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Abstract

Prokaryotes form ubiquitin (Ub)-like isopeptide bonds on the lysine residues of proteins by at least 

two distinct pathways that are reversible and regulated. In mycobacteria, the C-terminal Gln of 

Pup (prokaryotic ubiquitin-like protein) is deamidated and isopeptide linked to proteins by a 

mechanism distinct from ubiquitylation in enzymology yet analogous to ubiquitylation in targeting 

proteins for destruction by proteasomes. Ub-fold proteins of archaea (SAMPs, small archaeal 

modifier proteins) and Thermus (TtuB, tRNA-two-thiouridine B) that differ from Ub in amino 

acid sequence, yet share a common β-grasp fold, also form isopeptide bonds by a mechanism that 

appears streamlined compared with ubiquitylation. SAMPs and TtuB are found to be members of 

a small group of Ub-fold proteins that function not only in protein modification but also in sulfur-

transfer pathways associated with tRNA thiolation and molybdopterin biosynthesis. These 

multifunctional Ub-fold proteins are thought to be some of the most ancient of Ub-like protein 

modifiers.
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INTRODUCTION

Ubiquitin (Ub) is a 76–amino acid protein modifier that represents one of the most highly 

conserved polypeptides in eukaryotes and was likely present in the last eukaryotic common 

ancestor (57). Ub has a compact globular β-grasp fold structure common to a Ub-fold 

protein superfamily that is of ancient origin and phylogenetically widespread (13–16, 49). 

Ub is covalently attached through isopeptide bonds to lysine residues of proteins by a tightly 

regulated cascade of E1-E2-E3 enzymes in a process named ubiquitylation (54, 71). Proteins 

modified by Ub are recognized by specific Ub-binding proteins and altered in function, 

turnover, and interactions including subcellular localization (54). Ubiquitylation is essential 

to cell growth and viability (80, 110, 111) and is important in cell-cycle regulation, DNA 

repair, morphogenesis, signaling, and immune function (51, 75, 86, 121, 125).
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Prokaryotes do not encode Ub, but they do synthesize two types of small protein modifiers 

that are linked onto protein targets by Ub-like isopeptide bonds. The first type is represented 

by the intrinsically disordered Pup (prokaryotic ubiquitin-like protein) of actinobacteria, 

which is covalently linked to proteins by a mechanism named pupylation (5, 8, 105). 

Pupylation tags proteins for degradation by proteasomes but is distinct from ubiquitylation 

in enzymology (9, 116). Proteins representing the second group include the archaeal SAMPs 

(small archaeal modifier proteins) and Thermus TtuB (tRNA-two-thiouridine B), which 

differ from Ub in sequence but share a common compact globular β-grasp fold (27, 77–79). 

These Ub-fold proteins are linked by isopeptide bonds to lysine residues of protein targets 

by mechanisms that appear to be simple versions of ubiquitylation in their requirement for 

E1 (but not E2 or E3) enzyme homologs. SAMPs and TtuB also function as sulfur carriers to 

form biomolecules such as thiolated wobble uridine tRNA and molybdopterin (79), with 

sulfur mobilization a common function of most prokaryotic Ub-fold proteins (42, 55). This 

review highlights both types of systems that form Ub-like isopeptide bonds in prokaryotes.

PUPYLATION

Pupylation is a posttranslational tagging system conserved in Actinobacteria and Nitrospirae 

(50) that mediates the covalent attachment of Pup to the lysine residues of target proteins 

(99). Biological roles of this tagging system include targeting proteins for destruction by 

proteasomes (7, 12, 99, 115) and the disassembly of complexes into monomers (28). 

Pupylation shares analogous features with ubiquitylation. In both systems, the protein 

modifiers (Pup and Ub) are small, cleaved at their C-terminus by posttranslational 

processing, activated by ATP-dependent mechanisms, covalently linked by isopeptide bonds 

to lysine residues of substrate proteins, and used to target proteins to proteasomes for 

destruction (105, 116). However, pupylation differs from ubiquitylation in its narrow 

phylogenetic distribution, the type of isopeptide bond formed, the structure of the protein 

modifier, and the enzymes and reaction mechanism used to mediate the modification (105, 

116). Unlike Ub and related Ub-fold proteins, which are conjugated to proteins by means of 

successive E1-E2-E3 enzyme–mediated trans-thiolation reactions involving their C-terminal 

glycine α-carboxylate, Pup is covalently linked to target lysines via the γ-carboxylate of its 

C-terminal glutamate that is exposed after Gln deamidation by enzymes of the carboxylate-

amine/ammonia ligase superfamily (105, 116). Thus, the reaction series and type of covalent 

bonds formed differ between the pathways of pupylation and ubiquitylation.

Discovery of Pupylation

Pup was identified as a covalent ubiquitin-like protein modifier by study of mycobacteria 

(99). At the time, Mpa (Mycobacterium proteasomal ATPase) and PafA (proteasome 

accessory factor A) were known to be essential for virulence and resistance to nitric oxide 

stress (26), with Mpa identical to Rhodococcus ARC [AAA ATPase forming ring-shaped 

complexes; a distant homolog of AAA ATPases (134) important for the function of 

eukaryotic (35) and archaeal (132, 137) proteasomes]. However, the biological mechanism 

for targeting proteins for destruction by actinobacterial proteasomes was not known. Based 

on genomic sequence comparison, 20S proteasome genes were found connected in gene 
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neighborhoods with Mpa, PafA, and a small open reading frame (encoding Pup) of unknown 

function (23, 56, 72, 120) (Figure 1a).

The breakthrough in pupylation came when Darwin and colleagues (99) used a bacterial 

two-hybrid system with Mpa as the bait and a series of coexpression studies to further define 

the proteasome system in Mycobacterium tuberculosis. Mpa was found to interact 

noncovalently with Pup and a Pup-derived peptide spanning the last 26 amino acids of its C-

terminus, suggesting Pup was associated with proteasome function (99). Expression of Pup 

with FabD (malonyl Co-A acyl carrier protein transacylase), a presumed proteasomal 

substrate based on its enhanced steady state levels in ΔpafA, Δmpa, and proteasome-

inhibited strains (98), revealed the two proteins could form a covalent complex (99). 

Whereas Pup was not predicted to have a Ub-fold structure, the diglycine motif preceding 

the C-terminal Q64 of Pup was noted to be common with Ub (99). Thus, the Pup-FabD 

complex was analyzed for Ub-like bonds by tandem mass spectrometry (MS/MS), and Pup 

was found to be isopeptide linked to K173 of FabD by a mechanism that likely involved 

deamidation of the Pup C-terminal glutamine to glutamate prior to its attachment to FabD 

(99). Later nuclear magnetic resonance (NMR) and biochemical experiments provided 

evidence that target lysine residues are coupled through the side chain γ-carboxylate of Pup 

E64 of the GGE motif (not the α-carboxylate) (118).

PafA Is the Pup Ligase, and Dop Is the Deamidase of Pup

Early work in mycobacteria implicated PafA in the degradation of proteasomal substrates: 

The steady state levels of certain proteins [i.e., Mpa, FabD, and PanB (ketopantoate 

hydroxymethyl-transferase)] were found to be increased by deletion of pafA and proteasome 

inhibition (30, 98). Thus, PafA function was examined and found essential for detection of 

Pup conjugates in mycobacteria, including for the attachment of Pup to target lysines of the 

proteasomal substrates FabD and PanB (99). Further bioinformatic study, using sensitive 

sequence profile searches with the PSI-BLAST program and HMMer package, revealed that 

PafA and a PafA homolog (now named Dop) are related to carboxylate-amine ligases (e.g., 

γ-glutamyl-cysteine synthetase and glutamine synthetase) that are commonly encoded near 

Pup, Mpa/ARC, and 20S proteasomal genes of Actinobacteria (50) (Figure 1a). Thus, a 

PafA family member was predicted to catalyze the ATP-dependent peptide ligase reaction 

needed to attach Pup to lysine residues on target proteins (50). In recognition that the Pup 

deamidation and ligation reactions were likely related, PafA or a nonspecific amidase was 

also speculated to deamidate the C-terminal glutamine before proceeding with the ligation 

reaction (50). To further define the pupylation pathway, Pup-decorated beads were used as 

bait in pull-down experiments with mycobacterial cell lysate as prey (117), analogous to 

studies that identified E1-E2-E3 enzymes of ubiquitylation (21, 22, 41). The results were 

rewarding: PafA and Dop were found to be Pup interaction partners (117). By use of 

purified components, Dop was demonstrated to deamidate the C-terminal Gln of Pup in the 

presence of nonhydrolyzable ATP, whereas ATP-hydrolysis was required for PafA-

mediated conjugation of deamidated Pup (Pup-GGE) to protein substrate (i.e., FabD) (117). 

A follow-up in vivo study supported the role of Dop in deamidation based on the finding 

that mycobacterial dop mutant strains had reduced levels of Pup-modified proteins and were 

complemented by trans-expression of Pup-GGE but not Pup-GGQ (47). Thus, Dop was 
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proposed to deamidate Pup using ATP as a cofactor, whereas PafA was thought to mediate 

the energy-dependent ligation of Pup-GGE to lysine targets via a phosphorylated Pup-GGE 

intermediate.

Dop Has Depupylase and Deamidase Activities

Comparative genomics reveals some lineages within the Nitrospirae and Actinobacteria 

phyla harbor homologs of Dop and Pup with a C-terminal Glu, suggesting Dop has another 

function in addition to deamidation of Pup (50, 117). Deamidation of Pup has mechanistic 

similarities to reactions used to cleave the isopeptide bond between Ub/Ub-fold proteins and 

target lysine residues in eukaryotic cells (31, 103). Thus, Dop was examined by multiple 

groups (6, 48) for a possible depupylating activity that may reverse the modification of 

proteins by Pup and, thus, regulate pupylation. Using purified components, researchers 

found that Dop specifically cleaves the isopeptide bond linking Pup to the lysine residues of 

protein targets (6, 48) and not a linear peptide bond linking Pup to the N-terminus of 

proteins by expression from a genetic fusion (48). Similar to the deamidase activity, Dop-

mediated depupylation requires ATP as a cofactor (6, 48). This ATP requirement is 

supported by the finding that Dop E10A, with a point mutation in the predicted ATP-binding 

motif (47), is inactive in depupylation (6, 48). Dop-mediated depupylation is stimulated by 

Mpa/ARC (6, 48), and based on in vitro assay, this stimulation is no longer observed if 

pupylated substrates can no longer be unfolded by Mpa or if Mpa is a translocation-deficient 

variant (F341A) (48). Together these results reveal that Dop functions as a depupylase using 

ATP as a cofactor and that Mpa can stimulate this activity, most likely by serving to unfold 

pupylated proteins and render isopeptide bonds accessible for hydrolysis by Dop. 

Deamidation of Pup C-terminal Gln by Dop is thought to counter this activity by promoting 

PafA-mediated ligation of Pup to target lysines.

Distinct Features of Pup

Pup differs markedly in amino acid sequence and structure from Ub. Like Ub, Pup is a small 

protein modifier only 60–70 amino acids in length with a conserved C-terminal diglycine 

motif. However, only the C-terminal half of Pup is well conserved among Actinobacteria 

and Nitrospirae species (Figure 1b), and its diglycine motif is followed by an additional Glu 

or Gln residue [–GG(E/Q)] that is required at the C-terminus for pupylation (118). By 

contrast, Ub is highly conserved in amino acid sequence among eukaryotes (e.g., only 3 

amino acids distinguish yeast Ub from human Ub), and mature forms of Ub require the 

diglycine motif at the extreme C-terminus for recognition in conjugation and deconjugation 

reactions (52, 130). Interestingly, Pup does not have the extremely compact and tightly 

hydrogen-bonded structure of Ub and is instead intrinsically disordered in its unbound state 

(19, 66, 74, 119). Whereas the conserved C-terminal region of Pup has hydrophobic-

hydrophilic sequence patterns characteristic of formation of coiled coils, the monomer 

displays only weak helix formation (119).

PafA and Dop Are Related to Carboxylate-Amine Ligases

PafA and Dop are not related to E1-E2-E3 enzymes of ubiquitylation and are instead 

members of the carboxylate-amine/ammonia ligase (CAL) superfamily (50). Members of 
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this superfamily include glutamine synthetase, γ-glutamylcysteine synthetase, and tRNA-

dependent GatCAB amidotransferases that proceed by a two-step reaction mechanism in 

which a γ-glutamyl carboxylate is phosphorylated using ATP as a phosphoryl group donor, 

forming an intermediate that undergoes nucleophilic attack by ammonia or an α-amino 

group (44, 59, 67, 82, 96, 129). Similarly to other CAL enzymes, PafA catalyzes the 

turnover of ATP to ADP associated with formation of a phosphorylated γ-glutamyl 

carboxylate followed by condensation of this intermediate with an amino group (38, 117) 

(Figure 1c). However, in contrast to other CAL enzymes that form a C-N bond between the 

γ-glutamyl carboxylate of free glutamate or the glutamate moiety on glutamyl-tRNAGln and 

ammonia or the α-amino group of free cysteine, PafA forms a C-N bond via ligation of the 

γ-glutamyl carboxylate of a glutamate residue of a protein (Pup E64) to the ε-amino group 

of target lysines (38, 99, 117). Although the C-terminal E64 residue of the ligation-

competent PupE features two carboxylates (i.e., the C-terminal α-carboxylate and the γ-

carboxylate of the glutamyl side chain), only the γ-carboxylate is used to form the isopeptide 

bond between Pup and the target lysine, based on an NMR study with PanB substrate (118). 

In contrast to PafA, Dop catalyzes hydrolysis (depupylation and deamidation of Pup) and 

not condensation of C-N bonds, with ATP binding alone sufficient for Dop activity (6, 48, 

117) (Figure 1c).

Atomic-level structures of PafA and Dop have been found to be similar to those of enzymes 

of the CAL superfamily. PafA and Dop have an N-terminal domain (~400 amino acids) with 

a fold characteristic of CAL enzymes, with an additional C-terminal domain (70 amino 

acids) that is unique to the PafA/Dop homologs (97). The CAL domain features a twisted 

antiparallel β-sheet, denoted as a β-sheet cradle, that is centrally positioned and surrounded 

by a cluster of α-helices (97) (Figure 1d, left panels). Buried deep within this β-sheet cradle, 

ATP is bound in a pocket by its adenine moiety and positioned with its triphosphate chain 

toward the apparent active site located on the concave surface of the cradle and opening to a 

groove on the enzyme surface (4, 97). Based on the crystal structure of a PafA D64N dimer 

solved with the C-terminally fused PupE38-E64 fragment reciprocally provided in trans (4), 

the C-terminal tail of Pup lines this groove and leads to the putative active site (Figure 1d, 

upper panels). Pup E64 is positioned near the triphosphate chain of ATP and surrounded by 

PafA residues required for pupylation (4, 97), with analogous residues required for Dop 

activity (11, 97) (Figure 1d, right panels).

PafA and Dop Catalyze a Related Step of Nucleophilic Attack

Even though PafA and Dop catalyze opposing reactions (condensation versus hydrolysis of 

C-N bonds), both enzymes use analogous residues to mediate the nucleophilic attack of the 

C-terminal carbonyl carbon of Pup (Figure 1c). The differences are in the type of 

nucleophile and the derivative of Pup used as a substrate. In Dop-mediated reactions, water 

is thought to act as the nucleophile in attack of the carbonyl carbon of Pup substituting (a) 

the amino group of glutamine with release of ammonia in deamidation (117) and (b) the 

Pup-modified lysine residues with liberation of the protein target in depupylation (6, 48). By 

contrast, PafA catalyzes attack of the carbonyl carbon of the phosphorylated Pup 

intermediate by use of the ε-amino group of lysine residues as a nucleophile with subsequent 

release of inorganic phosphate (38). Recently, an aspartate residue near the active site of 
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Dop (analogous to D94, Figure 1d, lower panel) was found chemically modified by a 

substrate analog trap of Pup and, thus, was suggested to function as a direct nucleophile 

forming a unique anhydride intermediate or as part of a catalytic center with polarized water 

as the nucleophile (11). This aspartate is strictly conserved in Dop/PafA homologs and 

required for enzyme activity of both enzymes (4, 97). Thus, PafA may also use this 

conserved aspartate (analogous to D64, Figure 1d, upper panel) as the catalytic base in 

activating the nucleophilic ε-amino group of target lysine residues for attack of the phospho-

Pup intermediate (116).

PafA Is Regulated

The activity of PafA is suggested to be regulated by Mpa and the availability of target 

proteins requiring degradation by the proteasome. PafA has a low KM for Pup-GGE and 

ATP (low micromolar range) (38) and, thus, appears relatively insensitive to the levels of 

deamidated Pup and the energy charge of the cell. When all substrates are present at 

saturating concentrations, the rate-limiting step of PafA catalysis is the activation of Pup-

GGE (38). Once activated, phosphorylated Pup-GGE and ADP are stably retained on PafA 

and await nucleophilic attack by a lysine residue of the target protein with several orders of 

magnitude difference in the specificity constant between bona fide and model substrates of 

conjugation (38). Thus, PafA is suggested to be regulated by the availability of nucleophilic 

substrates that possess the correct specificity determinants (i.e., target lysine residues) (38). 

Recent evidence suggests PafA functions as a dimer or higher-order oligomer that 

cooperatively binds target proteins and is allosterically controlled by these target proteins 

(95). PafA also associates with Mpa in a complex proposed to serve as a modular protein-

tagging and degradation machine that would couple pupylation to proteasome function (32). 

Mpa stimulates PafA-mediated pupylation based on in vitro assay (32). Thus, PafA appears 

to be regulated by Mpa and the availability of target proteins.

Pup Adopts Different Folds Depending on Its Interaction Partner

Pup is intrinsically disordered in its unbound state (19, 66, 74, 119). Upon binding to the N-

terminal coiled-coil domains of Mpa, Pup residues 21–51 form an α-helix (119, 128) (Figure 

1b). By contrast, Pup residues 38–58 adopt a helix H1-linker-helix H2 conformation when 

bound to PafA (4) (Figure 1b). Dop surface residue conservation suggests at least the region 

of Pup that forms helix H1 in the PafA-bound form may also associate with Dop (4). Pup 

residue Ile43 (Figure 1b) within helix H1 of the PafA-bound form and the α-helix of the 

Mpa-bound form is necessary for efficient binding to Mpa and to PafA (4, 32). 

Fluorescently labeled Pup probing suggests the C-terminal 26–amino acid sequence of Pup-

GGE (residues 39–64) is the minimal motif needed for recognition by PafA, with specific 

hydrophobic residues within this sequence important for Pup interactions with Mpa and 

PafA (114). As the regions of Pup that form the interface with its different interaction 

partners overlap, a partner exclusion model is proposed in which Mpa and Dop compete for 

Pup-modified proteins to control the destruction versus depupylation of Pup-modified 

proteins, respectively (4).
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Pupylation and Proteasomes

Pup targets proteins to proteasomes for degradation (7, 116). Cell lysates of wild type (but 

not a proteasome mutant) efficiently degrade Pup-modified proteins (10), and inactivation of 

pupylation sites (e.g., FabD K173R) stabilizes target proteins (99). The disordered N-

terminal region of Pup promotes substrate entry into the pore of the Mpa ATPase and 

translocation of Pup, together with the conjugated substrate, into the 20S proteolytic 

chamber (12, 115, 128). Pup residues 21–51, which transition to an ordered α-helix upon 

docking with Mpa, are proposed to serve in a binding-induced folding mechanism that 

stabilizes interaction of the pupylated substrate with Mpa or the translocation of the 

substrate through Mpa into the proteasome for destruction (12, 128). Thus, Pup provides a 

two-part degron to proteasome substrates: the disordered N-terminus of Pup is required for 

degradation and the portion that forms an α-helix mediates attachment to Mpa (12). 

Analysis by in-cell NMR (74) suggests that transient binding of Mpa to proteasomal core 

particles (CPs) controls the fate of pupylated substrates, whereas Pup (Pup-GGQ) is found to 

interact only weakly with Mpa in the absence of CPs and to bind strongly to Mpa when CPs 

are present (74).

Pupylation not only targets proteins for degradation by proteasomes but can also regulate 

proteasome activity. In particular, covalent attachment of Pup to the C-terminal tail of Mpa 

(Lys591) prevents association of the Mpa ATPase with proteasomal CPs (28). Pupylation 

triggers the disassembly of Mpa from the hexameric ring into monomers (28). Mpa activity 

and degradation of pupylated proteins by the proteasome are restored after depupylation of 

Mpa by Dop (28). Thus, pupylation plays a direct role in regulating proteolysis through 

posttranslational modification of the proteasomes themselves.

Substrates of Pupylation

To date, several hundred proteins are found to be modified by the Pup system (17, 29, 100). 

Pupylated proteins and modification sites defined by these MS-based proteomic studies are 

integrated with corresponding atomic structures and functional annotations into a publically 

accessible database, PupDB (123). Computational programs designed to predict pupylation 

sites have also been developed, including GPS-PUP (70) and PupPred (18). The factors that 

provide specificity to substrate recognition are not fully defined but are likely minimal based 

on the finding that pupylation can be reconstituted in Escherichia coli by heterologous 

expression of PafA and Pup-GGE alone (17).

Pupylated proteins are from a variety of pathways, including respiration, intermediate 

metabolism, virulence, and detoxification (17, 29, 100) and are clearly linked to the 

physiology and pathogenesis of M. tuberculosis (5, 25). Although not essential outside of 

the host (26), pupylation and proteasome-associated factors are important for survival of M. 

tuberculosis in the host (33, 34, 61). Inhibition of the proteasome is bactericidal in 

nonreplicating M. tuberculosis (68, 69). Thus, the identity of proteins targeted to the Pup-

proteasome system is of general interest.
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PROKARYOTIC FORMS OF UBIQUITYLATION

Prokaryotic forms of ubiquitylation have recently been identified in which small Ub-fold 

proteins are isopeptide linked to lysine residues of protein targets by a mechanism that 

appears to be a simple version of ubiquitylation based on use of E1 (but not E2 or E3) 

homologs. Prokaryotic Ub-fold protein modifiers include archaeal SAMP1–3 (46, 85) and 

Thermus TtuB (tRNA-two-thiouridine B) (112), which function not only in protein 

modification but also in steps of sulfur transfer associated with molybdopterin (MPT) 

biosynthesis and/or wobble uridine tRNA thiolation (84, 113). These Ub-fold proteins are 

commonly attached to enzymes of tRNA thiolation (46, 112), revealing an ancient form of 

posttranslational modification conserved between archaea and thermophilic bacteria. The 

archaeal Ub-fold proteins also modify proteins that appear targeted for destruction by 

proteasomes (46, 85). The following sections highlight the history and details of these 

systems.

Archaeal SAMPs and Thermus TtuB of the Ub-Fold Protein Superfamily

Archaeal SAMPs and Thermus TtuB are of the Ub-fold superfamily of proteins that adopt a 

compact globular β-grasp fold, similarly to Ub; this superfamily of proteins has members in 

all domains of life (13–16, 49, 90, 91). The β-grasp or Ub-fold (Figure 2a) is formed by an 

approximately 70–amino acid core that comprises five β-strands (S) wrapped around an α-

helix (H) in an SSHSSS configuration and is typically associated with a C-terminal 

diglycine motif (127). Eukaryotic Ub-fold proteins are isopeptide linked to protein targets, 

are covalently bound to lipids (124, 126), or serve in sulfur transfer to form biomolecules 

including MPT (64, 81) and thiolated tRNA (45, 62, 88, 89, 92, 107, 108). Most bacterial 

Ub-fold proteins function in sulfur transfer, including in biosynthetic steps associated with 

formation of MPT (60), thiamine (135), thiolated wobble-position uridine tRNAs (113), 

secondary siderophores (36), and, in rare examples, the amino acids methionine and cysteine 

(1, 58, 95). Archaeal SAMP1/2 and Thermus TtuB are multifunctional. SAMP2 and TtuB 

are covalently attached to protein lysine residues (46, 112) and used in sulfur transfer 

reactions to form thiolated wobble uridine tRNA (84, 113). SAMP1 is also a protein 

modifier (40) and is associated with MPT biosynthesis (84). By contrast, only a role in 

protein modification has been identified for SAMP3 (85).

Whereas E1-E2-E3 enzymes typically mediate the covalent attachment of Ub and Ub-fold 

proteins to their targets in eukaryotes, sulfur-transfer pathways require only an E1-like 

enzyme from this cascade for Ub-fold protein activation. In both systems, the Ub or Ub-fold 

protein is activated through adenylation of its C-terminal α-carboxylate by a ubiquitin-

activating E1-like enzyme (60, 65, 109) (Figure 2b). The ATP-dependent adenylation 

reaction readies the Ub-fold protein for E2-E3 transfer to protein targets (71) or acceptance 

of sulfur from cysteinyl persulfides formed on rhodanese domain proteins and cysteine 

desulfurases (24, 76). The Ub-fold protein accepts sulfur via thiocarboxylation at its C-

terminal Gly and is then ready for use in biosynthetic reactions (14, 79). E2 and E3 are not 

used in thiocarboxylation. Instead, downstream components associated with each pathway 

provide the specificity needed for incorporation of sulfur into the appropriate biomolecule 

(e.g., Ub-fold MoaD associates with MoaE to form MPT) (131). Archaeal SAMPs and 
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Thermus TtuB require an E1-like enzyme for covalent attachment to target lysine residues 

and sulfur transfer activities (84, 85, 112, 113). However, the genomes of these organisms 

do not encode canonical E2 or E3 enzymes. Thus, these prokaryotic systems appear to be 

streamlined forms of ubiquitylation that use only an E1-like enzyme for protein 

modification, with the E1 also needed for sulfur transfer.

Discovery of Archaeal Sampylation

Facilitating the discovery of sampylation were the findings that Ub-fold and E1-like protein 

homologs are widespread in archaeal genome sequences (13–16, 49, 90, 91); that eukaryotes 

mediate E3-independent monoubiquitylation (43); and that a single type of Ub-fold protein 

can serve in protein modification and in sulfur transfer, based on study of eukaryotic 

ubiquitin-related modifier 1 (Urm1) (45, 62, 88, 89, 92, 107, 108). The breakthrough came 

upon completion of the genome sequences of archaea with established genetic systems (63). 

In particular, the genome of the genetically amenable halophilic archaeon Haloferax 

volcanii was sequenced (39). Several small Ub-fold proteins with C-terminal diglycine 

motifs and an E1-like enzyme homolog were identified that could be studied for biological 

function (46). The Ub-fold proteins (now named SAMPs) were expressed with N-terminal 

FLAG-tag fusions and monitored for formation of protein conjugates in Hfx. volcanii (46). 

Two of the three Ub-fold proteins (SAMP1/2) were found to be covalently attached to 

proteins through nonthiol linkages by immunoblotting, and the C-terminal α-carboxylate of 

SAMP2 was demonstrated to be covalently linked to the ε-amino group of lysine residues of 

target proteins by MS/MS analysis (46). Later evidence revealed the other two Ub-fold 

proteins SAMP1/3 formed isopeptide bonds on target lysine residues (40, 85). Thus, all 

three Ub-fold proteins of Hfx. volcanii that harbor diglycine motifs are linked to target 

lysines by Ub-like isopeptide bonds.

E1-Like UbaA Is Required for Sampylation

Most archaea encode only a single Ub-activating E1-type enzyme homolog and have no 

apparent E2 or E3 homologs. In Hfx. volcanii, the ubaA gene (encoding the archaeal 

ubiquitin-activating E1 enzyme homolog) can be deleted, and the cells are viable (84). 

Comparison of ΔubaA and wild-type strains shows that UbaA is required for formation of 

the SAMP conjugates observed by immunoblotting and MS/MS analysis (84, 85). 

Consistent with this finding, a close homolog of UbaA (ELSA, E1-like SAMP activator of 

Methanosarcina acetivorans) activates archaeal Ub-fold proteins in an ATP-dependent 

manner (102). Activation occurs by formation of an adenylate at the C-terminus of the Ub-

fold protein that is detectable by electrospray ionization mass spectrometry (102). Thus, 

sampylation is thought to function by an ATP-dependent E1-type mechanism.

Substrates of Sampylation

To date, numerous proteins are found covalently modified by the SAMP system. Substrates 

of sampylation in Hfx. volcanii include homologs of transcription, stress response, and 

metabolism proteins; they total 29 proteins (36 sites) [9 protein (11 lysine residue) targets of 

samp2ylation (46), 23 protein (11 lysine residue) targets of samp3ylation (85), and 1 protein 

(2 lysine residue) target of samp1ylation (40)], with some target protein overlap. Unlike the 
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ψ KxE/D motif (where ψ represents a large hydrophobic residue) indicative of SUMO 

modification (104) and the KEN motif that serves as a Ub target for substrate destruction 

during mitotic progression (83), a consensus sequence for sampylation is not evident in 

these target proteins. Similarly to Ub, homo-polymeric SAMP chains have been detected, 

including K58-linked SAMP2 (46) and K18-, K55-, and K62-linked SAMP3 (85).

SAMPs are found isopeptide linked to a number of proteins associated with sulfur 

chemistry, including homologs of MoCo biosynthesis, tRNA thiolation, methionine-S-

sulfoxide reductase, and rhodanese domain proteins (40, 84, 85). One protein target 

commonly modified by SAMP1/3 is MoaE, a homolog of the large subunit of MPT synthase 

(40, 85). In particular, the conserved active site residues of MoaE (K240 and K247) are 

covalently bonded to SAMP1/3, suggesting sampylation negatively regulates MPT synthesis 

(40, 85). Consistent with this biological role, MoaE is the major substrate of samp1ylation 

under aerobic growth conditions when the demand for MPT is low (85). Thus, sampylation 

may provide an autoregulatory negative feedback loop for Ub-fold-dependent sulfur transfer 

pathways.

Sampylation Is Dependent on Growth Conditions

Hfx. volcanii is a facultative aerobe that does not fix nitrogen. When cells are grown under 

aerobic or anaerobic conditions, addition of the terminal electron acceptor dimethylsulfoxide 

(DMSO) is found to alter the levels and types of proteins modified by SAMP1–3 (84, 85). 

Likewise, growth in the presence of alanine versus ammonium chloride as a nitrogen source 

causes an increase in SAMP1/2 conjugate levels (46). The influence of DMSO on 

sampylation is speculated to be associated with protein oxidation or regulation of MPT 

levels for DMSO reductase activity, whereas the association of sampylation with altered 

nitrogen availability may be linked to protein turnover and amino acid pools.

Sampylation Is Associated with Proteasome Function

Whereas SAMP3 conjugates appear unperturbed by proteasome function (85), evidence 

suggests that SAMP1 and SAMP2 are associated with targeting of proteins for destruction 

by proteasomes. In particular, the steady state levels of SAMP1 conjugates are significantly 

higher in proteasomal mutants compared with wild type (46), and chemical inhibition of 20S 

proteasome activity causes an increase in the levels of proteins modified by SAMP1/2 (most 

notably SAMP2) (85). Based on NMR spectroscopy, SAMP1 is found to bind an N-terminal 

peptide of the proteasome-associated nucleotidase (PAN)-B/2 (residues 1–74) with weak 

affinity over a wide range of salt concentrations, even those that disrupt SAMP1 structure 

(136). Thus, the PANs may form weak associations with the SAMPs alone. Far Western 

experiments demonstrate that the full-length PAN-A/1 binds the sampylation target MoaE 

only when covalently linked to SAMP1 (101). Thus, at least PAN-A/1 appears to have a 

higher affinity for SAMP1 when covalently bound to a target protein compared with 

SAMP1 alone, suggesting sampylation triggers association of protein targets with the 

proteasomal ATPase.
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Sampylation Is Reversible

Archaea harbor deubiquitylating enzyme homologs (DUBs) of the JAB1/MPN/MOV34 

metal-loenzyme (JAMM/MPN+) subfamily (3, 53). Of these homologs, Archaeoglobus 

fulgidus AfJAMM has been characterized at the atomic level, and although it is inactive in 

hydrolyzing Ub derivatives, resofurin-labeled casein, and D-alanine compounds, it is found 

to coordinate Zn2+ in a putative active-site configuration (2, 122). Similarly, Hfx. volcanii 

HvJAMM1 and HvJAMM2 do not hydrolyze unmodified proteins, diglycine, or the amide 

bond that links the fluorescent reporter 7-amino-4-methylcoumarin (AMC) to Ub (40). 

However, HvJAMM1 catalyzes the removal of SAMP1–3 from isopeptide- and linear-linked 

protein targets and, thus, functions as a desampylase (40, 85).

Based on biochemical characterization and 3-D modeling (40), HvJAMM1 is predicted to 

have a catalytic mechanism analogous to AMSH (Figure 2c). AMSH is a eukaryotic 

JAMM/MPN+ isopeptidase that specifically cleaves K63-linked polyubiquitin chains (106). 

HvJAMM1 is shown to coordinate a catalytic Zn2+, and site-directed mutagenesis suggests 

the Zn2+ is tetrahedrally coordinated by residues H88, H90, and D101 and a water molecule. 

HvJAMM1 E31 is important for function and likely to serve in a general base mechanism to 

polarize the water for nucleophilic attack of the carbonyl carbon of the scissile bond of 

SAMP conjugates (40). HvJAMM1 S98 is also important for activity and may serve to 

stabilize the negatively charged tetrahedral intermediate (40). Ultimately, HvJAMM1 

releases the SAMPs from the sampylated protein to form desampylated protein product, an 

activity that is likely regulated to avoid a futile cycle with the E1-like UbaA. In the cell, 

HvJAMM1 is speculated to provide a proofreading mechanism to ensure the proper proteins 

are modified by sampylation and maintain SAMP homeostasis. In addition, HvJAMM1 is 

thought to reactivate enzymes that are transiently modified by SAMPs, remodel polySAMP 

chains, and remove/recycle SAMPs from sampylated proteins as these modified proteins 

undergo destruction by proteasomes.

Ubiquitin-Fold Protein Modification System in Thermus

Recently a Ub-fold protein conjugation system was identified in the bacterium Thermus 

thermophilus (112). This system includes the Ub-fold protein TtuB, known to function as a 

sulfur carrier in tRNA thiouridine synthesis (113), and TtuC, an E1 homolog responsible for 

the synthesis of thiolated wobble uridine tRNA, MPT, and thiamin (113). In vitro, TtuC can 

activate TtuB as an acyl-adenylate prior to its thiocarboxylation by cysteine desulfurases and 

can also form a thiol-dependent linkage with TtuB (113). In T. thermophilus, TtuB is found 

covalently attached to target proteins by a mechanism that requires TtuC (112). In particular, 

lysine residues (K137, K226, and K229) of TtuA are found isopeptide linked to the C-

terminal α-carboxylate of TtuB (112). TtuA is a tRNA thiouridine synthetase that transfers 

the sulfur atom of thiocarboxylated TtuB to tRNA (113). Based on location of the target 

lysine residues in a crystal structure of TtuA, the catalytic activity of TtuA is proposed to be 

regulated by TtuB conjugation (87). Deletion of the single JAMM/MPN+ homolog of T. 

thermophilus (Ttc1133) results in an ~50% decrease in tRNA thiouridine levels, which may 

be due to a reduction in the level of TtuB C-terminal tails available for thiocarboxylation 

(112). Thus, thiouridine synthesis is proposed to be regulated by TtuB conjugation.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS

Our understanding of Ub-like protein modification in prokaryotes has come full circle. Early 

reports of Ub in bacteria (37) and archaea (133) were found to be contamination from the 

Ub derived from the yeast extract of the growth medium. Thus, the name ubiquitin was 

considered a misnomer because the protein was not as ubiquitous as was initially thought 

(20). We now understand that prokaryotes have the capacity to form Ub-like isopeptide 

bonds on the lysine residues of proteins by at least two distinct pathways: mycobacterial 

pupylation and archaeal/thermophilic bacterial Ub-fold protein modification systems. At 

least in mycobacteria and archaea, the systems appear linked to targeting of proteins for 

destruction by proteasomes, similar to the ubiquitylation pathway of eukaryotic cells. The 

systems also appear to have nonproteolytic roles in covalent attachment of the protein 

modifier to target lysine residues to disrupt complex assembly (e.g., pupylation of Mpa 

ATPase) and enzyme activity (e.g., sampylation of MPT synthase subunit MoaE). Much is 

yet to be learned regarding prokaryotic Ub-like protein modification systems, and, based on 

recent comparative genomic studies (15, 16, 73, 93), the future holds promise that certain 

lineages will provide new insight into novel mechanisms of Ub-fold protein modification.
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Figure 1. 
Pupylation and formation of ubiquitin-like isopeptide bonds. (a) Pup gene neighborhoods. 

Pup-, Dop-, Mpa-, and 20S proteasome (PrcA/B)-encoding genes are organized in gene 

neighborhoods in genomes of the phyla Nitrospirae and Actinobacteria. Genes are depicted 

as arrows, with the arrowheads pointing in the 5′ to 3′ direction. Representative gene 

neighborhoods are labeled below, including the name of the organism and gene locus tag 

numbers. (b) Multiple amino acid sequence alignment of representative Pup proteins. 

Identical and similar residues are highlighted in black and gray, respectively. UniProtKB/

TrEMBL accession numbers are included on the left. Critical regions required for Pup 

activity as described in the text are indicated. (c) Schematic representation of reactions 

catalyzed by Dop and PafA. Dop mediates the deamidation of Pup-GGQ as well as the 

depupylation of pupylated proteins, whereas PafA activates and ligates Pup-GGE to target 

lysines. (d) PafA ligase and Dop depupylase/deamidase are structurally related to 

carboxylate-amine ligases. PafA and Dop structures are based on Protein Data Bank ID 

4BJR and 4B0S, respectively. The Pup C-terminal tail that lines a groove on the surface of 

PafA that leads to the putative active site is highlighted in yellow. Mg-ATP and residues (*) 

required for catalytic activity based on site-directed mutagenesis and substrate analog trap 

are also indicated.
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Figure 2. 
Sampylation ubiquitin (Ub)-fold protein modification system. (a) Ub-fold protein 

superfamily. The β-grasp or Ub-fold comprises five β-strands (S, blue) wrapped around an 

α-helix (H, green) in an SSHSSS configuration followed by a C-terminal (Ct) diglycine 

motif as indicated. Ub [Protein Data Base (PBD) ID 1UBQ] and SAMP1–3 (PDB IDs 

3PO0, 4HRS, and 2M19) are members of this superfamily. (b) Schematic representation of 

ubiquitylation (Ub, upper panel) and prokaryotic Ub-fold proteins (Ubf, lower panel) that 

function in sulfur transfer and protein modification pathways. (c) HvJAMM1 desampylase. 

Schematic representation of the catalytic mechanism proposed for HvJAMM1 in cleaving 

small archaeal modifier protein (SAMP)-modified proteins. SAMP (red) conjugated to the 

target protein (green), the nucleophilic water (blue) coordinated to the catalytic Zn2+, and 

conserved active-site residues (black) are indicated. Abbreviations: UBA, ubiquitin-

activating E1-type enzyme; x-SSH, cysteinyl persulfide of rhodanese or cysteine 

desulfurase. Figure adapted from Reference 40.
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