly.

It is striking that the BamAD362R and the BamAR366E mutation proteins behave in
a fashion opposite that of BamAE373K, whereas only one of the two mutations affects
Bam complex stability. Like E373K, the D362R substitution also disrupts complex
stability, but the mutant protein can function only with wild-type BamD and not the
gain-of-function BamDR197L variant, which is otherwise compatible with both BamA�

and BamAE373K. bamAR366E is also incompatible with bamDR197L, but the synthetic
lethality observed must not be caused by a disruption of the physical interaction
between BamAR366E and BamDR197L, as the complete holocomplex forms in the
presence of both mutations. Regardless of complex stability, we suspect that
BamAD362R and BamAR366E cannot properly coordinate with BamDR197L in the way
that BamAE373K can. To explain these reciprocal relationships, we propose that
the BamAD362R and BamAR366E mutant proteins exist in a conformation, which
we designate tense, being distinct from that of BamAE373K, “relaxed,” and that the
R366E and D362R substitutions drive the conformational equilibrium of POTRA5 in
the opposite direction as E373K. Similarly, we argue that the R197L mutation biases the
conformation of BamD toward a relaxed state that is normally precipitated by an
interaction with POTRA5 and OMP substrates. One of the BamA conformations (tense,
typified by BamAD362R and BamAR366E) is compatible with wild-type BamD, whereas
the other (relaxed, typified by BamAE373K) is compatible with BamDR197L (itself a
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relaxed conformer). Clearly, each conformational state described for both BamA and
BamD must be functional, but they must be paired with a complementary conforma-
tion of the partner protein to efficiently complete the OMP assembly cycle.

Underlying our mechanistic interpretation is the suspicion that BamA and BamD in
the resting state complex are primed to accept incoming substrate and that the
binding of a component of the substrate to the exposed nexus of charged residues at
the BamA-BamD interface triggers an allosteric event that shifts the conformational
equilibria of BamA and BamD from tense to relaxed states that are compatible with
OMP assembly. Presumably, the conformational dynamics observed in BamA require
the reorganization of electrostatic interactions involving the conserved charged resi-
dues characterized in this work, and previous structural and spectroscopic analyses of
POTRA5 support this assertion (9, 15, 16).

The notion of induced coordinated conformational dynamics of BamA and BamD is
consistent with the fact that both BamA and BamD interact with unfolded OMP
substrates. Indeed, BamD directly interacts with the C termini of substrate OMPs
(17–20), a prime candidate for the allosteric inducer of Bam complex activation. This
interpretation also highlights potential mechanistic conservation between BamA and
the Omp85 family transport protein FhaC, the conformation of which is regulated by
binding of its substrate (filamentous hemagglutinin [FHA]) to the �-barrel-proximal
POTRA domain (21).

Evidently, the stable interaction between the BamAB and BamCDE subcomplexes
can be disrupted by mutation without compromising function in any detectable way.
It is essentially impossible to prove that the two subcomplexes do not interact weakly
and transiently; however, we think it quite possible that these complexes can function
in the absence of a direct interaction. As it is highly unlikely that a folding intermediate
of an OMP could diffuse from one subcomplex to another, we think it more likely that
each subcomplex interacts simultaneously with the same substrate protein even
though the subcomplexes do not stably interact.

The results summarized in the preceding paragraphs have led us to propose a
model wherein BamA-BamD interactions serve to coordinate conformational changes
in BamA and BamD that initiate the assembly process (Fig. 5). In our model, the
unfolded substrate is bound by BamA and/or BamD (Fig. 5A) (20, 22, 23). Substrate
binding induces conformational changes (tense to relaxed) in both BamA and BamD
(Fig. 5C) that are communicated between the two proteins via the dynamic electrostatic
network between POTRA5 and BamDR197 (Fig. 5B). Relaxed BamA and BamD are then
competent to continue the OMP assembly cycle (Fig. 5D). After the nascent OMP is

FIG 5 BamA-BamD interactions coordinate BamA and BamD conformational changes during OMP assembly. (A) The wild-type Bam complex exists in an initial
(tense) state that is competent to accept substrate and assemble OMPs. (B) Unfolded substrate arrives at the Bam complex and interacts with BamD and BamA.
This interaction induces communication between BamA and BamD at POTRA5. (C) Proper binding of substrate by BamA and BamD triggers conformational
changes that allow assembly to proceed. (D) Activated (relaxed) BamA and BamD can now continue to efficiently assemble OMPs into the outer membrane.
(E) After OMP assembly, the Bam complex is recycled to its initial (tense) state.
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inserted into the OM, the Bam complex returns to its initial state (tense) to accept
another incoming substrate (Fig. 5E).

In the absence of a stable interaction between BamA and BamD, coordination of the
activities of these two proteins after substrate binding is likely impaired. Under these
conditions, gain-of-function mutations that shift the conformational equilibrium with-
out input from the partner protein bypass the need for direct communication, allowing
OMP assembly to proceed. For example, bamAE373K disrupts BamA-BamD interactions
and alters the conformation of BamA, but BamD remains in its initial state, awaiting
coordination with BamA that is normally dependent on a protein-protein interaction
between them. In this case, the bamAE373K mutation is lethal unless bamDR197L
independently alters the conformational equilibrium of BamD (and both proteins
bypass the need for direct interaction); here, we anticipate that BamAE373K and
BamDR197L each represent the relaxed forms of BamA and BamD, respectively. Addi-
tionally, we suggest that the K351E mutation shifts the equilibrium of BamAK351E-
E373K back toward the tense conformation that can properly and efficiently commu-
nicate with BamD to allow proper coordination to occur, suppressing bamAE373K
lethality regardless of the allele of bamD present.

On the contrary, bamAD362R and bamAR366E are partial-loss-of-function mutations
that bias the conformational equilibrium toward the tense state so as to preclude
proper communication between BamA and the BamDR197L mutant, which is confor-
mationally shifted toward the relaxed state. As BamA then fails to coordinate with
BamD, OMP assembly cannot proceed efficiently. However, these BamA mutant pro-
teins must be capable of coordinating with wild-type BamD even in the absence of a
stable complex, as there are no growth defects in an otherwise wild-type background.
This may well indicate that bound substrate can drive BamA and BamD coordination
even if stable complex formation cannot be demonstrated.

Whether or not additional genetic, biochemical, and structural inquiries support the
model, our results clearly demonstrate the existence of two different conformations of
both BamA and BamD, and neither one of these conformations is inactive. The SecYEG
complex, which translocates proteins into the periplasm and assembles proteins in the IM,
can exist in both a closed and an open complex (24). The prl alleles of the sec genes
suppress signal sequence mutations (25), even deletions that remove the entire signal
sequence without noticeable effects on wild-type secreted or membrane proteins (26, 27),
either by stabilizing the open complex or by destabilizing the close complex (27). We
suggest that, like the Sec complex (28), the Bam complex also uses conformational changes
as a proofreading step to ensure substrate quality control.

MATERIALS AND METHODS
Strain construction. The strains used in this study are listed in Table 2. Charge change mutations

were introduced into the pZS21::BamA and pET22-42::His6-BamA plasmids using site-directed mu-
tagenesis (QuikChange), according to the manufacturer’s instructions. Relevant oligonucleotides
designed using PrimerX (http://bioinformatics.org/primerx/cgi-bin/DNA_1.cgi) are listed in Table S1
in the supplemental material. Strains constructed in the BamA deletion strain (5) were maintained on
0.02% arabinose with 25 �g/ml kanamycin. Strains containing the pET22-42::His6-BamA plasmid
were maintained on 25 �g/ml ampicillin.

Growth assays. Relevant strains were grown overnight at 37°C in LB containing 0.02% arabinose
with 25 �g/ml kanamycin. Tenfold serial dilutions in LB without arabinose were made in 200-�l wells in
a 96-well plate and then spotted onto LB plates containing 25 �g/ml kanamycin with and without
arabinose. Plates were incubated at 30 and 37°C for 18 h and at 24°C for 36 h.

Affinity purification. Cells were grown in 200 ml of LB with 25 �g/ml ampicillin at 30°C until
reaching an optical density (OD) of �0.8. Cells were harvested by centrifugation at 5,000 � g for 10 min.
Cell pellets were washed twice with 20 ml of 20 mM potassium phosphate (pH 7.2) and 150 mM NaCl.
Cells were lysed in 10 ml of BugBuster solution (Novagen) containing 5 �g/ml lysozyme, 50 �g/ml DNase
1, 50 �g/ml RNase 1, and 1 �M phenylmethylsulfonyl fluoride (PMSF) by 1 h rocking at 4°C. Cellular debris
was removed by centrifugation at 10,000 � g for 20 min. After 100-�l samples were removed for Western
blotting, the cleared lysate (whole-cell extract) was incubated with 100 �l of nickel-nitrilotriacetic acid
(Ni-NTA) beads (Qiagen) by 1 h rocking at 4°C. After incubation, beads were collected by spinning at
2,500 � g for 5 min and transferred to Eppendorf tubes. Beads were pulse-spun and washed 5 times with
1 ml of buffer containing 50 mM potassium phosphate (pH 8.0), 300 mM NaCl, and 20 mM imidazole. Two
250-�l elutions in buffer containing 50 mM potassium phosphate (pH 8.0), 300 mM NaCl, and 200 mM
imidazole were pooled. Input samples were mixed with 2� SDS sample buffer, and the eluate was mixed

BamA-BamD Interactions Coordinate Protein Conformation Journal of Bacteriology

October 2017 Volume 199 Issue 20 e00373-17 jb.asm.org 9

http://bioinformatics.org/primerx/cgi-bin/DNA_1.cgi
http://jb.asm.org


with 5� SDS sample buffer (both without reducing agents). Samples were boiled at 100°C for 10 min.
SDS-PAGE analysis was performed using 12% acrylamide gels run at 140 V. Gels were transferred to
nitrocellulose membranes and blocked with a 1% (wt/vol) milk solution for 1 h before antibodies to
detect BamA (1:20,000 dilution), BamC (1:40,000 dilution), BamD (1:10,000 dilution), and BamE
(1:10,000 dilution) were added for incubation. A donkey anti-rabbit IgG– horseradish peroxidase
(HRP) conjugate (Amersham) secondary antibody was incubated at a concentration of 1:8,000.
Luminata Classico Western HRP substrate (EMD Millipore) and X-ray film (LabScientific) were used to
visualize bands.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00373-17.

SUPPLEMENTAL FILE 1, PDF file, 4.1 MB.
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