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Many members of the Omp85 family of proteins form essential �-barrel outer membrane protein (OMP) biogenesis machinery
in Gram-negative bacteria, chloroplasts, and mitochondria. In Escherichia coli, BamA, a member of the Omp85 family, folds into
an outer membrane-embedded �-barrel domain and a soluble periplasmic polypeptide-transport-associated (POTRA) domain.
Although the high-resolution structures of only the BamA POTRA domain of E. coli are available, the crystal structure of FhaC,
an Omp85 family member and a component of the two-partner secretion system in Bordetella pertussis, suggests that the BamA
�-barrel likely folds into a 16-stranded �-barrel. The FhaC �-barrel is occluded by an N-terminal �-helix and a large �-barrel
loop, L6, which carries residues that are highly conserved among the Omp85 family members. Deletion of L6 in FhaC did not
affect its biogenesis but abolished its secretion function. In this study, we tested the hypothesis that the conserved residues of the
putative L6 loop, which presumably folds back into the lumen of the BamA �-barrel like the FhaC counterpart, play an impor-
tant role in OMP and/or BamA biogenesis. The conserved 641RGF643 residues of L6 were either deleted or replaced with alanine
in various permutations. Phenotypic and biochemical characterization of various BamA L6 mutants revealed that the conserved
RGF residues are critical for OMP biogenesis. Moreover, three BamA L6 alterations, �RGF, AAA, and AGA, produced a condi-
tional lethal phenotype, concomitant with severely reduced BamA levels and folding defects. Thus, the conserved 641RGF643 resi-
dues of the BamA L6 loop are important for BamA folding and biogenesis.

Omp85/BamA and Sam50/Tob55 are the central components
of the hetero-oligomeric �-barrel outer membrane protein

(OMP) assembly machinery in Gram-negative bacteria and mito-
chondria, respectively (12, 22, 32). Chloroplasts contain two essential
Omp85/BamA homologs, Toc75-III and OEP80 (Toc75-V) (15), of
which the latter has been suggested to be involved in �-barrel OMP
assembly (14). Interestingly, it appears that these highly conserved
core components are the only ones common in the �-barrel assembly
machinery (BAM) of Gram-negative bacteria and eukaryotic organ-
elles (for recent reviews, see references 1, 2, 11, 13, and 14).

The N terminus of the Omp85/BamA superfamily of proteins
forms a soluble polypeptide-transported-associated (POTRA)
domain (25), while the C terminus is embedded in the outer mem-
brane and is predicted to fold into a 16-stranded �-barrel (19).
High-resolution structures of the POTRA domain have been
solved (9, 10, 16, 38), showing a �1�1�2�2�3 fold for each POTRA
domain (16). The numbers of POTRA domains vary greatly: typ-
ically five in Omp85/BamA, three in OEP80, and only one in
Sam50/Tob55 (15). The POTRA domain is thought to interact
with substrate OMPs via �-augmentation and initiate their fold-
ing into �-barrels (16, 17, 23). In Escherichia coli, the POTRA
domain is also the site of interactions with other lipoprotein BAM
members (37) and the periplasmic chaperone SurA (3, 36). Dele-
tion of POTRA domains 1 and 2 of E. coli BamA is possible; cells
expressing a BamA variant with POTRA domain 2 deleted grow
normally, while those with a deletion of POTRA domain 1 grow
poorly and have reduced OMP levels (3, 16). Cells with a deletion
of POTRA domains 3 and 4 do not survive the depletion of the
wild-type copy of BamA, indicating that these two POTRA do-
mains are essential (16). Deletion of POTRA domain 5 causes
toxicity even in the presence of wild-type BamA (16). Interest-
ingly, a deletion of the only POTRA domain from Sam50 of Sac-

charomyces cerevisiae affects neither cell growth nor �-barrel OMP
biogenesis (18). Thus, while POTRA domains are highly con-
served, their roles may vary in bacteria, mitochondria, and chlo-
roplasts.

The roles of the �-barrel domain of Omp85/BamA, Sam50/
Tob55, and OEP80/Toc75-V are even less well understood than
those of the POTRA domain. In 2007, the crystal structure of FhaC
was solved (6). It contains a 16-stranded �-barrel and two POTRA
domains. FhaC is a member of the Omp85 superfamily and be-
longs to the two-partner secretion (Tps) system that mediates the
secretion of filamentous hemagglutinin (FHA) in Bordetella per-
tussis (30). The �-barrel of FhaC is occluded by an N-terminal
�-helix (H1) and a long loop (L6), which connects �-strands 11
and 12 of the C-terminal �-barrel domain (6). Deletion of the
�-helix H1 did not affect FHA secretion, but deletion of the entire
L6 loop abolished FHA secretion (6). Notably, the L6 loop dele-
tion did not affect the FhaC level or its localization to the outer
membrane, indicating that L6 bears importance in FhaC function
only (6). Subsequent mutational analysis revealed the functional
importance of the highly conserved VRGY(F) motif (20) located
at the tip of the L6 loop (7).

Recently, our laboratory described the isolation and character-
ization of BamA mutants in which single amino acid substitutions
in the �-barrel domain overcame the growth and OMP biogenesis
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defects in a genetic background simultaneously lacking BamB and
BamE (29), the two nonessential lipoproteins of the E. coli BAM
complex (5, 27, 33, 37). Four of the six substitutions mapped in
the presumed L6 loop of the E. coli BamA �-barrel but did not
alter the conserved VRGY(F) motif (29). Since the L6 loop is the
site of the functionally important motif of FhaC, and changes in
this region modulate BamA’s function to improve OMP biogen-
esis without BamB and BamE, we set out to test the importance of
the conserved VRGY(F) motif in BamA’s function.

We took a two-step mutagenesis approach. In the first step,
three of the four conserved L6 motif residues, 641RGF643, were
either deleted or simultaneously replaced with alanine residues to
see if these changes interfere with BamA’s function. (Residue
numbers are relative to the mature BamA protein sequence.) The
data showed that the AAA-substituted BamA protein was unable
to support bacterial growth on rich medium and was severely
defective in promoting OMP assembly. Subsequently, we system-
atically restored the AAA residues to the wild-type residues to
assess the relative importance of the three residues in OMP assem-
bly. The data showed that the RGF residues of L6 are critical for
OMP assembly, including that of BamA itself, and that R is most
important of the three residues, followed by F and G.

MATERIALS AND METHODS
Bacterial strains and media. Bacterial strains used in this study are listed
in Table 1. Luria broth (LB), Luria broth agar (LBA), and M63 salt-based
minimal media were prepared as previously described (26). Minimal me-
dia were supplemented with glycerol and Casamino Acids (0.4% and
0.1%, respectively). When appropriate, growth media were also supple-
mented with L-arabinose (0.2%, wt/vol), chloramphenicol (12.5 �g/ml),
and kanamycin (25 �g/ml).

Antibiotic sensitivity assays. Sensitivities to antibiotics were analyzed
by placing either presoaked rifampin disks (5 �g/ml; Becton, Dickinson)
or blank paper disks soaked with vancomycin (75 �g/ml) on M63 mini-

mal plates overlaid with 4 ml of soft agar containing 100 �l of overnight-
grown bacterial cultures. Plates were incubated for 24 h at 30°C, after
which the diameters of inhibition zones were measured. Two independent
cultures were used, and each culture was tested with two duplicate anti-
biotic disks. The zones were measured with a professional decimal circle
template (Staedtler-Mars) with cutout measurements in thousandths of a
millimeter.

DNA methods. Mutant bamA alleles used in this study were created
using the QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies) per the manufacturer’s instructions. Mutations were cre-
ated on the pZS21-bamA6His plasmid template and were confirmed by
DNA sequencing of the entire bamA gene. Primers used for mutagenesis
and sequencing are available upon request.

Plasmid curing. Strains containing pBAD33-bamA (BamA-WT;
Cmr) and pZS21-bamA6His (Kmr) were cured of the former by streaking
colonies on M63 minimal medium containing kanamycin only. After 24 h
of incubation at 30°C, Kmr colonies were tested for sensitivity to chlor-
amphenicol. This procedure was repeated until a Kmr Cms colony lacking
the pBAD33-bamA (BamA-WT) plasmid was obtained. In most cases,
strains were cured of pBAD33-bamA (BamA-WT) during the first round
of incubation.

Protein methods. OMPs were analyzed from purified envelopes by
Coomassie blue staining after sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE). For envelope isolation, bacterial cell
lysis was achieved by the French press method (3). Whole-cell envelopes
were isolated by centrifuging cell-free lysates for 1 h at 105,000 � g. En-
velope pellets were resuspended in SDS sample buffer. To better resolve
OmpC and OmpF bands, 4 M urea was added in the SDS-polyacrylamide
running gel. The heat modifiability test to assess BamA’s folding status
was carried out using purified whole-cell envelopes. Envelope samples
containing 5 �g of proteins were solubilized in SDS sample buffer. Prior to
SDS-PAGE analysis, SDS buffer-solubilized envelope samples were either
heated in a boiling water bath for 5 min or left unheated at room temper-
ature. Protein concentrations were determined using the Coomassie
(Bradford) protein assay kit from Thermo Scientific.

For Western blot analysis, proteins were transferred onto polyvi-

TABLE 1 Bacterial strains used in this study

Strain Characteristics Reference or source

MC4100 F� araD139 �(argF-lac)U139 rspL150 relA1 flbB5301 ptsF25 deoC1 thi-1 rbsR 4
RAM1292 MC4100 �ara714 35
RAM1431 MC4100 �ara714 �bamA::scar pBAD33-bamA (BamA-WT) 3
RAM1967 RAM1431 recA::scar This study
RAM1969 RAM1967 pZS21-bamA6His (BamA-WT) This study
RAM1971 RAM1967 pZS21-bamA6His (BamAEGF) This study
RAM1973 RAM1967 pZS21-bamA6His (BamA�RGF) This study
RAM1974 RAM1967 pZS21-bamA6His (BamAAAA) This study
RAM1975 RAM1967 pZS21-bamA6His (BamA�R44) This study
RAM1982 RAM1967 pZS21-bamA6His (BamAAGF) This study
RAM1984 RAM1969 cured of pBAD33-bamA (BamA-WT) This study
RAM1985 RAM1971 cured of pBAD33-bamA (BamA-WT) This study
RAM1987 RAM1982 cured of pBAD33-bamA (BamA-WT) This study
RAM1988 RAM1973 cured of pBAD33-bamA (BamA-WT) This study
RAM1989 RAM1974 cured of pBAD33-bamA (BamA-WT) This study
RAM1991 RAM1975 cured of pBAD33-bamA (BamA-WT) This study
RAM2052 RAM1967 pZS21-bamA6His (BamARAA) This study
RAM2053 RAM1967 pZS21-bamA6His (BamAAGA) This study
RAM2054 RAM1967 pZS21-bamA6His (BamAAAF) This study
RAM2055 RAM1967 pZS21-bamA6His (BamARGA) This study
RAM2057 RAM2052 cured of pBAD33-bamA (BamA-WT) This study
RAM2058 RAM2053 cured of pBAD33-bamA (BamA-WT) This study
RAM2059 RAM2054 cured of pBAD33-bamA (BamA-WT) This study
RAM2060 RAM2055 cured of pBAD33-bamA (BamA-WT) This study
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nylidene difluoride (PVDF) membranes (Immobilon-Millipore). The
membrane blots were incubated with appropriate primary antibodies for
1.5 h, followed by incubation with goat anti-rabbit alkaline phosphatase-
conjugated IgG secondary antibodies for 1 h. Finally, membrane blots
were incubated with luminol substrate for 5 min and protein bands were
visualized using a chemiluminescence imager (Bio-Rad). Primary rabbit
antibodies and dilutions used were �-AcrA at 1:16,000 and �-BamA at
1:5,000.

RESULTS AND DISCUSSION
Mutagenesis of the conserved L6 tip residues of BamA: rationale
and strategy. Two observations drew our attention to the L6 loop
of BamA. First, the mutagenesis studies on FhaC showed that cer-
tain changes in the conserved L6 tip residues—VRGY— or the
deletion of the entire L6 loop significantly diminished FhaC’s abil-
ity to secrete FHA (6). This pointed to a crucial role for the L6 loop
in FhaC-mediated secretion of FHA. Second, our own recent work
found compensatory alterations in the putative L6 loop of BamA
that overcame the conditional lethal phenotype of an E. coli strain
simultaneously lacking the BamB and BamE lipoproteins (29).
Interestingly, none of the compensatory alterations mapping in
the L6 loop altered the highly conserved VRGF motif of BamA,
indicating that other regions of the L6 loop may also be involved in
BamA’s activity (Fig. 1).

In this study, we focused on the 641RGF643 residues of the con-
served VRGF motif of BamA (Fig. 1). As a general strategy, we
carried out site-directed mutagenesis of bamA present in a low-
copy-number plasmid, pZS21, and then transformed the mu-
tagenized pZS21-bamA plasmid into a �bamA �recA strain con-
taining pBAD33-bamA (BamA-WT). Without arabinose, the
survival of the host is entirely dependent on the pZS21-bamA
plasmid. In some instances, survival without arabinose required
that the strains be streaked on minimal glycerol medium and
grown at 30°C. We presume that these growth conditions suffi-
ciently slowed bacterial growth and thus allowed for even more
defective BamA expressed from pZS21 to support bacterial
growth. Subsequently, pBAD33-bamA (BamA-WT) plasmid was
cured by streaking the cells on minimal glycerol medium not sup-
plemented with chloramphenicol and arabinose and incubating
them at 30°C. The cured �bamA �recA strains expressed BamA
exclusively from the pZS21 replicon.

Phenotypic characterization of the BamA L6 mutants. Ini-
tially, we constructed four BamA L6 mutants: in two mutants,

641RGF643 was either deleted or replaced with alanine residues
(�RGF and AAA), and in the other two mutants, R641 was re-
placed with an E or A (EGF and AGF). Because the curing of

pBAD33-bamA (BamA-WT) from strains expressing BamAAAA

and BamA�RGF from pZS21was possible only on minimal glycerol
medium, we anticipated that the cured strains would show
growth defects on the rich medium. Indeed, Fig. 2 shows that
both BamA variants failed to form colonies on LBA at 30°C and
37°C. Although these strains formed single colonies on the
minimal glycerol medium, their sizes were smaller than that of
the isogenic strain expressing wild-type BamA. The strain ex-
pressing BamAAGF showed no apparent growth defect, while
that expressing BamAEGF grew more poorly at 30°C than at
37°C. This cold-sensitive growth phenotype of BamAEGF was
not apparent on the minimal glycerol medium. A previously
characterized POTRA domain 1 mutant, BamA�R44 (3), con-
fers a temperature-sensitive growth phenotype on rich me-
dium (Fig. 2), in contrast to the cold-sensitive phenotype of
BamAEGF.

The antibiotic sensitivity test is a convenient means of assessing
the status of the outer membrane permeability barrier that nor-
mally precludes the entry of noxious compounds, such as vanco-
mycin and rifampin, into the cell (21, 31). If a mutant BamA
protein fails to correctly assemble itself or other �-barrel OMPs,
including the lipopolysaccharide (LPS) transporter LptD, then
cells expressing the mutant BamA protein may have a compro-
mised outer membrane permeability barrier resulting in vanco-
mycin and rifampin sensitivity. Consistent with this view, we have
recently reported a BamA POTRA domain mutant with increased
sensitivity toward vancomycin and rifampin (36). Because cells ex-
pressing BamAAAA or BamA�RGF grow best on glycerol minimal me-
dium at 30°C (Fig. 2), antibiotic sensitivity tests were carried out un-
der these conditions. Cells expressing BamAAAA or BamA�RGF were
hypersensitive to both vancomycin and rifampin, while those ex-

FIG 1 Amino acid sequence alignment of the putative loop 6 region of the
BamA �-barrel. The conserved VRGF motif is shaded. Greek letters represent
different classes of the phylum Proteobacteria. The gain-of-function alterations
in BamA that reverse the growth and OMP assembly defects of a strain simul-
taneously lacking BamB and BamE are indicated by arrows (29). Residues
altered by site-directed mutagenesis in this study are marked by asterisks.

FIG 2 Growth phenotypes of strains expressing wild-type BamA (WT; sector
1) or various mutant BamA proteins (sectors 2 to 6) on LBA or glycerol min-
imal agar plates. Plates were incubated for 24 h (LBA) or 36 h (M63 minimal
medium) at 30°C and 37°C. BamA was expressed from the pZS21 plasmid
replicon.

Leonard-Rivera and Misra

4664 jb.asm.org Journal of Bacteriology

http://jb.asm.org


pressing BamAEGF and BamAAGF showed intermediate and wild-
type-level sensitivity, respectively, to these antibiotics (Fig. 3). These
data corroborated well with the growth data (Fig. 2) and further in-
dicated the severity of defects for some BamA mutants while less so
for others.

Biochemical characterization of the BamA L6 mutants. We
proceeded to analyze envelopes from strains expressing wild-type
and mutant BamA proteins to assess the levels of major OMPs—
OmpA, OmpC, and OmpF—which assemble in a BamA-depen-
dent manner (3). Envelopes extracted from cells expressing
BamAAAA or BamA�RGF had dramatically reduced levels of the
three major OMPs (Fig. 4). Their levels were also reduced in
BamAEGF envelopes, but the mutant expressing BamAAGF had the
same levels of the major OMPs as the wild-type had (Fig. 4). Thus,
the OMP data corroborate well with the phenotypic data.

Since the mutations created in this study directly alter BamA,
its biogenesis is expected to be affected by them. The levels and
folding status of BamA were examined, and the data are shown in
Fig. 4B and C. The levels of BamA bearing EGF, �RGF, and AAA
alterations were significantly reduced compared to the wild-type
BamA levels. In contrast, a relatively little reduction in the level of
BamAAGF was observed.

The folding status of BamA was assessed by conducting the
heat modifiability test, in which the correctly folded form of BamA
is distinguished from the unfolded (denatured) form based on the
faster mobility of the former on an SDS-polyacrylamide gel (16,
28, 29, 36). As expected, wild-type BamA was correctly folded, as
no slowly migrating (denatured) species was present in the un-
heated envelope sample (Fig. 4C). In contrast, the three BamA
mutants whose levels were significantly reduced (Fig. 4B) showed
folding defects, with BamAAAA displaying the most pronounced

defect (Fig. 4C). On the other hand, BamAAGF, whose level was
only modestly reduced, also showed only a modest folding defect
(see Fig. 7C). Thus, among the four BamA mutants, there was a
positive correlation between the OMP biogenesis defect and the
BamA level and folding defect.

Together, the phenotypic and biochemical data revealed the
importance of the three conserved L6 loop residues in the struc-
ture and function of BamA. Besides shortening the length of L6,
the deletion of 641RGF643 abolishes both the backbone- and side
chain-mediated interactions of the L6 loop tip region. On the
other hand, the replacement of 641RGF643 by AAA would princi-
pally affect the side chain-mediated interactions. With glycine
having no side chain, the effect of its replacement by an alanine would
likely be structural. Thus, a severe phenotype of the BamAAAA mu-
tant is the result of the combined effects of structural perturbation
(G642 to A) and the loss of side chain-mediated interactions (R641

to A and F643 to A). Interestingly, while the R641-to-A substitution
produced no phenotype, the growth phenotype of the R641-to-E
substitution was apparent on LBA at both 30°C and 37°C. A lack of
phenotype when R641 was replaced with a small neutral residue
and the appearance of a phenotype when replaced with a residue
of an opposite charge suggest that R641 possibly forms a salt bridge.
However, since the R641-mediated salt bridge may be dispensable,
the R641 residue can be replaced by an alanine without producing

FIG 3 Antibiotic sensitivities of strains expressing wild-type (WT) or mutant
BamA proteins. Antibiotic sensitivities were measured from overnight cultures
grown in glycerol minimal medium at 30°C. Zones of inhibition from two
independent cultures were measured after 24 h of incubation at 30°C. Paper
disks (6.5 mm in diameter) were either presoaked with rifampin (5 �g/ml) or
soaked with 10 �l of vancomycin (75 �g/ml). Error bars show standard devi-
ations.

FIG 4 Assessment of OMP and BamA levels and BamA’s folding status. (A)
OMPs were visualized from purified envelopes by Coomassie blue staining of
an SDS (urea)-polyacrylamide gel. Envelopes were purified from overnight-
grown cultures in glycerol minimal liquid medium at 30°C. Each lane con-
tained 5 �g of proteins. (B) BamA levels were determined by Western blots
from purified envelopes. Membrane blots were probed with antibodies specific
to BamA and AcrA, with the latter serving as a gel loading control. BamA levels
were determined relative to AcrA and then normalized to the wild-type (WT)
value of 1. (C) BamA’s folding status was determined by assessing its heat
modifiability. Purified envelopes were analyzed as for panel B except that prior
to SDS-PAGE analysis, SDS-solubilized samples were either left at room tem-
perature (25°C) or heated (100°C). BamA was detected by Western blot anal-
ysis. BamAD and BamAF are denatured and folded forms of BamA.
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an obvious phenotype. Notably, as shown below, the importance
of the R641-mediated salt bridge becomes apparent when the
neighboring residues are simultaneously altered.

Finer analysis of the 641RGF643 residues of BamA. Having es-
tablished that 641RGF643 residues of the putative L6 loop of BamA
are important for its folding and OMP biogenesis, we carried out
a finer mutational analysis of these residues to rank the relative
importance of the side chain of the individual residues. For this,
we began with the BamAAAA mutant, which showed the most
drastic defects (Fig. 2 to 4), and systematically restored the indi-
vidual alanine residues to the corresponding wild-type residues.
In all, four additional mutants were created: AAF, AGA, RAA, and
RGA mutants. We also included the 641AGF643 mutant used in
experiments described above as a control. As before, mutations
were created in the pZS21-bamA plasmid replicon, which was then
transformed into a �bamA recA::scar (pBAD33-bamA [BamA-WT])
strain. The pBAD33-bamA (BamA-WT) plasmid was subsequently
cured by growth on minimal glycerol medium at 30°C without chlor-
amphenicol and arabinose. The resulting cured strains expressed
BamA exclusively from the pZS21 replicon.

Phenotypic analyses of the BamA (position 641 to 643) ala-
nine mutants. The BamA AAF, AGA, RAA, RGA, and AGF al-
anine mutants were tested for growth and antibiotic sensitivity
phenotypes (Fig. 5 and 6). On rich medium, mutants express-
ing BamAAAF and BamAAGA showed drastic growth defects,
with the BamAAGA mutant being almost as defective as the
starting BamAAAA mutant (Fig. 5). In contrast, mutants ex-
pressing BamARAA, BamARGA, and BamAAGF grew just as well
as the strain expressing wild-type BamA (Fig. 5). With the ex-
ception of the BamAAAA mutant and, to a lesser degree, the
mutant expressing BamAAGA, no other BamA mutants showed
growth defects on the minimal medium (Fig. 5).

In terms of antibiotic sensitivity, restoration of any one of the
three wild-type residues of the 641RGF643 motif did not signifi-
cantly lower antibiotic sensitivity, although the inhibition zones
were slightly smaller than when all three wild-type residues were
replaced with an alanine (Fig. 6). On the other hand, restoration of
the first two or the last two residues to the wild type brought the
antibiotic sensitivity down to the wild-type level. From these re-
sults, combined with the growth data (Fig. 5), it can be deduced
that R641 is the most important of the three residues, followed by
F643 and G642.

Biochemical analyses of the BamA (position 641 to 643) ala-
nine mutants. The levels of major OMPs as well as BamA were
analyzed from envelopes purified from the BamA AAF, AGA,
RAA, RGA, and AGF mutants and strains expressing the parental
BamAAAA and wild-type BamA proteins. The OMP levels were
determined by direct Coomassie blue staining of the SDS (urea)-
polyacrylamide gel (Fig. 7A), while BamA levels were determined
by Western blot analysis using HisProbe-horseradish peroxidase
(HisProbe-HRP) (Fig. 7B). The levels of OmpA, OmpC, and
OmpF were significantly down in the BamAAAF and BamAAGA

mutants, but not as much in the starting BamAAAA mutant (Fig.
7A). On the other hand, the OMP levels in BamARAA and the
remaining two single alanine mutants were similar to the wild-
type level (Fig. 7A). The level of BamA in the mutants followed a
pattern similar to that observed for the major OMPs, except that
all mutants have somewhat lower BamA levels than the strain
expressing wild-type BamA (Fig. 7B).

Figure 7C shows the folding status of the BamA mutants. In
general, BamAAAF and BamAAGA mostly migrated at the dena-
tured position, with only small amounts migrating at the folded
position. On the other hand, a significant amount of folded BamA
species was detectable from envelopes prepared from BamARAA,
BamARGA, and BamAAGF mutants. Thus, the folding status of
BamA correlated well with the BamA levels (Fig. 7B) and the levels
of the major OMPs (Fig. 7A).

Since the BamAAGA mutant shows an overall defect similar to
that of the BamAAAA mutant, the conserved G642 residue by itself

FIG 5 Growth phenotypes of strains expressing wild-type (WT) BamA (sec-
tors 1 and 5) or various mutant BamA proteins (sectors 2 to 4 and 6 to 8) on
LBA or glycerol minimal agar plates. Plates were incubated for 24 h (LBA) or 36
h (M63 minimal medium) at 30°C and 37°C. BamA was expressed from the
pZS21 plasmid replicon.

FIG 6 Antibiotic sensitivities of strains expressing wild-type (WT) or mutant
BamA proteins. The assays were carried out as described in the Fig. 3 legend.
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does not appear to be very critical for BamA structure and func-
tion. However, its significance becomes apparent when R641 or
F643 is simultaneously replaced with an alanine. Of the three
possible double alanine combinations affecting the conserved

641RGF643 motif, the BamAAGA mutation produces the most de-
fects, followed by BamAAAF and BamARAA. Again, this shows that
R641 plays the most critical role, followed by F643 and G642. A
similar conclusion was reached for the FhaC protein (7).

All of the four assays carried out were extremely useful in dis-
secting the structure-function defects of the BamA mutants, with
the folding assay being the most sensitive of all. In general, the
strong phenotypes of BamA mutants reflected correspondingly
strong biogenesis defects of BamA and, subsequently, of OMPs.
There were cases where an apparent BamA folding defect did not
always result in a functional or phenotypic defect. For example,
BamARGA and BamAAGF showed modest folding defects and had
somewhat reduced BamA levels, but the mutants expressing these
proteins showed no appreciable growth or outer membrane per-
meability defects. Thus, to a certain degree, BamA folding and
level defects can be tolerated without causing an apparent loss in
BamA function.

Role of the BamA L6 loop in BamA and OMP biogenesis.
From the mutagenesis work, it is abundantly clear that the highly
conserved 641RGF643 residues of the putative L6 loop of BamA are
important for BamA and OMP biogenesis. It is interesting to note,
however, that while the alterations of the conserved L6 loop resi-
dues affect BamA biogenesis, similar changes and the deletion of
the entire L6 loop do not affect FhaC stability and localization (6,
7). Based on these findings, we speculate that a defect in BamA’s
biogenesis may not be due to the destabilization of the mutant
BamA �-barrel structure per se. Instead, we consider the possibil-

ity that BamA is involved in its own assembly, besides assembling
other �-barrel OMPs, and that the L6 loop plays a critical role in
this process. The inability of some BamA L6 mutants to assemble
the nascent BamA molecules would lead to misfolding and degra-
dation of the majority of the incoming mutant BamA molecules
and to the formation of dysfunctional BAM complexes. The idea
that BamA is involved in its own assembly was first proposed by us
based on the analysis of a POTRA domain 1 deletion mutant (3).

We have recently reported the isolation and characterization of
a novel set of BamA mutants that overcome the simultaneous
deficiency of BamB and BamE (29). A �bamB �bamE strain grows
poorly and shows a severe BamA and OMP biogenesis defect, but
the second-site alterations in BamA reverse the growth and BamA/
OMP biogenesis defects. Four of the six different compensatory
alterations affected the T631, G635, G649, and A652 residues of
the BamA L6 loop (Fig. 1). The fact that changes in these sites
overcome the requirement for BamB and BamE suggests that in-
teractions of the Bam lipoproteins with BamA may allosterically
influence the BamA �-barrel region and, more specifically, the L6
loop to facilitate OMP assembly. Accordingly, without BamB and
BamE, the BamA �-barrel is unable to adapt the necessary “active”
conformation, which, in part, can be achieved by compensatory
changes in the �-barrel domain of BamA. The fact that the L6 loop
can be the site of both advantageous and deleterious alterations
indicates that this region of the protein plays an intricate role in
BamA’s function.

Note that envelope analyses and antibiotic sensitivity assays
were carried out with bacterial cultures grown under permissive
conditions, i.e., at 30°C in minimal medium. This was done be-
cause strains expressing BamAAAA, BamA�RGF, or BamAAGA do
not grow in rich medium (Fig. 2 and 5). However, for other mu-
tants that can grow, e.g., BamAEGF and BamAAAF, more drastic
OMP and antibiotic sensitivity phenotypes would be expected in
rich medium, in which the mutant BamA proteins may not be able
to keep up with a greater demand for envelope biogenesis under
faster growth conditions.

Concluding remarks. The deletion of the FhaC L6 loop but
not the �-helix H1 abolished FHA secretion, thus showing a crit-
ical role for L6 in FhaC’s secretion function (6). In addition, the L6
deletion mutant showed increased sensitivity to large antibiotics,
supporting the idea that in the resting state, FhaC’s channel is
plugged by the L6 loop (6). Therefore, a reasonable model for FHA
secretion envisions the complete displacement of the L6 loop from
the �-barrel during the secretion process (6). Several BamA L6
loop mutants described here also confer increased sensitivity to
large antibiotics that normally cannot penetrate the intact E. coli
outer membrane. This increased antibiotic sensitivity could be
due to the entry of antibiotics through the mutant BamA �-barrel,
although there is no evidence for or against this notion. Our OMP
data do suggest that the increase in antibiotic sensitivity stems in
part from the altered outer membrane composition. Since OMP
levels are significantly reduced in these BamA mutant back-
grounds, including presumably that of the LPS transporter, LptD,
it is possible that this macromolecular void is filled by increased
levels of phospholipids in the outer leaflet of the outer membrane,
thus creating patches of phospholipid bilayers. The creation of
such phospholipid-rich patches in the outer membrane is thought
to be the hallmark of the “leaky” outer membrane of the deep-
rough LPS mutants (21). The increased vancomycin sensitivity
phenotype of the BamA mutants studied here resembles more that

FIG 7 Assessment of OMP (A) and BamA (B) levels and BamA’s folding status
(C). These assays were carried out as described in the Fig. 4 legend. BamAD and
BamAF are denatured and folded forms of BamA. Please note that the migra-
tion of folded forms of BamA in multiple bands is caused by subtle changes in
the pH of the running SDS-PAGE buffer.
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of the LPS synthesis-defective lpxA2 mutant (8, 34) than that of
the heptose-deficient deep-rough LPS mutant (34). Therefore, it is
the lower LPS levels rather than the presence of an altered species
of LPS in the outer membrane that causes hypersensitivity to van-
comycin. The pathway by which the hydrophilic glycopeptide an-
tibiotic vancomycin or the hydrophilic polypeptide antibiotic
bacitracin crosses the outer membrane of LPS biogenesis-defec-
tive E. coli mutants such as the lpxA2 (34) and imp (24) mutants is
not known. Our data suggest that increased antibiotic sensitivity
of BamA mutants may be the result of both altered BamA channel
properties and reduced LPS levels.

In conclusion, our analysis highlighted the functional impor-
tance of the conserved 641RGF643 residues of the putative L6 loop
of BamA in �-barrel OMP biogenesis. In some instances, changes
at these conserved residues also affected BamA’s folding and lev-
els, thus coupling the biogenesis of BamA and substrate OMPs to
BamA’s L6 loop. The dynamics of the L6 loop of BamA are not
known and will be the subject of future studies.
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