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ABSTRACT: The prokaryotic ubiquitin-like protein
(Pup)-based proteasomal system in the pathogen
Mycobacterium tuberculosis (Mtb) is essential for its survival
in a mammalian host. The Pup ligase enzyme, PafA,
conjugates Pup to a suite of proteins targeted for
proteasomal degradation and is necessary for persistent
infection by Mtb. We report the design and application of
fluorescent probes for use in elucidating the mechanisms
of Pup and substrate recognition by PafA. Our studies
revealed that the C-terminal 26 amino acid sequence of
Pup is the minimal ligase recognition motif inMtb. Specific
hydrophobic residues within this sequence that are known
to be important for the interactions of Pup with
proteasomes are also critical for the activation of Pup by
PafA.

Mycobacterium tuberculosis (Mtb) is a human pathogen and the
main causative agent of tuberculosis (TB). Globally, tuber-
culosis and HIV are the leading causes of death due to
infection, and about one-third of the world’s population carries
the opportunistic tuberculosis bacilli.1 The emergence of
extensively drug-resistant forms of TB in recent years has
seriously challenged current therapeutic strategies, signaling the
need to identify and characterize new drug targets in Mtb.2

Initial investigations of the mycobacterial 20S proteasome
suggest that along with transcription and translation, inhibition
of bacterial protein degradation may also prove to be an
effective antibacterial strategy. Indeed, several studies have
elucidated the necessity of functional proteasomes for Mtb
resistance to oxidative challenge in vitro3 and for persistent
infection in mice.4,5 Furthermore, the treatment of non-
replicating Mtb with proteasome-inhibiting oxathiazol-2-one
compounds was shown to be bactericidal in laboratory
cultures.6 These results have firmly established the proteasomal
system as a suitable target for Mtb inhibition. The recent
discovery of a ubiquitin-like protein modification pathway in
Mtb that tags proteins for degradation by 20S proteasomes has
revealed several additional targets for the inhibition of protein
turnover.7,8 The prokaryotic ubiquitin-like protein (Pup) is a
short 64 amino acid polypeptide that is conjugated to
proteasomal substrates by proteasome accessory factor A
(PafA) ligase.9 Given the high degree of conservation of Pup
and PafA homologues within the Actinomycete class of bacteria
and the essential role of PafA in maintaining Mtb infection,8 we
are interested in elucidating the mechanisms of Pup and
substrate recognition by PafA. This understanding may be

parlayed into the design of rational inhibitors of PafA and will
also shed light on the evolutionary origins of the complex
protein ubiquitylation machinery in higher organisms.
Proteasomal substrates in eukaryotes are typically tagged for

degradation by conjugation of a lysine side-chain ε-amine with
the C-terminus of the protein ubiquitin. Ubiquitylation is
catalyzed by the E1−E3 family of ligases and begins with E1-
ligase-catalyzed activation of the α-carboxylate of the C-
terminal Gly in ubiquitin as a ubiquitin adenylate.10 The
activated ubiquitin is transferred to a side-chain thiol in the E1
ligase and subsequently to an E2 ligase. In some instances, the
E2−ubiquitin thioester further participates in trans-thioester-
ification with a side-chain thiol in an E3 ligase. Finally, the
ubiquitin C-terminal thioester undergoes nucleophilic attack by
a lysine side chain or, in some instances, the N-terminus of a
protein substrate to form a stable amide linkage. In contrast
with ubiquitin, the small protein Pup is ribosomally synthesized
with a C-terminal Gln residue that is deamidated by the
deamidase of Pup (Dop) to produce a C-terminal Glu (Figure
1a).9 The newly formed γ-carboxylate is conjugated with a
lysine side-chain ε-amine in the substrate (Figure 1b, top row).
Another key difference between Pup and ubiquitin is that the
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Figure 1. Mechanism-based probes of PafA activity. (a) Sequence of
the Pup polypeptide. (b) Scheme depicting PupE conjugation with 1
and 2 catalyzed by PafA.
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buildup of polymeric chains of Pup is not observed on protein
substrates, unlike the polyubiquitin chains that are typically
observed on eukaryotic targets and are required for their
proteosomal degradation.
Initial mechanistic studies of PafA established a key

difference from the family of ubiquitin ligases in that PafA
utilizes the terminal phosphate of ATP to activate Pup by
generating a γ-carboxyphosphoanhydride at its C-terminal
glutamate (Figure 1b).11 This high-energy intermediate species,
which is observable by MALDI-TOF mass spectrometry, is
proposed to undergo subsequent nucleophilic attack by the
lysine side chain. Several proteomic studies have demonstrated
that ∼130 different proteins in Mtb and the closely related
Mycobacterium smegmatis are pupylated at internal lysine
sites.12−15 However, there is no known consensus sequence
or conserved structure at the sites of pupylation, and the
substrates are involved in many different pathways, including
metabolism, cell-wall and membrane biosynthesis, transcription
regulation, and even proteolysis.16 The structure of a PafA
homologue from the actinomycete Corynebacterium glutamicum
(Cglu) was recently reported,17 but the absence of bound Pup
or a protein substrate precludes knowledge of the precise
mechanisms underlying PafA function.
As a first step in our mechanistic studies, we sought to

identify a PafA-specific chemical probe that (1) would allow
direct and quantitative visualization of its activity and (2) is
modular and therefore amenable to structure−activity studies
of PafA specificity. In this regard, we noted that the PafA-
catalyzed reaction is similar to transglutaminase-mediated
amide bond formation between glutamine and lysine side
chains. Several fluorescent amines have been employed as
substrates for transglutaminases,18,19 and we envisioned a
similar approach for PafA. Therefore, we first tested Lys
conjugated with fluorescein-5-carboxylic acid at its α-amine as a
substrate for pupylation with purified N-terminally His6-tagged
and deamidated Pup (His6-PupE) and C-terminally His6-tagged
PafA (PafA-His6) (Figure 1b and Figures S1 and S2 in the
Supporting Information). The amide-linked probe 1 and
thiourea-linked analogue 2 were both robust substrates for
pupylation in vitro, which was easily detected by in-gel
fluorescence following sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) (Figures 2a and S3). The
nature of the linkage between the fluorophore and the amine in
our probes did not influence the labeling efficiency, which
facilitated the rapid synthesis of multiple probes. Moreover,
these probes were highly specific for PafA activity, which
permitted the detection of Pup in complex protein mixtures
(Figure 2b). Although the response was not saturated, PafA
activity was readily detected at probe concentrations as low as 5
μM (Figure S4). The lack of signal saturation is consistent with
the previously reported KM of ∼23 mM for free Lys11 and
demonstrates the advantage of employing a highly sensitive
fluorescent readout.
With a modular and specific probe in hand, we first focused

on understanding the substrate specificity of PafA. In this
regard, we noted that a significant difference between
pupylation and ubiquitylation is that ubiquitin may be attached
to side-chain ε-amines of lysines as well as to the N-terminal α-
amines of proteins.20 However, pupylation has been observed
only at lysine side chains.15,21 To understand the basis for the
amine specificity of PafA, we synthesized fluorescent amine
substrates 3−5 (Figure 2c) in which the distance of the amine
from the bulky fluorophore was varied. Activity assays with

PafA and Pup revealed that longer-chain amines were better
substrates and that the extent of pupylation decreased as the
distance of the amine from the bulky fluorophore was
shortened (Figures 2c and S5). However, pupylation was
observed only at amines attached to primary carbons. Thus, the
α-amine of Nε-FITC-L-Lys (6) was not significantly pupylated
(Figures 2c and S5). The free amino acids Ala and Gly were
also tested in pupylation assays followed by liquid chromatog-
raphy (LC) and electrospray ionization mass spectrometry
(ESI-MS). Similar to our results with 6, Ala was not measurably
pupylated. However, free Gly, in which the α-amine is attached
to a primary carbon, was pupylated by PafA (Figure S6).
Importantly, the PafA specificity for the ε-amine of Lys did not
change at higher pH (Figure S7), suggesting that the selectivity
arises from structural requirements in the ligase and not from
the chemical step. The recently reported structure of Cglu PafA
with bound ADP and Mg2+ revealed a shallow open surface
where substrates may bind (Figure S8).17 Our results indicate
that the reactive phosphoanhydride of Pup is accessible to
linear amines and that branching at the carbon adjacent to the
nucleophilic amine may interfere with the favored Bürgi−
Dunitz angle of nucleophilic attack.22 A subset of ubiquitin E2
ligases have also been shown to inherently select against amines
attached to secondary carbons,23 and it is likely that the
selectivity observed in PafA is an evolutionary precursor to that
observed in E2 ligases.
We next turned our attention to investigating how Mtb PafA

binds Pup. Unlike the well-folded ubiquitin, Pup is disordered
in buffered solutions, with no structural motifs seen in circular
dichroism spectra and minimal helicity inferred from NMR
experiments.24−26 Darwin and co-workers demonstrated that an
N-terminally truncated Pup(31−64) peptide is sufficient for
pupylation in vivo.27 Given the strong conservation of the Pup
C-terminal sequence in Actinobacteria (Figure S9), we
wondered what minimal sequence of Pup is sufficient for

Figure 2. Application of fluorescent substrates to probe PafA activity.
(a) 15% SDS-PAGE showing labeling of His6-PupE by probe 1 in an
ATP- and PafA-His6-dependent manner: (top) Coomassie-stained gel;
(bottom) gel slice showing in-gel fluorescence. (b) 15% SDS-PAGE
showing the specificity of 1 for labeling of His6-PupE in cellular
lysates: (top) Coomassie-stained gel; (bottom) gel showing in-gel
fluorescence. (c) In-gel fluorescence of His6-PupE modified by probes
3−6, whose structures are shown at the right. His6-PupE* indicates the
probe-labeled fluorescent peptide and Fl denotes fluorescein.
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PafA-mediated conjugation with substrates. Therefore, we
tested the C-terminal 34 amino acids of Pup and N-terminal
truncants thereof in in vitro pupylation assays with PafA and
probe 1. To facilitate soluble expression of the short fragments
(MW < 4000 Da) and simplify visualization of the assay
products by SDS-PAGE, an N-terminal ubiquitin (Ub) fusion
tag was employed.28 We first confirmed that full-length His6-
Ub-PupE(1−64) was efficiently labeled with probe 1 at Glu64
by PafA (Figure S10) and then proceeded to test Pup
fragments in pupylation assays. Starting from His6-Ub-PupE-
(31−64), we truncated five N-terminal amino acids at a time.
This allowed us to narrow down the residues critical for
pupylation to a region between amino acids 36 and 41 in Pup
(Figure S10). With this knowledge in hand, four additional Pup
N-terminal truncants starting from His6-Ub-PupE(37−64)
were prepared and tested with PafA and probe 1 (Figure 3a).
Because of the high specificity of probe 1, each of the His6-Ub-
Pup fragments could be expressed in Escherichia coli and
directly tested in cell lysates containing PafA and probe 1

without additional purification steps. Interestingly, we noted a
gradual and significant decrease in labeling by 1 as the Pup
sequence was truncated from His6-Ub-PupE(39−64) to His6-
Ub-PupE(41−64) (Figure 3a). Furthermore, assays with
synthetic PupE(40−64) and PupE(41−64) peptides followed
by LC/ESI-MS analysis confirmed that the former is labeled to
some degree while the latter is not (Figure S11). These results
demonstrated that the C-terminal 26 amino acid PupE(39−64)
sequence is the minimal recognition motif for PafA in Mtb.
An additional and surprising result from our experiments was

the observation that adding ubiquitin to the N-terminus of the
minimal recognition motif, PupE(39−64), did not inhibit PafA
activity. To test this motif as a general tag for protein labeling
by PafA, we appended it to the C-terminus of the ∼27 kDa
enhanced green fluorescent protein (EGFP). To our delight,
the EGFP-PupE(39−64) fusion protein was labeled by Lys
conjugated at its α-amine with tetramethylrhodamine (Nα-
TAMRA-L-Lys, 7) in a PafA-dependent manner (Figure 3b).
Protein-labeling strategies for cell-surface imaging have been
extensively developed with short-peptide-modifying enzymes
such as the mammalian transglutaminases19 and Sfp phospho-
pantetheinyl transferase.29 The ability to append the PupE(39−
64) sequence to proteins genetically without inhibiting PafA
function is promising for its application as an orthogonal cell-
surface protein-labeling strategy that will complement and
expand the repertoire of currently available techniques.
Having identified the PupE(39−64) sequence as the minimal

recognition motif for PafA, we turned our attention to
identifying residues within this sequence that are critical for
pupylation. We first focused on Leu39 and Leu40 that are
present in the minimal sequence but are absent in the poor
substrate PupE(41−64) (Figures 1a and 3a). Site-directed Ala
mutagenesis of Leu39 and Leu40 in full-length His6-PupE,
either individually or in combination, showed dramatic effects
on the extent of labeling with probe 1, with the His6-
PupE(L39A,L40A) double mutant showing the least labeling
(Figures 3c, S12, and S13). This indicates a key role for Leu39
and Leu40 in catalysis by PafA. To understand the role of these
residues in the first chemical step (phosphorylation of PupE by
PafA), we employed a previously reported thin-layer
chromatography-based radioassay that measures the production
of α-32P-ADP from α-32P-ATP.11 Assays with PafA, α-32P-ATP,
and a tagless version of Pup, G-PupE(1−64), or the minimal
sequence G-PupE(39−64) (Figure S14) revealed that the two
substrates were phosphorylated at similar rates (Figure S15).
On the other hand, the rate of phosphorylation of the G-
PupE(L39A,L40A) mutant was indistinguishable from the
background hydrolysis of ATP by PafA in the absence of Pup
(Figure S15). This indicates that Leu39 and Leu40 are critical
for recognition and efficient phosphorylation of PupE by PafA.
Several hydrophobic residues in PupE, including Leu39 and
Leu40, were also proposed to make key van der Waals contacts
with the coiled-coil domain of the proteasomal ATPase Mpa.30

Although PafA does not share significant homology with Mpa,
our results clearly show that the two proteins engage
overlapping regions of PupE (Mpa interacts with residues
21−51 and PafA interacts with residues 39−64). Therefore, we
wondered whether the same hydrophobic residues in PupE,
namely, Leu39, Leu40, Ile43, Val46, and Leu47, play roles in
both Mpa binding and PafA activity. Site-directed Ala
mutations of each of the hydrophobic residues also led to
decreased labeling with probe 1 (Figures 3c and S16),
indicating that they are important for PafA activity. However,

Figure 3. Identification of a minimal sequence and residues in Pup
critical for pupylation. (a) In-gel fluorescence from a 15% SDS-PAGE
gel showing PafA-His6-catalyzed labeling of the indicated His6-Ub-
PupE fragments by probe 1 in cellular lysates. (b) In-gel fluorescence
from a 15% SDS-PAGE gel showing the PafA-His6-dependent labeling
of EGFP-PupE(39−64) by Nα-TAMRA-L-Lys (7) in cellular lysates.
(c) 15% SDS-PAGE gel of PafA-mediated labeling of wild-type (wt)
and mutant full-length His6-PupE polypeptides by probe 1: (top) gel
slice showing in-gel fluorescence of labeled proteins; (bottom)
Coomassie-stained gel slice as a loading control. The bar graph
below shows the quantitation of the in-gel fluorescence of each mutant
relative to wt Pup after normalization for protein loading. Error bars
are standard deviations (n = 3). ** indicates P < 0.05 (Student’s two-
tailed t test). Asterisks indicate the probe-labeled fluorescent peptides/
proteins in each gel.
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the most dramatic effect was seen for the His6-PupE-
(L39A,L40A) double mutant. Thus, PupE uses the same
hydrophobic residues to bind Mpa and PafA, with Leu39 and
Leu40 contributing most significantly to the latter interaction.
In conclusion, we have demonstrated the successful design

and application of specific and modular fluorescent probes for
use in studying the mechanism of function of PafA, the sole
Pup ligase in Mtb. Our studies have revealed mechanistic
similarities between PafA and ubiquitin E2 ligases and provide a
rationale for the selective pupylation of Lys side-chain ε-amines.
Fluorescent probe 1 was also used to identify residues 39−64 in
PupE as the minimal recognition motif for PafA. Surprisingly,
this minimal motif could be appended to the C-termini of small
and large proteins, such as ubiquitin and EGFP, respectively,
without compromising the activity of PafA. Finally, similar to
the ubiquitin system, where a hydrophobic patch composed of
Leu8, Ile44, and Val70 is a docking site for many ubiquitin-
binding proteins,31 Leu39 and Leu40 are part of a docking site
for Pup binding to both Mpa and PafA. This is the first
identification of a common hydrophobic protein interaction
surface on Pup that is similar to what is already known for
ubiquitin in eukaryotes. Studies are currently underway to
identify the structure of PupE(39−64) peptide bound to PafA,
which will guide the future design of specific inhibitors of the
Pup−PafA interaction.
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