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Abstract

Directing the flow of protein traffic is a critical task faced by all cellular organisms. In Gram-negative bacteria, this traffic
includes lipoproteins. Lipoproteins are synthesized as precursors in the cytoplasm and receive their acyl modifications upon
export across the inner membrane. The third and final acyl chain is added by Lnt, which until recently was thought to be
essential in all Gram-negatives. In this report, we show that Acinetobacter species can also tolerate a complete loss-of-
function mutation in [nt. Absence of a fully functional Lnt impairs modification of lipoproteins, increases outer membrane
permeability and susceptibility to antibiotics, and alters normal cellular morphology. In addition, we show that loss of (nt
triggers a global transcriptional response to this added cellular stress. Taken together, our findings provide new insights on
and support the growing revisions to the Gram-negative lipoprotein biogenesis paradigm.

INTRODUCTION

The Gram-negative cell envelope is composed of an inner
membrane (IM) and an outer membrane (OM), with the
aqueous periplasm in between [1]. The peptidoglycan cell
wall is contained within the periplasm [2]. Biogenesis of the
cell envelope relies on the activity of multiple proteins,
many of which function as part of multi-subunit molecular
machines [3-5]. For example, delivery of lipopolysaccharide
(LPS) to the outer leaflet of the OM requires the Lpt
machine [3]. Outer membrane protein (OMP) assembly
requires the Bam complex [6], while lipoproteins are sorted
between the IM and OM by the Lol transporter [7]. In
model Gram-negative organisms like Escherichia coli, the
functions of these assembly factors are essential under stan-
dard laboratory conditions [8]. However, there is increasing
evidence that the requirement for these factors varies among
different Gram-negative species and under particular condi-
tions [9-12].

Lipoproteins are synthesized as precursors in the cytoplasm
and then targeted for export across the IM [7]. These pre-
cursors then undergo an ordered series of modifications to
install the lipid moieties. First, the diacylglyceryl transferase
Lgt adds two acyl chains to a conserved cysteine residue

adjacent to the amino-terminal signal sequence [13]. Next,
the signal sequence is cleaved by the signal peptidase LspA
[14]. Finally, the third acyl chain is added to the amino ter-
minus of the cysteine residue by the apolipoprotein N-acyl
transferase Lnt [15]. In E. coli, lipoproteins with an aspartate
residue at position +2 will be retained at the IM [16, 17]; in
other cases, the +3 or +4 residue guides IM retention [18].
Lipoproteins destined for the OM are routed there through
the Lol pathway [19].

The Lol pathway consists of an IM platform composed of
the LolCDE proteins, which functions as an ABC trans-
porter [20]. Fully acylated lipoproteins are routed to
LolCDE. If destined for the OM, lipoproteins are then deliv-
ered to the periplasmic carrier LolA which carries them to
the OM receptor LolB for assembly into the OM [21, 22].
Lipoproteins can remain anchored to the inner leaflet of the
OM, or in some cases may flip to the outer leaflet of the OM
[23]. This flipping mechanism is an area of active research
interest [4, 19]. Recently, the classical model of how Lol
functions has been challenged [12]. In some mutant strains
of E. coli, the need for both LolA and LolB can be bypassed
upon activation of an envelope stress response [12]. Grabo-
wicz and Silhavy also propose the existence of a redundant
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machinery for lipoprotein trafficking, and that the true role
of Lol is to ensure that the OM does not become overloaded
with lipoproteins [12]. However, the identity of this novel
machinery has not yet been revealed.

In E. coli, all three lipoprotein modification factors - Lgt,
Lsp, and Lnt - as well as the Lol machinery, are essential for
growth under standard laboratory conditions [8]. Until
recently, this was thought to be the case for all Gram-
negative bacteria. However, this no longer appears to be the
case. The first demonstration that Int is dispensable for
growth came from work in Francisella and Neisseria species
[10]. Here, we show that Lnt is not essential but important
for growth in Acinetobacter baylyi or Acinetobacter bau-
mannii. These two organisms have recently emerged as
models for studying complex genetic interactions and path-
ogenesis of drug-resistant microbial infections, respectively
[24, 25]. We also found that the impact of crippling lipopro-
tein biogenesis by mutating Int is broad. Without Lnt, the
bacterial cell envelope becomes more permeable and modi-
fication of OM lipoproteins is impaired. Given the central
importance of lipoproteins during cell envelope biogenesis,
we reasoned that the absence of Lnt would impair the flow
of lipoprotein traffic and thus trigger a cellular stress
response. By using RNA-seq and quantitative PCR, we iden-
tified nearly 80 genes whose expression is altered in the
absence of Int. Taken together, our findings support a key
role for Lnt in lipoprotein maturation, as well as providing a
foundation for future studies of stress responses in Acineto-
bacter species. Defining the lipoprotein biogenesis pathways
in A. baylyi and A. baumannii is of fundamental importance
to elucidating the biology of these important Gram-negative
microbes.

METHODS

Strains and growth conditions

All strains of Acinetobacter were grown in LB (Lennox,
Fisher Scientific); A. baylyi strains were grown at 30°C,
while A. baumannii strains were grown at 37°C. A. bau-
mannii AB5075-UW wild-type and Int mutant (Int153:
T26) strains were obtained from the University of

Washington [26]. To determine colony morphology, over-
night cultures of each strain were serially diluted and then
aliquots were spread on the surface of LB agar or MacCon-
key agar plates. Plate were incubated overnight and photo-
graphed the next morning. For liquid growth curves,
overnight cultures of each strain were diluted in fresh LB to
an optical density (OD) at 600 nm of 0.05. Cultures were
incubated with intermittent shaking, and OD measurements
were taken every 45min. All strains were grown in
triplicate.

Construction of an A. baylyi Int:: kan insertion-
deletion mutant and complementation experiments

To construct the A. baylyi Int mutant, we used an overlap-
extension PCR strategy using the primers listed in Table S1
(available in the online version of this article) [27]. Briefly,
approximately 1 kb of upstream and downstream sequences
flanking Int (ACIAD0415) were amplified by colony PCR
from the A. baylyi wild-type reference strain ADPI
(obtained from ATCC). A 795 bp kanamycin-resistance cas-
sette was amplified from plasmid pIM1445 (gift from Ichiro
Matsumura) [28]. These three products were joined
together in a final PCR using the outermost upstream and
downstream flanking primers, resulting in the Int:: kan
insertion-deletion allele. This PCR fragment was purified
using a QIAGEN PCR purification kit and then used to
transform wild-type A. baylyi, which is naturally competent
[25]. Correct incorporation of the insertion-deletion allele
was confirmed by PCR analysis (Fig. 1b, ¢) and DNA
sequencing. To construct an [nt complementation strain,
the full-length sequence of Int (Table S2) was cloned into
the BamHI site of pWH1266 (ATCC) by custom gene syn-
thesis (GenScript, Piscataway, NJ). The resulting plasmid
pLnt was transformed into A. baylyi by electroporation
using a Bio-Rad MicroPulser.

Immunoblot analysis

Bacterial cultures were grown until mid-exponential phase
when 1ml samples were harvested by centrifugation. Cell
pellets were then re-suspended in SDS-PAGE sample buffer
in a volume (in ml) equal to the ODgqg n, divided by seven.
After boiling for 10 min, 10 pl of each sample was resolved
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Fig. 1. Organization of Lol ABC transporter genes in Gram-negative bacteria. In E. coli, the inner membrane (IM) Lol ABC transporter is
organized in the standard (0lCDE format. In Acinetobacter species, the ABC transporter is organized in a lolFD module. Genes that flank
lolFD in A. baumannii AB5075-UW and A. baylyi ADP1 are listed by number.
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by SDS-PAGE. Proteins were transferred to a nitrocellulose
membrane and probed with polyclonal rabbit antibodies
against BamD, RpoD and SecY. Antibodies were generated
against His-tagged, purified full-length proteins (BamD and
RpoD) or peptides (DNVALARFFKANEGC, SecY) by Gen-
Script (Piscataway, NJ). Blots were probed with antibodies
that were diluted 1:1000 in Blocking Buffer (LI-COR Bio-
sciences) overnight at 4°C. Primary antibodies were
detected using IRDye 800CW donkey anti-rabbit antibodies
(LI-COR Biosciences) prior to imaging with a LI-COR
Odyssey Fc imager according to the manufacturer’s
protocols.

Scanning electron microscopy

Wild-type and Int mutant A. baylyi strains were grown
overnight on LB plates. Plugs of individual colonies were
harvested and then fixed with 3 % glutaraldehyde (in 0.1 M
phosphate buffer, pH 7.2) for one hour at room tempera-
ture. The glutaraldehyde solution was removed and then
samples were washed three times with phosphate bulffer.
Samples were then dehydrated in an ascending ethanol
series (30, 50, 70, 80, 85, 90 and 95 % ethanol for 10 min
each and three 100 % ethanol washes for 15 min each). After
dehydration, the samples were dried using a Samdri-795
critical-point drier. Samples were secured onto aluminum
stubs with double-sided adhesive tabs and were gold-coated
using an EMS-550 sputter coater. All samples were visual-
ized using an FEI Quanta 250 scanning electron microscope
at 30 kV.

Disc diffusion antibiotic sensitivity assays

Aliquots of 100l from overnight cultures of each strain
were spread onto the surface of LB agar plates and allowed
to dry. Antibiotic-containing discs (BD BBL Sensi-Discs)
were placed on the agar surface, and zones of growth inhibi-
tion around the discs were measured the next day. Discs
contained the following amounts of antibiotics: bacitracin
(10 units), novobiocin (30 pg), vancomycin (30 pg) and
polymyxin B (300 units).

RNA-seq analysis

All RNA-seq experiments were conducted with Cofactor
Genomics (St. Louis, MO), using the following workflow.

Ribosome-depletion and library preparation

Triplicate cultures of both wild-type and Int mutant A. bay-
lyi were grown in LB at 30°C and harvested during mid-
exponential phase. Total RNA was extracted using the
RNeasy kit (Qiagen) following the manufacturer’s instruc-
tions. Total RNA was processed for library construction by
Cofactor Genomics (http://cofactorgenomics.com, St. Louis,
MO) as follows. Species-specific rRNA probes were hybrid-
ized to total RNA to remove any ribosomal RNA, and the
resulting ribosome-depleted RNA was then fragmented.
First-strand ¢cDNA synthesis was performed using reverse
transcriptase and random primers in the presence of Acti-
nomycin D, followed by second-strand cDNA synthesis
with DNA polymerase I and RNase H. Double-stranded
cDNA was end-repaired and A-tailed for subsequent

adaptor ligation. Indexed adaptors were ligated to the A-
tailed cDNA. Enrichment by PCR was performed to gener-
ate the final cDNA sequencing library. The library was
sequenced as single-end 75 base pair reads on an Illumina
NextSeq 500 following the manufacturer’s protocols.

Quality control and data analysis

Initial quality control was performed by Cofactor Genomics
(http://cofactorgenomics.com, St. Louis, MO). Raw
sequence data in FASTQ format were assessed for quality
using FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and ribosomal RNA content using sort-
meRNA (http://bioinfo lifl.fr/RN A/sortmerna/). NovoAlign
(Novocraft) was used to align reads to a set of transcript
sequences. Alignments to the genome were performed using
STAR (https://github.com/alexdobin/STAR). Only unique
alignments to the genome were allowed. The genome align-
ment loci from all samples were combined and clustered to
generate contiguous read coverage. The reads per kilobase
of transcript per million mapped reads (RPKM) expression
value was calculated for each sample and used as the basis
for expression comparison and statistical analysis. The
resulting comparative expression data were visualized in
ActiveSite (Cofactor Genomics). All raw data were depos-
ited via SRA (SRP133498).

Quantitative RT-PCR (qPCR)

RNA was extracted as described above. cDNA was synthe-
sized using the iScript reverse transcriptase kit (Bio-Rad).
The primers used for expression analysis are listed in
Table S2. qPCR was carried out using POWER SYBR Green
Supermix on a StepOnePlus thermocycler (Applied Biosys-
tems), with the 16S rRNA gene as the reference. Reactions
were set up according to the manufacturer’s protocols using
500nM primers and 2pl of the cDNA template (diluted
1:10). Relative expression was determined using the com-
parative cycle threshold (AACt) method [29]. The cycling
conditions used were as follows: amplification stage — 95°C
for 10 min and then 40 amplification cycles of 95 °C for 30,
60°C for 1 min and 72°C for 30s; melting curve stage -
95°C for 15s, 60°C for 1 min and 95°C for 15s. No-
template and no-reverse transcriptase reactions served as
the negative controls. All reactions were carried out in tripli-
cate, using cDNA derived from triplicate cultures.

RESULTS AND DISCUSSION

Acinetobacter Int mutants are viable, but exhibit
growth defects

Based on the work of LoVullo ef al., in organisms where the
LolCDE ABC transporter is instead organized as LolFD, Int
is dispensable for growth [10]. Examination of the Acineto-
bacter baylyi and Acinetobacter baumannii genomes
revealed the existence of this LolFD format (Fig. 1 and
[10]). Therefore, we hypothesized that Int mutants would be
viable in Acinetobacter spp. To test this hypothesis, we cre-
ated an insertion-deletion mutant in the A. baylyi Int gene
ACIADO0415 [27]. We obtained kanamycin-resistant
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colonies and confirmed integration of the insertion-deletion
allele into the chromosome by PCR and DNA sequence
analysis (Fig. 2). Compared to wild-type A. baylyi, colonies
of the Int mutant were much smaller when grown on LB
agar plates (Fig. 3a, upper panels). The Int mutant also dis-
played a growth defect when cultured in broth (Fig. 3c).
Notably, a previous study reported that Int is essential in
A. baylyi [30]. The mutants constructed in this study were
cultured using a defined minimal medium. In the experi-
ments we report here, the A. baylyi Int mutant was gener-
ated on a rich medium and displays a profound growth
defect. We have found that growth of the Int mutant on
minimal medium is severely impaired; normal-sized colo-
nies appear only after 3 days of incubation, so the /nt mutant
could have been overlooked and incorrectly labelled as
essential for growth.

To determine whether Int was dispensable in other species
of Acinetobacter that possess a LolFD module, we searched
the A. baumannii AB5075-UW transposon mutant library
collection browser and found three confirmed insertions
within the Int gene (http://www.gs.washington.edu/labs/
manoil/baumannii.htm) [26]. Similar to our observations
with A. baylyi, the Int mutant of A. baumannii AB5075-UW
showed a growth defect on LB agar and a diminished gener-
ation time in liquid culture (Fig. 3b, d). We also observed
that the Int mutants have a profound growth defect when
plated on MacConkey agar (Fig. 3a, b, lower panels). Mac-
Conkey agar contains bile salts, a detergent which impairs
the growth of Gram-negative bacteria with defective outer
membranes [31]. Though wild-type A. baylyi displayed

reduced growth on MacConkey, colonies of the [nt mutant
failed to appear even after extended incubation. Similarly,
the A. baumannii Int mutant was also unable to grow on
MacConkey. These findings suggest that the function of
Lnt, while important, is not required to sustain growth of
Acinetobacter species under normal laboratory conditions.
However, when bacteria are subjected to membrane-
disrupting detergents like bile salts, the function of Lnt is
vital.

The OM permeability barrier is compromised in the
absence of (nt

The growth defects associated with the loss of Int under
standard laboratory conditions are consistent with disrup-
tion of an important cellular process — namely, the final
acylation step of lipoproteins prior to their sorting between
the IM and OM. It has already been shown in Francisella
that without Lnt, trafficking of diacylated lipoproteins to
the OM is diminished [10]. Many OM lipoproteins are
critical for establishing the barrier function of the OM.
Indeed, this barrier function is compromised in both Fran-
cisella and Neisseria Int mutants as evidenced by slightly
increased sensitivity to different antibiotics [10]. Given
these findings, we expected the OM to be severely compro-
mised in the Acinetobacter Int mutants. Indeed, we found
that both Acinetobacter Int mutants were more sensitive to
antibiotics than their wild-type strains (Fig. 4). The dispar-
ity was particularly notable for A. baylyi. The Int mutant
was extremely sensitive to both bacitracin and vancomycin,
which disrupt cell wall synthesis, and novobiocin, which
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Fig. 2. Construction of an A. baylyi [nt mutant. (a) Genomic region of Int (top panel) and location of primers (solid arrows) used to gen-
erate an Int: kan insertion-deletion allele (bottom panel) as described in the Methods. Mutant construction was confirmed by PCR anal-
ysis of products amplified using primers (dashed lines) flanking (nt or (nt:: kan. (b) Products were amplified from chromosomal DNA of
wild-type or [nt mutant cells by colony PCR and resolved by agarose gel electrophoresis.
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Fig. 3. Growth of A. baylyi and A. baumannii Int mutants is impaired relative to wild-type. Overnight cultures of the indicated A. baylyi
(a) or A. baumannii (b) strains were serially diluted and plated on either LB (upper panels) or MacConkey (lower panels) agar plates.
Scale bar=3.5 mm. Growth of A. baylyi (c) and A. baumannii (d) wild-type (solid line) and (nt mutant (dashed line) strains was monitored
by optical density (OD) at 600 nm. Shown is a representative experiment of strains grown in triplicate, where error bars indicate stan-

dard deviation from the mean.

targets DNA gyrase (Fig. 4a P<0.05) [32-34]. In the case
of A. baumannii, the difference in antibiotic sensitivity
between wild-type and Int mutant strains was considerably
less pronounced; however, the Int mutant was significantly
more sensitive to bacitracin and novobiocin (P<0.05) and
vancomycin (P<0.067) (Fig. 4b). Interestingly, only the
A. baumannii Int mutant displayed significantly increased
sensitivity to polymyxin B (P<0.05), which is a mem-
brane-disrupting agent [35]. We do not fully understand
the differential in sensitivities between the A. baylyi and A.
baumannii strains. The A. baumannii Int mutant contains
a transposon insertion at nucleotide position 929 (of
1560). This mutation should disrupt the active site of Lnt
based on previous studies [36, 37]. The A. baylyi Int
mutant is disrupted by an antibiotic resistance cassette,
replacing nucleotides 17-1554 (of 1560). However, A. bau-
mannii AB5075-UW is a multidrug-resistant clinical that

produces a capsule which likely contributes to the
increased antibiotic resistance profile shown in Fig. 4 [38].
A similarly diverse spectrum of antibiotic sensitivities was
also noted among Int mutants in Francisella and Neisseria
species [10]. One of the most important functions of the
Gram-negative OM is to serve as a barrier against large
antibiotics. The fact that the Int mutants displayed
increased sensitivity to various antibiotics indicates a
defective OM, particularly in A. baylyi. Given the stronger
sensitivity phenotypes associated with the A. baylyi Int
mutant, we conducted our additional analyses with this
mutant.

Proper acylation of OM lipoprotein BamD requires
Lnt in A. baylyi

To confirm that the A. baylyi Int mutant cannot properly
acylate precursor lipoproteins, we investigated the OM
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lipoprotein BamD (Fig. 5). BamD is the only essential lipo-
protein component of the Bam complex, which is required
for assembly of OMPs in the Gram-negative OM [39].
Without functional BamD, OMP assembly is impaired
which destabilizes the OM [40]. We probed whole-cell
extracts of wild-type and Int mutant A. baylyi with antibod-
ies raised against BamD. In the absence of Int, BamD
migrated at a lower molecular weight than in the wild-type
parent (Fig. 5a). This is consistent with failure to add the
third and final acyl chain to the diacylated BamD precursor.
To complement the Int mutant, we used the Acinetobacter
shuttle vector pWH1266 to express full-length Int. We
found that migration of BamD to a higher molecular weight
was restored (Fig. 5a). The larger BamD species in the wild-
type and complemented mutant runs at about 16 kDa, while
the smaller BamD species in the Int mutant runs at about
15kDa. We also noticed that the overall level of BamD was
slightly decreased in the Int mutant. Given the central
importance of BamD, this finding could partially explain
the growth and permeability defects exhibited by the Int

mutant. For comparison, we blotted for the cytoplasmic
protein RpoD (Fig. 5b) and the IM protein SecY, demon-
strating no migration or expression differences (Fig. 5¢).

Cells of the Int mutant have structural defects

To gain a better picture of the cell envelope defects observed
in the Int mutants, we examined wild-type and mutant cells
using scanning electron microscopy (Fig. 6). Wild-type cells
appeared as short rods with a smooth surface, typical of
A. baylyi (Fig. 6a). We found that the overall shape and size
of the Int mutant cells was similar to wild-type (Fig. 6b).
However, the surface of the Int mutant cells evinced a
rougher surface and the presence of outer membrane
vesicles (OMVs). These OMV's varied in size, ranging from
70 to 200nm in diameter, and were consistently observed
across multiple fields of view. Notably, increased production
of OMVs has been associated with a general response to cell
envelope stress [41]. For SEM analysis, we examined micro-
bial cells that were grown under optimal conditions, devoid
of major stress stimuli. However, given the important role
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Fig. 5. Lnt is required for full maturation of OM lipoprotein BamD. Whole-cell protein extracts derived from an equal amount of wild-
type, [nt mutant or complemented mutant (Int (pLnt)) A. baylyi cells were resolved by SDS-PAGE on a 12 % resolving gel and then
probed using the indicated antibodies during an immunoblot. (a) BamD migrates at a lower molecular weight in the [nt mutant as com-
pared to wild-type. (b) Cytoplasmic protein RpoD and (c) IM protein SecY displayed similar gel migration in wild-type and (nt mutant

strains. Numbers indicate molecular weight in kDa.
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Fig. 6. Surface roughness and OMV production are increased in (nt mutant cells. Scanning electron microscopy images of wild-type
and [nt mutant A. baylyi cells grown on LB agar plates. Arrows indicate rough surface, and arrowheads denote OMVs. Scale bar=1um.
Shown are representative fields from at least 6 different sample preparations.

played by lipoproteins in cell envelope biogenesis, it stands
to reason that the Int mutant cells would exhibit signs of
stress even under the most favourable conditions. Accord-
ingly, we postulated that the Int mutant could be used as a
tool to investigate cellular stress responses. In this case, the
stress response in question would be triggered by a specific
defect in lipoprotein biogenesis. We therefore assessed
whether or not the loss of Lnt is sufficient to alter normal
patterns of gene expression.

The gene expression profile of A. baylyi changes in
response to (nt mutation

We examined global changes in gene expression using
RNA-seq (Fig. 7). Total RNA was collected from cultures of
wild-type and Int mutant strains of A. baylyi grown under
stress-free conditions (30°C in LB broth). We considered
genes with a greater than five-fold increase in expression as
being induced, while genes with expression levels reduced
by five-fold as being repressed (P<0.01 as determined by
Welch’s t-test [42]). By this metric, 57 genes were upreg-
ulated in the Int mutant relative to the wild-type, while 21
were repressed (Table S3). Many of these genes encode pro-
teins with predicted roles in central metabolism, and thus
their connection to envelope stress is not immediately obvi-
ous (Fig. 7a). Eleven genes have no predicted function.
However, there are 17 genes associated with cell envelope
biosynthesis (2), protein secretion (5), membrane proteins
(6) or stress responses (4).

We selected a subset of these differentially regulated genes
for confirmation by qPCR, some of which have previously
been implicated in transcriptional responses to interference
with lipoprotein transport [43]. This includes hslJ, lolA and
renB. We confirmed that expression of lolA was upregulated
in the Int mutant (Fig. 7b). Given that LolA is thought to
shuttle lipoproteins between the IM and OM, it is not sur-
prising to see its expression increased. If tri-acylation is
required for efficient delivery of lipoproteins to the OM,
perhaps an overproduction of LolA increases delivery of di-

acylated lipoproteins. Indeed, it has already been shown
that lolA expression increases in response to defective lipo-
protein sorting via the Rcs stress response and upon deple-
tion of loICDE [44, 45]. Additionally we observed that
expression of hslJ, which encodes a putative periplasmic
heat shock chaperone, is increased in the Int mutant. Inter-
estingly, a previous study also found that in E. coli expres-
sion of hsl] was upregulated upon treatment with the
LolCDE inhibitor known as compound 2 [43]. This study
also discovered that treatment with compound 2 induced
expression of lolA and [olB, as well as stress response factors
degP, rcsA, and cpxP [43]. Thus, interference with the
machinery of lipoprotein biogenesis, by either chemical or
genetic means, can induce transcription of stress response
genes. The response to defects in the early stages of lipopro-
tein maturation is an important component of how Gram-
negatives counter disruptions in OM biogenesis by adjusting
expression of a similar suite of genes [46-48].

We also identified differentially regulated genes with no
obvious connection to lipoprotein biogenesis. For example,
both yjiM and rcnB were strongly induced in the Int mutant,
while cynT, a predicted carbonic anhydrase, was repressed.
Additional studies are required to fully understand the con-
tribution of such a diverse subset of genes toward mitigating
defects in lipoprotein biogenesis, particularly so that directly
related factors can be separated from indirect effects. Given
this wide range of targets, it seems that bacteria have a suite
of genes that are used to mitigate stress caused by alteration
to the typical lipoprotein composition. It is possible that this
suite of genes is also activated during other conditions that
trigger cell envelope stress, such as the use of membrane and
cell wall-targeting antibiotics. Toward that end, it will be
important to monitor gene expression when Acinetobacter
is challenged with a different stress to the cell envelope, such
as interference with OMP biogenesis or LPS assembly. Fur-
ther studies will be needed to characterize the specifics of
such transcriptional responses; in the meantime, Int disrup-
tion may serve as an important tool to fully classify stress
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Fig. 7. Differential gene expression is induced in the [nt mutant. (a) Transcriptional profile of (nt mutants shows gene upregulation (57
genes) and downregulation (21 genes). Pie charts summarize the data found in Table S3, using a differential expression threshold of
five-fold, P<0.01. (b) gPCR confirmation of a subset of genes with altered expression when I[nt function is disrupted. Changes in expres-
sion of the indicated genes in A. baylyi are represented as fold change in the [nt mutant as compared to wild-type, using the 16S rRNA
gene as the housekeeping control gene. Numbers above the bars are the average values of biological triplicates, with error bars indi-

cating standard deviation from the mean.

responses that are activated to compensate for defects in
lipoprotein maturation.
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