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Infection-relevant conditions dictate differential versus 
coordinate expression of Salmonella chaperones 
and cochaperones

Carissa Chan,1 Keiichiro Mukai,1 Eduardo A. Groisman1

AUTHOR AFFILIATION See affiliation list on p. 15.

ABSTRACT Molecular chaperones are critical for protein homeostasis. In bacteria, 
chaperone trigger factor (TF) folds proteins co-translationally, and chaperone DnaK 
requires a J-domain cochaperone and nucleotide exchange factor GrpE to fold proteins 
largely post-translationally. However, when the pathogen Salmonella enterica serovar 
Typhimurium faces the infection-relevant condition of cytoplasmic Mg2+ starvation, 
DnaK reduces protein synthesis independently. This raises the possibility that bacteria 
differentially express chaperones and cochaperones. We now report that S. Typhimurium 
responds to cytoplasmic Mg2+ starvation by increasing mRNA amounts of dnaK while 
decreasing those of the TF-encoding gene tig and J-domain cochaperone genes dnaJ 
and djlA. This differential strategy requires the master regulator of Mg2+ homeostasis 
and virulence PhoP, which increases dnaK mRNA amounts by lowering the ATP concen
tration, thereby hindering proteolysis of the alternative sigma factor RpoH responsible 
for dnaK transcription. We also establish that DnaK exerts negative feedback on the 
RpoH protein and RpoH-dependent transcripts independently of J-domain cochaper
ones. Thus, bacteria express chaperones and cochaperones coordinately or differentially 
depending on the specific stress perturbing protein homeostasis.

IMPORTANCE Molecular chaperones typically require cochaperones to fold proteins and 
to prevent protein aggregation, and the corresponding genes are thus coordinately 
expressed. We have now identified an infection-relevant stress condition in which the 
genes specifying chaperone DnaK and cochaperone DnaJ are differentially expressed 
despite belonging to the same operon. This differential strategy requires the master 
regulator of Mg2+ homeostasis and virulence in the pathogen Salmonella enterica serovar 
Typhimurium. Moreover, it likely reflects that Salmonella requires dnaK, but not J-domain 
cochaperone-encoding genes, for survival against cytoplasmic Mg2+ starvation and 
expresses genes only when needed. Thus, the specific condition impacting protein 
homeostasis determines the coordinate versus differential expression of molecular 
chaperones and cochaperones.

KEYWORDS DnaK, J-domain cochaperones, magnesium, PhoP, RpoH

P roteins carry out the vast majority of cellular processes and must be folded correctly 
to function. Folding takes place both during and after protein synthesis (1), and 

both intrinsically (2, 3) and with molecular chaperones that help protein clients adopt 
their proper conformations (4). Molecular chaperones also play critical roles under 
stress conditions, such as heat shock and oxidative stress, that cause protein misfolding 
and aggregation (5, 6). Some chaperones operate alone, and others require additional 
factors, such as cochaperones and nucleotide exchange factors (7). In addition, a given 
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chaperone may require additional factors to operate under one protein homeostasis-dis
rupting condition but function without such factors under a different condition (8).

Bacteria use three major chaperone systems: (i) the ribosome-associated bacteria-
specific trigger factor (TF), which folds proteins co-translationally as they emerge 
from the ribosome (9); (ii) the DnaK/DnaJ/GrpE system, consisting of chaperone DnaK, 
J-domain cochaperone DnaJ, and nucleotide exchange factor GrpE (10), which acts 
largely post-translationally (11, 12) and maintains proteome quality by aiding protein 
folding and preventing protein aggregation (13); and (iii) the essential GroEL/GroES 
system, consisting of chaperone GroEL and cochaperone GroES, which acts solely 
post-translationally (14) (Fig. 1A).

Escherichia coli responds to heat shock by increasing transcription of the dnaKdnaJ
and groESgroEL operons from promoters dependent on the alternative sigma factor 
RpoH (also referred to as sigma 32 or σ32) (5) but does not alter transcription of the TF-
encoding tig gene (15). Bacteria control RpoH abundance at multiple levels, including 
transcription initiation (16), translation (17, 18) (Fig. 1B), stability (19, 20) (Fig. 1C), and 
activity (21–23). The DnaK/DnaJ/GrpE system plays a critical role in the magnitude and 
duration of the heat shock response by exerting negative feedback on RpoH (22, 24–26). 
Tight control of RpoH abundance avoids the growth inhibition resulting from excess 
RpoH (27).

The pathogen Salmonella enterica serovar Typhimurium faces cytoplasmic Mg2+ 

starvation during infection (28), a stress that imperils protein homeostasis (29). This is 
because S. Typhimurium responds to cytoplasmic Mg2+ starvation by decreasing the ATP 
concentration (30, 31), likely due to ~85% of the cellular ATP existing as a Mg2+ salt (32, 
33). The decrease in ATP concentration hinders protein solubility (34) and reduces 
protein synthesis (35) and regulated proteolysis by ATP-dependent proteases (36), 
including FtsH, which is responsible for RpoH degradation (37–39). Cytoplasmic Mg2+ 

starvation hyperactivates PhoP (40, 41), the master regulator of Mg2+ homeostasis and 
virulence (42) that governs the reduction in ATP concentration (31, 35, 36). In addition, it 
decreases TF binding to ribosomes ~30-fold while increasing DnaK binding to ribosomes 
threefold (8). DnaK binding to ribosomes reduces protein synthesis and confers survival 
against hyperosmotic stress and cytoplasmic Mg2+ starvation independently of tig and 
the three J-domain cochaperone genes cbpA, djlA, and dnaJ (8).

The contrasting requirements for chaperones and cochaperones in bacteria facing 
cytoplasmic Mg2+ starvation versus other protein homeostasis-perturbing conditions led 
us to investigate whether the corresponding genes are differentially expressed. Here, we 
report that cytoplasmic Mg2+ starvation upregulates expression of the dnaK gene while 
downregulating expression of the dnaJ, djlA, and tig genes. This differential strategy is 
governed by PhoP, which promotes transcription from RpoH-dependent promoters by 
hindering RpoH proteolysis. We also establish that DnaK’s C-terminal domain is essential 
for negative feedback on the abundance of RpoH and RpoH-activated transcripts,
whereas the J-domain cochaperones are dispensable. Our results reveal that the specific 
stress threatening protein homeostasis determines the differential versus coordinate 
expression of chaperones and cochaperones.

RESULTS

Cytoplasmic Mg2+ starvation increases dnaK mRNA amounts, but not dnaJ’s, 
in a phoP-dependent manner

The dnaK and dnaJ genes are believed to form an operon (43). We explored the possibil
ity of these genes being differentially expressed during cytoplasmic Mg2+ starvation 
because DnaK displays DnaJ-independent activities under this stress condition (8) and 
also because 85 nt separate the stop codon of the upstream dnaK gene from the start 
codon of the downstream dnaJ gene, which is an unusually long distance for bacterial 
genes that are part of the same transcription unit (44). Thus, we examined dnaK and dnaJ 
mRNA amounts in wild-type S. Typhimurium grown in defined media with different Mg2+ 

concentrations and for different extents of time. These conditions were designed to 
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reveal expression behaviors resulting from low cytoplasmic Mg2+, low extracytoplasmic 
Mg2+, and a Mg2+-abundant environment.

The mRNA amounts of the dnaK gene were threefold higher in bacteria grown in 10 
µM Mg2+ for 5 h, a time when S. Typhimurium experiences cytoplasmic Mg2+ starvation 

FIG 1 Chaperones fold bacterial proteins during unstressed growth and in Salmonella experiencing infection-relevant stress. (A) During unstressed growth, 

bacterial proteins are folded by a chaperone network consisting of the ribosome-associated chaperone trigger factor, the DnaK/DnaJ/GrpE chaperone system, 

and the GroEL/GroES chaperone system. (B) During cytoplasmic Mg2+ starvation, DnaK binds ribosomes and reduces protein synthesis independently of 

J-domain cochaperones. (C) During unstressed growth, DnaK delivers the alternative sigma factor RpoH for degradation by the FtsH protease, reducing the 

amount of RpoH available to promote transcription of the dnaK gene. (D) Under conditions that disrupt proteostasis, DnaK is titrated by aggregated proteins, 

thus liberating RpoH from being delivered to FtsH for proteolysis and increasing the amount of RpoH available to promote transcription of the dnaK gene. (E) 

During cytoplasmic Mg2+ starvation, the ATP concentration decreases, which reduces the activity of the ATP-dependent FtsH protease, thereby increasing the 

amount of RpoH available to promote transcription of the dnaK gene.
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(31, 35, 45), than when grown in Mg2+-abundant (10 mM Mg2+) conditions (Fig. 2A). The 
higher dnaK mRNA amounts present in bacteria grown in 10 µM Mg2+ for 5 h result 
from low cytoplasmic Mg2+ rather than low extracytoplasmic Mg2+ because dnaK mRNA 

FIG 2 Low cytoplasmic Mg2+ increases expression of dnaK, but not dnaJ, in a PhoP-dependent manner. (A) mRNA abundance of the dnaK gene relative to that 

of the constitutive ompA control in wild-type (14028s) S. Typhimurium following 4.5 h of growth in high (10 mM) Mg2+, 2.5 h of growth in low (10 µM) Mg2+, 

or 5 h of growth in low (10 µM) Mg2+. (B) mRNA abundance of the dnaK gene relative to that of the constitutive ompA control in wild-type (14028s) and phoP 

(MS7953s) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. (C) mRNA abundance of the dnaK gene relative to that of the constitutive ompA control 

in wild-type (14028s) and phoP (MS7953s) S. Typhimurium following 2.5 h of growth in low (10 µM) Mg2+. (D) mRNA abundance of the dnaK gene relative to that 

of the constitutive ompA control in wild-type (14028s) and mgtC (EL1) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. (E) mRNA abundance of the 

dnaK gene relative to that of the constitutive ompA control in wild-type (14028s) and mgtC (EL1) S. Typhimurium following 2.5 h of growth in low (10 µM) Mg2+. 

(F) mRNA abundance of the dnaJ gene relative to that of the constitutive ompA control in wild-type (14028s) S. Typhimurium following 4.5 h of growth in high 

(10 mM) Mg2+ or 5 h of growth in low (10 µM) Mg2+. (G) mRNA abundance of the dnaJ gene relative to that of the constitutive ompA control in wild-type (14028s) 

and phoP (MS7953s) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. Statistical analysis was performed using two-tailed Student’s t-test comparing 

the indicated sample group to the wild-type sample group or comparing the bracketed sample groups (ns = not significant). Data in panels A–G represent mean 

± SD of three independent biological replicates. Statistical analysis was performed using two-tailed Student’s t-test comparing the bracketed sample groups 

(**P < 0.01, ****P < 0.0001, ns = not significant).
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amounts were similar in bacteria grown in 10 mM Mg2+ for 4.5 h and in 10 µM Mg2+ for 
2.5 h (Fig. 2A), which is prior to the onset of cytoplasmic Mg2+ starvation (35).

We reasoned that PhoP is responsible for the higher dnaK mRNA amounts in low 
cytoplasmic Mg2+ because it controls the expression of several genes critical for protein 
homeostasis activated during cytoplasmic Mg2+ starvation (42, 46). A phoP null mutant 
had threefold less dnaK mRNA than the wild-type strain following growth in 10 µM Mg2+ 

for 5 h (Fig. 2B). The effect of the phoP mutation is specific to low cytoplasmic Mg2+ 

because dnaK mRNA amounts were similar in the two strains following 2.5 h in 10 µM 
Mg2+ (Fig. 2C), a condition in which PhoP controls the response to low extracytoplasmic 
Mg2+, such as chemical modification of the bacterial cell surface (42).

The PhoP-activated mgtC gene encodes a protein that exerts positive feedback on 
PhoP by limiting PhoP proteolysis by the ATP-dependent protease ClpAP and its adaptor 
ClpS (41). We determined that the mgtC mutant had twofold less dnaK mRNA than 
wild-type S. Typhimurium following growth in 10 µM Mg2+ for 5 h (Fig. 2D). By contrast, 
wild-type and mgtC strains had similar dnaK mRNA amounts following growth in 10 µM 
Mg2+ for 2.5 h (Fig. 2E), the low extracytoplasmic Mg2+ condition that does not promote 
transcription of the mgtC coding region (47).

The increased dnaK expression resulting from cytoplasmic Mg2+ starvation resembles 
that exhibited by other genes promoting cytoplasmic protein homeostasis (42). By 
contrast, dnaJ mRNA amounts were similar following growth in low Mg2+ for 5 h or high 
Mg2+ for 4.5 h (Fig. 2F), and the phoP mutant had higher dnaJ mRNA amounts than the 
wild-type strain following growth in 10 µM Mg2+ for 5 h (Fig. 2G). These results indicate 
that the dnaK and dnaJ genes are differentially expressed in bacteria facing cytoplasmic 
Mg2+ limitation despite being similarly expressed under other conditions (43).

Cytoplasmic Mg2+ starvation does not promote expression of J-domain 
cochaperone genes

S. Typhimurium specifies three J-domain cochaperones: CbpA, DjlA, and DnaJ (48). We 
considered the possibility of cytoplasmic Mg2+ starvation promoting expression of the 
cbpA and/or djlA genes to make up for dnaJ mRNA abundance not increasing alongside 
dnaK’s following growth in low Mg2+ for 5 h (Fig. 2A and F). However, cbpA mRNA 
amounts were similar following growth in low or high Mg2+ (Fig. S1A) in wild-type and 
phoP mutant strains (Fig. S1B). Curiously, djlA mRNA amounts were more than fourfold 
lower following growth in low Mg2+ compared to high Mg2+ (Fig. S1C) and twofold higher 
in the phoP mutant than in the wild-type strain when grown in low Mg2+ (Fig. S1D). 
These results indicate that cytoplasmic Mg2+ starvation decreases djlA expression in a 
PhoP-dependent manner, the opposite of what happens with dnaK (Fig. 2B).

Together with the data presented in the previous section, these results establish that 
cytoplasmic Mg2+ starvation promotes expression of dnaK but not of genes encoding 
its three canonical J-domain cochaperones. The selective increase in dnaK mRNA may 
reflect that DnaK reduces protein synthesis and confers survival independently of all 
three J-domain cochaperones under cytoplasmic Mg2+ starvation (8).

The DnaK to DnaJ protein ratio increases during cytoplasmic Mg2+ starvation

The DnaK to DnaJ protein ratio was twofold higher during cytoplasmic Mg2+ starvation 
than in Mg2+-abundant conditions (Fig. 3A), largely reflecting the mRNA amounts of the 
corresponding genes (Fig. 2A and F). By contrast, bacteria grown in 10 µM Mg2+ for 
2.5 h had the same DnaK to DnaJ protein ratio as those experiencing Mg2+-abundant 
conditions (Fig. 3A). The DnaK to DnaJ protein ratio was lower in the phoP mutant than 
in the wild-type strain during cytoplasmic Mg2+ starvation (Fig. 3B), echoing PhoP’s effect 
on the mRNA amounts of the corresponding genes (Fig. 2B and G). Thus, cytoplasmic 
Mg2+ starvation increases the DnaK to DnaJ ratio.
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Cytoplasmic Mg2+ starvation reduces tig expression in a PhoP-dependent 
manner

The amount of tig mRNA was eightfold lower in wild-type S. Typhimurium experiencing 
cytoplasmic Mg2+ starvation than under Mg2+-abundant conditions (Fig. 4A). The phoP 
mutant had threefold higher tig mRNA amounts (Fig. 4B) and twofold higher TF protein 
amounts (Fig. 4C) than the wild-type strain following growth in 10 µM Mg2+ for 5 h. 
However, TF protein amounts were similar during growth in 10 mM Mg2+ and 10 µM 
Mg2+ in the wild-type strain (Fig. S2). These results suggest that TF protein stabilization 
counters the reduction in tig mRNA amounts taking place during cytoplasmic Mg2+ 

starvation (Fig. 4A), possibly due to decreased proteolysis by ATP-dependent proteases 
(36).

PhoP destabilizes the dnaJ mRNA during cytoplasmic Mg2+ starvation

To explore how cytoplasmic Mg2+ starvation differentially alters expression of the dnaK 
and dnaJ genes, we examined the mRNA abundance of the dnaK and dnaJ coding 
regions and of the 85 nt-long dnaK-dnaJ intergenic region (Fig. 5A). In bacteria experi
encing cytoplasmic Mg2+ starvation, the mRNA abundance of the dnaK coding region 
was ~2.5-fold higher than that corresponding to the dnaK-dnaJ intergenic region or the 
dnaJ coding region (Fig. 5B). By contrast, the mRNA amounts of the three regions were 
similar when bacteria were grown in high Mg2+ (Fig. 5C).

FIG 3 Low cytoplasmic Mg2+ increases the DnaK:DnaJ protein ratio in a PhoP-dependent manner. (A) Ratio of DnaK protein 

to DnaJ protein determined by Western blot in wild-type (14028s) S. Typhimurium following 4.5 h of growth in high (10 mM) 

Mg2+, 2.5 h of growth in low (10 µM) Mg2+, or 5 h of growth in low (10 µM) Mg2+. (B) Ratio of DnaK protein to DnaJ protein 

determined by Western blot in wild-type (14028s) and phoP (MS7953s) S. Typhimurium following 5 h of growth in low 

(10 µM) Mg2+. Statistical analysis was performed using two-tailed Student’s t-test comparing the indicated sample group to 

the wild-type sample group or comparing the bracketed sample groups (ns = not significant). Data in panels A and B represent 

mean ± SD of three independent biological replicates. Statistical analysis was performed using two-tailed Student’s t-test 

comparing the bracketed sample groups (*P < 0.05, **P < 0.01, ns = not significant).
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We explored the possibility of PhoP regulating the mRNA stabilities of the dnaK 
and dnaJ coding regions by growing wild-type and phoP strains in low (10 µM) Mg2+ 

for 5 h, halting new transcription by adding the RNA polymerase inhibitor rifampicin, 
and measuring the mRNA abundance of the dnaK and dnaJ coding regions over time. 
The mRNA stability of the dnaK coding region was similar in isogenic wild-type and 
phoP strains (Fig. 5D). By contrast, the half-life of the dnaJ coding region mRNA was 
2.5-fold lower in the wild-type strain than in the phoP mutant (Fig. 5E). Together with the 
data presented above, these results suggest that PhoP increases dnaK transcription but 
decreases dnaJ mRNA stability.

PhoP increases dnaK mRNA abundance by stabilizing the RpoH protein

To understand how PhoP promotes dnaK transcription, we first looked for PhoP binding 
sites (49) in the 347 nt that separate dnaK’s start codon from the upstream yaaI gene but 
found none (Fig. 6A). By contrast, we identified two putative RpoH binding sites that are 
100% conserved with those present in the dnaK promoter region from E. coli (Fig. 6A), 
activated by RpoH (50). The consensus sequences for RpoH-regulated promoters of E. 
coli are TNtCNCcCTTGAA at −35 and CCCCATtTa at −10, where lowercase letters indicate 
a tendency toward, but not an absolute requirement for, a certain nucleotide at that 
location (Biocyc.org). Thus, PhoP appears to promote dnaK transcription via RpoH.

We explored the possibility of PhoP activating rpoH transcription but found no PhoP 
binding sites (49) in the rpoH promoter region and similar rpoH mRNA amounts in 
wild-type and phoP strains following bacterial growth in low (10 µM) Mg2+ for 5 h 
(Fig. S3). These results suggested that PhoP increases RpoH abundance and/or activity 

FIG 4 Low cytoplasmic Mg2+ reduces expression of trigger factor in a PhoP-dependent manner. (A) mRNA abundance of the tig gene relative to that of the 

constitutive ompA control in wild-type (14028s) S. Typhimurium following 4.5 h of growth in high (10 mM) Mg2+ or 5 h of growth in low (10 µM) Mg2+. (B) mRNA 

abundance of the tig gene relative to that of the constitutive ompA control in wild-type (14028s) and phoP (MS7953s) S. Typhimurium following 5 h of growth 

in low (10 µM) Mg2+. (C) Protein amounts of TF relative to the AtpD loading control determined by Western blot in wild-type (14028s) and phoP (MS7953s) S. 

Typhimurium following 5 h of growth in low (10 µM) Mg2+. Data in panels A–C represent mean ± SD of three independent biological replicates. Statistical analysis 

was performed using two-tailed Student’s t-test comparing the bracketed sample groups (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant).
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FIG 5 The dnaK and dnaJ genes are separately regulated during low cytoplasmic Mg2+. (A) Schematic of the dnaKdnaJ operon and intergenic region indicating

the location of primers used to examine different parts of the transcript. Primers correspond to nucleotides 1797 to 1900 of the 1,917 nt long dnaK gene, −48 

to +49 of the 85 nt long intergenic region, and 31 to 102 of the 1,140 nt long dnaJ gene. (B) mRNA abundance of the dnaK coding region, dnaKJ intergenic 

region, and dnaJ coding region relative to the constitutive ompA control in wild-type (14028s) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. (C) 

mRNA abundance of the dnaK coding region, dnaKJ intergenic region, and dnaJ coding region relative to the constitutive ompA control in wild-type (14028s) 

S. Typhimurium following 4.5 h of growth in high (10 mM) Mg2+. (D) In vivo stability of dnaK mRNA upon stopping new RNA synthesis using the RNA synthesis 

inhibitor rifamycin (200 µg/mL) in wild-type (14028s) and phoP (MS7953s) S. Typhimurium strains following growth in low (10 µM) Mg2+ for 5 h. Please note the

logarithmic scale of the y-axis. (E) In vivo stability of dnaJ mRNA upon stopping new RNA synthesis using the RNA synthesis inhibitor rifamycin (200 µg/mL) in 

wild-type (14028s) and phoP (MS7953s) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. Please note the logarithmic scale of the y-axis. Data in 

panels B–E represent mean ± SD of three independent biological replicates. Statistical analysis was performed using two-tailed Student’s t-test comparing the 

bracketed sample groups (*P < 0.05, ns = not significant).
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indirectly. For example, PhoP governs the reduction in ATP amounts taking place during 
cytoplasmic Mg2+ starvation (31), which stabilizes RpoH(36).

To determine whether PhoP promotes dnaK transcription by stabilizing RpoH, we 
examined the amounts of RpoH protein and dnaK mRNA in wild-type and phoP strains 
harboring the AtpAGD-expressing plasmid or the vector control. The AtpAGD-expressing 
plasmid harbors the atpA, atpG, and atpD genes, which specify the proteins that make 
up the soluble subunit of the F1F0 ATP synthase (AtpAGD), the expression of which 
decreases ATP amounts (51), thereby limiting proteolysis of RpoH(36).

The AtpAGD-expressing plasmid corrected the abnormally high ATP amounts of the 
phoP mutant (Fig. 6B) and increased the amounts of both RpoH protein (Fig. 6C) and 
dnaK mRNA (Fig. 6D). That is, ATP amounts were sevenfold higher in the phoP mutant 
than in the wild-type strain, both carrying the plasmid vector (Fig. 6B). The phoP mutant 
with the AtpAGD-expressing plasmid had lower ATP amounts (Fig. 6B) and higher RpoH 
amounts (Fig. 6C) than the wild-type strain with either plasmid (Fig. 6B and C). Curiously, 
the phoP mutant carrying the AtpAGD-expressing plasmid had similar dnaK mRNA 
amounts as the wild-type strain with either plasmid (Fig. 6D).

The results presented above establish that PhoP increases dnaK mRNA amount by 
stabilizing RpoH. Moreover, they suggest that PhoP increases dnaK mRNA amounts by an 
additional mechanism.

FIG 6 A reduction in ATP amounts increases RpoH abundance and expression of dnaK. (A) Nucleotide sequence of the S. Typhimurium dnaK promoter region 

harboring putative RpoH binding sites shown in red color. The dnaK start codon is in lower case green color. (B) ATP amounts in wild-type (14028s) and phoP 

(MS7953s) S. Typhimurium harboring the vector control or the AtpAGD-expressing plasmid following 5 h of growth in low (10 µM) Mg2+. (C) Protein amounts of 

RpoH relative to the AtpD loading control determined by Western blot in wild-type (14028s) and phoP (MS7953s) S. Typhimurium harboring the vector control 

or the AtpAGD-expressing plasmid following 5 h of growth in low (10 µM) Mg2+. (D) mRNA abundance of the dnaK gene relative to that of the constitutive ompA 

control in wild-type (14028s) and phoP (MS7953s) S. Typhimurium harboring the vector control or the AtpAGD-expressing plasmid following 5 h of growth in low 

(10 µM) Mg2+. Data in panels B–D represent mean ± SD of three independent biological replicates. Statistical analysis was performed using two-tailed Student’s 

t-test comparing the bracketed sample groups (**P < 0.01, ***P < 0.001, ns = not significant).
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A C-terminal truncation of DnaK increases RpoH amounts and activity, but 
removal of the three J-domain cochaperones does not

The DnaK/DnaJ/GrpE system is reported to control the amount and activity of RpoH in 
E. coli (22, 24–26). During unstressed growth, the DnaK/DnaJ/GrpE system keeps RpoH in 
low abundance by promoting RpoH degradation. During heat shock, RpoH abundance 
and activity are proposed to increase because this stress promotes protein unfolding,
and unfolded proteins titrate DnaK, rendering it unavailable to promote RpoH degrada
tion and to inhibit RpoH activity (24, 52, 53).

We investigated the possibility of DnaK exerting negative feedback on RpoH without 
the participation of DnaJ or other J-domain cochaperones in S. Typhimurium because 
DnaK reduces protein synthesis and confers survival against cytoplasmic Mg2+ starvation 
independently of cochaperones in this bacterial species (8). Thus, we compared the 
amounts of RpoH protein and RpoH-activated transcripts in isogenic wild-type, dnaK14 
single mutant, and cbpA djlA dnaJ triple mutant S. Typhimurium strains. The dnaK14 
mutant specifies a stable version of the DnaK protein lacking its C-terminal 74 amino 
acids (8) and unable to reduce protein synthesis (8). The dnaK14 mutant grows like the 
wild-type strain in both complex media and defined media with high (10 mM) Mg2+ but is 
defective for survival at 24 h in defined media with low (10 µM) Mg2+ (8).

RpoH amounts were 50-fold higher in the dnaK14 mutant than in the wild-type strain 
or the cbpA djlA dnaJ triple mutant following bacterial growth in low (10 µM) Mg2+ for 5 h 
(Fig. 7A), a condition in which the dnaK14 mutant exhibits wild-type survival (Fig. S4A). By 
contrast, the cbpA djlA dnaJ triple mutant had slightly lower (twofold less) RpoH amounts 
than the wild-type strain (Fig. 7A). Thus, the C-terminal domain of DnaK decreases RpoH 
abundance in a J-domain cochaperone-independent manner.

The mRNA amounts of the RpoH-activated groEL gene were 12 times higher in the 
dnaK14 mutant than in the wild-type strain (Fig. 7B). The mRNA amounts of the RpoH-
activated creA gene were also higher in the dnaK14 mutant than the wild-type strain
(Fig. S4C), but the difference was smaller than that observed with the groEL mRNA (Fig. 
7B). Curiously, the mRNA amounts of the groEL and creA mRNAs were ~50% lower in 
the cbpA djlA dnaJ triple mutant than in the wild-type strain (Fig. 7B; Fig. S4C). These 
results indicate that the DnaK-mediated decrease in RpoH amounts reduces the mRNA 
abundance of RpoH-activated genes. Moreover, they suggest that J-domain cochaper
ones may hinder DnaK’s ability to reduce RpoH amounts and activity.

The negative feedback that the C-terminal domain of DnaK exerts on the RpoH 
protein and its regulated genes was also observed when bacteria were grown in high 
(10 mM) Mg2+ for 4.5 h (Fig. 7C; Fig. S4B and D) indicating that it is not exclusive to 
cytoplasmic Mg2+ starvation. Our results obtained with S. Typhimurium further support 
the notion that DnaK negatively regulates its transcriptional activator RpoH, as originally 
reported for E. coli (22, 24–26).

The dnaK and dnaJ genes are not always syntenic

Genes encoding products that participate in the same biochemical and/or physiological 
pathways are often adjacent to one another. Such gene relationship, known as synteny, 
is believed to aid gene survival upon horizontal gene transfer (54, 55). This is because a 
foreign DNA segment is more likely to readily benefit an organism if it includes all the 
genes participating in a given pathway. Otherwise, the acquired foreign DNA will likely 
mutate and eventually be lost.

The dnaK and dnaJ genes belong to the same operon in many species (43), likely 
because DnaK operates with DnaJ and nucleotide exchange factor GrpE when per
forming its canonical protein folding role (56). However, dnaK and dnaJ are differen-
tially expressed during cytoplasmic Mg2+ starvation (Fig. 2), and DnaK reduces protein 
synthesis in a J-domain cochaperone-independent manner (8), indicating that DnaK can 
operate independently of DnaJ and suggesting that dnaK and dnaJ may not be syntenic 
in other bacterial species.
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The genome of the gut commensal bacterium Bacteroides thetaiotaomicron strain 
VPI-5482 harbors an open reading frame (BT4615) that shares 61% amino acid identity 
(75% similarity) with the S. Typhimurium DnaK protein and another ORF (BT1244) that 
shares 43% amino acid identity (59% similarity) with the S. Typhimurium DnaJ protein, 
25% identity (43% similarity) with the longer S. Typhimurium CbpA protein, and no 
significant identity with the S. Typhimurium DjlA protein. Curiously, the BT4615 and 
BT1244 genes are 1,769,258 nt apart in the circular B. thetaiotaomicron genome (Fig. 
8A). Encoding a dnaJ sequelog, the BT1244 gene is located immediately adjacent to and 
in the same orientation as the BT1243 gene, which specifies a sequelog of nucleotide 
exchange factor GrpE. The dnaK and dnaJ genes are not syntenic in the genomes of 
the thermophilic bacterium Thermotoga maritima strain MSB8 (Fig. 8B) or the obligate 
intracellular bacterium Chlamydia trachomatis (Fig. 8C) either.

DISCUSSION

Molecular chaperones play diverse roles in protein homeostasis and exhibit distinct 
requirements for cochaperones. The widely distributed chaperone DnaK requires a 
J-domain cochaperone to refold proteins when E. coli experiences heat shock (10), but 
it reduces protein synthesis without J-domain cochaperones in S. Typhimurium facing 
cytoplasmic Mg2+ starvation (8). We have now established that (i) DnaK and its J-domain 
cochaperones are regulated in opposite ways when the proteostasis-perturbing stress 
is cytoplasmic Mg2+ starvation (Fig. 2A and F); (ii) PhoP, the master regulator of Mg2+ 

homeostasis (42), promotes dnaK transcription (Fig. 2B) but destabilizes the dnaJ mRNA 
(Fig. 5E) even though dnaK and dnaJ are part of a polycistronic mRNA under other 
growth conditions (Fig. 2A) (57); (iii) PhoP furthers dnaK transcription by stabilizing RpoH 
(Fig. 6C), the alternative sigma factor directly responsible for transcription from the dnaK 

FIG 7 DnaK downregulates RpoH amounts and activity even in the absence of J-domain cochaperones. (A) Protein amounts of RpoH relative to the AtpD 

loading control determined by Western blot in wild-type (14028s), dnaK14 (CC186), and dnaJ cbpA djlA (CC656) S. Typhimurium following 5 h of growth in low 

(10 µM) Mg2+. (B) mRNA abundance of the groEL gene relative to that of the constitutive ompA control in wild-type (14028s), dnaK14 (CC186), and dnaJ cbpA 

djlA (CC656) S. Typhimurium following 5 h of growth in low (10 µM) Mg2+. (C) mRNA abundance of the groEL gene relative to that of the constitutive ompA 

control in wild-type (14028s), dnaK14 (CC186), and dnaJ cbpA djlA (CC656) S. Typhimurium following 4.5 h of growth in high (10 mM) Mg2+. Data in panels A–C 

represent mean ± SD of three independent biological replicates. Statistical analysis was performed using two-tailed Student’s t-test comparing the bracketed 

sample groups (****P < 0.0001, ns = not significant).
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promoter in E. coli (50); and (iv) DnaK requires its C-terminal domain but no J-domain 
cochaperones to decrease RpoH amount and activity (Fig. 7), reinforcing the notion 
that DnaK can operate independently of J-domain cochaperones (8). Because bacteria 
express their genes only when needed, the coordinate versus differential expression 
of chaperone DnaK and its J-domain cochaperones reflects the specific proteostasis-per
turbing stress faced by bacteria.

Cells experiencing stresses that compromise protein homeostasis typically respond 
by upregulating pathways involved in protein maintenance and repair (1). J-domain 
cochaperones participate in this process by delivering protein substrates in need of 
chaperoning to DnaK and stimulating ATP hydrolysis (58). Of the three J-domain 
cochaperones in enteric bacteria, DnaJ delivers the largest number of substrates and 
is thus the major contributor to canonical DnaK-mediated chaperoning, followed by 

FIG 8 The organization of the dnaK and dnaJ genes varies among the genomes of bacterial species. (A) Organization of the dnaK and dnaJ genes in the 

genome of Bacteroides thetaiotaomicron strain VPI-5482. (B) Organization of the dnaK and dnaJ genes in the genome of Thermotoga maritima strain MSB8. (C) 

Organization of the dnaK and dnaJ genes in the genome of Chlamydia trachomatis strain L2. (D) Organization of the dnaK, dnaJ, and grpE genes in the genome of 

Leptospira interrogans strain 22.
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CbpA and DjlA (59). S. Typhimurium appears to limit canonical chaperoning by the DnaK/
J-domain cochaperone/GrpE system when experiencing cytoplasmic Mg2+ starvation 
because it represses expression of two out of its three J-domain cochaperone-encoding 
genes in a PhoP-dependent manner (Fig. 2G; Fig. S1B and D), and the substrate pools of 
J-domain cochaperones share limited overlap that would otherwise raise the possibility 
of compensation (48, 60).

Classical co-regulation of genes in an operon is facilitated by a promoter that drives 
co-expression of two or more genes (61). For example, the groES and groEL genes, 
which specify the GroES/GroEL chaperone system, are organized in an operon and 
co-expressed (57). The groESgroEL operon has been strictly conserved (43), in contrast to 
the dnaK and dnaJ-containing operons, which appear to have undergone evolutionary 
changes and differ across species. Bacteria vary considerably in the other genes present 
in the dnaKdnaJ operons and the order of the genes, which affects the distance between 
dnaK and dnaJ and introduces additional regulatory elements. For example, the dnaK 
and dnaJ genes are 1,769 kb apart in the gut commensal bacterium B. thetaiotaomicron 
(Fig. 8A).

During cytoplasmic Mg2+ starvation, the dnaKdnaJ operon may be transcribed as a 
single message, as during nutrient abundance, followed by cleavage into two or more 
mRNAs that differ in stability. In agreement with this notion, PhoP decreased the stability 
of the dnaJ portion of the mRNA but not of that corresponding to dnaK (Fig. 5D and 
E). Alternatively, transcription may terminate in the intergenic region between dnaK and 
dnaJ, as previously observed in some bacterial transcripts (62, 63); however, sequen
ces resembling an intrinsic transcription terminator are not present in the dnaK-dnaJ 
intergenic region, which, at 85 nt (Fig. 5A), is unusually long for genes that are part of an 
operon. A long intergenic region separates the dnaK and dnaJ genes in other species as 
well. For example, it is 301 nt long in the tropical spirochete Leptospira interrogans (Fig. 
8D), reinforcing the notion that dnaK and dnaJ are differentially expressed under some 
conditions in different bacterial species. The dnaKdnaJ intergenic region may be targeted 
by a small noncoding RNA (sRNA) that regulates stability of the bicistronic transcript: 
in both E. coli and S. Typhimurium, the intergenic region encodes an sRNA, tpke11, that 
shares 80% identity between the two species (64, 65). Expression of tpke11 is downregu
lated in a PhoP-dependent manner when S. Typhimurium infects rat fibroblasts (65), 
raising the possibility that bacteria control differential versus coordinate regulation of 
dnaK and dnaJ under PhoP-inducing stress conditions (e.g., Mg2+ starvation) via tpke11.

During nutrient abundance, co-regulation of the dnaK and dnaJ genes facilitates 
stoichiometric balance of their encoded proteins (66), which is important for the 
canonical activities of the DnaK/DnaJ/GrpE chaperone system (67). The differential 
expression of the dnaK and dnaJ genes taking place during cytoplasmic Mg2+ starva
tion results in a higher DnaK to DnaJ ratio than during unstressed growth (Fig. 3A). 
Accordingly, increased free DnaK can potentially interact with cellular structures other 
than J-domain cochaperones and adopt other functions, such as binding ribosomes and 
repressing translation (8), which promotes survival against low cytoplasmic Mg2+ (8).

RpoH activates transcription from both the dnaKdnaJ and groESgroEL promoters (5). 
Cytoplasmic Mg2+ starvation promotes transcription of dnaK (Fig. 2A) by decreasing the 
concentration of adenosine triphosphate (ATP) below the threshold necessary for full 
proteolysis of regulatory proteins (Fig. 1E), including RpoH (36) in a phoP-dependent 
manner (Fig. 6B). The resulting phoP-dependent accumulation of RpoH during cytoplas
mic Mg2+ starvation (Fig. 6C) is reminiscent of that taking place during heat stress (5), 
albeit caused by a different mechanism: DnaK becomes unavailable to deliver RpoH to 
ATP-dependent proteases when misfolded proteins titrate DnaK (Fig. 1D) (19, 68).

Finally, DnaK exerts negative feedback on RpoH amounts (Fig. 7A) and activity via 
its C-terminal 74 residues (Fig. 7B and C). This feedback takes place both when bacte
ria face cytoplasmic Mg2+ starvation (Fig. 7B) and Mg2+-abundant conditions (Fig. 7C). 
Most significantly, DnaK downregulates RpoH in S. Typhimurium even in the absence of 
J-domain cochaperones (Fig. 7), suggesting that this control does not operate via the 
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canonical DnaK pathway involving DnaJ and GrpE. Cumulatively, our findings indicate 
that the specific stress perturbing protein homeostasis determines the distinct versus 
coordinate expression and activity of DnaK and its cochaperones.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains and oligonucleotides used in this study are presented in Tables S1 and 
S2. S. Typhimurium strains are derived from wild-type strain 14028s.

Typhimurium strains were grown in N-minimal media (pH 7.7) supplemented with 
0.1% casamino acids, 38 mM glycerol, and the indicated concentrations of MgCl2 at 37°C 
in a water bath with 250 rpm shaking. Overnight cultures were grown in media with high 
(10 mM) Mg2+, washed three times in media with no Mg2+, and diluted 1:50 into media 
with the indicated concentrations of Mg2+. Growth times in low versus high Mg2+ (5 h and 
4.5 h, respectively) yielded cultures at similar optical densities at 600 nm.

For strains harboring the AtpAGD-expressing plasmid, cells were washed three times 
with no Mg²+ media and then diluted 1:25 into low Mg²+ (10 µM) media containing 
50 µg/mL ampicillin for plasmid maintenance. Expression of the soluble subunit of the 
F₁F₀ ATP synthase (AtpAGD) was induced with 1 mM of isopropyl β-D-1-thiogalactopyra
noside (IPTG) after 2.5 h of growth.

RNA extraction and quantitative real-time PCR

Bacterial cultures were grown in N-minimal media as described above. At the indicated 
times, 0.5 mL of bacterial culture was combined with 1 mL of RNAprotect Bacteria 
Reagent (Qiagen) to stabilize RNAs. Cells were collected by centrifugation for 10 min 
(20,000 × g, 4°C).

Cell pellets were resuspended in 100 µL Tris-EDTA (TE) with 2 mg/mL lysozyme to lyse 
bacteria. Total RNA extraction was performed using the RNeasy Kit (Qiagen). A total of 
1 µg of RNA was used to synthesize cDNA using SuperScript VILO Master Mix (Thermo 
Fisher Scientific). The resulting cDNA was diluted 1:10 (for the dnaK, dnaJ, cbpA, djlA, 
and mgtB genes) or 1:100 (for the ompA and ffh genes, used as constitutive controls) 
for qRT-PCR, which was performed using Fast SYBR Green Master Mix (Thermo Fisher 
Scientific) using 2 µL of the diluted cDNA. Relative amounts of mRNA corresponding to 
each gene were determined using a standard curve of S. Typhimurium genomic DNA 
serially diluted by factors of 10.

In vivo RNA stability assay

Bacterial cultures were grown in 10 mL N-minimal media as described above. After 
5 h of growth, a pre-rifampicin aliquot of 0.5 mL was collected and combined with 
RNAprotect Bacteria Reagent (Qiagen) as described above. Rifampicin was added at a 
final concentration of 200 µg/mL to halt RNA synthesis. Subsequent 0.5 mL samples were 
collected at the indicated time points.

RNA extraction and qRT-PCR were performed as described above. mRNA values at 
indicated time points were divided by the initial mRNA value prior to rifampicin addition 
to determine the fraction of remaining mRNA.

Western blot

Bacterial cultures were grown in N-minimal media as described above. At the indicated 
times, the optical density at 600 nm was measured. An equivalent number of cells (OD 
0.5 = 0.5 mL) was harvested for each culture and pelleted by centrifugation for 2 min 
(20,000 × g, 4°C). The supernatant was removed, and pellets were resuspended in 50 µL 
of B-PER Bacterial Protein Extraction Reagent (Thermo Fisher Scientific) supplemented 
with 100 µg/mL lysozyme. Following 5 min of lysis at room temperature, 50 µL of 2× 
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Laemmli sample buffer was added, and the samples were boiled at 95°C for 10 min. 
A 5 µL portion of the mixture was electrophoresed on NuPAGE 4%–12% Bis-Tris gels 
(Thermo Fisher Scientific) and transferred to nitrocellulose membranes using the iBlot 2 
transfer device (Thermo Fisher Scientific). Following transfer, membranes were blocked 
in 3% skim milk in Tris-buffered saline with 0.1% Tween-20 (TBST) at room temperature 
for 2 h, incubated with the indicated primary antibodies in TBST for 1 h, washed three 
times, incubated with fluorescent secondary antibodies in TBST for 1 h, and washed 
three times. Rabbit anti-DnaK (Thermo Fisher Scientific) was used at a dilution of 1:5,000. 
Rabbit anti-DnaJ (gift from Pierre Genevaux) was used at a dilution of 1:2,500. IRDye 
800CW donkey anti-rabbit (LI-COR Biosciences) was used at a 1:5,000 dilution to probe 
for DnaK and 1:500 dilution to probe for DnaJ. The fluorescent signal was captured with 
an Amersham ImageQuant 800 imager (Cytiva Life Sciences) using a 775 nm excitation 
wavelength and IRlong emission filter.

For detection of RpoH, a chemiluminescent method was used. Membranes were 
blocked as described above, then incubated overnight at 4°C with mouse anti-RpoH 
antibody (3RH3, BioLegend) diluted 1:2,000 in TBST. Membranes were washed three 
times in TBST, then incubated for 1 h at room temperature with anti-mouse IgG HRP-
conjugated secondary antibody (Promega) diluted 1:5,000 in TBST. Blots were developed 
using the SuperSignal West Femto substrate (Thermo Fisher Scientific).

ATP measurement in bacterial cells

Bacterial cultures were grown for the indicated times as described above. ATP measure
ments were performed using the BacTiter-Glo Microbial Cell Viability Assay Kit (Promega) 
following the manufacturer’s instructions. ATP levels were normalized to the optical 
density of the cultures at 600 nm.
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