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Abstract

Bacterial chaperones ClpB and DnaK, homologs of the respective eukaryotic heat shock proteins 

Hsp104 and Hsp70, are essential in the reactivation of toxic protein aggregates that occur during 

translation or periods of stress. In the pathogen Mycobacterium tuberculosis (Mtb), the protective 

effect of chaperones extends to survival in the presence of host stresses, such as protein-damaging 

oxidants. However, we lack a full understanding of the interplay of Hsps and other stress response 

genes in mycobacteria. Here, we employ genome-wide transposon mutagenesis to identify the 

genes that support clpB function in Mtb. In addition to validating the role of ClpB in Mtb’s 

response to oxidants, we show that HtpG, a homolog of Hsp90, plays a distinct role from ClpB 

in the proteotoxic stress response. While loss of neither clpB nor htpG is lethal to the cell, loss 

of both through genetic depletion or small molecule inhibition impairs recovery after exposure 

to host-like stresses, especially reactive nitrogen species. Moreover, defects in cells lacking clpB 
can be complemented by overexpression of other chaperones, demonstrating that Mtb’s stress 

response network depends upon finely tuned chaperone expression levels. These results suggest 

that inhibition of multiple chaperones could work in concert with host immunity to disable Mtb.
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1. | INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the main pathogenic agent of tuberculosis (TB), a 

leading cause of death due to an infectious disease worldwide (WHO, 2018). About a 

third of the world’s population is estimated to have latent TB infection, reflecting Mtb’s 

ability to survive in the human host as bacterial subpopulations in heterogeneous states 

that range from replicative to non-replicative, with differing sensitivities to antibiotics 

(Gold and Nathan, 2017). Mtb can reside in acidic host environments, as evidenced by 

the avirulence of acid-susceptible mutants in mice and the activity of the front-line TB 

drug Levitte et al., 2016; Yadon et al., 2017; Zhang and Mitchison, 2003). In activated 

macrophages and in other host microenvironments, Mtb can be exposed to multiple chemical 

stresses, including reactive oxygen and nitrogen species and antibiotics, as well as the 

elevated temperature of fever (Dahl et al., 2015; Ehrt and Schnappinger, 2009; Kaufmann 

et al., 2005; Russell, 2011). Cellular proteins are especially susceptible to unfolding and 

aggregation under these conditions (Schramm et al., 2020; Vaubourgeix et al., 2015). 

Chaperones that are conserved from bacteria to higher eukaryotes serve in a dedicated 

pathway that disaggregates and refolds toxic protein aggregates, maintaining proteostasis, 

and promoting cell survival (Balchin et al., 2016; Kim et al., 2013). The conserved bacterial 

pair ClpB/DnaK (homologs of eukaryotic Hsp104/Hsp70) are ATP-powered proteins that 

form the hub of a protein “bichaperone” network (Calloni et al., 2012; Mogk et al., 1999; 

Zietkiewicz et al., 2004). In mycobacteria, DnaK is predicted to be essential for growth due 

to its involvement in folding nascent proteins and reactivating aggregated proteins along 

with the disaggregase ClpB (Figure 1) (DeJesus et al., 2017; Fay and Glickman, 2014; 

Lupoli et al., 2016; Lupoli et al., 2018; Sassetti et al., 2003; Vaubourgeix et al., 2015; Yu 

et al., 2018). Mycobacterial chaperones are also involved in asymmetrically distributing 

irreversibly damaged, aggregated proteins during cell division as a mechanism of survival 

during periods of oxidative or antibiotic stress (Fay and Glickman, 2014; Vaubourgeix et al., 

2015).

Nonreplicating bacterial cells have been shown to contain greater amounts of protein 

aggregates than those in an actively replicating state (Fay and Glickman, 2014; 

Kwiatkowska et al., 2008; Maisonneuve et al., 2008; Navarro Llorens et al., 2010; 

Vaubourgeix et al., 2015). Factors promoting this increase in protein aggregation include 

suboptimal function of protein quality control machinery, lack of nutrients to support 

protein synthesis, and an increase in cellular oxidants sufficient to cause irreversible protein 

modifications (Josefson et al., 2017). Mtb cells lacking clpB exhibit defects in recovery 

after achieving a stationary growth phase, which is one non-replicative state. In addition, 

Mtb ΔclpB cells are more sensitive than wild type to isoniazid, a frontline TB drug that 

induces oxidative damage in mycobacteria, and are attenuated in a mouse infection model 

(Vaubourgeix et al., 2015).
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Given the functional importance of both DnaK and ClpB in mycobacterial survival, both 

proteins have been suggested as noncanonical targets for antimycobacterial chemotherapy 

(Lupoli et al., 2018; Mohammadi-Ostad-Kalayeh et al., 2017). Several small molecules 

inhibit protein degradation machinery in mycobacteria (Compton et al., 2013; Lin et al., 

2009) and some natural products may disable chaperones in other bacterial species, such 

as Escherichia coli (Kragol et al., 2001; Scocchi et al., 2009, 2011). However, we lack a 

fundamental picture of how other molecular players aid DnaK and ClpB in the bacterial 

stress response to unfolded proteins. A better understanding of these chaperone networks 

would grant us insight into mycobacterial protein biochemistry and enhance our ability 

to target mycobacterial proteostasis. Such an approach could synergize with host-imposed 

stresses.

Here, we aimed to identify genes that aid or complement clpB function in maintaining 

protein homeostasis in Mtb. Using Tn-seq (transposon mutagenesis coupled to sequencing) 

analysis (DeJesus et al., 2017; Long et al., 2015; Sassetti et al., 2001, 2003), we find that 

many of the genes predicted to be important for survival in cells lacking clpB encode 

oxidative stress response proteins. We identify a proteostasis-related gene, htpG, that 

encodes an annotated chaperone (Bardwell and Craig, 1988) whose homologs facilitate 

protein folding along with DnaK in other organisms (Genest et al., 2011). We show that 

Mtb ΔclpB cells are sensitive to oxidants, especially diamide, while ΔhtpG cells are not. 

While htpG, like clpB, is not essential in Mtb (Lopez Quezada et al., 2020; Vaubourgeix 

et al., 2015), we find that cells lacking both nonessential chaperones are hypersensitive 

to host-like stresses that induce a nonreplicating state. Finally, a small molecule probe 

that targets HtpG mimics the effect of htpG disruption in ClpB-deficient Mtb. Our results 

illuminate the consequences of distorting the levels of Mtb chaperones and suggest targets 

whose inhibition could increase the vulnerability of Mtb to conditions it encounters in the 

host.

2 | RESULTS

2.1 | Genome-wide transposon mutagenesis analysis suggests a relationship between 
Mtb clpB function and stress response genes

Tn-seq uses next-generation sequencing methods for whole-genome evaluation of the 

essentiality of genes by quantifying the frequency of transposon-induced mutations in 

populations of cells under different conditions (Chao et al., 2016; DeJesus et al., 2017; 

Sassetti et al., 2003). We used Tn-seq to assess the genetic interactions between clpB 
and otherwise nonessential genes in Mtb by comparing wild-type and ΔclpB transposon 

libraries. The mycobacteriophage ϕMycoMarT7 was used to randomly deliver a transposon 

that carries a kanamycin resistant cassette to one of the greater than 70,000 TA dinucleotide 

insertion sites in the Mtb genome (Long et al., 2015; Sassetti et al., 2001, 2003) prior 

to outgrowth of the population on a solid medium under standard conditions for ~22 

generations (based on a generation time of ~20 hr for Mtb) (Gill et al., 2009). We prepared 

two independent libraries in each strain and identified sites of TA insertions (Figure S1, 

Table S1). Each library covered 50% to 80% of TA sites with 4 to 6 million unique reads 

(Table S2). Replicate libraries showed good agreement. We combined their data (Figure S2) 
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and analyzed them using published methods that account for stochastic variation between 

Tn insertion data sets (Figure 2) (Chao et al., 2013; Kieser et al., 2015; Pritchard et al., 

2014). As indicated in Figure 2, fewer transposon insertions were isolated in the Mtb ΔclpB 
background compared to the wild type. One explanation for this outcome is that Mtb ΔclpB 
cells have a growth defect on agar relative to wild type (Vaubourgeix et al., 2015). Since 

outgrowth on agar is required for the isolation of transposon mutants, insertions in some 

genes led to effects that synergized with this ΔclpB deficiency. Based on a p-value cutoff of 

.001, >100 genes showed interactions with clpB (Table S3), similar to what has been seen 

for other genes that serve as pathway “hubs” in Mtb (Griffin et al., 2011; Joshi et al., 2006; 

Nambi et al., 2015).

Pathway analysis indicated that various mycobacterial metabolic and/or stress response 

genes had genetic interactions with clpB. Genes implicated in the oxidative stress response 

(Lin et al., 2016; Voskuil et al., 2011) are highlighted in Figure 2a. A major subset are 

mycobactin biosynthesis (mbt) genes, in which insertions were under-represented in clpB 
deficient cells (Figure 2a, green). Mycobactins are small molecule siderophores produced 

by mycobacteria that recruit ferric ions from the environment during iron starvation, 

thereby maintaining intracellular Fe2+ (Gold et al., 2001; Quadri et al., 1998; Rodriguez 

et al., 2002). Lack of insertions in mbt genes suggests that defects in iron acquisition 

are more compromising to Mtb without clpB than to wild-type cells. The second class of 

oxidative stress response genes highlighted in Figure 2a (blue) are cysteine biosynthesis 

and sulfur metabolism genes (cys genes; sirA, subI). Mutations in these genes are likely 

under-represented in Mtb ΔclpB transposon libraries due to the compensatory effect of free 

thiols such as cysteine and its intermediates in buffering Mtb against oxidants (Lin et al., 

2016; Nambi et al., 2015), which evidently becomes especially important when cells lack 

clpB.

A search for all annotated mycobacterial proteostasis genes in our data set (Figure 2b, 

red) revealed that only one gene (Rv2299c) was significantly under-represented in Mtb 

ΔclpB libraries (Figure S3, Table S4), suggesting that mutation of Rv2299c is detrimental 

to cells that lack clpB. Rv2299c is annotated as htpG, which encodes a protein chaperone 

that is the prokaryotic homolog of the well-studied eukaryotic chaperone Hsp90 (Taipale 

et al., 2010). E. coli HtpG interacts with DnaK (Genest et al., 2011), but mycobacterial 

HtpG had not yet been characterized. Mycobacterial DnaK cooperates with ClpB in the 

resolution and reactivation of protein aggregates (Fay and Glickman, 2014; Lupoli et al., 

2016; Vaubourgeix et al., 2015). Accordingly, we speculated that HtpG may play a distinct 

role from ClpB in Mtb proteostasis networks.

2.2 | Mtb cells lacking clpB, but not htpG, are hypersensitive to heat and oxidative stress

We evaluated the response of Mtb cells lacking either ClpB or HtpG to common proteotoxic 

stresses. We first verified that HtpG is present in log-phase Mtb cells and a complemented 

strain carrying a constitutively expressed copy of htpG, but is not present in Mtb ΔhtpG cells 

(Lopez Quezada et al., 2020) (Figure S4). As seen for Mtb ΔclpB strains (Vaubourgeix et al., 

2015), Mtb ΔhtpG cells grew similarly to wild type in nutrient-rich liquid medium (Figure 

3a, inset) over nearly a month.
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Several reports have implicated clpB, cys, and mbt genes in the oxidative stress response 

(Burns-Huang and Mundhra, 2019; Nambi et al., 2015; Tripathi et al., 2020; Vaubourgeix 

et al., 2015; Voskuil et al., 2011). We exposed Mtb cells with and without clpB or htpG 
to chemical oxidants using a reported survival assay (Figure 3a) (Lin et al., 2016). Cells 

lacking htpG behaved like wild type under all conditions tested. In contrast, Mtb ΔclpB 
cells showed ~1 log10 reduction in survival compared to wild type when treated with H2O2 

or the superoxide generator plumbagin, and ~3.5 log10 decrease compared to wild type 

in the presence of the thiol-specific oxidant diamide. Survival defects in Mtb ΔclpB cells 

were restored to wild-type levels upon complementation. For comparison, we evaluated 

the effect of diamide on an Mtb mbt deletion strain, ΔmbtK (Xu et al., 2017), that lacks 

mycobactins and shows growth defects only in iron-deficient conditions (Madigan et al., 

2015). Mtb ΔmbtK behaved similarly to wild type in response to diamide (Figure S5a). 

These observations reinforce that clpB is important for Mtb survival in the presence of 

oxidants and suggest that genes interacting with clpB may play different cellular roles 

depending on the type of proteotoxic stress.

Since protein chaperones are often annotated as “heat shock proteins” (Hsps) for their 

induction in response to an increase in temperature and their putative ability to counteract 

unfolding or aggregation resulting from heat shock (Balchin et al., 2016), we evaluated 

survival of chaperone mutants following heat exposure (Jastrab et al., 2017; Tripathi et al., 

2020). After incubating Mtb at 45°C for 24 hr, we observed no colonies of cells deleted of 

clpB unless the strain was complemented with a wild-type copy of clpB (Figure 3b, left). In 

contrast, Mtb cells lacking htpG survived as well as wild type. Both of the complemented 

strains showed some defects in survival, perhaps due to non-native levels of chaperones. 

Cells lacking an mbt gene showed similar heat sensitivity as wild type (Figure S5b).

Next, we sought to test the effect of loss of htpG on Mtb in the presence of the full range of 

stresses present in an experimental host. Mtb cells lacking clpB are attenuated in the chronic 

phase of infection in C57BL/6 mice, a widely used model (Vaubourgeix et al., 2015). In the 

same model, Mtb ΔhtpG and complemented strains replicated and persisted like wild type 

for up to 180 days as judged from the numbers of viable Mtb recovered from lung, spleen, 

and liver. Thus, HtpG does not play a major role in establishing or maintaining infection 

of Mtb in C57BL/6 mice (Figure S6). It should be noted that the C57BL/6 strain does not 

form hallmark caseating necrotic granulomas and so this model does not recapitulate critical 

features of the biology of Mtb infection in Mtb’s natural host, humans (Hoff et al., 2011; 

Rhoades et al., 1997).

Given that Tn-seq analysis suggested that cells lacking functional copies of both clpB and 

htpG, and not htpG alone, were defective, we set out to examine the effect of mutating both 

nonessential chaperones on Mtb cells under conditions that damage the proteome.

2.3 | Overexpression of protein chaperones rescues cells lacking clpB under proteotoxic 
stress

As a first step toward assessing the effect of knockdown of htpG in clpB-deficient Mtb, we 

initially transformed Mtb ΔclpB cells with a plasmid that integrates an additional copy of 

htpG into the chromosome (Kim et al., 2011). This reverted the slow growth phenotype on 
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solid agar. That observation prompted us to perform whole-genome sequencing (WGS) of 

the resulting strain, which revealed a single nucleotide polymorphism (SNP) in hspR that 

resulted in a point mutation (Ala19Val) in the protein HspR (Figure S7). HspR is part of the 

dnaK operon (Figure 3c, top) and has been shown to act as a repressor of the operon, as well 

as of other chaperone genes, including clpB (Das Gupta et al., 2008; Grandvalet et al., 1999; 

Stewart et al., 2002). We confirmed by WGS and targeted sequencing of hspR that none of 

the other relevant strains (H37RvN wild type, Mtb ΔclpB, or Mtb ΔhtpG) possess this SNP 

(Figure S7). To assess the phenotypic consequences of the SNP, we removed the extra copy 

of htpG and isolated the resulting strain Mtb ΔclpB SNP (hspR A19V). Since ΔclpB cells 

showed significant differences in heat sensitivity compared to wild type (Figure 3b, left), 

we examined the response of Mtb ΔclpB strains with and without hspR A19V following 

a briefer heat shock. As seen in Figure 3b (right), Mtb ΔclpB hspR A19V recovered from 

heat shock (t = 3 and 6 hr) in a similar manner to the wild-type and complemented strains, 

while Mtb ΔclpB lost ~1 log10 in viability compared to all the other strains. Similarly, ΔclpB 
hspR A19V behaved similar to the Mtb ΔclpB complemented strain in response to hydrogen 

peroxide (Figure S8).

A recent report identified suppressor mutations in Mtb hspR in strains lacking the gene 

pafE, which encodes a proteasome accessory factor involved in cellular protein degradation 

(Jastrab et al., 2017). These mutations were found to result in overexpression of DnaK, 

ClpB, and HspR. Since A19V is in the predicted DNA-binding domain of HspR, similar 

to the observed hspR SNPs (Jastrab et al., 2017), we hypothesized that the Mtb ΔclpB 
hspR A19V strain may not exhibit properly regulated chaperone expression. This was 

confirmed by western blot of Mtb lysates after incubation of cells under normal growth 

conditions (37°C, 3 hr) or following a short heat shock (45°C, 3 hr) (Figure 3c). In wild-type 

cells, ClpB protein levels were increased after heat shock, as expected. While HtpG and 

proteasome component PrcB levels were not significantly changed in the tested conditions, 

there was an excess of DnaK, GrpE, and HspR in the Mtb ΔclpB hspR A19V strain with 

and without heat compared to the parent strain. These results reinforce the observation that 

HtpG alone is not involved in the heat shock response (Figure 3b, left, with and without heat 

shock) and suggest that the HspR A19V mutation leads to loss of repressor function, as seen 

for other reported HspR point mutants (Jastrab et al., 2017). These phenotypes reinforce the 

importance of clpB in the heat shock and oxidative stress response and further highlight the 

differences between clpB and htpG in the cell’s response to proteotoxic stress, as previous 

work has indicated that htpG expression is not regulated by the same repressor as dnaK and 

clpB (Stewart et al., 2002).

2.4 | Mtb cells lacking two nonessential chaperones are hypersusceptible to host 
stresses

Because allelic exchange strategies led to the isolation of suppressor mutants in Mtb ΔclpB, 

we resorted to a mycobacterial CRISPRi (clustered regularly interspaced short palindromic 

repeats interference) approach to deplete htpG upon the addition of anhydrotetracycline 

(ATc) in cells with and without clpB (Rock et al., 2017) (Figure S9). We first evaluated the 

effect of heat. While we saw no effect on growth due to lack of both ClpB and HtpG at 37°C 

(Figure 4a, left, red open squares), under a mild heat stress of 40°C, we saw a prolonged 
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lag phase and decrease in doubling time in cells lacking clpB, which was exacerbated by 

the depletion of HtpG (Figure 4a, right, compare open and closed red squares). In ΔclpB 
complemented cells, there was no effect of loss of HtpG under heat stress, underscoring 

that the growth defect seen was due to combined loss of both chaperones. Western blots 

confirmed that these strains maintained knockdown of htpG in the presence of ATc over the 

indicated time period (Figure 4b). In order to determine if this enhanced heat sensitivity was 

due to increased cellular protein aggregation, we analyzed insoluble and soluble fractions 

of lysates for changes in reporter chaperone levels following heat shock. We found that the 

essential chaperone DnaK, and a small heat shock protein (sHsp20) known to be upregulated 

upon heat stress (Stewart et al., 2002), both accumulate in the insoluble fraction in heat-

treated cells lacking ClpB and HtpG compared to those lacking HtpG alone or in wild-type 

cells (Figure S10), suggesting an increase in total protein aggregation. Hence, upon loss of 

ClpB, HtpG function becomes important in maintaining proteostasis following heat shock.

To evaluate the importance of clpB and htpG under more physiologically relevant 

conditions, we assessed survival of the CRISPRi-mediated depletion strains following 

exposure to stresses like those experienced in the host. Diamide and hydrogen peroxide 

affected the ClpB-deficient strain similarly with and without htpG knockdown (Figure S11). 

We then exposed Mtb htpG depletion strains to a three- or four-stress model of host-relevant 

stresses (Bryk et al., 2008; Gold et al., 2015) involving hypoxic conditions (1% O2) in an 

acidic medium (pH 5.0) containing a fatty acid (butyrate) as the sole carbon source, with or 

without nitrite (Ehrt and Schnappinger, 2009; Gold et al., 2015). As seen in Figure 4c, wild-

type cells did not grow during 7 days of observation under these conditions, demonstrating 

a bacteriostatic response (compare inoculum to all conditions tested in wt). There was no 

significant change in survival when htpG alone was depleted (compare wt inoculum (white) 

to plus ATc (blue and red)). In contrast, Mtb ΔclpB cells showed a reduction (>1.5 log10 

relative to the inoculum) in survival without nitrite (light gray, ΔclpB) and with nitrite 

(dark gray, ΔclpB). This phenotype was exacerbated in cells lacking both ClpB and HtpG 

under conditions containing nitrite (red, ΔclpB) (>3 log10 decrease relative to the inoculum) 

compared to those in the absence of nitrite (blue, ΔclpB) (>2 log10 decrease relative to the 

inoculum). The survival defects were largely abrogated in the Mtb ΔclpB htpG knockdown 

strains upon complementation with clpB (see all conditions for ΔclpB comp). Loss of htpG 
in the ΔclpB complemented strain in the presence of nitrite (red, ΔclpB comp) led to >1 

log10 decrease in cell count relative to the inoculum. Similarly, lack of full complementation 

has been observed during recovery from stationary phase in ΔclpB comp cells (Vaubourgeix 

et al., 2015), perhaps due to non-native levels of ClpB in this strain under some stress 

conditions (as seen with added heat in Figure 3c). These data demonstrate that loss of both 

chaperones leads to synergistic survival defects in response to host-relevant stresses.

Mycobacterial HtpG interacts with DnaK but not ClpB. Because htpG and clpB appear to 

play different roles in proteostasis in stressed cells, we next sought to assess biochemical 

interactions involving HtpG within the mycobacterial chaperone network. We purified His-

HtpG and performed pull-downs in Mtb cell lysates. SDS-PAGE showed that a protein band 

at the approximate molecular weight of DnaK (~70 kD) became enriched when His-HtpG 

was affinity purified after incubation with cell lysates (Figure S12a). Western blot (Figure 

S12b) and mass spectrometry (Table S5) verified that this band was Mtb DnaK. We did 
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not detect enrichment of bands migrating with apparent molecular weights similar to that 

of ClpB (~93 kD), nor did we detect a direct interaction between HtpG and ClpB in in 

vitro pull-down assays (Figure S13). In many organisms, Hsp70s (DnaK) interact with 

Hsp90s (HtpG) and Hsp104s (ClpB), and are aided by other cofactor proteins that regulate 

their activity (Genest et al., 2019; Schumacher et al., 1996; Taipale et al., 2010). Our 

results suggest that ClpB and HtpG are not involved in a single proteostasis pathway in 

mycobacteria and are instead part of a broader network that is connected by DnaK.

2.5 | The Hsp90 probe geldanamycin disrupts Mtb HtpG in vitro

Mtb HtpG shares considerable homology with the well-characterized E. coli HtpG (~45% 

sequence identity). However, some mycobacterial chaperones function in a distinct manner 

from their E. coli counterparts (Lupoli et al., 2016; Raju et al., 2012; Rock et al., 2015; 

Srivastava et al., 2016). Since mycobacterial HtpGs had not yet been studied in vitro, we 

assessed the biochemical features of Mtb HtpG with experiments informed by studies on 

Hsp90s.

Like many chaperones, Hsp90 proteins function in an ATP-dependent manner in a 

multimeric state (Ali et al., 2006; Shiau et al., 2006). By size exclusion chromatography, 

purified Mtb HtpG eluted at the molecular weight of an oligomer (Figure S14). It is difficult 

to assess the oligomeric state of Hsp90s by size exclusion analysis using known standards 

because Hsp90 dimers are known to exhibit extended rather than globular structures (Jakob 

et al., 1995; Koyasu et al., 1986; Spence and Georgopoulos, 1989). To better assess the 

oligomeric state of Mtb HtpG, we examined contacts between HtpG monomers using 

site-specific protein cross-linking. We inserted the UV-activatable unnatural amino acid 

para-benzoyl-phenylalanine (BpF or B) into HtpG by amber suppression (Chin et al., 2002). 

Based on a structural model of HtpG (Kelley et al., 2015), we chose 17 sites for insertion 

distributed around the surface of the protein, with a bias toward aromatic or hydrophobic 

residues likely to be present at protein–protein interfaces (Figure 5a). As expected, the 

resulting mutants were only expressed as full-length proteins when BpF was present in 

the growth medium (Figure S15). We then assessed cross-linking by SDS-PAGE analysis 

with or without preceding UV irradiation (Figure 5b), using a standard protein ladder to 

approximate molecular weight (Figure S16). As seen in Figures 5a,b and S17, only residues 

F10, W197, and F635 along one interface of Mtb HtpG consistently formed covalent dimers 

(Figure 5b, lanes 4, 6, and 12). This is a homologous interface to that in E. coli HtpG dimers 

(Shiau et al., 2006).

The natural product geldanamycin (GA) was isolated and characterized as an antibiotic 

(DeBoer et al., 1970). It binds the N-terminal nucleotide-binding domain of eukaryotic 

Hsp90s (Prodromou et al., 1997; Stebbins et al., 1997) but does not bind all bacterial 

HtpGs (Millson et al., 2011). We next assessed the interactions of this chemical probe with 

mycobacterial HtpG by isothermal titration calorimetry (ITC) of Mtb HtpG in the presence 

of excess MgCl2 after extensive dialysis to remove bound nucleotide (Rauch and Gestwicki, 

2014). GA was calculated to bind Mtb HtpG with a KD ~ 15.7 µM (Figures 5c and S18), 

an affinity ~10-fold less than that measured for GA with purified yeast Hsp90 (KD ~ 1.2 

µM) (Roe et al., 1999) and ~3- fold less than that found with E. coli HtpG (KD ~ 5.5 µM) 
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(Millson et al., 2011). The differences in affinity are likely due to sequence variation in 

the binding sites (E. coli and Mtb HtpG N-terminal domains are each <50% identical in 

sequence to that of yeast Hsp90). We purified yeast Hsp90 (S. cerevisiae Hsp82) to compare 

its activity to that of mycobacterial HtpG (Obermann et al., 1998). Both proteins exhibited 

low ATPase activity that was inhibited by GA (Figure S19), as seen for yeast Hsp90 (Lotz et 

al., 2003; Obermann et al., 1998; Owen et al., 2002).

GA induces changes in the overall structure of Hsp90s (Grenert et al., 1997; Stebbins et 

al., 1997). Therefore, we examined the effect of GA on BpF-mediated cross-linking of Mtb 

HtpG. Addition of increasing concentrations of GA enhanced dimerization of HtpG in the 

F303B mutant (Figure 5d, lanes 2–7), which typically forms a previously noted higher order 

oligomer (Jakob et al., 1995) following irradiation (Figure 5b), suggesting a conformational 

change in the N-terminal domain upon binding to GA. In contrast, there was no observed 

change in HtpG dimerization via a BpF residue in the C-terminus (F635, lanes 9–14) or 

other residues that typically mediate dimer formation in the absence of GA (Figure S20); 

since, C-terminal domains of Hsp90s are denoted “oligomerization” domains (Stebbins et 

al., 1997; Wearsch and Nicchitta, 1996). These data demonstrate that GA binds to dimeric 

Mtb HtpG and modulates its ATPase activity and structure.

2.6 | Small molecule inhibition of HtpG in stressed Mtb cells causes survival defects

The foregoing results encouraged us to test the impact of GA on HtpG’s function in Mtb. 

We assessed cell survival in the presence of GA upon loss of htpG or clpB under replicating 

conditions or the nonreplicating conditions of the four-stress host model (Figure 6a). Under 

replicating conditions, GA did not affect mycobacterial cell growth (Table S6) or survival 

(Figure S21), even at high concentrations, as suggested (Johnson et al., 2019). However, 

GA reduced survival by >50-fold of Mtb cells lacking clpB under stress conditions (Figure 

6b), compared to a ~3-fold loss in cell count for wild-type cells and ~10-fold loss for 

ΔhtpG cells. The result for ΔhtpG cells establishes that GA has off-target effects in Mtb 

under nonreplicating conditions. Cell death was slightly enhanced in cells with restored, but 

non-native concentrations of ClpB (compare wt to ΔclpB comp or ΔhtpG comp with GA 

added), as seen in Figure 4c. Overall, the survival trends seen in Mtb htpG genetic depletion 

strains (Figure 4c) were phenocopied by the small molecule inhibitor.

3 | DISCUSSION

Information has been lacking on the biological contributions of individual mycobacterial 

molecular chaperones to survival during host infection. We took a genetic approach to 

identify the molecular players in Mtb that function in addition to ClpB to maintain 

protein homeostasis. Comparison of Mtb wild-type and ΔclpB mutant libraries by Tn-seq 

predicted that loss of many genes involved in the cell’s oxidative stress response would 

aggravate defects due to loss of clpB. These genes include those responsible for mycobactin 

biosynthesis (mbt) and cysteine biosynthesis (cys and others). Transcriptomic experiments 

have shown that clpB along with several mbt and cys genes are upregulated in cells exposed 

to chemical oxidants (Hatzios and Bertozzi, 2011; Manganelli et al., 2002; Pinto et al., 2004; 

Voskuil et al., 2011). As we and others have observed (Lin et al., 2016; Nambi et al., 2015), 
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decreases in free cysteine or thiols derived from cysteine lead to greater defects in cells that 

already lack a component of the oxidative stress response. Indeed, we found that Mtb ΔclpB 
cells are more sensitive to certain oxidants, especially the thiol-specific oxidant diamide. 

Diamide is a reactive electrophile that thiolates cysteine residues in bacterial proteins 

(Pöther et al., 2009). Our results suggest that Mtb cells lacking ClpB are compromised 

in their ability to protect or repair susceptible proteins and may rely heavily on free thiols to 

provide a buffer from oxidants.

In addition to a purported buffering capacity of thiols whose production is dependent on cys 
genes, both cys and mbt genes are upregulated when cells are exposed to intermediate levels 

of peroxide and thereby contribute to repair of iron-sulfur cluster proteins (Dragset et al., 

2019; Voskuil et al., 2011). Fe-S prosthetic groups in these proteins undergo redox reactions 

that fulfill critical biological roles but also render them more susceptible to oxidative 

damage than most other protein classes (Beinert and Kiley, 1999). Repair of these damaged 

redox proteins requires precursors for the prosthetic groups, which include sulfur-containing 

components dependent on cys gene products and iron recruited by mbt gene products (Pinto 

et al., 2004; Rodriguez et al., 2002). While increased production of mycobactins can also be 

detrimental to cells, since enhanced cellular uptake of Fe2+ can enhance oxidative stress via 

the Fenton reaction (Winterbourn, 1995), we postulate that increased oxidative damage via 

the mbt pathway does not occur in cells lacking clpB.

The observation that mbt mutations are underrepresented in ΔclpB strains hints that ClpB 

and mycobactin function might be related. mbt genes are known to be upregulated not only 

after oxidative stress, but also under non-replicative (Muttucumaru et al., 2004) and iron 

starvation (Gold et al., 2001) conditions. Accordingly, a recent report has shown that iron 

acquisition is defective in Mtb ΔclpB cells starved for iron, perhaps because the production 

of mycobactins is somehow disrupted (Kurthkoti et al., 2017). Microbial iron scavenging 

appears to be important in the host, as an Mtb ΔmbtK strain deficient in mycobactin 

production was attenuated in mice (Madigan et al., 2015). Since our Tn-seq experiment 

was performed in ironrich conditions, our findings highlight the importance of mycobactin 

function under additional stresses, such as loss of clpB, which affects cellular proteostasis. 

We are currently investigating the role of ClpB in regulation of mbt gene expression and/or 

mycobactin biosynthesis, which may provide greater insight into the distinct role that ClpB 

plays in the oxidative stress response.

Strikingly, only one annotated proteostasis gene, htpG, showed a significant decrease in 

transposon insertions in cells lacking clpB compared to wild type. Other proteostasis 

gene products are known to function with mycobacterial ClpB, such as the protein folding-

associated chaperone DnaK, and cofactors DnaJ1, DnaJ2, and GrpE (Fay and Glickman, 

2014; Lupoli et al., 2016). Since dnaK and grpE are predicted to be essential in pathogenic 

mycobacteria (DeJesus et al., 2017; Fay and Glickman, 2014), and dnaJ1 and dnaJ2 are 

known to be synthetic lethal in M. smegmatis (Lupoli et al., 2016), we observed a low 

frequency of mutations in these genes, as expected. However, it was unexpected that the 

nonessential chaperone groEL1 did not show a genetic interaction with clpB. Like clpB, 

groEL genes are upregulated in response to heat (Stewart et al., 2002) as well as oxidative 

(Dosanjh et al., 2005) and macrophage-imposed stresses (Monahan et al., 2001). However, 
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Tn-seq analysis does not necessarily link genes that function in identical cellular pathways. 

Instead, this analysis often facilitates the identification of mutations that show synthetic 

phenotypes. Hence, as we anticipated from our Tn-seq analysis, our data collectively 

suggests that ClpB and HtpG play different roles in cellular proteostasis (see Figure 1).

HtpG it is part of the highly conserved Hsp90 family of protein chaperones. E. coli HtpG 

has been shown to play a role in protein folding and stabilization in concert with DnaK and 

cofactors (Figure 1) (Genest et al., 2011), as well as prevention of protein aggregation 

(Thomas and Baneyx, 2000). As we observed here, variation in heat shock recovery 

phenotypes between cells lacking htpG and clpB has been observed in E. coli. Since Mtb 

cells lacking clpB and htpG responded differently under the variety of stress conditions 

tested, these chaperones likely have differing roles in proteostasis depending on the type of 

stress experienced by the bacterium. Namely, our data support the idea that clpB is involved 

in the oxidative stress response and htpG is not.

A combination of modeling and experimental work has suggested that DnaK is the 

main bacterial “guardian” chaperone in response to oxidative stress or other damage to 

the proteome (Santra et al., 2018). While we found that HtpG interacts with DnaK in 

mycobacterial cell lysates, we did not detect a direct interaction between HtpG and ClpB, as 

seen in other organisms (Genest et al., 2019; Rosenzweig et al., 2013). We isolated a point 

mutation in hspR in Mtb ΔclpB cells that led to loss of function of the encoded repressor 

and overexpression of chaperone genes. This mutation reduced sensitivity of cells to heat, 

as seen for hspR suppressor mutations in an Mtb proteasome cofactor knockout strain 

(Jastrab et al., 2017), as well as peroxide. These observations can be rationalized by the 

ability of DnaK and cofactor proteins to perform “holdase” functions, by which proteins are 

protected from unfolding or aggregation by binding to chaperones under stress conditions 

(Perales-Calvo et al., 2018). Our experiments showed that HtpG cannot compensate for loss 

of ClpB, and that HtpG levels remain constant in wild-type and ΔclpB hspR A19V cells with 

and without heat treatment. Taken together, these results reinforce that DnaK acts as a hub 

through which HtpG and ClpB indirectly interact, and that DnaK can compensate for loss of 

ClpB in stressed cells when overexpressed with cofactors (Thomas and Baneyx, 2000). We 

circumvented the generation of hspR mutations to generate double chaperone mutants using 

a CRISPRi approach. We commend this approach to others studying chaperone biology in 

mycobacteria.

While deletion of hspR improves Mtb’s heat tolerance, it has been shown to decease Mtb’s 

survival in mice (Stewart et al., 2001). The attenuated growth of Mtb ΔhspR strains during 

infection was attributed to the overexpression and secretion of Mtb DnaK into macrophages, 

which is thought to promote secretion of other proteins, leading to a heightened immune 

response (Barrios et al., 1992). Hence, besides inhibiting the combinations of chaperones, 

another possible mechanism to promote mycobacterial death in the host could be to disrupt 

regulatory factors such as HspR to alter the native levels of chaperone expression.

In mycobacteria, htpG is not encoded in avirulent, species such as M. smegmatis, but 

is conserved in pathogenic species such as Mtb, M. leprae, M. bovis and M. marinum, 
suggesting that HtpG may be important for virulence. Our in vivo infection experiments 
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were subject to limitations of the standard mouse model that was used. As a complementary 

approach, we used in vitro experiments that were compatible with mycobacterial CRISPRi 

strategies, and found that cells lacking clpB that were depleted of htpG or treated with 

the HtpG inhibitor GA showed significant loss in viability compared to wild type when 

exposed to multi-stress conditions that mimic those in the host, especially in the presence 

of reactive nitrogen species that induce a non-replicative state. This result indicates that 

htpG aids in Mtb’s response to nitrosative damage (Ehrt and Schnappinger, 2009), which 

was not predicted by transcriptomic analysis (Wattam et al., 2017). While GA treatment 

demonstrated off-target effects in cells treated under nonreplicating conditions, a wealth 

of available GA analogs can be tested for cellular HtpG selectivity (Hadden et al., 2006; 

Ueda et al., 2019). We recently reported that Mtb ΔhtpG shows fourfold more cidality than 

wild type in the presence of select cephalosporins under nonreplicating conditions (Lopez 

Quezada et al., 2020). Perhaps this family of beta-lactams will synergize with GA analogs to 

kill Mtb.

This study evaluated the genetic depletions and an active site inhibitor to probe chaperone 

biology and biochemistry in mycobacteria. A promising alternative approach to blocking 

individual chaperones’ activity is to interfere with the protein–protein interactions (PPIs) 

that are central to the process of protein folding by networks of chaperones, substrates, 

and cofactor proteins. These methods have been applied to eukaryotic Hsp90s for cancer 

treatments (Dutta Gupta et al., 2019). Our site-specific UV cross-linking results indicate 

dimerization sites and exposed surfaces that can be used for studies aimed at targeting PPIs 

of HtpG. Similar experiments could identify other PPIs in proteostasis pathways.

In sum, we have shown that disruption of two nonessential chaperones increases the death 

of Mtb under conditions designed to mimic those in the human host, that GA can be 

used to inhibit one of these nonessential chaperones in Mtb, and that Mtb cells lacking 

ClpB are highly susceptible to a thiol-based oxidant. It has been proposed that balanced 

chaperone expression is important for Mtb’s virulence (Stewart et al., 2001). If so, then 

even a disturbance in chaperone function that results in an upregulation of remaining 

cellular chaperones could grant the host an advantage over the pathogen. Strategies aimed 

at disabling several components of the proteostasis machinery by targeting PPIs are under 

investigation.

4 | EXPERIMENTAL PROCEDURES

4.1 | General materials, bacterial strains and culture conditions

M. tuberculosis H37Rv North (H37RvN) and mutant strains were cultured at 37°C with 5% 

CO2 in Middlebrook 7H9 medium (BD Difco) supplemented with 0.2% glycerol, 0.05% 

Tween 80, 0.5% bovine serum albumin (Roche), 0.2% dextrose, and 0.085% NaCl (called 

7H9 complete/tween unless otherwise noted). E. coli strains were grown in Luria–Bertani 

(LB) medium (BD Biosciences). Antibiotics were used at the following concentrations in 

liquid culture unless otherwise noted: nourseothricin (25 µg/ml), hygromycin B (50 µg/ml 

for mycobacteria, 200 µg/ml for E. coli), zeocin (25 µg/ml), kanamycin (25 µg/ml), and 

carbenicillin (50 µg/ml). Primers were purchased from Invitrogen, and DNA sequencing was 

performed by Macrogen and Genewiz. Vectors and expression hosts were obtained from 
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Novagen and Addgene. Relevant plasmids (Table S7), strains (Table S8) and primers (Table 

S9) are listed in the Supporting Information. PBS buffer (calcium chloride and magnesium 

chloride free) was from Gibco. Polyvinylidene fluoride (PVDF) membranes (Bio-Rad) and 

ECL Western blotting substrate (Pierce) or Clarity Western ECL substrate (Bio-Rad) were 

used for immunoblot experiments. All other chemicals were purchased from Sigma-Aldrich 

unless otherwise noted. Graphical data were plotted and analyzed using Prism software 

(GraphPad), unless otherwise noted.

4.2 | Source or generation of antibodies

Anti-PrcB (Gandotra et al., 2010), anti-ClpB (Vaubourgeix et al., 2015), and anti-HspR 

(Jastrab et al., 2017) have been described previously. Anti-His-HRP (Penta-His HRP 

Conjugate, Qiagen, Cat# 34460) was used according to the manufacturer’s protocols. Anti-

rabbit-HRP was a gift from the Glickman lab (Sloan-Kettering).

Recombinant tagless HtpG (~1.4 mg) was purified as previously described (Lopez Quezada 

et al., 2020) and used to immunize rabbits without Freund’s incomplete adjuvant, instead 

using TiterMax (Pierce). HtpG antiserum was further purified using purified HtpG with 

the AminoLink Plus Immobilization Kit (Thermo Scientific) following the manufacturer’s 

protocols.

For DnaK and GrpE antibodies, M. smegmatis dnaK and grpE were cloned into digested 

pET-His-SUMO vectors. Briefly, primers 44 and 45 (Table S9) and restriction endonucleases 

SacI/XhoI for grpE, and primers 43 and 46 and restriction endonuclease BamHI/HindIII 

for dnaK with M. smegmatis mc2155 genomic DNA as template were used to yield 

pAJF550 and pAJF551 (Table S7) prior to transformation into BL21-CodonPlus (DE3)-

RIPL cells (Agilent). For each, a 500 ml LB culture containing kanamycin (40 µg/ml) 

and chloramphenicol (25 µg/ml) was grown to an OD600 of 0.175 and induced for 1 

hr with 50 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) at 37°C. Cell pellets were 

harvested by centrifugation (3,700g, 15 min, 4°C) and washed with Buffer A (50 mM 

Tris (tris(hydroxymethyl) aminomethane), 100mM NaCl, 10% glycerol, and 1mM EDTA 

(ethylenediaminetetraacetic acid), pH 8.0). Pellets were then frozen for storage overnight 

at −20°C. Frozen pellets were resuspended in 7 ml of Buffer A and lysed by sonication 

(Branson Digital Sonifier, 30 s, 1 s on/1 s off, 50% amplitude, four times). Debris was 

cleared by centrifugation at 3,700g for 10 min at 4°C. The supernatant was then spun at 

20k × g for 20 min at 4°C. This supernatant was collected and brought to a final volume 

of 10 ml with Buffer A and then, passed over a pre-washed Ni-NTA (Qiagen) column. The 

resin was then washed twice with 5 ml Buffer A, twice with 5 ml Buffer B (50 mM Tris, 

200 mM NaCl, pH 8.0), and then, protein was eluted with three aliquots of 1 ml Buffer B 

containing 200 mM imidazole. About 3 mg/ml of Ulp1 (30 µl) was added to pooled elution 

fractions and dialyzed (7 kD MWCO Slide-A-Lyzer, ThermoScientific) against Buffer B 

overnight at 4°C. Dialyzed samples were then passed over a Ni-NTA column and the flow 

through containing cleaved protein of interest was collected. Purified DnaK and GrpE were 

diluted to 1 mg/ml concentration in Buffer B for antisera production (Pocono Rabbit Farm & 

Laboratory).
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4.3 | Generation and sequencing of transposon mutant libraries in Mtb wild type and 
ΔclpB

Duplicate transposon libraries were generated in Mtb H37Rv and ΔclpB backgrounds by 

himar1 mutagenesis as previously reported (Long et al., 2015). Briefly, 50 ml of each 

strain was grown in 7H9 complete/tween (with nourseothricin, hygromycin B, and zeocin 

for the knockout strain) with rolling at 37°C to an optical density at 580 nm (OD580) 

of 4.0–4.4 prior to washing with MP buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 10 

mM MgSO4, and 2 mM CaCl2). Note that we prepared libraries after the background 

strains had reached stationary phase growth conditions. Samples were centrifuged at 3,100g 
for 5 min for each wash step. Pellets were resuspended in 15.5 ml of MP buffer and 

were incubated with equal volumes of 2.95 × 1010 PFU/ml (library 1) or 2.95 × 1010 

PFU/ml (library 2) of ΦMycoMarT7 phage (Sassetti et al., 2003) at 37°C for 4 hr (PFU 

= plaque forming units). The cultures were then washed (with 7H9 containing detergent) 

and plated on Middlebrook 7H10 supplemented with oleic acid-albumin-dextrose-catalase 

(BD BBL), 0.5% glycerol, and 0.05% Tween 80 and kanamycin (25 µg/ml), in addition 

to nourseothricin (25 µg/ml), hygromycin B (50 µg/ml), and zeocin (25 µg/ml) for the 

knockout background, and incubated for 18 days at 37°C, yielding libraries that contained 

approximately 76k–85k mutants in the wild-type background and 18k–85k mutants in the 

ΔclpB background based on crude counts of visible colonies. The library was harvested 

by scraping and stored as frozen stocks in Middlebrook 7H9 medium with 15% glycerol 

at −80°C. Genomic DNA was extracted from a mixture of each library using standard 

mycobacterial protocols and the composition of each library was determined by Illumina 

sequencing amplicons of transposon-genome junctions as described below. Sequencing data 

has been deposited in the Sequence Read Archive (SRA).

4.4 | Mapping, counting, and analysis of transposon libraries

Previously described methods were used to analyze sequences obtained from Illumina 

sequencing of transposon libraries (Kieser et al., 2015; Pritchard et al., 2014). Briefly, DNA 

sequence data were filtered for transposon motifs and trimmed of the transposon sequence 

except for TA sites that contained an insertion using reported Python scripts. Trimmed reads 

were mapped to the H37Rv genome using Bowtie2, and insertions at each TA site were 

tallied using reported Python scripts. The ARTIST pipeline was used to evaluate loci that 

were disrupted differently between wild-type and mutant backgrounds, which entails use of 

the Mann-Whitney U test and simulation-based normalization of reads. For each locus in 

each library, the geometric mean of the sequence reads was determined with a described 

MATLAB script (Kieser et al., 2015).

4.5 | Isolation of hspR SNP in Mtb ΔclpB strain

In order to introduce additional mutations into clpB-deficient strains of Mtb, we first 

generated a knockout of clpB using a kanamycin resistant cassette (kanR) because we 

sought to have a single antibiotic resistant strain in place of the multiple-drug resistant 

Mtb ΔclpB used in all other experimental protocols. Mtb ΔclpB kanR was generated 

using a suicide plasmid approach, which enlists Gateway cloning techniques and vectors 

(Ganapathy et al., 2015; Kim et al., 2011; Pelicic et al., 1997). Briefly, upstream and 
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downstream of clpB (rv0384c) fragments that have been described (Vaubourgeix et al., 

2015) were cloned into pDE43-XSTS (a temperature-sensitive plasmid) containing kanR 

to generate a pKO-XSTS-clpB-tb. Mtb H37RvN was transformed with pKO-XSTS-clpB-tb 

and plated on 7H10 agar containing kanamycin (25 µg/ml), followed by incubation at the 

permissive temperature of 37°C. Resulting transformants were then inoculated into 7H9 

complete containing kanamycin (25 µg/ml) at 37°C and grown to stationary phase. Cells 

were periodically plated on 7H10 agar with kanamycin (25 µg/ml) containing 10% sucrose 

and incubated at the restrictive temperature of 40°C. 0.5 M pyrocatechol was added to 

plates that contained colonies and white colonies were inoculated into 7H9 complete/tween 

containing kanamycin (25 µg/ml) and grown at 37°C prior to purification of DNA and 

confirmation of allelic exchange by PCR. Deletion of clpB and insertion of kanR was 

confirmed by WGS.

To control the expression of htpG in Mtb, we generated vectors with different promoters. 

We cloned pMCH_pre500_SD_htpG using primers 1 and 2 (Table S9) and Gateway 

vector pDO23A using published techniques (Kim et al., 2011; White et al., 2018), 

which integrates htpG into the L5 site of the Mtb chromosome under the control of its 

predicted native promoter region. Upon isolation of Mtb ΔclpB kanR clones carrying 

pMCH_pre500_SD_htpG and subsequent sequencing of the hspR region using primers 3 

and 4, we confirmed that analyzed clones carrying an extra copy of htpG contained a SNP 

corresponding to an Ala19Val mutation in the gene product HspR (Figure S7). As noted 

above, the parent strain Mtb ΔclpB kanR did not contain this SNP. In order to examine 

the behavior of the Mtb ΔclpB hspR SNP without an extra copy of htpG, Mtb ΔclpB hspR 
SNP pMCH_pre500_SD_htpG was transformed with pTCS-mcs1 to replace htpG at the 

L5 site with a streptomycin resistant cassette. The resulting strain, called Mtb ΔclpB hspR 
SNP, exhibited both streptomycin and kanamycin resistance and contained the hspR SNP, as 

confirmed by sequencing using primers 3 and 4 (Table S9, Figure S7).

4.6 | Construction of CRISPRi strains for targeted htpG knockdown

A previously described method was used to clone sgRNA sequences into a CRISPRi 

vector backbone (PLJR965, Table S7) for gene knockdown in mycobacteria (Rock et al., 

2017). To construct CRISPRi strains that targeted the expression of htpG, we inserted a 

single guide RNA (sgRNA) targeting different regions (20–30 nucleotides in length) of 

htpG near permissive protospacer adjacent motifs (PAMs) found in htpG that could be 

recognized by the Streptococcus thermophilus dCas9 system controlled by the inducer 

ATc. sgRNAs were designed to contain BsmBI restriction sites on the 5’ end of each 

sequence (listed in Table S9 as primers 5–8). Complementary targeting sequences were then 

ligated into BsmBI-treated PLJR965 using T4 ligase (New England BioLabs) and resulting 

vectors (pTL_965_ htpG_crispr_1 and pTL_965_htpG_crispr_2) were sequenced prior to 

transformation into competent Mtb wild-type (H37RvN), ΔclpB, and ΔclpB complemented 

strains using standard mycobacterial protocols. Resulting colonies were grown in 7H9 

complete/tween containing kanamycin (25 µg/ml) in addition to hygromycin (50 µg/ml) 

for strains in the ΔclpB and ΔclpB complemented backgrounds. Strains carrying different 

sgRNAs were compared based on growth experiments (Figure S9) prior to choosing one 

sgRNA sequence for further experiments.
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4.7 | Growth curve analysis of Mtb strains and lysate purification for western blot 
analysis

For growth curve measurements, indicated strains were grown to late log or early stationary 

phase (OD580 ~ 1.2) prior to dilution to OD580 in 8–10 ml 7H9/complete with appropriate 

antibiotics in indicated replicates and incubated at 37 or 40°C. Antibiotics used for initial 

cultures of bacterial strains were as follows: ΔclpB and ΔclpB complemented strains 

(hygromycin 50 µg/ml was used in place of all three antibiotics since each resistance cassette 

was integrated into the chromosome), ΔhtpG (zeocin 25 µg/ml), ΔhtpG complemented 

(zeocin 25 µg/ml, hygromycin 50 µg/ml), and CRISPRi strains (kanamycin 25 µg/ml and 

appropriate antibiotics for background strains). To compare the growth of CRISPRi strains 

with and without mediated knockdown, cultures were grown with and without ATc (100 

ng/ml), respectively, starting at day 0. OD580 values were measured at indicated days. 

Lysates were purified at indicated time points using a modification of a previously published 

protocol for mycobacteria (Jastrab et al., 2017). Briefly, OD580 values of cultures were 

measured and a volume of culture equivalent to four OD580 units was taken, pelleted 

(3,100g, 5 min), and resuspended in 500 µl lysis buffer (25 mM tris (pH 7.5), 1 mM EDTA 

(pH 8), and 1 mM phenylmethylsulfonyl fluoride (PMSF)). Cell suspensions were added 

to sealed 2.0 ml microtubes (Sarstedt) with approximately 250 µl of zirconia/silica beads 

(1 mm, BioSpec) prior to lysis by three rounds (high setting for 30 s) of bead beating 

(Mini-Beadbeater-1, BioSpec) with cooling on ice in between each round. Samples were 

centrifuged at 20k × g (4 min), and resulting supernatants (~300–350 µl) were transferred to 

new tubes prior to addition of 50 µl of laemmli buffer (4x) containing beta-mercaptoethanol 

and boiling at 100°C for >15 min. For western blot analysis, 50 µl of each sample was 

loaded on 12% (w/v) polyacrylamide gels and run at 150 V for 50 min. Subsequent 

immunoblotting was performed with the following dilutions of primary antibodies: anti-

DnaK (1:20K), anti-GrpE (1:20K), anti-HtpG (1:2.5K), anti-HspR (1:1K), or anti-ClpB 

(1:5K). For each, the secondary antibody anti-rabbit HRP (1:20K) was used.

4.8 | Oxidative, heat, model host stress, and GA experiments on Mtb strains

To examine the effect of different oxidants on viability, a published method was slightly 

modified (Lin et al., 2016). Indicated strains were grown to log phase (OD580 ~ 0.5) in 

7H9 complete (5 ml). Cultures were centrifuged (3,100g, 5 min), washed with 7H9 complete 

and resuspended in fresh 7H9 complete prior to generating a single cell suspension (spin 

at 120g, 2 min, no break). Cells were diluted to OD580 = 0.1 in a total volume of 300 µl 

(in 24-well plates, Corning) and 10x stocks of plumbagin, H2O2, or diamide were diluted 

into cells followed by incubation at 37°C for indicated time points. For colony forming 

unit (CFU) determination, cells were serially diluted (10-fold) in PBS containing 0.05% 

Tween-80, 10 µl of each (100–10−5 dilutions) was plated on 7H11 (BD Difco), and plates 

were incubated for > 14 days at 37°C (plates were taken out when colony sizes were 

approximately equivalent to input since delayed growth on plates was seen for Mtb ΔclpB 
and for all strains treated with oxidants). Cells were then counted to determine the CFU/ml 

value.

To assess the effect of heat shock on indicated strains, strains were grown to mid- to 

late-log phase (OD580 = 0.4–1.0), centrifuged (3,100g, 5 min), and resuspended in fresh 
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7H9 complete prior to dilution in the same medium to OD580 = 0.08, as described (Jastrab 

et al., 2017). Strains (1 ml) were placed in sealed 2.0 ml microtubes (Sarstedt) and incubated 

at indicated temperatures for the described amount of time in a heating block. Cells were 

then diluted and plated as described above to determine CFU/ml except 7H10 plates were 

used and cells were incubated at 37°C for 21 days prior to counting. The 24 hr heat-treated 

Mtb ΔclpB plated samples were incubated at 37°C for ~1 month and no colonies were 

observed. Additional M. smegmatis strains were examined for heat shock sensitivity as 

detailed above, except strains were grown to log phase (OD580 of 0.5–1.2) and diluted to 

OD580 = 0.08 prior to incubation of 0.25 ml of culture at 53°C or 37°C for indicated time 

periods. Cell survival was determined by spot assays (see Supporting Information) in which 

5 µl of indicated dilutions of each strain were added to 7H10 agar plates and incubated for t 
= 3 days at 37°C under standard conditions.

CRISPRi strains were evaluated for survival after treatment with a well-described three- 

or four-stress host model by modifying a published protocol (Gold et al., 2015). Briefly, 

CRISPRi strains were inoculated in 7H9 complete at a final OD580 = 0.05 and incubated 

at 37°C with or without ATc (100 ng/µl). On day 5, the four-stress model experiment 

was performed, in which replicating cells were washed and diluted to an OD580 = 0.1 in 

nonreplicating medium composed of modified Sauton’s base (0.05% potassium dihydrogen 

phosphate (KH2PO4), 0.05%MgSO4, and 0.005% ferric ammonium citrate) at a pH 5.0 with 

0.02% tyloxapol, 0.5% bovine serum albumin (BSA), 0.0001% ZnSO4, 0.05% (NH4)2SO4, 

0.085% NaCl, and 0.05% butyrate as the carbon source (Gold et al., 2016; Warrier et al., 

2015). About 100 ng/µl of ATc was added where specified and the nitric oxide stress was 

generated by adding 0.5 mM of NaNO2. Mtb cells were then incubated in 5% CO2 and 

1.0% O2 at 37°C for 7 days. After the incubation period, cell viability was determined 

as described above. Peroxide exposure was also performed on CRISPRi strains on day 5: 

cells were diluted to OD580 = 0.1 in 7H9 complete and treated with hydrogen peroxide as 

described above for other strains and shown in Figure S11b.

To assess the effect of GA on replicating and nonreplicating cells, indicated strains were 

diluted to an OD580 = 0.1 in either the four-stress model medium described above (non-

replicating) or 7H9 complete medium (replicating) and 100 µM GA or DMSO was added. 

For nonreplicating conditions, Mtb cells were incubated at 37°C for 7 days under 5% CO2 

and 1.0% O2 (host model) or under standard conditions (replicating) prior to quantification 

of cell viability by CFU.

4.9 | Cloning, expression, and purification of Mtb HtpG-His6 containing a 
photoactivatable amino acid

Mutations of codons encoding indicated residues to the amber stop codon (TAG) were 

introduced into a plasmid encoding pET27b-HtpG-His (Table S7). Briefly, pET27-HtpG-His 

was cloned using overlap extension PCR cloning techniques (Bryksin and Matsumura, 2010) 

with pET27b plasmid (Novagen) and primer pairs 51 and 52 (Table S9). Following PCR 

steps and DpnI treatment, DNA samples were purified using a PCR purification kit (Qiagen) 

and transformed into Mach1 competent cells (Invitrogen). After confirmation of gene 

insertion by DNA sequencing, indicated mutations were introduced using QuickChange 
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Site-Directed Mutagenesis Kit (Agilent) with appropriate forward and reverse primer pairs 

9–42 (Table S9). Wild-type HtpG-His6 encoding plasmid was transformed into BL21 

competent cells (Novagen) for overexpression and purification following the same protocol 

used for wild-type His6-HtpG protein in the Supporting Information. For HtpG-His6 proteins 

containing para-benzoyl phenylalanine (BpF), plasmids encoding HtpG with a single TAG 

mutation (Table S7) were each co-transformed with pE-VOLV-pBpF plasmid into BL21 

competent cells (Chin and Schultz, 2002). For overexpression, overnight cultures of each 

were used to inoculate 500 ml LB (1:100 dilution) containing 25 µg/ml kanamycin and 30 

µg/ml chloramphenicol with 0.8 mM BpF added. Cells were grown and HtpG-His6 mutants 

were over-expressed and purified as described for wild type except both 1 mM IPTG and 

0.02% arabinose were used for induction. Protein concentrations were determined using 

BSA as a standard with the DC Assay (Bio-Rad).

4.10 | Analysis of HtpG oligomeric state by photocrosslinking

Photocrosslinking reactions were carried out with 2 µM wild-type or BpF-containing Mtb 

HtpG in 100 µl buffer (1x PBS, 2 mM MgCl2 and 1% dimethyl sulfoxide (DMSO)) 

with excess nucleotide (5 mM ATP). Each protein solution was prepared at 4°C prior 

to incubation with or without UV irradiation at 365 nm for 30 min at 4°C, following a 

similar method to other reports (Chin and Schultz, 2002; Freinkman et al., 2012). Reactions 

were diluted with 2x laemmli sample buffer (+0.05% beta-mercaptoethanol), boiled for 

30 min, and analyzed by SDS-PAGE (9% (w/v) polyacrylamide gel) prior to Coomassie 

staining. Photocrosslinking reactions in the presence of GA with Mtb wild-type or selected 

BpF mutants were performed as described above except in the presence of GA (at final 

concentrations of 0, 10, 50, 100, 200, and 400 µM) with no added nucleotides.

4.11 | Isothermal Titration Calorimetry (ITC) analysis of Mtb HtpG with GA

Tagless recombinant HtpG was purified from 4 L of culture (strain 4, Table S8) using a 

previously described method (Lopez Quezada et al., 2020). Nucleotide free Mtb HtpG (1.6 

ml) was obtained by following a previously described 4-day dialysis protocol (Rauch and 

Gestwicki, 2014) using 1 L each of the following buffers: (1) 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 150 mM NaCl, 5 mM EDTA (pH 8), (2) 25 mM 

HEPES, 150 mM NaCl, 1 mM EDTA (pH 8), (3) 10 mM KCl, 5 mM MgCl2 (pH 8), 

and (4) 25 mM HEPES, 150 mM NaCl, 10% glycerol, 1% DMSO, 5 mM MgCl2 (pH 8). 

ITC was carried out at 25°C in Buffer 4 using a low volume Nano ITC calorimeter (TA 

Instruments). About 750 µM GA solution in Buffer 4 was injected into 200 µl of 47 µM Mtb 

HtpG. Twenty-five injections (1.78 µl/injection) were performed to achieve a fully saturated 

binding curve. The heat of dilution was recorded by each injection of the ligand into buffer 

under the same titration conditions. The value was subtracted from the heat of reaction to 

determine the final thermodynamic values. KD and the N-value were evaluated using Nano 

ITC software and fit with a one-site binding model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Conserved mycobacterial protein chaperones reactivate aggregated proteins that result from 

stresses in the host. M. tuberculosis (Mtb) cells are exposed to reactive oxygen and nitrogen 

species, along with antibiotics, in the host, which can lead to protein aggregation. The 

conserved bichaperone system consisting of ClpB and DnaK, along with cofactor proteins 

including DnaJs and GrpE, can help reactivate these proteins to reform native protein folds 

using ATP as an energy source. Here, we assess whether Mtb HtpG assists the ClpB-DnaK 

chaperone network in protein folding and homeostasis in response to stress. This figure has 

been modified from (Lupoli et al., 2018)
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FIGURE 2. 
Tn-seq analysis suggests Mtb clpB function is related to oxidative stress response genes 

and a proposed protein chaperone-encoding gene, htpG. (a) Comparison of Mtb ΔclpB 
transposon library insertions to that of wild type. Each locus (circle) is plotted based on 

its p-value, determined by a Mann-Whitney U test, and fold change in sequence reads 

of the knockout relative to the wild-type background (Pritchard et al., 2014). Over 100 

genes are significantly (p < .001) under-represented (right side of y-axis) in the ΔclpB 
background compared to the wild type; highlighted genes include mycobactin synthetic 

genes (mbt, green) and sulfur metabolism genes (blue), many of which have been linked to 

the oxidative stress response. (b) Enlarged representation of data from part A highlighting all 

annotated proteostasis genes (red), of which only the predicted chaperone gene htpG shows 

a significant genetic interaction with clpB
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FIGURE 3. 
Mtb chaperones play different roles in response to common proteotoxic stresses. (a) 

Colony-forming unit (CFU) measurements of Mtb wild-type (H37Rv), ΔclpB, ΔhtpG, and 

corresponding complemented strains treated with H2O2 (5 mM, 4 hr), diamide (50 mM, 8 

hr), or plumbagin (0.25 mM, 5 hr) (Lin et al., 2016) show that loss of clpB renders cells 

more sensitive to various sources of oxidative stress. Inset: growth curves of these strains at 

37°C illustrates that there are no defects without added stress. (b) Strains from part A heat 

shocked at 45°C for 24 hr show that Mtb lacking clpB has a defect in recovery as measured 

by CFU (left). A ΔclpB strain with a SNP in hspR is protected from this recovery defect 

following heat stress at shorter time points (right). (c) Western blots of protein chaperone 

and cofactor levels ± heat shock (45°C, 3 hr) show that point mutation (A19V) of HspR in 

the ΔclpB SNP strain results in increased amounts of proteins encoded in the dnaK operon 

compared to strains lacking this SNP (even without heat shock). Wild-type HspR negatively 

regulates the expression of the dnaK operon (shown on top) and clpB, among other heat 

shock response genes. **p < .0021, ***p < .0002, ****p < .0001, ns = not significant, 

one-way ANOVA was used for group comparison (n = 3, and error bars represent standard 

deviation (SD) for parts A and B)
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FIGURE 4. 
Depletion of HtpG from Mtb cells lacking clpB exacerbates survival defects under model 

host stresses. (a) Growth curves measured at 37°C and 40°C of Mtb wild-type, ΔclpB, and 

complemented strains containing sgRNA targeting htpG co-expressed with dCas9 (+ATc) to 

facilitate CRISPRi-mediated transcriptional repression of htpG. While strains grow similarly 

at 37°C, there is an increased lag phase in ΔclpB compared to wild type at 40°C that is 

enhanced when htpG is repressed. (b) Western blots of lysates purified from strains in part 

(a) at indicated time points and temperatures verify that HtpG is not expressed in cells when 

ATc is added (PrcB was used as a loading control). (c) Survival of Mtb wild-type, ΔclpB, 

and complemented CRISPRi strains (described in part a) after t = 7 days under stresses 

that mimic the host environment (Gold et al., 2015) show that strains lacking both ClpB 

and HtpG are more sensitive to these stresses than wild type, especially with nitric oxide 

generated (inoculum was taken at day 0). ***p < .0002, ****p < .0001, one-way ANOVA 

Harnagel et al. Page 30

Mol Microbiol. Author manuscript; available in PMC 2022 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was used for group comparison (n = 3, error bars represent SD, some error bars may be too 

small to visualize)
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FIGURE 5. 
Mtb HtpG dimerizes in vitro and interacts with Hsp90 probe geldanamycin (GA). (a) Model 

of Mtb HtpG (Phyre2) (Kelley et al., 2015) with relevant residues highlighted that are sites 

of point mutation to the UV-activatable crosslinking amino acid para-benzoyl phenyalanine 

(BpF or B). (b) SDS-PAGE analysis of Mtb HtpG BpF mutants at indicated residues with 

and without prior UV irradiation (monomer bands are indicated as “M” and dimer bands are 

indicated as “D”). F10, W197, and F635 consistently mediate the formation of dimer. (c) 

ITC analysis of Mtb HtpG (47 µM) with GA (raw data is shown on left, analysis of average 

of three replicates with SD shown on the right) illustrates µM affinity. (d) SDS-PAGE 

analysis of indicated Mtb HtpG BpF mutants without (plus 400 µM GA) and with UV 

irradiation (in the presence of 0, 10, 50, 100, 200, and 400 µM GA) suggests that F303 

turns into the dimer interface upon binding GA, while F635 is oriented in the dimer interface 

regardless of ligand binding. At least three identical analyses were performed for each 

experiment shown
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FIGURE 6. 
Stressed Mtb cells lacking clpB are hypersensitive to GA-mediated inhibition of HtpG. (a) 

Schematic of experimental set-up for evaluating chemical inhibition of HtpG by GA with 

and without nonessential chaperones under replicating (nutrient-rich) and nonreplicating 

(host stress model with nitrite) conditions as shown in Figure 4c. (b) CFU analysis 

demonstrates that survival is significantly reduced under nonreplicating conditions for all 

strains tested, but there is no change under replicating conditions (Figure S21). Compared to 

Figure 4c, these results suggest that GA addition phenocopies genetic depletion experiments, 

but might exhibit off-target effects or enhance cell death through different modes of action. 

*p < .0332, **p < .0021, ***p < .0002, ****p < .0001, two-way ANOVA or student’s t test 

was used for comparison (n = 3, error bars represent SD)
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