Activator of one protease transtorms
into inhibitor of another in response

to nutritional signals
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All cells use proteases to adjust protein amounts. Proteases maintain protein homeostasis by degrading nonfunc-
tional toxic proteins and play regulatory roles by targeting particular substrates in response to specific signals. Here
we address how cells tune protease specificity to nutritional signals. We report that Salmonella enterica increases
the specificity of the broadly conserved proteases Lon and ClpSAP by transforming the Lon activator and substrate
HspQ into an inhibitor of the N-degron recognin ClpS, the adaptor of the CIpAP protease. We establish that upon
acetylation, HspQ stops being a Lon activator and substrate and that the accumulated HspQ binds to ClpS, hindering
degradation of ClpSAP substrates. Growth on glucose promotes HspQ acetylation by increasing acetyl-CoA
amounts, thereby linking metabolism to proteolysis. By altering protease specificities but continuing to degrade
junk proteins, cells modify the abundance of particular proteins while preserving the quality of their proteomes.
This rapid response mechanism linking protease specificity to nutritional signals is broadly conserved.
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All organisms rely on proteins to carry out the vast major-
ity of cellular work. The steady-state amounts of a given
protein reflect the balance between synthesis and degrada-
tion. Which proteins encoded in a genome are produced at
any given time and place is determined by signal-respon-
sive transcription factors (Hengge-Aronis 1993; Stock
et al. 2000; Groisman 2016) and by cis-acting sequences
in leader mRNAs (Waters and Storz 2009; Mandin 2012)
that alter mRNA abundance or translation upon binding
metabolites, small RNAs, or regulatory proteins (Kaber-
din and Blisi 2006; Waters and Storz 2009; Mandin
2012). Here, we explore how cells choose which pre-
existing proteins to degrade or spare degradation when ex-
periencing a change in nutritional conditions.

ClpAP and Lon are adenosine triphosphate (ATP)-depen-
dent proteases present in bacteria and eukaryotes (Char-
ette et al. 1981; Gottesman et al. 1990; Wang et al. 1994;
Shanklin et al. 1995; Weber-Ban et al. 1999; Fukui et al.
2002). The protease CIpAP consists of a chaperone—
termed ClpA—that unfolds its substrates and shuffles
them into ClpP, where proteolysis actually takes place
(Fig. 1A; Thompson and Maurizi 1994). ClpA recognizes
certain substrates directly but requires the adaptor ClpS
to recognize others, most conspicuously those satisfying
the N-degron pathway of proteolysis (Erbse et al. 2006;
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Kirstein et al. 2009; Nishimura et al. 2013). Lon is a single
polypeptide displaying both chaperone and protease activ-
ities (Rotanova et al. 2004). The HspQ protein (referred to
as YccV in certain organisms) is a Lon substrate that stim-
ulates degradation of other Lon substrates (Fig. 1A; Puri
and Karzai 2017). In contrast, ClpS is not degraded by
ClpAP (Roman-Hernandez et al. 2011).

Protein acetylation is one of the major posttranslational
modifications that regulate protein function in all do-
mains of life (Carabetta and Cristea 2017). In bacteria, pro-
tein acetylation by the protein acetyltransferase Pat
regulates RNA metabolism, motility, DNA replication,
gene expression, and virulence (Carabetta and Cristea
2017). Because Pat-dependent acetylation requires ace-
tyl-CoA as the acetyl donor, it is sensitive to the abun-
dance of acetyl-CoA (Carabetta and Cristea 2017) and,
potentially, of acetyl-CoA-binding proteins. In contrast,
when proteins acetylate spontaneously in a nonenzymat-
ic fashion, their acetylation status is controlled by protein
deacetylases (Weinert et al. 2013; Gibellini et al. 2014).

We now describe a mechanism that coordinately alters
the specificity of the CIpAP and Lon proteases, enabling
cells to stabilize protein subsets in response to nutritional
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Figure 1. Acetyl-CoA-promoted acetyla-
tion of the HspQ protein increases the spe-
cificity of the Lon and CIpAP proteases.
(A) When bacteria experience low acetyl-
CoA, the Lon substrate HspQ (blue) pro-
motes degradation of some Lon substrates
(red) but not others (brown). The ClpAP pro-
tease degrades certain substrates directly
(orange) but requires the adaptor ClpS (pur-
ple) to degrade others (green). (B) When bac-
teria experience high acetyl-CoA, HspQ is
acetylated (pink). Acetylated HspQ escapes
degradation by Lon and does not stimulate
degradation of a subset of Lon substrates
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(red). Thus, HspQ-dependent Lon substrates
(red) accumulate, but those that are HspQ-
independent continue to be degraded
(brown). Accumulated HspQ binds to
ClpS, inhibiting proteolysis by ClpSAP but
not by ClpAP. Thus, the amounts of ClpS-
dependent CIpAP substrates (green) in-
crease, but those of ClpS-independent sub-
strates (orange) do not.
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signals (Fig. 1B). These signals promote acetylation of the
HspQ protein, which prevents both HspQ’s ability to en-
hance Lon’s activity and HspQ degradation. The accumu-
lated HspQ protein hinders proteolysis of ClpS-dependent
CIpAP substrates (Fig. 1B) but not of junk proteins tagged
for destruction by CIpAP in a ClpS-independent manner.
While we conducted our experiments with the bacterium
Salmonella enterica serovar Typhimurium and its pro-
teins, the genes mediating control of the two proteases
are broadly conserved, suggesting that the identified
mechanism operates in other enteric bacteria.

Results

HspQ binds to the adaptor ClpS, thereby inhibiting
proteolysis of CIpSAP substrates

We hypothesized that HspQ, an activator of the bacterial
Lon protease (Puri and Karzai 2017), alters degradation by
the CIpSAP protease because HspQ exhibits sequence
similarity to a portion of ClpF, a chloroplast protein
that, together with ClpS1, forms an adaptor that delivers
substrates to the ClpCPR protease (Nishimura et al.
2015). Given that ClpS and ClpS1 display sequence simi-
larity and that ClpS1 abundance decreases upon CIpF in-
activation in chloroplasts (Nishimura et al. 2015), we
reasoned that Salmonella ClpS abundance would be lower
in the hspQ mutant than in the wild-type strain. Thus, we
examined the stability of C-terminally HA-tagged ClpS
expressed from its normal cIpS promoter and chromosom-
al location in isogenic hspQ strains by Western blot using
antibodies directed to the HA tag because antibodies di-
rected to ClpS were not available. ClpS-HA was rapidly
and similarly degraded in the two strains (Supplemental
Fig. SIA). (Although it is presently unknown whether

the hspQ-independent ClpS-HA instability is caused by
the HA tag, such a tag did not destabilize the ClpsSAP sub-
strate PhoP [Yeom et al. 2017].) In contrast, HspQ stability
was lower in the cIpS mutant than in wild-type Salmonel-
Ia (Supplemental Fig. S1B), suggesting that ClpS stabilizes
HspQ. This result is paradoxical given ClpS’s role as adap-
tor of the ClpAP protease.

We determined that ClpS binds to HspQ because anti-
bodies directed to the HA tag pulled down HspQ-Flag,
and antibodies directed to the Flag tag pulled down ClpS-
HA in a strain specifying the ClpS-HA and HspQ-Flag
proteins from their normal promoters and chromosomal
locations (Fig. 2A). These pull-downs were specific, as
shown by the fact that they were not observed in wild-
type Salmonella (with no epitope-tagged proteins) or
strains specifying only one of the epitope-tagged proteins
(Fig. 2A). In contrast, the anti-HA antibodies did not pull
down HspQ-Flag, and anti-Flag antibodies did not
pull down ClpA-HA in a strain expressing ClpA-HA and
HspQ-Flag from their normal promoters and chromosom-
al locations (Fig. 2A). Thus, under the investigated condi-
tions, HspQ associates with ClpS but not ClpA. In
agreement with these results, bacterial two-hybrid exper-
iments demonstrated HspQ binding to ClpS but not
RssB, ClpA, or ClpP (Supplemental Fig. S1C). Moreover,
pull-down assays with in vitro synthesized proteins dem-
onstrated binding of HspQ-Flag to CIpS-HA but not
RssB-HA (Supplemental Fig. S1D), the adaptor of the
ClpXP protease (Zhou et al. 2001) used as negative control.
Taken together, these results indicate that HspQ binds
directly to ClpS.

How does HspQ binding to ClpS impact proteolysis of
ClpS-dependent substrates of ClpAP? The purified HspQ
protein hindered degradation of FtsA-Flag (Fig. 2B) and
PhoP (Supplemental Fig. S1E) when incubated with the
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Figure 2. The Lon-enhancing factor HspQ protein binds to ClpS, inhibiting proteolysis by ClpSAP. (A) Pull-down of lysed extracts pre-
pared from wild-type (14028s), hspQ-Flag (JY674), cIpS-HA (JY691), hspQ-Flag cIpS-HA (JY692), cIpA-HA (JY694), and hspQ-Flag cIpA-HA
(TY695) Salmonella. Squares indicate specific HspQ-ClpS interactions. Data are representative of two independent experiments, which
gave similar results. (B) SDS-PAGE analysis for in vitro degradation of ClpSAP substrate FtsA-Flag. FtsA-Flag (0.2 nM) was mixed with
0.08 uM ClpA and 0.2 uM ClpP in the absence or presence of 0.08 1M ClpS or 0.5 uM HspQ. All reactions were carried out for the indicated
times at 30°C in the presence of an ATP regeneration system and started by the addition of substrates. After incubation, protein amounts
were determined by Coomassie-staining following separation on a 4%-12% SDS-PAGE gel. Data are representative of two independent
experiments, which gave similar results. (C) SDS-PAGE analysis for time-course in vitro degradation of ClpSAP substrate PhoP. PhoP (0.5
M), 0.5 uM Hha, and 0.5 uM HspQ were mixed with 0.08 uM ClpA, 0.2 uM ClpP, 1.0 uM ClpS, and/or 0.2 pM Lon. Reactions were carried
out for the indicated times at 30°C in the presence of an ATP regeneration system and started by the addition of substrates. After incu-
bation, protein amounts were determined by Coomassie staining following separation on a 4%-12% SDS-PAGE gel. Data are represen-
tative of two independent experiments, which gave similar results. (D) Degradation of the PhoP protein in C was determined by
quantification of bands. Relative PhoP levels were calculated from two independent experiments. (E) Degradation of the His-Hha protein
in C was determined by quantification of bands. Relative His-Hha amounts were calculated from two independent experiments. See also
Supplemental Figures S1, S2, and S6.

purified ClpS, ClpA, and ClpP proteins. Unlike the FtsA- nia counterpart (Puri and Karzai 2017). We then estab-
Flag and PhoP proteins, HspQ was not degraded (Fig. 2B; lished that HspQ abundance is higher in the lon mutant
Supplemental Fig. S1E), demonstrating that it is not a than in wild-type, cIpA, and cIpX Salmonella (Supplemen-
ClpSAP substrate. Cumulatively, the results in this sec- tal Fig. S2C), supporting the notion that in vivo, HspQ is a
tion identify HspQ as an antiadaptor of the protease adap- substrate of Lon but not of ClpAP or ClpXP.

tor ClpS. We determined that HspQ protects the purified PhoP

protein from proteolysis by CIpSAP (Fig. 2C,D) and, in
agreement with our previous report (Yeom et al. 2017),
that PhoP is degraded by CIpSAP but not by CIpAP (Fig.
2C,D). By degrading HspQ, Lon overcame the HspQ pro-
Because Lon degrades HspQ in Yersinia (Puri and Karzai tection of PhoP (Fig. 2C,E). When Lon, ClpS, ClpA, ClpP,
2017) and HspQ inhibits ClpS-dependent proteolysis in HspQ, Hha, and PhoP were all present in the reaction,

Lon promotes proteolysis of CIpSAP substrates
by degrading HspQ

Salmonella (Fig. 2B), we reasoned that Lon decreases the we observed the disappearance of HspQ, Hha, and PhoP
abundance of ClIpSAP substrates. To explore this possibil- but not ClpS (Fig. 2C-E). In the absence of CIpSAP, Lon de-
ity, we first determined that the purified Salmonella graded Hha but not PhoP (Fig. 2C). Lon did not degrade
HspQ protein stimulates degradation of the Lon substrate PhoP even when incubated in the absence of Hha and the
Hha (Supplemental Fig. S2A,B) and is itself degraded by presence of HspQ (Supplemental Fig. S2D). As shown
the Lon protease (Supplemental Fig. S2A,B), like its Yersi- above (Supplemental Fig. S2A,B), Lon degraded Hha even
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in the absence of HspQ (Fig. 2C,E). These in vitro results
raised the following question: How does HspQ avoid being
degraded by Lon so it can inhibit proteolysis of ClpS-
dependent ClpAP substrates in vivo?

Acetylation prevents HspQ from being degraded
by Lon and enhancing degradation of other Lon
substrates

High-resolution tandem mass spectrometry (MS/MS)
analysis revealed that HspQ is acetylated at Lys96 (Sup-
plemental Fig. S3A,B). In bacteria, proteins can be acety-
lated from acetyl-CoA by the protein acetyltransferase
Pat or from acetylphosphate without the participation of
an enzyme (Fig. 3A; Weinert et al. 2013). Immediately ad-
jacent to hspQ is the STM14_1223 gene (Supplemental
Fig. S3C), specifying a protein predicted to bind a CoA-
containing metabolite (Supplemental Fig. S3D,E). Thus,
we reasoned that STM14_1223 promotes HspQ acetyla-

Activator of protease becomes inhibitor of another

tion and designated its gene product Qad (HspQ acetyl
donor) because of the results described below.

The purified HspQ protein was acetylated in the pres-
ence of acetyl-CoA and the purified Pat and Qad proteins
(Fig. 3B). Whereas Pat was essential for the reaction (Fig.
3B), HspQ was still acetylated, albeit minimally, when
Qad was absent (Fig. 3B). (Please note that the HspQ-His
and Qad-His proteins exhibit the same mobility on the
gels used in these experiments [Fig. 3C].) The PhoP pro-
tein was similarly acetylated by Pat and acetyl-CoA
(Ren et al. 2016) in the presence and absence of Qad (Fig.
3D), arguing that Qad serves as acetyl donor primarily, if
not solely, to HspQ.

Acetylation protects HspQ from degradation by Lon
because HspQ was not proteolyzed when Pat, Qad, and
acetyl-CoA were included in the reaction (Fig. 3E; Supple-
mental Fig. S4A). The HspQ acetylated mimetic with
Lys96 substituted by glutamine (HspQK96Q) was fully re-
sistant to Lon (Supplemental Fig. S5A,B), whereas the
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Figure 3. Acetylated by Pat, Qad, and acetyl-CoA, HspQ is neither a Lon substrate nor a Lon activator but inhibits proteolysis of ClpS-
dependent CIpAP substrate PhoP. (A) Diagram of the pathways for protein acetylation in bacteria. (B,D) Western blot analysis of in vitro
acetylation of HspQ (B) or PhoP (D) using Qad, Pat, and acetyl-CoA. (C) The purified HspQ-His and Qad-His proteins exhibit similar mo-
bility. Data are representative of two independent experiments, which gave similar results. (E) SDS-PAGE analysis for time-course in vitro
degradation of Hha with acetylated HspQ. Hha (0.5 uM) was mixed with 0.2 uM Lon in the absence or presence of 0.5 uM acetylated HspQ.
HspQ acetylation was achieved by preincubating HspQ with 0.5 ptM Qad, 2 mM acetyl-CoA, and 0.2 nM Pat for 3 h at 37°C. Reactions
were carried out for the indicated times at 30°C in the presence of an ATP regeneration system and started by the addition of substrates.
After incubation, protein amounts were determined by Coomassie staining following separation on a 4%-12% SDS-PAGE gel. Data are
representative of two independent experiments, which gave similar results. (F) SDS-PAGE analysis for time-course in vitro degradation of
0.5 pM PhoP and 0.5 uM Hha in the absence or presence of 0.5 uM acetylated HspQ. Substrates were mixed with 0.08 uM ClpA, 0.2 uM
ClpP, 1.0 uM ClpS, and/or 0.2 uM Lon. HspQ acetylation was achieved by preincubating HspQ with 0.5 uM Qad, 2 mM acetyl-CoA, and
0.2 uM Pat for 3 h at 37°C. Reactions were carried out at 30°C for the indicated times in the presence of an ATP regeneration system and
started by the addition of substrates. After incubation, protein amounts were determined by Coomassie staining following separation on a
4%-12% SDS-PAGE gel. Data are representative of two independent experiments, which gave similar results. See also Supplemental Fig-
ures S3-S5 and S8.
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nonacetylated mimetic with Lys96 substituted by argi-
nine (HspQK96R) was a better Lon substrate than wild-
type HspQ (Supplemental Fig. S5A,B).

Acetylated HspQ failed to enhance proteolysis of
the Lon substrate Hha (Fig. 3E; Supplemental Fig. S4B),
and this was also the case for the acetylated mimetic
(HspQK96Q) (Supplemental Fig. S5A). In contrast, the
nonacetylated mimetic (HspQK96R) stimulated Hha pro-
teolysis more than the wild-type HspQ protein (Supple-
mental Fig. S5A). Thus, acetylation prevents HspQ
degradation by Lon’s and HspQ’s ability to enhance prote-
olysis of other Lon substrates.

Accumulated HspQ inhibits ClpS-dependent
proteolysis

Next, we investigated whether acetylation impacts
HspQ'’s ability to bind to the ClpS protein. We found
that anti-Flag antibodies pulled down similar amounts
of ClpS-His when this protein was incubated with Flag-
tagged wild-type HspQ or the K96R and K96Q variants
(Supplemental Fig. S5C). Likewise, anti-His antibodies
pulled down similar amounts of Flag-tagged wild-type,
K96R, and K96Q HspQ proteins when incubated in the
presence of ClpS-His (Supplemental Fig. S5C). These re-
sults indicate that ClpS binds similarly to the acetylated
and nonacetylated forms of HspQ.

The wild-type, K96R, and K96Q HspQ proteins were
equally proficient at inhibiting PhoP proteolysis by
ClIpSAP in vitro (Supplemental Fig. S5D). As expected,
PhoP was degraded in the presence of the ClpS, ClpA,
and ClpP proteins (Supplemental Figs. S1E, S5D; Yeom
et al. 2017) but not when ClpS was omitted from the reac-
tion (Supplemental Figs. SIE, S5D). Both acetylated and
nonacetylated forms of HspQ inhibited PhoP proteolysis
by CIpSAP (Supplemental Fig. S5D).

To examine how acetylation impacts HspQ’s ability to
reduce proteolysis by Lon when both ClpSAP and Lon are
together in the reaction, we investigated degradation of
PhoP and Hha in the presence and absence of Qad, Pat,
and acetyl-CoA. By degrading nonacetylated HspQ, Lon
decreases HspQ'’s abundance, resulting in more PhoP pro-
teolysis by CIpSAP than in the presence of acetylated
HspQ (Fig. 3F; Supplemental Fig. S4C). (As shown above,
PhoP is not a Lon substrate [Supplemental Fig. S2D].)
The nonacetylated form of HspQ enhanced degradation
of the Lon substrate Hha, whereas the acetylated form
did not (Fig. 3F), in agreement with the results obtained
in the absence of CIpSAP (Supplemental Fig. S2A, S5A).
Because acetylated HspQ is not degraded by Lon (Fig.
3E), it accumulated to higher abundance than nonacety-
lated HspQ (Fig. 3F), allowing for enhanced PhoP protec-
tion from CIpSAP (Fig. 3F; Supplemental Fig. S4C). In
the absence of acetyl-CoA, HspQ did not enhance Hha
degradation or protect PhoP from ClpSAP (Supplemental
Fig. S4D). In other words, HspQ acetylation increases
the abundance of CIpSAP substrates because Lon’s inabil-
ity to degrade acetylated HspQ furthers the amount of
HspQ available to inhibit ClpS-dependent proteolysis
(Fig. 1).
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Qad- and Pat-dependent acetylation of HspQ prevents
HspQ degradation by Lon in vivo

To test the model described in the previous section, we in-
vestigated the consequences of acetylation on HspQ abun-
dance by using sets of isogenic Salmonella strains. We
established that HspQ acetylation and abundance are
directly correlated and that gad inactivation has no effect
on HspQ abundance if HspQ cannot be acetylated at K96;
that is, the K96R and K96Q HspQ variants were present in
lower and higher amounts, respectively, than the wild-
type HspQ protein (Fig. 4A) when the hspQ gene was ex-
pressed from its normal promoter and chromosomal loca-
tion. Moreover, the abundance of the K96Q and K96R
HspQ variants was unaltered upon gad inactivation (Fig.
4A). Furthermore, the gad and pat single mutants and
the gad pat double mutant had lower HspQ abundance
than wild-type Salmonella (Fig. 4B). HspQ abundance
was restored to wild-type levels in the gad mutant by
the gad-expressing plasmid pgad but not by vector con-
trol (Fig. 4C), demonstrating that the gad mutation does
not impair expression of the convergently transcribed
hspQ gene (Supplemental Fig. S3C). The gad-expressing
plasmid did not restore normal HspQ abundance to the
gad pat double mutant (Fig. 4C), indicating that Qad oper-
ates in a Pat-dependent manner. Critically, inactivation of
the Ion gene in the gad mutant increased HspQ amounts
to levels higher than those of the wild-type strain (Fig. 4D),
providing genetic evidence that Qad-dependent acetyla-
tion prevents HspQ degradation by Lon.

HspQ’s acetylation status controls the abundance of Lon
and CIpSAP substrates in vivo

To test how HspQ acetylation impacts Lon- and CIpSAP-
mediated proteolysis in vivo, we investigated the abun-
dance of Lon and ClpSAP substrates using sets of isogenic
strains. First, we determined that inactivation of the
hspQ gene increased Hha abundance nearly to the levels
of the Jon mutant (Fig. 4E), reflecting that HspQ is neces-
sary for efficient Hha proteolysis by Lon. Hha abundance
was lower in the gad mutant than in the wild-type strain
(Fig. 4E), in agreement with the notion that nonacety-
lated HspQ stimulates Hha proteolysis, whereas acetylat-
ed HspQ does not. The low Hha abundance present in the
gad mutant was corrected upon inactivation of the hspQ
or lon genes (Fig. 4E), consistent with Qad decreasing Lon
degradation of Hha by acetylating HspQ. The gad lon
double mutant and the lon hspQ qgad triple mutant har-
bored the same high Hha amounts as the Ion single mu-
tant (Fig. 4E). This result argues that gad and hspQ alter
Hha abundance only when Lon is present. Likewise, the
fact that the Ion hspQ double mutant had the same
high Hha amounts as the Ion single mutant (Fig. 4E) indi-
cates that HspQ controls Hha amounts via Lon.

In addition, we established that HspQ acetylation is
directly correlated with the abundance of both HspQ
and Hha;, that is, the abundance of the acetylated mimetic
K96Q HspQ variant was unaltered upon Ion inactivation
(Fig. 4F). In contrast, the abundance of the wild-type
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10 02 01 01 | - - o .l <+ HspQ-FLAG (JY899) Salmonella with the plasmid vector (vec-
qad qad pat tor) or the gad-expressing plasmid (pgad) using
c & & o & o |.--- --l +OompA 100 uM IPTG. (D) Western blot analysis of crude
& & & & & & 1.0 42 02 50 48 49 extracts from hspQ-Flag (JY674), hspQ-Flag qad
|r’ -~ - - |<—Hsp0-FLAG (JY740), hspQ-Flag lon (JY703), and hspQ-Flag
- — G o Ion gad (JY745) Salmonella. (E) Western blot anal-
[V Nt Nt Nt Nt s Vs /| +- GPOEL 86‘* @ ysis of crude extracts from oat-Flag (JY655), oat-
1.0 04 04 11 04 02 02 0.1 S & € Flag lon (JY1009), oat-Flag hspQ (JY686), oat-Flag
o N < His-Hha gad (JY774), oat-Flag lon hspQ (JY1011), hspQ
D sdQé K qad (JY773), oat-Flag qad lon (JY1012), and Ion
NI m + OmpA hspQ qgad (JY1013) Salmonella with a His-hha-ex-
E «HspQ-FLAG 1.0 02 32 pressing plasmid (pHis-hha). his-hha transcription
from pHis-hha was induced with 100 uM IPTG. (F)
E * AtpB Western blot analysis of crude extracts from hspQ-
10 01 61 65 Flag (JY674), hspQ-Flag lon (JY703), hspQK96R-

Flag (JY892), hspQK96R-Flag lon (JY2000),
hspQK96Q-Flag (JY894), and hspQK96Q-Flag Ion (JY2001) Salmonella. (G) Western blot analysis of crude extracts from hspQ-Flag
(JY674), hspQK96R-Flag (JY892), and hspQK96Q-Flag (JY894) Salmonella with a His-hha-expressing plasmid (pHis-hha). his-hha tran-
scription from pHis-hha was induced with 100 uM IPTG. Numbers below blots show quantification of the top band in the various strains.
Words with italicized letters indicate gene names. For Western blot analysis, samples were analyzed with antibodies directed to acetylated
lysine; the Flag, HA, or His epitopes; or the AtpB, OmpA, or GroEL proteins. Data are representative of three independent experiments,
which gave similar results. See also Supplemental Figures S3 and S5.

HspQ and nonacetylatable K96R HspQ variant increased Oat abundance was restored to the hspQ mutant by a plas-

upon Jon inactivation (Fig. 4F). The abundance of Lon sub- mid expressing the wild-type hspQ gene or one encoding

strate Hha was higher in the strain expressing the K96Q HspQ-Flag [Fig. 5F).)

HspQ variant than in that expressing the wild-type Oat amounts were lower in the gad and hspQ single

HspQ protein, which in turn was higher than in the strain mutants than in wild-type Salmonella (Fig. 5G), reflecting

expressing the K96R HspQ variant (Fig. 4G). that gad is necessary for HspQ acetylation (Fig. 4B) and
Second, we found the in vivo abundance of the CIpSAP that acetylated HspQ is not a Lon substrate (Fig. 4E).

substrates PhoP and Oat to be lower in the hspQ mutant The gad clpS double mutant and the cIpS hspQ qad triple
than in wild-type Salmonella (Fig. 5A). When the hspQ mutant harbored the same high Oat amounts as the cIp$

gene was expressed from a heterologous inducible pro- single mutant (Fig. 5G), indicating that gad and hspQ al-
moter, Oat amounts increased with the concentration of ter Oat abundance via cIpS. The cIpS hspQ double mutant
inducer (Fig. 5B), reflecting the increase in hspQ mRNA exhibited high Oat amounts similar to the cIpS single mu-
abundance (Fig. 5C). A cIpS-null mutant and an hspQ tant (Fig. 5G), reinforcing the notion that HspQ controls
clpS double mutant had similar amounts of PhoP and Oat amounts via ClpS.

Oat proteins, which were higher than those present in
the wild-type and hspQ strains (Fig. 5A), supporting previ-
ous findings that PhoP and Oat are ClpS-dependent sub-
strates of CIpAP (Yeom et al. 2017) and the notion that

The in vivo abundance of ClpS-independent CIpAP
substrates is independent of HspQ

hspQ operates in a cIpS-dependent manner. In addition, The HspQ protein appears to protect ClpS-dependent
the abundance of the CIpSAP substrate Oat was higher substrates of CIpAP exclusively because the ClpS-inde-
in the lon mutant than in wild-type Salmonella (Fig. pendent ClpAP substrate AcnB exhibited wild-type
5D), approaching the abundance observed in the cIpS sin- abundance in the hspQ and cIpS single mutants and the
gle mutant and Jlon cIpS double mutant (Fig. 5D). The in- clpS hspQ double mutant (Fig. 5H). In agreement with
creased Oat abundance exhibited by the lon mutant was these results, the cIpS mutant exhibited wild-type AcnB
eliminated upon inactivation of the hspQ gene (Fig. 5E), stability, whereas no AcnB degradation was observed in
indicating the Lon alters Oat abundance via HspQ. (The clpA or cIpX mutants (Supplemental Fig. S6A). In con-
Flag tag in HspQ does not impact Oat abundance because trast, the abundance of the control ClpS-dependent ClpAP
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Figure 5. Acetylated HspQ inhibits ClpS-dependent proteolysis of CIpAP substrates in vivo. (A) Western blot analysis of crude extracts
from oat-Flag phoP-HA (JY872), oat-FLAG phoP-HA hspQ (JY873), oat-Flag phoP-HA cIpS (JY874), and oat-Flag phoP-HA hspQ cIpS
(1Y875) Salmonella. (B,C) Western blot analysis of crude extracts (B) and mRNA abundance of the hspQ gene (C) from oat-Flag
(TY655) Salmonella with no plasmid or with a hspQ-expressing plasmid (phspQ; pUHE-hspQ) using 0, 20, 50, 100, 200, 500, or 1000
BM IPTG. (D) Western blot analysis of crude extracts from oat-Flag (JY655), oat-Flag Ion (JY1009), oat-Flag clpS (JY657), and oat-
Flag lon clpS (JY1010) Salmonella. (E) Western blot analysis of crude extracts from oat-Flag (JY655), oat-Flag hspQ (JY686), oat-Flag
Ion (JY1014), and oat-Flag Ion hspQ (JY1016) Salmonella. (F) Western blot analysis of crude extracts from oat-Flag (JY655) and oat-
Flag hspQ (JY686) Salmonella with the plasmid vector (vector), the hspQ-expressing plasmid (phspQ), or the hspQ-Flag-expressing plas-
mid (phspQ-Flag) using 100 uM IPTG. (G) Western blot analysis of crude extracts from oat-Flag (JY655), oat-Flag clpS (JY657), oat-Flag
hspQ (JY686), oat-Flag gad (JY774), oat-Flag clpS hspQ (JY687), oat-Flag hspQ qad (JY773), oat-Flag gad clpS (JY775), and oat-Flag clp$S
hspQ qad (JY772) Salmonella. (H) Western blot analysis of crude extracts from oat-Flag (JY655), oat-Flag cIpS (JY657), oat-Flag hspQ
(TY686), and oat-Flag clpS hspQ (JY687) Salmonella. (I) Western blot analysis of crude extracts from hspQ-Flag oat-Flag (JY865),
hspQK96R-Flag oat-Flag (JY2002), and hspQK96Q-Flag oat-Flag (JY2003) Salmonella. Words with italicized letters indicate gene
names. For Western blot analysis, samples were analyzed using antibodies directed to the Flag or HA epitopes or the AcnB, AtpB,
OmpA, or GroEL proteins. Data are representative of at least two independent experiments, which gave similar results. See also Sup-
plemental Figure S6.

substrate Oat (Yeom et al. 2018) was higher in the clpS
mutant than in wild-type Salmonella (Supplemental Fig.
S6B,C) and lower in the hspQ and gad single mutants
than in the wild-type strain (Supplemental Fig. S6B).

The abundance of GFP-LAA, a GFP variant with the
complete ssrA-encoded degradation motif at the C termi-
nus that renders GFP-LAA a ClpS-independent ClpAP
substrate (Farrell et al. 2005), was the same in wild-type,
gad, hspQ, and cIpS strains (Supplemental Fig. S6B). In
agreement with these results, the stability of GFP-LAA
was the same in wild-type and hspQ strains (Supplemen-
tal Fig. S6D). In contrast, GFP-LAA was stable in the
clpP mutant (Supplemental Fig. S6D). Furthermore,
HspQ acetylation did not impact ClpAP-mediated prote-
olysis because AcnB abundance was similar in strains ex-
pressing wild-type, K96Q, or K96R HspQ proteins (Fig. 5I).
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This is in contrast to Oat abundance, which was higher in
bacteria expressing the K96Q HspQ variant than in those
expressing the wild-type HspQ protein, which in turn was
higher than in bacteria expressing the K96R HspQ variant
(Fig. 5I). As the SsrA tag marks nonfunctional proteins for
degradation by the ClpAP and ClpXP proteases (Farrell
et al. 2005), quality control of the proteome continues un-
impeded when HspQ is not acetylated or absent.

Carbon metabolism controls proteolysis by Lon
and CIpSAP

Given that HspQ acetylation increases the stability of
some Lon substrates and of ClpS-dependent substrates of
ClpAP, we wondered which physiological conditions pro-
mote HspQ acetylation. Because Pat, Qad, and acetyl-CoA
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are responsible for HspQ acetylation (Fig. 3B), conditions Glucose appears to exert its effects by promoting HspQ
that increase the amounts of Pat, Qad, and/or acetyl- acetylation from acetyl-CoA bound to Qad because, first,
CoA may favor HspQ acetylation, thus hindering the gad mutant had equally low HspQ amounts when
proteolysis of both HspQ-dependent Lon substrates and grown on glucose or glycerol (Fig. 6B). Second, the hspQ
ClpS-dependent CIpAP substrates. and gad single mutants displayed similar Oat amounts

We determined that wild-type Salmonella produces when grown on either carbon source (Fig. 6E). Third, the
more acetyl-CoA when grown on glucose than on glycerol hspQ and gad single mutants exhibited similar Hha abun-
(Fig. 6A), as reported in Escherichia coli (Takamura and dance regardless of the carbon source (Fig. 6F). Control ex-
Nomura 1988). Growth on glucose resulted in larger periments demonstrated that a cIpS mutant had similarly
HspQ amounts than growth on glycerol (Fig. 6B). This re- large Oat amounts under both growth conditions (Fig. 6E),
sult is in agreement with acetylated HspQ being resistant and the same was true for Hha abundance when lon was
to degradation by Lon (Fig. 3E), HspQ acetylation increas- mutated (Fig. 6F). Fourth, the carbon source used to
ing with acetyl-CoA amounts (Fig. 6C), and growth on glu- grow Salmonella had no effect on the mRNA abundances
cose resulting in more acetyl-CoA than growth on of the oat (Supplemental Fig. S7A) or hha (Supplemental
glycerol (Fig. 6A). Both the steady-state amount and the Fig. S7B) genes, arguing against the observed differences
stability of HspQ-Flag were higher in bacteria grown on in protein abundance resulting from effects on mRNA
glucose than on glycerol (Fig. 6D). The increased abun- amounts. Fifth, the greater abundance of Oat and Hha
dance of acetylated HspQ in turn resulted in larger during growth on glucose versus glycerol was observed de-
amounts of both the CIpSAP substrate Oat (Fig. 6E) and spite growth on glucose resulting in higher ATP concen-
the Lon substrate Hha (Fig. 6F). trations (Fig. 6G) and ATP stimulating proteolysis by the
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Figure 6. Growth on glucose promotes HspQ accumulation by increasing acetyl-CoA amounts. (A,G) Acetyl-CoA (A) and ATP
(G) amounts present in wild-type Salmonella (14028s) grown on glucose or glycerol. Acetyl-CoA and ATP amounts were normalized
to growth yield (ODggg). The mean and SD from three independent experiments is shown. (B) Western blot analysis of crude extracts pre-
pared from hspQ-Flag (JY674) and hspQ-Flag qgad (JY740) Salmonella grown on glucose or glycerol. (C) Western blot analysis of in vitro
acetylation of HspQ with different acetyl-CoA amounts (0.2, 0.5, 1.0, or 2 mM). Data are representative of two independent experiments,
which gave similar results. (D) Stability of the HspQ-Flag protein in hspQ-Flag (JY674) Salmonella. Protein synthesis was inhibited with
50 pg/mL tetracycline. Samples were removed at the indicated times and analyzed by Western blotting with antibodies directed to the Flag
epitope or OmpA protein. (E) Western blot analysis of crude extracts prepared from oat-Flag (JY655), oat-Flag cIpS (JY657), oat-Flag hspQ
(JY686), and oat-Flag qad (JY740) Salmonella grown on glucose or glycerol. (F) Western blot analysis of crude extracts prepared from oat-
Flag (JY655), oat-Flag lon (JY1009), oat-Flag hspQ (JY686), and oat-Flag qad (JY774) Salmonella with a His-hha-expressing plasmid (pHis-
hha; pUHE-His-hha) grown on glucose or glycerol. his-hha transcription from pHis-Hha was induced with 100 uM IPTG. For Western blot
analysis, samples were analyzed using antibodies directed to acetylated lysine, theFlag or His epitopes, or the OmpA protein. Data are
representative of two independent experiments, which gave similar results. See also Supplemental Figure S7.
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ATP-dependent proteases CIpSAP and Lon (Charette et al.
1981; Weber-Ban et al. 1999; Dougan et al. 2002). These re-
sults demonstrate how nutritional conditions that in-
crease acetyl-CoA abundance decrease proteolysis of
specific substrates of two different proteases.

Discussion

We uncovered a mechanism by which a protein coordi-
nately narrows the specificities of two different proteases
(Fig. 1). This mechanism operates when cells experience
nutritional conditions that favor the chemical modifica-
tion of this protein (Fig. 1). The uncovered mechanism is
in contrast to the “Russian doll” effect of protease adap-
tors and substrates acting on a single protease to establish
a degradation hierarchy (Joshi et al. 2015). The rapid re-
sponse mechanism described here adjusts the stability of
specific protease substrates without compromising prote-
ome quality because degradation of nonfunctional pro-
teins continues unimpeded (Supplemental Fig. S6B).

The Qad-dependent acetylation of the HspQ protein is
predicted to alter the abundance of a significant portion
of the Salmonella proteome by narrowing the substrate
spectrum of the CIpSAP and Lon proteases. This is because
the substrates of Lon (Takaya et al. 2005; Madrid et al.
2007) and CIpSAP (Yeom et al. 2018) include several regu-
latory DNA-binding proteins as well as enzymes that alter
the abundance of key metabolites such as polyamines.

The acetylation-dependent control of CIpSAP and Lon
is likely to operate in multiple species apart from Salmo-
nella given the high shared identity in the deduced amino
acid sequences of the hspQ and gad genes among mem-
bers of the family Enterobacteriaceae (Supplemental
Fig. S8; Supplemental Table S1). For example, the shared
amino acid identity between the Qad proteins of E. coli
and Salmonella is 91%, and the amino acid identity be-
tween the HspQ proteins is 92%. Most species retain
the lysine that is acetylated in the Salmonella HspQ pro-
tein (Supplemental Fig. S8; Supplemental Table S1). How-
ever, the Yersinia pestis HspQ protein harbors a histidine
at position 96 (Supplemental Fig. S8; Supplemental Table
S1). This raises the possibility of allelic differences in acet-
ylation sites of protease regulators, such as HspQ, being
responsible for changes in protein stability. These changes
in turn may give rise to phenotypic differences among
closely related organisms, which are typically ascribed
to differences in gene content (Ochman et al. 2000).

The use of protein acetylation to implement nutritional
governance of proteolytic pathways appears to be a broad-
ly conserved mechanism. For example, insulin promotes
acetylation of TUG, a protein that sequesters the glucose
transporter GLUT4 in human fat and muscle (Belman
et al. 2015). Acetylation of the TUG protein has two con-
sequences: It inhibits TUG binding to the acyl-CoA-bind-
ing protein ACBD3 and favors TUG endoproteolytic
cleavage, thereby freeing GLUT4 to migrate to the plasma
membrane and import glucose. Thus, acetylation has dif-
ferent effects on different substrates because it decreases
proteolysis of HspQ in Salmonella (Fig. 3) but stimulates
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proteolysis of TUG in mammalian cells (Belman et al.
2015).

It may be possible for cells to increase the amount of
acetylated HspQ even in the absence of Qad based on
the abundances of the HspQ protein, acetyl-CoA, and/or
other metabolites. For instance, HspQ amounts increase
with temperature between 25°C and 45°C in Yersinia
(Puri and Karzai 2017). Likewise, HspQ may use acetyl-
phosphate as acetyl donor under conditions in which cells
accumulate acetylphosphate instead of acetyl-CoA (Wei-
nert et al. 2013). In mitochondria, inactivation of a deace-
tylase increases both Lon acetylation and abundance
(Gibellini et al. 2014), raising the possibility of HspQ acet-
ylation status being controlled by the deacetylase CobB,
which is regulated by NAD" in Salmonella (Schmidt
et al. 2004; Canté et al. 2009).

Finally, our findings suggest that cells achieve specific-
ity in protein degradation by modifying the abundance of
proteins that interact with proteases directly or bind pro-
teins that interact with proteases. These interactions are
typically governed by chemical modifications of the pro-
tein partners, often in response to environmental or cellu-
lar signals. Because they act on premade proteins, this
mechanism allows for faster changes in the proteome
than can be accomplished by traditional transcriptional
responses.

Materials and methods

Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this study are listed in Sup-
plemental Table S2. All S. enterica serovar Typhimurium strains
were derived from strain 14028s (Fields et al. 1986) and construct-
ed by phage P22-mediated transductions as described (Davis et al.
1980). DNA oligonucleotides used in this study are listed in Sup-
plemental Table S3. Bacteria were grown at 37°C in Luria-Bertani
broth (LB) and N-minimal medium (pH 7.7) (Snavely et al. 1991)
supplemented with 0.1% casamino acids, 38 mM glycerol or glu-
cose, and the indicated concentrations of MgCl,. E. coli DH5a
was used as the host for the preparation of plasmid DNA. Ampi-
cillin was used at 50 ng/mL, kanamycin was used at 50 pg/mL,
chloramphenicol was used at 25 pg/mL, and tetracycline was
used at 12.5 ng/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 dis-
ruption method (Datsenko and Wanner 2000) with minor modifi-
cations. To construct the hspQ mutant (JY683), a cat cassette was
introduced into the hspQ gene as follows: A cat gene fragment
was amplified from plasmid pKD3 using primer pairs 16046/
16047 and then introduced into wild-type Salmonella 14028s har-
boring plasmid pKD46.

To construct the gad mutant (JY889), a kan cassette was intro-
duced into the gad gene as follows: A kan gene fragment was am-
plified from plasmid pKD4 using primer pairs 16924/16925 and
then introduced into wild-type Salmonella 14028s harboring
plasmid pKD46.

To construct the lon mutant (EG16039), a cat cassette was in-
troduced into the Ion gene as follows: A cat gene fragment was
amplified from plasmid pKD3 using primer pairs 3815/3816 and
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then introduced into wild-type Salmonella 14028s harboring
plasmid pKD46.

To construct the cIpP mutant (JY186), a cat cassette was intro-
duced into the cIpP gene as follows: A cat gene fragment was am-
plified from plasmid pKD3 using primer pairs 20000/20001 and
then introduced into wild-type Salmonella 14028s harboring
plasmid pKD46.

To construct the pat mutant (JY898), a cat cassette was intro-
duced into the pat gene as follows: A cat gene fragment was am-
plified from plasmid pKD3 using primer pairs 16926/16927 and
then introduced into hspQ-Flag (JY674) Salmonella 14028s har-
boring plasmid pKD46. Strain JY899 was made by transducing
the gad::kan insertion into strain JY898 using a P22 lysate gener-
ated in strain JY889.

To construct strains specifying a C-terminally Flag-tagged
HspQ protein (JY674, JY692, JY695, and JY740), a cat cassette
was introduced at the 3’ end of hspQ: A cat gene fragment was
amplified from pKD3 using primers 16044/16045 for hspQ-Flag
and then introduced into wild-type Salmonella 14028s, clpS-
HA (JY691) (Yeom et al. 2018), clpA-HA (JY694) (Yeom et al.
2018), and gad::kan (JY889) strains, each harboring plasmid
pKD46. The resulting strains was kept at 30°C and transformed
with pCP20 to remove the cat cassette.

To construct strains specifying C-terminally Flag-tagged HspQ
derivatives in which Lys96 was substituted by an arginine (JY892)
or a glutamine (JY894), a cat cassette was introduced at the 3’ end
of hspQ: A cat gene fragment was amplified from pKD3 using
primers 16928/16045 and 16929/16045 for hspQ-Flag, respec-
tively, and then introduced into wild-type Salmonella 14028s
harboring plasmid pKD46. Strains JY893 and JY895 were
made by transducing the gad::kan insertion into strains JY892
and JY894, respectively, using a P22 lysate generated in strain
JY889.

Strain JY872 was made by transducing the phoP-HA::cat (Shin
and Groisman 2005) insertion into strain JY655 using a P22 lysate
generated in strain EG13917. The resulting strains were kept at
30°C and transformed with pCP20 to remove the cat cassette.
Strains JY696, JY775, and JY874 were made by transducing the
clpS::cat insertion (Yeom et al. 2017) into strains JY674, Y774,
and JY872, respectively, using a P22 lysate generated in strain
JY570. The resulting strains were kept at 30°C and transformed
with pCP20 to remove the cat cassette. Strains JY701 and
JY902 were made by transducing the cIpA::cat insertion (Yeom
et al. 2017) into strains JY674 and JY655, respectively, using a
P22 lysate generated in strain JY199. Strain JY741 was made by
transducing the cIpX::cat insertion (Tu et al. 2006) into strain
JY674 using a P22 lysate generated in strain EG18499. Strains
JY703, JY754, JY1009, JY1010, JY1011, JY1012, JY1013, and
JY1014 were made by transducing the lon::cat insertion into
strains JY674, JY740, JY655, JY657, JY686, JY774, JY773, and
JY696, respectively, using a P22 lysate generated in strain
EG16039.

Strains JY686, JY687, JY699, JY700, JY873, and JY875 were
made by transducing the hspQ::cat insertion into strains JY655
(Yeom et al. 2018), JY657 (Yeom et al. 2018), JY694 (Yeom et al.
2018), JY691 (Yeom et al. 2018), JY872, and JY874, respectively,
using a P22 lysate generated in strain JY683.

Strains JY705,JY772,JY773, and JY774 were made by transduc-
ing the gad::kan insertion into strains JY872, JY687, JY686, and
JY655, respectively, using a P22 lysate generated in strain JY889.

Strains JY2000 and JY2001 were made by transducing the lon::
cat insertion into strains JY892 and JY894, respectively, using a
P22 lysate generated in strain EG16039. The resulting strains
were kept at 30°C and transformed with pCP20 to remove the
cat cassette. Strains JY2002 and JY2003 were made by transduc-
ing the hspQK96R-Flag::cat and hspQK96Q-FlagG::cat inser-
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tions into strains JY655 using a P22 lysate generated in strains
JY892 and JY894, respectively.

A plasmid expressing HspQ was constructed as follows: The
hspQ gene was amplified from wild-type Salmonella (14028s) us-
ing primer pairs 16052/16053. The PCR product was digested
with BamHI and HindIIl and then introduced between the BamHI
and HindIII sites of pUHE21-2lacI? (Soncini et al. 1996).

A plasmid expressing Qad was constructed as follows: The gad
gene was amplified from wild-type Salmonella (14028s) using
primer pairs 16286/16287. The PCR product was digested with
BamHI and HindIll and then introduced between the BamHI
and HindII sites of pUHE21-2lacI? (Soncini et al. 1996).

A plasmid expressing His-Hha was constructed as follows: The
hha gene was amplified from wild-type Salmonella (14028s) using
primer pairs 16629/16630. The PCR product was digested with
BamHI and HindII and then introduced between the BamHI
and HindII sites of pUHE21-2lacl? (Soncini et al. 1996).

A plasmid expressing the SsrA degradation motif-added GFP
(GFP-LAA) was constructed as follows: The gfp-laa gene was am-
plified from pFPV25 plasmid DNA using primer pairs 1550/3071.
The PCR product was digested with EcoRI and HindIIl and then
introduced between the EcoRI and HindIII sites of pFPV25 (Valdi-
via and Falkow 1996). GFP-LAA had a full SsrA tag sequence
(RPAANDENYALAA) at the C terminus.

A plasmid expressing HspQ-His6 was constructed as follows:
The hspQ gene was amplified from wild-type Salmonella
(14028s) using primer pairs 16934/16935. The PCR product was
digested with Ndel and HindIIl and then introduced between
the Ndel and HindIII sites of pET-28a(+).

Plasmids harboring genes specifying Qad-His6 and Pat-His6
were constructed as follows: The gad and pat genes were ampli-
fied from wild-type Salmonella (14028s) using primer pairs
16284/16285 and 16313/16314, respectively. The PCR products
were digested with BamHI and Xhol and then introduced between
the BamHI and Xhol sites of pET-28a(+).

Purification of the CIpA, CIpP, CIpS, FtsA, HspQ, Lon, Qad, Pat,
and PhoP proteins

For purification of the Lon protein, 5 mL of saturated cultures of
E. coli BL21 (DE3) harboring plasmid pUHE-His-Lon was used to
inoculate 1 L of LB medium. Cells were grown to logarithmic
phase (ODggg~0.3) at 37°C, and expression was induced by addi-
tion of 0.2 mM IPTG followed by growth for an additional 6 h at
30°C. Cells were collected and washed twice with 1x TBS (50 mM
Tris-HCl at pH 8.0, 138 mM NacCl, 2.7 mM KCl). Next, cells were
resuspended with 1x TBS and subjected to a French press at
18,000 psi. Clarified lysates were loaded onto an Ni-NTA gravity
column equilibrated in equilibration buffer containing 10 mM
imidazole, washed with 20 column volumes of the same, and
eluted in 250 mM imidazole in the same buffer. Eluted proteins
were exchanged with 1x TBS buffer followed by TBS buffer con-
taining 10% glycerol and concentrated using an Amicon Ultra-
3 (MW 3000; Millipore) filter.

For purification of the HspQ, Qad, and Pat proteins, 5 mL of sat-
urated cultures of E. coli BL21 (DE3) (Studier and Moffatt 1986)
harboring plasmid pET-28a(+)-HspQ, pET-28a(+)-Qad, or pET-
28a(+)-Pat was used to inoculate, separately, 500 mL of LB medi-
um. Cells were grown to logarithmic phase (ODggg~ 0.3) at 37°C,
and expression was induced by addition of 1.0 mM IPTG followed
by growth for an additional 16 h at 30°C. Cells were collected and
washed twice with 1x TBS (50 mM Tris-HCI atpH 8.0, 138 mM
NaCl, 2.7 mM KClI). Next, cells were resuspended with 1x TBS
and subjected to a French press at 18,000 psi. Clarified lysates
were loaded onto an Ni-NTA gravity column equilibrated in
equilibration buffer containing 10 mM imidazole, washed with
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20 column volumes of the same, and eluted in 250 mM imidazole
in the same buffer. Eluted proteins were exchanged with 1x TBS
buffer followed by TBS buffer containing 10% glycerol and con-
centrated using an Amicon Ultra-3 (MW 3000; Millipore) filter.
The His tag of HspQ was cleaved by ~2 U/mL thrombin for 16
h at 4°C and then concentrated using an Amicon Ultra-3 (MW
3000; Millipore) filter.

Purification of the PhoP, FtsA, ClpS, ClpA, and ClpP was per-
formed as described (Yeom et al. 2018).

Western blot assay

Cells were grown in N-minimal medium containing 10 uM or 10
mM MgCl,. Crude extracts were prepared in B-PER reagent
(Pierce) with 100 pg/mL lysozyme and EDTA-free protease inhib-
itor (Roche). Samples were loaded onto 4%-12% NuPAGE gels
(Life Technologies) and transferred to nitrocellulose membrane
using the iBot machine (Life Technologies). Membranes were
blocked with 3% skim milk solution at room temperature for 2
h. Next, samples were analyzed using antibodies directed to the
HA, His, or Flag tags or the OmpA, GFP, GroEL, or AtpB proteins.
Rabbit anti-HA, anti-Flag, and anti-His antibodies were used at
1:2000 dilution. Mouse anti-GFP antibody was used at 1:5000
dilution. Rabbit anti-OmpA was used as control at 1:5000 dilu-
tion. Mouse anti-AtpB and anti-GroEL were used as control at
1:5000 dilution. Secondary horseradish peroxidase-conjugated
antirabbit or antimouse antiserum (GE healthcare) was used at
1:5000 dilution. The blots were developed with the Amersham
ECL Western blotting detection reagents (GE Healthcare) or
SuperSignal West Femto chemiluminescent system (Pierce).

In vitro substrate degradation assay

In vitro substrate degradation assays were performed as described
earlier with some modifications (Puri and Karzai 2017). The assay
was performed in a solution containing 50 mM Tris-HCI (pH 7.5,
100 mM KCl, 20 mM MgCl,, 10% glycerol, and 1 mM DTT. Pu-
rified proteins were used as 0.2 or 1.0 pM ClpS, 0.2 or 0.1 pM
ClpA, 0.2 uM ClIpP, 0.2 uM Lon, 0.5 uM HspQ, 0.5 uM PhoP,
0.2 uM FtsA-Flag, and 0.5 pM Hha. All reaction components ex-
cept the ATP regeneration system were mixed and incubated for 5
min at 30°C. Reactions were carried out for the indicated times at
30°C in the presence of an ATP regeneration system (2 mM ATP,
20 pg/mL pyruvate kinase, 4 mM pyruvate phosphate) started by
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).

In vivo protein degradation assay

To measure protein stability, cells were grown in 10 mL of
N-minimal medium containing 10 pM MgCl, for 5 h. Cells
were treated with 50 pg/mL tetracycline, and 1.5 mL samples
were removed at the indicated times and harvested at 4°C. Pellet-
ed cells were kept on dry ice for 30 min. Samples were then resus-
pended in B-PER reagent (Pierce) with 100 pg/mL lysozyme and
EDTA-free protease inhibitor (Roche). After addition of the same
volume of SDS sample buffer, samples were separated on 4%-
12% SDS-polyacrylamide gel and analyzed by Western blotting.

In vivo pull-down assay

Interactions among the HspQ-Flag, ClpS-HA, and ClpA-HA pro-
teins were investigated using a strain expressing a C-terminally
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Flag-tagged HspQ protein, C-terminally HA-tagged ClpS protein,
or C-terminally HA-tagged ClpA protein from their normal chro-
mosomal locations. Cells were grown overnight in N-minimal
medium containing 10 mM Mg?*. One milliliter of the overnight
culture was washed in N-minimal medium without Mg>* and re-
suspended in 1 mL of the same medium. Bacteria (1/50 dilution)
were inoculated in 20 mL of N-minimal medium containing
10 uM Mg** and grown for 6 h. Crude extracts were prepared as
described above and incubated with anti-HA magnetic beads
(Pierce) or anti-Flag magnetic beads (Sigma) overnight at 4°C. Af-
ter washing the beads with 1x TBS buffer (Sigma), binding pro-
teins were eluted in 100 pL of SDS sample buffer without
reducing agents, separated on 4%-12% SDS-polyacrylamide
gel, and analyzed by Western blotting using antibodies directed
to the Flag or HA tags described above.

Pull-down assay with proteins synthesized in vitro

Pull-down assay was performed with proteins produced using an
in vitro transcription/translation system as described (Lee et al.
2013) with some modifications. Proteins were produced using
the cell-free PURExpress in vitro protein synthesis system
(New England Biolabs) for 3 h at 37°C. DNA templates were
prepared according to the manufacturer’s instructions. To syn-
thesize the hspQ-Flag, cIpS-HA, and rssB-HA genes, we used
primers 16936/16937 for hspQ-Flag, 15949/16938 for cIpS-HA,
and 16939/16940 for rssB-HA. At the end of the reaction, samples
were diluted with 20 vol in 1x TBS buffer. Diluted reactions were
mixed in 500 pL of 1x TBS and incubated for 2 h at room temper-
ature. Next, samples were pulled down with either anti-HA, anti-
His, or anti-Flag antibodies for 2 h at room temperature. Pulled-
down samples were analyzed by Western blotting using anti-
HA, anti-His or anti-Flag antibodies.

In vitro protein acetylation assay

In vitro protein acetylation assays were performed as described
(Qin et al. 2016) with some modifications. The assay was per-
formed in a solution containing 50 mM Tris-HCI (pH 8.0), 0.1
mM EDTA, 10% glycerol, 1 mM DTT, and 10 mM sodium
butyrate. Purified proteins were used as 0.2 uM HspQ, 0.5 uM
Qad, and 0.2 pM Pat. Reactions were carried out for 3 h at
37°C in the presence of 2 mM acetyl-CoA. Reactions were
stopped by incubation on ice for 10 min. Samples were separated
on 4%-12% SDS—polyacrylamide gel and analyzed by Western
blotting.

Detection of acetylated HspQ protein by high-resolution
MS/MS analysis

Protein posttranslational modifications (acetylation, oxidation,
methylation, and decarboxylation) were determined by liquid
chromatography (LC)-MS/MS analysis. The purified HspQ pro-
tein was separated by SDS-PAGE, and proteins were detected
by Coomassie blue staining (Invitrogen). The band corresponding
to HspQ was excised from the gel and digested with trypsin. Pro-
tein samples were desalted and applied in a Thermo Scientific
LTQ Orbitrap XL connected to a Waters nanoACQUITY ultra-
high-performance LC (UPLC) system and equipped with a Waters
Symmetry C18 180 um x 20 mm trap column and a 1.7-pm 75 pm
x 250 mm nanoAcquity UPLC column at 35°C. Detection of post-
translational modifications and peptide identification were car-
ried out using the Mascot search algorithm (Matrix Science,
version 2.4.0).



Measurement of acetyl-coA amounts

Acetyl-CoA amounts (PicoProbe acetyl CoA assay kit, Abcam)
was determined as per the manufacturer’s protocol. Cells were
grown in N-minimal medium containing 10 upM MgCl, in
38 mM glucose or glycerol for 6 h at 37°C.

Quantitative RT-PCR

To measure mRNA abundance, cells were grown in N-minimal
medium containing 10 uM MgCl, in 38 mM glucose or glycerol
for 6 h at 37°C. Total RNA was purified by using RNeasy kit
(Qiagen) with on-column DNase treatment, and cDNA was syn-
thesized by using VILO supermix (Life Technologies). Quantifica-
tion of transcripts was carried out by quantitative RT-PCR using
SYBR Green PCR master mix (Applied Biosystems) in a Quant-
Studio 6 Flex real-time PCR system (Applied Biosystems).
mRNA abundance was determined by using a standard curve ob-
tained from PCR products generated with serially diluted geno-
mic DNA, and results were normalized to the abundance of the
ompA gene mRNA. Data shown are an average from at least three
independent experiments. The primers used in quantitative RT-
PCR assay are listed in Supplemental Table S3.

Bacterial two-hybrid analysis to examine protein-protein interactions

We used the BACTH system (Battesti and Bouveret 2012) with
the following constructs: The hspQ, rssB, cIpS, clpA, and clpP
genes were PCR-amplified, and the PCR fragments were cloned
between the Xbal and Kpnl sites of the pUT18C vectors and
PKT25 to generate genes specifying the corresponding fusion pro-
teins. Recombinant plasmids carrying the pKT25-hspQ and
pUT18c-rssB, clpS, clpA, or cIpP genes were cotransformed into
strain BTH101. Transformants were plated on LB agar plates con-
taining 100 pg/mL ampicillin and 50 pg/mL kanamycin and incu-
bated for 24 h at 30°C. To quantify the interaction between hybrid
proteins, bacteria were grown overnight at 30°C as recommended
in the BACHT protocol (Battesti and Bouveret 2012) in LB Amp
Kan liquid medium supplemented with 0.5 mM IPTG. All sam-
ples were spotted onto LB agar plates supplemented with 100
pg/mL ampicillin, 50 pg/mL kanamycin, 40 pg/mL X-Gal, and
0.5 mM IPTG.

Data deposition

The images of the original gels corresponding to the figures in this
study were deposited in the Mendeley database and are available
at http://dx.doi.org/10.17632 /ftykgz{2tn.1.
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