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Significance

 For centuries, Mycobacterium 
tuberculosis , the causative agent 
of tuberculosis, has remained 
one of the greatest killers of 
humankind by a single infectious 
organism. Mycobacteria use 
proteasomes to degrade proteins 
posttranslationally tagged with a 
protein called prokaryotic 
ubiquitin-like protein (Pup). While 
enzymes that catalyze pupylation 
and depupylation have been 
identified, little is known about 
how their activities can be 
regulated to target specific 
substrates. Here, we report the 
identification of a protein, CoaX, 
and a metabolite, pantothenate, 
that regulate depupylation  
of an essential enzyme in 
pantothenate synthesis. Our  
data provide a mechanism of 
regulation of the Pup-
proteasome system (PPS) that 
responds to cellular metabolic 
needs, giving critical insight into 
how the stability of other 
proteasome substrates might be 
regulated.
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In Mycobacterium tuberculosis (Mtb), proteins that are posttranslationally modified 
with a prokaryotic ubiquitin-like protein (Pup) can be degraded by bacterial protea-
somes. A single Pup-ligase and depupylase shape the pupylome, but the mechanisms 
regulating their substrate specificity are incompletely understood. Here, we identified 
a depupylation regulator, a protein called CoaX, through its copurification with the 
depupylase Dop. CoaX is a pseudopantothenate kinase that showed evidence of binding 
to pantothenate, an essential nutrient Mtb synthesizes, but not its phosphorylation. In 
a ∆coaX mutant, pantothenate synthesis enzymes including PanB, a substrate of the 
Pup-proteasome system (PPS), were more abundant than in the parental strain. In vitro, 
CoaX specifically accelerated depupylation of Pup~PanB, while addition of pantoth-
enate inhibited this reaction. In culture, media supplementation with pantothenate 
decreased PanB levels, which required CoaX. Collectively, we propose CoaX regulates 
PanB abundance in response to pantothenate levels by modulating its vulnerability to 
proteolysis by Mtb proteasomes.

Mycobacterium | pantothenate | proteasome | Pup | depupylation

﻿Mycobacterium tuberculosis  (Mtb ), the causative agent of tuberculosis (TB), is responsible 
for an ancient and enduring global pandemic. While about 85% of TB cases are curable, 
therapies are burdensome, typically requiring 4 to 6 mo of antibiotic treatment for 
drug-susceptible strains ( 1 ). Barriers of access to treatment, among other factors, contrib­
uted to an estimated 1.6 million deaths from TB in 2021 ( 1 ). Increased mechanistic 
understanding of Mtb  biology may reveal new approaches for tackling this devastating 
pandemic.

 The Pup-proteasome system (PPS), an ATP-dependent proteolytic pathway in Mtb , 
contributes to virulence in mouse infection models ( 2       – 6 ). Like the eukaryotic protein 
ubiquitin, p rokaryotic u biquitin-like p rotein (Pup) can be posttranslationally attached to 
surface exposed lysines, targeting proteins for degradation by proteasomes. Like ubiqui­
tylation, pupylation is reversible ( 7   – 9 ). In contrast to eukaryotes that attach ubiquitin in 
a multistep process and encode hundreds of ligases and dozens of deubiquitylases that 
confer specificity, only two enzymes are required for the pupylation and depupylation of 
dozens of proteins in mycobacteria.

 In Mtb , Pup is translated with a carboxyl (C)-terminal glutamine that must be deami­
dated by the enzyme d eamidase o f P up (Dop), converting it to glutamate, before Pup can 
be ligated to other proteins by p roteasome a ccessory f actor A  (PafA) ( 10 ,  11 ). Dop can 
also reverse this pupylation reaction and is necessary to maintain Pup levels in the cell  
( 4 ,  12 ,  13 ). Pup-dependent degradation by proteasomes requires pupylated proteins to be 
recruited by a homohexameric complex of m ycobacterial p roteasome A TPase (Mpa; also 
called AAA A TPase forming r ing-shaped c omplexes, or ARC, in nonmycobacteria species) 
( 8 ,  14 ,  15 ). In the absence of Mpa, the 28-subunit bacterial proteasome is gated and cannot 
degrade pupylated proteins ( 16 ,  17 ). Complexing between the C termini of the Mpa 
hexamer and the proteasome leads to opening of the proteolytic compartment, and ATP 
hydrolysis by Mpa powers pupylated protein unfolding and entry ( 18   – 20 ). While the 
enzymatic mechanisms of PafA, Dop, Mpa, and the proteasome have been extensively 
characterized, little is known about how their activities are regulated [reviewed in ( 21 )].

 The steady-state abundance of a protein that can be pupylated is a function of PafA 
and Dop activity, as well as how it is delivered to a proteasome core protease. Global 
changes in pupylated proteins, the “pupylome,” in response to growth conditions have 
been described in both Mtb  ( 22 ) and Mycobacterium smegmatis  (Msm ) ( 23 ), but the 
molecular mechanisms underlying these phenotypes are unknown. Furthermore, 
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motifs defining pupylation targets have been elusive. Verified 
PPS substrates are pupylated with variable efficiency in vitro 
and amino acid charges proximal to the targeted lysine in the 
three-dimensional conformation of substrates only partially 
explain this variation ( 24 ).

 Depupylation efficiency also varies in vitro, and it has been 
hypothesized that differential steric hindrance associated with 
the positioning of Pup-modified substrates in the Dop active 
site confers this variability ( 25 ,  26 ). Steric hindrance may be 
affected by substrate interactions with the Dop loop, a conserved 
stretch of approximately 40 amino acids that is inferred to be 
disordered and proximal to the active site based on a crystal 
structure of Dop from Acidothermus cellulolyticus  ( 27 ). Deletion 
of the Dop loop can accelerate depupylation in vitro ( 26 ) and 
yields diminished pupylomes in Msm  and Mtb  ( 26 ,  28 ). While 
these data reveal intrinsic factors affecting Dop activity, they do 
not explain how depupylation of a specific substrate could be 
differentially regulated in response to cellular needs or environ­
mental conditions.

 In this study, we found CoaX (Rv3600c) regulated depupyla­
tion of pupylated PanB (Pup~PanB). PanB is an essential enzyme 
that catalyzes an early committed step in pantothenate (vitamin 
B5) synthesis in mycobacteria. In the presence of excess pantoth­
enate, the ultimate product of the PanB pathway, depupylation 
by Dop was inhibited in a CoaX-dependent manner, targeting 
more PanB for proteasomal degradation. Thus, we propose PanB 
levels in Mtb  are regulated by a negative feedback loop mediated 
by CoaX, pantothenate, and the PPS. 

Results

CoaX, A Predicted Pantothenate Kinase, Copurifies with Dop from  
Mtb. To identify potential depupylation regulators, we immuno­
precipitated C-terminally epitope-tagged Dop (“DopTAP”) from 
Mtb lysates. As a control, we also immunoprecipitated tagged PafA 
(“PafATAP”) from lysates (SI Appendix, Table S1 for plasmids and 
strains). We observed a 25 to 37 kD protein that copurified with 
DopTAP but not PafATAP (Fig. 1A). Excision of this band and mass 
spectrometry (MS) identified this protein as CoaX (Rv3600c), a 
predicted type-III pantothenate kinase (PanK) (Dataset S1). MS of all 
proteins that immunoprecipitated with Dop and PafA revealed CoaX 
was the fourth-most abundant protein in Dop purifications and 
undetectable in the PafA purifications (Dataset S2). CoaX has never 
been identified as a member of the pupylome, and immunoblotting 
with a monoclonal antibody to Pup did not reveal pupylated CoaX 
in the Dop immunoprecipitations (Fig. 1B).

 PanK enzymes phosphorylate pantothenate in the first step of 
coenzyme A (coASH) synthesis ( 29 ) and are categorized into three 
types. Type I PanK enzymes (herein referred to as CoaA) belong 
to the P-loop kinase family ( 30 ,  31 ), while type II and type III 
enzymes belong to the acetate and sugar kinases/Hsc70/actin 
superfamily (type III PanK enzymes herein referred to as CoaX) 
( 32 ). Many bacteria, including Mtb , are predicted to encode more 
than one PanK enzyme; however, the biological consequences of 
encoding multiple PanK enzymes have been studied in few species. 
CoaA and CoaX from Bacillus subtilis  are both active in vitro and 
either is individually sufficient to support life ( 33 ). In Bacillus 
anthracis,  CoaX is active in vitro and essential for viability, while 
a gene encoding a protein with homology to type II PanK enzymes 
does not show activity in vitro ( 34 ,  35 ).

 In Mtb , CoaA, but not CoaX, is essential and has kinase activity 
in vitro ( 36 ). coaX  is found across mycobacteria, including in 
﻿Mycobacterium leprae  (Mlp ), the causative agent of leprosy. Because 
of its reduced functional genome size compared to Mtb  ( 37 ), genes 

conserved in Mlp , which include those encoding PPS and panto­
thenate synthesis enzymes, are thought to be part of a minimal 
core genome required for the survival of this obligate intracellular 
organism.  

Dop Forms a Complex with a Trimer of CoaX Dimers. To 
structurally characterize the Dop and CoaX interaction, we 
coproduced CoaX, DopMsm, and amino (N)-terminally truncated 
Pup (Pup91) in Escherichia coli (E. coli) with an N-terminal tag 
on Pup for affinity purification. We first attempted to isolate 
complexes using a hexahistidine (His6) tag on Pup91 and no tags 
DopMsm or CoaX (SI Appendix, Table S1 for plasmids and strains); 
however, we were unable to isolate Pup-Dop-CoaX complexes 
with this tag. Replacement of the His6 tag with a Twin-Strep tag 
allowed robust purification of complexes (Fig. 1C). We obtained 
a cryoelectron microscopy (cryo-EM) structure of a trimer of 
CoaX dimers bound to DopMsm and Pup91 (Fig.  1D) at 2.04  
Å-resolution (SI Appendix, Figs. S1 and S2 and Table S2). We also 
obtained cryo-EM data of CoaX alone, which resulted in a trimer 
of CoaX dimers at 2.59 Å-resolution (SI Appendix, Figs. S3 A–C 
and S4 A–F and Table S2) and a dimer of CoaX dimers at 2.81 
Å-resolution (SI Appendix, Fig. S3 A, B, and D and S4 G–L and 
SI Appendix, Table S2). Consistent with CoaX structures solved 
to date, the Mtb CoaX dimers in our structures were formed 
by the head-to-head interaction of two protomers (38–40). The 
trimer arrangement of CoaX dimers observed in our structures 
is similar to the CoaX assembly from Thermotoga maritima 
(CoaXTmar) (38) and is largely similar in the presence or absence 
of DopMsm (RMSD: 1.3 Å over 1,324 atoms). The N-terminal 
domain of DopMsm is pincered by two CoaX dimers in this trimer 
assembly, creating an interface (~930 A2) (41) composed of several 
hydrophobic and polar interactions, including hydrogen bonds 
and a salt bridge (Fig. 1E and SI Appendix, Fig. S5). Pup91 bound 
to DopMsm in a structurally similar pose as seen in the Acidothermus 
cellulolyticus Dop-Pup crystal structures (42), with two well-
resolved helices (helix1 and helix2) interacting with Dop. This 
interaction positions the C-terminal amino acid of Pup near the 
active site of DopMsm. Notably, the C-terminal domain of DopMsm 
was largely disordered in our structure.

CoaX Is a Pseudokinase with Similarity to Type III Pantothenate 
Kinases. In agreement with a previous study (36), we did not 
detect hydrolysis of ATP by CoaX in the presence of pantothenate, 
while CoaA showed robust ATPase activity (Fig. 1F). While CoaX 
amino acid sequences are conserved across diverse bacterial species, 
two amino acids [arginine (R) 8 and histidine (H) 229 in Mtb 
CoaX] are mostly restricted to PPS-encoding actinobacteria 
(SI Appendix, Fig. S6). To test whether these residues contribute 
to the lack of observed CoaX activity, we made a double mutant 
(CoaXDM) in which both residues were changed to glycine, the 
most common amino acid found at these positions in non-
PPS-containing species (SI  Appendix, Fig.  S6). We found that 
CoaXDM had measurable ATPase activity in  vitro, albeit lower 
than that of CoaA (Fig. 1F). Recently, a similar approach was 
used to interrogate the lack of measurable activity of a human 
pantothenate kinase (HsPANK4). Like CoaXDM, replacement of 
two residues to the amino acids conserved in functional PanKs 
partially restores activity (43). Based on these results, we concluded 
that, like HsPANK4, Mtb CoaX likely evolved from a functional 
PanK through the acquisition of at least two substitutions, 
diminishing its PanK activity.

 Given the structural similarity of Mtb  CoaX to CoaX-family 
kinases, we used differential scanning fluorimetry (DSF) to assess 
binding of pantothenate. Mtb  CoaX thermostability was 
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Fig. 1.   Dop interacts with CoaX, a pseudopantothenate kinase. (A) Elutions from PafATAP (lanes 1 to 4) and DopTAP (lanes 5 to 8) immunoprecipitations (IPs) from 
Mtb lysates were visualized by silver stain. DopTAP, PafATAP, and CoaX, a Dop-specific binding partner identified by mass spectrometry (Datasets S2 and S3), are 
indicated. (B) Elution from a DopTAP IP from Mtb lysate (Left) was analyzed with monoclonal antibodies to Pup. All proteins purified with Dop were visualized by 
silver stain (Right). DopTAP and CoaX are indicated. (C) CoaX and DopMsm coproduced and purified from E. coli lysate via interaction with TwinStrepPup91 and Strep-
Tactin XT resin were further purified by size exclusion chromatography (SEC) and fractions visualized by SDS-PAGE and Coomassie brilliant blue staining (Top) 
and immunoblotting against Mtb Dop or CoaX (Bottom). (D) Cryo-EM structure of CoaX, DopMsm, and Pup91. Two views of the structure are shown with proteins 
rendered as cartoons superimposed on a transparent molecular surface. CoaX dimers are colored in shades of blue, DopMsm is colored pink, and Pup91 is 
colored green. Regions that are not modeled in the cryo-EM structure are indicated by dotted lines. (E) “Open book” representation of the right panel in (D), 
highlighting residues that make up the interface between CoaX (blue spheres) and DopMsm (magenta spheres). (F) CoaA (black squares), CoaX (blue circles), or 
CoaXDM (double mutant, CoaXR8G and H226G, blue open circles) activity was measured by ADP-Glo Luminescent assays (n = 2). Luminescence is proportional 
to ADP formation catalyzed by each enzyme in the presence of different concentrations of pantothenate. Empirically determined average baseline fluorescence 
of reactions containing no enzyme is indicated in gray. Michaelis–Menten curves for CoaXDM and CoaA are shown. (G) Differential scanning fluorimetry (DSF) to 
assess the thermal stability of CoaX with variable concentrations of ATPγS (Left), pantothenate (Center), or ATPγS in the presence of 4 mM pantothenate (Right).
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unaffected by increasing concentrations of ATPγS alone ( Fig. 1 G  , 
﻿Left ). Increasing pantothenate concentration had a subtle effect 
on CoaX thermostability ( Fig. 1G  , Center ), while increasing con­
centrations of ATPγS in the presence of pantothenate had the 
largest effect ( Fig. 1 G  , Right ), suggesting CoaX bound both 
ATPγS and pantothenate. Together these results support the con­
clusion that Mtb  CoaX is a pseudokinase that can bind but not 
phosphorylate pantothenate.  

Deletion of coaX Leads to Increased Abundance of Pantothenate 
Synthesis Enzymes. We deleted most of the coding sequence of 
coaX from Mtb and replaced it with a hygromycin resistance 
cassette (“∆coaX”), maintaining the start codon and 198 bp of 
sequence at the 3’ end of the open reading frame to minimize 
potential polar effects on downstream genes (Fig. 2A). Loss of 
coaX had no effect on in vitro growth or on bacterial survival in 
the lungs or spleens of infected mice (SI Appendix, Fig. S7).

 Given the association between CoaX and Dop, we hypothesized 
CoaX might affect the pupylated state of one or more substrates. To 
test this hypothesis, we visualized the pupylome of wild-type (WT), 
∆coaX , and complemented strains by immunoblotting total cell 
lysates with monoclonal antibodies to Pup. We observed a unique 
pupylated species in the ∆coaX  strain that was not present in the WT 
or complemented strains ( Fig. 2B  , arrowhead). Data-independent 
mass spectrometry (DIA-MS) revealed elevated levels of all enzymes 
involved in pantothenate synthesis (PanB, PanC, PanD, and PanG) 
and Rv2226, a protein of unknown function encoded downstream 
of PanB, in the ∆coaX  mutant compared to the parental strain 
( Fig. 2C  ). Consistent with previous work supporting PanG as the 
exclusive ketopantoate reductase involved in pantothenate synthesis 
in Mtb  ( 44 ), levels of IlvC and PanE, homologs of enzymes involved 
in pantothenate synthesis in other bacteria, did not change in the 
﻿coaX  mutant Dataset S3 . PPS and coASH synthesis enzyme levels 
were equivalent in both strains ( Fig. 2C   and Dataset S3 ).
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Fig. 2.   Loss of coaX leads to accumulation of Pup~PanB. (A) coaX was deleted and replaced with a hygromycin selectable marker as described in the Materials and 
Methods (SI Appendix, Table S1 for plasmids and primers). Genes are not drawn to scale. Numbers in parentheses indicate gene length. “700” indicates length of 
flank sequences cloned into the allelic exchange vector. (B) Immunoblot against Mtb lysates using monoclonal antibodies to Pup. A unique pupylated protein in 
the coaX strains is indicated (<). (C) Average fold change of pantothenate synthesis-associated enzymes, CoaA, and Dop detected by DIA-MS in ∆coaX compared 
to WT strains. Proteins in bold were significantly more abundant in the mutant than in WT bacteria (P < 0.05). (D) Immunoblot of Mtb lysates using polyclonal 
antibodies to PanB, Dop, or DlaT (dihydrolipoamide acyltransferase, loading control). (E) Normalized reads associated with genes encoding pantothenate synthesis 
and PPS enzymes in RNA extracted from WT (solid bars), ∆coaX (horizontally black-striped bars), or a complemented strain (diagonally white-striped bars). Genes 
with differentially detected numbers of transcripts between different strains were deemed significant if the adjusted P-value was below a false discovery rate 
(Benjamini–Hochberg) of 0.1; such pairwise comparisons are indicated along with their adjusted P-values.
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 Among the proteins that were more abundant in the ∆coaX  
strain, PanB is the only known target of pupylation and proteas­
omal degradation ( 3 ,  8 ). Also, Pup~PanB migrates by SDS-PAGE 
to approximately 37 kD ( 8 ,  45 ), the same size as the pupylated 
species that specifically accumulated in the ∆coaX  strain. To assess 
the abundance of endogenous PanB and Pup~PanB in various 
﻿Mtb  strains, we raised polyclonal rabbit antiserum to PanB for 
immunoblotting. Consistent with a previous experiment exam­
ining ectopically produced, epitope-tagged PanB ( 3 ), we observed 
low levels of endogenous PanB in WT Mtb  and highly accumu­
lated PanB in pafA  and mpa  mutants ( Fig. 2D  , lanes 1 to 3). As 
observed in the proteomics data, the ∆coaX  strain contained more 
PanB than WT bacteria ( Fig. 2D  , compare lanes 1 and 5). 
Strikingly, in addition to PanB, a higher molecular weight species 
was observed in the ∆coaX  strain and lost upon complementation 
with coaX  in single copy ( Fig. 2D  , lane 5 compared to lanes 4 and 
6). Because this larger, anti-PanB-reactive species specifically accu­
mulated in the ∆coaX  mutant and was the same size as the uniquely 
accumulated pupylated protein in this strain ( Fig. 2B  ), we con­
cluded this protein was Pup~PanB.

 RNA-sequencing (RNA-Seq) revealed that loss of coaX  led to 
increased transcripts associated with pantothenate synthesis 
enzymes and Rv2226 ( Fig. 2E  ). We observed no changes in levels 
of transcripts associated with genes encoding PPS or coASH syn­
thesis enzymes ( Fig. 2E   and Dataset S4 ). Together with the pro­
teomics data, the RNA-seq supports the conclusion that loss of 
﻿coaX  results in a specific increase in pantothenate synthesis 
enzymes, in part, due to a change in transcript levels.  

CoaX and Pantothenate Modulate Depupylation of Pup~PanB 
In Vitro. Given its physical association with Dop, we tested the 
effect of CoaX on depupylation of PanB and FabD, two model, 
pupylated proteasome substrates, in vitro. We purified tandemly 
tagged Pup~PanB or Pup~FabD from Msm and DopMsm from  
E. coli. PanB forms two, stacked, pentameric rings held together by 
interactions between the C termini of monomers in each ring (46). 
In vitro, PanB is pupylated at surface exposed lysines that extend 
from the top or bottom of a complex (45). Pup~PanB purified 
from Msm resulted in a mixture of pupylated and unpupylated 
species, which was apparent at the start of our in vitro reactions 
(SI Appendix, Fig. S8 A and C). FabD does not multimerize, thus, 
Pup~FabD was more homogenously purified from Msm leading 
to much less unpupylated substrate present at the start of the 
depupylation reactions (SI Appendix, Fig. S8 B and D).

 As shown previously, Dop robustly depupylated Pup~PanB 
in vitro ( Fig. 3A  ) ( 13 ,  25   – 27 ,  47 ). Addition of CoaX signifi­
cantly accelerated depupylation of Pup~PanB but not Pup~FabD 
( Fig. 3A   and SI Appendix, Fig. S8 A and B ). Given that CoaX 
could bind pantothenate ( Fig. 1G  ), we tested whether pantoth­
enate affected CoaX-stimulated depupylation. Addition of pan­
tothenate significantly inhibited CoaX-activated depupylation 
of Pup~PanB but not Pup~FabD ( Fig. 3B   and SI Appendix, 
Fig. S8 C and D ). Pantothenate had no effect on reactions lacking 
CoaX or Dop Msm   (SI Appendix, Fig. S8E ), thus pantothenate 
appears to specifically inhibit CoaX-activated depupylation of 
Pup~PanB.          

CoaX and Pantothenate Regulate Depupylation of Pup~PanB 
in Mtb. We next tested whether pantothenate modulated PanB 
or Pup~PanB levels in bacteria. To do this, we exploited the 
fact that Mtb can use exogenous pantothenate (48), which is 
not a component of our standard culture media. We analyzed 
PanB levels in several strains by immunoblotting after growth 

in media containing different concentrations of pantothenate. 
Pantothenate supplementation reduced PanB levels in parental 
and complemented strains (Fig. 3C, lanes 1 to 3 and 7 to 9), but 
not in a ∆coaX strain (Fig. 3C, lanes 4 to 6).

 Based on our in vitro data, we hypothesized that pantothenate 
supplementation would inhibit depupylation of Pup~PanB in WT 
bacteria, facilitating PanB turnover by the proteasome. To test this 
hypothesis, we repeated the pantothenate supplementation exper­
iment with a mutant lacking the Pup-dependent proteasome acti­
vator, Mpa. Again, we observed low PanB levels in parental and 
complemented strains ( Fig. 3C  , lanes 10 to 12 and 16 to 18), but 
not in the mpa  mutant ( Fig. 3C  , lanes 13 to 15). Pantothenate 
supplementation increased Pup~PanB levels in the mpa  mutant 
( Fig. 3C  , lanes 13 to 15). We observed no other changes in FabD, 
Dop, or pupylome levels in response to pantothenate supplemen­
tation in any strain ( Fig. 3C   and SI Appendix, Fig. S9 ). Finally, we 
treated the ∆coaX  strain with the irreversible proteasome protease 
inhibitor epoxomicin, which resulted in a marked accumulation 
of PanB and Pup~PanB, confirming PanB is a proteasome sub­
strate ( Fig. 3D  ) ( 3 ).   

Discussion

 In this work, we found CoaX, a pantothenate pseudokinase, mod­
ulates the depupylation of a specific enzyme, PanB. We identified 
CoaX through its interaction with Dop and obtained a high-
resolution structure of the Pup-Dop-CoaX complex. Multiple-
sequence alignment analysis found CoaX in proteasome-bearing 
species lack residues needed for ATPase activity compared to CoaX 
homologs in proteasome-lacking species. Thus, CoaX may be a 
pseudokinase in many organisms, and its role as a PanB depupyl­
ation regulator may be a widespread phenomenon. We also 
showed that pantothenate inhibits CoaX-activated depupylation 
of PanB in vitro and in Mtb . Collectively, our work identified a 
mechanism of feedback regulation where CoaX acts as a panto­
thenate sensor to modulate degradation of an enzyme that cata­
lyzes a committed step in pantothenate synthesis ( Fig. 4 ).        

 Trimers of CoaX dimers were previously described and dis­
missed as technical artifacts ( 39 ). However, our structure supports 
the biological relevancy of this structure. We speculate the speci­
ficity of CoaX activity on depupylation of PanB is achieved by an 
interaction between CoaX and Pup~PanB. It is possible that the 
Pup~PanB-CoaX-Dop complex is destabilized in the presence of 
pantothenate and/or ATP, leaving more PanB pupylated and vul­
nerable to degradation by proteasomes.

 In Mtb , we expected that deletion of coaX  would result in less 
efficient depupylation of Pup~PanB, leading to its degradation by 
proteasomes, and an overall lower amount of cellular PanB. 
However, PanB and PupP~PanB levels were elevated in a coaX  strain 
compared to a parental strain. Based on the elevated transcript levels 
associated with genes encoding the pantothenate synthesis enzymes, 
we hypothesize that in the absence of coaX , PanB is constitutively 
degraded, leading to the increased expression of pantothenate syn­
thesis genes by a yet-to-be determined mechanism.

 All life forms must import or make pantothenate due to its essen­
tial role as a precursor of coASH synthesis. Pantothenate importers 
have been described in humans, yeast, malaria, and some bacteria 
( 49       – 53 ); however, uptake mechanisms are unknown in Mtb.  While 
pantothenate auxotrophs can survive in pantothenate-supplemented 
media, they are attenuated in mouse infection models ( 48 ). It is 
unknown if Mtb  acquires pantothenate during human infections, or 
when its synthesis is most important for survival. Given the impor­
tance of coASH and its derivatives in numerous cellular processes, 

http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407239121#supplementary-materials


6 of 11   https://doi.org/10.1073/pnas.2407239121� pnas.org

the existence of multiple mechanisms to tightly regulate pantothenate 
synthesis may be important ( 54 ). Along these lines, the dramatic accu­
mulation of PanB in an mpa  strain does not yield changes in 

pantothenate and other related metabolite levels ( 55 ), suggesting down­
stream regulatory mechanisms maintain homeostasis. Proteasomal 
turnover of PanB to nearly undetectable levels at steady state in culture 
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Fig. 3.   Pup~PanB levels are regulated in a CoaX-, pantothenate-, and proteasome-dependent manner. (A) Percent of Pup~PanB (lavender) or Pup~FabD (black) 
remaining after 0, 15, 45, 120, and 240 min of depupylation in the presence (filled circles) or absence (open circles) of CoaX are graphed. Time points with 
statistically significant (P < 0.05) differences in percent of depupylated substrate remaining between reactions containing or lacking CoaX are indicated with color 
coordinated asterisks. (B) Percent Pup~PanB (lavender) or Pup~FabD (black) remaining after 0, 15, 45, 120, and 240 min of depupylation reactions containing 
CoaX in the presence (filled circles) or absence (open circles) of 1 mM pantothenate are graphed. Time points with statistically significant (P < 0.05) differences in 
percent depupylated substrate remaining between reactions containing or lacking pantothenate are indicated with color coordinated asterisks. (C) Immunoblots 
(IB) of lysates of ∆coaX, mpa::Tn, complemented strains, and parental controls grown in the presence of 0, 10, or 100 µM pantothenate are shown. Parental 
controls were transformed with empty vectors used for complementation constructs (SI Appendix, Table S1). IBs using DlaT or PanB antisera were performed 
on the same membranes. Endogenous Pup~PanB (‡, lavender), PanB (†, lavender), and FabD (†, black) are indicated. (D) IB against lysates of the ∆coaX strain 
treated for 24 h with DMSO (vehicle control) or 50 µM epoxomicin (“epoxo”) are shown. IBs using PanB or DlaT (loading control) antisera were performed on the 
same membranes. Endogenous Pup~PanB (‡, lavender) and PanB (†, lavender) are indicated.
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Fig. 4.   Model of PanB regulation by CoaX, the Pup-proteasome system (PPS), and pantothenate. Left: Under standard culture conditions in WT Mtb, PanB 
levels are low, and CoaX is in complex with Dop. Center: Deletion of coaX leads to increased Pup~PanB and PanB levels. Pup~PanB is vulnerable to degradation 
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Pup~PanB depupylation suggests CoaX and PanB interact directly, potentially even in the absence of Dop.
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may indicate an underlying cost to  pantothenate production. The 
presence of a specific depupylation regulator may also suggest that 
rapid induction of pantothenate synthesis is critical in some contexts. 
This model of regulation has parallels to the ubiquitin–proteasome 
system-dependent regulation of cholesterol metabolism by 
3-hydroxy-3-methylglutaryl coenzyme A reductase in eukaryotes, 
where this enzyme is degraded in response to sterol  levels ( 56 ).

 While all proteasome-containing bacteria identified to date 
 contain Pup, PafA, Dop, and Mpa homologs, Corynebacterium glu-
tamicum  stands out as a species containing all components of pupyl­
ation and proteasome activation (Mpa/ARC), but does not encode 
proteasome subunits ( 57 ). In C. glutamicum , ARC is thought to 
destabilize pupylated complexes of ferritin, a protein that forms a 
24-subunit complex to sequester iron, by acting as an unfoldase ( 58 ). 
﻿C. glutamicum  does not encode CoaX, and its PanB is not known 
to be pupylated. However, IlvC, the sole ketopantoate reductase in 
this species, is a pupylated substrate ( 59 ,  60 ). Thus, Pup and ARC 
may regulate pantothenate synthesis even in the absence of CoaX 
and proteasome-mediated degradation by another mechanism.

 Both pantothenate synthesis and PPS enzymes have previously 
been investigated as potential drug targets for Mtb  [reviewed in ( 61 ) 
and ( 62 )]. Focus on pantothenate biosynthesis has been motivated 
by the fact that humans do not make pantothenate and pantothenate 
synthesis is essential in Mtb  under most laboratory conditions ( 48 ). 
Similarly, loss of any of the PPS enzymes yields dramatic virulence 
defects in mice infected with Mtb  ( 2       – 6 ). A greater understanding 
of how pantothenate synthesis is regulated by the PPS or otherwise 
may offer new approaches for the successful development of anti­
microbials targeting this pathway. Additionally, identification of PPS 
regulators has the potential to reveal new targets and pathways for 
drug development. Importantly, because this work shows how the 
pupylation status of a specific protein can be regulated, hypotheses 
to test how dozens, if not hundreds, of pupylated proteins are tar­
geted for degradation can now be pursued.  

Materials and Methods

Strains, Plasmids, Primers, and Culture Conditions. For a list of all strains, 
plasmids, and primers used in this work SI Appendix, Table S1. For detailed infor-
mation on plasmid construction SI Appendix. All genes were amplified from Mtb 
H37Rv DNA unless specified otherwise. E. coli was cultured in Luria-Bertani broth 
(BD Difco) or on Luria-Bertani agar (Research Products International). Mtb and Msm 
were grown in Middlebrook 7H9 liquid broth (BD Difco) supplemented with 0.2% 
glycerol (Research Products International), 0.05% Tween-80, 0.5% bovine serum 
albumin fraction V (BSA, MilliporeSigma), 0.2% dextrose (VWR Chemicals BDH), 
and 0.085% sodium chloride (“7H9c”). For growth on agar, we used Middlebrook 
7H11 (BD Difco) supplemented with 0.5% glycerol and 10% BBL Middlebrook 
Oleic Albumin Dextrose Catalase Growth Supplement (BD Difco). For E. coli, we 
used antibiotics as follows: 100 μg/ml kanamycin, 150 μg/ml hygromycin, 50 
μg/ml streptomycin sulfate, or 200 μg/ml ampicillin sodium salt. E. coli and Msm 
were grown at 37 °C, shaking or rotating, and optical density (“OD”) measured at 
600 nm (OD600) or 580 nm (OD580), respectively. For Mtb and Msm, selection was 
performed using kanamycin sulfate 50 μg/ml, hygromycin B (Corning) 50 μg/
ml, or streptomycin sulfate (Acros) 25 μg/ml. For pantothenate supplementation, 
D-calcium pantothenate was dissolved at 100 µM in water, syringe filter sterilized 
(Corning, 0.45 µM, nylon), and diluted into 7H9c. All Mtb cultures were grown static 
at 37 °C, and growth monitored at OD580. Bacteria harvested for immunoblotting or 
mass spectrometry were washed with Dulbecco’s phosphate-buffered saline (“PBS,” 
Corning) and 0.05% Tween-80 (“PBS-T”) prior to lysis. To inhibit proteasome activity, 
we used epoxomicin (Selleckchem) as previously described (3).

For growth curves in minimal media, Mtb strains were grown to mid-log phase, 
washed thrice with PBS-T, and resuspended at OD580 0.05 in Sauton’s broth [3.7 
mM potassium phosphate, monobasic; 2.4 mM magnesium sulfate heptahy-
drate; 30 mM L-(+)-asparagine monohydrate; 3.5 mM zinc sulfate; 9.5  mM 

citric acid trisodium salt dihydrate (Acros Organics); 6.0% glycerol; 0.005% ferric 
ammonium citrate (MP Biochemicals); 0.05% Tween-80] or Proskauer-Beck broth 
[0.5% potassium phosphate monobasic, 0.06% magnesium sulfate heptahydrate, 
1.5% glycerol, 0.25% magnesium citrate, dibasic anhydrous (Chem-Impex 
International), 0.05% Tween 80, and 10 mM L-(+)-asparagine monohydrate].

Protein Analysis. Mtb lysates were prepared by bead beating in 50 mM Tris-HCl 
pH8, 1 mM EDTA pH8, as previously described (28). Lysates for immunoprecipita-
tion were filter sterilized with 0.22 nylon syringe filters (CELLTREAT). Lysates made 
for mass spectrometry were filtered with SpinX centrifuge tube filters (Costar). 
Immunoblots were performed with monoclonal antibodies to Pup (4, 28) or pol-
yclonal antibodies to Dop (12), DlaT (63), PrcB (22), or FabD (7) as previously 
described. Monoclonal ANTI-FLAG M2 antibody (Sigma Aldrich) was used accord-
ing to the manufacturer’s instructions. For polyclonal antibody production, CoaX 
and FLAGPanBhis were purified from E. coli under native conditions using Ni-NTA 
agarose (Qiagen). Elutions were pooled and dialyzed overnight at 4 °C in PBS 
and concentrated with Amicon Ultracel 3 K filters (Millipore) for immunization 
of rabbits by Covance (Denver, PA). For additional immunoblotting procedures 
SI Appendix, Supplementary Experimental Procedures.

Protein Purification. Msm DopC438S was used for all in vitro depupylation assays 
and purified as described previously (64). Protein was stored in 50 mM NaPO4 
pH 8, 10 mM MgCl2, 150 mM NaCl, and 20% glycerol and flash frozen with an 
ethanol-dry ice bath for storage at −80 °C. Protein concentrations were quantified 
by Bradford assay using Bio-Rad Protein Assay Dye Reagent Concentrate accord-
ing to the manufacturer’s instructions. For CryoEM analysis, CoaX was purified 
from the pETDUET-hispup91-coaX-dopMsmC438S construct and the CoaX+ DopMsm + 
Pup complex was purified from pETDUET-TwinStreppup91-coaX-dopMsmC438S construct. 
In brief, N-terminally truncated and tagged Pup (his6Pup91 or TwinStrepPup91) was 
coproduced in E. coli with DopMsm and GroESLEcoli. These strains were grown to 
OD600 0.4 to 1.0, induced with 0.6 mM isopropyl ß-D-1-thiogalactopyranoside 
(IPTG, IBI Scientific), and grown for another 4 to 6 h at 37˚C. Untagged DopMsm was 
purified by interaction with hisPup91 using Ni-NTA agarose (Qiagen) as previously 
published (64) or TwinStrepPup91 on Strep-TactinXT 4Flow High Capacity Resin (IBI 
Scientific) and further purified by SEC using a SuperoseTM 6 10/300 GL column 
and ÄKTA Pure Protein Purification System (Cytiva). Purification of CoaX in the 
absence of Dop was performed similarly, but cultures were induced with 1 mM 
IPTG. SEC fractions of each protein were concentrated and buffer exchanged with 
Amicon Ultra 10 kD MWCO Centrifugal Filters (Millipore Sigma) according to the 
manufacturer’s instructions.

MycPup~FLAGPanBhis, and MycPup~FLAGFabDhis were purified from proteasome-
lacking Msm for depupylation assays as previously described (65). 
MycPup~FLAGPanBhis was purified in complex with FLAGPanBhis due to apparent 
heterogeneous pupylation of the PanB decamer (46).

For kinase and DSF assays, CoaAhis, CoaXhis, and CoaXDM_his were produced 
for purification by transforming corresponding pET28a-based plasmids into 
BL21(DE3). Single colony transformants were inoculated into 10 ml LB media 
supplemented with kanamycin, grown overnight, and subcultured into 1 l 
LB broth the following morning. Upon reaching OD600 0.5 to 0.7, they were 
cold shocked and induced with 1 mM IPTG overnight at 18 °C. The cell pellet 
was obtained by centrifugation and resuspended in 50 mM Tris-HCl pH 8.0, 
300 mM NaCl, 10% glycerol, and 25 mM imidazole. Cells were lysed by French 
Press Cell Disruptor, icing between cycles. Soluble lysate was loaded onto a 
Ni-NTA agarose column, proteins eluted with 300 mM imidazole, and applied 
to Gravity PD-10 Desalting columns (Cytiva) used to change buffer according 
to the manufacturer’s instructions.

Cryo-EM Sample Preparation, Screening, and Data Collection. SEC fractions 
were screened by negative-stain electron microscopy to assess sample quality 
and homogeneity. For negative stain electron microscopy, protein sample was 
applied to freshly glow-discharged carbon-coated 400 mesh copper grids (Ted 
Pella Inc., cat. #01754-F) and subsequently blotted with filter paper. Immediately 
after blotting, a 0.75% uranyl formate solution was applied for staining, followed 
by five rounds of stain application and blotting. Grids were imaged on a Talos 
L120C TEM (FEI) equipped with a 4 K. 4 K OneView camera (Gatan).

For cryo-EM of CoaX, fractions of interest were concentrated to 0.01 mg/ml 
in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 1 mM DTT. Continuous carbon 
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grids (Quantifoil R 2/2 on Cu 300 mesh grids + 2 nm Carbon, Quantifoil Micro 
Tools C2-C16nCu30-01) were glow-discharged for 5 s in an easiGlow Glow 
Discharge Cleaning System (Ted Pella Inc.). 3.5 μl sample was applied to the 
glow-discharged grid. Using a Vitrobot Mark IV, grids were blotted for 3 s at 22 °C 
with 100% chamber humidity and plunge-frozen into liquid ethane. Clipped 
grids were screened at the NYU Cryo-EM Laboratory on a Talos Arctica operated at 
200 kV equipped with a K3 camera (Gatan). Grids were selected for data collection 
based on ice quality and particle distribution. Selected grids were imaged at NYU 
Cryo-EM Laboratory on a Krios-3Gi operated at 300 kV with a K3 camera (Gatan) 
and an energy filter slit width of 20 eV. Superresolution movies were collected 
using Leginon v3.6 at a nominal magnification of 105,000×, corresponding to a 
superresolution pixel size of 0.41275 Å (or a nominal pixel size of 0.8255 Å after 
binning by 2). Movies were collected at a dose rate of 26.95 e-/Å2/s with a total 
exposure of 1.80 s, for an accumulated dose of 48.51 e-/Å2. Intermediate frames 
were recorded every 0.05 s, 40 frames per micrograph. A total of 7,913 images 
were collected at a nominal defocus range of 0.8 – to 2.5 μm.

For cryo-EM of CoaX+ DopMsm + Pup91, fractions of interest were concentrated 
to ~2 mg/ml in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 1 mM DTT. C-flat grids 
(Protochip, CF-1.2/1.3-4AU-50) were glow-discharged for 30 s in an easiGlow 
Glow Discharge Cleaning System. Using a Vitrobot Mark IV, grids were blotted for 
3 s at 22 °C with 100% chamber humidity and plunge-frozen into liquid ethane. 
Clipped grids were screened at the NYU Cryo-EM Laboratory on a Talos Arctica 
microscope. Data were collected on optimal grids at NYU Cryo-EM Laboratory on 
a Krios-3Gi operated at 300 kV with a K3 camera (Gatan) and an energy filter slit 
width of 20 eV. Superresolution movies were collected using Leginon v3.6 at a 
nominal magnification of 105,000×, corresponding to a superresolution pixel 
size of 0.41275 Å (or a nominal pixel size of 0.8255 Å after binning by 2). Movies 
were collected at a dose rate of 27.15 e-/Å2/s with a total exposure of 1.80 s, for 
an accumulated dose of 48.87 e-/Å2. A total of 11,015 images were collected at 
a nominal defocus range of 0.8 to 2.5 μm.

Cryo-EM Data Processing for CoaX. The Krios dataset was split into eight 
batches of 1,000 movies and processed in cryoSPARC v4.31 (61), as described 
in SI Appendix, Fig. S3. Dose-fractionated movies were gain-normalized, drift-
corrected, summed, and dose-weighted using the cryoSPARC Patch Motion 
module (max resolution alignment: 3 Å, output F-crop factor: 1/2). The contrast 
transfer function was estimated for each summed image using cryoSPARC Patch 
CTF (amplitude contrast: 0.07, maximum resolution: 1.64 Å, maximum search 
defocus: 50,000 Å).

Micrographs from each batch were picked using cryoSPARC Blob Picker (min 
particle diameter: 100 Å, max particle diameter: 200 Å, max # of local maxima to 
consider: 1,000) and extracted using Extract From Micrographs module (extrac-
tion box size: 256 px, Fourier crop to box size: 64 px) resulting in 4,199,792 
total particles across the eight batches. For each batch, extracted particles were 
sorted using 2D Classification (N = # of classes = 50, remove duplicate parti-
cles). From one of the eight batches, particles from “junk” classes were selected 
and processed using cryoSPARC Ab initio Reconstruction (N = 3, # of particles to 
use: 100,000) to generate three decoy models (Decoy 1, Decoy 2, and Decoy 3) 
for downstream particle curation using cryoSPARC Heterogenous Refinement. 
Particles from well-defined classes were selected from each batch, combined 
(1,742,997 particles total), and sorted by another round of 2D Classification  
(N = 50). Particles from well-resolved 2D classes (1,194,966 particles) were 
selected and re-extracted using Extract From Micrographs module (Extraction 
box size: 256 px, no binning).

Extracted particles were processed using cryoSPARC Ab initio Reconstruction  
(N = 3, # of particles to use: 100,000, max res: 7 Å, initial resolution: 9 Å) to gen-
erate initial 3D models [Model 1 (22,953 particles), Model 2 (19,586 particles), 
Model 3 (57,461 particles)]. Extracted particles were further curated with five 
rounds of Heterogeneous Refinement [N = 6 classes, templates = (1) Model 1, 
(2) Model 2, (3) Model 3, (4) Decoy 1, (5) Decoy 2, (6) Decoy 3], in which particles 
sorted into Models 1, 2, and 3 were used as input for the next round and particles 
in Decoys 1, 2, and 3 were discarded and not further processed. Multiple rounds of 
Heterogeneous Refinement were performed (round 1: 990,417 particles, round 
2: 899,837 particles, round 3: 838,692 particles, round 4: 798,094 particles, 
round 5: 774,783 particles) until less than 3% of input particles were sorted into 
Decoy classes. Curated particles were classified using Heterogeneous Refinement 
[N = 3, templates = (1) Model 3, (2) Model 3, (3) Model 3], revealing two distinct 

classes of Mtb CoaX: hexamer (Ref 1) and tetramer (Ref 2), which were used as 
references for downstream particle curation.

To sample more views of the hexamer and tetramer, particles from Models 
1, 2, and 3 were each sorted by 2D classification (N = 50) and particles from 2D 
classes containing unique views were selected. Particles from the five different 
views were separately trained within the Topaz Train module (62) in cryoSPARC 
(expected # of particles: 1,000, model architecture: ResNet16). After training, 
particles were picked using the trained Topaz model and extracted (extraction 
box size: 256 px, Fourier crop to box size: 64 px). Particles from the five separate 
Topaz pickings (view1: 5,435,920 particles; view2: 3,495,604 particles; view3: 
5,978,176 particles; view4: 7,226,460 particles; view5: 5,963,535 particles) 
were aligned using 2D Classification (N = 50), combined, and duplicate particle 
picks were removed. Particles were re-extracted using Extract From Micrographs 
module (extraction box size: 256 px, no binning), resulting in 8,929,726 particles.

Extracted particles were curated by running four rounds of Heterogeneous 
Refinement [N = 5, templates = (1) Ref 1, (2) Ref 2, (3) Decoy 1, (4) Decoy 2, 
(5) Decoy 3], in which particles sorted into Ref 1 and Ref 2 were used as input 
for the next round and particles in Decoys 1, 2, and 3 were discarded and 
not further processed. Multiple rounds of Heterogeneous Refinement (round 
1: 4,653,022 particles, round 2: 3,412,231 particles, round 3: 2,347,502 
particles, round 4: 2,154,528 particles) were performed until resolution of 
Ref1 and Ref2 did not improve further. After removing remaining duplicates 
(alignment3D), the 1,285,898 curated particles in the hexamer class (Ref 1) 
and the 771,380 curated particles in the tetramer class (Ref 2) were refined 
using cryoSPARC Non-Uniform Refinement (63) (initial lowpass resolution: 
15 Å) generating density maps with average resolutions of 2.59 Å-resolution 
and 2.81 Å, respectively.

Cryo-EM Data Processing for CoaX + DopMsm + Pup91. The Krios dataset was 
split into twelve batches of 1,000 movies and processed in cryoSPARC v4.5.1 
(61), as described in SI Appendix, Fig. S1. Dose-fractionated movies were gain-
normalized, drift-corrected, summed, and dose-weighted using the cryoSPARC 
Patch Motion module (max resolution alignment: 3 Å, output F-crop factor: 1/2). 
The contrast transfer function was estimated for each summed image using cry-
oSPARC Patch CTF (amplitude contrast: 0.07, maximum resolution: 1.65 Å, max-
imum search defocus: 50,000 Å).

Using a subset of 1,000 micrographs, particles were initially picked using 
cryoSPARC Blob Picker (min particle diameter: 100 Å, max particle diameter: 
200 Å, max # of local maxima to consider: 2,000) and extracted using Extract 
From Micrographs module (extraction box size: 360 px, Fourier crop to box size: 
90 px). Extracted particles were sorted using two rounds of 2D Classification  
(N = # of classes = 50, remove duplicate particles), selecting for well-resolved 
2D classes. 2D classes of different view angles were used as templates for cry-
oSPARC Template Picker (particle diameter: 200 Å, min separation distance: 
0.2 diameters, max # of local maxima to consider: 2,000) to pick from a subset 
of 1,000 micrographs. Picked particles were extracted using the Extract From 
Micrographs module (extraction box size: 360 px, Fourier crop to box size: 90 
px) and subjected to two rounds of 2D Classification (N = # of classes = 50, 
remove duplicate particles), to sort out unique viewing angles (4 total) of the 
complex for Topaz Train. Particles from “junk” classes were selected (580,562 
particles) and processed using cryoSPARC Ab initio Reconstruction (N = 3, max 
resolution 7 Å, initial resolution: 9 Å) to generate three decoy models (Decoy 
1, Decoy 2, and Decoy 3) for downstream particle curation using cryoSPARC 
Heterogenous Refinement. Curated particles for each unique view were used to 
train a separate Topaz picking model through the Topaz Train module (expected 
# of particles: 1000, use pretrained initialization, model architecture: ResNet8). 
The four Topaz training models were applied to pick particles from the subset of 
1,000 micrographs to generate an initial 3D model. Picked particles (485,131 
particles) were extracted using the Extract From Micrographs module (extraction 
box size: 360 px, Fourier crop to box size: 90 px), subjected to 2D classification 
(N = 50, remove duplicate particles), and particles from well-resolved classes 
were selected. Selected 197,245 particles were re-extracted (extraction box size: 
360 px, no binning) and used for Ab initio Reconstruction (N = 3, # of particles 
to use: 100,000, max res: 7 Å, initial resolution: 9 Å) to generate an initial 3D 
reconstruction of the complex (denoted as “Reference”).

Each batch of micrographs was subsequently picked using the four Topaz pick-
ing models, and particles were extracted using Topaz Extract and Extract from 
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Micrographs modules (extraction box size: 360 px, Fourier crop to box size: 90 px). 
Particles from each batch (22,780,331 total particles across the twelve batches) 
were 2D classified (N = 50, remove duplicate particles) to remove duplicate picks 
and then re-extracted (extraction box size: 360 px, no binning). Extracted particles 
for each batch were curated by running two rounds of Heterogeneous Refinement 
[N = 4, templates = (1) Reference, (2) Decoy 1, (3) Decoy 2, (4) Decoy 3], in which 
particles sorted into Reference were used as input for the next round until the 
resolution of the “Reference” reconstruction did not improve further. Curated 
particles for each batch were refined using cryoSPARC Non-Uniform Refinement 
(minimize over per-particle, optimize per-particle defocus, optimize per-group 
CTF parameters) to perform per-particle Global and Local CTF estimations. From 
each batch, refined particles were further curated using supervised 3D classi-
fication using cryoSPARC Ab-initio Reconstruction (N = 3, max res: 7 Å, initial 
resolution: 9 Å) to remove higher-order oligomers and overrepresented orien-
tations for a more isotropic 3D reconstruction of the CoaXhexamer + DopMsm + 
Pup91 complex. Curated particles from each batch were refined using cryoSPARC 
Non-Uniform Refinement (minimize over per-particle) followed by cryoSPARC 
Reference Based Motion Correction.

Corrected particles from the twelve batches were combined (2,336,294 total 
particles) and were refined together using cryoSPARC Non-Uniform Refinement, 
resulting in a consensus 3D reconstruction at 1.98 Å-resolution. Signal subtrac-
tion and cryoSPARC Local Refinement was performed to improve the density 
for Dop and Pup91, resulting in a locally refined map at 2.12 Å-resolution. The 
locally refined maps of Dop and Pup91 were combined with the consensus map 
using PHENIX “Combine Focused Map” (66) to generate a composite map at 
2.04 Å-resolution for model building. The resolution of the composite map was 
estimated by generating composite half maps and calculating the Fourier shell 
correlation.

Model Building and Refinement. For the initial model of CoaX, we used 
AlphaFold2 (64) to generate a monomer of CoaX through ColabFold (65). The 
predicted CoaX monomers were manually fit as rigid bodies into the cryo-EM 
maps of the CoaX hexamer and tetramer using ChimeraX (67). CoaX hexamer 
and tetramer models were further refined using real-space refinement in PHENIX 
v1.20.19 (68). The refined models were manually inspected in COOT v0.8.9.2 (69) 
to assess the overall fit for the Cα backbone and side chains of each CoaX pro-
tomer into the maps. These models were iteratively inspected, manually rebuilt 
in COOT, and refined in PHENIX until completion. Final model refinements were 
performed using PHENIX with global minimization, Ramachandran restraints, 
secondary structure restraints, and nonbond weight set at 200.0. The final model 
for the CoaX hexamer and tetramer is nearly complete apart from the C-terminal 
regions of each CoaX promoter (residues 261 to 272). These residues were not 
modeled since they were not well-resolved in the cryo-EM maps.

To model the CoaX + DopMsm + Pup91 complex, the CoaX hexamer model and 
an AlphaFold2 prediction of DopMsm bound to Pup91 were manually docked into 
the cryo-EM map within ChimeraX. Each protein chain was fitted into the map 
as a rigid body within ChimeraX. In each CoaX protomer, residues 162 to 175 
form a loop that makes up part of the interface between two CoaX dimers with 
chain B interacting with chain F, chain A interacting with chain C, and chain D 
interacting with chain E. These loops were resolved to varying extents. Among 
the six loops, the loop in chain B was best resolved in the map and therefore, 
fully modeled. This loop was used to guide the modeling of the other five 
CoaX loops. The loop in chain F that interacts with the loop of chain B appears 
mostly disordered, thus residues 163 to 169 were not modeled. The loops in 
chain A and C (encompassing residues 162 to 175) appear to adopt an ordered 
and disordered state, with the ordered state of chain A and C occupying the 
same physical space. Therefore, both conformations were modeled in both 
chains at 50% occupancy. The loops in chain D and E were modeled similarly 
to chain A and C. The model for the complex was refined through iterations of 
real-space refinement in PHENIX v1.20.19 and manually inspected in COOT 
v0.8.9.2. Hydrogens were added using PHENIX “ReadySet” and waters added 
and further inspected using COOT. Final model refinements were performed 
using PHENIX with global minimization, occupancy, Ramachandran restraints, 
secondary structure restraints, and nonbond weight set at 200.0. The final model 
for the CoaX hexamer bound to Dop and Pup91 lacked several regions that were 
not modeled due to poor density: residues 262 to 272 of each CoaX promoter, 
40 to 83 and 428 to 498 of Dop, and 1 to 39 of Pup91.

Quantification and statistical analyses for model refinement and validation 
on deposited models were extracted from the results of the real_space_refine 
algorithm in PHENIX (68) as well as MolProbity (70) and EMringer (71). 
Structural alignments and associated RMSD values were calculated using PyMOL 
(Schröodinger, LLC). The local resolution of the cryo-EM maps was estimated using 
cryoSPARC Local Resolution (61). FSCs that were calculated in cryoSPARC were 
plotted in Prism v10 (GraphPad). Directional 3DFSCs were calculated using 3DFSC 
(72) and directional view plots were generated in cryoSPARC. Figs. were generated 
with PyMOL (Schröodinger, LLC) and ChimeraX (67). Protein–protein interfaces 
and interactions were calculated using PDBePISA (41) PDBsum (68).

Mass Spectrometry to Identify Dop Binding Partners and Characterize 
the Proteome of WT and ∆coaX Strains. Dop tagged with a tandem affin-
ity purification (TAP) tag (C-terminal FLAG-tag followed by hexahistidine tag), 
DopTAP, was immunoprecipitated from Mtb lysed in 50 mM NaH2PO4 pH 7.4, 
100 mM NaCl by batch purification with EZview Red ANTI-FLAG M2 Affinity gel 
and eluted with 3XFLAG peptide according to the manufacturer’s instructions 
(Sigma-Aldrich). Elutions were examined by SDS-PAGE on a 10% acrylamide gel 
and Coomassie brilliant blue staining. The dominant binding partner was excised 
from the gel and processed by the Proteomics Laboratory at NYU Langone.

To globally identify Dop and PafA binding partners, DopTAP and PafATAP 
(C-terminally tagged identically to DopTAP) were immunoprecipitated from quad-
ruplicate Mtb cultures using anti-FLAG affinity gel as described above. Elutions 
were analyzed by mass spectrometry.

Total proteomics was performed on lysates extracted from four cultures of 
WT and ∆coaX strains. Lysates were prepared by bead beating in 100 mM Tris 
pH 8.0, 1 mM EDTA, and filter sterilized using 0.22 µ nylon filters (CELLTREAT).

Pantothenate Kinase Activity Assays. Pantothenate kinase activity was meas-
ured using ADP-Glo Kinase assay (Promega) according to the manufacturer’s 
instructions. To investigate kinases’ activity, ADP formed by in  vitro reactions 
is converted to ATP, which is used to generate light by a subsequent luciferase 
reaction. Luminescence measured by plate reader is therefore correlated with the 
abundance of ADP generated by the initial in vitro reaction, yielding a quantita-
tive, but indirect, indication of ATPase activity.

Recombinant CoaA, CoaX, and CoaADM were incubated with increasing concen-
trations of pantothenate for 30 min in 50 mM HEPES, 25 mM KCl, 20 mM MgCl2, 
0.1 M EDTA, 2 mM DTT, 0.002% Brij-35, and 5 mM ATP as previously described 
(36). Reactions were quenched by addition and incubation with ADP Glo Reagent. 
Kinase Detection Reagent was then added and luminescence measured with 
SpectraMax iD5 Microplate reader. Graphs were generated with Prism (Graphpad) 
and represent results from duplicate experiments.

Differential Fluorimetry Scanning. 10 μM of purified CoaX was mixed with 5 μl  
SYPRO Orange (Thermo Fisher Scientific) in 50 mM Tris-HCl, 300 mM NaCl, and 
10% glycerol. Reactions included 0 to 10 mM ATPγS, 0 to 4 mM pantothenate, 
or 4 mM pantothenate with 0 to 10 mM ATPγS. Reactions were conducted in a 
96-well microplate, total volume 25 μl, and monitored using a BioRad CFX 96 
qPCR instrument equipped with a FRET channel.

Evolutionary Analysis of CoaX Sequences. Homologs of CoaX were identified 
using the Mtb CoaX amino acid sequence (P9WPA1.1) as query in a PSI-BLAST 
search (73) against the nonredundant protein database from National Center for 
Biotechnology Information that was clustered down to 50% identity (nr50). For TaxID 
and CoaX accession numbers SI Appendix, Supplementary Experimental Procedures. 
An MSA was generated with FAMSA (74) and adjusted based on structural data.

To determine the presence of Type I and Type II PanK enzymes, PSI-BLAST 
searches were performed on the nr50 database using Mtb CoaA(CCP43845.1) and 
Staphylococcus aureus PanK (NP_646871.1) as queries, respectively. The NCBI 
TaxIDs of species in the CoaX alignment were used to filter results.

RNAseq. RNA was extracted from four cultures of MHD761 (H37Rv pMV306.
strep), MHD1845 (∆coaX::hyg pMV306.strep), and MHD1846 (∆coaX::hyg 
pMV306.strep-coaX) as previously described (75). Library preparation (using 
Ribozero plus) and paired-end 50 bp sequencing (on an SP 100 Cycle Flow 
Cell v1.5 using an Illumina NovaSeq 6000) was conducted by the NYU Langone 
Genome Technology Center. Reads were mapped to the H37Rv genome [RefSeq 
identifier GCF_000195955.2 with socAB annotation added as previously 
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described (76)] using Bowtie2 v2.4.1 (77) and sorted using samtools v1.13 (78). 
Aligned read counts were extracted using the featureCounts command in Subread 
v2.0.1 (79). Normalization and differential expression analysis was performed 
using DESeq2 v1.40.2 (80) defaults using R (81), RStudio v2023.9.0.463, and 
tidyverse v2.0.0 (82). Genes with Wald test p-values adjusted for multiple hypoth-
esis testing (Benjamini and Hochberg) of less than 0.1 were considered signifi-
cant. Normalized read counts were plotted with Prism v10 for figure.

Mouse Infections. Six- to eight-week-old female mice (C57BL6/J, Jackson 
Laboratories) were infected with WT, ∆coaX, or the complemented strain as previ-
ously described (5) with the approval of the New York University Institutional Animal 
Care and Use Committee. Mice were humanely euthanized and organs harvested 
at days 1, 22, and 56, and 196 d (n = 8 to 10 over two independent experiments) 
following infection. All procedures were performed with the approval of the New 
York University Institutional Animal Care and Use Committee. Lungs were harvested 
at all time points and spleens were harvested at all time points except day 1.

Depupylation Assays. Purified pupylated substrates (MycPup~FLAGPanBMtb_his or 
MycPup~FLAGFabDMtb_his) were mixed with DopMsm at a 4:1 ratio by protein concen-
tration in 50 mM NaPO4, 10 mM MgCl2, 150 mM NaCl, 1 mM DTT, 5 mM ATP, 
and 10% glycerol (total volume of 100 µl) on ice. MycPup~FLAGPanBhis depupyl-
ation reactions contained 2 µg of purified substrate; MycPup~FLAGFabDhis reac-
tions contained 0.9 µg. When included, CoaX was mixed at a ratio of 2:1 with 
Dop by concentration, prior to the addition of substrate. When included, 1 mM 
pantothenate was premixed with reactions prior to the addition of substrate. A 
sample was collected at start and reactions incubated at 30 °C in a ThermoMixer 
C (Eppendorf). Additional samples were collected at 15, 45, 120, and 240 min. 
Depupylation of MycPup~FLAGPanBhis was analyzed by SDS-PAGE and staining with 
ProtoStain Blue (National Diagnostics) according to the manufacturer’s instruc-
tions. Depupylation of MycPup~FLAGFabDhis was analyzed using Pierce Silver Stain 
for Mass Spectrometry according to the manufacturer’s instructions using Glacial 
Acetic Acid and 190 proof Ethanol (Decon Labs). All gels were scanned and band 
density measured with Fiji (Image J). Pupylated protein remaining at each time 
point was calculated as a ratio of the proportion of pupylated protein at each 
time point relative to the starting proportion of pupylated protein. Results were 
graphed and Mann–Whitney tests performed in Prism v10.

Data, Materials, and Software Availability. Raw sequence data and inferred 
gene features are available from the NCBI Gene Expression Omnibus under the 
accession number GSE260838 (83). All other data are included in the article and/
or supporting information.
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