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Reduction in adaptor amounts establishes degradation
hierarchy among protease substrates
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ATP-dependent proteases control critical cellular processes, includ-
ing development, physiology, and virulence. A given protease may
recognize a substrate directly via an unfoldase domain or subunit
or indirectly via an adaptor that delivers the substrate to the
unfoldase. We now report that cells achieve differential stability
among substrates of a given protease by modulating adaptor
amounts. We establish that the regulatory protein PhoP represses
transcription of the gene specifying the CIpAP protease adaptor
ClpS when the bacteria Salmonella enterica and Escherichia coli
experience low cytoplasmic Mg?*. The resulting decrease in ClpS
amounts diminishes proteolysis of several CIpSAP-dependent sub-
strates, including the putrescine aminotransferase Oat, which
heightens the formation of antibiotic persisters, and the transcrip-
tional regulators UvrY and PhoP, which alter the expression of
genes controlled by these proteins. By contrast, the decrease in
ClpS amounts did not impact the abundance of the CIpSAP sub-
strate FtsA, reflecting that FtsA binds to ClpS more tightly than to
UvrY and PhoP. Our findings show how physiological conditions
that reduce adaptor amounts modify the abundance of selected
substrates of a given protease.
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TP-dependent proteases are present in all domains of life.

They are necessary for regulated proteolysis and for the
elimination of nonfunctional and potentially toxic proteins (1).
ATP-dependent proteases consist of two subunits or domains:
one that uses the energy derived from ATP hydrolysis to unfold
and shuttle substrates into the other subunit or domain where
proteolysis actually takes place (1). Degradation of particular
substrates of a given protease often requires adaptor proteins to
recognize such substrates and deliver them to the unfoldase (2,
3). We now report that enteric bacteria achieve differential
degradation of substrates of the ATP-dependent protease CIpAP
by altering the amounts of the adaptor protein ClpS under
specific stress conditions.

The protease CIpAP is composed of the serine protease ClpP
and the unfoldase ClpA (4). CIpA recognizes certain substrates
directly but requires the adaptor ClpS to recognize others, most
conspicuously those bearing leucine, tyrosine, tryptophan, or
phenylalanine as the N-terminal residue. This makes ClpS the
enforcer of the N-end rule degradation pathway in bacteria,
chloroplasts, and mitochondria (2, 5, 6). ClpS is also required for
proteolysis of the Salmonella PhoP protein even though PhoP’s
N-terminal amino acid is a methionine that is neither removed nor
modified (7). In addition, ClpS inhibits the degradation of a
CIpAP substrate by hindering substrate access to ClpA (8). Given
that some CIpAP substrates have regulatory roles, a change in the
number of ClpS molecules has the potential of altering the
abundance of multiple proteins.

The transcriptional regulator PhoP and the sensor PhoQ form
a two-component system that governs Mg** homeostasis (9, 10)
and virulence (11 14) in several Gram-negative species. PhoQ re-
sponds to low Mg®* (15) and to certain antimicrobial peptides (16)
in the periplasm and to a mildly acidic pH (17) in the cytoplasm
(18) by activating the DNA-binding protein PhoP. In Salmonella
enterica serovar Typhimurium, PhoP regulates transcription of
~9% of the genome (19). PhoP-activated genes include mgtC,
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which specifies an inhibitor of the F;Fy ATPase (20), and mgt4 and
mgtB, which specify sequelogous (21) Mg”* transporters (22, 23).

The mRNAs corresponding to the mgtA gene and mgtCB
operon include unusually long leader sequences that prevent
transcription elongation into the associated coding regions un-
less specific conditions are met, such as a drop in cytoplasmic

Mg** below a certain threshold (24, 25). By unportmg Mg** into the
cytoplasm and by reducing the amount of Mg?*-chelating ATP,
the MgtA, MgtB, and MgtC proteins enable Salmonella to carry
out protein synthesis (zalbeit at a lower rate) when experiencing
a low cytoplasmic Mg~ concentration that otherwise compro-
mises ribosome assembly (26). The changes brought about by
MgtA, MgtB, and MgtC and potentially by other proteins expressed
in low cytoplasmic Mg”*, dramatically reduce the bacterial growth
rate from logarithmic to linear (26).

In addition to aiding translation, the MgtA and MgtC proteins
further transcription of PhoP-activated genes by increasing the
amount of active PhoP protein (7, 27). MgtA accomplishes this
task by removing Mg ** from the periplasm, where it acts as a
negative signal for PhoQ (27). MgtC sequesters PhoP away from
ClpS, thereby preventing PhoP degradation by CIpSAP (7).

We now report a mechanism that enables Salmonella and Escher-
ichia coli to alter proteolysis of selective ClpS-dependent CIpAP sub-
strates This mechanism operates when bacteria face low cytoplasmic
Mg?*, a condition that decreases the rate of protein synthesis (26)
and hyperactivates the PhoP protein (7, 27). The uncovered mech-
anism has broad physiological consequences because it impacts gene
transcription and the formation of antibiotic persister cells.

Results

The PhoP Protein Directly Represses Transcription of the Adaptor
Gene clpS. The PhoP-activated genes mgt4d and mgtC specify
products that increase the amount of active PhoP protein (7, 27),
thereby positively feeding back on their transcriptional activator.
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Given that the CIpSAP protease degrades the PhoP protein (7), we
wondered whether PhoP reduces the abundance of the ClpS and/
or ClpA proteins, which are specific to the CIpSAP protease. [ClpP
also associates with ClpX to form the ClpXP protease (28, 29).]

ClpS amounts were lower in wild-type Salmonella grown in low
than in high Mg** medium (Fig. 14), which are PhoP-inducing
and -noninducing conditions, respectively (15). The reduction in
ClpS amounts taking place in low Mg*" is PhoP dependent be-
cause it was not observed in a phoP mutant (Fig. 14). By con-
trast, similar amounts of the control protein OmpA were present
across strains and conditions (Fig. 14).

PhoP represses clpS expression at the transcriptional level
because the phoP mutant had five times more c/pS mRNA than
the wild-type strain following growth in 10 uM Mg** (Fig. 1B) but
similar c/pS mRNA amounts when bacteria were grown in 10 mM
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Fig. 1. PhoP directly represses transcription of the c/pS gene. (A) Western
blot analysis of crude extracts prepared from clpS-HA (JY691) and clpS-HA
phoP (JY854) Salmonella following growth in N-minimal medium (pH 7.7)
containing 10 pM or 10 mM MgCl, at 37 °C for 6 h. Samples were analyzed
using antibodies directed to the HA tag or the OmpA protein. Data are
representative of three independent experiments, which gave similar results.
(B and C) mRNA abundance of the c/pS (B) and c/pA (C) genes produced by
wild-type (14028s) and phoP (MS7953s) Salmonella following growth in N-
minimal medium (pH 7.7) containing 10 uM or 10 mM MgCl, at 37 °C for
5.5 h. mRNA abundance was normalized to that of the ompA gene. (D)
EMSA of DNA fragments carrying the Salmonella cigR, mgtC, and c/pS pro-
moter regions with the indicated amounts of purified PhoP protein. The gel
is representative of three independent experiments. Samples were in-
cubated at room temperature for 20 min and then were electrophoresed on
6% Tris/borate/EDTA gels at 100 V for 90 min. () mRNA abundance of the
clpS gene produced by wild-type (14028s), phoP (MS7953s), pclpS-d (JY665),
and phoP pclpS-d double mutant (JY939) Salmonella following growth in
N-minimal medium (pH 7.7) containing 10 pM MgCl; at 37 °C for 5.5 h. mRNA
abundance was normalized to that of the ompA gene. (F) Western blot
analysis of crude extracts prepared from clpS-HA (JY691), clpS-HA phoP
(JY854), clpS-HA pclpS-d (JY937), and clpS-HA phoP pclpS-d (JY980) Salmo-
nella following growth in N-minimal medium (pH 7.7) containing 10 pM
MqgCl, at 37 °C for 6 h. Samples were analyzed using antibodies directed to
the HA tag or the OmpA protein. Data are representative of three in-
dependent experiments, which gave similar results. For B, C, and E, the
primers used in gRT-PCR are listed in Table S2. Data shown are the mean and
SD from three independent experiments. N.S., not significant. *P < 0.05,
two-tailed t test with each sample vs. wild-type.
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Mg+ (Fig. 1B). As expected, the PhoP-activated genes pagC and
slyB, which were used as controls, were highly transcribed in low
Mg“* in a PhoP-dependent manner (Fig. S1 A and B). PhoP re-
pression of the clpS gene does not appear to extend to other
protease adaptor genes because the mRNA amounts of the rssB
gene, which specifies a ClpXP adaptor (30), were similar in wild-
type and phoP Salmonella whether grown in low or high Mg®*
(Fig. S1C).

PhoP binds to the clpS promoter, suggesting it represses clpS
transcription directly. That is, the purified PhoP protein shifted a
DNA fragment harboring the clpS promoter region (Fig. 1D),
and excess unlabeled clpS promoter DNA outcompeted PhoP
binding to the labeled clpS promoter DNA fragment (Fig. 1D).
Control experiments demonstrated PhoP binding to a DNA
fragment carrying the promoter of the PhoP-activated mgtC gene
(Fig. 1D) but not to one corresponding to the promoter of the
PhoP-independent cigR gene (Fig. 1D).

We identified a putative PhoP box (AAAAATGAATCAA-
AAATT) (31) upstream of the clpS coding region overlapping the
predicted —10 region of the clpS promoter (Fig. S24). Nucleotide
substitutions (to AACCATGACTCAACCATT) (Fig. S24) in this
site largely abolished PhoP binding to a DNA fragment carrying
the clpS promoter in vitro (Fig. S2B). Moreover, an engineered
strain with these nucleotide substitutions in the chromosomal copy
of the clpS promoter produced clpS mRNA amounts equivalent to
those of the phoP-null mutant when bacteria were grown under
PhoP-inducing conditions (Fig. 1E). [Please note that the chro-
mosomal c¢/pS promoter mutant has an additional 83-nt-long se-
quence upstream of the PhoP binding site (Fig. S34) that does
not impact c/pS expression because similar c/pS mRNA amounts
were produced by wild-type Salmonella and by a strain carrying the
83-nt-long sequence in an otherwise wild-type genetic background
(Fig. S3B).] Furthermore, a phoP clpS promoter double mutant
produced the same high c/pS mRNA amounts as the phoP and clpS
promoter single mutants (Fig. 1E). Therefore, PhoP represses clpS
transcription, likely by hindering access of RNA polymerase to the
clpS promoter.

In agreement with the mRNA data discussed in the previous
paragraph, ClpS protein amounts were similar in the phoP mu-
tant, the c/pS promoter mutant and in the phoP clpS promoter
double mutant and were higher than those present in wild-type
Salmonella (Fig. 1F). By contrast, similar amounts of the control
protein OmpA were present in the four strains (Fig. 1F).

We considered the possibility that PhoP might repress the
transcription of both the clpS and clpA genes because the clpA
start codon is located only 31 nt downstream of the clpS stop
codon (Fig. S1D). However, similar amounts of clpA mRNA
were present in wild-type and phoP Salmonella following growth
in 10 uM or 10 mM Mg** (Fig. 1C). Moreover, the clpS pro-
moter mutation that derepressed c/pS transcription did not alter
clpA mRNA levels (Figs. S2C and S3C) or ClpA protein amounts
(Fig. S2D). These results are consistent with the clpA gene
having its own transcription start sites, as proposed in E. coli
(32). Therefore, PhoP directly represses the transcription of clpS
but not of cipA during growth in low Mg*".

PhoP Represses clpS Transcription When Cytoplasmic Mg>* Drops
Below a Threshold That Triggers Synthesis of the MgtA and MgtC
Proteins. We hypothesized that PhoP represses clpS expression
when the MgtA and/or MgtC proteins are produced because the
number of ClpS molecules decreases as the number of MgtC
molecules increases several hours following a shift from high to
low Mg>* (7) and also because transcription of the mgt4-coding
region mimics that of the mgrC-coding region when bacteria
experience low cytoplasmic Mg®* (24, 25).

As hypothesized, clpS mRNA amounts were approximately
eight times lower in the wild—tyge strain than in the phoP mutant
following growth in 10 uM Mg~* for 5.5 h (Fig. 24) when both
MgtA and MgtC are present (26) and when the mRNA for the
PhoP-activated MgtA- and MgtC-dependent pagC gene is highly
abundant (Fig. 2B). The decrease in c¢/pS mRNA amounts is
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Fig. 2. Full repression of clpS transcription by PhoP is dependent on the
PhoP-activated mgtC and mgtA genes. (A and B) mRNA abundance of the
clpS (A) and pagC (B) genes produced by wild-type (14028s) and phoP
(MS7953s) Salmonella following growth in N-minimal medium (pH 7.7)
containing 10 pM MgCl, at 37 °C for 2.5 or 5.5 h. mRNA abundance was
normalized to that of the ompA gene. (C and D) mRNA abundance of the
clpS (C) and pagC (D) genes produced by wild-type (14028s), mgtC (EL4),
mgtA (EG16735), and phoP (MS7953s) Salmonella following growth in
N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 5.5 h. mRNA
abundance was normalized to that of the ompA gene. Primers used in qRT-
PCR are listed in Table S2. Data shown are the mean and SD from three
independent experiments. N.S., not significant. *P < 0.05, **P < 0.01, ***P <
0.001, two-tailed t test with each sample vs. wild-type.

dependent on both the mgtC and mgt4 genes (Fig. 2C), but
inactivating the mgtC gene has a stronger effect than mutating
the mgtA gene. That PhoP-dependent clpS repression is com-
promised more in the mgtC mutant than in the mgt4 mutant is in
contrast to the stronger phenotype that mgt4 inactivation has on
PhoP-dependent pagC expression (Fig. 2D).

PhoP repression of ¢lpS transcription specifically responds to low
cytoplasmic Mg>* because clpS mRNA amounts were similar in
wild-type and phoP Salmonella following growth in 10 uM Mg** for
2.5 h (Fig. 24), which is before the cytoplasmic Mg>* concentration
drops below the threshold that triggers production of the MgtA and
MgtC proteins (26). Also, cipS mRNA abundance was not altered
when bacteria were grown in the presence of 10 mM MgCl,, which
is a noninducing condition for PhoQ, or when the PhoQ-inducing
conditions were a mildly acidic pH or the antimicrobial peptide
C18G (Fig. S1F). The latter two conditions promoted the tran-
scription of the pagC-coding region in a PhoP-dependent manner
(albeit not to the levels achieved in low Mg®") (Fig. S1G). Thus,
PhoP represses clpS transcription when Salmonella experiences a
drop in cytoplasmic Mg>*" below a certain threshold.

PhoP-Dependent Decrease in ClpS Abundance Increases Amounts of
CIpSAP Substrate Subset. To ascertain how the decrease in ClpS
abundance taking place in low cytoplasmic Mg** impacts Sal-
monella physiology, we first investigated the amounts of CIpSAP
substrates in isogenic wild-type phoP and clpS strains. To date,
only two native CIpSAP substrates are known in Salmonella: the
putrescine aminotransferase Oat and PhoP (7). In work to be
described elsewhere, we identified the UvrY and FtsA proteins
as CIpSAP substrates (Fig. S4 presents the verification of this
identification). [As in Caulobacter crescentus (33), the FtsA
protein appears to be a substrate of both the ClpXP and CIpAP
proteases in Salmonella because FtsA amounts were higher in
the clpX mutant than in the wild-type strain (Fig. S4B).] A de-
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crease in ClpS abundance revealed three distinct behaviors in C-
terminally tagged versions of the Oat, UvrY, and FtsA proteins,
which were expressed from their normal promoters and
chromosomal locations.

Oat-FLAG was undetectable in the phoP mutant but was in
great excess in the clpS mutant compared with the wild-type
strain following bacterial growth for 5.5 h in low Mg** (Fig.
3A4). The different Oat-FLAG abundance reflects decreased and
increased stability in the phoP and clpS mutants, respectively
(Fig. 3B), as opposed to transcription of the oat-FLAG gene
because wild-type, phoP, and clpS Salmonella had similar oat-
FLAG mRNA abundance (Fig. S54). In wild-type Salmonella,
Oat-FLAG amounts were much higher at 5.5 h than at 2.5 h in
low Mg** (Fig. 3C). The low Oat-FLAG amounts present in the
wild-type strain at 2.5 h were similar to those present in the phoP
mutant at both 2.5 and 5.5 h (Fig. 3C).

In contrast to Oat-FLAG, UvrY-FLAG amounts were similar
in wild-type Salmonella at 2.5 and 5.5 h in low Mg*" (Fig. 3D)
and in the phoP mutant at 2.5 h (Fig. 3D). UvrY-FLAG amounts
were much reduced in the phoP mutant at 5.5 h (Fig. 3D),
reflecting decreased stability (Fig. S64) rather than decreased
expression because wild-type and phoP Salmonella had similar
uvrY mRNA abundance at all investigated times (Fig. S5B). That
UvrY-FLAG protein amounts were similar in wild-type Salmo-
nella at 2.5 and 5.5 h (Fig. 3D) may reflect that uvrY mRNA
abundance decreased from peak values at 2 h to low values at 6 h
following a shift to low Mg** (Fig. S6C). By contrast, mRNA
abundance of the PhoP-activated pagC gene increased between
2 and 6 h in low Mg** in a PhoP-dependent manner (Fig. S6D).
The steady-state levels of the UvrY-FLAG protein in wild-type
Salmonella peaked at 6.5 h in low Mg”* (Fig. S6B), reflecting
increased stability at 5.5 h (Fig. S64).

In contrast to both Oat-FLAG and UvrY-FLAG, FtsA-FLAG
amounts were similar in wild-type and phoP Salmonella at both
2.5 and 5.5 h in low Mg®* (Fig. 3E). Thus, the PhoP-dependent
decrease in ClpS amounts taking place at 5.5 h in low Mg“" has a
strong effect on the steady-state levels of Oat, a decreased effect on
UvrY (detected only in the phoP mutant), and no effect on FtsA.

Inactivation of the c/pS gene dramatically increased UvrY-
FLAG amounts in the phoP mutant to levels equivalent to
those of the cipS single mutant (Fig. 3D). Oat-FLAG was slightly
more abundant in the clpS single mutant than in the phoP clpS
double mutant (Fig. 3C). FtsA-FLAG amounts were similar in
clpS single and clpS phoP double mutants (Fig. 3E) and were
higher than in wild-type and phoP Salmonella at both 2.5 and
5.5 h (Fig. 3E).

Differential Binding of CIpSAP Substrates to the ClpS Protein. The
degradation of CIpSAP substrates is anticipated to reflect the
concentration of both ClpS and its clients as well as the affinity of
ClpS for its clients. To understand the basis for the different
effects that a decrease in ClpS amounts had on the UvrY-FLAG
and FtsA-FLAG proteins (Fig. 3), we calculated the apparent
binding affinity (Kq..pp) of these proteins for ClpS (Fig. S7).

The affinity of FtsA for ClpS was four times higher than that
of UvrY for ClpS (i.e., K4.app values of 5.8 vs. 23.8 uM) (Fig. 3F),
the latter being similar to that exhibited by PhoP for ClpS (Kg.app
18.8 pM) (7). These results support the notion that a reduction in
ClIpS levels impacts the amounts of UvrY and PhoP but not of
FtsA, because FtsA displays a higher affinity for ClpS than UvrY
and PhoP.

The Mutant with the c/pS Promoter Refractory to Repression by PhoP
Exhibits Lower Amounts of a CIpSAP Substrate Subset. To in-
vestigate the impact of PhoP repression of c/pS transcription on
PhoP itself, we examined PhoP protein amounts in the clpS
promoter mutant that is refractory to PhoP repression. In addi-
tion, by comparing the c/pS promoter mutant with the phoP
mutant, we could ascertain whether PhoP controls the amounts
of other CIpSAP substrates by a mechanism independent of
clpS repression.
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Fig. 3. Inactivation of the phoP gene differentially affects the amounts of ClpS-dependent CIpAP substrates. (A) Western blot analysis of crude extracts
prepared from wild-type (14028s), oat-FLAG (JY655), oat-FLAG phoP (JY656), and oat-FLAG clpS (JY657) Salmonella following growth in N-minimal medium
(pH 7.7) containing 10 pM MgCl, at 37 °C for 6 h. Samples were analyzed using antibodies directed to the FLAG tag or the OmpA protein. The asterisk
indicates a nonspecific cross-reactive band. Data are representative of three independent experiments, which gave similar results. (B) Oat-FLAG stability was
determined in oat-FLAG (JY655), oat-FLAG clpS (JY657), and oat-FLAG phoP (JY656) Salmonella following growth in 20 mL N-minimal medium containing
10 pM MgCl; for 6 h. Protein synthesis was then inhibited with chloramphenicol (1 mg/mL), and samples were removed at the indicated times and analyzed by
Western blotting using antibodies directed to the FLAG tag. Relative Oat-FLAG levels were calculated from two independent experiments. (C) Western blot
analysis of crude extracts prepared from wild-type (14028s), oat-FLAG (JY655), oat-FLAG phoP (JY656), oat-FLAG clpS (JY657), and oat-FLAG clpS phoP double
mutant (JY658) Salmonella following growth in N-minimal medium (pH 7.7) containing 10 uM MgCl, at 37 °C for 2.5 or 5.5 h. Samples were analyzed using
antibodies directed to the FLAG tag or the OmpA protein. The asterisk indicates a nonspecific cross-reactive band. Data are representative of three in-
dependent experiments, which gave similar results. (D) Western blot analysis of crude extracts prepared from uvrY-FLAG (JY911), uvrY-FLAG phoP (JY912),
uvrY-FLAG clpS (JY913), and uvrY-FLAG clpS phoP double mutant (JY983) Salmonella following growth in N-minimal medium (pH 7.7) containing 10 uM MgCl,
at 37 °C for 2.5 or 5.5 h. Samples were analyzed using antibodies directed to the FLAG tag or the AtpB protein. Data are representative of three independent
experiments, which gave similar results. (E) Western blot analysis of crude extracts prepared from ftsA-FLAG (JY905), ftsA-FLAG phoP (JY906), ftsA-FLAG clpS
(JY907), and ftsA-FLAG clpS phoP double mutant (JY982) Salmonella following growth in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for
2.5 or 5.5 h. Samples were analyzed using antibodies directed to the FLAG tag or the OmpA protein. Data are representative of three independent ex-
periments, which gave similar results. (F) In vitro protein—protein interactions determined by coimmunoprecipitation using Western blot analysis of purified
ClpS-His, FtsA-FLAG, and UvrY-FLAG proteins. The Kgy.app between ClpS-His and FtsA-FLAG or UvrY-FLAG was measured by Western blot analysis at different
amounts of FtsA-FLAG or UvrY-FLAG and the same amount of ClpS-His. The intensity of the UvrY-FLAG, FtsA-FLAG, and ClpS-His bands in Fig. S7C was de-
termined with purified proteins. For all binding intensity analyses, data shown are the mean and SD from three independent experiments. Please note that
the purified FtsA-FLAG and UvrY-FLAG proteins are monomeric (Fig. S7 A and B). (G) Western blot analysis of crude extracts prepared from c/pS-HA (JY691),
clpS-HA phoP (JY854), clpS-HA pclpS-d (JY937), and clpS-HA phoP pclpS-d (JY980) Salmonella following growth in N-minimal medium (pH 7.7) containing
10 uM MgCl; at 37 °C for 2.5 or 5.5 h. Samples were analyzed using antibodies directed to the FLAG tag or the AtpB protein. Data are representative of three
independent experiments, which gave similar results. Numbers below the blots correspond to the normalized relative amount compared with OmpA or AtpB
amounts in each lane at a given time point.

We first determined that isogenic wild type, phoP mutant, clpS
promoter mutant, and phoP clpS promoter double mutant
Salmonella harbored similar ClpS-HA amounts at 2.5 h in low
Mg** medium (Fig. 3G). By contrast, ClpS-HA amounts were
approximately nine times lower in the wild-type strain than in the
phoP mutant, the clpS promoter mutant, and the phoP clpS pro-
moter double mutant at 5.5 h in low Mg”* medium (Fig. 3G).
Thus, the abundance of ClpS-dependent CIpAP substrates was
examined at 5.5-6 h of bacterial growth in low Mg** medium.

The clpS promoter mutant had lower amounts of PhoP-HA
protein than wild-type Salmonella (Fig. 44), indicating that PhoP
repression of clpS transcription increases PhoP steady-state lev-
els. PhoP-HA amounts were higher in the c/pS promoter mutant
than in a mutant lacking the mgtC gene (Fig. 4B), which, as dis-
cussed above, specifies a protein that protects PhoP from degra-
dation by CIpSAP (7). Therefore, MgtC sequestration of PhoP has
a stronger effect on PhoP steady-state levels than PhoP repression
of cpS transcription.

The amounts of Oat-FLAG (Fig. 4C and Fig. S3E) and UvrY-
FLAG (Fig. 4D) were lower in the cIpS promoter mutant than in
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wild-type Salmonella but were not as low as in the phoP mutant
(Fig. 4 C and D). These results argue that, in addition to repres-
sing clp§ transcription, PhoP utilizes another mechanism to in-
crease the steady-state levels of Oat-FLAG and UvrY-FLAG by a
mechanism(s) in addition to repression of clpS transcription.

In contrast to the behavior of the PhoP-HA, Oat-FLAG, and
UvrY-FLAG proteins, similar amounts of FtsA-FLAG were
present in wild-type, phoP mutant, and clpS promoter mutant
Salmonella (Fig. 4E), likely reflecting that FtsA exhibits higher
affinity toward ClpS than does UvrY (Fig. 3F) and PhoP (7).
Control experiments showed that the c/pS mutant had larger
amounts of PhoP-HA, Oat-FLAG, UvrY-FLAG, and FtsA-
FLAG than the wild-type strain (Fig. 4 A and C-E).

PhoP Promotes Antibiotic Persistence by Stabilizing the ClpS Client
Oat and the CIpXP Substrate RpoS. Putrescine is required for per-
sistence toward aminoglycoside antibiotics in E. coli (34, 35). In
Pseudomonas aeruginosa, inactivation of the putrescine amino-
transferase gene spuC (a homolog of the Salmonella oat gene)
reduces persister formation (36). Given that Oat is a CIlpSAP
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Fig. 4. PhoP-dependent reduction in ClpS amounts alters steady-state levels
of a subset of CIpAP substrates. (A) Western blot analysis of crude extracts
prepared from phoP-HA (EG13918), phoP (MS7953s), phoP-HA clpS (JY881),
and phoP-HA pclpS-d (JY933) Salmonella following growth in N-minimal
medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 6 h. Samples were
analyzed using antibodies directed to the HA tag or the OmpA protein.
Numbers below the blots correspond to the normalized relative amounts
compared with the OmpA or GroEL amounts in each lane. (B) Western
blot analysis of crude extracts prepared from phoP-HA (EG13918), phoP
(MS7953s), phoP-HA mgtC (JY879), and phoP-HA pclpS-d (JY933) Salmonella
following growth in N-minimal medium (pH 7.7) containing 10 uM MgCl, at
37 °C for 5.5 h. Samples were analyzed using antibodies directed to the HA tag
or the OmpA protein. Data are representative of three independent experi-
ments, which gave similar results. (C) Western blot analysis of crude extracts
prepared from oat-FLAG (JY655), oat-FLAG phoP (JY656), oat-FLAG clpS
(JY657), and oat-FLAG pclpS-d (JY684) Salmonella following growth in
N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 6 h. Samples
were analyzed using antibodies directed to the FLAG tag or the OmpA protein.
(D) Western blot analysis of crude extracts prepared from uvrY-FLAG (JY911),
uvrY-FLAG phoP (JY912), uvrY-FLAG clpS (JY913), and uvrY-FLAG pclpS-
d (JY914) Salmonella following growth in N-minimal medium (pH 7.7) con-
taining 10 pM MgCl, at 37 °C for 6 h. Samples were analyzed using antibodies
directed to the FLAG tag or the GroEL protein. (E) Western blot analysis of
crude extracts prepared from ftsA-FLAG (JY905), ftsA-FLAG phoP (JY906), ftsA-
FLAG clpS (JY907), and ftsA-FLAG pclpS-d (JY908) Salmonella following growth
in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 6 h. Samples
were analyzed using antibodies directed to the FLAG tag or the GroEL protein.
(F) pagC mRNA abundance produced by the strains and under the growth
conditions described in E. Primers used in gRT-PCR are listed in Table S2. Data
shown are the mean and SD from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, two-tailed t test with each sample vs. wild-type.

substrate (Figs. 3 4-C and 4C), we reasoned that PhoP repression
of clpS transcription might heighten antibiotic persistence.

We determined that the c/pS promoter mutant refractory to
PhoP repression exhibits less persistence to the aminoglycoside
kanamycin than wild-type Salmonella following growth under
PhoP-inducing conditions (i.e., 10 pM Mg** for 6 h) (Fig. 54).
The persistence phenotype of the c/pS promoter mutant was
intermediate between those exhibited by the wild-type strain and
by an oat-null mutant (Fig. 54). The lower persistence of the clpS
promoter mutant appears to be due to CIpSAP’s effect on Oat,
because persistence formation in an oat clpS promoter double
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mutant was similar to that of the oat single mutant (Fig. 54). The
bacteria growing in the presence of kanamycin appear to be true
persisters (as opposed to kanamycin-resistant mutants) because
they retained the persister phenotype upon subsequent exposure
to kanamycin (Fig. 5B). Control experiments showed no differ-
ences among the three strains when exposed to ciprofloxacin
(Fig. 5C), in agreement with previous findings (34, 35).

The alternative sigma factor RpoS promotes persister forma-
tion toward aminoglycoside antibiotics in E. coli (34, 35). In Sal-
monella, PhoP increases RpoS stability by activating transcription
of the iraP gene (37), which specifies an antiadaptor for RssB, the
adaptor that delivers RpoS to the protease ClpXP (30). In
agreement with the reduced RpoS amounts present in an iraP
mutant experiencing low Mg** (37), an iraP mutant exhibited less
persistence than the wild-type strain (Fig. 5B), and an iraP clpS
promoter double mutant displayed less persistence than either
iraP or clpS promoter single mutants (Fig. 5B). Therefore, PhoP
promotes persister formation toward kanamycin by increasing the
stability of both RpoS and Oat.

Protection of ClpS Clients PhoP and UvrY Modifies Gene Transcription.
We investigated the effects of increased PhoP amounts resulting
from PhoP repression of clpS transcription by investigating the
mRNA abundance of two genes directly activated by PhoP: pagC
and slyB, the in vivo expression of which requires large and small
amounts of active PhoP protein, respectively (27). pagC mRNA
abundance was lower in the c/pS promoter mutant than in wild-type
Salmonella, albeit higher than that in the phoP (Fig. 5D and Fig.
S3D) and mgrtC (Fig. 4F) mutants. By contrast, siyB mRNA
abundance was similar in wild-type and c¢/pS promoter mutant
strains (Fig. 5D). Thus, PhoP repression of clpS expression is
necessary for full transcription of a subset of PhoP-activated genes.

Like PhoP, UvrY is a DNA-binding transcriptional regulator
(38, 39) and a CIpSAP substrate (Figs. 3D and 4D). The mRNA
abundance of the UvrY-repressed gene cspA (38) was similar in
the phoP mutant, the clpS promoter mutant, and the uvrY-null
mutant (Fig. SE). By contrast, the phoP and clpS promoter single
mutants had mRNA amounts of the UvrY-activated gene csrB (38)
intermediate between those found in wild-type Salmonella and the
wrY mutant (Fig. 5F). Thus, by hindering degradation of UvrY,
PhoP impacts gene expression even at promoters not bound by the
PhoP protein.

PhoP Represses clpS Transcription in E. coli, Increasing the Amount of
the CIpSAP Substrate PatA. We wondered whether the PhoP pro-
tein also represses clpS transcription in E. coli, given that E. coli
lacks MgtC (40), which is required for full c/pS repression in
Salmonella (Fig. 2C) and also given that PhoP-regulated targets
often differ across species (10). We determined that E. colz re-
duces clpS mRNA amounts during growth in low Mg** in a
phoP-dependent manner (Fig. 64). By contrast, c/p4 mRNA
levels were similar in wild-type and phoP strains grown in high or
low Mg** (Fig. 6B), as in Salmonella (Fig. 10).

PhoP appears to repress clpS transcription directly, because
the E. coli clpS promoter harbors a putative PhoP-binding site
like the one identified in the clpS promoter region of Salmonella
(Fig. 6C). Additionally, the abundance of the CIpSAP substrate
and Oat homolog PatA was lower in the phoP mutant than in
wild-type E. coli but was higher in the c/pS mutant (Fig. 6D).
Cumulatively, these results establish that PhoP repression of c/pS
transcription and the resulting impact on abundance of a CIpSAP
substrate are conserved between E. coli and Salmonella.

Discussion

We report a mechanism that enables differential stability of
CIpSAP substrates in enteric bacteria (Fig. 7). That is, the regu-
latory protein PhoP directly represses transcription of the adaptor-
spemfylng clpS gene when bacteria experience low cytoplasmic
Mg>* (Fig. 1), resulting in increased steady-state levels of a subset
of ClpS-dependent CIpAP substrates (Figs. 3 and 4). The in-
creased substrate abundance furthers antibiotic persistence and
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Fig. 5. PhoP-dependent stabilization of ClpS clients increases antibiotic persistence and alters gene expression. (A) Kanamycin persister bacteria by wild-type
(14028s), oat (JY903), pclpS-d (JY665), and oat pclpS-d (JY981) Salmonella following growth in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C
for 6 h and incubation with kanamycin (Km) (100 pg/mL) for 2 h. Shown are 10-fold serial dilutions plated on LB agar plates. (B) Frequency of kanamycin
persister bacterial exhibited by wild-type (14028s), oat (JY903), pc/pS-d (JY665), iraP (EG17133), and iraP pclpS-d (JY936) Salmonella was determined by the
number of colonies on LB agar plates after treatment with kanamycin (100 pg/mL) for 2 h. The second treatment shows persister formation by the colonies
recovered from the LB agar plates following the first treatment and subjected to the same treatment. Data shown are the mean and SD from two in-
dependent experiments. (C) As in A, but cells were treated with ciprofloxacin (Ci) (2 pg/mL). (D) mRNA abundance of the pagC and slyB genes produced by
wild-type (14028s), phoP (MS7953s), and pclpS-d (JY665) Salmonella following growth in in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for
5.5 h. (E and F) mRNA abundance of the cspA (E) and csrB (F) genes produced by wild-type (14028s), uvrY (JY917), pclpS-d (JY665), and phoP (MS7953s)
Salmonella following growth in in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 5.5 h. For D-F, mRNA abundance was normalized to that
of the ompA gene. Primers used in qRT-PCR are listed in Table S2. Data shown are the mean and SD from three independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001, two-tailed t test with each sample vs. wild-type.

alters the expression of genes controlled by different regulatory
proteins (Fig. 5). Thus, by reducing adaptor amounts, organisms
create a hierarchy among substrates of given protease.

Changes in Adaptor Amounts Impact the Abundance of Its Clients.
Adaptor-mediated proteolysis is determined by the amounts
of free adaptor and its clients, as well as by the binding affinity
between adaptor and client, which often differs among clients
(Fig. 3F). The affinity of an adaptor for its clients is also

BN AS  PNAS D)

teins (30) and by adaptor sequestration by antiadaptor pro-
teins (41, 42).

Substrate amounts are determined by transcriptional, trans-
lational, and posttranslational mechanisms, usually in response to
environmental and/or cellular signals. An increase in substrate
amounts enhances their destruction, whereas exposure of high-
affinity binding sites in a substrate does not necessarily increase
protein degradation (2, 43). When a substrate is present at a low
concentration, adaptors are critical for substrate degradation be-

impacted by posttranslational modification of adaptor pro- cause they increase the local substrate concentration (2, 43).
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Fig. 6. PhoP represses expression of the c/pS gene and protects ClpS client in E. coli. (A and B) mRNA abundance of the c/pS (A) and c/pA (B) genes in wild-
type (MG1655) and phoP (EG12976) E. coli following growth in N-minimal medium (pH 7.7) containing 10 uM MgCl, at 37 °C for 5.5 h. mRNA abundance was
normalized to that of the ompA gene. Primers used in qRT-PCR are listed in Table S2. For all gRT-PCR analyses, data shown are the mean and SD from three
independent experiments. (C) Alignment of the nucleotide sequences corresponding to the c/pS promoter regions of E. coli MG1655 and S. enterica serovar
Typhimurium 14028s. The putative PhoP box is indicated by the blue bar. The green asterisk indicates the transcription start site near the putative PhoP
binding box according to the Salmonella gene-expression database (19). (D) Western blot analysis of crude extracts prepared from patA-FLAG (JY670), patA-
FLAG phoP (JY671), and patA-FLAG clpS (JY681) E. coli following growth in N-minimal medium (pH 7.7) containing 10 pM MgCl, at 37 °C for 6 h. Samples were
analyzed using antibodies directed to the FLAG tag or the AtpB protein. The asterisk indicates a nonspecific cross-reactive band. Data are representative of
three independent experiments, which gave similar results. Numbers below the blots correspond to the normalized relative amount compared with AtpB
amounts in each lane. N.S., not significant. ***P < 0.001, two-tailed t test with each sample vs. wild-type.
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Fig. 7. A reduction in adaptor amounts creates a hierarchy among substrates delivered to a protease by an adaptor. The CIpAP protease degrades certain
substrates directly but requires the adaptor ClpS to degrade others. (Left) When bacteria experience normal cytoplasmic Mg?*, there is little active (i.e.,
phosphorylated) PhoP protein. Thus, PhoP does not repress c/pS transcription. ClpS amounts are sufficiently high to recognize substrates (purple and red) that
may differ in their affinity for ClpS. Both protein synthesis and proteolysis are robust. (Right) When bacteria experience low cytoplasmic Mg?*, the amounts of
active PhoP protein increase to levels that enable repression of c/pS transcription. This reduces the amount of ClpS protein, which, in turn, increases the
stability of some ClpS-dependent CIpAP substrates (purple) but not others (red), reflecting substrate affinity for ClpS (red substrates have higher affinity than
purple substrates). The reduction in ClpS amounts increases the abundance of specific CIpSAP substrates (purple). The increase in abundance of specific
proteins is in contrast to the genome-wide decrease in the rate of protein synthesis taking place in low cytoplasmic Mg?* (26).

Therefore, altering adaptor amounts can be an effective way to
regulate protein destruction.

We have now established that the regulatory protein PhoP
represses transcription of the clpS gene both in Salmonella (Fig. 1
B and E and Fig. S1F) and E. colz (Fig. 64) when these bacteria
experience low cytoplasmic Mg [Please note that others repor-
ted constant ClpS amounts in E. coli grown in different media and
conditions (44).] By turning down (but not off) clpS transcription,
PhoP leaves sufficient ClpS amounts to create a hierarchy among
substrates of the CIpAP protease. That is, the reduction in ClpS
levels is accompanied by increases in the amounts of Oat (Figs. 3.4
and C and 4C), UvrY (Figs. 3D and 4D), PhoP (Fig. 4 A and B),
and potentially other proteins. However, it does not alter FtsA
amounts (Figs. 3E and 4FE), possibly because ClpS binds more
tightly to FtsA than to the other investigated proteins (Fig. 3F) (7).

By repressing clpS transcription, PhoP has the potential to alter
the amounts of ClpS-independent CIpAP substrates. This is be-
cause ClpS stabilizes the ClpS-independent ClpAP substrate DnaA
in Caulobacter crescentus (8) and SsrA-tagged proteins in E. coli
(45) due to competition between ClpS and ClpS-independent
substrates for interaction with the unfoldase ClpA.

The Phenotypic Consequences of cIpS Repression in Low Cytoplasmic
Mg?*. The PhoP-dependent reduction in ClpS amounts is highly
dependent on the PhoP-activated mgt4 and mgtC genes (Fig. 2C).
These genes are expressed when Salmonella experiences a drop in
cytoplasmic Mg®* levels below a threshold that triggers physio-
logical changes, resulting in a dramatic slowdown in growth rate
(26). These changes include a decrease in ATP levels and an
increase in Mg>" uptake, reducing the number of ribosomes
and thus the rate of protein synthesis (26). What, then, are the
physiological consequences of lowering ClpS amounts in low
cytoplasmic Mg**?

By lowering ClpS amounts (Fig. 14), Salmonella increases the
stability of the regulatory proteins PhoP and UvrY (Fig. 44 and D
and Fig. S4C) (7), thereby impacting the transcription of multiple
genes (Fig. 5 D-F). PhoP is a major regulator of virulence and
Mg*" homeostasis in enteric bacteria (9, 10). UvrY promotes
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biofilm formation and cell viability in stationary phase in E. coli
(46, 47) and controls several functions, including virulence, in
Salmonella (48, 49).

The PhoP-mediated repression of ¢/pS transcription resulted in
increased steady-state levels of Oat (Figs. 3 4 and C and 4C) but
not FtsA (Figs. 3E and 4E). We determined that the increase in
Oat amounts heightens bacterial persistence to the aminoglyco-
side kanamycin (Fig. 5 4 and B), thereby providing a signaling
input to Oat-mediated persistence described in other species (34,
35). That FtsA abundance was not altered by lowering ClpS
amounts reflects that FtsA binds to ClpS more tightly than UvrY
(Fig. 3F) and PhoP (7). These results suggest that, under the in-
vestigated conditions, FtsA levels are limited for optimal cell di-
vision, given the role of its homolog in regulating this process in
C. crescentus (50), and that FtsA overexpression disrupts Z ring
formation in E. coli (51).

PhoP reduces the transcription of clpS but not of the down-
stream clpA gene (Fig. 1 B and C and Fig. S1E). The selective
repression of clpS allows proteolysis of ClpS-independent ClpAP
substrates to proceed unimpeded and, as discussed above, this
proteolysis might even be enhanced given that ClpS competes with
ClpS-independent CIpAP substrates for ClpA (8). In addition,
PhoP represses clpS expression when Salmonella changes from
logarithmic to linear growth (26), thus freeing up CIlpAP, which
appears to play a critical role during slow growth, as ClpA and
ClpP amounts increase threefold when E. coli enters the station-
ary phase (44). ClpAP degrades ssr4-tagged proteins in the sta-
tionary phase more than in the exponential phase (44) and the
Dps and DnaA proteins at the stationary phase (8, 52) [note that
the Dps and DnaA proteins are degraded by ClpXP and Lon,
respectively, during exponential growth (8, 52)].

Protein Stabilization Contributes to Global Gene Transcription in Low
Cytoplasmic Mg?*. The PhoP protein controls the transcription of
~9% of the Salmonella genome (19). However, only a subset of
PhoP-dependent genes harbors PhoP-binding sites in their pro-
moter regions. PhoP impacts global gene transcription both by
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stimulating the synthesis and by hindering the degradation of
regulatory proteins.

The PhoP protein appears to utilize different mechanisms to
increase the amounts of active regulatory proteins depending
on the stress condition. For example, when Salmonella experi-
ences low extracytoplasmic Mg®* detected by the sensor PhoQ
(15), PhoP furthers the levels of regulatory proteins transcrip-
tionally (e.g., RstA) (53) and posttranslationally (e.g., PmrA)
(54, 55). These changes take place while Salmonella is growing
logarithmically and shortly after it faces low extracytoplasmic
Mg?* (26). By contrast, the linear growth triggered when cy-
toplasmic Mg”* decreases below a threshold results in PhoP
hindering the degradation of premade proteins. That is, PhoP
stabilizes UvrY (Figs. 3D and 4D and Fig. S6 A and B) and
RpoS (37) proteins by reducing the amount of the adaptor ClpS
(Fig. 14) and by promoting the synthesis of the antiadaptor
IraP (37), respectively.

Materials and Methods

Bacterial Strains, Plasmids, and Growth Conditions. Bacterial strains and plasmids
used in this study are presented in Table S1. All S. enterica serovar Typhi-
murium strains are derived from strain 14028s (56) and were constructed by
phage P22-mediated transductions as described (57). All E. coli K-12 strains
are derived from strain MG1655 and were constructed by phage P1-
mediated transductions as described (57). DNA oligonucleotides used in
this study are presented in Table S2. Bacteria were grown at 37 °C in Luria-
Bertani broth (LB) and N-minimal medium (pH 7.7) (23) supplemented with
0.1% casamino acids, 38 mM glycerol, and the indicated concentrations of
MgCl,. E. coli DH5a was used as the host for preparation of plasmid DNA.
Ampicillin was used at 50 pg/mL, kanamycin at 50 pg/mL, chloramphenicol at
25 pg/mL except for the protein stability assays when it was used at 1 mg/mL,
and tetracycline at 12.5 pg/mL except for the protein stability assays when it
was used at 50 pg/mL.

Construction of Chromosomal Mutants and Plasmids. Chromosomal mutants
were constructed using the one-step disruption method (58) with minor
modifications. To construct the oat::cat mutant (JY903), a cat cassette was
introduced in the oat gene as follows: A cat gene fragment was amplified
from plasmid pKD3 using primer pair 16494/16495 and then was introduced
into wild-type Salmonella (14028s) carrying plasmid pKD46. Strain JY981 was
made by transducing the oat::cat insertion into strain JY665 using a P22
lysate generated in strain JY903.

To construct the aat mutant (JY602), a cat cassette was introduced into
the aat gene as follows: A cat gene fragment was amplified from pKD3
using primers 15945/15946 and then was introduced into wild-type Salmo-
nella (14028s) carrying plasmid pKD46.

To construct the uvrY mutant (JY917), a cat cassette was introduced into
the uvrY gene as follows: A cat gene fragment was amplified from pKD3
using primers 16500/16501and then was introduced into wild-type Salmo-
nella (14028s) carrying plasmid pKD46.

To construct the PhoP-binding site c/pS promoter mutant (JY664), a cat
cassette was introduced into the PhoP-binding site in the c/pS promoter as
follows: A cat gene fragment was amplified from pKD3 using primers 15962/
15963 and then was introduced into wild-type Salmonella (14028s) carrying
plasmid pKD46. The resulting strain, JY664, was kept at 30 °C and then was
transformed with plasmid pCP20 to remove the cat cassette, thus generating
strain JY665.

To introduce the 83-nt-long FRT insertion at the c/pS promoter present in
strains JY937 and JY938, a cat cassette was introduced into c/pS promoter
region as follows: A cat gene fragment was amplified from pKD3 using
primers 16627/16628 and then was introduced into wild-type Salmonella
(14028s) and oat-FLAG (JY655) strains carrying plasmid pKD46. The resulting
strains were transformed with pCP20 to remove the cat cassette.

To construct a strain specifying a C-terminally HA-tagged ClpS protein
(JY691), a kan cassette was introduced into the c/pS gene as follows: A kan
gene fragment was amplified from plasmid pKD4 using primer pair 16048/
16049 and then was introduced into wild-type Sa/monella 14028s carrying
plasmid pKD46. The resulting strain was kept at 30 °C and then was trans-
formed with pCP20 to remove the kan cassette. Strain JY854 was made by
transducing the phoP::Tn10 (59) insertion into strain JY691 using a P22 lysate
generated in strain MS7953s (59). Strains JY934 and JY980 were made using
a P22 lysate prepared in strain JY664 to transduce the pclpS-d::cat insertion
into strains JY691 and JY854, respectively.
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To construct a strain specifying a C-terminally HA-tagged CIpA protein
(JY694), a kan cassette was introduced in the c/pA gene as follows: A kan
gene fragment was amplified from plasmid pKD4 using primer pair 16050/
16051 and then was introduced into wild-type Salmonella 14028s carrying
plasmid pKD46. The resulting strain was kept at 30 °C and then was trans-
formed with pCP20 to remove the kan cassette. Strain JY935 was made using
a P22 lysate generated in strain JY664 to transduce the pclpS-d::cat insertion
into strain JY694.

To construct a strain specifying a C-terminally FLAG-tagged FtsA protein
(JY905), a kan cassette was introduced into the ftsA gene as follows: A kan
gene fragment was amplified from plasmid pKD4 using primer pair 16502/
16503 and then was introduced into wild-type Salmonella (14028s) carrying
plasmid pKD46. Strains JY906, JY907, JY908, JY909, JY910, and JY918 were
made by transducing the phoP::Tn10 (59), clpS::cat (7), pclpS-d::cat, clpX::
cat (37), clpA:cat (7), and aat:cat insertions into strain JY905 using
P22 lysates generated in strains MS7953s, JY570, JY664, EG18499, JY199,
and JY602, respectively. Strain JY982 was made by transducing the pc/pS-
d::cat insertion into strain JY906 using a P22 lysate generated in strain
JY664.

To construct a strain specifying a C-terminally FLAG-tagged UvrY protein
(JY911), a kan cassette was introduced in the uvrY gene as follows: A kan
gene fragment was amplified from plasmid pKD4 using primer pair 16502/
16503 and then was introduced into wild-type Salmonella (14028s) carrying
plasmid pKD46. Strains JY912, JY913, JY914, JY915, JY916, and JY919 were
made by transducing the phoP::Tn10 (59), clpS::cat (7), pclpS-d::cat, clpX::cat
(37), clpA::cat (7), and aat::cat insertions into strain JY911 using P22 lysates
generated in strains MS7953s, JY570, JY664, EG18499, JY199, and JY602,
respectively. Strain JY983 was made by transducing the pclpS-d::cat insertion
into strain JY912 using a P22 lysate generated in strain JY664.

Strains JY879, JY881, and JY933 were made by transducing the mgtC::km (60),
clpS:xcat (7), and pclpS-d::cat insertions into strain EG13918 using P22 lysates
generated in strains EL1, JY570, and JY664, respectively. The resulting strains
were transformed with pCP20 to remove the cat or kan cassettes.

Strains JY656 and JY658 were made by transducing the phoP:: Tn10 (59)
insertion into strains JY655 and JY657 using a P22 lysate generated in strain
MS7953s.

Strain JY936 was made by transducing the pclpS-d::cat insertion into strain
EG17133 using a P22 lysate generated in strain JY664.

Strain JY920 was made by transducing the aat::cat insertion into strain
JY655 using a P22 lysate generated in strain JY602.

Strains JY684 and JY939 were made by transducing the pclpS-d::cat in-
sertion into strains JY655 and MS7953, respectively, using a P22 lysate
generated in strain JY664. The resulting strain was transformed with pCP20
to remove the cat cassette.

To construct the c/pS mutant E. coli (JY680), a kan cassette was introduced
into the cIpS gene as follows: A kan gene fragment was amplified from
pKD4 using primers 16009/16010 and then was introduced into wild-type E.
coli carrying plasmid pKD46. The resulting strain was kept at 30 °C and
transformed with pCP20 to remove the kan cassette.

To construct strains specifying a C-terminally FLAG-tagged PatA protein
(JY670) mutant strain, a cat cassette was introduced in the oat gene as
follows: A cat gene fragment was amplified from plasmid pKD3 using
primer pair 15964/15965 and then was introduced into wild-type E. coli
(MG1655) carrying plasmid pKD46. The resulting strain was kept at 30 °C
and was transformed with pCP20 to remove the cat cassette. Strains
JY681 and JY671 were made by transducing the patA-FLAG::cat insertion
into strains EG12976 and JY680, respectively, using a P1 lysate generated in
strain JY670.

Plasmids carrying genes specifying FtsA-FLAG or UvrY-FLAG were con-
structed as follows: The ftsA-FLAG and uvrY-FLAG genes were amplified
using primer pairs 16618/16619 and 16620/16621, respectively. The PCR
products were digested with BamHI and Hindlll and then were introduced
between the BamHI and Hindlll sites of pUHE21-2/ac/ (61). Plasmids carrying
genes specifying ClpS-His6, ClpA-His6, and ClpP-His6 were constructed as
follows: The clpS, clpA, and clpP genes were amplified using primer pairs
16437/16438, 16441/16442, and 16439/16440, respectively. The PCR products
were digested with Ncol and Xhol and then were introduced between the
Ncol and Xhol sites of pET-28a(+).

Western Blot Assay. Bacteria were grown in N-minimal medium with 10 mM
MgCl, overnight. Bacteria were harvested, washed twice with N-minimal
medium, and used to inoculate N-minimal medium containing 10 pM
MqgCl, (1:50 dilution). Bacteria were grown at 37 °C with 250 rpm and aer-
ation for the indicated times. Crude extracts were prepared in B-PER reagent
(Pierce) with 100 pg/mL lysozyme and EDTA-free protease inhibitor (Roche).
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Samples were loaded on 4-12% NuPAGE gels (Life Technologies) and
transferred to nitrocellulose membrane using an iBot machine (Life Tech-
nologies). Membranes were blocked with 3% skim milk solution (50 mM
Tris-Cl, 138 mM NaCl, 2.7 mM KCl, and 3% skim milk) at room temperature
for 2 h. Then, samples were analyzed using antibodies recognizing the HA
and FLAG tags, or the AtpB, GroEL, or OmpA proteins. Rabbit anti-HA and
anti-FLAG antibodies were used at 1:2,000 dilution. Mouse anti-AtpB and
anti-GroEL were used as control at 1:5,000 dilution. Rabbit anti-OmpA
was used as control at 1:5,000 dilution. Secondary HRP-conjugated anti-
rabbit or anti-mouse antiserum (GE Healthcare) was used at 1:5,000 di-
lution. The blots were developed with the SuperSignal West Femto
Chemiluminescent system (Pierce).

Purification of the FtsA, UvrY, ClpS, CIpA, and ClpP Proteins. For purification of
the FtsA-FLAG and UvrY-FLAG proteins, 5-mL saturated cultures of E. coli
BL21 (DE3) carrying plasmids pUHE-FtsA-FLAG or pUHE-UvrY-FLAG were
used to inoculate 500 mL of LB medium. Cells were grown at 37 °C to log-
arithmic phase (ODggp ~0.3), and expression was induced by the addition of
isopropyl B-b-1-thiogalactopyranoside (IPTG) (0.2 mM) followed by growth
at 30 °C for an additional 16 h. Cells were collected, washed twice with 1x
Tris-buffered saline (TBS) [50 mM Tris-HCl (pH 8.0), 138 mM NaCl, and
2.7 mM KCl]. Then cells were resuspended with 1x TBS and were subjected
to a French press at 18 kpsi. Cell debris was removed by centrifugation
12,800 x g at 4 °C for 60 min, and the supernatant was applied to a 2-mL
anti-FLAG affinity resin (GenScript). The anti-FLAG agarose resin was washed
twice with 20 mL of 1x TBS. Protein was recovered using the elution buffer
(1x TBS buffer and 1 mg/mL 3xFLAG peptide), exchanged with 1x TBS
buffer, followed by TBS buffer containing 10% glycerol, and concentrated
using an Amicon Ultra-3 (MW 3,000; Millipore) filter.

To estimate the molecular weights of the FtsA-FLAG and UvrY-FLAG pro-
teins, the corresponding purified proteins were analyzed using a size-exclusion
column (Superdex 200 10/300 GL; GE Healthcare) at a flow rate of 0.5 mL/min in
buffer containing 50 mM Tris-HCl (pH 8.0), 138 mM NacCl, 2.7 mM KCl, and 5%
glycerol. To calculate the molecular weight, purified proteins of known mo-
lecular weight were run on the same column and used as standards. Prepa-
ration of standard proteins was conducted using the Gel Filtration Molecular
Weight Markers kit (Sigma) following the manufacturer’s protocol.

For purification of the ClpS, ClpA, and ClpP proteins, 12-mL saturated
cultures of E. coli BL21 (DE3) carrying plasmid pET-28a(+)-ClpS, pET-28a
(+)-ClpA, or pET-28a(+)-ClpP were used to inoculate 1 L of LB medium
containing 50 pg/L kanamycin. Bacteria were grown at 37 °C. Protein ex-
pression was induced at ODggo ~0.6 with IPTG (0.5 mM). After induction,
bacteria were grown at 30 °C for 5 h and were collected by centrifugation.
The cell pellet was resuspended in equilibration buffer containing 50 mM
Tris-HCl (pH 7.5), 200 mM KCl, 10% glycerol, and 2 mM DTT. Cells were
broken by a French press at 25 kpsi. Clarified lysates were loaded onto a
nickel- nitrilotriacetic acid (Ni-NTA) gravity column equilibrated in equili-
bration buffer containing 10 mM imidazole, washed with a 20-column vol-
ume of the same buffer, and eluted in 200 mM imidazole in the same buffer.
ClpS-His6 was further purified through a size-exclusion column (Superdex 75
10/300 GL; GE Healthcare) in buffer containing 25 mM Hepes (pH 7.5),
150 mM KCl, 2 mM DTT, and 10% glycerol.

In Vitro Pull-Down Assays for Determination of Binding Affinity. To measure
the concentrations of FtsA-FLAG, UvrY-FLAG, and ClpS, known amounts of
purified FtsA-FLAG, UvrY-FLAG, and ClpS proteins were run on the same gel
and used as standards. Standard curves calculated from purified FtsA-FLAG,
UvrY-FLAG, and ClpS proteins in the same blots were used for calculation of
the concentrations and binding affinities of the FtsA-FLAG, UvrY-FLAG, and
ClpS proteins. All proteins were incubated in 200 pL TBS at room temperature
for 3 h. Then samples were pulled down with Ni-NTA magnetic agarose
beads (GE Healthcare) at room temperature for 3 h. The magnetic agarose
beads were washed three times with 0.2 mL TBS. Protein was recovered
using elution buffer (1x TBS buffer and 500 mM imidazole). Proteins then
were electrotransferred onto nitrocellulose membrane (iBlot; Life Technol-
ogies) following the manufacturer’s protocol and were detected by im-
munoblotting using monoclonal antibodies against FLAG or His and the
secondary antibody HRP-conjugated anti-rabbit or anti-mouse 1gG frag-
ment (GE Healthcare). All proteins were visualized using the SuperSignal
West Femto Chemiluminescent Substrate (Thermo Scientific) and LAS-4000
(Fuji Film). The densities of protein bands were determined by quantifi-
cation using ImagelJ version 1.49u (NIH). The amounts of FtsA-FLAG, UvrY-
FLAG, and ClpS proteins were then calculated from standard curves de-
rived from serial dilutions of purified protein standards run on the same
blot (Fig. S70).
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gRT-PCR. To determine mRNA amounts of the genes of interest, bacteria were
grown in N-minimal medium containing with 10 M or 10 mM MgCl, at 37 °C.
To test the effect of mildly acidic pH on the expression of PhoP-dependent
genes, bacteria were grown in N-minimal medium (pH 5.8) with 10 mM
MgCl,. To test the effect of an antimicrobial peptide on the expression
of PhoP-dependent genes, bacteria were grown in N-minimal medium
(pH 7.7) with 10 mM MgCl, and C18G (7 pg/mL). Total RNA was purified
by using the RNeasy Kit (Qiagen) with on-column DNase treatment, and
cDNA was synthesized using VILO Super Mix (Life Technologies). Quan-
tification of transcripts was carried out by qRT-PCR using SYBR Green PCR
Master Mix (Applied Biosystems) in a QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems). The mRNA amount was determined by using
a standard curve obtained from PCR products generated with serially
diluted genomic DNA, and results were normalized to the levels of the
ompA gene. Data shown are an average from at least three independent
experiments. The primers used in the gRT-PCR assay are presented in
Table S2.

In Vivo Protein Degradation Assay. To measure Oat-FLAG stability, bacteria
were grown in 20 mL N-minimal medium containing 10 uM MgCl, for 6 h.
Bacteria were treated with chloramphenicol (1 mg/mL), and 1.5-mL samples
were removed at the indicated times and harvested at 4 °C. Pelleted cells
were kept on dry ice for 30 min. To measure stability of the FtsA and UvrY
proteins, bacteria were grown in 10 mL N-minimal medium containing
10 uM MgCl, for 5 h. Bacteria were treated with tetracycline (50 pg/mL) or
chloramphenicol (1 mg/mL), and 1-mL samples were removed at the in-
dicated times and harvested at 4 °C. Pelleted cells were kept on dry ice
for 30 min. Samples were then resuspended in B-PER reagent (Pierce) with
100 pg/mL lysozyme and EDTA-free protease inhibitor (Roche). After the
addition of the same volume of SDS sample buffer, samples were sepa-
rated on 4-12% SDS-polyacrylamide gel and analyzed by Western blot-
ting. For quantitative analysis of the blots, we used ImagelJ version
1.49u (NIH).

In Vitro Substrate Degradation Assay. In vitro substrate degradation assays
were performed as described (44) with some modifications. The assay was
performed in a solution containing 25 mM Tris-HCI (pH 7.5), 100 mM KCl,
12 mM MgCl,, and 2 mM DTT. Purified proteins were used at 0.2 uM ClpS,
0.2 uM ClpA, 0.2 uM ClpP, 0.2 pM FtsA-FLAG, and 0.5 pM UvrY-FLAG. Reac-
tions were carried out at 30 °C for the indicated times in the presence of an
ATP regeneration system (2 mM ATP, 20 pg/mL pyruvate kinase, and 4 mM
pyruvate phosphate) started by the addition of substrates. Samples were
removed from the reactions at the indicated times, and reactions were
stopped by the addition of sample buffer. After separation by SDS/PAGE,
proteins were detected by Coomassie blue staining (Invitrogen).

EMSA. DNA fragments corresponding to the c/pS, mgtC and cigR promoter
regions were generated by PCR using wild-type Salmonella (14028s) or
pclpS-d mutant (JY665) strains as templates and primer pairs 15939/
15940, 15933/15936, and 15937/15938, respectively. PCR products were
separated on a 1.0% agarose gel and purified with the QIAquick Gel
Extraction Kit (Qiagen). One hundred nanograms of DNA labeled with
T4 polynucleotide kinase (New England BioLabs) and [y->?P]-ATP (Perki-
nElmer). Unincorporated [y-32P]-ATP was removed by using G-50 micro-
columns (GE Healthcare). Ten femtomoles of labeled DNA probes were
mixed with various amounts of purified PhoP protein in binding buffer
[20 mM Tris HCI (pH 8.0), 2 mM MgCl,, 10 mM KCl,, 10% (vol/vol) glycerol,
0.1 mM DTT, 60 ug/mL BSA, and 10 pg/mL of poly (dI-dC)] in a total volume
of 20 pL. Following incubation at room temperature for 20 min, samples
were electrophoresed on 6% Tris/borate/EDTA gels (Life Technologies) at
100 V for 90 min.

Antibiotic Persistence Assay. Salmonella cells were grown in N-minimal me-
dium containing 10 pM MgCl, for 6 h at 37 °C. Then kanamycin (100 pg/mL)
or ciprofloxacin (2 pg/mL) was added, and incubation continued for 2 h. Cells
were washed with fresh N-minimal medium containing 10 uM MgCl,. Per-
sistence cell formation was determined by spotting 10-fold serial dilutions
onto LB agar plates. Plates then were incubated at 37 °C for 16 h.
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