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Abstract

Proteasomes are ATP-dependent protein degradation machines present in all archaea and 

eukaryotes, and found in several bacterial species of the order Actinomycetales. Mycobacterium 
tuberculosis (Mtb), an Actinomycete pathogenic to humans, requires proteasome function to cause 

disease. In this chapter, we describe what is currently understood about the biochemistry of the 

Mtb proteasome and its role in virulence. The characterization of the Mtb proteasome has led to 

the discovery that proteins can be targeted for degradation by a small protein modifier in bacteria 

as they are in eukaryotes. Furthermore, the understanding of proteasome function in Mtb has 

helped reveal new insight into how the host battles infections.

Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB) and kills 

nearly two million people every year (http://www.who.int/). The infectious process starts 

with the inhalation of air-borne droplets containing Mtb bacilli. Bacteria replicate in 

professional phagocytes in the lungs where they must combat numerous anti-microbial 

molecules. If the host cannot control the infection, Mtb growth will result in the destruction 

of lung tissues and, ultimately, the death of the host.

Despite the astounding mortality caused by TB, most individuals infected with Mtb can 

control mycobacterial growth for much of their lives. Among the host’s arsenal of 

antimicrobial effectors is nitric oxide (NO), which is produced by activated macrophages 

and is toxic to numerous microbes [1]. Evidence that supports the notion that NO is critical 

to controlling Mtb has come from mouse studies. Inactivation of the macrophage associated 
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inducible NO synthase, (iNOS) also known as NOS2, dramatically sensitizes mice to Mtb 
infections [2]. The cytotoxic effects of NO are likely to be dependent on the formation of 

highly reactive nitrogen intermediates (RNIs). It is thought that in host cells NO is oxidized 

to nitrite, which can be protonated to nitrous acid in the phagosomes of activated 

macrophages. Nitrous acid dismutates to reform NO, which can penetrate bacterial 

membranes and cell walls to combine with reactive oxygen intermediates (ROIs) such as 

superoxide to generate peroxynitrite. RNIs and ROIs can induce lethal injuries including 

DNA and protein damage as well as lipid peroxidation [3, 4].

Regardless of the apparent protective effects of host-produced NO during Mtb infections, 

humans, as well as experimentally infected animals, are rarely sterilized of Mtb [1, 2]. This 

observation was the basis for the hypothesis that Mtb encodes proteins required for 

resistance to NO toxicity. Due to the emergence of multi-drug resistant (MDR) and 

extensively-drug resistant (XDR) Mtb strains, researchers around the world are looking for 

novel ways to target TB. Drugs that inhibit bacterial defenses against mammalian 

antimicrobial effectors like NO could help the host win the war against this disease.

It has long been a technical challenge to identify and characterize pathways important for 

the pathogenesis of Mtb, a highly infectious and slow growing (doubling time ~20 h) 

Actinobacterium with a high GC-content. Over the last 20 years, improved molecular 

genetic tools and bio-safety provisions have greatly facilitated studies into understanding the 

pathogenesis of this challenging organism. With the advent of efficient transposon 

mutagenesis, it became feasible to perform a screen to identify genes required for NO 

resistance in vitro. After screening over 10,000 transposon mutants for NO sensitivity, 

Nathan and colleagues identified five Mtb mutants of the virulent laboratory strain H37Rv 

with independent insertions in Rv2115c and Rv2097c, two genes that were predicted to be 

associated with proteasome function [5]. Rv2115c was named mpa (Mycobacterium 
proteasomal ATPase) due to its high similarity with eukaryotic and archaeal proteasomal 

ATPases [6]. Mpa is 81 % identical to ARC (AAA ATPase forming ring-shaped complexes) 

of Rhodococcus erythropolis, the first biochemically characterized bacterial proteasomal 

ATPase [7]. In contrast to Rv2115c/Mpa, Rv2097c did not exhibit similarity to any known 

proteins at the time, however, was proposed to participate in proteasomal function, and as 

such was named paf for proteasome accessory factor (later termed pafA). Importantly, 

mutations in mpa and pafA severely attenuate Mtb virulence in mice [5].

Proteasomes are multi-subunit barrel-shaped protease complexes that were first discovered 

in eukaryotes over 20 years ago [8]. In eukaryotes the 26S proteasome is composed of two 

functionally distinct sub-complexes: the 20S core particle (CP), required for degradation of 

the substrate, and a 19S regulatory particle (RP) located at either or both ends of the CP, 

responsible for substrate unfolding and translocation into the CP [9, 10]. The RP is 

composed of numerous proteins, the composition of which varies depending on its function. 

The 19S RP contains 19 subunits, including a ring of six distinct AAA (ATPases associated 

with different cellular activities) proteins that contact the CP, and non-ATPase subunits, 

which function in various aspects of substrate recognition and processing [11]. The CP is 

composed of four stacked rings with catalytic activity located within the central rings. The 

two inner rings are composed of seven distinct catalytic β-subunits sandwiched between two 
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outer rings composed of seven distinct α-subunits [10]. The β-subunits have several 

proteolytic activities that allow the proteasome to cleave most types of peptide bonds. 

Protein fragments are estimated to range in size from 8 to 10 residues [12]. The α-subunit 

rings form a gated channel that controls the passage of substrates and cleaved peptides, and 

also serves as a docking surface for protein complexes such as the RP [10, 13].

Proteasomes are enzymatically and structurally distinct from the ATP-dependent, 

chambered bacterial proteases ClpP, Lon, FtsH and HslV [14, 15]. The first clue that bona 
fide proteasomes were present in prokaryotes came from electron microscopy studies on the 

thermoacidophilic archaeon, Thermoplasma acidophilum, in which CP-like particles were 

obtained from T. acidophilum lysates [16]. Ultimately, T. acidophilum CPs were purified 

and crystallized, and shown to be highly similar in structure to eukaryotic CPs [17]. The first 

bacterial proteasome to be characterized was the R. erythropolis proteasome [18]. Later, 20S 

proteasomes were characterized from Mycobacterium smegmatis [19], Streptomyces 
coelicolor [20] and Frankia [21]. Additionally, genomic sequencing revealed the presence of 

proteasomal genes in the pathogens Mtb [22] and Mycobacterium leprae [23]. Bacterial 

proteasomes were thought to be confined to Actinobacteria until studies from the Banfield 

group (reviewed in [24]), discovered two actinomycete-like proteasome genes clusters in a 

non-culturable Gram-negative bacterium called Leptospirillum. To date, Actinomycetes and 

Leptospirillum are the only known bacterial lineages with a proteasome system, and may 

have acquired this protease complex via lateral gene transfer events [24, 25]. In contrast to 

the eukaryotic CPs, most prokaryotic CPs are composed of homo-heptameric rings; two β-

subunits (PrcB) rings, flanked by two α-subunit (PrcA) rings (reviewed in [26, 27]). For the 

most part, the presence of only one type of β-subunit limits the proteolytic activity of the 

prokaryotic 20S CP to chymotryptic activity.

Since the initial identification by Darwin et al. of genes required for NO resistance in Mtb 
[5], it was later shown (using two separate prcBA mutant Mtb strains) that the CP was also 

needed for resistance to NO [28, 29]. This provided evidence of a functional link between 

Mpa, PafA and the CP. However, when compared to the wild type, mpa or pafA Mtb strains, 

the prcBA mutants grow much more slowly in rich broth (~20–30 % lower optical density at 

stationary phase) and take longer to form colonies on solid media [28, 29]. This growth 

defect in these genetically manipulated strains is similar to that observed for wild type Mtb 
strains treated with a mammalian proteasome inhibitor, N-(4-morpholine)carbonyl-b-(1-

naphthyl)-L-alanine-L-leucine boronic acid (MLN-273) or epoxomicin [5]. Collectively, 

these data suggest that the Mtb CP can also degrade proteins in an Mpa/PafA independent 

manner; or that the CP has other, possibly protease-independent functions important for 

growth (to be discussed later). The notion that the Mtb CP is needed for normal growth is 

supported by a study that attempted to delineate genes essential for Mtb growth in vitro. In 

this study, Rubin and colleagues found that prcBA, but not mpa or pafA, were required for 

normal growth in vitro [30], therefore it is, not surprising that prcBA-defective Mtb strains 

are also highly attenuated in a mouse model of infection [28, 29].

The identification of a bacterial proteasome associated with a virulence phenotype piqued 

the interest of numerous laboratories to better characterize this protease. Here, we 
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summarize what is currently understood about the structure and function of the Mtb 
proteasome and discuss its potential roles in pathogenesis.

Mycobacterium tuberculosis Proteasome Structure and Function

Structure of the Mtb 20S Core Particle

The overall architecture of the Mtb 20S CP is similar to the CP of archaeal [31] and 

eukaryotic [32] proteasomes. All CPs form a barrel-shaped structure consisting of four 

stacked, seven-subunit rings that are arranged into two central β-rings, flanked by an α-ring 

at either end. Like other prokaryotic proteasomes, Mtb CPs are arranged into a four-ringed 

α7β7β7α7 cylinder composed of 14 identical α-subunits and 14 identical β-subunits, ~150 Å 

in height with a diameter of ~115 Å (Fig. 10.1a, b). The Mtb proteasome shares modest 

sequence identity with the archaeal CP from Thermoplasma (~32 % identity for both α- and 

β-subunits) and high identity with the bacterial CP from Rhodococcus (~65 % identity). 

Despite this, with the exception of helix 2 in both the α- and β-subunits, the three-

dimensional structures of all three prokaryotic CPs are virtually super-imposable [33, 34]. 

Although, only the relative position of helix 2 is altered in the bacterial CPs, this small 

upward tilt of ~10° creates a wider axial substrate channel in the bacterial CPs when 

compared to the archaeal CPs [33].

The proteolytic active sites of the CP are housed in the β-subunits (in eukaryotes only three 

of the seven β-subunits contain functional sites: β-1, -2, and -5 [35]). These active subunits 

are synthesized with N-terminal pro-peptides, the autocleavage of which exposes the 

catalytic nucleophile, an N-terminal threonine (Thr-1) [36]. Similarly, in Rhodococcus, there 

are two β-subunits (β1 and β2) both of which are translated with long propeptides (65 and 59 

residues respectively). In this case, recombinant Rhodococcus α- and β-subunits only 

assemble into an active proteasomes when all subunits are combined, while separately 

expressed components remain monomeric [34, 37–39]. Collectively, these findings suggest 

that the β-subunit propeptide not only facilitates the formation of the first assembly 

intermediate (the α/β heterodimer) but also shields the catalytic Thr residue during 

proteasomal assembly, preventing undesired protein degradation [37, 40]. In Thermoplasma, 

the eight amino acid propeptide of the β-subunit seems to be dispensable for assembly of the 

CP, as the α-subunits can assemble spontaneously into seven subunit rings when produced 

in Escherichia coli [41]. In contrast the α-ring appears to serve as a template for assembly of 

the β-ring in the formation of active CP in Rhodococcus. In Mtb the 56-residue propeptide 

of PrcB appears to inhibit rather than promote CP assembly [42], as a cryo-EM study of the 

Mtb half proteasome revealed that the propeptide is located outside of the β-ring rather than 

between the α- and β-rings [43]. Because assembly of the mature CP is a result of the 

apposition of two half-proteasomes, it seems that the Mtb β-propeptides, which are auto-

catalytically removed, could be a barrier to the assembly process. However, it may be that 

simply more time is required to overcome this barrier.

Chamber of Doom: Core Protease Activity

Although several prokaryotic CPs characterized so far have significant peptidase activity 

[17, 40, 44, 45], the in vitro peptidase activity of Mtb CP is relatively low [42]. This low 
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activity suggests that the substrate gate is closed in a manner similar to the eukaryotic CP. In 

the eukaryotic CP, the substrate entrance to the α-ring is closed to prevent uncontrolled 

proteolytic activity [46]. In the eukaryotic CP, the gate to the catalytic chamber is blocked 

by the N-terminal sequences of the seven different α-subunits, which adopt different 

conformations and seal the entry portal [46]. In Mtb, a high-resolution crystal structure of 

the CP containing a mutant β-subunit (PrcB T1A, which prevents propeptide cleavage) 

revealed that the seven identical N-terminal peptides that form the gate were ordered, but 

exhibit three different conformations to tightly seal its substrate entrance at the seven-fold 

symmetry axis [43] (Fig. 10.2a, b). Deletion of the N-terminal residues 2–9 of PrcA results 

in an “open gate” conformation that increases peptidolytic activity to small peptides in vitro 
[42] (Fig. 10.2c).

All CPs are N-terminal Thr hydrolases [14, 35, 36]. While most prokaryotic CPs seem to 

exclusively hydrolyze hydrophobic small synthetic peptide substrates (so-called 

“chymotryptic” activity), the Mtb CP has broad substrate specificity, targeting not only 

hydrophobic targets but also basic (“tryptic” activity) and acidic peptides (“peptidyl-

glutamyl-peptide-hydrolyzing”, “caspase-like” or “post-acidic” activity) [42]. Unlike 

eukaryotic CPs in which substrate preference is determined by several different β-subunits 

[35, 47, 48], the Mtb 20S CP contains a single type of β-subunit, raising the question as to 

how it displays such broad substrate specificity. Structural analysis revealed that the 

substrate-binding pocket in the Mtb proteasome combines features found in different 

eukaryotic β-subunits: a hydrophobic upper surface similar to that of formed by a eukaryotic 

β5 subunit, and a hydrophilic lower surface similar to eukaryotic β1 and β2 subunits [33]. 

This composite feature of the substrate-binding pocket in the Mtb CP likely accounts for its 

broad substrate specificity [42].

Mpa: Gateway to Doom

Like other chambered proteases, proteasomal proteolysis requires an ATP-dependent 

chaperone to unfold structured proteins for delivery into the proteasome core where they are 

degraded. In archaea the best-characterized proteasomal ATPase is Methanococcus 
jannaschii PAN (proteasome activating nucleotidase) [49]. PAN can facilitate the 

degradation of artificial substrates by CPs [6, 49] but it remains to be determined how PAN 

recognizes archaeal proteins. Mpa forms homo-hexamers and is homologous to PAN. Like 

other AAA ATPases, Mpa has characteristic Walker A and B motifs for ATP binding and 

hydrolysis, respectively [50]. Mpa has relatively low ATPase activity: ATP hydrolysis is 

about four times slower than that of ARC, the Mpa orthologue in Rhodococcus (Vmax of 62 

versus 268 pmol min−1 μg−1) [7, 51], or PAN [49]. As predicted (and will be discussed in 

detail below), a major function of Mpa is to deliver proteins into the CP for destruction.

The full-length structure of Mpa is currently unknown, however, crystal structure analysis of 

partial Mpa polypeptides has yielded highly informative insight into its activity. Mpa and 

ARC each contain two domains of the oligosaccharide/oligonucleotide-binding (OB) fold in 

tandem, with the second OB fold appearing to play a major role in Mpa oligomerization [52, 

53] (Fig. 10.3a). In contrast, the archaeal PAN has only one OB domain [55], and it is not 

clear why Mpa and ARC have two. Immediately preceding the OB folds in Mpa is a 75 Å 

Samanovic et al. Page 5

Subcell Biochem. Author manuscript; available in PMC 2014 October 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



long α-helix [54] (Fig. 10.3b). Remarkably, helices from neighbouring subunit pairs form a 

coiled coil, thereby reducing the six-fold symmetry at the intermediate OB domain region to 

three-fold. This structural feature may be important for the specific protein recognition and 

unfolding activity of this class of ATPases.

By analogy to the eukaryotic 26S proteasome, the prokaryotic proteasomal ATPases are also 

expected to physically interact with the CP in order to couple protein unfolding with 

delivery into the CP. A major distinction between the prokaryotic ATPases and eukaryotic 

19S RP is that the 19S binds the CP with an affinity strong enough for the entire 26S 

complex (19S RP + 20S CP) to be co-purified. In stark contrast, prokaryotic ATPases, 

despite strong phenotypic associations with CP activity in vivo, only bind CPs either weakly 

or transiently in vitro [52, 56]. Methanococcus PAN weakly interacts with Thermoplasma 
CPs [56], and Mpa can directly associate, although flexibly and weakly, with open-gate 

mutant Mtb CPs [52] and can degrade proteins [57]. Because Mpa only weakly interacts 

with an altered proteasome in vitro, the precise nature of how any bacterial proteasome 

interacts with its cognate ATPase in vivo is a mystery. It is notable that proteasomal 

ATPases from bacteria to mammals contain a “HbYX (hydrophobic amino acid-tyrosine-X) 

motif” at their C-termini, and this motif is crucial for degradation but not ATPase activity 

[51, 56, 58, 59]. This motif is needed for PAN-mediated activation of proteolysis [60] and is 

implicated in proteasome assembly in yeast [59]. Mpa also has a HbYX-like motif, which is 

critical for the degradation of proteins in Mtb [51, 58]. Like PAN, Mpa lacking this motif is 

impaired in its interaction with the Mtb 20S CP in vitro [57].

A Pup-y Tale

In eukaryotes, proteins that are destined for proteasomal degradation are usually post-

translationally modified with the small protein ubiquitin (Ub) (reviewed in [61]). Ubiquitin 

is synthesized as part of a precursor protein, processed to form a 76 amino acid protein 

containing a C-terminal diglycine motif (Gly-Gly), with a compact β-grasp fold [62–64]. 

The C-terminal Gly is subject to a series of reactions that result in the conjugation of Ub to a 

Lys residue on the target protein [65–67]. In the first step, the C-terminal Gly of Ub is 

adenylated by an Ub activating enzyme (E1) using ATP. Ub is then transferred to the active 

site Cys residue on the E1 enzyme. Next, Ub is transferred to an Ub conjugating enzyme 

(E2) and delivered to an Ub ligase (E3), which catalyzes the formation of an isopeptide bond 

with a Lys residue on the target protein (Fig. 10.4). In eukaryotes there are numerous E2 

activating enzymes and E3 ligases (which contain a variety of substrate binding activities) to 

provide substrate specificity to the Ub proteasome system (UPS) (reviewed in [68, 69]). In 

general, proteins that are targeted to the proteasome have several Ub molecules added to the 

substrate, usually resulting in the formation of polyubiquitin (polyUb) chains [66, 70, 71]. 

The polyUb chains are recognized by the RP of the proteasome, and removed by 

proteasome-associated deubiquitinases (DUBs) for recycling of Ub. The deubiquitylated 

substrate is then delivered to the CP for destruction (reviewed in [11]).

Despite the presence of archaeal and bacterial CPs that are almost biochemically 

indistinguishable from the eukaryotic CP, an Ub-like system for the degradation of protein 

substrates was not found in prokaryotes for many years. A major hurdle at this time was an 
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inability to reconstitute the proteolytic activity of bacterial proteasomes. This strongly 

suggested that other co-factors were required for proteolysis or that specific model 

substrates were required. It was speculated that bacterial proteasomal substrates only 

required intrinsic signals for degradation, as there was no evidence for the existence of any 

post-translational small protein modifiers in bacteria. To examine this, Darwin and 

colleagues set out to identify natural Mtb proteasome substrates by comparing the steady-

state proteomes of wild type and mpa Mtb strains using two-dimensional polyacrylamide 

electrophoresis [58]. Although the proteomic profiles of untreated and NO-treated stationary 

phase cultures showed limited differences between the two Mtb strains, two proteins, FabD 

(malonyl CoA-acyl carrier protein transacylase) and PanB (ketopantoate 

hydroxymethyltransferase), accumulate significantly in the mpa strain. Importantly, the 

transcript levels fabD and panB are nearly identical in both wild type and mpa Mtb strains, 

which supported the notion that Mpa is required for FabD and PanB turnover, and not fabD 
or panB expression.

To further test if FabD and PanB were potential proteasome substrates, Mtb fabD and panB 
were expressed from a heterologous M. bovis hsp60 promoter in Mtb [72]. In addition to 

ruling out potential differences in gene expression, this system would also address the 

possibility that fabD and panB mRNA had differences in translation initiation in the mpa or 

pafA strains. Each recombinant gene also encoded a FLAG and His6 epitope tag at the N- 

and C-termini, respectively. Similar to that observed in 2D-PAGE analysis, both FLAG-

FabD-His6 and FLAG-PanB-His6 accumulate in the mpa and pafA mutants [58]. 

Consistently, treatment of wild type Mtb with a eukaryotic proteasome inhibitor stabilized 

FabD and PanB [58] and deletion of the 20S CP permitted PanB accumulation [29]. 

Collectively, these data supported the idea that Mpa and PafA were required for the 

degradation of FabD and PanB by the CP.

In addition to the identification of FabD and PanB as proteasomal substrates, an unexpected 

observation was made during these studies: Mpa itself was also identified as a putative 

proteasomal substrate [58]. Chemical inhibition of the CP results in the accumulation of 

Mpa in Mtb. This finding was consistent with an earlier observation that mutations in mpa, 

which disrupt the ATPase activity or the HbYX motif, increase the steady-state levels of 

Mpa [51]. Similarly, Mpa accumulates in a pafA mutant strain, supporting a role for PafA in 

substrate degradation [58]. Thus it appears that the proteasome may “cannibalize” its 

ATPase to regulate its levels and hence activity.

Despite the identification of these putative substrates, their degradation, using purified Mpa 

and CP, could not be reconstituted in vitro. Therefore it was proposed that other factors were 

needed to facilitate proteasomal degradation. To identify these factors a bacterial two-hybrid 

screen [73] was used to search for proteins that bind to Mpa, with the reasoning that Mpa 

interacts not only with substrates but also with other proteins that promote proteolysis. From 

a library of ~100,000 Mtb genomic DNA fragments, Darwin and colleagues identified a 

protein encoded upstream of the CP genes prcBA, termed Rv2111c [74]. Importantly, 

recombinant Mpa and Rv2111c interacted in vitro, however, the addition of purified 

Rv2111c to CP and Mpa was unable to stimulate degradation of FabD.
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The inability to reconstitute proteasomal degradation in vitro suggested that additional co-

factors were still needed for proteolysis. Because E. coli does not encode a proteasome 

system it was reasoned that these co-factors were likely missing and possibly 

Mycobacterium-specific. A mycobacterial two-hybrid system [75] was thus used to 

interrogate interactions between proteasome subunits, substrates and the newly identified 

Rv2111c. In this system, M. smegmatis (Msm), a non-pathogenic relative of Mtb, was used 

as the host organism to identify protein-protein interactions. An unexpected interaction was 

detected between the substrate FabD and Rv2111c. To validate the genetic result, 

recombinant fabD and Rv2111c were co-expressed in Msm and found to co-purify as a heat 

stable complex. Mass spectrometry revealed that the C-terminal residue on Rv2111c formed 

an isopeptide bond with the side chain of Lys173 in FabD [74]. However, in contrast to Ub 

and related modifiers, Rv2111c did not have a C-terminal Gly-Gly motif, but instead has a 

Gly-Gly-Gln motif. Moreover, the C-terminal Gln was deamidated to Glu, before 

conjugation to FabD [74]. In a subsequent study, an orthologue of Rv2111c in Msm 
(MSMEG_3896) was identified as the protein modifier in that species. Thus, these two 

studies showed that this post-translational protein modification is conserved in both 

pathogenic and non-pathogenic mycobacteria [74, 76].

To determine if Rv2111c targeted proteins for degradation, Darwin and co-workers mutated 

the modified lysine residue (Lys173) in FabD [74]. Consistent with the idea that attachment 

with Rv2111c was the signal for degradation by the Mtb proteasome, mutagenesis of 

Lys173 to alanine in Mtb FabD stabilized the protein substrate. Based on its functional 

similarity to Ub, Rv2111c was named “Pup” for prokaryotic ubiquitin-like protein. 

Polyclonal antibodies to Pup recognize numerous proteins in Mtb H37Rv demonstrating that 

“pupylation” is widespread. Immunoblot analysis of the pafA mutant shows no anti-Pup 

reactive proteins, suggesting that PafA was the only Pup ligase in Mtb [74]. This result was 

somewhat unexpected as there are several hundred different Ub ligases in eukaryotes. In a 

subsequent study, Weber-Ban and colleagues demonstrated that PafA and ATP were 

sufficient to conjugate deamidated Pup to proteasomal substrates in vitro [77]. Interestingly, 

in contrast to Ub and other Ub-related modifiers, which all form a compact β-grasp fold, Pup 

is an intrinsically disordered protein with a propensity for helicity [78–80].

Lack of a Pupylation Motif

Although sequence recognition motifs for Ub ligases and other accessory factors have been 

identified, there is currently no known sequence motif surrounding the Lys on which Ub is 

attached (reviewed in [81]). In contrast, SUMO (small ubiquitin-like modifier) often 

attaches to a Lys residue that is part of a tetrapeptide motif, ΨKxD/E, where Ψ is a large 

hydrophobic residue and x is any amino acid (reviewed in [67]). The identification of a 

sequence that could predict pupylation could be useful for understanding how Pup regulates 

proteins. Therefore, to identify a possible pupylation motif, the “pupylome” was determined 

by several independent groups by purifying an epitope tagged Pup from Mtb [82] or Msm 
[83, 84]. In the Mtb study 604 proteins, representing ~15 % of the total predicted proteome, 

were identified, but only 55 proteins, including Mpa, were confirmed to harbor a site of Pup 

attachment [82]. In Msm, two independent studies identified 103 and 243 proteins, with 52 

and 41 proteins, respectively, having confirmed Pup attachment sites [83, 84]. In all cases, 
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Pup was attached to Lys, and there was little to no evidence of Pup chains, although Pup 

contains three Lys residues. In one study, Song and colleagues observed pupylation of 

Lys31 and Lys61 on Pup [84]; however, the authors of this study speculated this might not 

be physiologically relevant as Pup was overproduced. The authors also noted that pupylation 

was dynamic and changed depending on the growth condition examined. In all of the 

“pupylome” studies most, if not all, of the proteins identified are involved in housekeeping 

functions or stress responses.

Despite the successful identification of numerous pupylation targets, a motif is yet to be 

identified. It has however, been speculated that an intrinsic sequence is required to signal 

pupylation because PafA has a much higher affinity for at least one proteasome substrate, 

PanB, than for free Lys [85]. Nevertheless, it is hard to imagine how PafA specifically 

recognizes its targets because so many different proteins can be pupylated. In E. coli, a 

bacterial species that does not encode a Pup-proteasome system, pupylation can be 

reconstituted by expressing Pup with a C-terminal Glu (PupGlu) and PafA. Over 50 E. coli 
proteins can be pupylated using only PafA and a Pup mutant containing a C-terminal Glu 

(PupGlu), suggesting the notion that an intrinsic Mycobacterium specific sequence is 

required for pupylation is unlikely [86]. Consistently, PtsI (an E. coli pupylated substrate) 

was pupylated by a native mycobacterial system when produced in Msm [86]. Thus, signals 

for PafA target recognition are not expected to be Mycobacterium specific.

Based on these E. coli studies, it appears that pupylation is partly stochastic. However, it 

seems unlikely that mere over-expression of pup and pafA could determine the fate of so 

many proteins. Firstly, not all Lys containing proteins are pupylated, e.g. pupylation of the 

Mtb protein DlaT (dihydrolipoamide acyltransferase), which contains 27 Lys residues, has 

not been observed in either Mtb [74] or E. coli [86]. Secondly, not all Lys residues within 

the target protein are modified. Strikingly, Mtb FabD is preferentially modified on a single 

Lys residue, Lys173 [74, 82], despite the fact that Mtb FabD contains eight surface exposed 

Lys residues [87]. Although, two additional Lys residues can, to a lesser extent, be 

pupylated in Mtb FabD when produced in E. coli [86]. A simple explanation may be that 

over-production of Mtb FabD in the E. coli system merely gives PafA access to other Lys 

residues. Alternatively, these data may suggest that other factors regulate how and when 

FabD is pupylated in mycobacteria. Indeed, Darwin and colleagues speculated that the Lys 

residues in FabD may be involved in interactions with other enzymes in the fatty acid 

synthesis II (FASII) pathway [86] protecting them from modification. Interestingly, most 

enzymes in the FASII pathway, several of which are encoded in an operon with fabD, are 

pupylation targets [82, 83]. However, under normal culture conditions, only some of the 

proteins in this pathway appear to be proteasome substrates in Mtb. Recombinant FabG (3-

ketoacyl-Acp-reductase), KasA and KasB (3-oxoacyl-Acp-synthases 1 and 2, respectively) 

do not accumulate in mpa or pafA mutants under routine culture conditions [82]. It is 

possible that FabG, KasA, and KasB are degraded by the proteasome under different 

conditions or are degraded more slowly than FabD. Taken together, there may still be 

additional Mycobacterium specificity factors that regulate pupylation or the delivery of 

certain pupylated proteins to the proteasome.
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Pupylation: An Enzymatic Process That Resembles Glutamine Synthesis

At the time of its identification, PafA did not resemble any protein of known function [5]. 

Shortly after the discovery that PafA was involved in pupylation, Aravind and colleagues 

performed a detailed bioinformatic analysis that predicted PafA to have structural similarity 

to glutamine synthetase (GS) and glutamine cysteine synthetase (GCS) [88]. GS catalyzes 

the formation of Gln from Glu and ammonia, while GCS catalyzes the formation of γ-

glutamyl-cysteine from Glu and Cys; both processes occur via a phosphorylated Glu 

intermediate. It was therefore proposed that the side chain carboxylate group of the C-

terminal Glu in Pup would be phosphorylated or “activated” by PafA. This phosphorylated 

intermediate would then be primed for nucleophilic attack by the ε-amino group of a side 

chain Lys on a substrate, resulting in an isopeptide bond between C-terminal Glu of Pup and 

an internal Lys on the substrate. Indeed, as predicted by Iyer et al. [88], Weber-Ban and 

colleagues could show that Pup ~ substrate conjugates are generated via activation of the 

carboxylate group on the C-terminal Glu of Pup [77]. Consistently, site directed mutagenesis 

of residues in PafA predicted to coordinate ATP or Mg2+ disrupted PafA function both in 
vivo [89] and in vitro [77].

But how is Pup deamidated prior to activation by PafA? The first evidence came from the 

Weber-Ban group, who identified a homologue of PafA in H37Rv, (Rv2112c) near the 

proteasome core genes prcBA [77]. They demonstrated, using purified recombinant proteins, 

that Rv2112c was responsible for Pup deamidation, rendering Pup competent for ligation to 

FabD or PanB by PafA. Rv2112c was therefore named Dop for deamidase of Pup [77] (Fig. 

10.5). In contrast to PafA, which needs ATP to phosphorylate Pup, Dop can deamidate Pup 

in the presence of ATP, ADP or non-hydrolyzable ATP analogues, suggesting ATP/ADP are 

allosteric activators of deamidation. Pupylation could also be achieved, in the absence of 

Dop, when Pup was replaced with a mutant form of Pup (PupGlu, that does not require 

deamidation for activation), obviating the need for Dop in vitro [77]. This demonstrated that 

Dop and PafA catalyze independent reactions: deamidation of Pup and conjugation of Pup, 

respectively. Curiously some Dop-containing bacteria encode PupGlu, presumably 

eliminating the need for Dop, which suggests that Dop may play a different role in these 

organisms. Nevertheless, for mycobacteria, deamidation is required for pupylation to take 

place as disruption of dop impairs pupylation and proteasomal substrate degradation [89, 

90].

Degradation by the Mtb Proteasome: End of the Road…or Is It?

How are pupylated proteins recognized by Mpa prior to degradation? In eukaryotes, Ub 

receptors are present in the RP of the 26S proteasome, ready to receive ubiquitylated 

proteins (reviewed in [11]). To date, an equivalent Pup receptor has not been found, 

however, Pup has a strong affinity for Mpa both in vitro and in vivo [74] and pull-down 

experiments using Pup-decorated beads showed that the N-terminal coiled-coil domain of 

Mpa interacts with Pup [79]. Unlike Ub, Pup is a mostly unstructured, intrinsically 

disordered protein [78–80], which raised the question: how does Mpa specifically recognize 

Pup?
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A series of in vitro and in vivo experiments determined that Pup is a two-part degron where 

the N-terminal ~30 residues are required for Mpa to start the unfolding process and the C-

terminal ~30 residues, which have the propensity for helicity as determined by NMR, are 

needed to interact with Mpa [57, 91]. Darwin and colleagues showed that the N-terminal 

half of Pup is essential for degradation, but dispensable for pupylation in vivo [91], 

suggesting the C-terminal half of Pup is necessary and sufficient for interaction with PafA 

and Dop. Weber-Ban and colleagues showed that Mpa could unfold green fluorescent 

protein if fused to Pup, and this required the N-terminal half of Pup [57]. Importantly, this 

study also showed that a pupylated substrate can be degraded, albeit somewhat slowly, by 

Mpa and the proteasome. Interestingly, Pup itself is degraded with the substrate in this 

system, showing removal of Pup is not essential for degradation.

The molecular details of the interactions required for substrate degradation were ultimately 

revealed when the three-dimensional structure of the Pup-Mpa complex was solved [54]. 

Analysis of this complex revealed that the central part of Pup (residues 21–51) becomes 

ordered upon binding to Mpa [54]. Indeed, the central part of Pup forms an α-helix, using 

the coiled-coil region of Mpa as a template (Fig. 10.6a). This interaction positions the 

disordered N-terminus of Pup towards the central channel of the hexameric ATPase, 

apparently priming the initial threading of Pup into the narrow unfolding pore [54] (Fig. 

10.6b). This is consistent with previous studies that suggested the N-terminal half of Pup is 

needed to facilitate substrate unfolding and degradation [57, 91]. Both hydrophobic and 

electrostatic interactions are formed between Pup and Mpa, and disruption of either type of 

interaction abolishes Pup-mediated degradation by the proteasome in Msm [54]. 

Furthermore, consistent with other AAA proteases, mutagenesis of the conserved 

hydrophobic “pore loop” (Val342Ala) in Mpa abolishes degradation [52].

Importantly, although there are three coiled-coils in the Mpa hexamer (each potentially 

capable of interacting with Pup or a pupylated substrate) it appears that only one Pup 

associates per Mpa hexamer [54, 78, 79]. This arrangement would prevent multiple 

substrates from being recruited to the same Mpa hexamer at any one time, and hence would 

eliminate potential substrate aggregation or jamming at the proteasome.

Depupylation: What Goes On, Must Come Off

In the eukaryotic UPS, DUBs play an important role in protein degradation. Some DUBs, by 

removing Ub, are responsible for reversing the fate of a protein destined for degradation, 

while other DUBs located at the 19S RP, remove Ub to facilitate degradation (reviewed in 

[92]). DUBs are also responsible for the recycling of Ub to permit new ubiquitylation 

reactions. It was therefore predicted that pupylation would also be reversible. In a series of 

elegant experiments the Pup deamidase (Dop) was ultimately identified as a “depupylase” 

(DPUP) in both Mtb [91] and Msm [93]. DPUP activity was first demonstrated by Darwin 

and colleagues, using purified pupylated substrates (Pup ~ FabD and Pup ~ Ino1) with 

lysates from wild type Mtb. Although wild type Mtb lysates demonstrated DPUP activity, 

the dop mutant strain did not [91]. These data suggested that Dop was responsible not only 

for deamidation of Pup, but also for depupylation (Fig. 10.5). Indeed, Dop-mediated DPUP 

activity was then confirmed in vitro using a variety of pupylated substrates [91, 93]. It was 
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then shown by Weber-Ban and colleagues that Dop cleaves specifically the isopeptide bond 

between Pup and the proteasomal substrate Lys and that PupGlu is released from the 

depupylation reaction, suggesting Pup could be recycled [93].

Dop is a strict isopeptidase because it cannot remove Pup from a longer polypeptide or 

linear fusion protein [91, 93]. This is in contrast to some Ub processing enzymes (DUBs) 

that remove Ub from larger polypeptides [64]. In contrast to DUBs, which tend to be either 

cysteine or zinc metalloproteases (reviewed in [92]), the catalytic motif of Dop is currently 

unknown; it does not have a nucleophilic Cys in its partially modeled active site [89], and is 

not known to require zinc for function. Like PafA, Dop is predicted to adopt a GS/GCS fold 

[88]. Dop binds Pup well in vitro unless Pup’s penultimate Gly-Gly motif is mutated, or 

additional amino acids are added to the C-terminus. Interestingly, however the Gly-Gly 

motif is not required for substrate attachment [89]. Taken together, it seems that the Gly-Gly 

motif is important for access to the active site of Dop but not for conjugation to substrates.

It is challenging to assess the role of Dop’s DPUP activity in vivo because Dop is required 

for Pup deamidation prior to pupylation in Msm and Mtb [89, 93]. Weber-Ban and 

colleagues fully restored pupylation in an Msm dop mutant by ectopic expression of pupGlu 

[93]. In striking contrast, however, expression of pupGlu does not restore the pupylome in 

Mtb [89]. However, the Mtb pupylome can be restored in the dop strain expressing pupGlu if 

treated with a proteasome inhibitor. This result suggests that Pup, along with its conjugated 

proteins, is directly degraded by the proteasome in Mtb lacking Dop. Importantly, this 

observation strongly suggests depupylation is needed to maintain Pup levels for normal 

pupylation. Thus, it seems likely that a critical function of Dop in Mtb is to act as a DPUP, 

an activity that is essential for Pup recycling. Furthermore, DPUP activity could also be used 

to regulate protein stability by altering the fate of a once doomed pupylated substrate. As 

with PafA and pupylation, it is not known how Dop selects substrates for depupylation. 

Finally, in bacteria that encode PupGlu, the primary function of Dop must be as a DPUP. It 

remains to be determined if certain bacteria have evolved to use Pup deamidation as a 

regulatory step in pupylation. Additionally, we do not yet understand why dop mutants in 

Msm and Mtb have such different phenotypes.

A curious observation was made in a study that examined the stability of Ino1 in Msm [94]. 

Over-expression of pup in wild type Msm results in virtually undetectable levels of 

endogenous Ino1, presumably due to its accelerated turnover. Interestingly, over-expression 

of pup in a prcBA mutant results in the accumulation of unpupylated Ino1. This finding 

suggests that in the prcBA mutant either pupylation of Ino1 is inhibited or depupylation 

prevents detection of Pup ~ Ino1. In contrast, a follow up study showed that Pup ~ Ino1 

accumulates dramatically in an Msm mpa mutant overproducing Pup [91], which led to the 

hypothesis that Mpa helps to unfold a pupylated substrate in order for it to be depupylated. 

Consistent with this idea, Weber-Ban and co-workers showed that Mpa increases 

depupylation of a substrate in vitro [93]. Interestingly, it has been noted that corynebacteria, 

a distant relative of mycobacteria, encode pup, mpa, pafA, and dop orthologues but do not 

have proteasomes [90]. It is tempting to speculate that pupylated proteins are degraded by a 

different protease, or that pupylation-depupylation is involved in regulating protein activity 

in this bacterial genus.
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The notion that protein unfolding by Mpa is coupled to depupylation poses some challenges 

to the current model of proteasome-mediated degradation in mycobacteria. It is well 

established that unfolding of proteasome substrates starts with the engagement of Pup with 

Mpa [54, 57]. Presumably, Pup is threaded through the channel in Mpa and, as previously 

shown, can itself be destroyed by the proteasome along with the substrate in vitro [57, 89]. 

However it also appears that substrates can be depupylated prior to degradation, presumably 

as they exit from the proximal end of the Mpa hexamer. This scenario implies that Dop 

interacts with Mpa or substrates at the interface between Mpa and the CP where the 

unfolded protein is being funnelled into the degradation chamber. One wonders if the 

conserved, but poorly understood, symmetry mismatch between the six-fold ATPase and the 

seven-fold CP evolved to prevent tight binding, and allow a gap for the removal of Pup by 

Dop. Clearly, much needs to be done in order to understand how, when and where Dop 

coordinates depupylation with degradation.

In eukaryotes, DUBs, ATPases, ligases and other proteins are associated with the eukaryotic 

19S RP to remodel or recycle Ub chains on substrates. The Mycobacterium proteasome 

system appears to have been streamlined in such a way that Mpa plays multiple roles in the 

Pup-proteasome pathway by acting as a substrate receptor, unfoldase and a facilitator of 

depupylation. It remains to be determined if the Mtb proteasome requires additional co-

factors to catalyze proteolysis. Because the in vitro degradation rate of a pupylated protein 

seems unusually slow [57, 91], it seems likely that other undetermined factors may be 

needed to facilitate degradation in Mtb.

Proteasomes and Pathogenesis

As discussed earlier in this chapter, mpa and pafA were identified as genes required for NO 

resistance and virulence in an animal model of infection [5]. Later studies (to be discussed 

below) identified additional components of the Pup-proteasome system that are also needed 

for Mtb pathogenesis. How does the Mtb proteasome protect against NO toxicity and 

promote TB pathogenesis? Perhaps the proteasome provides bacteria with a critical pool of 

amino acids through protein degradation during the chronic phase of infection. 

Alternatively, the bacterial proteasome may modify the host machinery to its advantage by 

degrading proteins that alter the recognition of the pathogen by the host’s immune system. 

In the next section we will attempt to address these complex questions by discussing the in 
vitro and in vivo phenotypes of proteasome associated mutants in more detail.

Characterization of Proteasome Pathway Mutants

The mouse model of TB is characterized by two phases, an acute phase, during which Mtb 
replicates exponentially within the lungs for about 3 weeks and a chronic or latent phase that 

is brought about by the emergence of acquired cell-mediated immunity. During the chronic 

phase bacterial numbers are stabilized in the lungs. Eventually, all mice that are 

experimentally inoculated with wild type Mtb die of TB, in contrast to humans that are 

naturally infected with Mtb. In a low dose aerosol model of Mtb infection, mice can survive 

for more than a year before succumbing to TB; in contrast, mice infected with either an mpa 
or pafA mutant show no symptoms of TB [51, 58]. Similar to the mpa and pafA mutants, an 

Mtb dop mutant is sensitive to RNI in vitro and severely attenuated in mice [89]. The degree 
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of attenuation in mice (bacterial load and histopathology) is similar among the dop, mpa and 

pafA mutants, consistent with the notion that pupylation and Mpa-dependent proteolysis are 

functionally linked [5, 89]. The attenuation of symptoms is likely due to the presence of 

100–1,000 times fewer recoverable mutant bacilli in the lungs, spleens and livers during the 

persistent phase of infection [5]. However, it is also possible that the Mtb proteasome 

regulates one or more factors that affect the host’s response to infection.

Targeted gene disruptions in the Mtb CP genes dramatically slow Mtb growth on solid 

media [28, 29]. In C57BL/6 mice infected with either ΔprcBA::hyg or PtetO-prcBA Mtb 
strains, the number of bacilli recovered from the lungs is approximately 100-fold lower 

(compared to wild type or non-silenced Mtb) after 3 weeks of infection and continues to 

decline after this time. This is not completely surprising based on the severe in vitro growth 

defects associated with Mtb CP mutations. In contrast to the prcBA strains, mpa, pafA and 

dop Mtb mutants grow more similarly to wild type Mtb in rich broth [5, 89]. These 

observations suggest that the CP may have critical functions independent of pupylation-

dependent proteolysis in Mtb. Interestingly, the mpa, pafA and prcBA-defective Mtb strains 

are more resistant to hydrogen peroxide than wild type bacteria, suggesting there is an 

increase in activity or expression of one or more anti-oxidant pathways in the absence of 

proteasome function [5, 28]. However, it is currently not understood how loss of proteasome 

activity could lead to increased resistance to ROIs.

Because proteasome pathway mutants are sensitive to NO in vitro, Nathan and colleagues 

questioned if mice defective in NO production would be more susceptible to infection with 

mpa or pafA mutants. In mice and humans NO is produced by three different isoforms of 

nitric oxide synthase (NOS): endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible 

or immune NOS (iNOS). iNOS is expressed in activated macrophages and is critical for the 

control of numerous microbial infections (reviewed in [1]). In comparison to wild type mice, 

mice genetically inactivated for iNOS (iNOS−/−) or treated with chemical inhibitors of NO 

production are extremely susceptible to Mtb [2]. Low dose aerosol infection of iNOS−/− 

mice with wild type Mtb (~200 bacteria/mouse) results in death within 3 months [5, 51, 58]. 

In contrast, iNOS−/− mice live significantly longer when infected with an mpa or pafA Mtb 
strain (~200–500 days post-infection) compared to infection with wild type Mtb (~60–80 

days post-infection) [51, 58]. Because disruption of iNOS does not fully restore the 

virulence of the mpa and pafA mutants, it appears that the role of the Mtb proteasome 

extends beyond protection against RNIs in vivo.

In another study Bishai and colleagues identified three clones from a collection of random 

transposon insertion mutants in CDC1551 (a clinical isolate of Mtb) that were consistently 

smaller than the wild type strain [95]. All three independent mutants contained insertions in 

MT2175, which is identical to mpa in Mtb H37Rv. The CDC1551 mutants grow slower 

(doubling time of ~22 h) than the wild type strain (doubling time of 18 h) in standard 7H9 

medium and fail to reach the same final culture density as wild type Mtb. Complementation 

of this CDC1551 mutant strain with mpa restores wild type colony morphology. Infection of 

BALB/c mice with a CDC1551 mpa mutant results in similar infection profiles as previously 

observed with the H37Rv mpa mutant. During the chronic phase of infection, bacterial 

numbers gradually decrease. Mice infected with CDC1551 mpa mutants survive without any 
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signs of disease until 180 days (the latest time point assessed), while in contrast, mice 

infected with wild type Mtb succumb within 70 days. Lungs of mice infected with CDC1551 

mpa mutants have attenuated pathological symptoms, such as less inflammation and fewer 

granuloma-like foci, and no weight loss compared to mice infected with wild type Mtb. 

Interferon gamma (IFN-γ) production fails to rise after 3 weeks of infection with the mutant 

compared to the wild type Mtb strain, hence mpa mutants seem to elicit a milder Th1 

immune response in mice [95].

Is Mtb Proteasome Protease Activity Necessary for All Phenotypes?

Ehrt and colleagues made the puzzling observation that proteasomes containing a mutation 

in the active site can complement a prcBA null mutation in Mtb for RNI sensitivity and slow 

growth, but were unable to rescue impaired bacterial persistence in mice [29]. It is unclear 

how CPs that are proteolytically inactive could restore certain defects but not others. 

However, it may be possible that the CP has activities that have not yet been identified by 

routine biochemical assays. For example, the CP may act as a dock or scaffold for other 

proteins in order to function in specific stress responses. Taken together, these results 

suggest that the CP, proteolytically active or not, has a broader role for normal cell growth 

in virulent mycobacteria compared to its non-pathogenic relative Msm in which the CP 

appears to be dispensable under all conditions tested so far [19] (K.H.D., unpublished 

observations). The genome of Msm (7 Mb for Msm mc2155) is considerably larger than that 

of Mtb (4.4 Mb for Mtb H37Rv) and, unlike Mtb, Msm encodes another ATP-dependent 

compartmentalized protease (Lon protease) that may be able to compensate for deletion of 

prcBA in Msm (reviewed in [14]).

Proteasome Function and NO Resistance: An Unsolved Mystery

Although it is clear that the lack of proteasome function is a disadvantage for Mtb fitness 

during an infection, it remains to be established how proteasomal proteolysis is linked to 

pathogenesis. It seems likely that the inability to regulate proteins through degradation 

compromises bacterial survival when adapting to a new environment, i.e. within activated 

macrophages. There are several hypotheses that could explain why proteasome function is 

protective against RNI stress and important for survival in an animal host. Perhaps the 

simplest explanation is that the proteasome degrades damaged proteins. Oxidative and 

nitrosative damage of proteins can result in misfolding and aggregation, which is potentially 

lethal to cells. This damage could possibly be a signal for pupylation. It is also possible that 

specific accumulated proteasome substrates are particularly dangerous in the presence of 

NO. For example, iron-sulfur (Fe-S) clusters or copper (Cu) in metal binding proteins can be 

displaced by NO [96]. The liberation of Fe2+ or Cu+ is highly toxic to the cell as it can 

catalyze Fenton chemistry, resulting in the production of ROI. The observation that mpa, 

pafA and prcBA mutants are hyper-resistant to hydrogen peroxide, suggests that other anti-

oxidant pathways may already be induced in an attempt to compensate for loss of the Pup-

proteasome system. Currently, however, there is no evidence for the presence of increased 

amounts of metal-binding or damaged proteins in proteasomal degradation-defective 

mutants treated with NO.
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Regulation of Transcription: Meddling with Metals

Another potential function of the proteasome is in transcriptional regulation. Almost all (if 

not all) compartmentalized proteases have been shown to regulate gene expression 

(reviewed in [97]). A microarray study comparing wild type Mtb with mpa and pafA 
mutants grown under standard culture conditions revealed that a common set of genes was 

differentially regulated (Table 10.1) [98]. Notably, none of the identified genes appears to be 

associated with the NO sensitive phenotype of the mpa and pafA mutants. Among the up-

regulated genes in the mpa and pafA mutants were members of the zinc uptake regulator 

(Zur) regulon. In the presence of Zn, Zur is released from operators in at least three 

promoters in Mtb, and gene expression is induced [99]. One of the Zur-regulated promoters 

identified in the microarray drives the expression of the esx-3 (ESAT-6, region 3) operon. 

The esx-3 locus is, for the most part, essential for the growth of Mtb under normal culture 

conditions and is proposed to encode a type VII secretion system that is involved in zinc and 

iron acquisition [100, 101]. In addition, Zur regulates the expression of genes that encode 

homologues of Zn-binding ribosomal proteins. Ribosomes are comprised of numerous small 

proteins, several of which bind Zn. Under Zn-limiting conditions, these Zn-binding proteins 

are thought to be replaced with non-metal binding components [102, 103], allowing the 

bacteria to gain access to a large pool of zinc. If mutations in mpa or pafA result in 

deregulation of the Zur regulon in vivo as they do in vitro, these data would suggest that 

metal homeostasis is critical during infection and an inappropriate increase in expression of 

the Zur regulon during infection may also have deleterious affects on bacterial survival for 

other reasons.

Transcriptome analysis also identified a set of genes repressed in the mpa and pafA mutants 

that are regulated by copper [98]. Several of these genes form a copper-inducible regulon, 

which is under the control of RicR (regulated in copper repressor). During copper depleted 

conditions, RicR represses five promoters that drive the expression of ricR itself, mymT (a 

copper methallothionein) and several genes of unknown function (Table 10.1). Disruption of 

ricR results in hyper-resistance of Mtb to normally toxic levels of copper, presumably due to 

the constitutive expression of one or more copper resistance genes like mymT [96]. It is 

worth noting that several of the RicR-regulated genes (mymT, lpqS, socAB) are unique to 

pathogenic mycobacteria, suggesting that copper regulation is important for virulence. Thus, 

the attenuated phenotype of Pup-proteasome pathway mutants may in part be explained by 

the incomplete derepression of the RicR regulon during infection. These data support an 

emerging notion that copper has an important antimicrobial role during TB infection and 

possibly other infections [96, 98, 104–107].

It is interesting that two metal-dependent regulons are deregulated in mpa and pafA mutants. 

In both cases, the mutant bacteria appear to be responding to low metal concentrations. 

These data also suggest Mtb (and possibly other bacteria) need to adapt to changes in metal 

homeostasis in the host. As with Zur, it is currently not understood how the proteasome 

affects the expression of the RicR regulon.
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Remaining Questions

As with other organisms, regulated proteolysis is critical for numerous aspects of TB 

biology. Mtb possesses a proteasome highly similar to those found in other domains of life, 

and uses it to resist host derived stresses like NO and regulate pathways that may be needed 

for pathogenesis. Proteasomal proteolysis is controlled, in part, by pupylation, which is 

functionally, if not biochemically, similar to ubiquitylation. The characterization of 

proteasome biochemistry and biology will undoubtedly allow researchers to gain valuable 

insight into the lifestyle of one of the most successful human pathogens. Among the 

numerous questions that remain to be asked of the young field of bacterial proteasome 

biology include:

1. How are proteins selected for pupylation and depupylation?

2. How does Mpa interact with the 20S CP? Why is Mpa itself a proteasome 

substrate?

3. Does pupylation have functions independent of targeting proteins to the 

proteasome?

4. How is proteasome function linked to NO resistance?

5. Are misfolded or damaged proteins degraded in a proteasome dependent manner?

6. Why and how are the Zur and RicR regulons affected by proteasome activity?
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Fig. 10.1. Structure of the Mtb 20S core particle (CP)
(a) Side view of the Mtb 20S CP structure rendered in cartoon view (PDB ID 2FHG). The 

two α-rings at the top and the bottom are displayed in green, and the two catalytic middle β-

rings in blue. (b) The same side view as in (a), but the structure is rendered in surface 

display. Only a central slab of 30 Å is shown such that the two anterior chambers and one 

central chamber of the CP are visible. The red circles mark the proteolytic sites
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Fig. 10.2. Top view of the Mtb 20S CP
(a) and (b) Closed gate conformation (PDB ID 3MKA). The gate formed by the α-subunits 

is ordered and closed with a mechanism different to the eukaryotic CP. The seven subunits 

are chemically identical but adopt a total of three different conformations at their N-termini 

as indicated by the different colors in (a). A phenylalanine side chain from each of the green 

octapeptides contributes to the gate closure. (c) Deletion of the N-terminal residues 2–9 

results in the open gate conformation (PDB ID 3MFE)
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Fig. 10.3. Comparison of Mpa with PAN
(a) Linear map of the domain structure of Mpa. CC = coiled coil; OB = oligosaccharide/

oligonucleotide binding domain. (b) The structures of Mtb Mpa1-234 (PDB ID 3M9B), 

Archaeoglobus fulgidus PAN-ΔCC_CCGCN4 hybrid (PDB ID 2WG5), and M. jannaschii 
PAN (PDB ID 3H43) are aligned and displayed individually (Figure adapted from [54])
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Fig. 10.4. Eukaryotic ubiquitin-proteasome system
Ubiquitin (Ub) is encoded as part of a larger polypeptide. Proteases expose a C-terminal 

Gly-Gly motif that is activated by adenylation with an E1 enzyme. The E1 enzyme transfers 

Ub to an E2 enzyme, where a thioester bond is formed. The E2 then transfers Ub to any 

number of E3 ligases. The E3 ligase family can be sub-divided into HECT and RING 

domain ligases: RING ligases interact with both the E2 and substrate, and facilitate the 

direct transfer of Ub from the E2 to the substrate. In contrast, HECT ligases form a thioester 

bond with Ub prior to transfer to a substrate Lys. E3 ligases dictate the type of Ub linkages 

that are formed. Ubiquitylated protein with Lys48 (K48) linked Ub chains are targeted for 

degradation by the 26S proteasome. Other types of Ub linkages (mono- and poly-K63 and 

others) generally do not result in degradation but serve other functions
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Fig. 10.5. Overview of the Pup-proteasome system in mycobacteria
Pup is deamidated at the C-terminal Gln by Dop. PafA phosphorylates the α-carboxylate of 

the C-terminal Glu of Pup, priming it for attack by the ε-amino group of a substrate Lys. Pup 

can be removed by Dop prior to degradation to potentially rescue a substrate from 

destruction or possibly facilitate its degradation
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Fig. 10.6. Binding of Pup to Mpa induces a helical structure at the C-terminus of Pup
(a) Top view of the crystal structure of the hexameric Mpa1-234 complex with Pup (PDB ID 

3M9D). The binding-induced Pup helix is shown in the cartoon view in red, and the Mpa 

coiled-coil and OB domains are shown in surface view in green. (b) Model for the targeting 

of pupylated proteins for degradation by Mpa and CP. The Pup:Mpa1-234 complex structure 

(red and green) was placed over the homologous PAN AAA+domain structure (PDB ID 

3H4M, magenta), which was overlaid on the Mtb CP (PDB ID 2FHH, yellow). A vertical 

central slice of the complex structure is shown for clarity. Pup is in red, and a model 

substrate in green
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