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Prokaryotic Ubiquitin-Like Protein Provides a Two-Part Degron to
Mycobacterium Proteasome Substrates't
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Prokaryotic ubiquitin-like protein (Pup) is a posttranslational modifier that targets proteins for degradation
by the mycobacterial proteasome. We show that the disordered amino terminus of Pup is required for
degradation, while the helical carboxyl terminus mediates its attachment to proteins. Thus, Pup has distinct
regions that either interact with pupylation enzymes or initiate proteasomal degradation.

Proteasomes are compartmentalized ATP-dependent pro-
teases found in all eukaryotes and archaea, as well as in bac-
teria of the order Actinomycetales (reviewed in reference 2).
Proteins destined for proteasomal degradation in eukaryotes
are usually tagged with chains of the small protein ubiquitin
(Ub) (3, 11, 13). Ub is processed from larger polypeptides to
expose a diglycine (Gly-Gly) sequence, which is subjected to a
series of transthioesterification reactions that ultimately attach
Ub via an isopeptide bond to a lysine (Lys) on a target sub-
strate (reviewed in reference 12). Additional Ub molecules are
successively attached to the first Ub, forming polyubiquitin
chains that can be recognized by the regulatory complex of the
proteasome, leading to the destruction of the protein.

In eukaryotes, a two-part degron, including a proteasome
binding signal and a disordered degradation initiation site, has
been shown to be required for optimal degradation by the
proteasome (reviewed in reference 18). Ub is a highly struc-
tured protein, with a characteristic “B-grasp” fold (20), and is
thought to provide the binding signal for the degron. Disor-
dered regions on the doomed proteins, which are not uncom-
mon to eukaryotic proteins, serve as the degradation initiation
sites to complete the two-part degron.

In Mycobacteria, prokaryotic ubiquitin-like protein (Pup)
serves an analogous function to Ub by forming isopeptide
bonds to Lys of proteins doomed for bacterial proteasomal
degradation (1, 5, 17), although the enzymology of pupylation
appears to be highly different from that of ubiquitylation (5).
The only common features between Ub and Pup appear to be
their small size and a diglycine motif at or near the carboxyl
(C) terminus. Nuclear magnetic resonance (NMR) studies re-
vealed that Pup is largely unstructured, unlike Ub (4, 14, 19).
Additionally, NMR studies showed that the C-terminal helical
part of Pup interacts directly with the proteasome-associated
ATPase Mpa, an observation that confirmed earlier genetic
analysis (17). Pup interacts with the amino (N)-terminal
coiled-coil domain of Mpa (19) at a ratio of 1:6 (4, 19), sup-

* Corresponding author. Mailing address: New York University
School of Medicine Department of Microbiology, 550 First Avenue,
MSB 236, New York, NY 10016. Phone: (212) 263-2624. Fax: (212)
263-8276. E-mail: heran.darwin@med.nyu.edu.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

¥ Published ahead of print on 16 March 2010.

2933

porting the hypothesis that Pup is required for targeting pro-
teins to the proteasome. Because the N-terminal half of Pup is
disordered, which is an uncommon characteristic of prokary-
otic proteins, we hypothesized that this portion of Pup provides
a signal to initiate degradation by the bacterial proteasome.

To test this hypothesis, we constructed a linear fusion of Pup
to a protein that is not a robust proteasome substrate. Linear
fusions of Ub have provided powerful tools for studying the
Ub-proteasome system in eukaryotes (16). We cloned pup up-
stream of zur (zinc uptake regulator; Rv2359), with a his,
sequence at the 3’ end of zur in vector pSYMP (Fig. 1; see also
Table S1 in the supplemental material). Zur is a transcriptional
regulator that was studied in our lab, but it was not a robust
proteasome substrate in either Mycobacterium tuberculosis or
Mycobacterium smegmatis (Fig. 1A; see also Table S1 in the
supplemental material). Pup-Zur-Hisg was barely detectable in
wild-type M. tuberculosis H37Rv but dramatically accumulated
protein in the mpa mutant (Fig. 1, left). Pup-Zur-His, also
accumulated in the M. smegmatis proteasome-deleted
(AprcBA) strain (Fig. 1B). These observations suggest that Pup
targeted Zur-His, to the M. tuberculosis proteasome in an
Mpa-dependent manner. Pup-Zur-His, was less detectable in
the M. tuberculosis pafA (Pup ligase) mutant than in the wild-
type strain (Fig. 1B); we originally anticipated that the steady-
state levels of the fusion protein would be similar between
wild-type and pafA strains; however, it is possible that the
fusion protein was more efficiently degraded in the paf4 mu-
tant because there were no other pupylated proteins in the
bacterium to compete for access to the proteasome. Impor-
tantly, our data show that PafA is itself not directly required
for proteolysis. Taken together, the fusion of Pup to Zur re-
sulted in the synthesis of a recombinant protein dependent on
the proteasome for turnover.

We next tested the hypothesis that the N-terminal disor-
dered half of Pup is required for degradation. We deleted
nucleotides 4 to 90 to create “pup9l-zur-his;” in the same
plasmid used to examine full-length Pup-Zur-His, (see Table
S1 in the supplemental material). Unlike full-length Pup, the
N-terminal truncated Pup-Zur fusion protein had the same
steady-state levels in wild-type and degradation-defective M.
tuberculosis and similar steady-state levels in wild-type and
proteasome-deleted M. smegmatis (Fig. 1C). These results
show a robust difference in the stability of full-length Pup-Zur-
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FIG. 1. Fusion of Pup to a nonproteasome substrate targets it for
proteasomal degradation in an Mpa- and proteasome-dependent man-
ner. Representations of linear fusions expressed in M. tuberculosis
(Mtb) and M. smegmatis (Msm) are shown above each panel. (A) M.
tuberculosis H37Rv Zur-His, (Rv2359) is similarly stable at steady state
in all M. tuberculosis and M. smegmatis strains tested. (B) Pup-Zur-His,
accumulates in an mpa mutant but not in wild-type or pafA M. tuber-
culosis strains (left). Pup-Zur-His, accumulates in AprcBA but not
wild-type M. smegmatis. The entire pup gene was fused to zur. The
terminal Pup Gln codon was changed to Glu. In three independent
experiments, less fusion protein was detected in the paf4 mutant than
in wild-type M. tuberculosis. (C) Deletion of nucleotides 4 to 90 (A91;
deletion of amino acids 2 to 30) or 92 to 195 (N-term; deletion of
amino acids 31 to 64) resulted in fusion genes that were equally stable
in wild-type and degradation-defective strains (right). Experiments are
representative of two independent replicate samples for each strain.
Dihydrolipoamide acyltransferase (DlaT) is the loading control. Mu-
tants are described elsewhere (1, 6). All cultures were processed as
described elsewhere (7). For immunoblot analysis, cell lysates were
separated by 15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed with monoclonal antibodies to
Hiss (Qiagen) or polyclonal antibodies to DIaT (a gift from R. Bryk
and C. Nathan).

His, compared to that of Pup91-Zur-His, in wild-type M. tu-
berculosis and M. smegmatis. We also made a plasmid with only
the first 30 amino acids of Pup fused to the N terminus of
Zur-Hisg (“pup-nterm-zur-his6”). The first 30 residues of Pup
were not sufficient to target the recombinant protein to the
proteasome (Fig. 1C). Thus, each half of Pup is necessary but
not sufficient to target a protein to the mycobacterial protea-
some.

NMR analysis determined that Mpa interacts with the C-
terminal half of Pup but not with the disordered N terminus (4,
14, 19). In addition to providing an unstructured degron for
proteasome substrates, we hypothesized that the N terminus of
Pup interacts with enzymes of the pupylation pathway. To test
this, we deleted nucleotides 4 to 90 from a strong expression
plasmid used to purify the pupylome of M. tuberculosis,
pUV15-hiss-pup (see Table S1 in the supplemental material)
(9). pUV15-hiss-pup results in the synthesis of Hiss-Pup, which
pupylates proteins in either M. tuberculosis or M. smegmatis.
We purified the pupylome using either full-length Hiss-Pup or
Hisg-Pup91 from wild-type M. smegmatis. To our surprise, the
truncated Pup, consisting of only the C-terminal 34 amino
acids, resulted in the modification of proteins (Fig. 2A and B).
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FIG. 2. The Pup C terminus is sufficient for pupylation. Ectopic
expression of hisg-pup or hiss-pup91 (AN-term-Pup) and subsequent
Ni-nitrilotriacetic acid (NTA) purification of pupylated proteins from
M. smegmatis. (A) Coomassie brilliant blue (CBB)-stained SDS-PAGE
gel of Ni-NTA purified pupylomes. (B) Immunoblot (IB) analysis of
purified proteins using antibodies to Hiss. (C) Anti-Inol immunoblot
shows Inol is pupylated with either full-length or truncated Pup. The
pupylomes were purified from wild-type M. smegmatis cultures har-
vested at an optical density at 580 nm (ODsg) of 1. The amount of
protein loaded was normalized based on protein concentration of the
eluted proteins, as determined by A4,g, using a NanoDrop spectropho-
tometer.

The entire pupylome appeared to shift to a lower molecular
weight. We examined the pupylation pattern of a known pro-
teasome substrate, Inol (inositol-1-phosphate synthase) (9).
Using antibodies to Inol, we observed the following two spe-
cies of Inol in each purified pupylome sample: unpupylated
Inol and either Pup~Inol or Pup91~Inol (Fig. 2C). Inol
forms tetramers (15), but not all monomers within a tetramer
are necessarily pupylated; unpupylated Inol copurifies with
pupylated Inol (K. E. Burns and K. H. Darwin, unpublished
observations). Inol was robustly modified by either Pup or
Pup91, demonstrating that the N-terminal disordered region is
not required for pupylation.

Our data suggest that the truncated Pup91 can modify pro-
teins (Fig. 2); however, based on the Pup-Zur-His, linear fu-
sion experiments, it cannot target them for proteasomal deg-
radation (Fig. 1). We reasoned that strong overproduction of
Pup91 in mycobacteria would compete with wild-type Pup to
modify degradation substrates like Inol, ultimately resulting in
reduced proteolysis of the substrate. To test this, we examined
endogenous Inol steady-state levels in lysates containing
pUV15+ (vector control), pUV15-Hisg-pup, or pUV15-His,-
pup9I using antibodies to Inol. pUV15+ encodes one of the
strongest known mycobacterial promoters (8). We detected
endogenous Inol in all samples; however, there was less Inol
in wild-type M. smegmatis overproducing full-length His,-Pup
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FIG. 3. Expression of pup91 abrogates Inol degradation. Ectopic
expression of hiss-pup91 abrogates degradation of endogenous Inol.
Equivalent cell numbers were harvested, lysed by bead beating, and
clarified by microcentrifugation for 10 min at 16,000 X g. Antibodies to
Inol are described elsewhere (9). DlaT is the loading control.

than in all other samples (Fig. 3, second lane); this suggested
that overproduction of Hiss-Pup could increase the degrada-
tion of endogenous Inol in wild-type M. smegmatis. In contrast,
overproduction of Hisg-Pup91 resulted in a similar accumula-
tion of Pup91-Inol in both wild-type and proteasome-deleted
M. smegmatis (Fig. 3); this supports the hypothesis that the
N-terminal half of Pup is not needed for pupylation but is
required for proteasome-dependent degradation.

Interestingly, although unpupylated Inol accumulated in the
AprcBA strain as expected, full-length Pup-Inol did not (Fig. 3,
compare lanes 2 and 5). We speculate that this is due to a
possible feedback inhibitory mechanism by which pupylation is
inhibited in the AprcBA strain. This may be unlikely, as the
truncated Pup91 efficiently pupylates substrates in the AprcBA
mutant (Fig. 3C, last lane) and the pupylome can be purified
from the AprcBA mutant (Burns and Darwin, unpublished
observations). Another hypothesis is that the absence of pro-
teasome function results in the increased “depupylation” of
Inol. Nonetheless, our data show that the removal of the
N-terminal half of Pup prevents proteasomal degradation of
Inol and most likely other substrates.

In this study, we tested the model that the N-terminal half of
Pup is critical to promote the degradation of a protein. Both
linear fusions in mycobacterium mutants and overproduction
of Pup lacking its N-terminal region strongly support this hy-
pothesis. We found that the C-terminal half of Pup, in addition
to the proteasomal ATPase Mpa, is required to interact with
pupylation enzymes (4, 14, 17, 19). Taken together, we propose
a model where (i) the C-terminal half of Pup interacts with
enzymes to facilitate pupylation, (ii) the same region interacts
with Mpa to target the protein to the proteasome, and (iii) the
N-terminal half of Pup initiates degradation by the protea-
some. It is important to point out that although it is likely that
Pup is itself degraded when translationally fused to a protein
like Zur, we do not know if Pup is degraded when conjugated
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by an isopeptide bond to a substrate. Thus, future work will
determine if Pup can be removed and recycled like ubiquitin in
eukaryotes (10).
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