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Abstract

Gram-negative bacteria have effective methods of excluding toxic compounds including a
largely impermeable outer membrane (OM) and a range of efflux pumps. Furthermore, when
cells become nutrient-limited, RpoS enacts a global expression change providing cross-
protection against many stresses. Here, we utilized sensitivity to an anionic detergent (sodium
dodecyl sulfate, SDS) to model probe changes occurring to the cell’s permeability barrier during
nutrient limitation. Escherichia coli is resistant to SDS whether cells are actively growing,
carbon-limited, or nitrogen-limited. In actively growing cells, this resistance depends on the
AcrAB-TolC efflux pump; however, this pump is not necessary for protection in either carbon-
limiting or nitrogen-limiting conditions, suggesting alternative mechanism(s) of SDS resistance.
In carbon-limited cells, RpoS-dependent pathways lessen the permeability of the OM
preventing the necessity for efflux. In nitrogen-limited, but not in carbon-limited cells, the loss
of rpoS can be completely compensated for by the AcrAB-TolC efflux pump. We suggest that
this difference simply reflects the fact that nitrogen-limited cells have access to a metabolizable
energy (carbon) source that can efficiently power the efflux pump. Using a Tn-Seq approach, we
identified three genes, sanA, dacA, and yhdP, necessary for RpoS-dependent SDS resistance in
carbon-limited stationary phase. Using genetic analysis, we determined these genes are
involved in two different envelope-strengthening pathways. These genes have not previously
been implicated in stationary phase stress responses. A third novel RpoS-dependent pathway
appears to strengthen the cell’s permeability barrier in nitrogen-limited cells. Thus, though cells
remain phenotypically SDS-resistant, SDS resistance mechanisms differ significantly between

growth states.
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Importance

Gram-negative bacteria are intrinsically resistant to detergents and many antibiotics due to
synergistic activities of a strong outer membrane (OM) permeability barrier and efflux pumps
that capture and expel toxic molecules eluding the barrier. When depleted of an essential
nutrient, a program of gene expression is induced providing cross protection against many
stresses. Whether this program alters the OM to further strengthen the barrier is unknown.
Here, we identify novel pathways dependent on the master regulator of stationary phase
further strengthening the OM permeability barrier during nutrient limitation, circumventing the
need for efflux pumps. Decreased permeability of nutrient-limited cells to toxic compounds has
important implications for designing new antibiotics capable of targeting Gram-negatives that

may be in a growth-limited state.
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Introduction

Antibiotic resistance in Gram-negative bacteria is a matter of increasing importance. In fact, five
of seven bacterial groups listed by WHO as “bacteria of international concern” are Gram-
negative and resistance rates for these bacteria to fluoroquinolones and third generation
cephalosporins have exceeded 25% to 50% in countries all over the world (100). Furthermore,
the outer membrane (OM) poses a significant challenge to the development of new antibiotics
for treatment of Gram-negative bacteria. This barrier consists of an asymmetric bilayer with an
inner leaflet consisting of phospholipids and an outer leaflet consisting mainly of
lipopolysaccharide (LPS). The tightly packed hydrophilic regions of LPS make the OM a very
effective permeability barrier to both large (>700 Daltons) and hydrophobic molecules
(reviewed in(87)). As most antibiotics must penetrate this barrier as well as the periplasm and
inner membrane (IM) to function, designing new antibiotics for Gram-negative bacteria has

been problematic (67).

Beyond the strong permeability barrier posed by the OM, antibiotics must also overcome the
actions of a wide range of efflux pumps with broad specificity (Reviewed in (49)). Escherichia
coli has 29 efflux pumps and putative efflux pumps of which the AcrAB-TolC pump has the
greatest effect on the MIC of toxic compounds (49, 91). Many of the efflux pumps (e.g. AcrAB-
TolC) consist of tripartite complexes with an IM pump (AcrB), a periplasmic adaptor (AcrA), and
an OM channel (TolC), while others are single-component pumps (e.g. EmrD) that pump
compounds to the periplasm instead of the extracellular environment (49). Most of the efflux
pumps are driven by the proton motive force although some are ATP-driven (49). While many

efflux pumps are constitutively expressed (e.g. acrAB, emrAB, emrD, mdfA), the expression of
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others is controlled by stress responses (e.g. mdtABC, mdtD, acrD) or is dependent on growth
phase (mdtEF) (11, 30, 42). Thus, the combination of a largely impermeable OM and a wide
variety of efflux pumps make the envelope of Gram-negative bacteria a significant hurdle for

antibacterial activity.

One mechanism by which cells survive in the presence of antibiotics that penetrate the
envelope is persistence. Persisters are cells without resistance mutations that comprise a small
portion of an isogenic bacterial population, remain viable during antibiotic treatment, and can
generally resume growth following antibiotic treatment (reviewed in (13)). Clinically, persisters
have been found to be important to pathogenesis of infections including persistent
tuberculosis, reoccurring uropathogenic E. coli infections, and Pseudomonas aeruginosa
infections in cystic fibrosis patients (47, 60, 74, 85, 90). The rate of persister formation is much
higher in stationary phase cells than in actively growing cells (41, 44, 47, 50, 89, 94). In addition
to increasing rates of persister formation, stationary phase can also increase rates of resistance
and tolerance to antibiotics (18, 53, 61, 77, 89). Although there is an effect of decreased
metabolic activity in stationary phase cells, the resistance to and tolerance for antibiotics
observed in stationary phase cells is largely due to RpoS, the stationary phase alternative sigma
factor, which induces a global gene expression change in nutrient-limited cells preparing cells to
survive in stressful conditions for long time periods (reviewed in (62)). As it has been estimated
that approximately 60% of the world’s biomass is made up of quiescent microbes (46),
understanding the changes that occur due to regulatory factors such as RpoS in these non-

growing microbes leading to antibiotic resistance and persistence is imperative.
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Stationary phase E. coli cells incur changes to their morphology, metabolism, transcriptional
programs, and translational programs, which induce cross protection from many stresses
including osmotic shock, oxidative stress, heat shock, and acid and base shock (37, 38, 62, 88).
These changes include alternations to the cell’s envelope to make it more stress resistant. For
example, the IM becomes more highly ordered with greater proportion of cyclopropyl fatty
acid derivatives and cardiolipin, the thickness and crosslinking of peptidoglycan (PG) increases,
and trehalose, membrane derived oligosaccharides, and other stress response factors are
secreted into the periplasm (Reviewed in (34, 62)). However, very little is known about changes
that may occur to the OM during stationary phase. It has been suggested that, during stationary
phase, the overall amount of protein in the OM is decreased and that the OM lipoprotein-PG
cross-linking increases (4, 99). However, these studies were limited by the techniques available
at the time of their publication. Therefore, we set out to elucidate changes that occur to the

cells permeability barrier during stationary phase.

We utilized sodium dodecyl sulfate (SDS) resistance to probe the strength of the cell’s
permeability barrier since it does not rely on the cell’s metabolism for its toxicity as many
antibiotics do. Previous studies have determined that SDS resistance in E. coli correlates well
with antibiotic resistance in actively growing cells with mutations in envelope biosynthesis
pathways (22, 51, 78, 81). As SDS correlates with antibiotic resistance in these mutants, we
focused on SDS resistance to assess the cell’s permeability barrier thus avoiding any effects of
altered metabolism between different growth states. Here, we demonstrate that the
mechanisms of SDS resistance differ between actively growing cells, carbon-limited stationary

phase cells, and nitrogen-limited stationary phase cells. Furthermore, we have elucidated genes
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involved in novel rpoS-dependent pathways strengthening the OM in carbon-limited cells. Our
results highlight the decreased envelope permeability of non-growing cells, a result with

important implications for antibiotic design strategies targeting Gram-negative bacteria.

Materials and Methods

Strains and growth conditions. All strains used in this study are listed in Table S1. Strains were
grown at 37 °C in M63 media (86) supplemented with 1 mM MgSO, and 100 pg/mL thiamine
and with glucose and (NH4),SO,; concentrations appropriate for the growth state. Carbon-
limited cells were grown with 0.05% glucose and 0.2% (NH4),SO4, while nitrogen-limited cells
were grown with 0.4% glucose and 0.05% (NH,4),SO4. Cultures for actively growing cells were
grown for carbon-limitation overnight then back diluted 1:200 to M63 with 0.2% glucose and
0.2% (NH4),S0,. Strains were constructed by P1vir transduction (86). Unless otherwise noted,
deletion alleles were derived from the Keio collection (9). Where indicated, the kanamycin

resistance cassette was removed as has been previously described (17).

Detergent treatment and viability assay. For evaluation of SDS resistance, strains were grown
overnight to either carbon or nitrogen limitation or were grown for 30 minutes for actively
growing cells. Cultures were treated with 10% SDS for a final concentration of 2% SDS or with
an equal volume of water for control cultures and incubated at 37 °C. Viability was assessed at
the indicated time points by plating on LB and counting colony-forming units. For calculation of
fold decrease in viability, the viability of treated samples was compared to untreated samples.

Unless otherwise noted, values are the average of at least three independent biological
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replicates. Error bars represent the standard error of the mean (SEM). Significance was
calculated using the non-parametric Mann-Whitney test. We observed no indication that cell

number directly affects SDS sensitivity.

Tn-Seq sample preparation. A transposon mutant library was constructed from MG1655 by
electroporation of the EZ-Tn5<KAN-2>Tnp transposome (Epicentre) as per manufacture
instructions and selected on LB with 25 mg/L kanamycin. Approximately 190 000 individual
colonies were pooled for the initial transposon library. LB overnight cultures were grown from
the pooled library and used to inoculate cultures for carbon or nitrogen limitation with
approximately 100 copies of the library. The cultures were treated with SDS for 24 hours as
they were for viability analysis. Samples of 2x10° cells were taken before and after SDS
treatment and genomic DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen) as per
manufacturer instructions. Libraries of transposon junctions were prepared using a method
based on the Transposon Directed Insertion Site sequencing (TraDIS) (45), with genomic DNA
randomly sheared using a Covaris sonicator. The libraries were pooled and sequenced on the
Illumina HiSeq 2500 sequencer in Rapid mode with 67nt single-end reads following the
standard manufacturer protocol. The sequencing data is available on the Princeton University

HTSEQ database (htseq.princeton.edu).

Tn-Seq data analysis. The sequencing reads were trimmed to 25nt and mapped to the E coli
K12 genome NC_000913.3 using BWA 1.2.3 (48). The number of reads mapped to each gene
was quantified using htseg-count 0.6.0 (http://www-

huber.embl.de/users/anders/HTSeq/doc/count.html). Tn-Seq reads across the genome were

visualized using Integrative Genomics Viewer (80, 93). The average and median reads per gene

8
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were very similar between the different libraries (Table S2). Using the reads per gene, the log,
fold change between post- and pre-treatment samples was calculated. To ensure the accuracy
of fold change data, only genes with at least 700 reads in one or more conditions were analyzed
further. Given the standard deviation of the fold values (Table S3), the frequency of transposon

insertions in a given gene was considered changed if the change was at least 3-fold.

Results

E. coli is SDS resistant regardless of growth stage. For many stresses, such as heat shock,
osmotic shock, and oxidative stress, the resistance of stationary phase E. coli, whether carbon
or nitrogen starved, is greater than that of exponentially growing cells (37, 38); therefore, we
hypothesized that stationary phase cells would be more resistant to SDS than actively growing
cells. In order to test this hypothesis, we grew MG1655 cells overnight to stationary phase in
minimal media with limiting concentrations of either glucose (carbon-limited) or ammonium
sulfate (nitrogen-limited) and treated them with 2% SDS or a vehicle control and assayed
viability over 24 hours. For treatment of actively growing cells, we diluted carbon-limited cells
into fresh media with excess carbon and nitrogen and added SDS after 30 minutes of
adaptation to the new conditions. In contrast to other stresses, actively growing cells showed
no decrease in viability or growth rate after 6 hours of SDS treatment relative to untreated cells
(Figure 1A). In 24 hours of 2% SDS treatment, carbon-limited cells demonstrated only a minimal

decrease in viability (4.9-fold) (Figure 1B) while nitrogen limited cells demonstrated no
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decrease in viability (Figure 1C). Given the impressive resistance of the cells in all growth stages

to SDS, we then set out to determine the mechanism of SDS resistance in these cells.

The AcrAB-TolC efflux pump is the primary mediator of SDS-resistance in actively growing
cells but not in stationary phase cells. When the minimum inhibitory concentration (MIC) of
SDS is examined by growth on plates, the presence of the AcrAB-TolC efflux pump is a major
determinant of SDS resistance (91). This pump needs AcrA, AcrB, and TolC present in order to
function, although AcrA and TolC can also interact with several other IM pump components (3,
23, 25). Thus, we deleted acrA and acrB and examined the effect on SDS resistance of cells in
the three growth states. Strains lacking TolC were not used due to the pleiotropic effects of tolC
mutation on the OM (12, 19, 57, 97, 98) that would confound interpretation of results. As
compared to wild type cells where SDS had no effect (Figure 1A), actively growing cells with
deletions in acrA or acrB demonstrated a 120 to 170-fold decrease in viability in 8 h leading to a
4000 to 5000-fold difference in viability, respectively, between treated and non-treated cells
(Figure 2A). In contrast, in carbon-limited cells, the viability of acrA and acrB cells treated with
SDS was within 2.5-fold of that of wild type cells (Figure 2B). There was, however, a kinetic
difference in viability between the wild type and acrA or acrB strains. Whereas wild type cells
did not demonstrate a significant difference in viability between treated and untreated cells
until 24 hours post treatment (Figure 1B), acrA and acrB cells had a significant decrease in
viability starting at 1 hour post treatment (Figure 2B). Similarly, nitrogen-limited cells
demonstrated a small (1.8 to 2.6-fold) but significant decrease in viability starting at 1 hour post
treatment (Figure 2C). Nevertheless, these data illustrate that, unlike actively growing cells, the

AcrAB-TolC efflux pump is not the main determinant of SDS resistance in stationary phase

10
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suggesting that stationary phase cells must employ a different mechanism of resistance,

perhaps involving strengthening their envelope permeability barrier.

SDS resistance in carbon-limited cells requires an RpoS-dependent mechanism. There are two
possible explanations for SDS resistance in stationary phase. First, the non-growing state
induced by lack of nutrients might be directly responsible for the increase in envelope
resistance through limitation of cell division or metabolic activity. Second, a specific change in
gene expression in stationary phase may produce the increase in resistance through activation
of protective pathways. RpoS drives a change in gene expression in stationary phase that
affects, directly or indirectly, 10% of the genome (62). Therefore, we investigated the SDS
resistance of rpoS deletion cells in the three growth phases to determine whether a specific
change in gene expression was necessary for stationary phase SDS resistance. In actively
growing cells, deletion of rpoS had no effect on the SDS resistance (Figure 3A); however, in
carbon-limited cells, rpoS deletion led to a 940-fold decrease in viability in 24 hours in SDS
treated cells demonstrating that rpoS is required for SDS resistance in carbon-limited cells
(Figure 3B). These data suggest RpoS-dependent pathways activated in carbon-limited cells are
responsible for the SDS resistance of carbon-limited cells. Surprisingly, in nitrogen-limited cells,
deletion of rpoS had no effect on the viability of SDS treated cells (Figure 3C). These data
suggest that RpoS is the main determinant of SDS resistance in carbon-limited cells but not in
actively growing cells, which are protected by efflux, or in nitrogen-limited cells. This is
interesting considering that the levels of RpoS are much lower in nitrogen-limited cells than in

carbon-limited cells and are lower still in exponentially growing cells (52).
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We next investigated whether the lack of protective effect of RpoS in exponentially growing
cells, demonstrated by a decrease in viability with only acrA or acrB deletion, was due to the
low levels of RpoS present in these cells or to protective mechanisms activated by RpoS which
can only operate in stationary phase cells. To investigate these possibilities, we utilized sprE
deletion strains. SprE is responsible for the ClpXP-dependent degradation of RpoS during
exponential phase and deleting sprE increases RpoS levels in both exponential cells and
stationary phase cells (73). In actively growing cells, deletion of sprE alone did not cause any
SDS sensitivity; however, acrA sprE deletion cells were significantly more resistant to SDS than
were acrA deletion cells (Figure 4A). Deletion of sprE was also protective in carbon-limited cells
alone or in combination with acrA deletion, but was not protective in rpoS deletion cells (Figure
4B). These data demonstrate that RpoS-dependent mechanisms can be protective in actively
growing cells and suggest that wild type levels of RpoS in these cells are too low to be
protective. These data also illustrate that increasing RpoS levels in carbon-limited cells can
further increase SDS-resistance, suggesting that the effect of RpoS on SDS resistance is

dependent on RpoS levels.

In nitrogen-limited cells, the AcrAB-TolC efflux pump can compensate for the loss of rpoS-
dependent resistance mechanisms. As we had found AcrAB-TolC to be the main determinant of
SDS-resistance in actively growing cells and RpoS to be the main determinant of SDS-resistance
in carbon-limited cells, we then investigated the effect of simultaneously removing these two
factors. Therefore, we examined the SDS resistance of acrA rpoS and acrB rpoS double mutants
in the three growth states. In actively growing cells, acrA rpoS and acrB rpoS double mutants

were even more sensitive to SDS than acrA or acrB single mutants and viability decreased to

12
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near our limit of detection by 3 hours of treatment and below our level of detection by 5 hours
of treatment (Figure 5A). These results emphasize that, although RpoS-dependent mechanisms
can be protective in actively growing cells allowing some remaining viability without the AcrAB-
TolC efflux pump, levels of RpoS are too low to be fully protective. Carbon-limited double
mutant cells were also more sensitive to SDS than single mutant cells, with viability decreasing
to near or below our limit of detection in 24 hours (Figure 5B). These data demonstrate that
AcrAB-TolC can play a protective role in carbon-limited cells in the absence of RpoS but that
AcrAB-TolC cannot compensate for the loss of RpoS in these cells. The lack of full protection by
the AcrAB-TolC efflux pump in carbon-limiting conditions suggests that the RpoS-dependent
mechanisms of SDS resistance must be preventing the SDS from penetrating the OM. In
nitrogen-limiting conditions, acrA rpoS and acrB rpoS double mutant cells were SDS-sensitive
with 880 000-fold and 4000-fold decreases in viability, respectively, at 7 hours post treatment
followed by suppressor mutant outgrowth (Figure 5C). These data combined with the lack of
SDS sensitivity in rpoS, acrA, or acrB mutants (Figures 2C & 3C) demonstrate that, in nitrogen-
limiting condition, AcrAB-TolC and RpoS-dependent protective mechanisms are fully
functioning and that each can fully compensate for the loss of the other. Thus, cells in all three
growth phases can be protected by both RpoS-dependent mechanisms and by efflux but the

dominance of each mechanism depends on the growth conditions.

Tn-Seq identifies genes causing SDS sensitivity in carbon-limited but not nitrogen-limited
conditions. Given the global changes enacted by RpoS in stationary phase (62), we wished to
know which RpoS-regulated genes were protecting cells from SDS in stationary phase. In order

to address this question, we utilized a Tn-Seq experiment (96). We created a pooled library of

13
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approximately 190,000 mutants each containing an Ez-Tn5 insertion, grew this library overnight
to stationary phase in either nitrogen-limiting or carbon-limiting conditions, and collected
genomic DNA samples from these cultures before and after 24 hours of 2% SDS treatment
(Figure 6A). We isolated the transposon junctions from these mutants and subjected them to
deep sequencing to determining the frequency of transposon junctions throughout the genome
in the various samples. An example region of the genome is shown in Figure 6B. The average
and median number of reads per gene across the library were very similar between pre- and

post-treatment samples for both carbon- and nitrogen-limiting conditions (Table S2).

In analyzing the resulting data, we took advantage of the differences in SDS resistance
mechanisms between carbon- and nitrogen-limiting conditions to distinguish between
mutations that cause non-specific envelope defects and those that cause defects in the rpoS-
dependent mechanism of SDS resistance in stationary phase. Based on our data (Figures 2C, 3C,
& 5C), causing SDS sensitivity through the rpoS-dependent pathway in nitrogen-limited cells
requires at least two mutations: inactivation of the AcrAB-TolC efflux pump and inactivation of
a component of the rpoS-dependent pathway. In contrast, one mutation that affects envelope
biogenesis in a non-specific manner in an rpoS-independent pathway could cause SDS
sensitivity in N-limited cells. Therefore, to enrich for genes important for the rpoS-dependent
pathway of SDS sensitivity, we identified genes for which the frequency sequencing reads
decreased in the post-treatment carbon-limited sample as compared to the pre-treatment
carbon-limited sample but did not change between the nitrogen-limited samples, utilizing these
samples as a control for genes where disruption causes envelope defects unrelated to RpoS.

We chose a minimum of a 3-fold difference between the pre- and post-treatment samples to

14
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define a change as this value defined the edges of the main population of the reads (Table S3

and Figure S1). An example gene that fit these parameters, sanA, is shown in Figure 6B.

Overall, we identified 12 envelope related genes (Table 1) and 8 non-envelope related genes
(Table S4) that had at least a 3-fold decrease in reads in carbon-limiting conditions and less than
a 3-fold change in reads in nitrogen-limiting conditions. We then proceeded to examine the
effect of the envelope related genes on SDS resistance in carbon-limiting conditions in a non-
competitive environment. ftsN, which is an essential gene, for which we identified transposon
junctions in the non-essential 3’ region, was not examined further. In single deletion settings,
we were able to confirm the SDS sensitivity of five of the examined genes: rfaH, sanA, dacA,
yhdP, and ydgH (Figure 6C). Of these genes, rfaH, sanA, and dacA demonstrated the largest
effects on SDS resistance causing 100- to 200-fold decreases in viability in 24 hours with SDS
treatment. The two other genes, yhdP and ydgH, had smaller but significant effects on viability
with SDS treatment, demonstrating 23-fold and 18-fold decreases in viability in 24 hours of
treatment, respectively. We considered these five genes to be candidates for participants in the
rpoS-dependent pathway protecting carbon-limited cells from SDS. Interestingly, wecE deletion
had no effect on SDS sensitivity in carbon-limited cells in a non-competitive environment,
despite causing SDS sensitivity in actively growing cells due to accumulation of lipid Il bound to
enterobacterial common antigen (ECA) (Figure S2, (16)). These data emphasize the increase in
envelope strength that occurs in nutrient limited cells, as they are able to overcome the effect

of mutations that cause envelope permeability in actively growing cells.

RpoS acts through sanA, dacA, and yhdP to mediate SDS resistance in stationary phase. To

determine whether the genes from the Tn-Seq that cause SDS sensitivity in carbon-limiting
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conditions were on-pathway with rpoS, we constructed double mutants of these genes with
rpoS and with acrA to differentiate between additive and non-additive effects of these
mutations. For three of the genes, yhdP, dacA, and sanA, the effects of their deletion was not
additive with rpoS (Figure 7A left panel). These data suggest that RpoS acts through sanA, dacA,
and yhdP in order to make carbon-limited cells SDS resistant. Combining rpoS and acrA
deletions leads to a very strong effect on SDS resistance; in fact, the viability of SDS treated
cultures is below the limit of detection after 24 hours of treatment (Figure 5B). When we
combined deletions in the three genes we identified with acrA, only the acrA sanA strain
recapitulated the strong synthetic phenotype effect of an acrA rpoS deletion with viability
decreasing to near the limit of deletion in 24 hours (Figure 7A left panel). These data suggest

that sanA plays a dominant role in RpoS-dependent SDS resistance.

In contrast to the three genes mentioned above, rpoS mutant cells demonstrated additive SDS
sensitivity when combined with rfaH and ydgH mutations (Figure 7A right panel). As rfaH is
required for efficient LPS biosynthesis (10, 15, 58, 72), it is likely that rfaH mutants have OM
permeability unrelated to the pathway affected by RpoS. YdgH is predicted to be a periplasmic
protein and its levels have been suggested to be downregulated by MicA, a sRNA that increases
upon entry to stationary phase but is transcriptionally regulated by sigma E, the envelope stress
sigma factor (6, 28, 40, 70). Thus, YdgH may play a role in stationary phase envelope

permeability while not being directly regulated by RpoS.

As sanA, dacA, and yhdP appear to work downstream of rpoS to mediate SDS resistance in
carbon-limited cells, we then wondered whether they work together on the same pathway or

through several different mechanisms to mediate SDS resistance. To address this question, we
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constructed all possible double and triple deletion mutants of these genes and determined the
effect of these mutations on SDS sensitivity in carbon-limiting conditions. In combination, a
dacA yhdP double mutant did not show an additive effect over that of either mutant alone,
while sanA demonstrated an additive effect with both dacA and yhdP (Figure 7B). These data
suggest that dacA and yhdP work together to mediate SDS resistance in carbon-limiting
conditions, while sanA works through a separate rpoS-dependent pathway. These data
correlate well with our acrA data which suggest that sanA is playing a more important role in
strengthening the OM than are dacA and yhdP. Interestingly, the yhdP dacA sanA triple mutant
had a similar level of SDS sensitivity to that of rpoS deletion cells with a decrease in viability in
24 hours of more than 900-fold. In contrast, in nitrogen limiting conditions, sanA, dacA, and
yhdP had no effect on SDS sensitivity even when combined with an acrA mutation (Figure 7C),
suggesting that there may be a third rpoS-dependent mechanism of SDS resistance operating
specifically in nitrogen-limiting conditions. Taken together, all of these data demonstrate that
the mechanisms of SDS resistance vary greatly depending on growth conditions and involve

several novel rpoS-dependent mechanisms for strengthening the envelope permeability barrier.

Discussion

In stationary phase, RpoS enacts a global program of transcriptional regulation that prepares
cells for stressful conditions (62). In this work, we have investigated changes occurring to the
cells permeability barrier during times of nutrient limitation, using SDS resistance as a model of

the strength of the envelope permeability barrier. Gene deletions causing SDS and SDS EDTA
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sensitivity in E. coli have previously been investigated in a high-throughput study (65); however,
the study examined colony size on plates and so did not differentiate between different growth
states. Several studies examining the SDS resistance of Enterobacteria have touched on the SDS
resistance of E. coli (2, 7, 8, 75, 76). However, the studies that examined growth phase-
dependent effects were conducted in a W3110 background (7, 8), which has mutations in
several stress response pathways including the Rcs pathway and, depending on the source, may
lack functional RpoS and/or RpoF (31, 39). In addition, no genes involved in stationary phase

SDS resistance were identified.

Therefore, we investigated the SDS resistance of wild type MG1655. We have determined that,
although actively growing cells, carbon-limited cells, and nitrogen-limited cells are all resistant
to SDS (Figure 1), the mechanisms of SDS resistance deployed depend on the growth phase of
the cells. In actively growing cells, cells are mainly protected from SDS by the AcrAB-TolC efflux
pump (Figure 2). These data suggest that, in these cells, SDS penetrates the OM and then
AcrAB-TolC pumps it back out through an energy dependent process (Figure 8A). Interestingly,
it has been previously suggested that SDS could be found in the E. coli periplasm during SDS
treatment (1, 66). Although rpoS can play a role in SDS resistance in these cells, it is not the
dominant mechanism of resistance employed and is not fully protective (Figures 4 & 5). With
ample carbon and nitrogen available, the cells instead rely on the energy intensive process of

efflux, which in this case, is driven by the proton motive force (49) (Figure 8A).

In carbon-limited cells, the resistance to SDS is primarily dependent on rpoS (Figure 3). Our
model for these data suggests that RpoS acts to activate pathways of SDS resistance in carbon-

limited cells, which prevent SDS from entering the cell by strengthening the permeability

18



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

barrier of the OM (Figure 8B). In the absence of rpoS, the cells can be minimally protected by
the AcrAB-TolC efflux pump; however, this pump cannot fully protect the cells in the absence of
rpoS likely due to a lack of energy (Figure 8B). This model explains the kinetic difference in SDS
resistance we observed between AcrAB-TolC deficient cells and wild type cells in carbon-
limiting conditions wherein decreases in viability were observed at earlier time points for acrA
and acrB cells than for wild type cells (Figure 1B vs Figure 2B), despite equal levels of RpoS
present in these cells (Figure S3). It is likely carbon-limited cells can efflux SDS for a brief time,
increasing their SDS resistance, but are quickly depleted of protons with which to run efflux
resulting in low levels of cell death. This cell death would occur more quickly in cells in which
the efflux pump has been removed. Furthermore, rpoS deletion cells exhibit significant cell
death following SDS treatment even when the AcrAB-TolC efflux pump is present. This inability
of efflux to protect carbon-limited cells from SDS emphasizes that RpoS-dependent SDS
resistance must involve strengthening the OM permeability barrier preventing the necessity for

efflux.

We have identified three genes, sanA, dacA, and yhdP, for which deletion decreases SDS
resistance in carbon-limited cells and for which the effect of deletion is not additive with rpoS
(Figure 7). Deletion of these genes has no effect on the levels of RpoS in carbon-limited cells
(Figure S3). These data suggest that RpoS acts through SanA, PBP5 (DacA), and YhdP to provide
SDS resistance in carbon-limited cells (Figure 8B). Given the strong synthetic phenotype
observed with sanA and acrA deletions (Figure 7), our model suggest that RpoS is working
primarily through SanA to strengthen the OM in carbon-limiting conditions. It remains possible

that PBP5 and YhdP act to decrease SDS sensitivity by altering some other aspect of the cell’s
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envelope (e.g. PG or IM). It is of interest, since RpoS can be protective in exponentially growing
cells in the absence of AcrAB-TolC, that deletion of sanA, dacA, or yhdP can increase SDS
sensitivity in exponentially growing cultures, although this sensitivity cannot be observed for
sanA or dacA in an efficiency of plating assay on plates with SDS suggesting the exponential
phase effect is small (Figure S4). As these genes have no effect in nitrogen-limiting conditions
(Figure 7), these data suggest that other regulatory factors, in addition to RpoS, may allow
these genes to provide a basal level of protection in actively growing cells. Overall, our data
suggest that, in carbon-limited cells, RpoS acts directly or indirectly to activate pathways that

strengthen the OM permeability barrier and involve SanA, PBP5, and YhdP (Figure 8B).

SanA was first identified as a multicopy suppressor of a unknown mutant with an OM
permeability defect, which had a deletion of sanA as well as other mutations leading to OM
defects (79). SanA has 239 amino acids and is predicted to have an inner membrane localization
with a very small N-terminal cytoplasmic domain (6 amino acids), one transmembrane helix,
and the remainder of the protein localized in the periplasm (43, 70). The periplasmic domain of
SanA contains a DUF218 domain (24). DUF218 domains contain several charged amino acids
suggesting enzymatic activity (24) and are found in many species throughout the bacterial
domain as well as in some archaea, plants, and fungi, mainly in proteins of unknown function

(24).

E.coli has three homologs of SanA containing DUF218 domains: YgjQ, YdcF, and ElyC (14, 24).
YgjQ has no known function though it is predicted to have the same topology as SanA (43, 70).
YdcF is predicted to be a cytoplasmic protein, which binds to S-adenosyl-L-methionine, and has

been suggested to be directly or indirectly regulated by both the Rcs response and FNR (14, 27,
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43, 82). A deletion mutant of elyC (ycbC), but not sanA, was identified through a high-
throughput screen as causing cell lysis at room temperature in LB media with 1% salt (68).
Suppressor and complementation assays suggested that ElyC may be involved in balancing
undecaprenyl-phosphate (Und-P) use between PG biosynthesis and the biosynthesis of
polysaccharides such as ECA (68). Supporting this role, deletions of genes involved in
biosynthesis of ECA, a glycolipid with trimeric repeats of N- acetyl-D-glucosamine (GlcNAc), N-
acetyl-D-mannosaminuronic acid (ManNAcA), and 4-acetamido-4,6-dideoxy-D-galactose
(Fuc4NAc), have a suppressive or synthetic phenotype on elyC deletion depending on Und-P
utilization of the mutants. Thus, deletion of wecA acts as a suppressor of lysis with elyC deletion
as it prevents Und-P use for ECA synthesis by preventing the formation of Und-P-P-GIcNAc
(Lipid 1Y), while deletion of wecE has a synthetic phenotype with elyC deletion as it causes the
buildup of Und-P-P-GIcNAc-ManNAcA (Lipid 1I5?), preventing the use of Und-P for PG
biosynthesis (16, 55, 68). Although these proteins contain DUF218 domains similar to SanA,
deletion of ygjQ, ydcF, or elyC had no effect on the SDS sensitivity of carbon-limited cells (Figure
S5). In addition, mutation of wecA or wecE in a sanA deletion strain had no effect on SDS
sensitivity (Figure S5), demonstrating that alteration of Und-P levels available for PG
biosynthesis has no effect on the SDS sensitivity of a sanA mutant. These data suggest that
SanA plays a different role in strengthening the OM permeability barrier than those played by

its paralogs.

Deletion of both sanA and the Salmonella homolog of sanA, sfiX, has been shown to confer
vancomycin sensitivity at 43 °C but not 42 °C, suggesting a temperature-dependent effect of

SanA (59, 79). In addition, sanA is annotated to have a heat shock-dependent RpoH promoter
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(33). This suggests that, as the rpoH promoter can be utilized by RpoS and the levels of RpoH
increase upon carbon starvation (35, 36), the effect of RpoS on SanA may be indirect through
RpoH. The function of SanA in strengthening the OM remains an open question but our data
suggest that SanA is acting independently of PBP5 and YhdP through a mechanism unique from
those of its homologs (Figure 8B). As an acrA sanA strain shows a strong synergistic effect on
SDS sensitivity unlike acrA dacA and acrA yhdP (Figure 7), the RpoS-dependent pathway
involving SanA appears to be the dominant pathway strengthening the OM in carbon-limiting

conditions. We are currently investigating this pathway.

The second envelope related gene we identified to be involved with the RpoS-dependent
mechanisms for decreasing envelope permeability in stationary phase is PBP5. PBP5 is a D-
alanyl-D-alanine carboxypeptidase (DD-CPase) that trims the fifth amino acid from the PG chain
after the precursor has been polymerized into the cell wall and is thought to be involved with
PG remodeling (5, 26, 95). Thus, the PG of exponential phase cells with a deletion of dacA has a
4-fold increase in pentapeptides as compared to PG of wild type cells (71). PBP5 is under the
transcriptional control of BolA, the stationary phase morphogene, suggesting that its link to
RposS is likely mediated by BolA (64, 83). E. coli has eight proteins (PBP4, PBP4b, PBP5, PBP6,
PBP6b, PBP7, AmpC, and AmpH) capable of removing the terminal D-alanine from PG chains
and removal of more than one of them is necessary to cause visible morphological defects (29,
54, 63, 95). In fact, cells remain viable when grown in LB after deletion of the genes for at least
seven out of the eight proteins responsible for this activity (21). The different proteins with this
activity are thought to act in different conditions. For instance, during active growth in neutral

conditions PBP5 is the main protein responsible for DD-CPase activity, while at a pH of 5 PBP6b
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is mainly responsible for DD-CPase activity (69). In addition, while PBP5 is most active in early
log phase, PBP6 and PBP6b are thought to be most active in mid-log and stationary phase (83,
84). It is interesting that, although PBP5 is not the DD-CPase most active in stationary phase, it
is involved in mediating SDS resistance in carbon-limiting conditions. We are currently
investigating the possibility that PBP5 activity in carbon-limiting conditions acts as a signal for
an envelope-strengthening pathway. As the effects of yhdP and dacA are not additive, we
hypothesize that this pathway involves YhdP, the third gene through which RpoS acts to

decrease envelope permeability during carbon-limiting conditions.

YhdP, like SanA, is predicted to be an IM protein with a small N-terminal cytoplasmic domain (6
amino acids), one transmembrane helix, and a large periplasmic domain (amino acids 30
through 1266) (43, 70). Homologs of YhdP are common Gammaproteobacteria and are also
found in Betaproteobacteria (92). YhdP’s periplasmic domain contains a DUF3971 domain and
an AsmA_2 domain, which is similar to the C-terminal domain of AsmA (24). AsmA has been
implicated in the assembly of outer membrane porins (20, 56, 101). We are currently
investigating whether YhdP may play a similar role. As yhdP does not have an annotated
promoter, it is unclear whether RpoS acts directly or indirectly on YhdP. Interestingly, YhdP was
suggested through a high-throughput screen to bind to YdgH (32), which also affects SDS
resistance in carbon-limiting conditions although not in an RpoS-dependent manner (Figures 7).
A double mutant of yhdP and ydgH was quite sensitive to SDS in carbon limiting conditions
(Figure S6) and we are further investigating the possibility of functional interactions between

these proteins.
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In contrast to carbon-limiting conditions, nitrogen-limited cells lacking either rpoS or acrA/B
alone are resistant to SDS (Figures 2 & 3); instead, both rpoS and acrA or acrB deletions are
needed in order to cause SDS sensitivity. These data suggest that, in wild type cells, RpoS-
dependent mechanisms prevent SDS entry in to nitrogen-limited cells but that when rpoS is
removed the AcrAB-TolC efflux pump can compensate for the loss by pumping SDS out of the
cell (Figure 8C). Moreover, the ability of AcrAB-TolC to compensate for loss of RpoS suggests
that the nitrogen-limited cells are not energy limited likely because of the inhibitory effect of
nitrogen-limitation on protein synthesis, a highly energy-dependent process (Figure 8C).
Intriguingly, deletion of acrA and sanA, dacA, or yhdP does not cause SDS sensitivity in nitrogen-
limited cells (Figure 7), suggesting that the mechanism of RpoS-dependent SDS resistance
present in nitrogen-limited cells is different than that found in carbon-limited cells (Figure 8C).
We are currently investigating this mechanism, which may involve efflux and/or strengthening
the OM’s or IM’s resistance to SDS. Our data for SDS resistance are in contrast to other stress
such as heat shock, osmotic stress, and oxidative stress where RpoS plays the same role in
carbon- and nitrogen-limited cells (37, 38). Thus, SDS resistance is an interesting model for

investigating the effects of varying RpoS levels found with different nutrient limitations (52).

In summary, we have demonstrated that mechanisms of SDS resistance differ between cells in
different growth states. Whereas actively growing cells rely on efflux, stationary phase cells
utilize RpoS-dependent mechanisms to strengthen their envelope permeability barrier and may
play a role in the persistence, tolerance, and resistance to antibiotics observed during
stationary phase. As the vast majority of microbes in the environment are in a quiescent state

(46), insights into changes to the cell’s permeability barrier that occur in non-growing cells have
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important implications for the design of new antibiotics targeting Gram-negative bacteria for
which envelope permeability is a major hurtle. Furthermore, we identified several novel RpoS-
dependent pathways through which the cell’s envelope permeability barrier can be
strengthened. Further investigation of these pathways should lead to insights into the biology

of the cell’s envelope permeability barrier.
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Figure Legends

Figure 1. E. coli is resistant to SDS regardless of growth stage. Cells prepared to be actively
growing (A), carbon-limited (B), or nitrogen-limited (C) were treated with 2% SDS and viability
was assayed at the indicated time points. Closed data points indicate untreated samples while
open data points indicate SDS treated samples. * p<0.05 comparing treated and untreated

samples

Figure 2. The AcrAB-TolC efflux pump is responsible for SDS resistance in exponential phase.
Actively growing (A), carbon-limited (B), or nitrogen-limited (C) cells of the indicated acrA or
acrB deletion strains were treated with 2% SDS and viability was assayed at the indicated time
points. Closed data points indicate untreated samples while open data points indicate SDS
treated samples. * p<0.05 compared to initial time point for acrA strain; ¥ p<0.05 compared to

initial time point for acrB strain

Figure 3. RpoS mediates SDS resistance in carbon-limited cells. Actively growing (A), carbon-
limited (B), or nitrogen-limited (C) rpoS deletion cells were treated with 2% SDS and viability
was assayed at the indicated time points. Closed data points indicate untreated samples while
open data points indicate SDS treated samples. * p<0.05 comparing treated and untreated

samples

Figure 4. RpoS can be protective in exponential phase. A. Actively growing cells of the
indicated strains were treated with 2% SDS and viability was assayed at 0 and 7 hours. Fold
change between the 0 and 7 hour time points (7 hour sample/0 hour sample) are shown. Solid

bars indicate untreated samples while open bars indicate treated samples. * p<0.05 for both
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between the treated and untreated samples and the indicated strains. B. Carbon-limited cells of
the indicated strains were treated with 2% SDS and viability was assayed after 24 hours. The
fold decrease in the treated samples versus the untreated samples is shown (untreated

sample/treated sample). * p<0.05 comparing the indicated strains

Figure 5. AcrAB-TolC can compensate for the loss of RpoS in nitrogen-limited cells. Actively
growing (A), carbon-limited (B), or nitrogen-limited (C) cells of the indicated strain (acrA rpoS or
acrB rpoS) were treated with 2% SDS and viability was assayed at the indicated time points.
Closed data points indicate untreated samples while open data points indicate SDS treated
samples. Dotted line indicates the limit of detection. * p<0.05 comparing treated and untreated
samples for acrA rpoS strain; # p<0.05 comparing treated and untreated samples for acrB rpoS

strain

Figure 6. Tn-Seq to identify genes responsible for SDS resistance in C-limited cells. A.
Experimental strategy for Tn-Seq experiment: A large library of Tn5 mutants was grown under
either carbon- or nitrogen-limitation then treated with 2% SDS for 24 hours. DNA samples were
collected and transposon junctions were sequenced both pre- and post-treatment. B.
Sequenced transposon junctions were mapped to the MG1655 genome and a histogram for an
example region of the genome is shown. The boxed region indicates a gene, sanA, for which
sequencing reads decreased more than 3-fold in carbon-limiting conditions but did not change
in nitrogen-limiting conditions. Scale 0-500 reads. C. Strains with deletions in the indicated
genes were grown under carbon-limitation and treated with 2% SDS. Viability was assayed at 24
h of treatment. The fold decrease in the treated samples versus the untreated samples is

shown (untreated sample/treated sample). Open bars indicate control strains while closed bars
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represent strains with deletions in genes identified in the Tn-Seq experiment as causing SDS
sensitivity only in carbon-limiting conditions. Dotted line indicates the fold decrease in wild type

MG1655. * p<0.05 compared to MG1655

Figure 7. rposS is epistatic to sanA, dacA, and ydhP. A. Carbon-limited cells of the indicated
strains were treated with 2% SDS and viability was assayed at 24 h post-treatment. The fold
decrease in the treated samples versus the untreated samples is shown (untreated
sample/treated sample). Open bars indicates strains in a wild type background while black bars
indicate strains on an rpoS background and blue bars indicate strains on an acrA background.
Control samples (MG1655, rpoS, acrA) are identical between the two panels and include 6
biological replicates. Strains are separated by those that are not additive with rpoS (left) and
those that are additive with rpoS (right). * p<0.05 one tailed for increase compared to the
parent strain with the greater effect B. Carbon-limited cells of the indicated strains were
treated with 2% SDS and viability was assayed at 24 h post-treatment. The fold decrease in the
treated samples versus the untreated samples is shown (untreated sample/treated sample).
The control strain is indicated by a white bar, the single mutants by black bars, double mutants
by blue bars, and the triple mutant by an orange bar. * p<0.05 one tailed for increase compared
to parent; n/s no significant difference between the indicated strains. C. Nitrogen-limited cells
of the indicated strains were treated with 2% SDS and viability was assayed at 3 h post-
treatment. The fold decrease in the treated samples versus the untreated samples is shown
(untreated sample/treated sample) on a linear scale. * p<0.05 one tailed for increase in strain

without acrA compared to strain with acrA
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Figure 8. Model of interactions between efflux and envelope permeability in SDS resistance. A. In
actively growing cells, SDS is able to penetrate the OM and is then removed by the AcrAB-TolC efflux
pump. This energy intensive process, which relies on the proton motive force, is made efficient by the
abundance of nutrients available to the cell. B. In carbon-limited cells, an RpoS-dependent decrease in
OM permeability through pathways that involve SanA, PBP5, and YhdP prevents SDS from entering the
cell. Early in treatment any SDS that does penetrate the OM is removed by the AcrAB-TolC efflux pump;
however, lack of energy in carbon-limited cells eventually leads the efflux pump to fail and causes a low
level of cell death. When rpoS is removed, SDS penetrates the OM and inefficiency in the efflux pumps
due to lack of energy causes the cells to die quickly. C. In nitrogen-limited cells, an RpoS-dependent
mechanism that is different than that employed in carbon-limited cells prevents SDS entry into the cell;
however, the loss of rpoS can be compensated for by the activity of the AcrAB-TolC efflux pump,
suggesting that, although there is a lack of available nitrogen for making new proteins, nitrogen-limited
cells have sufficient energy available in the form of the proton motive force for efficient efflux over the

time scale of the experiment.

Table 1. Envelope related Tn-Seq hits causing SDS sensitivity only in carbon-limited cells

Carbon-limited Reads per Kbp® Log2 Fold Post/Pre treatment®
Gene’ Pre-treatment Post-treatment Carbon-limited Nitrogen-limited
ydgH 758 60 -3.7 0.7
bssR 2000 279 -2.8 0.9
tatB 3841 558 -2.8 0.2
wecA (rfe) 2043 323 -2.7 -0.3
ftsN 10134 1618 -2.6 -0.5
ompA 2108 354 -2.6 -0.1
dacA 867 162 -2.4 -1.2
sanA 3261 625 -2.4 -0.2
ytfK 7816 2135 -1.9 0.9
wecE 1834 531 -1.8 0.9
rfaH 3155 1004 -1.7 0.4

43



Accepted Manuscript Posted Online

>

o
9
o
=
Q@
(%]
0
(23]
e
9)
(9]
=
—_
2
o
1

Journal of Bacteriology

896

897

898

899

900

yhdP 2386 760 -1.7 0.3
% Genes with at least 700 sequence reads, decreasing at least 3-fold during treatment in carbon-

limiting conditions, and changing less than 3-fold in nitrogen limiting conditions
® The number of sequence reads for each gene was normalized to the length of the gene

‘ The fold change in read number before and after SDS treatment in either carbon- or nitrogen-

limiting conditions
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