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ABSTRACT

All organisms require an efficient mechanism to degrade proteins and
make use of molecular degradation machines referred to as compartmentalizing chaperone-proteases. Of these large degradation complexes, the proteasome is an especially elaborate representative, which
canonically occurs in eukaryotes and archaea, but also as an anomaly
in the phylum of actinobacteria. A key requirement for proteasomal
degradation is the modular association of the cylinder-shaped core
particle (CP), whose inner walls are lined with the protease active
sites, with one of a set of ring-shaped activation complexes. Proteasomal activators generally share an analogous binding mode mediated
through a C-terminal binding motif. Aside from passive complexes
that simply mediate access to the CP chamber, there exist proteasomal ATPase complexes (referred to here as regulatory particle, RP) in
all three kingdoms, which share a common evolutionary origin and
which participate in the bulk of proteasomal degradation of stably
folded proteins. Those ATPases engage proteins that are marked for
degradation and thread them into the proteolytic chamber of the CP
under expense of energy (ATP hydrolysis). As the “marker” usually
a post-translational modification of lysines with a small protein is
employed, ubiquitination in eukaryotes and pupylation in Actinobacteria. Thus, pupylation and ubiquitination are functionally analogous.
However, they do not share a common evolutionary origin and, therefore, differ with respect to their chemical and molecular mechanisms
in protein modification. While ubiquitination passes through a threestage ligation cascade providing it with tagging specificity, only a
single ligase (PafA) capable of modifying a large number of proteins
is used in pupylation.
Intriguingly, most enzymes involved in pupylation are themselves
targets for pupylation, bearing the characteristic signature of an autoregulatory feedback loop. In the first part of this dissertation study, it
is demonstrated in vitro that pupylation of the mycobacterial proteasomal ATPase (Mpa), the bacterial counterpart of the eukaryotic RP,
leads to a reversible two step shut-down of the proteasomal degradation pathway in bacteria. In a first step, Pup ligated to Mpa acts as
a sterical perturbation preventing complex formation between Mpa
and the proteasome. In a second step, Mpa-mediated disassembly of
pupylated Mpa ring complexes transfers them into a completely inactive low oligomeric or monomeric storage form. The process is shown
to be reversible: depupylation by the depupylase Dop enables Mpa to
reassemble spontaneously thus restoring its full activity.
In the second part, the discovery of a previously unknown proteasomal activator is described which we named Bpa (bacterial protea-
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some activator). Bpa is shown to form a ring-like complex, stacking
coaxially with the proteasome cylinder. It is demonstrated that the
interaction with the proteasome is mediated through the canonical
C-terminal binding motif, a HbYX like motif. Furthermore, the Bpaproteasome complex is the first activator of the bacterial proteasome
that can open the gate of the full-length, wild-type proteasome in
vitro. Finally, a protocol toward a high-resolution reconstruction of
the Bpa-proteasome complex is presented.
Taken together, the presented results expand our knowledge about
the function and regulation of the actinobacterial proteasome pathway. A novel parallel to the eukaryotic proteasome system is uncovered with the description of the first passive bacterial proteasome activator. As it was shown that the infamous actinobacterial exponent M.
tuberculosis sustains increased tolerance to macrophage defense mechanisms by the Pup-proteasome system, those insights will contribute
to better understand this ancient human enemy.
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Z U S A M M E N FA S S U N G

Alle Organismen benötigen effiziente Mechanismen um Proteine abzubauen und verwenden hierfür molekulare Abbaumaschinen, die
sogenannten Chaperon-Proteasen, welche ihre proteolytische Aktivität durch Kompartimentierung von ihrer Umgebung abschirmen.
Das Proteasom ist ein besonders vielschichtiger Vertreter dieser grossen Proteinkomplexe, welcher generell in allen Eukaryonten and Archaeen, aber auch als Ausnahme im Phylum der Actinobakterien, vorkommt. Eine Schlüsselrolle im proteasomalen Proteinabbau nimmt
die modulare Anlagerung eines ringförmigen Aktivators an den 20S
Proteasomzylinder ein, an dessen Innenwänden sich die katalytischen
Zentren befinden. Die meisten Aktivatoren folgen bei der Anlagerung
an das Proteasom einem analogen Bindungsmodus, der auf einem Cterminalen Bindungsmotiv basiert. Neben passiven Aktivatoren, welche in erster Linie den Zugang in die proteasomalen Abbaukammer
ermöglichen, gibt es in allen drei Reichen der Biologie proteasomale ATPase-Komplexe (hier als RP bezeichnet), die einen gemeinsamen evolutionären Ursprung haben und den Grossteil an gefalteten
Proteinen für den Abbau im Proteasom vorbereiten. Diese ATPasen
verwenden Energie aus der ATP-Hydrolyse, um markierte Proteine
für den Abbau in die proteolytische Kammer des Proteasoms einzuschleusen. Zur Markierung dient üblicherweise die Modifikation von
Lysinseitenketten mit einem kleinen Protein, nämlich die Ubiquitinierung in Eukaryonten und die Pupylierung in Actinobakterien. In diesem Sinne sind Ubiquitinierung und Pupylierung funktionell analog.
Allerdings verbindet die beiden keine gemeinsame evolutionäre Vorgeschichte, was sich darin widerspiegelt, dass beide Modifikationen
auf unterschiedlichen chemischen und molekularen Mechanismen basieren. Während Ubiquitin mittels einer dreistufigen Enzymkaskade
angebracht wird, was dem Prozess Spezifizität verleiht, kommt bei
der Pupylierung nur eine einzige Ligase (PafA) für sämtliche Pupylierungsreaktionen zur Anwendung.
Interessanterweise sind die meisten der für die Pupylierung verantwortlichen Enzyme selbst Ziele für Pupylierung, was eine charakteristische Eigenschaft autoregulativer Rückkopplungsmechanismen
ist.
Im ersten Teil dieser Doktorarbeit wird gezeigt, dass Pupylierung
der mykobakteriellen proteasomalen ATPase (Mpa), das bakterielle
Gegenstück des eukaryontischen RPs, in vitro zu einer zweistufigen
reversiblen Abschaltung des proteasomalen Proteinverdaus führt. Zuerst blockiert das kovalent gebundene Pup sterisch die Anlagerung
von Mpa ans Proteasom. Zweitens, werden die mit Pup markierten
Mpa Untereinheiten von Mpa erkannt und entfaltet. Dadurch werden
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sie in eine komplett inaktive Form, entweder in Monomere oder aber
in nieder-oligomere Proteinkomplexe überführt. Die Umkehrbarkeit
dieses Prozesses wird gezeigt, indem Depupylierung durch die enzymatische Aktivität von Dop die spontane Reassemblierung von Mpa
und damit einhergehend die Rückgewinnung der Aktivität zur Folge
hat.
Im zweiten Teil der Arbeit ist die Entdeckung eines bisher unbekanntem proteasomalen Aktivators beschrieben, den wir Bpa (für
bakterieller proteasomaler Aktivator) benannt haben. Bpa assembliert
in einen ringartigen Komplex, welcher koaxial an den ProteasomZylinder bindet. Es wird gezeigt, dass die proteasomale Interaktion
über ein typisches C-terminales Motiv, das HbYX ähnliche Motiv, ausgebildet wird. Bpa ist der erste Aktivator, welcher in vitro in der Lage
ist, die Pforte des ungetrimmten bakteriellen Proteasoms zu öffnen.
Zusätzlich habe ich ein Protokoll entwickelt für die hochauflösende
Rekonstruktions eines Bpa-Proteasomkomplex.
Insgesamt erweitern die präsentierten Resultate unser Verständnis
der Funktion und Regulation des actinobakteriellen proteasomalen
Proteinabbaus. Mit der Entdeckung und Charakterisierung des ersten passiven bakteriellen proteasomalen Aktivators wird eine neue
Parallele zum eukaryontischen Proteasom-System gezogen. Bekanntermassen vermittelt das Pup-Proteasom-System dem Tuberkuloseerreger eine erhöhte Resistenz gegen die Verteidigungsmechanismen
der Makrophagen, daher sind diese Erkenntnisse wichtig um dieses
berüchtigte Humanpathogen besser zu verstehen.
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INTRODUCTION

All living entities are locked in their permanent struggle to adapt to
an ever changing environment (C. Darwin, 1859). All known organisms do so by constantly fine tuning their metabolic activities. The set
of all possible responses is thereby encoded in the genome while each
particular response is mainly expressed by the amounts of the genetic
actors, the proteins, and their complex interplay. Consequently, all
cells are in need of an efficient machinery to rapidly increase and
decrease the concentration of any protein. Therefore both, the protein biosynthesis and the bulk of protein degradation are executed
by sophisticated large cellular complexes , namely the ribosome and
proteasome-like chaperone proteases.
One could argue that controlled protein degradation is the more
intricate challenge of the two: First, protein biosynthesis can delegate
a majority of its regulation to DNA transcription thereby limiting
the availability of the short lived messenger RNA upon which it acts
and second, the information to construct all proteins is encoded as
a linear series of combinations of 64 different codons. This stands
in contrast to protein degradation, where more than half of the cell
weight is composed of proteins and it is paramount for degradation to
discriminate the targets from this pool of kins, most of which should
not be degraded at any given moment. Furthermore, differentiation
between valid and non valid targets can hinge on slight differences in
their three dimensional folding state while being otherwise identical.
A profound part of protein degradation is mediated by chaperone proteases. That is, in eukaryota and archaea the porteasome
whereas bacteria feature frequently a selection from HslVU, ClpXP,
ClpCP, Lon and FtsH. A few bacterial clades, in particular of the actinobacterial phylum, encode in addition the proteasome. Chaperone
proteases share the evolutions generic solution to the apparent paradox of being simultaneously specific and promiscous: In all cases the
proteins form a small compartment with limited access and the proteolytic active sites are facing inward, thus protecting the cell from
renegade activity. Furthermore, the machinery is modular separating
recruitment and proteolytic activity in different sub complexes1 .
Not surprisingly, a defective proteasome and all the more a knock
out is lethal for eukaryota and archaea. In contrast, actinobacteria
are less dependent on the proteasome taking advantage of the typical bacterial chaperone proteases for constitutive degradation. For
1 Interestingly, the same principles hold on a larger scale for the eukaryotic lysosome
which was the first degradation compartment to be discovered (Novikoff et al., 1956).
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them, the proteasome is more of an annexed support machinery. The
following more detailed discussion will be limmitted to proteasomal
degradation and their targeting systems, since this system is topic of
the thesis.
The proteasome and associated ubiquitin field had their founding
discoveries several decades ago and are, due to garnering much interest, extensive (Ciehanover et al., 1978; Hershko et al., 1980; Nobel
Laureats in Chemistry, 2004). Thus, on the upside in many instances
a deep detailed knowledge has been acquired but on the downside
there exist a bewildering almost chaotic amount of different nomenclatures. In the following parts, whenever a general principle is discussed I try to stick to the most systematic nomenclature and use that
name interchangeably for all homologs of a particular gene within a
kingdom. Only in references to particular experiments, the original
terms are given.
the proteasomal core particle
The proteasomal core particle (CP or 20S) consist of two sets of paralogs, the α-subunits and β-subunits each type forming a heptameric
ring. Four such regular heptagons assemble to a stacked cylinder in
αββα-sequence (Borissenko and Michael Groll, 2007). As opposed to
archaea and bacteria, during eukaryotic evolution, the subunits diversified further into seven distinct α-type and seven distinct β-type
subunits forming hetero-oligomeric rings (α1-7 β1-7 β1-7 α1-7 ) (M Groll et
al., 1997; Löwe et al., 1995; Nagy et al., 1998; T Tamura et al., 1995). As
a result, most bacterial and archeal proteasomes are dihedral seven
(D7) symetric, whereas eukaryotic proteasomesretain only C2 symetries. The CP is approximately 160 Å high, 120 Å in diameter and
has a mass of 700 kDa (Harris, 1968). The interior can be subdivided
into three chambers, the outer two are between the α- and β-subunits,
the central one is surrounded only by the β-subunits (Borissenko and
Michael Groll, 2007; M Groll et al., 1997; Hu et al., 2006; Löwe et al.,
1995) (figure 1.1.1A). Regardless of kingdom, the proteolytic activity
is harboured by the β-subunits, and condensed into the central chamber (or proteolytic chamber) (P. Chen and Mark Hochstrasser, 1996),
whereas the function of the outer chambers (antechambers) is less
clear. A NMR study on three small model proteins indicated that the
antechamber might play a role in destabilizing tertiary structure of
substrate proteins to keep them in a degradation prone conformation
(Ruschak et al., 2010).
It was shown that the β-subunits (and by extension as paralogs,
the α-subunits) belong to the fold of N-terminal nucleophilic hydrolases (Brannigan et al., 1995), a diverse group which has evolved almost beyond recognition. As indicated by the name, this group uses
their N-terminal residue side chain, threonin in proteasomes (Boris-
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senko and Michael Groll, 2007; Löwe et al., 1995), as the catalytic nucleophile (Brannigan et al., 1995) and simultanously the N-terminal
backbone amine as a proton acceptor, giving rise to an unusual functional merge in a single residue. A further feature of the group retained in proteasomal β-subunits, is the expression as a pro enzyme
with an N-terminal pro peptide masking the catalytic activity preventing both, renegade activity and inactivation by Nα-acetylation.
Activation then occurs by autocatalytic cleavage of the pro peptide,
which is an integral part of CP assembly and maturation (Brannigan
et al., 1995; M Groll et al., 1999; Heinemeyer et al., 1997; Jäger et al.,
1999; Zühl et al., 1997).
Three distinct catalytic activitys have been attributed to the β-subunits,
a trypsin-like, a chymotrypsin-like and a peptidylglutamyl-peptide
hydrolizing activity (Wilk and Orlowski, 1983). In eukaryota only β1 ,
β2 and β5 are active, each equipped with one of the three specificities
(Arendt and M. Hochstrasser, 1997; P. Chen and Mark Hochstrasser,
1996; Heinemeyer et al., 1997). However, those specificities refer to a
preferences rather than an absolute, which is not surprising given the
enormous local concentration (about 50 mM) of proteolytic sites (Finley, 2009). In contrast, the mycobacterial proteasome displays a hybrid conformation between the three active eukaryotic subunits, indicating all those functionalities are unified into every single β-subunit
(Hu et al., 2006; Lin et al., 2006). A similarly broad specificity was
also observed in Archea (Wenzel et al., 1994), but not in other Actinobacteria (R De Mot et al., 1998; Pouch et al., 2000; T Tamura et al.,
1995)
Those extraordinarily capable catalytic residues would proof hazardous for the cell if it were not for the α-subunits which, sitting
on both sides of the proteolytic core exclude most folded proteins
from accessing the inner compartments (Finley, 2009; Stadtmueller
and Christopher P Hill, 2011). They are placed such to narrow the
entrence to a pore, termed the α-anulus, no wider than 20 Å. In the
resting state of the CP, this “gate” is sealed by the tightly arranged
N-terminal segments of the α-subunits, limiting diffusion even for
peptides. To activate the proteasome, a proteasomal activator protein
complex must bind on the α-ring face and interact with the α-subunits
in a specific way (Lander et al., 2012; Whitby et al., 2000; Z. Zhang et
al., 1998). To this end, the α-ring face features seven binding pockets
located each in between two neighboring subunits. Upon interaction,
the arrangement of the N-termini is sterically disturbed and they are
stabilized in an outfacing conformation causing the gating residues
to swing open.
But despite the striking homology among the proteasomes of the
three kingdoms, the atomic resolution structures revealed different
organisations of the gating residues (M Groll et al., 1997; D. Li et al.,
2010; Religa et al., 2010). The eukaryotic gate is closed by the inter-
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action of three short helixes at the N-terminus of subunit α1 , α3 and
α6 (M Groll et al., 1997). The archeal homolog behaves more like unstructured random coils (Religa et al., 2010). And the bacterial gate,
although composed of identical subunits, features three differently
positioned tails, three framing the pore, four closing it by hydrophobic interaction of Phe6 (in Mycobacterium tuberculosis) and the seventh
sticking outwards (D. Li et al., 2010) (figure 1.1.1B, C). In accordance,
the archeal proteasome was reported with the highest residual activity and a high tolerance in forming chimeric complexes with bacterial
interactors in vitro (personal communication Bob Sauer). In contrast,
all efforts to reconstitute the bacterial proteasome activation in vitro
have been in vain hinting at a clade-specific missing element in proteasomal activation (Striebel et al., 2010; Wang et al., 2009a).
proteasomal interactors
To date, three different proteasomal interactors have been identified
in eukaryota and two in each, archaea and bacteria, one of the latter
in the course of this thesis. By their main distinction, the proteasomal
interactors may be classified into active and passive: Active interactors are characterized by their ability to hydrolyze ATP to unfold
substrate proteins, whereas in contrast, passive interactors have no
ATPase activity.
Passive
Passive interactors seem to have a more specialized function compared with their active counterparts and enable mostly peptides and
unstructured proteins to enter the pore. Although their physiological
role is not well understood and they are generally less well conserved
compared with the active interactors, they provided significant insight in activator-mediated gate opening.
11S particle
Likely the best characterized passive activator is the so called 11S
(or REG, PA28, PA26) complex (Dubiel et al., 1992) (figure 1.2.1). In
higher eukaryota it exists in two isoforms (Rechsteiner and Christopher P Hill, 2005), in most single cellular eukarya in one and none are
found in archaea or bacteria to date (Maupin-Furlow, 2012). The sequence of 11S particles is highly divergent but structurally they form
a torus shaped heptamer of α-helical bundles, a homo heptamer in
the evolutionary more ancient γ-variant (Masson et al., 2009) whereas
the isoforms of higher eukarya preferentially assembles as hetero heptamer of α- and β-subunits (Rechsteiner and Christopher P Hill, 2005).
Each subunit is approximately 28 kDa and features a C-terminal ex-
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Figure 1.1.1: The proteasome in close up: A, the architecture of the eukaryotic proteasome is shown as cut open cartoon. B, top view on the
α-ring face of the mycobacterial proteasome. The N-terminal residues
are colored according to their positioning. C, same as B for the eukaryotic proteasome. The N-termini of the three subunits α1 , α3 and α6 are
colored. The short helices involved in gate sealing are only about a turn
long. In B and C are the hydrophobic residues, responsible for gate closure visualized in stick representation and colored red. Three (out of
seven for the bacterial proteasome) interactor binding sites are indicated.
The following models were used: A, 4cr4; B, 3mka; C, 4r3o
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Figure 1.2.1: Proteasomal interactors across the domains of life: Overview of
the proteasomal interactor proteins for which evidence of physical complex formation has been presented. In the top half are ATP dependent
proteins, whereas the bottom half displays passive interactors. Bacterial
proteins and their homolog structures, are colored with matching tints
while the domain particulars are shaded of gray. For enhanced visibility, the eukaryotic 19S (base + lid) is displayed in an “assembly manual”
style. A subscript range (eg. 1-7) indicates the number of paralogs in
hetero complexes and the largest integer represents the protomer number. Red dot denote a HbYX motif, green dot non-HbYX interaction
motif and blue asterisk a deubiquitination functionality. In the design
of this figure following PDB models were used in whole or part: 3h4p
archeal proteasome, 4r3o eukaryotic proteasome, 3mka Mtb proteasome,
3cf1 Cdc48, 3l5q Blm10, 1fnt 11S, 4cr4 19S and Pan, 3md9 ARC with ATP
domain from 4cr4, Bpa from this thesis.
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tension which fits into the binding pockets of the proteasome α-ring
(Förster et al., 2005; Whitby et al., 2000). The whole particle is hollow
with a central channel of approximately 20 - 30 Å diameter which extends the proteasomal chambers coaxially when bound to the proteasome α-ring . Insertion of the 11S C-termini into the binding pockets
between two adjacent α-subunits enables backbone-backbone hydrogen bonding and causes a salt bridge between the 11S C-terminal
carboxylate and a highly conserved proteasomal lysine residue (K66)
together accounting for most of the binding energy (Ma et al., 1993).
Simultaneously, a glutamate residue of the activation loops located
on the inside of the 11S channel contacts a conserved proline (Pro17)
of the α-gate which was shown to be critical for peptide degradation
(Z. Zhang et al., 1998). The resulting shift of a few ȧngström forces
the gate residues to flip outwards paving the way for substrates.
In contrast to the relatively detailed mechanistic understanding of
the 11S regulator, its physiological role has been more elusive.
Blm10 (PA200)
Blm10 like interactors are unusual in their general architecture. They
do not form a multi subunit complex but are made of a single large
polypeptide which folds into a HEAT-repeat like solenoid spiral of
1.5 turns (Iwanczyk et al., 2006; Kajava et al., 2004; Ortega et al.,
2005) (figure 1.2.1). The C-terminus of Blm10 anchors this conic
dome like structure to the proteasomal binding pockets by a canonical HbYX motif (a hydrophobic residue before the penultimate tyrosine2 ) (Sadre-Bazzaz et al., 2010). Although Blm10 encases a volume
of about 110 000 Å3 only a small opening of 9 x 18 Å2 just below
the tip of the cone allows substrate passage. This tight portal led to
speculations that Blm10 type interactors might be involved in peptide rather than protein degradation, or that it could play a role in
a proteasomal hetero complex, involving one of the other interactors
at the other side of the 20S cylinder. In any case, a large number of
processes have been suggested to be Blm10-dependent, but direct evidence is scarce and most observations might reflect proximal effects
(Stadtmueller and Christopher P Hill, 2011).
Intriguingly, the docking of the C-terminal HbYX motif into the
interface between the α5 and α6 subunits is reminiscent of the 11S
proteasome interaction, to the point that both backbones are superimposable (Sadre-Bazzaz et al., 2010; Stadtmueller and Christopher
P Hill, 2011). Thus, the same backbone-backbone hydrogen bonds
2 In the following sections a few molecules will be discussed, that in the strictest sense
contain rather a HbYX like motif than a true HbYX motif due to mutations eg. Y-2F
or Hb-3Polar. However, I will mostly refrain from making that distinction explicit
and call them still HbYX motif based on functional equivalence within experimental
resolution. Because, with an increasing number of sequenced genomes any literal
interpretation will inevitably end in an (undesired) exceedingly verbose nomenclature.
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and the C-terminal carboxylate to lysine salt bridges are conserved.
Likewise, the side chain of the penultimate tyrosine stabilizes Pro17
reverse turn in the same position as observed for the activated proteasome by 11S. It was shown that the HbYX motif is sufficient to open
the proteasomal gate in eukaryota and archaea, since hepta-peptides
containing the motif retain that function (Smith et al., 2007). However,
since Blm10 can only provide one HbYX motif only α5 is forced into
the open conformation. But nevertheless, thereby the entire closed
gate is sufficiently destabilized to give rise to a partially disordered
state which allows for enhanced peptide degradation (Sadre-Bazzaz
et al., 2010; Ustrell et al., 2002).
Bpa
Bpa stands for bacterial proteasomal activator and marks the most
recent discovery of a proteasomal interactor. To date, it was found
exclusively in actinobacterial genomes and it seems to be related neither to the 11S nor Blm10 (Delley et al., 2014; Jastrab et al., 2015).
A detailed discussion follows in chapter 4 since the discovery and
characterization of Bpa is a a major result of this thesis.
Active
All known active proteasomal interactors belong to the AAA+ ATPase family proteins, which is a sub family of the P-loop NTPases
(Iyer et al., 2004; Saraste et al., 1990), and considerable homologies
are present between the three kingdoms. A hexameric ring shaped
complex assembly with a central channel is characfteristc for AAA+
ATPases involved in degradation. Active revers to them linking the
energy released in the hydrolysis of ATP with the endergonic unfolding of protein substrates (Benaroudj et al., 2003; Erzberger and Berger,
2006; Rubin et al., 1998; Smith et al., 2005). Mechanistically, unfolding is a consequence of the substrate being pulled through the narrow
central channel (Lee et al., 2001; Weber-ban et al., 1999).
Regulatory Particles
The best studied and with the proteasome most faithfully co-conserved
regulatory particles (RP) share a homologous structure and are found
in all three domains of life. In Mycobacteria this complex is referred
to as mycobacterial proteasomal-ATPase (Mpa) (K. H. Darwin et al.,
2005), in all other Actinobacteria it is called AAA+ ATPase forming
ring shaped complexes (ARC) (Wolf et al., 1998). The archeal RP is
termed proteasome-activating nucleotidase (Pan) (Zwickl et al., 1999),
the eukaryotic RP is referred to as 19S consisting of the six AAA+
ATPase subunits (Rpt1-6 ) and several non-ATPase subunits (Rpn1-13)
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for which there are no prokaryotic homologs (J. M. Peters et al., 1994)
(figure 1.2.1).
As is typical for AAA+ ATPase, all of them assemble into ring
shaped hexameric complexes, the prokaryotic ones as homo hexamers and the eukaryotic members into a hetero hexamer of paralogues
(Tomko et al., 2010). Each protomer consists of several domains. The
N-terminal residues (approximately residues 10-100) form a helical
domain that engage with a neighboring subunits to form a shared
coiled-coil structure. As a consequence, the sixfold symmetry (or
pseudo symmetry in eukaryota) reduces to three fold. This symmetry breakdown, especially for the prokaryotic particles, is made
possible by a conserved proline residue at the root of each domain
which adopts alternately a cis or trans orientation. Downstream of
the coiled coils follows one, in bacteria two, inter domains (Djuranovic et al., 2009; Wang et al., 2009a). The function of those OB-fold
domains is presumably mainly structural .
Finally follows the distinctive AAA module. The ATP binding
pocket locates at the interface between two subunits. ATP hydrolysis, as is characteristtic in P-loop NTPases, causes the protomers to
undergo a rigid body movement (Rabl et al., 2008) which extends itself to a distinctive loop, the Ar-Φ pore loop, located on the inside of
the central channel. The movement of the Ar-Φ, containing one conserved aromatic residue which was shown to be critical for function,
is thought to pull the substrate protein through the central channel of
the hexamer (Kenniston et al., 2003; Martin et al., 2005; 2008; F. Zhang
et al., 2009) (figure 1.1.1).
Finally, most RP subunits end C-terminally in the canonical HbYX
motif (D. Li et al., 2010; Smith et al., 2007; Yu et al., 2010). Exceptions are two degenerate protomers of the eukaryotic particle and
homologs of bacteria which evolutionarily lost their proteasome (see
section pupylation 1.3.3). Due to the symmetry mismatch it is impossible for all six subunits to dock simultaneously into the CP α-pockets.
The maximum number of docked motifs appears to be three as observed in the high resolution structure of the eukaryotic 26S proteasome (Lander et al., 2012). Docking of the HbYX motif exploits again
the same residue contacts as the Blm10 activator, however the additional two C-termini are enough to completely destabilize the closed
gate rendering it fully open (Lander et al., 2012) (a feat which is yet
to be demonstrated in bacteria). This positions the central channel of
the ATPase as a coaxial extension of the proteasomal chambers. Thus,
a protein substrate engaged by the RP during its interaction with the
CP results in threading of the unfolded protein through the narrow
α-annulus which would have been impossible for the natively folded
substrate.
Nonetheless, besides this pronounced homology the RP exhibits
considerable kingdom specific features especially with regard to sub-
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strate recognition. As will be discussed in section 1.3, a common
theme is the covalent modification of substrate proteins with a small
protein recruitment tag. The best known of these is the eukaryotic
modifier ubiquitin (Ub).
19s With the 19S, the modularity of the proteasomal degradation
machinery truly comes to shine. The AAA+ ATPase, that is the with
respect to the other kingdoms shared homolog structure, Rpt1-6 is
merely the core of the 19S particle. Together with the two ubiquitin
receptors Rpn10 and Rpn13 and the structural proteins Rpn1, Rpn2
the base complex is formed. Another eight proteins (Rpn3-9 and
Rpn11, Rpn12) assemble to the lid complex which complements the
base to form the 19S regulatory particle (Glickman et al., 1998; Lander
et al., 2012; Sakata et al., 2012) (figure 1.1.1 and 1.2.1). Furthermore,
there exist a range of only transiently associating ubiquitin receptors
(Bhattacharyya et al., 2014). Other than for the prokaryotic homologs,
initially no direct contact is formed by the substrate to the Rpts. The
Rpts rather use their coiled coils as a handle to associate with the
two ubiquitin receptors and the lid complex. However it has been
suggested that the coiled coils could exploit their flexibility and use
a swinging motion to funnel the substrate toward the central pore
(Lasker et al., 2012).
The fully assembled 26S proteasome consisting of the 20S core particle and the 19S regulatory complex, requires the substrate to bind
with high enough affinity to engage in translocation and degradation. It is generally accepted that this is achieved by simultaneous
binding of two ubiquitin moieties to Rpn10 and Rpn13. Most frequently this is observed with poly ubiquitin chains built via Lys48 of
Ub (for explanation check section 1.3.1), which need to be at least four
Ub long to bridge the space between the two receptors (Chau et al.,
1989). However, Lys11 or Lys63 chains, multiple mono Ub or short
poly Ub and potentially branched and hetero linked chains work also
(Bhattacharyya et al., 2014; Ciechanover and Stanhill, 2014). Finally, a
range of proteins wit intrinsic proteasome signals exist which are recognized and degraded independent of ubiquitin (Baugh et al., 2009).
Other than its bacterial functional analog Pup (prokaryotic ubiquitin like protein), ubiquitin does not contain a translocation initiation
region, a loosely structured terminal tail or loop. A substrate protein
must therefore contain an appropriately placed loose region to start
the threading procedure (Inobe et al., 2011; Prakash et al., 2009). Accordingly, recognition and translocation are decoupled allowing for
recovery of the ubiquitin tags after initiation. Indeed, it was shown
that three peptide chains can simultanously be translocated before
sterical hindrance occurs (H. T. Kim et al., 2007; Lee et al., 2002).
Thus, the removal of the poly ubiquitin tag, which introduces two
branchings for the canonical Lys48 chain in addition to two backbone
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strands for an internal initiation site, could frequently be a requirement to prevent the machinery from choking.
Rpn11 of the lid was identified as designated deubiquitinase (DUB)
and its activity was shown to be critical for proteasome function
(Verma et al., 2002; Yao and Cohen, 2002). In addition, with the
ATP hydrolysis and start of the translocation the base complex was
observed to experience a reorganization which extends itself to the
lid and causes Rpn11 to exposes its active site right at the entrance to
of the Rpt channel (Bhattacharyya et al., 2014).
About the function of the other lid proteins not much is known,
but they could have mainly 26S stabilizing effects.
pan The archeal proteasome-activating nucleotidase shares high
sequence homology with the Rpt proteins and was demonstrated to
stimulate casein degradation by proteasomes of eukaryota and archaea in an ATP dependent fashion (Benaroudj et al., 2003; Zwickl et
al., 1999). However, in vivo evidence for the Pan-CP complex and
interaction of Pan with substraes remains poorly understood. In
Haloferax volcanii significant enrichment of sampylated proteins were
observed upon pan and prcA knockout3 , hinting at a pan-proteasomal
involvment in sampylated target degradation (Humbard et al., 2010).
Interestingly, pan is dispensable in archaea whereas the proteasome
is essential, an observation which motivated the study of Cdc48 and
its proteasomal interaction (Humbard et al., 2010).
Finally, the in vitro study of Pan is notable for shedding light on
the characteristic HbYX interaction and gate opening of the whole
protein family (Smith et al., 2005; 2007).
arc In the bacterial RPs, Mpa/ARC, the coiled coil domain interacts directly with the substrate recognition protein Pup to form an
anti parallel shared coiled coil. Upon binding to Mpa/ARC the intrinsically disordered Pup (X. Chen et al., 2009; Liao et al., 2009) adopts
an extended helix4 including most of the central residues while its
flexible N-terminus dangles above the entry pore of Mpa or ARC
and ultimately serves as translocation initiation handle (Burns et al.,
2010a; Striebel et al., 2010; Wang et al., 2010). Thus, in contrast to Ub,
Pup contains both the proteasome binding motif and the translocation initiation handle. Consequently, no evidence has been presented
yet that Pup is recycled but rather it seems to share the fate of the
target protein ending up in the proteolytic chamber (Striebel et al.,
2010).
Interestingly, albeit Mpa or ARC features a highly conserved HbYX
like motif (mostly QYL) to date no study demonstrated a stimula3 a partial knockout, since Haloferax volcanii features two protomers of both and a
double proteasome knockout is lethal.
4 To date, no data are available to discriminate between the two kinetic models: folding upon binding or conformational selection.
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tion of peptidase activity comparable with those induced by Pan-CP
or Blm10-CP interaction. This could indicate that gate opening at
least in Mycobacterium tuberculosis and Mycobacterium smegmatis is not
achieved by the same mechanism as in archaea or eukaryota.
In terms of substrate specificity, it is unclear if all pupylated proteins are recognized with equal efficiency by ARC. A special case is
unlinked Pup, which is only quantitatively degraded in vitro upon
Pup-modified (pupylated) substrate depletion (Striebel et al., 2010),
but the mechanistic basis remains open for speculation. Mpa knockout in M. tuberculosis reveals no major change in relative proteome
level exept for the two bonafide substrate proteins and pupylation
targets PanB and FabD (Pearce et al., 2006) but without simultaneous data on the degree of pupylation it is unclear at which stage, the
modification enzyme or the degradation complex, the discrimination
is made.
Cdc48

The ssrA tag is a
well known degron
dedicated to the
bacterial chaperone
protease ClpXP

In eukaryota, Cdc48 (or P97, VCP) has been known to be involved in a
wide range of cellular activities to do with protein quality control. But
without clear mechanistic information a distinction between a direct
or indirect contribution cannot be established with certainty (Meyer et
al., 2012; Yamanaka et al., 2012). Although Cdc48 homologs are well
conserved in archea (D. Barthelme and R. T. Sauer, 2012) and in some
instances as well in actinobacteria (Cole et al., 1998), a physiological
role has not been attributed yet.
Cdc48 is a large homo hexameric protein complex. Each protomer
consists of a small flexible N-terminal domain, thought to be involved
in effector binding, and two AAA+ ATPase modules (Davies et al.,
2008; Hanson et al., 1997; J.-M. Peters et al., 1992; Rockel et al., 1999).
Recently, a direct interaction of Cdc48 and the proteasome core
particle was demonstrated for archaea. There, Cdc48 interacts with
the proteasome through its C-terminal HbYX motif presumably in
an analogous manner to the Blm10-CP and Pan-CP interaction. Although insertion of the C-terminus in to the proteasome α-pockets has
been demonstrated to trigger gate opening, a mutant Cdc48 Y753A
(yielding a defective HbYX motif) retains a fraction of both effects,
affinity and stimulation of gate opening (D. Barthelme and R. T.
Sauer, 2012; Dominik Barthelme et al., 2014). Later, additional interaction motifs, comparable to the 11S activation loops were identified (Dominik Barthelme and Robert T Sauer, 2013). By use of an
artificial substrate, ssrA tagged GFP , the same group identified a
protein translocation and degradation promoting ability of Cdc48 (D.
Barthelme and R. T. Sauer, 2012). Although the eukaryotic proteasome shows cross reactivity with archeal Cdc48 (Dominik Barthelme
and Robert T Sauer, 2013), simular functions for the eukaryotic or
bacterial homologs remain to be demonstrated.
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ptms involved in proteasomal degradation
It is well known that a host of different post translational modifications (PTMs) exist in most organisms to modulate numerous proteins.
Some are highly dynamic, like e.g. phosphorylation, and provide a
fast regulatory mode. Others are quite stable, like methylation, or
even permanent, like signal peptide cleavage, and can be seen more
of an extension to the amino acid code or expansion of manufacturing limits, respectively. However, in those examples the carried information content is rather binary5 . Not so for glycoslyation or small
protein modifiers, which attain a fundamentally different layer due
to their capability to adopt different conformations and topology, by
being subject to further modification themselves, most famously seen
in ubiquitination. Apparently, it is this discriminating power which
nature uses in connection with proteasomal degradation across all
domains of life as discussed below.
Ubiquitination
Ubiquitin (Ub, from ubiquitous immunopoietic protein) is an among
eukaryota highly conserved small globular protein (Ciechanover, 2012).
Its 76 amino acids fold into the characteristic stable β-grasp fold
(Vijay-kumar et al., 1987) and as such, exhibit a surface brimming
with functionality (figure 1.3.1). A key feature of Ub are the seven
conserved surface lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33,
Lys48, Lys63) pointing in all directions, themselves targets for ubiquitination (Peng et al., 2003; Xu et al., 2009). In addition, the Ub
surface features three hydrophobic patches (arround Phe4, Ile36 and
Ile44) which enable transient interactions with different receptors and
ubiquitin-binding domains (Dikic et al., 2009).
Ubiquitination is initiated by activation of its C-terminus in a two
step mechanism catalyzed by E1. First, ATP and Ub are bound by
an E1 (two are known in humans) which catalyses the adenylylation
on the C-terminal carboxy group of Ub (Schulman and Wade Harper,
2009). Second, a thioester is formed between a conserved cysteine of
E1 and the Ub C-terminus, thereby releasing AMP. Next, E1 hands
its load over to an E2 in a trans esterification reaction ending in a
thioster bond between Ub and the active site cystein of E2 (Wijk and
Timmers, 2009). The E2 enzymes are all of a homolog protein family
and present with up to 35 genes. Finally, an isopeptide bond between
Ubs carboxy terminus and a target lysine is formed by mediation of
an E3 enzyme. Hundreds of distinct E3s are frequently present belonging two enzyme classes, the RING or HECT E3-classes. RING
5 Proteins or protein complexes with multiple potential PTM sites may experience
cross talk between the modifications which would give rise to the combinatoric combinations of possible responses.
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Figure 1.3.1: A comparison of pupylation with ubiqylation: Both, Pup and
ubiquitin (Ub) are frequently expressed in a pro form requiring the action of a depupylase or deubiquitinase, that is an enzyme capable of
reverting the ligation process. Once coupling competent, both get activated on their carboxy-terminus and stay in contact with their ligase or
ligation complex until a suitable nucleophile passes by. In most cases,
this is a target lysine for both small molecule modifiers.
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domain containing E3 catalyze the direct transfer of Ub from an E2
to the target, whereas HECT transiently bind Ub as a thioester with
their own active site cystein (Metzger et al., 2012). The discrimination
of the appropriate substrate is achieved by the hierarchical numbers
of enzymes in the cascade and the flexible combination of E2 E3 enzyme pairs, giving rise to a plethora of different ligation complexes
(Komander and Rape, 2012). Or in some instances further auxillary
proteins are involved (Deng et al., 2000).
Besides simple mono or multiple mono ubiquitination, the afore
mentioned lysine residues of Ub are prominent targets of the tagging
machinery conferring the remarkable property of a topological syntax
to the ubiquitin code. Indeed multiple studies have demonstrated
the thorough use of the distinct possibilities, linear homo or hetero
linked chains as well as branched ubiquitin linkage (Ciechanover and
Stanhill, 2014; Komander and Rape, 2012).
To fine tune this elaborate molecular semantic repetoire and to recycle the building blocks, numerous deubiquitinating enzymes (DUB)
of multiple protein families exist. Besides the beforehand encountered Rpt11 of the lid complex with its specific role of proteasomal
Ub recycling, many DUBs show high Ub linkage specificity which
is exploited in the analysis of the ubiquitin code (Hospenthal et al.,
2015). It was proposed that quality control is achieved by dynamic
equilibrium between DUBs and the ligases (Citterio, 2015). Moreover,
in some cases a DUB may even form a complex with an E3 thus assembling an Ub editing complex (Sowa et al., 2009). Finally, ubiquitin
is expressed in most organisms as pro-protein either as a head-to-tail
chain or with a C-terminal pro-peptide. Some DUBs are suggested to
be involved in the activation of the pro form by appropriate cleavage
(Wilkinson, 1997).
Homo Lys48 linked ubiquitin chains have long been associated
with proteasomal degradation, whereas Lys63 chains are more perceived as non degradative. Although, this view is largely consistent
with the newest findings, there are various examples (reviewed in
(Ciechanover and Stanhill, 2014)) which do not follow such a simple
scheme. In non degradation promoting roles, Ub has been associated
in the allosteric regulation of proteins, masking and unmasking of
signal peptides, providing affinity for complex assembly and blocking protein interfaces as well as with lysosomal degradation of membrane proteins (Komander and Rape, 2012). However, linkage allone
might not be the sole semantic governor of the code but is subject to
the temporal and local context (“pragmatics” in the linguistic analogy) (Seeger et al., 2003). For example, UFD4, an E3 enzyme of Saccharomyces cerevisiae, was demonstrated to promote degradation only
when simultaneously binding to the proteasomal ATPase (Xie and
Varshavsky, 2002). Toward the physiological consequences of the less
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canonical linkages, eg. Lys6, Lys27 - 33, little is known and branched
chains have yet to be assigned with a specific cellular function.
The high specificity of ubiquitin ligating enzymes provokes the
expectation of conserved targeting motifs similar to those found in
sumoylation (Ciechanover and Stanhill, 2014; Geiss-Friedlander and
Melchior, 2007). Although extensive mass spectrometric measurements revealed hundreds of targets (W. Kim et al., 2011; Peng et al.,
2003), little conservation was found at most and in some cases ubiquitin shows extensive target lysine promiscuity (Ciechanover and Stanhill, 2014). That is, without loss of functionality ubiquitin attachment
is shifted to a different lysine in the face of mutational studies (King
et al., 1996).
Sampylation
Although early archeal full genome sequences revealed the presence
of both, Ub-like beta grasp proteins (Samp, numbered 1-3 for the
three orthologs) and an E1 like protein (ELSA or UbaA) (Iyer et al.,
2006), experimental evidence for an ubiquitin like tagging mechanism
was not presented until recently. Thus, many aspects of sampylation
remain shrouded in mystery. Still, the tertiary structure of Samp and
ELSA are highly homologous to ubiquitin and E1 Ub-activating enzymes, respectively (Ranjan et al., 2011). Sampylation was demonstrated to be ELSA dependent in vivo (Humbard et al., 2010). Activation of Samp occurs by adenylylation, as is seen in E1 enzymes
of the Ub-cascade (Ranjan et al., 2011). How the reaction proceeds
from there is not yet clear, but could be reminiscent of urmylation, an
eukaryotic ubiquitin homolog which is linked E2/E3 independently
(Van der Veen et al., 2011). A functional desampylase (HvJAMM1) exists which belongs to the same family of metallo proteases as Rpn11,
the DUB of the eukaryotic proteasomal lid complex (Hepowit et al.,
2012).
As in Ub, a number of proteins have been identified with sampylated lysine residues but no sampylation motif is known (Humbard
et al., 2010; Miranda et al., 2014). A functional link to proteasomal
degradation for some but not all Samp orthologs seems to be given in
archaea as well (Humbard et al., 2010), albeit merely by altered levels
of modified proteins in comparison of WT to a knock out strain, since
the mechanistic basis remains puzzling .
Pupylation
The Prokaryotic ubiquitin like protein (Pup) tagging machinery is
predominantly a feature of some Actinobacterial clades. This posttranslational modification system consists of three known proteins,
the tag Pup, the ligase PafA (proteasomal accessory factor A) and
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C-terminal
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Figure 1.3.2: PafA on the left and Dop on the right side in comparison. A
cartoon view of PafA (blue) is depicted with bound Pup (red) in the
Pup-groove, ATP (dark blue, stick model) and the coordinating magnesium ions (gray). The anchor indicates the insertion side of up to
four transmembrane helices in PafA from Planctomycetes and some δproteobacteria. A transparent surface view of Dop demonstrates the
striking similarity between the two enzymes. The characteristic Dop
loop, which was not resolved in the structure is indicated. The PafA
model is taken from the PDB 4bjr (Barandun et al., 2013), and Dop from
4b0r (Özcelik et al., 2012)

the depupylase or deamidase of Pup (Dop). Similar to the previously
introduced protein tags, Pup acts as covalent lysine modification attached to the ε-amino group via an isopeptide bond. However, not
the C-terminal carboxylate as in Ub but the side-chain carboxylate of
the last residue, a glutamic acid, is used (Sutter et al., 2010).
In contrast to Ub and Samp, Pup on its own is an intrinsically disordered protein (X. Chen et al., 2009; Liao et al., 2009; Sutter et al., 2009)
(figure 1.3.1). PafA and Dop are a paralog pair of enzymes, likely
descendant of a common ancestor with the γ-carboxylate amine/ammonia ligases family and thus structurally unrelated to the ubiquitin
ligases (Burroughs et al., 2009; Iyer et al., 2008; 2006). Hence, pupylation is functionally related to ubiquitination but stems from a distinct
evolutionary origin. Accordingly, in pupylation a different chemistry
is at play.
PafA and Dop consist of a large N-terminal domain that is homologous to the glutamine synthetases and a small C-terminal domain
which is a characteristic trait of PafA and Dop (figure 1.3.2). Both
feature a deep groove framed by conserved residues running from
the active site around half the proteins. This was shown to be the
Pup binding groove (Barandun et al., 2013; Özcelik et al., 2012). The
active site architectures of both enzymes are largely reminiscent of
those in glutamine synthetases. But a major difference between the
pupylation enzymes and their relatives is the accessibility of the active
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Figure 1.3.3: Pupylation cycle, first Dop (green) deamidates Pup to render it ligation competent. Next, PafA (light blue) catalyzes isopeptide
bond formation to an accessible lysine of a substrate protein (gray). Pup
tagged substrate can either be depupylated by Dop or translocated and
unfolded by Arc/Mpa (yellow, ATPase domain of Arc is not depicted).
Translocation either results in degradation by the proteasome or again
deamidation by Dop.

site. Glutamine synthetases bury their active site deep within a large
oligomeric complex, whereas Dop and PafA are monomers which feature an open cradle like conformation (Eisenberg et al., 2000; Özcelik
et al., 2012). This presumably helps them to accommodate their protein targets, a notion which is supported by the strikingly conserved
surface around the active site (Barandun et al., 2013). Finally, Dop features an extended stretch of amino acids near the N-terminus, termed
Dop loop, which is absent in PafA (Striebel et al., 2009b). The function of the Dop loop remains to be elucidated.
A typical pupylation cycle starts with Pup and ATP binding to the
ligase PafA (see figure 1.3.3, top). In this enzyme substrate complex,
Pup adopts structure, namely two helical segments running along the
Pup binding groove6 (Barandun et al., 2013). Then, under stoichiometric ATP hydrolysis a γ-glutamyl mixed anhydride intermediate is
formed by phosphorylation of the C-terminal glutamic acid of Pup.
This step is rate limiting under substrate saturation and hence likely
6 Again, it is not clear if by folding upon binding or conformational selection.
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also in the cellular environment (Guth et al., 2011). Second, the now
activated C-terminus is rendered prone to nucleophilic attack by any
proximal amine, which is in a physiological setting the side chain of
a target lysine. Indeed, it was shown that PafA interacts three orders of magnitude more strongly with PanB (Km ~10 μM), a bonafide
substrate (Pearce et al., 2006; Striebel et al., 2010), compared to free
lysine (Km ~20 mM) (Guth et al., 2011) hinting at some specificity
determinant being present in the innate PafA substrate pair.
Numerous studies tried to elucidate the PafA clientele by a tandem mass spectrometry approach upon overexpression and affinity
tag purification of Pup under denaturing conditions (Compton et al.,
2015; Festa et al., 2010; Küberl et al., 2014; Poulsen et al., 2010; Watrous et al., 2010; Yun et al., 2012b). Based on the large number of
identified proteins, a pronounced promiscuity of PafA was argued.
The data was subjected to machine learning to retrieve the specificity
determinant of the ligase (Z. Liu et al., 2011; Tung, 2012; 2013). But no
conclusive motif has been presented, and the observed experimental
pupylation reactivity of e.g. PanB remains unexplained.
The pupylated target protein can now, via the Pup tag, interact
with either ARC/Mpa for translocation and degradation (see regulatory particle ARC 1.2.2.1 and figure 1.3.3 right side) or with Dop
which reverts the ligation (figure 1.3.3 bottom). Pup binding to Dop is
thought to resemble binding event to PafA, since Dop and PafA show
excellent sequence and structure conservation (Barandun et al., 2013;
Özcelik et al., 2012; Striebel et al., 2009b). Like PafA, Dop requires
ATP as a co-factor to be active, but in contrast to PafA no stoichiometric ATP hydrolysis is required to push the exergonic isopeptide
hydrolysis (Burns et al., 2010b; Imkamp et al., 2010b; Striebel et al.,
2009b). The hydrolysis of the peptide bond has been proposed to
make use of an activated water molecule or the side chain of residue
Asp-95 as an intermediate step (Burns et al., 2012; Özcelik et al., 2012).
However, the precise molecular mechanism of depupylation remains
a matter of study. Interestingly, ARC has the ability to accelerate
depupylation of PanB-Pup more than five fold in vitro in absence of
the proteasomal core. This corresponds well with the fast (relative
to PanB-Pup) depupylation speed observed for Pup linked to just a
lysine (Pup-K) which is unaffected by ARC (Imkamp et al., 2010b).
Therefore, depupylation might be subject to a variable degree of substrate imposed sterical hindrance. Conversely, if Dop displays affinity
for certain substrate proteins even when devoid of Pup and thus exhibits favorable substrate preferences remains to be seen.
The physological role of Pup is in general not well characterized,
since experimental studies are mostly limited to M. tuberculosis and
closely related bacteria (Boubakri et al., 2015; K. H. Darwin et al.,
2003; Elharar et al., 2014; Gandotra et al., 2010a). Furthermore, some
reported results are conflicting. Disruption of pafA or mpa or chemical
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inhibition of the proteasome in M. tuberculosis results in reduced tolerance to acidified nitrite and in reduced lung persistence in mice (but
the latter is challenged by another set of experiments) (K. H. Darwin
et al., 2003; Festa et al., 2007; Lamichhane et al., 2006). Elimination
of the HbYX motif of Mpa mimicks a complete knock out in terms of
susceptibility to reactive nitrogen and oxygen species (RNOs) (K. H.
Darwin et al., 2005). In contrast however, reconstitution of a prcAB
knockout with PrcAB-T1A (active site mutant) recovers most of the
phenotype, leaving only an effect on long term persistence (Gandotra
et al., 2010a). A recent study links all RNOs sensitivity to depend
on the protein Log (a homolog of the plant protein “Lonely Guy” involved in phyto hormone production) which is a pupylation target
(Samanovic et al., 2015). If the proteasomal degradation of Log is impaired, it accumulates in the cell and produces an excess of its enzyme
product, the cytokinin. Cytokinin is metabolized (at least partially) to
para-hydroxybenzaldehyde which if present in larger quantities increases the chemical stress upon the bacterium. In combination with
the RNOs stress, this might be the death sentence.
In non-pathogenic M. smegmatis, a role for the Pup proteasome system (PPS) in amino acid recycling under nitrogen starvation was suggested (Elharar et al., 2014). The implied time frame would approximately match the late stage phenotype observed with active site mutant reconstitution of the prcAB knockout. A Dop knockout (and thus
pupylation incompetent) M. smegmatis strain displayed increased cell
clumping compared with wild type (Imkamp et al., 2010a).
Apart from Mycobacteria only Streptomyces coelicolor have been examined. A first study identified altered levels of the non-heme chloroperoxidase SCO0465 potentially involved in stress response (René De
Mot et al., 2007) following knock out of each, pafA, dop, arc and prcBA.
More recently, marked differences in the phenotype of pup versus
prcBA knockouts in S. coelicolor have been reported. The pup knockout
displayed growth defects, sensitivity to oxidative stress and metabolic
differences which were much weaker in the prcBA mutant hinting at
proteasome-independent roles of pupylation (Boubakri et al., 2015).
About half of the known Actinobacteria expresses Pup as a proform with a glutamine as C-terminal residue instead of glutamate.
Those species, including Mycobacterium tuberculosis, require an initial
deamidation of the glutamine to glutamate to render Pup couplingcompetent (Imkamp et al., 2010a) (Fig. 1.3.3). Dop in dual capacity
is able to catalyze this reaction by use of the identical chemistry as
in depupylation with the sole difference that an amine- instead of an
isopeptide-bond is broken (Striebel et al., 2009b). The physiological
reason for this step is unknown, it might be a simple consequence
of the omnipresence of Dop releasing evolutionary pressure on the
C-terminus of Pup or alternatively could present an additional layer
of control.
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M. leprae
M. smegmatis
M. tuberculosis
Rhodococcus sp.
N. farcinica
S. erythraea
Nocardioides sp.
S. coelicolor
T. fusca
A. cellulolyticus
Frankia sp.
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Figure 1.3.4: Genomic organisation of the pupylation locus centered at Pup.
A selection of Actinobacteria and other pupylation competent bacteria
are displayed demonstrating the co localization of the pupylation relevant genes. The lower six organisms are proteasome free but not member of a monophyletic clade hinting at an evolutionary loss of the genes.
A large space of open reading frames is abbreviated with e.g. 14 orfs, bp.
indicates base pairs of DNA.

In all Actinobacteria the pupylation genes are clustered together
with the proteasomal genes into one genomic locus containing up
to three operons (consider Fig. 1.3.4, which appeared previously in
similar form in (Barandun et al., 2012)) (Roback et al., 2007). Strikingly, dop and pup are normally cotranscribed with prcB and prcA, the
proteasomal genes (Knipfer and Shrader, 1997; Pearce et al., 2008).
The remaining two, mpa/arc and pafA, are in vicinity upstream and
downstream, respectively but less tightly associated. Together with
pafA frequently conservesd in the operon are the predicted nucleotide
binding proteins pafB and pafC which seem to be physiologically
linked with pupylation but both their connection with Pup and their
function remain enigmatic (Festa et al., 2007).
Notably, among the Actinobacteria insular clades (e.g. Corynebacteriaceae, some Micrococcaceae) discarded the proteasomal core genes
but retained pupylation and the regulatory ATPase arc (see Fig. 1.3.4).
The sporadic pattern of those exponents indicates an evolutionary reduction (René De Mot et al., 2007). Together with the above discussed
differential phenotypes of pup and prcBA in S. coelicolor, the limited
dependence of the proteome on the presence of proteasome (Boubakri
et al., 2015; K. H. Darwin et al., 2003), those organisms give strong indication for a proteasome-independent role of pupylation. However,
it is not clear if other proteases substitute for the proteasome or if the
pupylation to ubiquitylation analogy extends to true non-degradative
roles.
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In rare cases, the pupylation locus is found outside Actinobacteria,
for example in Nitrospira and Veruccomicrobia which seem to have
obtained the locus by horizontal gene transfer from an actinobacterial
member which presumably occupies the same niche (Barandun et al.,
2012; René De Mot, 2007; Iyer et al., 2008). Additionally, some δproteobacteria (e.g. Lesiocystis, Plesiocystis) and Planctomycetes (e.g.
Pirellula, Rhodopirellula) contain distant homologs of pup and pafA
but neither dop nor the proteasome system. Interestingly, in those
organisms PafA features an extended loop between β6-strand and α3helix which is predicted to form up to four trans membrane helices
(figure 1.3.2 indicated by the anchor over PafA). In further support of
a cell envelope related function for these, pup and pafA are embedded
prominently among membrane proteins.

2

AIM OF THE THESIS

Pupylation has been identified as an actinobacterial post-translational
modification functionally analogous to eukaryotic ubiquitination. The
entire Pup-tagging and degradation system has been reconstituted in
vitro (Striebel et al., 2010; 2009, b). However, in contrast to the eukaryotic and archaeal proteasome, where regulatory particle binding
effectively activates the proteasome core particle (CP), the bacterial
proteasome could never successfully be activated in vitro. Therefore,
all in vitro degradation studies with the bacterial enzymes relied on
the so-called “open gate” CP, a variant that is N-terminally truncated
on the α-rings. Thus, the first goal was to search for conditions or additional factors necessary to obtain an activated proteasomal complex
and, as a follow up, to try and elucidate the activation mechanism.
Second, it was demonstrated that the Pup-proteasome system unites
the bipartite degradation motif of ubiquitination, namely binding to
the regulatory particle and initiation of translocation, in the Pup-tag
itself (Striebel et al., 2010). In addition, it was demonstrated that
several elements of the Pup-proteasome system and specifically the
proteasomal ATPase Mpa are themselves pupylation targets (Festa et
al., 2010; Pearce et al., 2006). Since many biological pathways show
feedback regulation it was possible that Pup-mediated degradation
could be subject to autoregulation. Thus, my second goal was to
determine if the Pup-proteasome degradation pathway exhibits feedback regulation and, if so, to elucidate the molecular mechanisms at
play.
To this end, I quantitatively modified Mpa with Pup and characterized its activity, assembly state and association with the proteasome core particle in dependence of the modification. I was able
to show that upon pupylation Mpa looses its ability to form a functional complex with the proteasome by sterical hindrance, while leaving ATPase and translocation activity intact. Furthermore, by subsequent self-recruitment the pupylated Mpa-ring is disassembled and
the Mpa-Pup protomer is trapped in an inactive conformational state.
Reactivation from this state is possible and involves the depupylation
activity of the depupylase Dop.
In search of an activation mechanism of the full-length wild-type
proteasome CP, I wrote a script to scan the M. tuberculosis genome for
proteins that feature proteasomal interaction motifs and that furthermore demonstrate strict co-occurrence with the proteasomal subunits.
A protein of unknown function was identified that fit the criteria and
I could subsequently demonstrate that it forms an activated complex
with the bacterial proteasome in vitro. Additionally, I established
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a protocol for the preparation of this protein complex suitable for
cryo-electron microscopy. Initial imaging trials reached intermediate
resolution and revealed a three-fold symmetry for this complex and
provide a basis for future research.
With this thesis I expanded the canon of proteasomal interactors
and provided the first mechanistic description of a Pup-mediated
feedback regulation on the proteasomal degradation pathway.

3

ACTIVITY OF THE MYCOBACTERIAL
P R O T E A S O M A L AT PA S E M PA I S R E V E R S I B LY
R E G U L AT E D B Y P U P Y L AT I O N .

Cyrille L. Delley *, Frank Striebel *, Franziska M. Heydenreich, Dennis Özcelik, and Eilika Weber-Ban
JBC, March 9, 2012, DOI: 10.1074/jbc.M111.331124
* contributed equally
abstract
Pupylation is a bacterial post-translational modification of target proteins on lysine residues with prokaryotic ubiquitin-like protein Pup.
Pup-tagged substrates are recognized by a proteasome-interacting
ATPase termed Mpa in Mycobacterium tuberculosis. Mpa unfolds
pupylated substrates and threads them into the proteasome core particle for degradation. Interestingly, Mpa itself is also a pupylation
target. Here, we show that the Pup ligase PafA predominantly produces monopupylated Mpa modified homogeneously on a single lysine residue within its C-terminal region. We demonstrate that this
modification renders Mpa functionally inactive. Pupylated Mpa can
no longer support Pup-mediated proteasomal degradation due to its
inability to associate with the proteasome core. Mpa is further inactivated by rapid Pup- and ATPase-driven deoligomerization of the
hexameric Mpa ring. We show that pupylation of Mpa is chemically and functionally reversible. Mpa regains its enzymatic activity
upon depupylation by the depupylase Dop, affording a rapid and
reversible activity control over Mpa function.
introduction
Proteasomes present in Mycobacterium tuberculosis (Mtb) and other
actinobacteria recruit their substrates by a pathway functionally similar but chemically distinct from eukaryotic ubiquitination (Burns et
al., 2009; Pearce et al., 2008; Striebel et al., 2009b). The small protein
Pup (prokaryotic ubiquitin-like protein) is attached to substrate lysine
residues by the enzyme PafA (Striebel et al., 2009b). In this reaction,
the C-terminal glutamate of Pup is activated by phosphorylation of
the γ-carboxyl group (Guth et al., 2011; Sutter et al., 2010). Nucleophilic attack by the ε-amino group of the substrate lysine then results
in isopeptide bond formation between Pup and the substrate. In mycobacteria, Pup is encoded with a C-terminal glutamine residue that
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must first be converted to a glutamate by the enzyme Dop (deamidase
of Pup), making pupylation in these organisms a two-step pathway
with the sequential action of the deamidase Dop and the Pup ligase
PafA (Imkamp et al., 2010a; Striebel et al., 2009b). In addition to its
deamidation activity, Dop has been shown to catalyze the removal of
Pup from Pup-modified lysine residues acting as a “depupylase of
Pup-protein conjugates” (Burns et al., 2010b; Imkamp et al., 2010b).
Hence, pupylation, like ubiquitination in eukaryotes, is a reversible
process suited to serve regulatory functions in the cell in addition to
targeting substrates to the proteasome.
Analysis of the mycobacterial proteome for pupylated substrates
under standard in vitro culture conditions by three different groups
revealed roughly 750 pupylation target proteins of which approximately 100 have been confirmed by identification of the modified lysine(s) (Festa et al., 2010; Poulsen et al., 2010; Watrous et al., 2010).
Potential and confirmed pupylation targets fall into a large variety
of functional categories. Interestingly, enzymes involved in the Pupproteasome system are themselves also proposed (proteasomal core
subunits α and β, Dop, PafA) or confirmed (mycobacterial proteasomal ATPase Mpa) targets of pupylation, suggesting an element of
autoregulation in this system. Mpa has previously been shown to accumulate in a Pup ligase knock-out strain, indicating that pupylation
of Mpa leads to its degradation (Pearce et al., 2006).
The proteasomal ATPase Mpa belongs to the AAA+ protein family
and forms hexameric rings with a central pore (K. H. Darwin et al.,
2003; Wolf et al., 1998), which can interact with the 20 S core particle (Wang et al., 2009b). The Mpa ring recruits pupylated substrates
to the proteasome by binding Pup to its N-terminal coiled-coil domains located on the ring face distal to the proteasome core particle
(Sutter et al., 2009; Wang et al., 2010). Substrates are then translocated through the Mpa pore into the core particle, where they are
degraded (Striebel et al., 2010). The unstructured N terminus of Pup,
which is not itself involved in binding to the coiled-coil domains (Sutter et al., 2009), serves as the site of translocation initiation, allowing
the pupylated substrate to be threaded through the Mpa ring (Burns
et al., 2010a; Striebel et al., 2010). It has been shown that Mpa can
also enhance the depupylation activity of Dop toward pupylated proteins (Burns et al., 2010b; Imkamp et al., 2010b), suggesting that the
unfoldase activity of Mpa might improve accessibility of the modification site for Dop.
Here, we investigate the effect of pupylation on the function of the
proteasomal ATPase Mpa. Using the reconstituted pupylation system of Mtb, we show that pupylation of Mpa occurs predominantly
on one target lysine. Pupylation at this position prevents interaction
of Mpa-Pup with the proteasome core. Ultimately, pupylation leads
to deoligomerization of the Mpa-hexamer driven by the unfolding ac-
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tivity of Mpa, thereby rendering Mpa-Pup fully inactive. We further
demonstrate that pupylation is a reversible process and that depupylated Mpa regains its enzymatic activities.
experimental procedures
cloning and protein purification Untagged Mpa was previously cloned into pET20 (Novagen) via NdeI and BamHI restriction
sites to generate the pET20-mpa-overexpressing plasmid (Striebel et
al., 2010). The plasmid coding for the pupylation site variant MpaK591A
was generated from pET20-mpa by site-directed mutagenesis.
Dop-His6, PafA-His6, PupE (a Pup Q64E variant) (Striebel et al.,
2009b), as well as Mpa, PanB-Strep, Pup-GFP, open-gate proteasome
(Striebel et al., 2010) (all from Mtb), and GroEL-trap (GroEL D87K)
(Fenton et al., 1994) were expressed and purified as described. PupL39SL40S
(Wang et al., 2010) was derived from PupE by site-directed mutagenesis and expressed and purified accordingly. It is referred to as
Pup39S40S.
All protein concentrations were determined spectrometrically via
their absorbance at 280 nm. Mpa concentrations are provided in
terms of hexamer regardless of the true assembly state. The concentration of open gate proteasome refers to the assembled 28-mer, and
PanB concentrations refer to concentration of the protomer.
mpa pupylation and depupylation In vitro conjugation of
PupE (12 μM) to Mpa (1 μM), MpaK591A (1 μM), or PanB-Strep (6 μM)
with PafA-His6 (1 μM) was carried out at 23°C in buffer R (50 mm TrisHCl, pH 7.5, 150 mm NaCl, 20 mm MgCl2, 10% glycerol, 1 mm DTT)
supplemented with 5.5 mm ATP, 100 mm phosphocreatine (Sigma),
and 2.1 units/ml creatine phosphokinase. The reaction was started
by addition of PafA and was complete after 10 h. PafA was then
removed by Ni2+-affinity chromatography, and the flow-through was
concentrated by ultrafiltration (Amicon spin column, 30,000 MWCO).
The pupylated Mpa was further purified by size-exclusion chromatography (Superose 6), the pupylated PanB by multiple rounds of ultrafiltration (Striebel et al., 2010), and both were stored in buffer S (50
mm Tris-HCl, pH 7.5, 150 mm NaCl, 10% glycerol, 1 mm EDTA, and
1 mm DTT). Preparative pupylation with Pup39S40S (18 μM) was carried out under the same conditions except that PafA-His6 concentration was increased (5.25 μM) to obtain a fully pupylated sample. A
mock pupylation and purification for Mpa was carried out as control under the same conditions except without addition of PupE and
PafA-His6.
analytical gel filtration The elution behavior of Mpa, MpaPup, and Mpa-Pup39S40S in size exclusion chromatography was ex-
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amined on a Superdex 200 column (20-ml column volume; GE Healthcare). The column was equilibrated in buffer S at a flow rate of 0.5
ml/min at 23 °C, then 200 μl of mock pupylated Mpa (0.2 μM), MpaPup (0.2 μM), or Mpa-Pup39S40S (0.2 μM) was loaded. The absorption profile was recorded at 230 nm. Size markers ribonuclease A
(13.7 kDa), catalase (232 kDa), ferritin (440 kDa), and blue dextran
2000 (2 MDa) (Amersham Biosciences) were loaded under the same
conditions. Apparent molecular masses were estimated by correlating the relative elution positions of the marker proteins in comparison
to the void volume and column volume with the logarithm of their
molecular mass. Estimates were then calculated by linear interpolation.
Interaction of mock pupylated Mpa or Mpa-Pup39S40S with Δ7CP
(open-gate proteasomal core particle) (Striebel et al., 2010) (all 0.6
μM) was analyzed by size exclusion chromatography on a Superose
6 column (24-ml column volume; GE Healthcare). The column was
equilibrated at 4 °C in buffer R. Sample volume was 100 μl and had
been complemented with 5 mm ATP. Flow was set to 0.5 ml/min.
electron microscopy Negative stain electron microscopy images were recorded to assess the assembly state of native or pupylated
Mpa complexes. Specimens for electron microscopy were prepared by
applying 20 μl aliquots of 60 nm Mpa or pupylated Mpa in 50 mm
Tris-HCl (pH 7.5), 150 mm NaCl, 20 mm MgCl2, 10% (v/v) glycerol,
and 5 mm ATP on freshly hydrophilized carbon-coated 300 mesh copper grids (Quantifoil) for 30 s. Specimens were washed three times
with water, stained with 1% (w/v) uranyl acetate, and were then
imaged in a FEI Morgagni 268 transmission electron microscope operating at 100 kV with a magnification of 32,000- or 24,000-fold.
radioactive atpase assay The ATPase activity of Mpa was
determined using a radiometric assay (Bais, 1975). Mock-pupylated
Mpa, MpaK591A, Mpa-Pup, Mpa-Pup39S40S (all 12.4 nm), or Mpadepup
(7.0 nm), respectively, was incubated in buffer R at 23 °C with 1.5 mm
ATP spiked with [γ-32P]ATP (8.88 MBq (240 μCi)/mmol) (Hartmann
Analytic, specific activity: 185 TBq (5000 Ci)/mmol). Enzymatic activities were monitored over the course of 1 h by drawing samples
at 10-min intervals. All samples were processed as described in Ref.
21, and the amount of liberated γ-32Pi was determined by measuring
Cerenkov radiation in a liquid scintillation counter (Packard Tri_carb
1500). All series were background-subtracted by a blank measurement and scaled relative to the total amount of radioactivity in the
ATP stock.
Each measurement series (time course) was performed at least three
times, and the mean hydrolyzed ATP concentration for each time
point was calculated. The data points were scaled to a protein con-
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centration of 10 nm to enhance visual comparability. A linear fit was
applied to the data and the ATP hydrolysis rate calculated from the
slope. The kcat (per hexamer) was calculated dividing the ATP hydrolysis rate by the Mpa concentration.
pup-gfp unfolding assay Pup-GFP unfolding was monitored
as described previously (Striebel et al., 2010). Briefly, Pup-GFP (1 μM)
was incubated at 23 °C with GroEL trap (3 μM) and mock-pupylated
Mpa, MpaK591A, Mpa-Pup, Mpa-Pup39S40S, or Mpadepup (all 0.2
μM) in buffer R supplemented with 5 mm ATP, 25 mm phosphocreatine, and 1 unit/ml phosphocreatine kinase. Unfolding was initiated
by addition of Mpa, and fluorescence intensity was monitored at 510
nm (excitation at 400 nm) on a fluorescence spectrometer (PTI). Data
set was normalized globally.
pup-gfp degradation assay Pup-GFP degradation was performed
analogous to Pup-GFP unfolding without addition of GroEL trap but
in the presence of open-gate proteasome (Δ7CP) instead, as described
in (Striebel et al., 2010). Concentration of Mpa or its variants was 0.1
μM, open-gate proteasome 0.2 μM, and GFP-Pup 1 μM.
panb-pup degradation assay PanB-Pup (1 μM) was incubated
with mock-pupylated Mpa, Mpa-Pup, Mpa-Pup39S40S, or Mpadepup
(all 0.1 μM) and 0.1 μM open-gate proteasome at 30 °C in buffer R
supplemented with 5 mm ATP, 25 mm phosphocreatine, and 1 units/ml phosphocreatine kinase. The reaction was terminated at the
indicated time points by addition of SDS-sample buffer and analyzed
by Coomassie-stained SDS-PAGE. Previous SectionNext Section
results
Pup ligase PafA pupylates Mpa predominantly on a single lysine residue
Determination of the pupylated proteome (pupylome) of both Mtb
and Mycobacterium smegmatis under standard culture conditions
showed that the proteasomal ATPase Mpa can be pupylated in vivo
(Festa et al., 2010; Poulsen et al., 2010; Watrous et al., 2010). A pupylation site was identified as lysine residue 591 for the Mtb protein
(Festa et al., 2010). This residue is located near the C terminus on the
face of the Mpa ring that interacts with the proteasomal core particle.
By carrying out in vitro pupylation assays using the recombinantly
produced Mtb Pup ligase PafA, we assessed the pupylation efficiency
and site specificity for Mpa as pupylation substrate. Recombinantly
produced Mpa was incubated with the Pup ligase PafA and PupE (a
PupQ64E variant) in the presence of ATP, and samples were drawn
at various time intervals to follow the production of Mpa-Pup con-
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Figure 3.4.1: Mpa is pupylated predominantly on a single lysine residue,
and pupylation occurs on a time scale similar to that for the proteasomal
substrate PanB. A, Pup conjugation to Mpa (1 μM hexamer, gel), PanB (6
μM monomer, second gel), the pupylation site variant MpaK591A (1 μM
hexamer, third gel), or Mpa (1 μM hexamer) with the Pup39S40S variant
(fourth gel) by PafA (1 μM or 5.25 μM for the Pup variant) visualized at
various time points by SDS-PAGE and Coomassie staining. B, analysis of
Mpa wild-type and PanB pupylation time trace by gel band densitometry
(A, first and second gels).

jugates by SDS-PAGE (Fig. 1A, top gel). Over the time course of
10 h the Mpa band disappeared concomitant with the production of
one main Mpa-Pup conjugate band (Fig. 1B, black trace), indicating
that Mpa is converted predominantly into the monopupylated form.
At later time points, when most of the Mpa had been converted,
additional faint bands could be detected above the Mpa-Pup band
(Fig. 1A, top gel), likely representing trace amounts of Mpa pupylated at more than one lysine. Comparison of the pupylation time
course for Mpa as substrate with an experiment using an equivalent
concentration of the known pupylation substrate PanB (Pearce et al.,
2006) (Fig. 1, A and B, second gel and gray trace) establishes that
both proteins are pupylated with similar rates. This is in agreement
with our previous finding that activation of Pup by phosphorylation
is rate-limiting when pupylation substrates are present at saturating
concentrations (Guth et al., 2011). When the pupylation site variant
MpaK591A was used in the pupylation reaction (Fig. 1A, third gel),
no significant amount of Mpa-Pup conjugate was formed within the
same time frame, indicating that the monopupylated Mpa produced
during the reaction with wild-type Mpa is homogeneously modified
at lysine residue 591.
Pupylation of Mpa generates an ATPase-inactive Mpa-Pup population
Mpa is a member of the AAA+ protein family and exhibits a basal
ATPase activity even in the absence of the proteasomal core (K. H.
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Figure 3.4.2: Pupylation of Mpa reversibly abolishes its ATPase activity. A,
release of Pi monitored in a radiometric assay under saturating ATP concentrations. The different species are (all scaled to 10 μM): mock pupylated Mpa (gray pentagons), pupylation site variant Mpa K591A (black
hexagons), Mpa-Pup (red star), and Mpa-Pup39S40S (orange squares)
conjugates, depupylated Mpa (green circles). Control reaction was carried out in the absence of Mpa (light gray hexagons). Data points are
given as the mean of at least three independent measurements. B, bar
diagram of the ATPase activities corresponding to the curves in A, calculated per hexamer. All error bars represent 1 standard error.

Darwin et al., 2005; Striebel et al., 2010). We analyzed the production of inorganic phosphate from ATP in the presence of unmodified
Mpa or the homogeneously monopupylated Mpa-Pup conjugate employing a radiometric ATPase assay (Fig. 2). The unmodified Mpa
sample was subjected to a mock pupylation protocol carried out in
the absence of PafA and PupE to allow direct comparison of the two
samples. Mpa-Pup no longer exhibited ATPase activity (red trace),
whereas the pupylation site variant MpaK591A that underwent the
same protocol retained almost all of the ATPase activity of the unmodified enzyme (black and gray traces, respectively). Surprisingly, Mpa
modified with Pup39S40S, which prevents self-recruitment, retained
the ATPase activity (orange trace), suggesting that self-recruitment
might play a role in inactivation.
Pupylation of Mpa leads to disassembly of the hexameric ring
The inability of Mpa-Pup to hydrolyze ATP could be due to a conformational rearrangement after Pup ligation. However, it could also
point to a more severe impairment of Mpa which prevents the assembly into hexameric rings in turn resulting in complete loss of ATPase
activity. We therefore investigated the assembly state of Mpa-Pup
using analytical gel filtration and negative stain electron microscopy
(Fig. 3). It has been shown previously that bacterial proteasomal
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ATPases assemble into hexameric rings with a central pore (K. H.
Darwin et al., 2005; Wolf et al., 1998). Accordingly, the unmodified
Mpa eluted as a higher order complex before the 440-kDa size marker
(Fig. 3A, light gray profile). The excessively high apparent molecular mass of roughly 880 kDa is due to the toroidal shape of the Mpa
hexamer featuring long coiled-coil domains extending out from the
ring surface. The unusually long retention time is a feature often observed with AAA+ proteins (Summer et al., 2006; Wolf et al., 1998). In
comparison, Mpa-Pup eluted much later under identical conditions
at an apparent molecular mass of 375 kDa based on the molecular
mass standards (Fig. 3A, black profile). The considerable shift in the
elution position of Mpa in its pupylated form suggests disassembly
of the hexameric ring. To confirm this, we recorded negative stain
electron microscopy images of both the pupylated and nonpupylated
Mpa sample (Fig. 3B). The micrographs of wild-type Mpa (left image)
show uniformly sized ring- or sphere-shaped particles that are evenly
distributed across the fields. No such particles could be observed for
the pupylated sample (middle image), confirming that the hexameric
Mpa rings have been disrupted. To test whether self-recruitment is
necessary for Pup-driven disassembly, we analyzed the elution behavior of Mpa-Pup39S40S under the same conditions. Mpa-Pup39S40S
eluted at a position in agreement with a Pup-modified hexameric
complex (Fig. 3A, dark gray trace), indicating that the ability of MpaPup to be recruited and unfolded by the Mpa ring is required for
disassembly and stable formation of a disassembled pool of MpaPup. Negative stain electron microscopic images of Mpa-Pup39S40S
confirmed that higher oligomers were present (Fig. 3B, right image).
Disassembled Mpa-Pup can no longer unfold substrate proteins
Threading of pupylated substrates through the Mpa pore requires the
ATPase-driven up and down movements of loops pointing into the
pore and carrying a conserved aromatic-hydrophobic-glycine motif
(Ar-φ-Gly), which in case of Mtb Mpa encompasses residues 341FVG343
(Striebel et al., 2010). Using a fluorescent model substrate where Pup
is fused N-terminally to GFP, we can follow the unfoldase activity
of Mpa (Striebel et al., 2010). No decrease in the fluorescence signal
was observed with Mpa-Pup (Fig. 4A, red trace), whereas MpaK591A
or unmodified Mpa readily unfolded Pup-GFP within the same time
frame (black and gray trace, respectively). This shows that Mpa-Pup
has been rendered inactive by post-translational modification with
Pup on Lys-591. However, when we used the Pup variant Pup39S40S
to modify Mpa, the generated Mpa-Pup39S40S retained its ability to
unfold Pup-GFP (Fig. 4A, orange trace). This demonstrates that
pupylation of the Mpa hexameric ring in itself does not hinder the
unfoldase activity.
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Figure 3.4.3: Mpa pupylation and subsequent self-recruitment lead to disassembly of the hexameric ring. A, elution profile (recorded by absorbance
at 230 nm) of mock-pupylated Mpa (light gray elution profile) (0.2 μM)
and Mpa-Pup (black elution profile) (0.2 μM) as well as Mpa-Pup39S40S
(gray elution profile) using a Superdex 200 size exclusion column. B, negative stain electron microscopy images of Mpa (60 nm, left ), Mpa-Pup
(60 nm, middle), and Mpa-Pup39S40S (60 nm, right). White scale bars
indicate 100 nm.

Mpa-Pup cannot support efficient proteasomal degradation of pupylated substrates regardless of its assembly state
Our results so far show that the failure of Mpa-Pup to unfold pupylated substrate proteins is due to pupylation-driven disassembly of
the Mpa ring. Because ATP-dependent unfolding is required for producing the disassembled, pupylated Mpa species, the question arises
whether pupylated, but still assembled Mpa-Pup could still associate
with the proteasome core. Furthermore, we cannot exclude that the
presence of the proteasomal core particle could lead to reassembly
of disassembled Mpa-Pup on top of the proteasomal α-rings. To
test whether Mpa-Pup or Mpa-Pup39S40S can support proteasomal
degradation of pupylated substrates we performed degradation assays using two substrates: the fluorescent model substrate Pup-GFP,
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Figure 3.4.4: Mpa-Pup does not promote proteasomal degradation of pupylated substrates. A, unfolding of Pup-GFP (1 μM) in the presence of
GroEL trap (3 μM) by mock-pupylated Mpa (gray trace), MpaK591A
(black trace), Mpa-Pup (red trace), Mpa-Pup39S40S (orange trace), or
Mpadepup (green trace) (all 0.1 μM) monitored by GFP fluorescence. B,
Pup-GFP (1 μM) degradation by open-gate proteasome (Δ7CP, 0.2 μM)
followed by GFP fluorescence. Mpa species (all 0.1 μM) share the same
color code as in A. A control experiment was conducted in the absence of
open-gate proteasome (light gray trace). C, Mpa-Pup (third gel) or MpaPup39S40S (second gel) (both 0.2 μM) are not able to support degradation
of PanB-Pup (1 μM) by the open-gate proteasome (0.1 μM) in contrast to
mock-treated Mpa (top gel) or depupylated Mpa (Mpadepup , bottom gel)
(both 0.2 μM). The degradation progression is visualized by SDS-PAGE
and Coomassie staining. PrcA Δ7N refers to the proteasomal α-subunit
truncated by the seven N-terminal residues (open-gate), PrcB to the βsubunit, and Δ7CP refers to the assembled open-gate proteasomal core
particle.
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featuring a linear fusion of Pup to GFP, and the known proteasomal
substrate PanB-Pup, which we generated in vitro using the Pup ligase
PafA (Fig. 4, B and C).
Mpa produces a rapid fluorescence decrease, when added to PupGFP in the presence of open-gate proteasome (Δ7CP) and ATP (Fig.
4B, dark gray trace), whereas Mpa-Pup is unfolding-inactive (red
trace). The hexameric Mpa-Pup30S40S exhibits a very slow decrease
in GFP fluorescence (Fig. 4B, orange trace), indicating that the degradation rate has decreased by at least an order of magnitude. The initial fast drop of GFP fluorescence is independent of degradation, but
stems from Mpa-mediated Pup-GFP unfolding and spontaneous refolding of released, nonnative Pup-GFP in the absence of trap (Striebel
et al., 2010).
Similarly, Mpa mediates Δ7CP-dependent degradation of the proteasomal substrate PanB-Pup (Fig. 4C, top gel), whereas no degradation activity can be detected in the presence of the Pup-modified
form of Mpa (Fig. 4C, third gel), indicating that the assembly defect of Mpa-Pup persists also in the presence of the proteasome core.
Mpa-Pup39S40S exhibits a strong defect in degradation activity also
toward PanB-Pup (Fig. 4C, second gel). This is in contrast to its barely
affected unfoldase activity (Fig. 4A) and strongly indicates a failure
of Mpa-Pup39S40S to interact with the proteasome.
To complement the activity-based experiments with a direct measure of interaction, we examined the migration behavior of Mpa and
Mpa-Pup39S40S in the presence of Δ7CP by size exclusion chromatography (Fig. 5). A size shift was observed for Δ7CP with Mpa (Fig.
5A) whereas with Mpa-Pup39S40S no such shift was detectable (Fig.
5B). Considering the size of Δ7CP (800.4 kDa) and Mpa (404.4 kDa),
the small shift (Fig. 5A) most likely indicates a rapid equilibrium between free Mpa, free Δ7CP, and the Mpa-Δ7CP complex. The fact
that the migration behavior of free Mpa-Pup39S40S is not changed
in the presence of Δ7CP indicates that interaction of the ATPase ring
with the core particle is perturbed due to the pupylation.
Mpa pupylation is chemically and functionally reversible
To test whether Pup modification of Mpa is reversible not only chemically, but also functionally, we preparatively generated Mpa-Pup in
vitro using PafA and the deamidated form of the modifier, PupE. After ensuring that the purified Mpa-Pup was functionally inactivated
with respect to ATPase, unfoldase and degradation activity, the Pup
modification was removed by incubating the sample with the depupylase Dop to produce Mpadepup . The depupylated Mpa regained full
ATPase activity (Fig. 2, A and B, green trace), indicating that Mpa
upon depupylation had reassembled into active hexamers. Accordingly, the depupylated Mpa enzyme can unfold the fluorescent model
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Figure 3.4.5: Mpa-Pup39S40S does not interact with open-gate proteasome
(Δ7CP). A, gel chromatograms of Mpa (0.6 μM), Δ7CP (0.6 μM), and
Mpa together with Δ7CP (both 0.6 μM) and 5 mm ATP. B, similar chromatograms of Mpa-Pup39S40S (0.6 μM) and Mpa-Pup39S40S with Δ7CP
(both 0.6 μM). Δ7CP is depicted again from A as visual anchor. Curves
in both figures have been normalized globally.

substrate Pup-GFP (Fig. 4A, green trace). The recovered unfolding
activity of Mpadepup is able to support the degradation of the natural
proteasome substrate PanB-Pup as well as the Pup-GFP model substrate in the presence of the proteasome core (Fig. 4, B, green trace,
and C, bottom gel).
discussion
Pupylation is a bacterial post-translational modification that can target substrates for degradation by the proteasome (Burns et al., 2009;
Pearce et al., 2008; Striebel et al., 2009a). Because modification with
Pup is reversible (Burns et al., 2010b; Imkamp et al., 2010b), pupylation likely also serves regulatory functions.
In this study we show that post-translational modification of a target protein with Pup not only renders it a substrate for proteasomal
degradation, but simultaneously modulates its enzymatic activities.
This is a demonstration of pupylation as an activity-regulating modification. Interestingly, the pupylation substrate in this case is itself a
component of the Pup-proteasome degradation pathway, namely the
proteasome-interacting ATPase Mpa. Because recognition of pupylated substrates by the Mpa-proteasome complex involves binding of
Pup to the coiled-coil domains on the Mpa ring (Sutter et al., 2009;
Wang et al., 2010), the presence of Mpa is strictly required for the
proteasomal degradation of pupylated substrates (Burns et al., 2010a;
Striebel et al., 2010). Alignment of the Mpa amino acid sequences
from a large range of actinobacteria shows that Mpa proteins cluster into two groups with respect to the length and sequence of their
C-terminal segments (Fig. 6). The pupylation site lysine in Mtb (Lys-
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591) is well conserved in the one cluster but not in the other. It is
striking that the cluster where the pupylation site is conserved also
contains the C-terminal GQYL motif. Archaeal and eukaryotic proteasomal ATPases mediate interaction with the core particle by insertion
of a similar motif with an aromatic residue at the penultimate position, into pockets on the α-rings (Gillette et al., 2008; Rabl et al.,
2008; Smith et al., 2007). Our experiments show that pupylation of
Mpa prevents docking of Mpa onto the proteasomal α-rings. This
allows for a rapid separation of unfoldase from degradation activity.
Further shut down via unfolding of Mpa-Pup then leads to a stable
pool of disassembled Mpa-Pup. The inactivation could be viewed
as a two-step process: initial pupylation abolishes interaction with
the proteasome, free Mpa-Pup rings then lead to deoligomerization
of Mpa-Pup into an inactive, but readily reactivatable storage pool.
Accordingly, all Mpa sequences with a homologous lysine stem from
organisms with proteasomal core subunits encoded in their genome.
Pupylation of Mpa could thus be a feedback inhibition of the degradation branch to ensure that in those organisms, where the proteasomal
degradation branch exists, it is kept in appropriate balance with any
degradation-independent function of Pup modification. Those Mpa
homologues from bacteria without proteasomal subunit genes do not
feature the lysine, like for example the ATPase from Corynebacterium
glutamicum. We tested whether the homologue from that organism
might be regulated via a different lysine residue. However, the recombinantly produced Mpa-homologue from C. glutamicum could
not be pupylated in vitro, and its activity, therefore, appears not to
be regulated by the pupylation pathway (supplemental Fig. S1). This
strongly suggests that pupylation of Mpa is coupled to regulation of
Pup-dependent degradation and is not necessary or beneficial when
the degradation pathway is absent. The interruption of Mpa/proteasome interaction by pupylation of Mpa strongly supports this notion.
Regulation of large, energy-dependent protease complexes by disassembly of their ATPase components has related examples in the Clp
protease system of Gram-positive bacteria, for example the ClpCP
protease from Bacillus subtilis (Kirstein et al., 2006). Here, control
of assembly/disassembly of ClpC is dependent on the presence of
so-called adaptor proteins instead of post-translational modification.
Only when the adaptor proteins are in complex with ClpC is the ATPase ring formed that interacts with the protease core. This allows
fine tuning of the degradation activity to the temporal need for this
activity at different developmental stages.
Mpa contributes to the survival strategy of Mtb in the host, as it
has been shown that it makes the bacteria more resistant to various
forms of stress and that the virulence of the mpa knock-out strain is
strongly reduced in the mouse infection model (K. H. Darwin et al.,
2003; 2005). However, the control of Mpa via Pup modification both
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Figure 3.5.1: Alignment of the C-terminal amino acid sequence stretch of
Mpa-homologues from a broad selection of actinomycetales. The pupylation site lysine identified for Mtb (teal) co-occurs with the proteasomal
core subunits α and β (termed PrcA and PrcB in Mtb) and therefore also
with the HbYX motif and is largely missing in those homologues from
organisms without proteasomal subunit genes (pink).

concerning its in vivo stability (Pearce et al., 2006) as well as its enzymatic activities as demonstrated here, indicates that under certain
conditions, Mpa activity has to be reined in. The pupylation-driven
disassembly of Mpa might allow this shut-down to take place very
rapidly and even in the presence of a high level of other pupylated
proteasomal substrates that compete for degradation by the proteasome. In vivo studies will be needed to elucidate which aspect of the
Mtb life style requires Mpa to be tightly controlled. For example, it
would be very interesting to investigate the behavior of an Mpa pupylation site mutant Mtb strain in the mouse infection model as well as
under other stress conditions.
Investigation of the pupylated proteome in Mtb and M. smegmatis (Festa et al., 2010; Poulsen et al., 2010; Watrous et al., 2010) suggests that Mpa might not be the only member of the Pup-proteasome
system that is controlled by pupylation. Although pupylation sites
have not been identified yet, this evidence suggests that some form
of feedback mechanism could extend to the entire modification pathway, stressing the importance of a carefully tuned pupylation and
Pup-driven degradation system.
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Figure 3.7.1: Pupylation attempt of Arc in C. glutamicum in analogy to Mpa
in M. tuberculosis shows that Arc is no pupylation target. Arc (1 μM) (
Mpa is termed Arc in C. glutamicum ) is incubated with PupE (12 μM)
and PafA (1 μM) (upper gel). No pupylated Arc species can be detected.
As control PanB (6 μM) is incubated with PafA (1 μM) and PupE (12
μM ) (lower gel). Reactions are analyzed by SDS - PAGE and Coomassie
staining . All proteins used in this figure are from Corynebacterium
glutamicum , except PanB being from Mtb .
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introduction
Large protease complexes that isolate their active sites on the inner
walls of a cylindrical compartment exist in all organisms (R De Mot et
al., 1999; Striebel et al., 2009a). The most advanced of these particles
is the eukaryotic 20S proteasome, a complex comprised of four rings
stacked in αββα order (Bhattacharyya et al., 2014; Matyskiela and Martin, 2013). The central β-rings carry the proteolytic activity and the
outer α-rings are responsible for interaction with regulatory particles
that are themselves ring-shaped. Actinobacteria are the only bacterial
phylum that also features a proteasome in addition to standard bacterial degradation cylinders (Benoist et al., 1992; Tomohiro Tamura et
al., 1995). Although not essential during normal growth, the bacterial
proteasome provides an advantage under stress conditions as encountered by Mycobacterium tuberculosis (Mtb) inside host macrophages
or more generally during starvation (K. H. Darwin et al., 2003; Elharar et al., 2014; Gandotra et al., 2010b; 2007).
For eukaryotes, two types of interaction partners have been described for the proteasome core cylinder (referred to as 20S proteasome), the ATPase-active 19S regulatory complex and the non-ATPase
11S complex (also PA28 or REG) and PA200 (Cascio, 2014; Chu-Ping
et al., 1994; DeMartino et al., 1994; C P Hill et al., 2002; Schmidt et al.,
2005). Both interactors dock to the 20S proteasome via a C-terminal
hydrophobic-tyrosine-X motif (HbYX motif in case of PA200, HbYmotif in 11S complex ) that inserts into hydrophobic pockets on the
α-rings of the proteasome (Smith et al., 2007). This docking event
was shown to open the “proteasomal gate”, an obstruction consisting
of the α-subunit N-terminal tails that close off the 20S core particle
pores (Smith et al., 2007). The 19S regulatory particle recognizes
poly-ubiquitinated protein substrates, unfolds them in an ATPasedependent manner and translocates them into the proteolytic 20S
cylinder, where they are processively degraded into short peptides
(Braun et al., 1999; Elsasser and Finley, 2005; Husnjak et al., 2008;
Matyskiela et al., 2013). A functionally analogous substrate recruit-
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ment and degradation system has been described in mycobacteria
(Burns et al., 2009; Pearce et al., 2008), where the homohexameric
proteasomal ATPase ring Mpa (referred to as ARC in other actinobacteria) recognizes protein substrates modified with the prokaryotic
ubiquitin-like protein Pup, unfolds them and transfers them into the
20S proteasome for degradation (K. H. Darwin et al., 2005; Striebel
et al., 2010). Mpa also employs a HbYX motif (QYL in Mtb) at its
C-terminus for the interaction with the 20S core particle (Striebel et
al., 2010). Curiously, however, despite the presence of this motif, efficient interaction between Mpa and the 20S in vitro particle can only
be achieved when an open-gate variant of the proteasome is used,
in which the N-termini of the α-subunits are truncated (Wang et al.,
2009b). This raises questions about the in vivo distribution of proteasomal complexes formed with either Mpa or potential other interactors. Furthermore, it leaves open the possibility that a proteasomal assembly chaperone is needed for promoting a conformational change
in the 20S particle supporting gate-opening in vivo. Such assembly
factors have been described for both eukaryotic as well as archaeal
proteasomes and were shown to function in a HbYX motif-dependent
fashion (Kusmierczyk et al., 2011).
In this study we identify an ATP-independent bacterial proteasome
interactor we named Bpa (Rv3780). Although, Bpa shows no sequence homology to the eukaryotic 11S complex, it features the canonical HbYX motif and is conserved in all proteasome harboring actinobacteria. We demonstrate the physical interaction of Bpa with the
proteasome using both biochemical and structural methods. Furthermore, we report the ability of Bpa to stimulate proteasomal degradation of β-casein as a model substrate of unfolded proteins.
experimental procedures
alignment and co-occurrence The Mtb genome was searched
for proteins featuring a C-terminal HbYX motif using a custom Python
script. A subset of actinobacterial genomes in accordance with our
previous study (Barandun et al., 2012) was chosen for homology and
shared synteny searches via BLAST (Altschul et al., 1990) and SyntTax (Oberto, 2013), respectively. Co-occurrence of Bpa and PrcAB (the
proteasome 20S core) was verified by String search (Snel et al., 2000).
A multiple sequence alignment of Rv3780 (Bpa) homologs was carried out using ClustalW2 (Thompson et al., 1994) and visualized using Jalview (Waterhouse et al., 2009). For genomic placement and
orientation of the pup locus and bpa the NCBI genome data was
used.
cloning, expression and protein purification Rv3780 (Bpa)
was amplified from genomic DNA of Mtb H37Rv by PCR with Phu-
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sion DNA polymerase (New England Biolabs) and ligated into a modified pET24b expression plasmid described previously (Barandun et
al., 2013). BpaΔHbYX was generated by site-directed mutagenesis.
Constructs were transformed into E. coli BL21(DE3) cells for heterologous expression and induced with 1 mM IPTG after the cultures
reached an OD600 of 0.8. Cells were cracked by sonication and proteins were purified by Ni-NTA affinity chromatography followed by
a reverse Ni-NTA step after Tobacco Etch Virus (TEV) endopeptidase
cleavage of the His-tag. Finally, the sample was applied to a Superdex
200 size exclusion chromatography column and run in buffer S (50
mM HEPES-NaOH pH 7.5 (4°C), 150 mM NaCl, 10% (v/v) Glycerol
and 1 mM EDTA).
β-casein was purified from bovine milk casein mix (Sigma) using
anion exchange chromatography.
To test for protein interaction using a bacterial adenylate cyclase
two-hybrid system (BACTH, see next paragraph), the target proteins
Msmeg_6365 (MsmBpa) corresponding to Rv3780 in Mtb and Msmeg_3894
(MsmPrcA) were fused to the C-terminus of the catalytic adenylate
cyclase domains T25 and T18, respectively. Both genes were amplified from M. smegmatis MC2-155 genomic DNA using Phusion
DNA polymerase (New England Biolabs) and cloned into pKT25 and
pUT18C vectors using the Gibson Assembly (New England Biolabs)
approach. The open-gate variant of MsmPrcA (proteasome α-subunit)
and a mutated variant of MsmBpa lacking the C-terminal HbYX motif, MsmBpaΔHbYX, were generated by site-directed mutagenesis.
The T18-zip and T25-zip gene fusions, which served as positive controls, were obtained from Euromedex.
protein interaction study using bacth To assess the interaction between MsmPrcA and MsmBpa, a BACTH (bacterial adenylate cyclase two-hybrid) assay was performed as described by Karimova et al. (Karimova et al., 1998). Briefly, E. coli BTH101 cya−
cells were co-transformed with the pKT25 and pUT18C fusion constructs in different combinations. The co-transformants were selected
on LB agar plates supplemented with 100 µg/ml ampicillin and 50
µg/ml kanamycin by incubation for 48 h at 30°C. Several clones were
then grown overnight at 30°C in liquid LB medium containing both
antibiotics and 0.5 mM IPTG. Subsequently, 40 µl of the bacterial
culture were transferred onto MacConkey agar containing the same
antibiotics with addition of 1% maltose and incubated for 24 h at
30°C. As a negative control bacteria were co-transformed with empty
pKT25 and pUT18C vectors and as a positive control the cells were
co-transformed with pKT25-zip and pUT18-zip plasmids. For quantitative analysis, a β-galactosidase assay was performed in triplicates as
described previously by Battesti and Bouveret (Battesti and Bouveret,
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2012) and Miller units were calculated according to Miller (Miller,
1972).
proteasome competition assay In vitro pupylated PanB (PanBPup) was generated as described previously [37]. Prior to the degradation time course, PanB-Pup (2 µM protomer) was incubated with
Δ7PrcAB (0.1 µM 28 mer), 5 mM ATP, 40 mM phosphocreatine, 0.4
U/ml creatine phosphokinase, 1 mM DTT in buffer R (50 mM TrisHCl pH 7.5, 150 mM NaCl, 20 mM MgCl2, 10% (v/v) Glycerol) for 30
s in the presence or absence of Bpa or BpaΔHbYX (14 µM protomer).
The degradation reaction was started by addition of 0.2 µM Mpa (hexamer). The reaction was sampled at the indicated time points by
quenching into Laemmli buffer and analyzed by SDS-PAGE stained
with Coomassie Brilliant Blue.
size exclusion chromatography Size exclusion chromatography was performed on a Superdex 200 (10/300) GL column (GE
Healthcare) with an ÄKTA Purifier system. All runs were performed
at room temperature and a flow rate of 1 ml/min in buffer R. Bpa
was injected at a concentration of 64 µM (protomer) in a volume of
100 µl and was detected by absorption at 230 nm. Molecular weight
standards were run under the same conditions and absorption was
measured at 280 nm. A standard curve with the formula: Kav =
−0.133*ln(MW) +1.869 was obtained to calculate the theoretical molecular weight for Bpa.
pull-downs Strep-tagged PrcAB variants were incubated at a concentration of 2 µM (holoparticle) or 4 µM (half-proteasome particles)
with 24 µM Bpa or BpaΔHbYX (protomer) in buffer R for two hours
at room temperature in a volume of 50 µl. The reaction mixture was
further incubated on 25 µl equilibrated Strep-Tactin Sepharose (IBA)
in spin columns at room temperature for one hour with gentle shaking. Flowthrough (50 µl), wash (5×50 µl), and elution fractions (3×50
µl, containg 2.5 mM desthiobiotin) were collected by centrifugation at
400 rcf for 30 s in a table-top microcentrifuge. All fractions were supplemented with Laemmli buffer and submitted to SDS-PAGE, then
stained with Coomassie Brilliant Blue.
proteasome maturation Recombinantly expressed half-proteasomes
(full length PrcA and PrcB-Strep) were purified as described (Striebel
et al., 2010). Maturation was performed at 37°C on a table-top thermo
shaker in 70 µl volume containing 0.4 µM half proteasomes and 24
µM Bpa/BpaΔHbYX (protomer). Samples were taken at the indicated time-points and run on SDS-PAGE, then stained with Coomassie
Brilliant Blue.
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negative stain em Electron Microscopy specimens were prepared by applying a drop of Bpa protein solution at a concentration
of 2.8 µM or, for complex formation, at a concentration of 600 nM together with 40 nM open-gate PrcAB (Δ7PrcAB) in buffer R on freshly
glow-discharged, carbon-coated 300 mesh copper grids (Quantifoil)
for 30 s. The sample drop was blotted away and the grid was stained
with 1% (w/v) aqueous uranyl acetate for 30 s. The samples were
imaged in a FEI Morgagni 268 transmission electron microscope operating at 100 kV with a nominal magnification of 60´000.
peptidase activity 10 nM PrcAB were incubated with 6 µM
Bpa (protomer) and 150 µM L-Succcinyl-Leu-Leu-Val-Tyr-4-Amino7-Methylcoumarin(L-Suc-LLVY-AMC) in buffer R with 1.5% DMSO.
Peptidase activity was measured by fluorescence detection of released
AMC molecules with an excitation wavelength of 360 nm and emission set at 460 nm. The experiments were performed in 50 µl reaction
volume in Corning non-binding 96-well half area assay plates in a
BioTek Synergy 2 plate reader (Tungsten light source, top 50% optics
position, sensitivity: 60).
casein degradation β-casein (27 µM) was incubated at 37°C
together with 6 µM Bpa or BpaΔHbYX (protomer), 0.2 µM PrcAB or
Δ7PrcAB, respectively, 1 mM ATP in buffer R supplemented with 1
mM DTT. The reaction was started with the addition of proteasome
and sampled at the indicated time points. A control reaction without
proteasome was performed. The samples were quenched in Laemmli
buffer and visualized on Coomassie stained SDS-PAGE.
results
Mtb genome search for proteins with a C-terminal HbYX proteasome interaction motif
It has been shown that the mycobacterial proteasomal ATPase Mpa
employs a C-terminal hydrophobic-tyrosine-X motif (HbYX motif) in
the interaction with the 20S proteasome (also referred to as PrcAB in
this study) (K. H. Darwin et al., 2005; Striebel et al., 2010). So far, Mpa
was the only identified interactor of the mycobacterial proteasome
(Striebel et al., 2010; Wang et al., 2009b). In an attempt to identify
possible alternative proteasomal regulators, we searched the genome
of Mtb for genes encoding proteins that feature a C-terminal HbYX
motif. For the hydrophobic residue at position −3 we excluded aspartate, glutamate, lysine, arginine, serine and cysteine. Furthermore, we
limited the search to those Mtb genes for which the HbYX motif was
conserved also in the homologous genes of other proteasome-bearing
actinobacteria. We also required the search to return only those genes
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that showed co-occurrence with the proteasomal subunit genes prcA
and prcB. They should not feature homologs in either corynebacteria
or bifidobacteria, but on the other hand should also not be limited to
only the mycobacterial domain.
Our search returned four genes that fulfilled these requirements,
two of which coded for proteins of unknown function. Interestingly,
one of these proteins, Rv3780 (in this study referred to as Bpa), carries
at its C-terminus the same four residues as the proteasomal ATPase
Mpa, which means both feature the GQYL-motif that is in Mpa responsible for interaction with the proteasome. A multiple sequence
alignment of Bpa with its orthologs from 16 actinobacteria using
ClustalW2 shows, that, aside from a region of 30–40 residues at the
N-terminus and a stretch of 15–20 residues close to the C-terminus,
the protein sequences exhibit high homology. The four C-terminal
residues are again highly conserved, not only the penultimate tyrosine but the entire GQYL motif (Figure 1A). The bpa gene occurs only
in those actinobacteria that also carry the proteasomal subunit genes
(prcA and prcB) and is absent in those that do not (Figure 1B). Propionibacterium acnes is an exception, as it harbors the proteasomal
subunit genes, but neither features the proteasomal ATPase ARC nor
a gene for Bpa. The fact that Leptospirillum ferrooxidans harbors
the Pup-proteasome-system but not Bpa, only stresses that this bacterium, which is not a member of the actinobacteria, has obtained the
Pup-proteasome locus by horizontal gene transfer as suggested previously (Barandun et al., 2012; R De Mot et al., 1999). The conserved
C-terminal HbYX motif along with the co-occurrence of Bpa with the
proteasomal subunit genes (Figure 1B) suggests a role for Bpa as a
potential proteasomal interaction partner. However, there is no clear
spacial relation to the proteasome gene locus. In fact, Bpa and its orthologs are encoded at loci far away from the Pup-proteasome gene
locus, with a gene neighborhood that appears unconnected to proteasomal function.
Bpa associates with the proteasome in a HbYX motif dependent manner
To test our hypothesis that Bpa might physically interact with the
20S proteasome particle or individual proteasomal subunits, we carried out a bacterial adenylate cyclase-based two-hybrid analysis, constructed around the reconstitution of adenylate cyclase activity in an
E. coli strain lacking the gene encoding this enzyme. Adenylate cyclase deficient E. coli cells were co-transformed with a plasmid expressing the Bpa homolog of Mycobacterium smegmatis (MsmBpa)
tethered to the C-terminus of the adenylate cyclase T25 domain and
another plasmid carrying the proteasomal α-subunit gene (Msm prcA)
tethered to the C-terminus of the adenylate cyclase T18 domain (Figure 2A). As cyclic AMP (cAMP) produced by reconstituted adenylate
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Figure 4.3.1: Bpa is conserved in actinobacteria encoding the proteasomal
core particle genes. A, Multiple sequence alignment of Bpa orthologs
(Rv3780 in Mtb) from different actinobacteria. The predominant residues
in positions with an identity score above 0.5 are shaded in blue where increasing similarity is indicated by a gradient from light to dark blue. The
completely conserved penultimate tyrosine of the HbYX motif is colored
in red. B, Occurrence and location of the Pup-proteasome gene locus
and the bpa gene. Each line represents the location of all open reading
frames (orfs) of a bacterium in relation to the Pup proteasome gene locus.
The position and orientation (if a corresponding homolog exists) of the
proteasomal genes prcB and prcA are indicated by turquoise and bpa by
a red arrow, respectively. The pupylation genes are given in shades of
grey. Organisms are abbreviated as follows: M. tuberculosis (Mtb), M. leprae (Mlep), M. smegmatis (Msm), N. farcinica (Nfar), R. erythropolis (Re), S.
coelicolor (Scoe), T. fusca (Tfus), K. radiotolerans (Krad), Janibacter sp. (Jani),
A. cellulolyticus (Acel), S. erythraea (Ser), Nocardioides sp. (Noc), S. tropica
(Strop), Frankia sp. (Frankia), A. aurescens (Aaur), R. salmoninarum (Rsal),
A. ferrooxidans (Afer), Brevibacterium sp. (Brevi), B. mcbrellneri (Bmcb), F.
alni (Fal), L. ferrooxidans (Lfer), P. acnes (Pac), A. odontolyticus (Aodo), B.
adolescentis (Bado), C. diphtheria (Cdip), C. glutamicum (Cglu), K. rhizophila
(Krhi), M. luteus (Mlut).
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cyclase stimulates transcription of the lac operon, a β-galactosidase assay was employed in liquid culture to test for formation of an active
catalytic adenylate cyclase domain in case of physical interaction taking place between Bpa and the proteasomal subunit (Figure 2C). In
addition, presence of interaction was tested on MacConkey agar (Figure 2B), which turns red upon interaction of the two adenylate cyclase
subdomains. As a control, and to test if the interaction is dependent
on the HbYX motif, we included a setup where the C-terminal HbYX
motif of MsmBpa was removed (MsmBpaΔHbYX). A positive interaction signal, indicated by the red color of the MacConkey agar wells,
was obtained with cells expressing MsmBpa and the proteasomal αsubunit (either full-length or lacking the first seven residues) tethered
to the two adenylate cyclase domains (Figure 2B, top row, first and
second triplet of wells). No color development was observed when
the MsmBpaΔHbYX variant was used (second row), indicating that
the interaction is dependent on the HbYX motif.
We then produced Bpa from Mtb (Rv3780) recombinantly to characterize the interaction in vitro. As we predict Bpa to interact with
the proteasome in a manner analogous to the proteasomal ATPase
Mpa based on the common HbYX motif, we carried out a competition
assay, where Mpa-proteasome mediated degradation of a pupylated
substrate was performed in absence and in presence of an excess of
either wild type Bpa or a variant lacking the four C-terminal residues
(BpaΔHbYX). While in absence of Bpa the open-gate proteasome
in complex with Mpa degrades the pupylated substrate (PanB-Pup)
fully within about 40 min under the chosen conditions, the degradation is strongly inhibited in presence of an excess of Bpa (Figure 2D).
This competitive inhibition is dependent on the HbYX motif, as the
truncated variant BpaΔHbYX does not prevent degradation of the
pupylated substrate within the same time frame (Figure 2D).
Bpa forms homooligomeric ring assemblies and stacks to the ends of the proteasomal cylinder
To determine the assembly state of Bpa, size exclusion chromatography was performed. From a Superdex 200 gel filtration column, Bpa
elutes as a single peak at a position roughly equivalent to a complex
of 123 kDa based on a comparison with the molecular size standards,
however tailing out slightly toward the lower molecular weight end
(Figure 3A). As the protomer has a mass of 19.7 kDa (Figure S1A),
this suggests a homo-oligomeric assembly of six subunits that, based
on the slight tailing, might exhibit either a tendency to fall apart or
show a mix of assembly states or conformations. As the shape of the
oligomer is likely not globular, a heptameric assembly, as observed
for the eukaryotic proteasome activators, cannot be excluded. We can
rule out the possibility that other impurities contribute to the shape
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Figure 4.3.2: Bpa interacts with the 20S proteasome through its C-terminal
HbYX motif. A, Vector constructs for the bacterial two-hybrid screen.
PrcA and Δ7PrcA were fused to the C-terminus of the catalytic T18 domain, Bpa and BpaΔHbYX to the C-terminus of the catalytic T25 domain
of adenylate cyclase. B, MacConkey agar matrix of all pairwise combinations of the pUT18C and pKT25 constructs in triplicates. Successful interaction between T18 and T25 switches the colony from lac− to lac+ and
the resulting acidification of the agar is visualized by the pH indicator
turning red. C, A quantitative β-galactosidase assay of the same hybrid
experiments as shown in B. The assay was performed on chloroformtreated E. coli cells grown overnight in liquid LB medium containing 0.5
mM IPTG. The background activity is indicated by the negative control
(no insert, corresponding to pKT25 and pUT18C carrying only the adenylate cyclase domains without fusion). Bars represent averages ± SEM of
at least three replicates. D, Mpa-mediated proteasomal PanB-Pup degradation is inhibited in presence of association-competent Bpa but not in
presence of BpaΔHbYX. Concentrations: Mpa (0.2 µM), 20S proteasome
(0.1 µM), Bpa or BpaΔHbYX (14 µM protomer).
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of the gel filtration peak since the Bpa protein preparation is more
than 95% pure (Figure S1B).
To further assess the assembly state as well as to investigate the
shape of the particle, negative stain electron micrographs of the recombinantly produced Bpa protein were recorded. The micrographs
show particles with a ring-like architecture. The rings display as top
views with an overall diameter of roughly 120 Å and a hole in the
center (Figure 3B), indicated by accumulating stain.
The ring-shaped assembly mode of Bpa suggests that it interacts
with the proteasomal 20S core through a ring-stacking association to
the cylinder ends. In an attempt to observe this interaction, negatively stained EM micrographs were recorded in the presence of the
20S proteasome. To increase the chance for observing the complex
on the grid, pull-down experiments were performed with different
forms of the proteasome core, to see which might give the most stable interaction. The pull-down analysis indicated that open-gate proteasome interacts more stably with Bpa than the wild type proteasome, which did not yield a detectable band in Coomassie-stained
SDS-PAGE (Figure 4A). Immature proteasome particles (proPrcAB)
were in this context also tested for interaction with Bpa to account
for a potential role in proteasome assembly. The pull-down analysis using half-proteasomes resulted in a barely detectable band for
Bpa, indicating less interaction with half-proteasomes than with opengate mature proteasomes but a somewhat stronger interaction than
with the mature wild-type proteasome particle under the same conditions. Nevertheless, processing of the half-proteasomes was not
stimulated by the presence of Bpa (Figure 4B). EM micrographs were
therefore recorded in the presence of open-gate 20S proteasome particles (Δ7PrcAB). Figure 3C shows a section of a grid with top and side
views of the open-gate 20S particle (turquoise arrows), top views of
Bpa (red arrows) as well as a few side views of the Bpa-proteasome
complex (yellow arrows). All Bpa-proteasome complexes are capped
on one side by the Bpa ring, adding an additional striation to the
four-layered side view of the proteasome particle. Although we have
no easy way of identifying top views of the complex, the pores of the
Bpa and proteasomal rings are likely aligned, since the rings in side
view appear to be coaxial.
Bpa acts as a proteasomal activator
The inhibition of Mpa-driven degradation of a pupylated substrate
indicates that Bpa competes with Mpa for binding to the 20S proteasome α-rings, and the micrographs detected complexes with the
Bpa ring aligned coaxially with the proteasome potentially allowing
passage of substrates. To test whether association of Bpa with the
20S proteasome can stimulate the proteasome active sites we carried
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Figure 4.3.3: Bpa assembles into ring-shaped homo-oligomeric complexes
and associates coaxially with the proteasome. A, Analytical gel filtration
profile of Bpa on a Superdex 200 column (black curve). Molecular size
standards (I–VIII, grey curves) were run under the same conditions. The
calculated molecular weight of Bpa at 13 ml elution volume is 123 kDa
assuming an overall globular shape of the oligomer. B, Electron micrograph of negatively stained Bpa showing top views of the ring-shaped
Bpa complexes at a magnification of 60´000. C, Electron micrograph of
negatively stained Bpa and Δ7PrcAB shows top views of Bpa (examples
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Δ7PrcAB (marked with yellow arrows). The scale bars in B and C both
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51

bpa is a ring-shaped interactor of the mtb proteasome

B
cA

AB

Pr

pr
oP

rc

B

B
cA

cA
25 kDa -

Pr

Pr
35 kDa -

B

Bpa
ΔHbYX

Bpa

Δ7

A
Δ7

52

proPrcB 35 kDa PrcA
25 kDa PrcB
Bpa

proPrcAB

proPrcAB
+Bpa

4

4

8

24

8

24

/h
proPrcB
PrcA
PrcB
Bpa

Figure 4.3.4: Bpa can be retained by immobilized Δ7PrcAB or halfproteasomes.
A, Elution fractions of the pull-downs of Bpa
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Sepharose with 2.5 mM desthiobiotin and the elution fractions were visualized on Coomassie stained SDS-PAGE. Bpa binds to Δ7PrcAB, while
BpaΔHbYX does not. PrcAB interaction with Bpa is not detectable, while
half-proteasomes (proPrcAB) retain a small amount of Bpa. B, Maturation of half-proteasomes at 37°C for 24 hours followed by SDS-PAGE. No
difference in processing speed can be observed in the reactions supplemented with Bpa compared to PrcAB alone within this time frame.

out peptidase assays in presence and absence of the novel interactor.
The fluorogenic model peptide L-Succinyl-LLVY-AMC was used at a
concentration of 150 µM to measure peptide degradation rates (Figure 5A). In presence of Bpa the peptidase activity is stimulated by
roughly two-fold, suggesting that Bpa influences the conformation of
the 20S complex upon interaction.
As a non-ATPase proteasome interactor, Bpa cannot provide the
necessary energy to unfold native proteins for degradation. However, unfolded polypeptides could serve as potential substrates for
the Bpa-PrcAB complex. We therefore also tested for degradation
of the model protein casein, which is known to expose hydrophobic
moieties and to adopt a non-globular, extended structure mimicking
unfolded proteins. Casein degradation was measured in absence and
presence of Bpa with both wild type proteasome complex as well as
open-gate proteasome (Figure 5B). In absence of the proteasome activator, wild type proteasome particles are unable to degrade casein
within the time frame of 8 hours. Even after 24 hours only a portion of the casein has been degraded by the wild type proteasome
alone (Figure 5B, left panel). When Bpa is present, however, casein is
degraded fully within the 8 hour time frame, clearly demonstrating
that Bpa is capable of stimulating degradation of a protein substrate
in extended conformation. The open-gate variant of the proteasome
is able to degrade casein in absence of the activator (Figure 5B, right
panel). But even here, addition of the activator further stimulates this
activity.
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Figure 4.3.5: Bpa acts as a proteasomal activator. A, Peptidase activity
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λem: 460 nm) released from the fluorogenic peptide L-Suc-LLVY-AMC
(150 µM). PrcAB exhibits a turnover number (TON) of 0.057±0.004 s−1,
which is more than three times less active than Δ7PrcAB with a TON of
0.185±0.014 s−1. Addition of an excess of Bpa to the reaction increases
peptidase activity of PrcAB about 1.8 fold to a TON of 0.105±0.008 s−1. B,
Degradation of β-casein (27 µM) at 37°C by Δ7PrcAB or PrcAB (0.2 µM)
in presence or absence of Bpa or BpaΔHbYX (6 µM protomer) is sampled
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discussion
For eukaryotic proteasomes, several activators have been described
that share the principle ring-shaped architecture and the ability to
stack to the distal ends of the proteasomal cylinder, thereby regulating or modulating access and entry of protein substrates into the
proteolytic chamber (C P Hill et al., 2002; Schmidt et al., 2005). The activators fall into two categories, energy-dependent ATPase complexes
and energy-independent non-ATPase rings. The eukaryotic 19S regulatory particle with its hexameric ATPase ring associates with the
proteasome to form the 26S proteasome, the main extralysosomal
route for protein degradation, responsible for the degradation of substrates via the ubiquitin-proteasome pathway (Ciechanover and Stanhill, 2014; Matyskiela and Martin, 2013; Schrader et al., 2009). In
the proteasome-harboring mycobacteria and other actinobacteria, the
analogous complex is formed between the proteasomal ATPase Mpa
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(ARC in other actinobacteria) and carries out the degradation of Puptagged substrates (Özcelik et al., 2012; Samanovic et al., 2013). However, unlike the eukaryotic 26S complex, the Mpa-proteasome is not a
house-keeping degradation complex, but appears to play a role only
under specific environmental pressures (K. H. Darwin et al., 2003;
Elharar et al., 2014). The eukaryotic proteasome is known to also
form alternate complexes with non-ATPase activators like for example the various forms of the 11S regulator (also called PA28 or PA26
in some organisms) and the PA200 (Blm10 in yeast) (Förster et al.,
2005; Sadre-Bazzaz et al., 2010). For the actinobacterial proteasome,
no other interactor besides Mpa/ARC had been described so far.
With the identification of the bacterial proteasome activator Bpa
in this study, it is becoming apparent that the actinobacterial system
shares the modular nature of the eukaryotic counterpart, and that alternative complexes can be assembled. Eukaryotic energy-independent
activators were demonstrated to form predominantly heptameric rings.
Our electron microscopic images are in agreement with either a hexameric or heptameric state, and high resolution structural analysis
will be required to conclusively determine the number of subunits
in the ring. Quantitative mass spectrometric analysis of the Mtb proteome, which provides estimates on the absolute abundance for 55%
of all Mtb proteins under standard culture conditions (Schubert et al.,
2013), shows that the proteasome particle is present at about 3-fold
excess over Mpa hexamers and Bpa is detected at levels equivalent
to a roughly 10-fold excess over Mpa hexamers (assuming a hexameric or heptameric ring assembly state for Bpa). This suggests that
different proteasome complexes might exist in parallel under certain
conditions. However, it would be expected that further regulatory
mechanisms induce increased production of one or the other proteasome activator in response to different environmental conditions.
Our study presents several lines of evidence demonstrating interaction of Bpa with the α-rings of the proteasome complex. Interestingly,
interaction can be detected with various forms of the proteasome complex. For instance, the bacterial two-hybrid analysis was carried out
with the proteasomal α-subunit in absence of the β-subunit. This not
only shows that interaction occurs at the α-rings of the proteasome
particle without involvement of the β-rings, but also suggests that Bpa
can, in principle, interact with α-rings alone. It should be mentioned
that the proteasome complex of another actinobacterium, Rhodococcus erythropolis, was shown to assemble through an αβ-dimer intermediate that oligomerizes further to form half-proteasomes, precluding single α-rings (Zühl et al., 1997). Although the α-subunits alone
are reportedly not able to form rings on their own, it is possible that
an equilibrium exists between the predominantly monomeric form
and a small population of rings that the Bpa could bind. Alternatively,
unassembled α-subunits might bind to the Bpa ring. This latter pos-
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sibility is less likely based on how eukaryotic proteasome interactors
bearing the HbYX motif interact with the 20S particle. There, structural analyses have revealed that the C-terminal HbYX motif docks
into pockets at the interfaces between two α-subunit protomers in the
α-ring (Förster et al., 2005; Sadre-Bazzaz et al., 2010; Stadtmueller et
al., 2012).
Throughout the study two versions of the proteasome particle were
used, the wild-type form, featuring full-length α-N-termini that presumably close off the proteasome ends, and a so-called “open-gate”
variant, where seven residues of the N-terminus were deleted. This
variant is commonly used for in vitro studies of the Mpa-proteasome
complex, as the wild-type proteasome forms only transient interactions with the Mpa ring (Striebel et al., 2010; Wang et al., 2009b). Our
in vitro experiments with Bpa indicate that it also only forms stable complexes, detectable by negative stain electron microscopy, with
the open-gate proteasome variant. Nevertheless, it clearly interacts
productively with the wild-type proteasome as demonstrated by the
stimulated degradation of β-casein in presence of Bpa.
Remarkably, in a pull-down assay on purified recombinantly produced Bpa using immobilized Strep-tagged proteasome particles, a
very faint Bpa-band is detected in the coelution with half-proteasomes.
A possible role in the proteasome assembly pathway can thus not be
completely excluded. However, an acceleration of maturation from
the unprocessed β-form to the processed form is not observed in presence of Bpa.
The shared C-terminal interaction motif GQYL suggests a similar
mode of interaction between Bpa or Mpa and the proteasome, despite
the fact that the two proteins do not exhibit sequence homology beyond that. The curiously transient interaction with the wild-type proteasome for both interactors and stabilization of the interaction with
truncation of the α-N-termini also appears to be a shared property.
This leaves open the question whether interaction in vivo can possibly be as transient or whether additional regulatory factors might be
involved that stabilize complex formation, perhaps even selectively
for one or the other activator. These factors could either come in the
form of additional macromolecular binding partners or, alternatively,
post-translational modifications, such as phosphorylation, could play
a role in modulating the affinity. Notably, a very recent study shows
that the α-subunit of the Mtb proteasome is phosphorylated at three
threonine residues and that this leads to enhanced degradation of a
known proteasomal substrate in vivo (Anandan et al., 2014).
The observation that Bpa stimulates the degradation of β-casein
by the wild type proteasome suggests that this alternate degradation
complex plays a role in the removal of poorly structured proteins. The
occurrence of such protein conformations could be increased under
the influence of various stresses encountered by the bacteria. In case
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of Mtb this could be the hostile environment of the host macrophages
where nitrosative stress and higher levels of reactive oxygen species
contribute to protein damage. In vivo studies under a range of stress
conditions or in infection models will ultimately be needed to better
understand the biological role of this new proteasome interactor.
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introduction
Bpa is mechanistically, physiologically and structurally an intriguing
molecule. According to the amino acid sequence, the protein family
resembles no known protein family or structure and potentially exhibits an unique fold. Alternatively, as the first known passive bacterial proteasome interactor, it will be interesting to see if a homologous
fold to passive eukaryotic exponents exists despite the lack of apparent sequence homology. Bpa is to date the only known proteasomal
interactor to successfully open the gate of the bacterial CP (Delley
et al., 2014). The alternative regulator, the mycobacterial proteasomal
ATPase Mpa, despite a wealth of functional and genetic evidence linking it to the proteasomal degradation pathway, could never be shown
in vitro to stably interact with the CP nor open its gate. In fact, the
field has relied on a variant of the CP with a truncated gate to carry
out all in vitro Mpa-driven proteasome degradation experiments. This
raises the question which molecular contacts are crucial to stabilize
the bacterial proteasome in an active conformation, particularly as
the C-terminal interaction motif is shared between Bpa and Mpa. A
recent study suggested Bpa forms a dodecameric protein complex
(Jastrab et al., 2015), which would give rise to a remarkable symmetry mismatch with the heptameric proteasome. In this light a high
resolution structure of a Bpa proteasome complex would prove very
insightful. In addition, a deeper structural understanding of the complex could promote the search for Bpas physiological role. To date
only the heat shock repressor HspR has been identified as an in vivo
substrate (Jastrab et al., 2015) but our own study suggests that other
unstructured proteins might as well be degraded in a Bpa-dependent
manner.
The recent revolution in the field of cryo-electron microscopy (cryoEM), with the development of direct electron detectors and the introduction of a statistical frame work for maximum likelihood model
inference (X.-c. Bai et al., 2014) brought cryo-EM close to level with Xray crystallography in terms of obtainable resolution. Given the large
size of a Bpa proteasome complex and the difficulty for obtaining
crystals of this heterogeneous complex population, cryo-electron microscopy (cryo-EM) seems particularly well suited to tackle the complex structure.
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Figure 5.2.1: Bpa rings are heterogeneous in absence of proteasome: A, electron micrograph of negatively stained Bpa at a nominal magnification of
60´000. A different view of the same micrograph was previously published in (Delley et al., 2014). B, reference free 2D class averages of Bpa
complexes calculated with the Relion software (Scheres, 2012b).

results
Assessment of oligomeric state of Bpa
The Bpa-only subcomplex
Following our observation, that Bpa forms ring shaped complexes
(see chapterXX, and figure 5.2.1A), we tried to assess the oligomeric
state by 2D-classification of negatively stained Bpa complexes. The
2D averages exhibit a general ring shaped architecture. Interestingly,
the 2D averages display 12 denser spots lined up on a circle. It is
intriguing to speculate those could be 12 protomer subunits which
would match the number reported in a SEC-MALS experiment of
Bpa (there called PafE) (Jastrab et al., 2015). However, close inspection reveals a pronounced heterogeneity in the diameter of the Bpa
complexes (figure 5.2.1A, B). Furthermore, many Bpa rings appear
ruptured in the raw images (figure 5.2.1A). Both observations could
indicate that the Bpa ring is flexible in shape and probably varying in
protomer number when present as an isolated complex. In addition,
it can not be excluded that the negative stain might induce artifacts.
Based on the inspection of the Bpa complex in absence of proteasome we reasoned, that the presence of the proteasome as binding
partner could bring the number of participating Bpa protomers under more stringent control. An additional advantage could be the
proteasomal core particle forcing the Bpa ring into side view. Putting
the ring on side view tremendously increases the likelihood to sample
all rotational orientations around the axis perpendicular to the ring
plane, a prerequisite to reconstruct a 3D model from the projections.
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Figure 5.2.2: Bpa-proteasome interaction affinity estimate: A, concept of the
assay. Bpa and CP form an “enzyme-activator” complex equilibrium.
The acceleration of the degradation of the fluorescein labeled protesomal substrate β-casein (gray) is measured by unspecific unquenching of
the fluorophor upon degradation. B, The assay from A was used to
estimate the apparent affinity constant (Ka ) for the Bpa-CP complex formation. The CP complex concentration was kept at 0.2 μM and β-caseinfluorescein at 15 μM. The large figure shows the Michelis-Menten fit to
the Vstart values obtained by a linear fit to the curves in the small inlet figure. The basal activity of CP without Bpa was subtracted. A Ka
of ~10 μM was estimated. A very rough estimate for the kcat at ~0.8
min-1 can be calculated for the activated proteasome using the relation
1 μM of digested β-casein-fluorescein corresponding to a fluorescence
increase of 468 (which was obtained by complete turnover of 15 μM βcasein-fluorescein) and an estimated Vmax at 74 fluorescence units per
minute.

Bpa proteasome complex
A high occupancy of CP by Bpa and stable interaction is pivotal
for structural study of the complex. Therefore, we tried to estimate
the (upper limit of the) binding affinity for complex formation. To
this end, the ability of Bpa to stimulate casein degradation was exploited. β-casein was labeled with fluorescein to generate a substrate
amenable to spectroscopic observation. Digestion of β-casein cleaves
the backbone into small fragments, thereby separating and unquenching the occasional chance interaction of fluorescein with formerly
close hydrophobic residues. An other observable signal using this
probe would be the reduction in fluorescence anisotropy. However,
the measurement of the direct fluorescence signal proved to be more
sensitive and technically easier to follow, so that this option was chosen for the degradation assay. The steady-state rates of degradation
were measured at increasing concentrations of Bpa. From the saturation curve an estimate for apparent affinity of CP for the Bpa complex
of ~10 μM could be obtained.
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Since for typical electron microscopy (EM) specimen the concentration of particles is around 100 nM (to prevent overcrowding of the
grid), with a dissociation constant in the range of ~10 μM the equilibrium lies heavily toward dissociated complexes. In an attempt to increase the percentage of assembled Bpa-CP complexes, several strategies were employed. One that prooved beneficial was the application
of 0.02% of the detergent n-Dodecyl-β-D-maltopyranoside (DDM) to
the grid preparation, which allows for a higher protein concentration
without overcrowding the specimen. In addition, a 5:1 rapid dilution
immediately prior to the staining procedure resulted in an increased
occupancy. Altering solvent polarity and sampling the Hofmeister
series proved ineffective. In an other attempt a range of mutants was
generated with an altered HbYX like C-terminal motif by switching
Q178 to any non polar and non charged residue (that is Phe, Ile, Leu,
Met, Val, Trp and in addition Pro since numerous ortholog Bpa sequences use there a proline). The hope was to increase the stability
of the interaction with the pockets of the CP ring face.
As the next line of experiments I tried to stabilize the complex
by covalent means. Cross-linking was carried out using glutaraldehyde, a linear dialdehyde that can unspecifically (here meaning with
respect to location on the protein) crosslink proteins by reacting primarily with their amine groups. However, several attempts at various
concentrations of crosslinker yielded no increase in occupancy.
Next, a more specific approach was taken by engineering of side
specific crosslinkers. This side specific crosslinking was achieved
with the genetically encoded unnatural amino acid p-benzoyl-L-phenylalanine
(pBpF) in place of certain residues in the Bpa sequence (Chin et al.,
2002). As the C-terminal GQYL-motif inserts into pockets on the CP
ring face, positions close to the motif were chosen. The most successful of the generated variants (supplemental figure 5.5.1) was the replacment of T176 directly preceding the GQYL-motif. BpaT176* was
generated and pBpF incorporation rescued the amber mutant with approximately 80% efficiency (figure 5.2.3A, B). By exploiting that crosslinking conditions can be radically different from specimen generation conditions, that is no limit on protein concentration applies and
chemical chaperons can be used which would disturb amorphous ice
formation during cryo-preparation, a quantitative complex formation
was achieved (figure 5.2.3C, D).
Cryo electron microscopy reconstruction of the Bpa-Cp complex
The strategy of site-specific crosslinking resulted in EM micrographs
with more than five fold higher occupancy of the Bpa-CP complex
by an increase from below 10 % to about 50 %. The in this way
optimized specimens confirmed our previous observation from negatively stained EM micrographs that Bpa stacks coaxially with the CP
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Figure 5.2.3: BpaT176* generation: A, structure of the photo activatable
cross-linker p-benzoyl-L-phenylalanine (p-BpF). B, C-terminal residues
of Mtb Bpa. Residues shaded in color are conserved within the protein family whereas those in gray are not. C, coomassie brilliant blue
stained SDS gel to monitor the cross-linking success of BpaT176* with
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with: before UV irradiation (0), after UV irradiation (X), flow through (Ft)
and elution (El) of Strep-tactin purification of Strep-tag fused PrcA. D,
micrograph of negatively stained Bpa-CP complexes at a nominal magnification of 36´000 and an applied defocus of -1.2 μm.
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core particle (4.3.3). Having optimized complex formation, the next
step was to generate micrographs in vitreous ice.
A critical parameter for high resolution cryo-electron microscopy
is the ice thickness. To thick ice results in multiple scattering of electrons and thereby to loss of signal. To thin ice on the other hand
brings the complex close to the droplet surface which often results in
complex deformation and dissociation (this is an empirical observation of the field, the mechanism at play is not entirely clear). To adjust
the ice thickness the blotting time was optimized (each sample has a
different ideal blotting time due to variations in viscosity by use of
different buffer composition, protein concentration and temperature)
and checked by imaging on e F20 cryo-electron microscope.
Roughly 200’000 particles were picked from the 2150 recorded images. With these particles a 2D classification was performed, sorting
together different functional complexes identifiable by 2D view, stipulating that all of them were side views, which accounts for about half
of all picked particles. Amongst those side views, three main groups
of classes can be distinguished, those containing only the CP particle
without Bpa associated on either side, those CP particles associated
with Bpa on one side and lastly those (smallest in number) associated
with Bpa on both cylinder faces (figure 5.2.4B). The particles containing only the proteasomal core were discarded, leaving roughly 55’000
particles with Bpa associated. Already these 2D class averages nicely
demonstrate the heterogeneity of the complexes on the micrograph,
not only in terms of assembly state (mono- or bi-capped), but also in
shape. For example, the complex in the bottom left corner of panel B
shows angular displacement between the proteasome main axis and
the Bpa plane. Other features determining the different classes are
not immediately visible to the eye.
Next, the retained 55’000 particles were submitted to 3D classification. To do this, a reference model was used that was obtained from
the 60 A low pass filtered reconstruction we had previously generated
from negatively stained Bpa-CP complexes (which was based on the
map EMDB-5623 (X. Li et al., 2013)). The retained particle images are
compared to calculated projections of this starting reference, which is
with each iteration refined. Simultaneously, the particles were sorted
into nine classes according to their 3D features. As a result low resolution models (above 25 Å) each calculated on average from roughly
6000 particles were obtained. Those models allow to sort out proteasomal complexes with deformations and to get a refined impression
of the sample homogeneity. Two such models are depicted in side
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Figure 5.2.4: Transmission cryo-EM of Bpa-CP complexes: A, representative micrograph of Bpa-CP complexes in vitreous ice at a nominal magnification of 101´000 and a defocus of -3.4 μm. B, 2D class averages of
proteasome (CP), single sided Bpa-CP (I) and double sided Bpa-CP (II)
complex side views. Note the angular deviation between the protesomal main axis and the normal vector of the Bpa plane in some averages,
e.g. lower left corner. Furthermore, note the unequal fuzziness of both
sides in two sided complexes. C, side views of two examples classes
(of a total of 9) of the four fold binned initial classification. Variability in the distance between Bpa and CP is observed. D, top views of
two different classes of the same reconstruction. The Bpa-CP complex
shows translational heterogenity in relative Bpa placement. Each model
in C and D was reconstructed from 5´500 to 7´000 particles, note that
the displayed class models are not guaranteed free of overfitting since no
’gold-standard’ was calculated.

and top view1 (figure 5.2.4C and D) displaying heterogeneity in relative CP-Bpa placement.
This heterogeneity leads to the division of the collected data into to
many individual groups for a high resolution reconstruction. Therefore a consensus model reconstruction, that it is finding the maximum likelihood orientation for all particles given that they belong to
1 Since each image provides already 2D information (a 2D projection of the particle), a
minimal angular sampling of 180° around one of the three axis is enough to recover
the full 3D information. A cylindrical complex like Bpa-CP shows little preference
in orientation around its main axis thus the side views provide a homogeneous
sampling of such 180°. The other two rotations would pass through the top view over
intermediates to the side view. In reality those intermediates are hardly populated,
thus limiting the rotational sampling for those to two orthogonal projections and
therefore do not provide useful information.
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the same structure, was calculated. This approach lead to a model
for the proteasomal core particle with an approximate resolution approaching the Nyquist limit at 6 Å (two fold binned images result in
an pixel size of 2.8 Å which is half the Nyquist resolution). However,
the reconstruction of Bpa achieved considerably lower fidelity, only
allowing resolving modules which is apparent from visually inspecting the model. Estimation of local resolution attributed values above
10 Å for Bpa and even lower resolution for the Bpa-CP interface. (figure 5.2.5 C).
Interestingly, setting a more stringent threshold for the visualization of density reveals three discontinuous volumes for the Bpa complex roughly exhibiting trigonal symmetries (figure 5.2.5). Though,
each lobe is to large for a single poly-peptide chain of 20 kDa, the
low resolution does not allow to discriminate individual protomers.
Classification of Bpa alone was attempted by masking the proteasome with allowing for change in particle alignment and without
alignment, that is retaining the best orientation found in the consensus structure. Allowing reorientation of the particles resulted in all
classes in non converging models. Sorting without reorientation converged but resulted in to small classes for high resolution features.
discussion
The Bpa protein family shows no sequence homology to any eukaryotic or archaeal proteasomal interactors and also not to any other
protein of known structure. Secondary structure prediction using
PSIPRED (Buchan et al., 2013; Jones, 1999) suggests an alpha-helical
core between roughly residues 45-160 and a long unstructured Nterminal and shorter disordered C-terminal tail (figure 5.3.1). Although there is not indication on sequence level that Bpa could be
a homolog of the eukaryotic 11S proteasomal interactor, it is of comparable size and shares the alpha-helical build. Due to these similarities it would at least physically be possible that it might also
share the heptagonal symmetric interaction with the CP. Furthermore,
we expected Bpa to show much less flexibility than the ATP-driven
regulators, because built-in hinges present in those regulators that
adopt different conformations in response to nucleotide state should
be missing here. In summary, as a large complex with a potential for
a high degree of symmetry and without expected flexible domains,
the particle seemed particularly well suited for structure determination by transmission cryo-EM.
By site specific cross-linking, we successfully established a protocol to generate a high occupancy complex from the otherwise weakly
interacting proteasome and Bpa. It should be pointed out that, although Bpa promotes gate opening of the full-length, wild-type proteasome core particle, as shown in the β-casein degradation assay
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Figure 5.2.5: Unsharpened map of the consensus structure of Bpa-CP:
’gold-standard’ refinement of 54´423 particles. A, surface (left), coronal cutb(middle) and horizontal cut (right) view colored according to
local resolution estimate ranging from 6 to 8 Å for the CP (approaching
Nyquist resolution) and 11 to 16 Å for Bpa. The connecting volume between the two complexes is of particular low resolution and confidence.
Color scale with respect to all figures in A is given. B, transparent low
threshold reconstruction and higher threshold unsharpened map of proteasome (blue) and Bpa (violet). A trigonal symmetry of Bpa in complex
with proteasome is apparent. Note the lower resolution and confidence
in local resolution at the interface region of the Bpa modules.

65

66

structure of m. tuberculosis bpa

10

20

Mtb
Msm
Mle
Mma

MV
- MV
MV

I G L S TG S DD - - MT I NP DD FG L NND - ND TG L S TG NDDP

Mtb
Msm
Mle
Mma

Q
Q
Q
Q

L
L
L
L

Mtb
Msm
Mle
Mma

AQ
AQ
AQ
AQ

E

- DDV
- DN I
- DS I
AE DV

70
L
L
L
L

E
E
E
E

E
E
E
E

AQ
AQ
AQ
AQ

L
L
L
L

V
V
V
V

R
R
R
R

L
L
L
L

DE AS
DDAS
DE AS
DE AS

G
G
G
G

L
L
L
L

130

Turn

V
I
I
V

30

R
R
R
R

NR
NR
NQ
NR

GG
TG
GG
GG

V DP R
A AG G
V DP R
I DP R

L I AVQE ADT E G E T MA T R G E
L MA V T D -

R
R
R
R

D
E
E
D

I
I
I
I

HAT
HQ T
HAT
HAT

I
I
I
I

F
F
F
F

HG
HG
HG
HG

I
I
I
I

Q
Q
Q
Q

AL
AL
AL
AL

F
F
F
F

AQQMA A R
AQQMA A R
AQQMA A R
AQQMA A R

- - DE
- -

S
S
S
S

R
R
R
R

Helix

50

DE
EG
DE
DE

S
K
P
R

S
S
S
S

L
L
L
L

T
T
T
T

DL
DL
DL
DL

R
R
R
R

E
E
E
E

E
E
E
E

L
L
L
L

DR
E R
DR
DR

L
L
L
L

T
T
T
T

AL
AL
AL
AL

P
P
P
P

PG VG
PG I Q
P G MG
PG I G

K
V
K
K

100

E
E
E
E

L
L
L
L

E
E
E
E

DG
DG
DG
DG

L
L
L
L

AP
AP
AP
AP

AQ
AQ
AQ
AQ

L
L
L
L

QQMR QG
E QMR QG
E QMR HS
E QMR QG

150
T
T
T
T

- NDS
-GEG
S R DS
- E DS

90

L
L
L
L

140
E
E
E
E

40

I
L
I
I

80

AAP
AAP
AAP
AAP

V G WL
V G WL
V G WL
V G WL

E
E
E
E

E
E
E
E

L
L
L
L

V
V
V
V

E
E
E
E

Q
Q
Q
Q

P
P
P
P

60
AK
AK
AK
AK

VMR
VMR
VMR
VMR

I
I
I
I

110

160

L
L
L
L

P
P
P
P

F
F
F
F

G
G
G
G

T
T
T
T

M
M
M
M

I
I
I
I

K
K
K
K

L
L
L
L

R
R
R
R

I
I
I
I

GQ
GQ
GQ
GQ

Y
Y
Y
Y

L
L
L
L

120
NE DAV P
T DDNV P
NE S T AP
NE DS AP

170
SGQH - - P G AQ R G G
P G Q AG - PG P H - - -

S
S
S
S

DAE
DAE
NAE
DAE

180
- - G HG
AT HPG
- - GQG
- - G HG

T
T
T
T

HbYX-motif

Figure 5.3.1: Secondary structure prediction of Bpa. An alignment of Mycobacterial Bpas with indicated predicted secondary structure elements.
The first 40 and the last 20 residues (with respect to Mtb) are predicted
as mostly disordered. The conserved HbYX like motif is indicated in
yellow. The labels Are: Mtb, M. tuberculosis; Msm, M. smegmatis; Mle, M.
leprae; Mma, M. marinum

(Delley et al., 2014), complex formation in absence of substrate nevertheless was improved by using the open-gate variant of the CP. This
is somewhat surprising, since one could have imagined that the gate
opening might lead to additional interactions between the Bpa ring
and the CP α-subunit.
State of the art transmission cryo-EM enabled us to reconstruct a
Bpa-CP complex model at intermediate average resolution. However,
the model shows a large discrepancy between the CP and Bpa in
terms of resolution. Whereas the CP portion is resolved up to 6.2 Å
and would likely extend to even higher resolution by releasing the
two-fold binning, Bpa cannot be refined above 10 Å and is thus not
limited by the Nyquist resolution, the fundamental limit of resolvable resolution for a given sampling rate2 (the sampling rate equals
the pixel size in imaging). Hence, the limited resolution achieved
with Bpa originiates elsewhere, namely from the inherent symmetry
mismatch that was found between the rotational symmetry of the CP
rings and the Bpa ring. The seven-fold or at least pseudo-sevenfold
symmetry we had hoped for, is not reflected in the data. The reason for the smeared Bpa volume then lies presumably with the observed angular and lateral heterogeneity between the CP and Bpa.
In a global reconstruction, the signal of the large CP dominates the
maximum likelihood orientation alignment of the particles, and as
2 This is derived from the Nyquist-Shannon sampling theorem in digital signal processing, which states the requirement of a sampling rate at least two fold above
the maximal occurring signal frequency to distinguish it unambiguously from other
waves with lower frequencies.
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Bpa has a different rotational symmetry, this orientation alignment
smears out Bpa.
However, even the achieved intermediate resolution clearly identifies a trigonal arrangement of Bpa modules (figure 5.2.5 B) which
stands in contrast to the observed (figure 5.2.1) and reported (Jastrab et al., 2015) circular arrangement of Bpa in absence of proteasome. Two immediate consequences follow from this observation:
first, there is a symmetry mismatch between Bpa and CP similar to
those of the AAA+ ATPase proteasomal interactors and, second, if
the reported dodecameric assembly state (Jastrab et al., 2015) bears
any significance for the Bpa-CP complex then the three monomers
must consist of a Bpa tetramer each.
Interestingly, the trigonal symmetry (at this resolution) derived
from a higher order three-fold symmetric homo oligomer is reminiscent of the regulatory particles and in particular of Mpa/Arc. Thus,
in a sense, Bpa is more similar to the proteasomal ATPases by sharing
their symmetry and the HbYX like motif than it is to the 11S particle with which it only shares its protomer size. does not allow us to
visualize the molecular structure of the Bpa lobe in the trigonal arrangement and we can therefore not make definite statements about
the interaction with the CP α-rings, it seems that the trigonal structure of Bpa preferentially attaches to the proteasomal α-subunits with
each module separately. This would lead to the same binding mode
as for the eukaryotic RP where each alternate Rpt subunit binds to the
proteasome. However, as can be deduced from the different attachment density for the three attachment positions (figures 1.2.4. C and
1.2.5. A and B), in our ensemble of a mixture of Bpa-CP complexes
with one lobe, two lobes and all three lobes is found. In the maximum likelihood reconstruction of a rotationally symmetric molecule
all possible single attachments can be superimposed by rotation. The
same is true for one connection in a complex attaching with two or
three. Therefore, it is not surprising that our reconstruction shows an
asymmetric preference for the attachment density with the other two
modules connecting at a lower threshold.
Since the variability in relative positioning of Bpa versus CP is
likely a dominant factor in limiting Bpa resolution, it would be helpful to align the particles solely with respect to Bpa by masking the
proteasome. However, our attempts to do so were hampered by two
issues.
First, by allowing translational movement of the particle in the
search for the optimal alignment, the proteasome displayed a tendency to creep into the unmasked area during the iterative alignment
procedure.
Second, and more fundamentally, due to the very high susceptibility of proteins to radiation damage only a very low dose of 25 e- /Å is
used for imaging. Therefore any detected signal is barely above shot
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Figure 5.3.2: Consensus structure (figure 5.2.5 B) was sorted without realignment for Bpa excluding the proteasome by masking. Six classes (I-VI) are
shown, each reconstructed from 6000 - 9700 particles. Since no dominant
class is present, all classes contain to few particle for high resolution reconstruction. However the absence of a dominant class probably means
that no small set of states make up for the consensus model.
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noise, a fact that could only be overcome by a higher electron dose3 .
However, irradiation damage to the protein would quickly eliminate
the observable high resolution features. Under such conditions the
detector quantum efficiency (DQE) is the critical magnitude4 (Faruqi
and Henderson, 2007). It was shown that under ideal conditions with
an ideal detector a protein particle must be at least approximately 100
kDa so that it can be oriented during the alignment, in other words,
so that its relative orientation can be deduced from the noisy image
(Henderson, 1995). However, most real detectors have a DQE below
0.5 (Ruskin et al., 2013) and together with other suboptimal parameters this significantly increases the requirement for the particle size.
Thus, Bpa with an assumed complex size of 240 kDa is just a factor two above the minimum requirements for an ideal experiment.
In addition, Bpa forms a ring shaped complex and according to secondary structure prediction is composed mostly of α-helices, which
provides little anisotropy at low resolution that could help to guide
the alignment. Therefore, it is highly unlikely that the particles can
be oriented without making use of the proteasome signal with our
current equipment. Indeed, only a few complexes in the range from
170 - 300 kDA have been reconstructed to low resolution from single
particles to date (X.-c. Bai et al., 2014) and all of them by use of the
more efficient K2 detector.
Although our initial hope that Bpa forms a rigid (and potentially
symmetry matched) complex with the proteasome which would have
allowed to align Bpa simply by aligning the CP proved too optimistic,
still, by prealigning the whole particles based on the proteasome, the
degrees of freedom for the possible orientation of Bpa are reduced,
which might lead to relaxed requirements on its size for detection.
Masked refinements are subject to an inconsistency in model reconstruction since a projection of a partial map (by masking) is compared
to a complete experimental projection of a particle. Thus, the part of
the molecule outside of the mask contributes to the total ’noise’ of the
image and reduces the signal to noise ratio (X.-C. Bai et al., 2015). This
effect can be alleviated by subtracting the projection of the undesired
part from the experimental image thus comparing a projection of the
desired part with a matching image. In a next round we will try to
apply the work-flow suggested by (X.-C. Bai et al., 2015) to our data.
This should remove the tendency of the proteasome to move into the
masked region and potentially will help with the alignment of Bpa
by reducing the additional noise contribution besides shot noise.
The other strategy, sorting for Bpa with masked proteasome but
retaining the angular orientations found for the full complex can be
successful if the consensus orientation is an overlay of not too many
3 Signal to shot noise scales by √nn where n is the number of electrons
4 The DQE, describs how much additional noise is introduced by the detection system
as a fraction between 0 and 1, whereas an ideal detector introduces no noise and has
a DQE of 1
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discrete groups. In our modest data set of about 50´000 particles,
unfortunately no large enough subgroup appeared to be resolved to
higher resolution than the consensus model. We will therefore have
to record an additional data set, ideally making use of the new K2
detector, which allows for a higher signal to noise ratio compared
with the Falcon II at higher magnification and thus better supports
the alignment of the Bpa projections. But even without an improved
detector increasing the modest particle number by a factor of 5 to 10,
which is routinely done nowadays, will probably allow to sort into
more and therefore less variable classes.
If ultimately a near atomic resolution reconstruction for Bpa is
achievable, will also depend in large parts on the intrinsic rigidity
of the Bpa complex, stabilized and forced into side view by the CP.
methods
Cloning and expression and purification
To design Bpa variants for site-specific crosslinking, the bpa nucleotide
sequence was searched for amino acid codons close to the C-terminus,
outside the strictly conserved region and with a high chance of quantitative incorporation of the photo-activatable tyrosine analog crosslinker p-benzoyl-L-phenylalanine (Bachem) in response to the amber
codon. The latter condition is fulfilled by codons preceding a codon
that starts with adenin or cytosin (Smolskaya et al., 2013). Four positions: H172, H174, G175 and T176 met these criteria and were therefore changed to the amber stop codon by site directed mutagenesis.
All four reached a level of incorporation of approximately 80 % (supplemental figure 5.5.1). Subsequent testing revealed T176* as the most
successful in cross-linking.
An E. coli Bl21 strain was co transformed with pET-24b containing BpaT176* and pEVOL-pBpF (Chin et al., 2002). 100 ml luria
brooth culture containing 100 μg/ml kanamycin and 37 μg/ml chloramphenicol was inocculated with 0.1 ml saturated preculture and
grown at 37 °C. At an OD600 of 1.0 protein expression and artificial
tyrosine analog incorporation was induced simultaneously by supplementing the culture with 1 mM IPTG, 0.02 % L-arabinos and 1 mM
pBpF (from stock 1 M in 1 M NaOH). Temperature was reduced to 37
°C and expression was continued over night. Cells were harvested by
centrifugation at 4500 g for20 min, resuspended in buffer S- (50 mM
HEPES-NaOH pH 7.5 (4°C), 150 mM NaCl, 10% (v/v) Glycerol) and
solubilized by three passes through the microfluidizer (Microfluidics
M-110L). BpaT176* was purified by Ni-NTA affinity chromatography
in gravity flow, buffer was exchanged to S (S- supplemented with
1 mM EDTA) by dialysis and concentrated by Amicon spin column
with a 10k cut off.

5.4 methods

PrcBT1A was made by site directed mutagenesis and expressed
and purified as previously described (Striebel et al., 2010).
Bpa proteasome affinity estimate with fluorescein labeled β-casein
Purified β-casein (from casein from bovine milk mix, sigma) was labeled with NHS-fluorescein (Thermo Scientific) according to the manufacturers protocol. An average of 1.4 fluorescein labels per β-casein
molecule was estimated. Proteasome complex (0.2 μM) was incubated
with 0 - 22.4 μM Bpa for 15 min in buffer S supplemented with 0.001 %
Tween-20 at 23°C. Reaction was started by addition of 15 μM fluorescein labeled β-casein and change in fluorescence observed (Ex485/20 ,
Em528/20 ) in a Synergy 2 (BioTek) plate reader. The basal activity of
Cp was subtracted and the data was fitted to the Michaelis-Menten
vmax [S]
function: v0 (S) = K
to estimate Km and Vmax.
M +[S]
UV cross-linking of Bpa and CP
240 μM BpaT176* was incubated with 1 μM open-gate active site mutant CP (Δ7PrcABT1A) in buffer S- for 30 min on ice. The complex
was applied to a agarose gel imaging system (GelLogic 212 pro) in
aliquots of 25 μl in thin wall pcr tubes for long wave UV (peak around
350 nm) irradiation for 4 min. Then, aliquots were pooled and proteasome was purified by Strep-tactin tag purification. The BpaT176*-CP
complex, was eluted with 2.5 mM desthiobiotin in buffer EmG (50
mM Hepes NaOH, 150 mM NaCl, pH 7.5 at 23 °C).
EM specimen preparation and imaging
negative stain grids of Bpa without proteasome were prepared as
described in 4.2.
For negatively stained Bpa-CP complexes, carbon-coated 300 mesh
copper grids (Quantifoil) were glow discharged at 25 mA for 45 s.
BpaT176*-CP complex was diluted to 110 nM imediately prior to application to the grid. After 2 min excess liquid was blotted away and
the specimen was stained with 1% (w/v) aqueous uranyl acetate for
45 s. A FEI Morgagni 268 transmission electron microscope was operated at 100 kV and a nominal magnification of 36´000 with an applied
defocus of -1.2 μm for imaging.
Holey carbon copper grid (Quantifoil R 2/2) were covered with a
thin carbon layer for cryo-electron microscopy specimen preparation.
The grids were glow discharged for 22 s at 25 mA in vacuum. A
mixture of 0.5 μM BpaT176*-CP and 12 μM Bpa was rapidly diluted
5:1 in EmG immediately prior to grid application. The sample was
incubated with the grid for 45 s and blotted for 18 s using a Vitrobot
(FEI company) set to 95 % humidity, 7.5°C and plunged into liquid
ethane cooled by liquid nitrogen.
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The data set was automatically recorded with EPU software on
a Titan Krios cryo-transmission electron microscope (FEI company)
equipped with an Falcon II direct electron detector (FEI). The Microscope was operated at 300 kV and 101´000-fold magnification within
an applied defocus range from -1.0 to -3.6 μm resulting in a pixel size
of 1.4 Å on the object scale. Images were recorded as seven plus one
separate frames, the first seven with a total dosage of 25 e- /Å and the
last one with an additional 15 e- /Å. The seven (low dose) and eight
(high dose) images were aligned with MotionCorr (X. Li et al., 2013).
Data processing and refinement
CTF was estimated using CTFFIND3 (Mindell and Grigorieff, 2003)
and thon rings of the micrographs were inspected for regularity and
extent and corresponding micrographs of those with poor-quality
were rejected. The particles were selected with batchboxer from EMAN
(Ludtke et al., 1999) on four fold binned images resulting in 212´176
particles and refinement with RELION (Scheres, 2012a; b). Two rounds
of reverence free 2D classifications were performed, in the first round
only side views of proteasomal particles were retained in the second
the presence of at least one Bpa complex was required. This strategy
yielded 108´785 side views of proteasomal and thereof 55´711 Bpa-CP
particles. An initial reverence for the data set was build in RELION
by classifying all retained particles into one class imposing D7 symmetry and taking the 60 Å low pass filtered reconstruction from our
negatively stained Bpa-CP complexes (which was based on the model
EMDB-5623 (X. Li et al., 2013)). The particles were 3D classified in 9
classes without imposing any symmetry to remove distorted particles
and to assess global heterogeneity. For all 3D reconstructions a mask
was used including only the ’top’ site Bpa to reduce total heterogeneity. Binning was released to two fold and remaining 54´423 particles
were refined according to ’gold-standard’ protocol (Scheres, 2012b)
to result in a map with the estimated average resolution reaching the
Nyquist limit . Local resolution was estimated for the unfiltered reconstruction with ResMap (Kucukelbir et al., 2014). Model volumes
were visualized using UCSF Chimera (Pettersen et al., 2004).
supplemental material
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Figure 5.5.1: Comparison of the different Bpa* constructs: A, coomassie
brilliant blue stained SDS gel of the four Bpa* construct over expression.
For each construct equal amounts of whole cells are applied prior (0
h) and after 4 h and 16 h of overexpression. In constructs H172* and
H174* a truncated Bpa band (Bpa short) below the main band is visible.
This corresponds to proteins which failed to incorporate pBpF and thus
terminated at the amber codon. For the other two constructs, the amber
codon is to close to the C-terminus to be distinguishable from full length.
B, cross-linking efficiency of unpurified constructs supplemented with
1 μM of CP visualized by colorimetric western blot versus PrcA. For
each construct samples were taken after 0 min, 3 min and 12 min UV350
exposure .
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DISCUSSION AND CONCLUDING REMARKS

Pupylation is a post translational modification found predominantly
in Actinobacteria. A single ligase, PafA, covalently attaches the intrinsically disordered protein Pup to certain lysine side chains of a
set of target proteins. The Pup-labeled proteins can subsequently be
recognized by the proteasomal ATPase (Mpa in Mycobacteria or ARC
in other species) and fed into the proteolytic chamber of the 20S core
particle (Striebel et al., 2014). This general reaction path shows many
functional similarities with its eukaryotic equivalent, the ubiquitination of proteins, which is involved in countless pathways of eukaryotic cellular activities (Komander and Rape, 2012). As pupylation is
evolutionarily unrelated to ubiquitination while the proteasome complex shows homology, an intriguing question for the Pup field is, how
far this functional analogy extends. What differences exist between
the intersecting set of homologous proteins in both systems? And are
there convergent functions in the non-homologous elements? Pursueing those questions will provide the kind of insight that not only
would advance the field of pupylation but also could help do obtain a
deeper understanding of ubiquitination and other small-protein modification systems with a connection to degradation.
With my thesis work I extended the known parallels to ubiquitination by an additional two aspects. I demonstrated for the first time
how pupylation can act as a reversible regulator of protein function.
Intriguingly, the demonstrated example of Mpa pupylation implies
a feedback mechanism to auto regulate the catabolic destruction of
pupylated proteins. Furthermore, I recognized the signature of a passive proteasome interactor in the actinobacterial genomes, which we
named Bpa for “bacterial proteasomal activator” to stress the analogy to the eukaryotic passive “proteaseome activators” (for example
PA200). In the course of my work, I was able to characterize its ability to form a functional complex with the proteasome. The Bpa-CP
complex is the first passive bacterial proteasomal interactor to be identified and, interestingly, so far remains the only known interaction to
stimulate gate opening in bacterial proteasomes. Although, we have
yet to reconstruct a map of Bpa at near atomic resolution, a trigonal
Bpa complex geometry was observed and a protocol to stabilize the
complex and thereby making it amenable for high resolution cryoelectron microscopy was established.
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on the regulation of pupylation
Regulation of Pup-mediated proteasomal degradation starts with pupylation, and thus with the regulation of this post-translational modification activity. While significant insight into the PafA-Pup interaction
was gained by the seminal work of (Barandun et al., 2013; Guth et al.,
2011; Özcelik et al., 2012; Striebel et al., 2009b) covering Pup binding
and activation by Pup ligase PafA, the substrate selection remains
elusive to date. Clearly distinct from the eukaryotic E1-E3 ligation
cascade, PafA is able and sufficient to modify a large number of proteins with Pup, a fact that was demonstrated for a range of organisms
and PafA ligases by identifying Pup-modified proteins from purified
lysate (Cerda-Maira et al., 2011; Festa et al., 2010; Küberl et al., 2014;
Poulsen et al., 2010; Watrous et al., 2010; Yun et al., 2012a). However, all of those studies used overexpression of an affinity-tagged
variant of Pup and consequently, according to le Châtelier’s principle, enabled normally inaccessible modification reactions. Thus, little
is gained from knowing any particular identity of a protein found to
be pupylated in those studies. However, assuming that PafA really
features a rather broad specificity, leading to the pupylation of a significant number of proteins in the cell, specificity and regulation of
the process might be achieved by other players of the system or yet
unidentified factors.
One player in the Pup-proteasome system that ranks high on list
of having a regulatory function, is the enzyme Dop, ever since the
demonstration of its dual role in mycobacterial pupylation in the
form of deamidation (i.e. priming of Pup for ligation) and depupylation (i.e. as a counterplayer to the ligation) (Burns et al., 2010b;
Imkamp et al., 2010b; Striebel et al., 2009b). The characterization of
the PafA mechanism (Guth et al., 2011) identified a moderate apparent substrate affinity of 14 μM for the known pupylation substrate
PanB, this nevertheless constitutes a significant level of specificity
over just free lysine that, with a Km of 22 mM, lies three orders of
magnitude higher. Even if those two values should mark the extrema
(e.g. in case PanB were one of the substrates with the highest affinity)
one would expect within these limits a range of substrate affinities
for different protein surfaces. This range would in turn result in unequal modification rates. In contrast, no pupylation target affinity is
required for Dop (and none has been detected to date), since the Pup
moiety on the substrates already provides sufficient baseline affinity.
From these observations, a possible mechanism to regulate pupylation specificity can be envisaged through the interplay of the two
enzymes PafA and Dop: The forward reaction (pupylation) is dependent on the protein identity (or folding state, or on modification by
other PTMs etc.) whereas the opposing reaction (depupylation) is not.
Thus, the rate of the depupylation reaction effectively sets a threshold
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for the forward reaction. Any protein with a pupylation rate above
the threshold will accumulate in pupylated form, those below are on
average reverted to the unmodified state. The threshold level is then
a function of the relative concentration of both enzymes. In an extreme setting the depupylation rate exceeds all pupylation rates, so
that proteasomal targeting could only happen by a local or temporal
coupling of ligation with translocation. Indeed, such an effect has
been described for both, pupylation and ubiquitination (Forer et al.,
2013; Seeger et al., 2003).
A system of two opposing enzymes is characteristic in many regulatory settings like for example cell cycle control (Brandman et al.,
2005) with the phosphatase Cdc25 and the kinase Wee1 acting in opposite direction on Cdk1. However, such systems are often combined
with feedback loops. In the above example, activated (that is unphosphorylated) Cdk1 activates Cdc25 and inhibits Wee1 (Ferrell, 2008). A
recent example from the endoplasmatic-reticulum-associated protein
degradation pathway (ERAD) uses a combination of E3 ligase and
DUB to augment specificity (Y. Liu et al., 2014). The E3 ligase gp78
ubiquitinates both ERAD substrates and Ubl4A, a protein required
for ERAD. The ubiquitination of Ubl4A leads to proteolytic inactivation of Bag6, an integral chaperone complex of the ERAD system.
USP13, the DUB, on the other hand removes ubiquitin from Ubl4A
thereby keeping the Bag6 functional. The opposing interplay of gp78
and USP13 thus improves substrate specificity of gp78.
Nonetheless, an understanding of the determinants of the differential substrate specificity of PafA would help to focus future research
towards potential key targets of the modification. Although, the true
clientele might be a consequence of the interplay of PafA and Dop or
other, yet unidentified, mediators, the ligation remains a first critical
step.
To answer the question about interaction determinants, three potential routes could be taken. A co-crystal of the PafA-Pup-substrate
complex could help to elucidate the intricate structure-function relationship by identifying critical molecular contacts in the PafA/substrate interface. Also a more quantitative approach to the determination of the pupylome would be extremely helpful. For example, the
advancement of mass spectrometry with SWATH-MS which allows
to measure quantitatively many protein levels from lysate might allow to take snapshots of the physiological pupylome across different
life stages of the bacteria (Lasker et al., 2012). And finally, the construction and measurement of a large set of model targets by in vitro
evolution techniques could allow to deduce a determinant.
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on pup as more than a mere degradation tag
In many respects pupylation is functionally similar to ubiquitination.
Both where initially identified as post-translational protein modifications to direct target proteins to the proteasome. Yet, pupylation and
ubiquitination also differ with respect to their function as a degradation signal: the readout of a modification of proteins with ubiquitin
is not by default destruction. In fact, only if two ancillary conditions
are met, is destruction invoked. First, an ubiquinated target needs additional Ub modification(s) to generate enough affinity for the regulatory particle, and, second, a loosely structured segment of structure
must be available on the substrate protein to reach into the central
Rpt channel (Ciechanover and Stanhill, 2014). In contrast, the default
answer to pupylation appears to be degradation. For one, modification with a single Pup serves as degradation signal, and furthermore, Pup has a built-in pore-engagement moiety in form of a disordered N-terminal region, which allows it to initiate degradation and
it was shown in vitro that Pup is translocated into the 20S chamber
and degraded along with the protein substrate (Striebel et al., 2010).
Thus, while the destructive fate of ubiquitinated proteins can be regulated by extending or truncating the polyUb-chain or by attaching
additional Ubs at other sites, pupylation does not seem to allow for
such dynamic adjustment between degradative and non-degradative
roles. Interestingly, compared with the homologous proteasomal ATPases Rpt and Pan, Mpa features an aditional OB domain in between
the AAA modul and the N-terminal coiled coils. As a consequence,
the distance from the substrate binding site at the coiled coils to the
Ar-Φ loops, which needs to be bridged by the loose initiation structure, is larger in bacteria. This probably makes the loose-structurerequirement more stringent and ascertains that only Pup meets the
criteria. Since Pup was demonstrated to intrinsically meet that requirement, either a truncation of its N-terminus or a conformational
change in Pup are attractive hypotheses for Pup to revoke proteasomal targeting.
It is indeed a very prominent question in the field of pupylation if
and to what extent pupylation may execute nondestructive functions.
The prime evidence for a nondestructive mode derives from the existence of numerous Actinobacteria (e.g. the genus Corynebacterium)
which lost their proteasomal genes but retained the Pup machinery
(Iyer et al., 2008) (figure 1.3.4). Therefore, so the argument, pupylation must provide them with an evolutionary advantage in absence of
proteasomal degradation. Alternatively, a different as of yet unidentified protease could have replaced the proteasome in these organisms.
However, there is no evidence from proteasome harboring bacteria
for a second protease to prey upon pupylated substrates. This emphasizes that such a hypothetical protease is either not very processive, of
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low abundance or a unique feature of proteasome-free bacteria. The
last one is an unlikely notion given the isolate pattern of those phyla
among Actinobacteria. A recent study realized in Streptomyces coelicolor found a much milder phenotype for a proteasome knock-out as
compared to a pafA knock-out (Compton et al., 2015). The pafA null
strain shows a sporulation defect whereas a proteasome null strain
does not. This clearly demonstrates that pupylation serves a function
outside of proteasomal degradation, but it does not help to discriminate between proteolytic or non-proteolytic modes.
With our demonstration of Pup acting on Mpa as a reversible shutdown mechanism of degradation (Delley et al., 2012), evidence of a
non-degradative function was presented for the first time. Intriguingly, the suggested mechanism acts as a negative feedback loop on
excessive Pup-mediated proteasomal degradation. The first step in
Mpa shut-down, namely the pupylation of Mpa on a region that
forms the contact interface between two parts of a complex, here
Mpa and the 20S, introduces a steric obstruction. This mode of Pupfunction as a sterical off-switch could describe a more general principle of regulation (which is incidentally also known in ubiquitination
(Komander and Rape, 2012)), and it remains to be seen if other similar
cases are found in the future. From a mechanistic and structural point
of view the second step is equally interesting and surprising. The unfolding of Mpa-Pup by Mpa traps the protomers in a lower oligomeric
or monomeric inactive state which is reversible by depupylation. It
will be an intriguing challenge to tackle this state with X-ray crystallography to reveal if the entrapment is achieved by yet a novel fold of
Pup or if a ’circularization’ takes place by Pup pairing with the coiled
coil sequence of its Mpa subunit.
The striking co-conservation of the target lysine K571 with the genomic presence of proteasomal genes (or with the HbYX like motif
for that matter) is clearly in favor of this being a relevant regulatory
switch in vivo. However, the described mechanism requires pupylation to happen sufficiently fast and quantitatively on Mpa in vivo
to limit the amount or time of co-occurring unpupylated Mpa complexes. Such unpupylated Mpa complexes could still feed the pupylated protomers from other Mpa complexes to the CP. On the other
hand, with no reliable information on the expression dynamics and
half-lives of any of the pupylation proteins it is unclear if such a kinetic dependence (a race condition) applies. A temporal separation
between Mpa pupylation and proteasome expression and maturation
would be an alternative. Last but not least, the in vivo situation deviates from our in vitro experiment by proteasome being full-length
instead of open gate. The full-length 20S in vitro shows only marginal
association with Mpa. In light of the available data, both scenarios,
degradation or reversible shut down, are possible but speculative for
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the in vivo situation and both support the argument that the fate of a
pupylated substrate might be difficult to predict.
bpa, the second proteasomal player
With the discovery of the first passive bacterial interactor Bpa, not
only an additional parallel between the eukaryotic and the bacterial
proteasome system is revealed, but also the first in vitro activation of
the wild type, full-length proteasome is described. It will be a mechanistic challenge to resolve how exactly gate opening is achieved by
Bpa. A basis for speculation is provided by the eukaryotic 11S particle which contrasts with other eukaryotic activators by not using a
HbYX motif. The 11S particle requires activation loops on the inside
of its channel which stabilize the gating residues in an out-facing conformation (Z. Zhang et al., 1998). Bpa does feature a HbYX like motif
as does the bacterial regulatory particle Mpa/ARC. However, Mpa
of M. tuberculosis is clearly not sufficient to induce gate opening in
vitro and the mechanisms to form an activated complex in vivo are
unknown. Therefore, similar to the 11S, Bpa might use a distinct loop
structure inside its central channel to open the gate. In this case, the
HbYX motif is more of a proteasomal affinity motif (analogous to the
HbY-motif of the 11S) but does not promote gate opening. A similar
combination of HbYX motif with additional loop structures to open
the gate was described for the archaeal Cdc48-proteasome interaction
(Dominik Barthelme and Robert T Sauer, 2013). Our attempts to get a
near atomic resolution model of Bpa will clearly help to delineate the
potential residues for such activation. Although, due to the reduced
affinity of Bpa for a full length proteasome, direct molecular interaction will likely not be observable in the near future. Thus, a mutation
strategy could be employed in connection with intermediate resolution structural data to solve that enigma.
Another interesting aspect of the Bpa-proteasome interaction is the
binding motif it shares with Mpa on the proteasome ring face. A
molecular competition for proteasome binding and thus reciprocal
inhibition of the pathways seems possible. A mass spectrometric
quantitative assessment of the protein inventory of M. tuberculosis estimates an approximate ratio of 1:2:3 for proteasome binding sites
(each proteasome contains two cylinder faces for interaction) to Mpa
complex to Bpa complex (assuming a dodecameric complex) (Schubert et al., 2013). Consequently, both proteasomal interactors could,
in principal, saturate the binding sites. But to which extent a competitive situation is given in the cells depends on the interaction affinity
of both complexes with the proteasome on the one side, and, as the
study was performed under standard culture conditions, it cannot
be predicted how these relative concentrations might change during
stress conditions.

6.4 concluding remarks

Intriguingly, the identified Bpa substrate HspR and the measured
ability of Bpa to promote degradation of unstable proteins (Delley
et al., 2014; Jastrab et al., 2015) points distinctly toward a role in protein degradation under cell stress (e.g. heat shock). The same was
claimed for the Pup proteasome system, especially in response to reactive nitrogen and oxygen species and for Mtb upon internalization
in macrophages (K. H. Darwin et al., 2003; Festa et al., 2007; Gandotra et al., 2010a; 2007). Thus, a setting where the up regulation of one
displaces the other seems at least plausible in vivo. Last but not least,
both bacterial interactors support an emerging concept for the role of
the bacterial proteasome not in housekeeping but as an “ace in the
sleeve” in times of need.
concluding remarks
A significant portion of interest in pupylation derives from the observation that the Pup proteasome system is required for Mtp persistence in the lungs(K. H. Darwin et al., 2003). As PafA and Dop both
play a crucial role in pupylation in mycobacteria, and pupylation is
abolished completely when their genes are disrupted, the pupylation
pathway along with the modification enyzmes makes for an attractive
drug target. In light of the discovery of Bpa as an alternate proteasome interactor that strictly cooccurs with the proteasome and furthermore also was shown to play a role in the stress response, Bpa
might in fact soon be added to the list of drug target candidates.
Consequently, it would be desirable to advance our understanding
of how the Pup cycle is regulated to a point where most substrate
fates could be predicted and where the ’flux’ through each pathway
was known. However, although the Pup cycle is considerably less
complex than the ubiquitin cascade, it still contains at almost every
step a ’decision point’ under control of two enzymes. The dual role
of the ATPase, on one side Mpa is strictly required for Pup mediated
degradation but on the other side the depupylase activity of Dop is
several fold enhanced by the unfolding ability of Mpa, complicate
the matter further. The involvement of pupylation in the regulation
of Mpa with its multitude of possible outcomes: prevention of proteasomal interaction with Mpa, reversible Mpa shut down or proteolytic
degradation of the ATPase adds yet another layer of interdependence
to the Pup proteasome system.
Many aspects in the pupylation regulation thus do not show binary like behavior but more of a statistical trend in dependence of
axillary conditions, for example expression and modification state of
the other involved enzymes. As a consequence, experiments to assess the expression dynamics and half lives of the Pup proteasome
system enzymes in general and Pup in particular should be a priority
to advance our notion of this dynamic system.
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