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ABSTRACT

The biogenesis of the outer membrane (OM) of Escherichia coli is a conserved and vital process. The assembly of integral 3-bar-
rel outer membrane proteins (OMPs), which represent a major component of the OM, depends on periplasmic chaperones and
the heteropentameric [3-barrel assembly machine (Bam complex) in the OM. However, not all OMPs are affected by null muta-
tions in the same chaperones or nonessential Bam complex members, suggesting there are categories of substrates with diver-
gent requirements for efficient assembly. We have previously demonstrated two classes of substrates, one comprising large, low-

abundance, and difficult-to-assemble substrates that are heavily dependent on SurA and also Skp and FkpA, and the other
comprising relatively simple and abundant substrates that are not as dependent on SurA but are strongly dependent on BamB
for assembly. Here, we describe novel mutations in bamD that lower levels of BamD 10-fold and >25-fold without altering the
sequence of the mature protein. We utilized these mutations, as well as a previously characterized mutation that lowers wild-
type BamaA levels, to reveal a third class of substrates. These mutations preferentially cause a marked decrease in the levels of
multimeric proteins. This susceptibility of multimers to lowered quantities of Bam machines in the cell may indicate that multi-
ple Bam complexes are needed to efficiently assemble multimeric proteins into the OM.

IMPORTANCE

The outer membrane (OM) of Gram-negative bacteria, such as Escherichia coli, serves as a selective permeability barrier that
prevents the uptake of toxic molecules and antibiotics. Integral 3-barrel proteins (OMPs) are assembled by the B-barrel assem-
bly machine (Bam), components of which are conserved in mitochondria, chloroplasts, and all Gram-negative bacteria, includ-
ing many clinically relevant pathogenic species. Bam is essential for OM biogenesis and accommodates a diverse array of client
proteins; however, a mechanistic model that accounts for the selectivity and broad substrate range of Bam is lacking. Here, we
show that the assembly of multimeric OMPs is more strongly affected than that of monomeric OMPs when essential Bam com-
plex components are limiting, suggesting that multiple Bam complexes are needed to assemble multimeric proteins.

he assembly of integral 3-barrel outer membrane proteins

(OMPs) into the outer membrane (OM) of Gram-negative
bacteria is essential for cell growth and viability. OMP targeting
and OM integration depend on an assembly pathway comprising
semiredundant periplasmic chaperones and the heteropentam-
eric OM-associated 3-barrel assembly machine (Bam). The pri-
mary constituents of the periplasmic chaperone network in Esch-
erichia coli are the proline isomerases SurA and FkpA, the
bifunctional protease/chaperone DegP, and the prefoldin-like
chaperone Skp. The Bam complex is composed of BamA (itself a
B-barrel) and four associated lipoproteins, BamB, BamC, BamD,
and BamE (1-3).

Although OMPs require the Bam complex for folding into the
OM, the individual or combinatorial deletion of OMP chaperones
or dispensable Bam complex components differentially influences
the assembly of various OMP families, suggesting that there are
categories of substrates with divergent dependencies for efficient
assembly (3, 4). We previously demonstrated two classes of sub-
strates (3): one class contains large, low-abundance, and complex
substrates (e.g., LptD and FhuA) that are heavily dependent on the
chaperone SurA and uniquely require Skp and FkpA. The other
class contains simple abundant substrates (e.g., the general porins
and maltoporin LamB) that exhibit lower dependence on SurA
than the former class but are strongly dependent on BamB for
proper assembly.

The simple plentiful substrates described in the second class
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are orders of magnitude more abundant than the complex sub-
strates with intricate folding pathways. Both monomeric and mul-
timeric proteins are found within this substrate category. Given
this, we wondered if the assembly requirements for multimeric
proteins would differ from those for monomeric proteins in this
class.

We reasoned that differential assembly requirements of high-
abundance multimers relative to monomers might be revealed in
strains of E. coli in which the OMP assembly machinery is limiting.
Previous work has shown that when BamA or BamD is depleted,
OMP assembly stalls, and eventually the cells will become nonvi-
able (1, 2, 5). Here, we utilized mutations that reduce endogenous
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TABLE 1 Strains” used in this study

Classifying Substrates of the Bam Complex

Strain Relevant characteristics Source or reference
JCM158 MC4100 Ara" 1

JCM290 JCM158 AbamD A(\att-lom)::bla Py, , bamD araC 2

PTM767 JCM158 bamA101 Tn5 This study
PTMS825 JCM158 AbamD nadB::Tn10 pZS21::bamD This study
PTM826 JCM158 AbamD nadB::Tn10 pZS21::bamD L13P This study
PTM829 JCM158 AbamD nadB::Tn10 pZS21::bamD-4C—T This study
PTM928 JCM158 AmalK-bla g, 4)-nudF-t0lCp,,, 4s5-lamB s This study
PTM929 JCM158 AmalK-bla g, q)-nudF-t0lCp,,,4ss-1amB ss This study
PTM940 PTM928 bamA101 Tn5 This study
PTM941 PTM929 bamA101 Tn5 This study
PTM942 PTM929/pZS21::bamD AbamD nadB::Tn10 This study
PTM943 PTM928/pZS21::bamD-4C—T AbamD nadB::Tnl0 This study
PTM945 PTM929/pZS21::bamD-4C—T AbamD nadB::Tnl10 This study
PTM946 JCM158 bla g, 4)-nudF-tolChp,,,455-0mpA zss This study
PTM948 JCM158 bla g, q)-1nudF-tolCp,,, 455-0MpAsss This study
PTM949 PTM946 bamA101 Tn5 This study
PTM950 PTM946/pZS21::bamD AbamD nadB::Tn10 This study
PTM952 PTM946/pZS21::bamD L13P AbamD nadB::Tn10 This study
PTM953 PTM948 bamA101 Tn5 This study
PTM954 PTM948/pZS21::bamD-4C—T AbamD nadB::Tn10 This study
PTM955 PTM928 AmalT This study
PTM956 PTM955 bamA101 Tn5 This study
PTM957 PTM955/pZS21::bamD-4C—T AbamD nadB::Tn10 This study
PTM958 PTM955/pZS21::bamD L13P AbamD nadB::Tnl0 This study
PTM959 PTM955/pZS21::bamD AbamD nadB::Tn10 This study

“JCM158 is a spontaneous arabinose-resistant (Ara") mutant. blag,q), bla gene oriented in the same direction as t0lCp,,,4s5-1amBgs OF t0lCp,,,455-0MPAzss.

levels of the essential members of the Bam complex (BamA and
BamD) in order to create an assembly bottleneck at the site of OM
insertion and determine the subsequent effect on OM folding of
an array of OMPs with divergent properties. In this work, we
identify mutations in the signal sequence and the ribosomal
binding site of the essential lipoprotein BamD that lower its
levels >10-fold and >25-fold, respectively, and we show that E.
coli can tolerate a dramatic reduction in BamD levels with mini-
mal effects on growth and viability. These novel bamD mutations
allow us to interrogate the functionality of the Bam complex by
limiting the number of complete functional Bam complexes in the
cell. We show that the impact of BamA/D restriction on OMP
assembly in Bam-limited strains affects some OMPs far more dra-
matically than others, raising the intriguing possibility that certain
OMPs (or OMP classes) have higher affinity for Bam.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. All strains used in this
study are isogenic derivatives of E. coli MC4100 constructed by general-
ized transduction with bacteriophage P1 (6) and are listed in Table 1. All
plasmids used in this study are listed in Table 2. To construct the fusions
of t0lCp,,,4ss-1amB g (the t0lC promoter and signal sequence [t0lCp,,,;55]
fused to lamB lacking its native signal sequence and promoter [lamB,g])
and 10ICp,,, 55-0MpA ygs (101C . 455 fused to ompA lacking its native signal
sequence and promoter [ompA,g]), the fusion fragments were created

TABLE 2 Plasmids used in this study

Plasmid Relevant characteristics Source or reference
pZS21::bamD bamD cloned into pZS21::luc 32
pZS21::bamDyyg bamD-4C—T This study
pZS21::bamDgg bamD L13P This study
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via two sequential PCRs. For the t0lCp,,, s5-lamBgs fragment, the first
PCR used genomic DNA as a template to amplify the intragenic region
between t0lC and the upstream gene nudF, the promoter and signal se-
quence of TolC attached to the beginning of lamB without a signal se-
quence using primer tolC-lamB reactionl FWD (5'-AGATCGCT-
GAGATAGGTGCCTCACTGATTAAGCATTGGTAA

TGTTAATGTCCTGGCACTAATAGTGA-3') and primer tolC-lamB re-
actionl REV (5'-CACCGCCGCTACCTGTCCAACCAATACCGGA
ACGTGCATAGCCGTGGAAATCAACGGCCTGGCTCAACGAACT
GAA-3"). The forward primer is composed of the last 41 bp of bla and the first
26 bp of the intragenic region upstream of to/C. The reverse primer is com-
posed of the complement of the last 21 bp of the signal sequence of t0/C and
the first 55 bp of lamB lacking the signal sequence. The second PCR amplified
bla from plasmid pTB263, using forward primer tolC-lamB reaction2
FWD (5'-GTGGAGGATTTAAGCCATCTCCTGATGACGCATAGTCA
GCCCATCATGAATGTTGCTGTCGATGACAGGTTGTTACAAAGGG
AGAAGGGCTATCCGCTCATGAGACAATAACCCTGATAAATGCTT
CAAT-3") and the PCR product from reaction 1 as the reverse primer. The
forward primer for reaction 2 is composed of the 90 bp immediately
upstream of malK and the first 40 bp of bla. The resultant PCR fragment
carries the gene for ampicillin resistance and the promoter and signal
sequence of tolC fused to lamB lacking a signal sequence. The PCR frag-
ment carrying the fusion was then introduced into the strain by ho-
mologous recombination using previously described methods (7). The
101Cppa55-0MPA s fusion was generated using the same 2-step PCR ap-
proach, with the primer tolC-ompA reactionl REV (5'-GGTACTGGG
ACCAGCCCAGTTTAGCACCAGTGTACCAGGTGTTATCTTTCGGA
GCGGCCTGGCTCAACGAACTGAA-3") and the primer tolC-lamB re-
action 1 FWD primer described above. The reverse primer in this reaction
is composed of the last 21 bp of t0l/C and the first 55 bp of ompA without
a signal sequence. The second PCR used the primer tolC-ompA reaction 2
FWD (5'-AAGATTAAACATACCTTATACAAGACTTTTTTTTCATAT
GCCTGACGGAGTTATCCGCTCATGAGACAATAACCCTGATAAAT
GCTTCAAT-3") and the PCR product from reaction 1 as the reverse
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primer. The forward primer in reaction 2 is composed of 51 bp located 174
bp upstream of ompA and the first 40 bp of bla. The resultant PCR frag-
ment carries the gene for ampicillin resistance and the promoter and
signal sequence of tolC fused to ompA lacking a signal sequence. The PCR
fragment carrying the fusion was then introduced into the strain by ho-
mologous recombination using previously described methods (7). malT is
also deleted in strains carrying the lamB fusion construct, as the promoter
of malK was partially responsible for driving expression of the construct;
with the introduction of AmalT, the expression of lamB relies solely on the
tolC promoter.

Random mutagenesis and screening of bamD. Random PCR mu-
tagenesis of bamD was performed using the GeneMorph II EZClone
method (Stratagene), according to the manufacturer’s instructions. Mu-
tagenized pools of pZS21::bamD were transformed into the bamD deple-
tion strain (JCM290), and transformants were screened for sensitivity on
SDS-EDTA at 37°C in the absence of arabinose.

Media and chemicals. All strains were grown in Luria-Bertani (LB)
broth or agar at 37°C, unless otherwise indicated. When appropriate,
strains were grown in LB supplemented with 100 pg/ml ampicillin, 25
pg/ml kanamycin, 25 pg/ml tetracycline, or 20 wg/ml chloramphenicol.

Sensitivity assays. Sensitivity of the strains was also determined by
efficiency of plating (EOP) assay. Strains were grown overnight and were
serially diluted and replica plated onto LB plates supplemented with either
0.8 mM EDTA-0.5% SDS or MacConkey agar plates supplemented with
0.2% maltose. Spots were allowed to dry, and the plates were incubated
overnight at 37°C, 30°C, or 24°C.

Western blot analysis. For whole-cell lysates, 1-ml samples of strains
were pelleted (16,000 X g, 1 min) and resuspended at a volume equal to
the optical density at 600 nm (ODy,)/14 (for LptD and FhuA blots) or
ODy,,/6 (for all other blots) for strains harvested in the exponential phase
of growth. For strains harvested in stationary phase, 250-pl samples of
strains were pelleted (16,000 X g, 1 min) and resuspended at a volume
equal to the optical density at 600 nm (ODy,)/48 (for LptD and FhuA
blots) or ODg,/24 (for all other blots). Reducing and nonreducing LptD
blots were performed as previously described (8). FhuA blots were per-
formed using a polyvinylidene difluoride (PVDF) membrane (Bio-Rad,
Hercules, CA), and all others were performed with a nitrocellulose mem-
brane (Whatman GmbH, Dassel, Germany). Immunoblotting was per-
formed using the following antibodies at the indicated dilutions: anti-
LamB antibody (which cross-reacts with OmpA), 1:30,000; anti-BamA
antibody, 1:20,000; anti-LptD antibody, 1:7,000; anti-FhuA antibody,
1:2,500; anti-TolC antibody, 1:30,000; anti-LptE antibody, 1:20,000;
anti-BamD antibody, 1:5,000; anti-BamC antibody, 1:20,000; anti-
BamE antibody, 1:20,000; and anti-DegP, 1:20,000. For FhuA blots,
goat anti-mouse secondary antibody conjugated to horseradish perox-
idase (HRP) was used at a dilution of 1:5,000 (Bio-Rad). For all other
blots, donkey anti-rabbit secondary antibody conjugated to horserad-
ish peroxidase was used at a dilution of 1:8,000 (GE Healthcare). Im-
munoblots were visualized using Luminata Classico Western HRP
substrate (EMD Millipore Corporation, MA). The anti-TolC antibody
was a gift from R. Misra; the anti-BamB, anti-BamD, and anti-LptE
antibodies were a gift from D. Kahne; and the anti-FhuA antibody was
a gift from J. Coulton.

Growth assays. Overnight cultures grown at 37°C were diluted 1:100
in 2 ml of LB in 24-well plates. The optical density at 600 nm (ODy,,) was
measured every 10 min for 16 h, with continuous orbital shaking at 37°C,
30°C, or 24°C.

qRT-PCR analysis. RNA was prepared from 1 X 10® cells from expo-
nentially growing cells using the Qiagen RNAprotect and RNeasy system,
including the optional on-column DNase I treatment described in the
manual. The amount of RNA present in each strain was quantitated, and
the same amount of RNA was used in the cDNA for each strain being
analyzed. cDNA was made using the RNA Applied Biosystems high-ca-
pacity cDNA reverse transcription kit, according to the protocol described
in the manual. The cDNA was normalized to 5 ng/pl before experimen-
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FIG 1 Effect of bamD down mutations and bamA101 on levels of BamA and
BambD. Strains were grown at 37°C in LB until reaching an ODy,, between 0.7
and 0.8; next, whole-cell lysates were analyzed via SDS-PAGE for levels of
BamA and BamD. Dilutions of the wild type (MC4100 Ara") of 1:5, 1:10, 1:25,
and 1:50 are included to quantify the fold change of BamA and BamD levels in
bamA101 and the bamD down mutants, respectively.

tation. Reverse transcription-quantitative PCR (qRT-PCR) was per-
formed using an Applied Biosystems Step One Plus real-time PCR ma-
chine in 10-pl reaction mixtures using PerfeCTa SYBR green FastMix
ROX by Quanta Biosciences, Inc. For comparative analysis, transcript
levels were normalized to the level of the housekeeping gene hfq. All assays
were performed in biological triplicates.

RESULTS

Genetic screen for BamD-limited mutants. A transposon inser-
tion in the bamA promoter that lowers the expression of BamA by
approximately 90% (bamA101) was previously isolated in a screen
for mutants of E. coli that are resistant to contact-dependent
growth inhibition. BamA levels in the bamA101 mutant are re-
duced by ~10-fold (Fig. 1), with surprisingly little impact on via-
bility (9), making bamA10I a convenient background for the
characterization of Bam-limited OMP assembly in vivo. However,
no analogous mutants that would aid in determining the conse-
quences of reducing levels of the essential lipoprotein BamD have
been described.

Mutant strains of E. coli in which the concentration of BamD at
the OM is sufficiently reduced to compromise Bam function with-
out affecting the sequence of the mature OM-localized protein
were obtained in a screen for recessive bamD mutations. This was
achieved through PCR-based random mutagenesis of a low-copy-
number plasmid bearing the bamD open reading frame (ORF)
and 5’ untranslated region (UTR) (pZS21::bamD) (Table 1). A
pool of mutated plasmid (pZS21::bamD*) was introduced into
JCM290, a strain in which the expression of chromosomal bamD
is regulated by the arabinose-inducible P, 5., promoter; in this
background, only the plasmid-borne bamD allele is expressed
when arabinose is excluded from the growth medium. We then
screened the resulting transformants for growth on LB plates
seeded with SDS-EDTA in the absence or presence of arabinose,
expecting that a significant reduction in the expression of bamD
from pZS21::bamD would, like previously described loss-of-func-
tion bamD mutations (2), cause increased OM permeability (as
indicated by the failure to grow in the presence of SDS-EDTA).
pZS21::bamD* plasmid was purified from recessive SDS-EDTA®
mutants (i.e., transformants that exhibit sensitivity only in the
absence of arabinose) and sequenced to determine the specific
genetic lesion causing the OM permeability phenotype in each
case.

Of the mutant plasmids that were sequenced, two carried mu-
tations that do not lie within the region encoding the mature pro-
tein but would be expected to influence BamD levels: one muta-
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FIG 2 Effects of bamA101, bamDygs, and bamDgg on growth and OM permeability. (A to C) Growth of strains in LB over a 16-h period with ODgy,
measurements taken every 10 min. Growth curves were determined in triplicate, and a representative curve is shown here. (D) EOP assays with 10-fold serial
dilutions were performed on LB, LB supplemented with 0.5% SDS—0.8 mM EDTA, or maltose-MacConkey agar with wild-type (WT; MC4100 Ara"), bamA101,

bamDygg, and bamDy g strains at 37°C, 30°C, and 24°C.

tion affects the sequence of the predicted Shine-Dalgarno
sequence upstream of the translation start site (bamD-4C—T,
herein referred to as bamDyg [RBS, ribosome binding site]), and
the other leads to alteration of the hydrophobic N-terminal signal
sequence (SS) that is required for the targeting of BamD to the
periplasm (bamD L13P, herein referred to as bamDygg). These mu-
tations presumably impact the translational efficiency or stability
of the bamD transcript and the secretory protein (Sec)-dependent
secretion of full-length BamD precursor, respectively.

Because neither mutation maps to the sequence encoding the
mature processed BamD lipoprotein, we expected that the OM
permeability phenotype caused by these bamD mutations is a con-
sequence of reduced BamD levels. To quantify the reduction in
BamD levels resulting from the bamDygg and bamDgg mutations,
we performed Western blotting using whole-cell extracts of each
mutant strain. We found that these mutations indeed cause
decreases in BamD levels; specifically, the BamD down muta-
tions lower levels of BamD approximately 10-fold (bamDgg) or
>25-fold (bamDygs) relative to the wild type (Fig. 1). Impor-
tantly, reducing BamD synthesis or secretion does not impact
BamA levels (Fig. 1), nor do levels of other accessory lipoproteins
in the Bam complex change in the presence of any of the afore-

mentioned mutations (see Fig. S1 in the supplemental material),
which is expected, as OM lipoprotein targeting is a Bam-indepen-
dent process (10).

Characterizing mutations that lower the essential compo-
nents of the Bam complex. Given that these mutations signifi-
cantly lower the levels of functional Bam complexes, we wanted to
determine if these mutations affected cell viability or growth rate.
Growth at the physiological temperature of 37°C was unimpaired
for all three mutants, with the bamDy g mutant showing only a
very minor reduction in final population density relative to a wild-
type strain (Fig. 2A). When the temperature was lowered to 30°C,
there was a minor but detectable impact on the growth rates of all
three strains in late-exponential phase, with the growth defect in
the bamDygg mutant being the most severe (Fig. 2B). When
growth was monitored at 24°C, we observed a marked decrease in
the growth rate and final density of the bamDyyg strain (Fig. 2C).
These results indicate that the essential OMP assembly factors
BamA and BamD are limiting factors for growth when levels are
reduced =10-fold, particularly at reduced temperatures.

To more thoroughly assess the extent to which bamAI10I and
the bamD down mutations lead to increased OM permeability, we
performed assays of efficiencies of plating (EOPs) in the presence
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FIG 3 Effects of bamA101, bamDyggs, and bamDgg on the assembly of model OMPs. (A) Strains were grown in LB at 37°C to an ODy,, of ~0.4 to 0.55, and
whole-cell lysates were harvested and subjected to SDS-PAGE analysis. The levels of TolC, LptD, FhuA, LamB, OmpA, and DegP, as well as BamA and BamD,
were assayed via Western blotting. X-band is a cross-reacting band of approximately 55 kDa, shown here as aloading control. (B) Strains were grown in LB at 37°C
to an ODy,, of ~0.4 to 0.55 and harvested for RNA extraction and subsequent synthesis of a cDNA library. The fold changes in transcription for tolC, ompA, and
IptD were determined for the bamA101 strain and the bamD down mutants compared to the wild type. Values are the means = the standard deviations.

of bile salts (a selective component of MacConkey agar) and an
anionic detergent. At 37°C, the bamA101, bamDsgg, and bamDy g
mutants grow well on LB, but on LB supplemented with the de-
tergent SDS, all three strains exhibit a viability defect, with EOPs
reduced by at least four to five orders of magnitude (Fig. 2D).
Consistent with the slight cold sensitivity observed during growth
in rich liquid media, sensitivity to detergent is exacerbated at
lower temperatures, with increased sensitivity to SDS observed at
30°C and 24°C (Fig. 2D). The same trend holds for growth on bile
salts: the RBS mutant bamDyg strain displays a slight sensitivity
to bile salts at 37°C, and this defect is greatly increased at 30°C and
24°C (Fig. 2D). bamA101 and bamDgg strains are also sensitive to
bile salts at the lower temperatures of 30°C and 24°C (Fig. 2D).
This increase in OM permeability suggests that the barrier func-
tion and OMP assembly may be impaired in bamA101, bamDyys,
and bamDgg mutants.

Substrates affected by lowering the number of Bam com-
plexes in the cell. The OM permeability defects observed for mu-
tants expressing bamA101 and both bamD down mutations sug-
gest that OMP assembly may be impaired in these mutants. To
address this hypothesis, and to determine what classes of sub-
strates might be affected, we examined the impact of bamA101 and
the bamD down mutants on various Bam substrates. Since unas-
sembled OMPs are rapidly degraded, we determined the effect of
these mutations on protein levels, expecting that a reduction in
whole-cell OMP levels is an indicator of failed assembly at the OM.

Comparing the effects of bamA101, bamDyys, and bamDgg on
an array of OMP substrates revealed that the three mutations sim-
ilarly impact the steady-state levels of model OMPs (Fig. 3A). In
particular, mutants expressing bamA101 and bamDgg, which both
lower the level of an essential Bam complex component ~10-fold,
appear to exhibit very similar defects, while the OMP assembly
defects in the mutant expressing bamDyg, which lowers BamD
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levels >25-fold, are more pronounced. An examination of the
protein levels in bamA101, bamDyyg, and bamDgg mutants during
mid-log phase (ODgq,, ~0.4 to 0.55) revealed a significant de-
crease in the levels of LamB and OmpA, two abundant OMPs
whose assemblies are known to be compromised following muta-
tion of Bam components or periplasmic chaperones (Fig. 3A).
Levels of the export channel TolC are also reduced in all three
strains, which is noteworthy in light of the fact that these are the
first reported mutations that have been shown to compromise
TolC assembly in vivo. TolC does not require any of the known
OMP chaperones for assembly, and null mutations in bamB,
which are known to compromise the assembly of porins, instead
lead to a measurable increase in the levels of TolC in the OM (4, 11,
12). Levels of LptD are also impacted to various degrees in all three
mutants, and FhuA assembly is moderately affected in the
bamA101 mutant (Fig. 3A). Besides OmpA, FhuA, and LptD
(which forms a heterodimer with LptE), OMPs that are strongly
impacted by bamA101 are oligomeric proteins. This appears to be
true not just for abundant multimers, like LamB, but also for
lower-abundance multimers, like TolC. OMPs that are highly de-
pendent on SurA for assembly, LptD and FhuA, also appear to be
moderately affected by reductions in the number of functional
Bam complexes in the cell, although perhaps to different degrees
(Fig. 3A). The levels of substrates were also assayed in late-log
phase for mutants expressing bamA101 and the bamD down mu-
tations, with similar results. Levels of LamB, TolC, and LptD were
strongly affected in all three mutants; however, levels of OmpA
were no longer impacted (see Fig. S2 in the supplemental mate-
rial).

The o® stress response is activated in bamA101 and bamD
down mutants. Activation of the o® envelope stress response is
known to upregulate small RNAs (sRNAs) that in turn downregu-
late the expression of some substrates to alleviate the load on the
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biogenesis complex (13). To determine which of these decreases in
protein levels were due to defective assembly and subsequent pro-
teolysis and which were caused by repression of synthesis, we per-
formed quantitative PCR (qPCR). The levels of t0IC and IptD
mRNA were unaffected in bamA 101, bamDggg, and bamDgg mu-
tants; similarly, fhuA has been shown to behave as IptD, and tran-
scription is unaffected by activation of the o® stress response (14).
However, levels of ompA mRNA were severely reduced in all three
strains, measuring less than a third of those of the wild type (Fig.
3B). This suggests that TolC and LptD are truly defective for as-
sembly in bamA101, bamDyygs, and bamDgg mutants and that
OmpA protein levels are low in the mutant backgrounds due to
decreased expression rather than an assembly defect.

The decrease in ompA mRNA levels suggests that the o* stress
response is induced in these strains likely because unfolded OMPs
are accumulating in the periplasm. To assess if the o stress re-
sponse was activated in our strains with reduced BamA or BamD,
we examined levels of the chaperone/protease DegP, which is
strongly induced following o* activation. Western blot analysis of
DegP levels in the bamA101, bamDyys, and bamDgg strains shows
much higher levels than those in the wild type for all three mutants
and reveals the products of DegP autoproteolysis (indicated by the
doublet below the primary DegP band in immunoblots), indicat-
ing that DegP is present and acting as a protease (Fig. 3A). qRT-
PCR analysis of poE, the gene that encodes the ¢ alternate sigma
factor and is itself positively regulated by this product, also reveals
that rpoE transcript abundance is increased by approximately
3-fold in the bamA 101, bamDygs, and bamDgg strain backgrounds
(see Fig. S3 in the supplemental material). Taken together, these
results indicate that the o response is strongly induced in all three
mutants.

ompA and lamB constructs that are unregulated by the o
stress response. We wished to assess whether the assembly of
LamB or OmpA was affected by the mutations that limit the es-
sential Bam components without the potential confounding fac-
tor of o"-dependent downregulation of gene expression. To ad-
dress this question, we created chromosomal fusions of either
lamB or ompA to the promoter and signal sequence of t0lC, a gene
whose expression is not affected by bamAIOl or either bamD
down mutant (see Fig. 3B). Among the strains with the toIC pro-
moter and signal sequence fused to lamB lacking its native signal
sequence and promoter, LamB still exhibited assembly defects in
the bamA101, bamDyys, and bamDgg strains, suggesting that the
lowered levels of LamB in these mutants are due to a bona fide
assembly defect rather than a decrease in transcription (Fig. 4A).
In contrast, the bamA 101, bamDygs, and bamDgg strains with the
tolC promoter and signal sequence fused to ompA did not have
decreased levels of OmpA compared to the wild type (Fig. 4B).
This suggests that any decrease observed in OmpA levels in strains
with lowered Bam components was due to a concomitant decrease
in gene expression caused by activation of the o® stress response.

Combinatorial effects of bamA101 and bamD down muta-
tions. BamA and BamD are both essential for OMP assembly and
are present in a 1:1 ratio within the complex (12), suggesting that
incomplete Bam complexes lacking either BamA or BamD are
nonfunctional and prompting the prediction that a simultaneous
reduction in levels of BamA and BamD would not cause addi-
tional defects beyond those observed when only one of these two
factors becomes limiting. Indeed, the defects in the bamA101
bamDgg double mutant, in which both mutations lower levels of
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FIG 4 Assembly of fusion proteins specified by t0lCp,,  ss-lamB,ss and
101C g ass-0MPA a5, which are not regulated by o*. Strains were grown in LB at
37°C to an ODyg, of ~0.6 to 0.85, and whole-cell lysates were harvested and
subjected to SDS-PAGE analysis. Strains have bamA101, bamDgg, or bamDys,
combined with a fusion of the promoter and upstream intragenic region and
signal sequence of folC with either lamB or ompA without the signal sequence.
The resulting construct encodes a wild-type mature LamB or OmpA protein
that cannot be regulated by ¢*, as the tolC promoter and signal sequence are
not impacted by ot (A) Levels of LamB in the wild-type, bamA101 mutant,
bamDgg mutant, and bamDy ;s mutant strains were assessed via Western blot-
ting. (B) Levels of OmpA in the wild-type, bamA101, bamDsgg, and bamDygg
strains were assessed via Western blotting.

BamA or BamD 10-fold, appear to be no worse than those in either
of the single mutants (Fig. 5). The OMP assembly defect of the
bamA101 bamDgg double mutant appears to be consistent with
that of the single mutant with the stronger assembly defect (Fig.
5A). In the bamA101 bamDgg double mutant, levels of TolC,
LamB, and LptD are decreased to about the same extent as those in
the more severe single mutant. Similarly, the OM permeability
defects of the bamA101 bamDgg double mutant on maltose-Mac-
Conkey agar are no worse than those of the single mutant with the
more severe mutation (Fig. 5B). Taken together, the results sug-
gest that the phenotypes of the mutants expressing bamA 101 and
the bamD down mutations individually are due to the lowered
number of functional Bam complexes present in the cell, since the
double mutations do not exacerbate any of the single-mutant
OMP phenotypes.

The bamA101 bamDygg double mutant can be constructed, but
it is extremely sick and exhibits frequent suppressor outgrowth.
Accordingly, we have not done additional experiments with this
double mutant. This result suggests that the levels of functional
Bam complex are lower in the double mutant than in a strain
carrying the bamDygs mutation alone. For reasons described in
the Discussion, we feel this combinatorial effect reflects the phys-
ical properties of the OM.

DISCUSSION

The Bam complex is a heteropentameric complex that exists in a
1:1:1:1:1 ratio (12); thus, we expected that reducing the intracel-
lular concentration of one or the other essential component
would have a similar effect on biogenesis, as mutations in either
would lower the number of functional Bam complexes in the cell
by the same degree. Indeed, upon depletion of either BamA or
BamD, OMP assembly eventually stalls completely, and the strains
become nonviable when levels of BamA or BamD are sufficiently
reduced (1, 2, 5). The well-characterized transposon mutant
bamA101, which lowers the expression of BamA by 10-fold (9),
has surprisingly little effect on the efficiency of OMP assembly in
particular and cell viability in general, despite the extent to which

jb.asm.org 1989


http://jb.asm.org

Mahoney et al.

A)
B) 37°C
WT
bamA101
bamD
bamD ¢ bamA101

Maltose MacConkey

FIG 5 Effects of bamDgg and bamA101 double mutation are not combinatorial. (A) Strains were grown in LB at 37°C to an ODg, of 0.700 to 0.850, and
whole-cell lysates were analyzed by SDS-PAGE for the levels of model OMPs. X-band is a cross-reacting band of approximately 55 kDa, shown here as a loading
control. (B) EOP assays with 10-fold serial dilutions were performed with bamA 101, bamDgg, and bamDgg bamA101 strains on maltose-MacConkey agar to assess
the OM permeability defect of the double mutant compared to the single mutants at 37°C, 30°C, and 24°C.

BamA levels are decreased. In this work, we identified bamDyg, a
mutation in the signal sequence of bamD that lowers BamD pro-
tein levels approximately 10-fold relative to the wild type. In keep-
ing with our prediction, this bamD mutant displays very similar
OMP assembly and permeability defects to those observed in the
bamA101 mutant. This indicates that lowering the level of Bam
holocomplexes in the cell has the same effect on biogenesis, re-
gardless of which essential component of the Bam complex is lim-
iting. Strikingly, levels of BamD can be lowered >25-fold below
wild-type levels without significantly compromising growth or
viability. Although the bamDyzg mutant has stronger biogenesis
defects than the bamA101 or bamDgg mutant, decreased viability
is observed only when mutant strains are grown at subphysiologi-
cal temperatures, suggesting that the levels of functional Bam
complex can be severely reduced before the cell becomes nonvia-
ble, at least under laboratory conditions.

As hydrophobic interactions are weakened at low tempera-
tures, the growth defect at low temperatures might indicate that
hydrophobic interactions may be important for interaction of the
Bam complex with substrate or for the interaction of the Bam
complex members with one another. Reductions in temperature
will also further decrease the fluidity of the characteristically rigid
OM (15, 16), which could exacerbate assembly defects of certain
classes of proteins. The kinetics of OMP folding into a membrane

1990 jb.asm.org
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is strongly influenced by the physical properties of the membrane,
and temperature can strongly affect the biophysical properties of
the OM, leading to changes in the rate of OMP folding with tem-
perature (17-20). Alternatively, or in addition, it seems likely that
there is an increased requirement for periplasmic proteolysis in
the BamA/BamD down mutant strains. Indeed, we have been un-
able to introduce null mutations of the important periplasmic
quality control factor degP into the strains carrying the bamA and
bamD down mutations. Since DegP exhibits significantly lower
protease activity at low temperatures (21), this might lead to a
toxic buildup of misfolded proteins and contribute significantly to
the cold sensitivity of the bamA and bamD down mutant strains.
Lowering both BamA and BamD 10-fold by combining
bamA101 and bamDgg does not lead to an additive increase in
OMP assembly or OM permeability defects. This is consistent
with the presence of BamA and BamD in a 1:1 ratio in the Bam
complex and with the finding that a full complex is required for
assembly of substrates. However, when BamA levels are lowered
10-fold and the level of BamD is lowered >25-fold via bamDyygg,
synergistic defects are observed. This combinatorial effect may be
due to the distinct assembly pathways for BamA and BamD. These
two essential factors are targeted to the OM by independent trans-
port pathways and only form functional BamAD complexes after
OM integration. Because the rate of BamAD complex formation is
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ultimately a function of BamA and BamD concentrations at the
OM, we suggest that the combinatorial reduction in BamA and
BambD levels further reduces the effective concentration of func-
tional BamAD-containing complexes and restricts the growth of
the cell. This effect is likely compounded by the limited diffusion
of OM-integral BamA: although the BamD lipoprotein can freely
diffuse in two dimensions within the phospholipid-containing in-
ner leaflet of the OM, the B-barrel domain of BamaA likely exhibits
restricted mobility within the OM due to the relatively low fluidity
of the lipopolysaccharide (LPS)-containing outer leaflet (15) and
cannot effectively engage in a diffusional search for binding part-
ners. We suggest, therefore, that the synergism observed when
both BamA and BamD levels are reduced reflects insufficient for-
mation of functional Bam complexes.

Previous work has revealed two classes of Bam substrates. Pro-
teins, such as LptD and FhuA, which are large OMPs with complex
assembly pathways that are heavily dependent on the chaperone
SurA and exhibit an unusual requirement for Skp and FkpA (3),
comprise one class. Perhaps unsurprisingly, LptD and FhuA are
both somewhat affected by reductions in the essential compo-
nents of the Bam complex. The fact that the effect on these com-
plicated low-abundance substrates is comparatively minor might
suggest that this class of proteins is given preference by the Bam
machine for assembly.

A second class contains smaller and much-more-abundant
substrates, such as the porins, which exhibit lower dependence on
SurA but are strongly dependent on BamB (4, 22, 23). This work
elucidates differences in the assembly requirements for multi-
meric and monomeric high-abundance substrates that cannot be
attributed to changes in gene expression, thus revealing a third
class, multimeric substrates, such as LamB, that are affected by
decreasing one of the two essential components of the Bam com-
plex.

Abundant multimeric OMPs are not the only family of pro-
teins that exhibit assembly defects when the number of Bam com-
plexes in the cell is reduced: the assembly of the multimer TolC is
also compromised in Bam-limited backgrounds. TolC is not a
high-abundance substrate (11), nor does it require BamB or
known periplasmic chaperones for assembly (as do the porins),
and although it is an atypical substrate comprising a single 3-bar-
rel formed from three identical subunits, it does not exhibit the
complex assembly requirements of LptD and FhuA. The TolC
assembly defect observed in Bam-limited strains is particularly
striking, as the assembly of this efflux protein is unperturbed by
null mutations in periplasmic chaperones or nonessential Bam
complex members (4, 11). Thus, the effects of these reductions in
BamA or BamD do not correlate with simple or complex sub-
strates; rather, we found that bamA 101, bamDgg, and bamDy s led
to a marked decrease in the levels of multimeric proteins of vari-
ous types.

The assembly defect of oligomeric proteins in bamA101 and
the BamD down mutants is intriguing when considered together
with the growth defects of the BamD down mutant strains at low
temperatures. Because the relatively rigid OM becomes even less
fluid at lower temperatures, the kinetic barrier to both OMP inte-
gration and multimer assembly is likely raised as the temperature
decreases. Proposed models for Bam function imply that a single
Bam complex assembles only one monomer at a time (24, 25),
raising questions about how multimers are assembled in the non-
fluid OM. The OMP assembly pathway as it pertains to multi-
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merization of oligomers, and how the Bam complex participates,
is still not fully elucidated (5, 26, 27). It has been suggested that
some multimeric OMPs, such as PhoE and TolC, do not proceed
through a folded monomeric intermediate form, but rather, tri-
merization occurs concomitantly with folding and assembly and
may help precipitate folding in the first place (28, 29), while other
OMPs, like LamB, may proceed though folded monomeric inter-
mediates that then trimerize upon insertion in the OM (30). If
multimeric OMPs (e.g., LamB) indeed multimerize before or dur-
ing OM integration, this would necessitate a mechanism by which
individual neighboring Bam complexes could act coordinately to
simultaneously integrate multiple monomers of compatible OMP
species. The specific susceptibility of multimers to lowered quan-
tities of Bam machines in the cell may indicate that multiple Bam
complexes are needed to efficiently assemble multimeric proteins
into the OM. The fact that OMPs appear not to exist in a sea of
LPS, but rather in OMP islands, may provide a key to understand-
ing the complex problem of multimer assembly in a nonfluid en-
vironment (31).
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