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Zusammenfassung
Kontrollierte Proteolyse ist ein wichtiger Bestandteil der Proteinhomöostase in jeder
lebenden Zelle. Einerseits werden auf diesem Wege fehlerhafte oder beschädigte Proteine
schnell entfernt, um keinen Schaden zu verursachen, andererseits kann sich die Zelle mit
Hilfe der kontrollierten Proteolyse auch an verschiedene Umwelteinflüsse anpassen,
z. B. durch

Eliminierung

bestimmter

Transkriptionsfaktoren

oder

anderer

Regulationsproteine und der dadurch ausgelösten, notwendigen Reaktionen in der Zelle.
Um unerwünschten, zufälligen Proteinabbau zu verhindern, werden Substrate meistens
vom direkten Zugang zu proteolytischen Zentren fern gehalten. In Eukaryoten kann dies
durch Verwendung einer spezifischen Organelle für den Abbau von Biomolekülen erreicht
werden, dem Lysosom, aber auch durch zytoplasmatische, kompartimentalisierende
Proteasekomplexe. Diese fassförmigen Komplexe sind auch weit verbreitet in Bakterien
anzutreffen, von denen einige zusätzlich ein Proteinabbausystem ähnlich dem der
Eukaryoten besitzen – das 20S-Proteasom (das sogenannte «core particle», CP). Erst
kürzlich wurde jedoch deutlich, dass der bakterielle, proteasomale Proteinabbau
komplexer ist als zunächst angenommen. Bisher wurden zwei proteasomale Aktivatoren
in Actinobakterien beschrieben, die direkt mit dem Proteinabbau in Verbindung stehen.
Der energie-abhängige Aktivatorkomplex Mpa arbeitet zusammen mit dem 20S
Proteasom über einen Abbauweg, der die post-translationale Modifikation der Zielproteine
mit dem kleinen Protein Pup (prokaryotisches, ubiquitinähnliches Protein) erfordert, das
von Mpa erkannt wird. Ein weniger spezifischer, Proteasom-abhängiger Abbauweg
rekrutiert dagegen (partiell) entfaltete Proteine, die über den Aktivatorkomplex Bpa
direkt ins Proteasom eintreten können. Wenn man bedenkt, dass ein ziemlich großer Teil
der Actinobakteriengene noch keine zugewiesene Funktion hat, ist es verlockend zu
spekulieren, dass noch mehr Proteasomabbau-Regulatoren identifiziert werden könnten.
Ziel meiner Arbeit war es Proteine zu identifizieren, die entweder direkt am
proteasomalen Proteinabbau oder indirekt an der Regulation dieses Prozesses beteiligt
sind.
Im ersten Teil dieser Arbeit habe ich ein bakterielles Adenylatcyclase-Zwei-HybridSystem (BACTH) verwendet, um eine Bibliothek von mycobakteriellen offenen
Leserahmen (OLRs) auf mögliche neue Protein-Protein-Interaktionen mit dem PupProteasom-System von Mycobacterium tuberculosis zu sichten. Dazu habe ich eine über
das BACTH-Verfahren durchsuchbare Bibliothek aus einer schon existierenden DNA
Bibliothek von Mtb OLRs hergestellt, indem ich die OLRs mithilfe der GatewayTechnologie in Vektoren kloniert habe, die den OLR am C- oder N-Terminus durch die
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T18 oder T25 Domäne des Enzyms Adenylatzyklase verlängern. Die resultierende
Biobliothek für das Durchsuchen nach Interaktoren wurde darauf gestestet, ob sie alle
OLRs der ursprünglichen DNA Bibliothek abdeckt, und ob sie in der Lage ist, bereits
bekannte Interaktionen im Pup-Proteasom System zu detektieren. Anschliessend wurde
die

gesamte

Bibliothek

auf

des Pup-Proteasom Genlokus

Wechselwirkungen

durchsucht.

Während

mit
die

allen

Komponenten

Suche

mit

den

Pupylierungs/Depupylierungsenzymen, der Pup Ligase und der Depupylase, nur wenige
Interaktionskandidaten lieferte, erhielt ich aus der Suche mit Mpa eine grosse Anzahl
möglicher Interaktoren. Die Ergebnisse weisen darauf hin, dass die Ligase mit ihren
vielen Zielproteinen nur vorübergehend und schwach interagiert, was durch das
bekanntlich breite Substratspektrum und den hohen, experimentell bestimmten KM Wert
für eines der am besten untersuchten Pupylierungssubstrate unterstützt wird. Die
Depupylase andererseits erkennt ihre Substrate hauptsächlich durch Pup, ein bekannter
Interaktor , den das BACTH System auch detektieren kann. Mpa scheint dagegen mit
vielen anderen Proteinen in der Zelle zu interagieren, von denen einige Adaptorproteine
sein könnten, die an der Regulation der Proteolyse beteiligt sind, während andere
vielleicht sogar Abbausubstrate sind, die ohne Pupylierung direkt erkannt werden.
Weitere

Studien

sind

nötig,

um

festzustellen,

wie

viele

und

welche

dieser

Wechselwirkungen physiologisch relevant sind.
Der zweite Teil der Dissertation konzentriert sich sich auf eine bestimmte mycobakterielle
AAA+ ATPase mit Homologie zur eukaryontischen ATPase Cdc48, welche wir Cpa
(Cdcd48-like protein of Actinobacteria) genannt haben. Mithilfe biochemischer und
biophysikalischer Analysen zeige ich, dass Cpa in Anwesenheit von Nukleotid einen
homohexameren Ring bildet, dessen Assemblierung bei niedriger Ionenstärke begünstigt
und bei hoher Ionenstärke gehemmt ist. Darüber hinaus zeigen meine Ergebnisse, dass
Cpa in seinem assemblierten Zustand mit dem 20S Proteasom interagieren kann, was es
zum dritten identifizierten Proteasominteraktor macht. In einem Versuch, potentielle
Substrate des Cpa-20S-Komplexes zu finden, generierte ich einen cpa-Deletions-Stamm
des nicht-pathogenen Verwandten von Mtb, Mycobacterium smegmatis, und verglich das
Proteom des Wildtyp-Stamms mit dem des cpa-Deletions-Stamms. Die erhaltenen
Ergebnisse zeigten, dass im cpa-Deletions-Stamm bei Mangel einer Kohlenstoffquelle im
Wachstumsmedium viele Proteine, die an der Transkription beteiligt sind, sowie
ribosomale Strukturkomponenten akkumulieren. Dies könnte darauf hindeuten, dass
Cpa unter diesen Bedingungen direkt oder indirekt an der Regulation der Transkription
und/oder Translation beteiligt ist.
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Summary
Controlled proteolysis is an important element of protein homeostasis in any living
cell. On the one hand, it ensures that aberrant and damaged proteins will be quickly
removed in order to avoid any damage, but at the same time it helps the cell to adapt
to various environmental pressures by e.g. eliminating certain transcription factors or
other regulatory proteins and therefore activating the required responses. In order to
prevent harmful, random protein degradation, proteolytic sites are most of the time
sequestered from direct access to their substrates. In eukaryotes, this can be achieved
by dedicating a specific organelle, the lysosome, for degradation but also by using
cytoplasmic self-compartmentalized proteases. Those barrel-like assemblies are also
widely encountered in bacteria, some of whom additionally possess the eukaryotic-like
protein degradation machinery – the 20S proteasome. Only recently, however, it has
become more apparent that bacterial proteasomal protein degradation may be more
complex than initially thought. Two proteasomal activators have been described thus
far to exist in actinobacteria, where they were also directly implicated in protein
degradation. The energy-dependent activator Mpa acts together with the 20S particle
through a pathway requiring posttranslational modification with the small protein
Pup (prokaryotic ubiquitin-like protein) recognized by Mpa. A less specific
proteasomal degradation pathway recruits poorly structured proteins that just enter
the alternative activator-proteasome complex (Bpa-20S) directly. Considering that a
rather big fraction of actinobacterial genes still has no assigned function, it is tempting
to speculate that other proteasomal degradation regulators could still be identified. In
this work I attempted to screen for potential interactor proteins involved either
directly in proteasomal protein degradation or indirectly in regulation of this process.
In the first part of this thesis I applied a bacterial adenylate cyclase two-hybrid system
to screen a library of mycobacterial open reading frames (ORF) for potential new
protein-protein interactions in the Pup-proteasome system of Mycobacterium

tuberculosis. I generated the screen library from an existing Mtb ORF DNA library by
subcloning it into vectors designed to extend the ORF either C- or N-terminally with
the T18 or T25 domains of the adenylate cyclase using the Gateway technology. The
resulting library for interaction screening was tested for coverage of all ORFs from the
original library and was assessed for its ability to pick up already known interactions
within the Pup-proteasome system. Subsequently, full library screens were carried
out with all components of the Pup-proteasome gene locus. While screening of the
vii

enzymes involved in pupylation/depupylation, the Pup ligase and the depupylase, did
not return many new candidate interactors, the screen on the proteasome activator
Mpa returned many potential interactors. This finding suggests that the ligase
interacts with its many pupylation targets only transiently and weakly, which is
supported by its broad substrate specificity and the high KM value reported for one of
the best-characterized pupylation substrates. The depupylase on the other hand
mostly recognizes its targets via Pup, a known interactor that was picked up in the
screen. Mpa, on the other hand, seems to interact with many proteins, some of which
could be adaptor proteins involved in regulating degradation, while others might even
represent substrates recognized in the absence of a Pup tag. It remains to be
established how many of the identified interactions are physiologically relevant.
The second part of the thesis focuses on one particular mycobacterial AAA+ family
ATPase homologous to eukaryotic Cdc48, which we have termed Cpa (Cdc48-like
protein of Actinobacteria). Using biochemical and biophysical analysis I demonstrate
that in the presence of nucleotide Cpa assembles into a homohexameric ring, a process
strongly encouraged by an increase of ionic strength. I further show that in its
assembled state Cpa can interact with the 20S proteasomal core, thereby making it
the third known interactor of the actinobacterial proteasome. In an attempt to find
potential substrates of the Cpa-20S complex, I generated a cpa-knockout strain of the
non-pathogenic relative of Mtb, Mycobacterium smegmatis, and compared the
proteome of the parent strain with the proteome of the cpa knockout strain. The
obtained results revealed that during nutrient limitation many proteins involved in
transcription as well as ribosome structural components accumulate in the knockout
cells. This might indicate that Cpa is, directly or indirectly, involved in the regulation
of transcription and/or translation under starvation conditions.
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Introduction

I.

Introduction

Every single living cell carries its own set of proteins referred to as the proteome. This
set is, however, far from being static – its components constantly undergo cycles of
synthesis and degradation. Those cycles, termed as protein homeostasis or

proteostasis, enable the cell to respond and adjust rapidly to a continuously changing
environment or changing demands by providing it with new enzymes and other
proteinaceous components required at any given moment while at the same time
removing unnecessary or damaged proteins. It is protein degradation (or proteolysis)
itself that very often carries the key to directly controlling certain cellular processes
e.g. by removing transcription factors or cyclins (Glotzer et al., 1991). Moreover, it
ensures that misfolded and aberrant proteins will be quickly removed from the cell.
Proteases referred to as single-hit proteases that cleave the substrate once per
catalytic cycle and then release it, mostly act on regions of their substrates that are
loosely structured and flexible, for example loops or N- and C-terminal regions. Folded
proteins have evolved to show some resistance to these types of proteases. However,
multimeric proteolytic complexes exist in all domains of life that can achieve the
complete and processive degradation of their substrates. In contrast to the single-hit
proteases, their activity requires energy, and they couple ATPase-driven unfolding of
their substrates with proteolysis. Considering the number of different proteins present
in the cytoplasm at any time, protein degradation needs to be tightly regulated to
prevent degradation of the functional proteome. This is in one part achieved by their
architecture, forming barrel-like cylinders in order to sequester the proteolytic sites
from the cytoplasm and these proteases are for that reason also referred to as
“compartmentalizing
endosymbiotic

origin

proteases”.

In

(mitochondria

bacteria
and

and

eukaryotic

chloroplasts),

the

organelles

of

bacteria-typic

compartmentalizing proteases are found comprising any combination of the Clp
(caseinolytic protease) system, Lon protease and the membrane-standing FtsH. The
main processive protein degradation machine of eukaryotes is, however, found in the
cytosol, the 26S proteasome complex. Archaea as well as members of the
Actinobacteria also feature a proteasome albeit a somewhat simpler version.
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I.1

Unfoldase-assisted proteolysis

I.1.1

Overview of proteolysis mechanisms

One of the ways used to classify proteases is by localization of the cleavage site:

endoproteases recognize and cut at sites within the polypeptide chain, while
exoproteases can cleave peptide bonds directly at either terminus (amino- and
carboxypeptidases). The basic mechanism of the peptide bond cleavage is the same for
all proteases and consists of a nucleophilic attack of water on the carbonyl carbon of
the peptide bond. Proteases support this activity with different catalytic mechanisms,
depending on the catalytic residue present in their active site. Either, a nucleophilic
residue on the enzyme makes a nucleophilic attack on the carbonyl carbon generating
a covalent acyl-enzyme intermediate that can then be attacked by water (serine
proteases or cysteine proteases), or they employ residues that act as acid-base
catalysts by withdrawing a proton from water and support its direct attack (aspartyl
proteases or metalloproteases) (Fig. 1A). Serine proteases, like chymotrypsin and
subtilisin, use the catalytic triad Asp/His/Ser to activate the hydroxyl group of the
serine side chain. In the group of cysteine proteases (e.g. papain and lysosomal
cathepsins), the active serine is replaced by cysteine in the catalytic triad, but the
triad’s aspartate does not actively participate in the catalysis. In contrast to serine
and cysteine proteases, aspartyl proteases do not form a covalent bond with the
substrate as an intermediate – the aspartate in their active centre activates water as
a nucleophile. Similarly, an activated water molecule is used as a nucleophile by the
metalloproteases – here, however, this activation is achieved by an enzyme-bound ion
(very often Zn2+) (Polgár, 1989, McDonald, 1985).
In addition to the four major classes (Ser, Cys, Asp, metallo), an additional class exists
where threonine is the active site residue (Ekici et al., 2008) (Fig. 1B). The 20S
proteasome, next to the glycosylasparaginase and γ-glutamyltransferase I protein
precursors, belongs to this group. Here, the catalytic Thr1 of the proteasomal βsubunit attacks the carbonyl carbon of the scissile peptide bond, while its amino group
acts as a primary proton acceptor to generate a nucleophilic Thr1Oγ (Seemuller et al.,
1995). Such a single-residue N-terminal active site is characteristic for the so-called
N-terminal nucleophile (Ntn) hydrolases (Brannigan et al., 1995). One other feature
of the Ntn hydrolytic enzymes is that they are usually activated after biogenesis by
the removal of an N-terminal propeptide by autocatalysis, however only recently it has
been shown which other side chains are involved in this maturation process (Huber et
2
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Figure I.1: Catalytic mechanism in different protease families. (A) Depending on their catalytic residues,
proteases can generally be divided into four types: serine, cysteine, aspartyl and metalloproteases. Serine
and cysteine residues in the respective groups actively participate in proteolysis, while aspartate and metal
ions (usually Zn2+) activate a water molecule as a nucleophile. (B) One additional group is formed by the
Ntn hydrolases, where a threonine at the N-terminus is actively involved in cleaving the peptide bond. A
simplified mechanism of this reaction is shown.

3
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al., 2016). A catalytic triad consisting of residues Thr1, Lys33 and Asp/Glu17
(conserved in proteasomes across all kingdoms of life) was proposed, where the aminogroup of Lys33 accepts a proton during removal of the propeptides, while being made
prone for protonation by Asp17. Similarly, the same catalytic triad is also found in Lasparaginase (Lubkowski et al., 2003).

I.1.2

Architecture and substrate-specificity of regulatory particles

In order to fulfil its role in protein homeostasis, proteolysis must proceed in a
controlled manner. In the case of many energy-independent proteases (as some of
those mentioned in the previous section), a particular protease can only recognize a
specific sequence/structural motif present in its substrates. For

example,

chymotrypsin only cleaves peptide bonds next to large, hydrophobic side chains (like
phenylalanine, tyrosine and tryptophan) and trypsin, even though structurally very
similar to chymotrypsin, favours lysine and arginine (Ma et al., 2005). Considering
this mode of substrate recognition, it is easy to conceive why precise control during
proteostasis cannot be achieved just by employing such proteases – their broad
substrate specificity makes it nearly impossible to selectively degrade only specific
proteins. Instead, all cells possess self-compartmentalized proteases where the active
sites are sequestered from the cytoplasm in a confined, often barrel-like, space. In
order to selectively degrade proteins, those protease cylinders act in concert with their
respective regulatory particles that dictate which substrate or substrate class is
destined for degradation. Those regulatory particles often recognize a particular
sequence (a degron), like an unfolded region of a protein containing many hydrophobic
residues or an appended tag marking the protein for degradation. A variety of such
tags has been described to date – some of them are listed in Table I.1.
Table I.1: Examples of degrons recognized by compartmentalized proteases and their accessory
activators.
Tag

Protease

Group of organisms

Reference

ssrA

Clp

Bacteria

(Gottesman et al., 1998)

Ubiquitin

26S proteasome

Eukaryotes

(Finley et al., 2012)

Pup

Mpa – 20S proteasome

Actinobacteria

(Striebel et al., 2010)

26S proteasome

Eukaryotes

Clp

Bacteria

N-end rule

(Varshavsky, 2011)

Moreover, many of the regulatory particles can interact with additional co-factors
which are able to recognize a specific substrate class. In this way, the substrate
selection can proceed not only by using a variety of different regulatory particles – it
4
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Figure I.2: Overview of compartmentalizing proteases and their accessory chaperones in mycobacteria,
archaea and eukaryotes. (Top, left) Mycobacterial proteases are shown as a special case of the bacterial
kingdom, since they possess both the bacteria-typic complexes as well as the eukaryotic-like proteases. They
harbour the Clp system where the ClpP protease core assembles asymmetrically with the ClpC or ClpX activator.
Additionally, mycobacteria feature a eukaryotic-like proteasome system with two dedicated chaperones: Mpa
(energy-dependent) and Bpa (energy-independent). Membrane-bound FtsH also exists in mycobacteria. (Top,
right) The main compartmentalizing protease in archaeal cells described to date is the proteasome. It can interact
with two main activators: PAN and eukaryotic-like Cdc48. (Bottom) The main proteolytic machine in eukaryotes
is the 26S proteasome, but the 20S proteasomal core can also interact with two ATP-independent activators:
PA26 and PA200. Recently, new evidence has emerged suggesting that Cdc48 might also directly bind the 20S
core particle. In addition, eukaryotic organelles carry bacteria-typic proteases: the ClpXP complex, as well as
FtsH-like m-AAA and i-AAA bound to the inner mitochondrial membrane. (All panels) The proteolytic core
cylinders are coloured beige, the energy-dependent activators are coloured orange, energy-independent
chaperons are shown in dark purple and the non-ATPase subunits of the 19S proteasome lid are shown in light
green.

can be additionally expanded by allowing those particles to further fine-tune which
proteins they would unfold depending on the additional adaptor protein.
The building principle of many compartmentalizing proteases and their regulatory
particles is by ring stacking of different ring-shaped subcomplexes. Most of the time,
the protease core particle consists of either two (e.g. ClpP) or four (e.g. 20S proteasome)
5
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stacked rings. Usually, those rings form homo- or heteromeric assemblies with six or
seven subunits per ring arranged around a central axis and forming an enclosed space.
Proteasomes in all kingdoms of life form a barrel-like core particle where four rings
are stacked on top of one another (compare Fig. 2 and Fig. 4A). Only the inner rings
(-rings) are proteolytically active, while the two outer rings (-rings) provide binding
interfaces for the proteasomal regulators and in the absence of the regulators their Ntermini block the entrance pore to the proteolytic particle. This latter function is
referred to as “gating”. The main difference between prokaryotic and eukaryotic
proteasomes lies in the specific composition of those rings. Bacterial and archaeal
proteasomal rings are composed of seven identical α- and β-subunits while in the
eukaryotic proteasome there exist seven different α- and β-subunits per ring. In the
bacterial Clp system, the proteolytic core is composed of only two stacked rings that
are both proteolytically active and both rings carry seven identical subunits. The Clp
proteases of eukaryotic chloroplasts and mitochondria are, however, heteromeric. A
general rule of thumb could be observed here: most of the compartmentalized
proteases form stacked rings that can be either homomeric (proteases of prokaryotes
and prokaryotic-like of eukaryotes) or heteromeric (mainly eukaryotic proteases) and
in most cases they are composed of seven protein subunits per ring.
At the ends of the protease core cylinders the unfoldases are docked (for an overview
see Fig. 2). As mentioned above, they can be divided into ATP-independent (passive)
and ATP-dependent (active) regulatory complexes. While the passive activators differ
somewhat between one another, all the ATP-dependent regulators belong to the large
family of AAA+ proteins (ATPases associated with various cellular activities).
I.1.2.1 Energy-independent regulators
Passive (ATP-independent) activators have mainly been identified as interactors of
the proteasomes in eukaryotes and Actinobacteria. One of the best-characterized
complexes belonging to this group is the so-called 11S particle (also known as REG,
PA26, PA28), present only in higher eukaryotes. Three homologs of this regulator
(referred to as α, β and γ) have been described to date – the α and β sharing
approximately 50% sequence identity with one another and about 30-40% identity
with the γ homolog (Ahn et al., 1995). All of those homologs have very similar
structural and biochemical properties. They form torus-shaped heptamers that are
either α/β hetero-oligomers or homo-oligomers in case of the γ regulator (Realini et al.,
1997, Tanahashi et al., 1997, Yao et al., 1999). Each protomer, with a mass of ~26-28
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kDa, forms an α-helical bundle composed of four helices. Two sequence elements were
shown to be important for the interaction with the 20S proteasome. The C-terminal
residues are required for binding to the core particle and, despite their sequence
variability, their deletion or substitution for a charged side chain results in loss of
binding (Song et al., 1997). At the same time, an internal stretch of nine amino acids
(the so-called ‘activation loop’) is required for proteasome activation (Zhang et al.,
1998). The PA26-CP structure revealed that these two elements act in concert to dock
the regulator onto the core particle and destabilize the N-terminal gate of the outer
rings, leading to its opening (Whitby et al., 2000). It has been shown that the
heteromeric α/β 11S regulator is important in the production of peptide ligands for
MHC class I molecules, however the role of the homomeric γ particle remains elusive
(Fruh & Yang, 1999, Hill et al., 2002).
The only other eukaryotic ATP-independent proteasomal regulator is PA200, in yeast
also known as Blm10. In contrast to all the other proteasomal activators, PA200 is not
composed of multiple protomers of a small protein, but rather of one long polypeptide
chain. This chain is nearly entirely comprised of thirty-two HEAT repeats, forming an
elongated, flexible solenoid-like superhelix (Andrade et al., 2001, Kobe & Kajava,
2000, Sadre-Bazzaz et al., 2010). A feature common to most of the proteasomal
activators (except of PA26 described above) is the so-called HbYX motif (Hb –
hydrophobic, Y – tyrosine, X – any amino acid) that is the very C-terminal tail of those
regulators. Binding of the HbYX motif in the pockets between adjacent proteasomal
α-subunits leads to a conformational change in the N-terminal part of the α-ring,
resulting in proteasomal gate opening (Whitby et al., 2000, Smith et al., 2007). As a
monomer, PA200 carries one HbYX motif at its only C-terminus that is used to dock
the dome-like assembly into the proteasomal core. The penultimate tyrosine is
conserved among all PA200 orthologs and makes the same contacts with the
proteasomal α-subunit as the penultimate tyrosine/phenylalanine of the archaeal PAN
or the eukaryotic 19S regulatory particle (Savulescu & Glickman, 2011). Interestingly,
PA200-CP and PA200-CP-PA200 complexes were found, but only the complex with
one regulator bound seemed to have been activated, suggesting that Blm10 could be a
“cap” for already activated proteasomes. Indeed, its very narrow opening would only
allow passage of peptides into the proteasomal chamber, therefore indicating that
under physiological conditions PA200 may rather play a role in proteasome assembly,
as an adaptor or an inhibitor (Sadre-Bazzaz et al., 2010, Rechsteiner & Hill, 2005,
Lehmann et al., 2008).
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Recently, a bacterial energy-independent activator (Bpa/PafE) of the 20S proteasome
has been described – it will be described in more detail in section I.2.5.2 concerning
bacterial proteasomes (Delley et al., 2014, Jastrab et al., 2015).
I.1.2.2 Energy-dependent regulators
In addition to energy-independent protease activators, a range of ATP-driven
regulators can be found in all domains of life. Those, too, are ring-shaped and are
usually hexameric. While many are composed of six identical subunits, the ATPase
ring of the eukaryotic proteasome is composed of six different subunits (Bedford et al.,
2010). All energy-dependent activators belong to the broad family of AAA+ proteins
(described in more detail below) that encompass many enzymes using the energy from
ATP to unfold/reshape other proteins (Gur et al., 2013). Many of them carry just one
ATPase module (e.g. bacterial ClpX or eukaryotic proteasomal ATPase), but rings with
two ATPase modules can also be found (e.g. bacterial ClpA or prokaryotic/eukaryotic
p97).
The ATPase subunits can bind at either end of the protease core particle to form an
active proteolytic complex. Such axial stacking very often leads to a symmetry
mismatch – in most cases the protease has a 7-fold symmetry while the ATPase is 6fold symmetric. Two main explanations of this phenomenon have been proposed. The
first one suggests that such a mismatch could provide a mechanism for an easy release
of the ATPase from the core particle in contrast to the complex where the ATPase is
symmetrically locked with the protease in a cooperative manner (Steven et al.).
Secondly, it has been shown (for the eukaryotic proteasome) that the mismatch
introduces a small offset in the axial alignment. This, combined with cycles of ATP
hydrolysis, could help to drive protein unfolding and threading into the proteasomal
core (Smith et al., 2011).
In eukaryotes, the main energy-dependent proteasomal regulator is the 19S activator.
It features the hexameric ATPase ring composed of six different ATP-binding subunits
(Rpt1-6) forming the interface to the 20S core particle. In addition, it features at least
13 non-ATPase subunits involved in various aspects of substrate recruitment and
processing (ubiquitin binding, ubiquitin removal etc.). The eukaryotic 19S activator is
a large multisubunit modular assembly that is mainly involved in degradation of
polyubiquitinated proteins (Lander et al., 2012, Lasker et al., 2012). Based on the cryoEM structure of the 26S complex, it has been suggested that a chain composed of at
least four ubiquitin moieties can be bound by the Rpn10 and Rpn13 subunits (Lasker
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Figure I.3: Assembly and domain architecture of an ATP-dependent AAA+ activator. (A) Eukaryotic p97
forms hexameric rings with a narrow central pore. In certain nucleotide-bound states, the N-domains (shown in
dark red) retract to the sides of the ring. (B) The D1 AAA module of eukaryotic p97 features most of the motifs
typical for AAA+ proteins. Walker A and B motifs (blue and green, respectively) participate in NTP binding and
hydrolysis, sensor 1 (yellow) senses the nucleotide and interacts with the γ-phosphate of ATP and the arginine
fingers (dark red) coordinate subunit interactions within the ring and stimulate ATP hydrolysis. The figure was
generated using the coordinates of the recently solved cryo-EM structure of human p97 (PDB 5FTK, (Banerjee
et al., 2016)).

et al., 2012). Next, a “commitment” step follows, during which the substrate binds
more tightly to the whole complex via a loosely folded domain. Subsequently, ubiquitin
molecules are removed by Rpn11 deubiquitinase and the substrate is threaded into
the degradation chamber in an ATP-dependent manner (Verma et al., 2002).
The homologous proteasome-interacting ATPase in Archaea is the homohexameric
PAN complex (proteasome-activating nucleotidase) (Benaroudj & Goldberg, 2000). It
was shown to support the degradation of the unstructured model substrate casein in

vitro, however its in vivo function has been the topic of debate (Zwickl et al., 1999).
Another AAA complex that has been functionally linked to proteasomal degradation,
is Cdc48 (also known as p97/VCP in eukaryotes or VAT in Thermoplasma) (Barthelme
& Sauer, 2012). Its homologues are also present in certain genera of Actinobacteria
and some other sporadic bacterial species. In eukaryotes, where it has been most
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extensively studied, it was shown to be involved in a multitude of diverse processes,
and as a result was even named the ‘Swiss army knife of cell biology’ (Baek et al.,
2013). The best-studied example is the endoplasmic reticulum-associated protein
degradation (ERAD), but it has also been implicated in DNA damage response,
transcriptional regulation, cell cycle progression, cell death and others (Braun &
Zischka, 2008, Meyer & Popp, 2008, Wilcox & Laney, 2009). For a long time, the exact
role of Cdc48 in proteasomal degradation remained elusive, since it was not clear if it
physically interacts with the 20S particle. Recently it was demonstrated that in vitro
Cdc48 is indeed capable of directly supporting proteasomal degradation, suggesting
that it might act in certain instances as a true 20S regulator (Barthelme & Sauer,
2013). To understand, how a single protein can achieve such a versatility one needs to
look at its architecture. At first glance, Cdc48 presents itself as a regular AAA+
protein: it features a small N-terminal domain (~200 amino acids), followed by two
consecutive AAA modules. Those modules are responsible for binding and hydrolysing
ATP, leading to the formation of a two-tiered hexameric ring. The energy released
during ATP hydrolysis is then translated into mechanical work used to pull substrates
through the central pore of the complex causing their unfolding (Bodnar & Rapoport,
2017b). The recent cryo-EM structures of the human p97 have revealed that during
each ATPase cycle the entire complex undergoes large conformational changes,
involving the movement of the N-domains from a co-planar position to an upward
conformation (Banerjee et al., 2016).
The ATPase modules (~200-250 amino acids each) comprise the very conserved core of
the protein with several highly conserved motifs required for their function (Fig. 3B).
Those modules are present in all ATPases belonging to the AAA+ family described in
this work and they are composed of two distinct domains: a core nucleotide-binding
domain and a smaller α-helical domain. The αβα core nucleotide-binding domain
carries two major motifs responsible for ATP binding and hydrolysis referred to as
Walker A (the P-loop) and Walker B. The Walker A motif (consensus GxxGxGK[S/T])
plays a role in nucleotide binding and metal-ion coordination, while the Walker B
motif (consensus φ φ φ φ DE where φ is a hydrophobic residue) is important for ATP
hydrolysis and metal-ion coordination (Walker et al., 1982, Erzberger & Berger, 2006).
Additionally, the AAA+ module contains several other motifs like the sensor 1
(presumed to be involved in interaction with the γ-phosphate of ATP and nucleotide
sensing) and the arginine finger (believed to be involved in ATP hydrolysis and
intersubunit coordination) (Neuwald et al., 1999, Johnson & O'Donnell, 2003).
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While the ATPase modules provide hexamerization interfaces (see Fig. 3A) as well as
the energy required to unfold the substrate proteins, the N-terminal domains are
indispensable for substrate recognition. To accommodate the many diverse substrates,
eukaryotic organisms have evolved a plethora of adaptor proteins (>40) that act in
concert with Cdc48, mostly via its N-domains, to deliver specific substrates and to
fulfil all the functions required under any given circumstance. The long and mostly
unstructured C-terminus can interact with some adaptors and in addition it is
targeted by several posttranslational modifications, adding another regulation layer
to this already complex molecular machine (Buchberger et al., 2015). In Prokaryotes,
no adaptors have been identified to date, but considering the versatility of the
eukaryotic system it is likely that specific adaptors exist there as well and their
identification is only a matter of time.
Naturally, the category of energy-dependent protease regulators includes many other
canonical bacterial ATPases that can also be found in eukaryotic organelles (i.e.
mitochondria and chloroplasts) – they will be briefly described in the following section
specifically dedicated to compartmentalized proteolysis in bacteria.

I.2

Compartmentalized proteolysis in bacteria

Most bacteria share the basic set of self-compartmentalized proteases and their
regulatory ATPases. This overlapping set present in most bacteria consists of the Clp
system and the membrane-associated FtsH protease. The HslUV protease is absent
from Actinobacteria, most of which feature instead the eukaryotic-like proteasome
system. Lon protease exists in most of the bacteria, including some of the
actinobacterial genera (like Mycobacterium, Streptomyces and Nocardia) (Laederach

et al., 2014).

I.2.1

Clp system

In the bacterial Clp system, the proteolytic core is formed by two heptameric rings,
and is in most cases a homooligomer (i.e. 14 identical subunits). In some bacteria, more
than one clp gene is present. One such example is the mycobacterial Clp system, where
one can distinguish two ClpP subunits: ClpP1 and ClpP2 – they form a
heterooligomeric particle made of one heptameric P1-ring and one heptameric P2-ring.
Moreover, it has been recently shown that only one ring in the ClpP1P2 particle is
capable of binding the AAA+ chaperones, leading to the formation of asymmetric,
singly capped Clp complexes in mycobacteria (Wang et al., 1997, Leodolter et al.,
2015).
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The Clp system features several AAA+ regulatory chaperones: ClpX (in almost all
bacteria), ClpE (in Bacillus and several other genera), as well as ClpC (in Grampositive and cyanobacteria) and ClpA (in Gram-negative bacteria) (Laederach et al.,
2014, Derre et al., 1999). The energy-dependent Clp chaperones can also be divided
into two categories, dependent on the number of AAA+ modules they carry: ClpX
contains one module while ClpA, ClpC, and ClpE carry two AAA+ modules giving them
an appearance of a double-ring. Each of those ATPases features a substrate specificityconferring domain at its N-terminus: they aid in ssrA-mediated protein degradation
during ribosome stalling, removal of proteins with destabilizing N-terminal residues
and degradation of specific regulatory proteins (Gottesman et al., 1998, Karzai et al.,
2000, Dougan et al., 2010, Camberg et al., 2009, Bellier et al., 2006).

I.2.2

FtsH

FtsH is a membrane-bound protease that forms barrel-shaped homo-hexamers. Unlike
protease-chaperone complexes of the Clp system, the ATPase module as well as the
proteolytic core of FtsH are encoded in one polypeptide chain. It belongs to the family
of metalloproteases with Zn2+ being required for activity, and its substrate spectrum
includes membrane proteins that have not been assembled into complexes (like SecY
and F0 of ATP synthase) and certain cytosolic proteins (Akiyama et al., 1996,
Langklotz et al., 2012).

I.2.3

Lon

Like FtsH, Lon protease is a homo-hexamer that carries the ATPase and protease
domains on a single polypeptide. Its domain structure includes an N-domain
responsible for substrate-selectivity, the AAA+ motor module, an SSD domain
(substrate sensor and discriminatory domain) involved in sensing the ATP versus ADP
bound state, and a proteolytic domain. Generally, it has been implicated in protein
quality control, but it is also important for degradation of short-lived regulatory
proteins. Moreover, it was shown to be important for the expression of genes required
for host invasion by certain pathogenic bacteria (e.g. Brucella abortus and Salmonella

typhimurium).

I.2.4

HslUV

HslUV (also known as ClpYQ) consists of a hexameric protease core (ClpQ, HslV) with
the accessory ATPase (ClpY, HslU) bound on one or two sides of ClpQ. Unlike most of
the AAA+ proteins mentioned above, ClpY lacks an N-terminal domain. Instead, it
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carries the so-called ‘I-domain’ (intermediate domain) that emerges from the top of the
hexameric AAA+ ring where it forms a funnel-like cavity leading to the central pore
(Sundar et al., 2012). It has been shown that the I-domain is required to support robust
ATPase activity and to coordinate substrate binding by HslU. In E. coli, HslUV was
implicated in mediating resistance to cellular stress as expression of both, the protease
and the ATPase, increases during the heat-shock response (Burton et al., 2005,
Chuang & Blattner, 1993, Missiakas et al., 1996).

I.2.5

Actinobacterial proteasome system

Bacterial proteasomes are generally restricted to the phylum of Actinobacteria, where
they occur in about half of the sequenced genomes. For example, mycobacteria feature
proteasomes, while corynebacteria do not. There are a few sporadic occurrences
outside actinobacteria, namely Chthoniobacter, Leptospirillum and Chthonomonas.
While dispensable under standard growth conditions, the proteasome becomes
important for M. tuberculosis during its colonization of the host (discussed below).
I.2.5.1 Structure and assembly of the bacterial proteasome
To date, several crystal structures of the bacterial proteasome have been solved
(mainly from M. tuberculosis and Rhodococcus erythropolis) (Kwon et al., 2004, Hu et

al., 2006). Those structures provided insight into its overall architecture and how it
differs from the eukaryotic proteasome. As was already briefly described above, the
bacterial proteasome is composed of four heptameric rings, stacked together and
forming a barrel-like assembly where the proteolytic sites are sequestered inside,
preventing undesirable and random degradation of cytoplasmic proteins (Fig. 4A, top).
The two outer rings (α-rings) provide a platform for interaction with proteasomal
activators (see below) and possess the so-called ‘gate’ (an N-terminal stretch of
residues on the -subunits) that seals the entry to the proteolytic chamber (Fig. 4A,
bottom). The structural features of the bacterial 20S particle around the gate are one
of the main differences to eukaryotic 20S particles. Although the α-subunits are very
homologous to the β-subunits, the α-subunits feature an additional helix, termed H0,
at their N-terminus, lying flat on the -ring pointing into the entry pore like blades on
an iris diaphragm. The stretch of residues preceding helix H0 connects to it directly in
the bacterial 20S while a reverse turn element precedes H0 in eukaryotes. In the
eukaryotic 20S proteasome the N-termini of the α-subunits interact via the so-called
YD motif (containing a conserved tyrosine and aspartate, hence the name) leading to
closure of the axial entrance pore. Removal of the seven first residues leads to
13
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Figure I.4: X-ray structures of protein complexes involved in proteasomal protein degradation in
mycobacteria. (A) Crystal structures of the 20S core particle (PDB 3MI0 (top; open-gate proteasome) and 2FHG
(bottom; closed-gate proteasome), (Li et al., 2010, Hu et al., 2006)). The mycobacterial proteasome is composed
of four stacked rings: the two outer α-rings (blue) and the two inner β-rings (cyan) that form an enclosed,
barrel-like assembly with the active site threonine residues buried inside (top). The entry to the chamber is
sealed off at the top of the α-rings by the so-called ‘gate’ formed by the N-terminal region of the α-subunits
(bottom). The hydrophobic residues participating in the gate formation are shown as dark red sticks. (B) The
proteasomal ATPase Mpa forms a hexameric assembly where every subunit can be divided into distinct
domains: the two OB domains form a firm neck followed by the ATPase ring (both in dark yellow). At the Cterminus, an additional β-grasp domain is present that might slightly obstruct binding to the proteasomal core.
The N-terminal coiled-coils were removed to enable crystallization and are therefore not shown (PDB 5KWA,
(Wu et al., 2017)). (C) Bpa forms dodecameric rings with a wide pore. Every protomer is comprised of a fourhelix bundle. The C-terminal GQYL motifs are located at the bottom of the ring and facilitate binding to the
20S core (PDB 5LFJ, (Bolten et al., 2016)).

formation of the open-gate CP with deregulated peptidase activity (Groll et al., 2000).
In mycobacterial proteasomes, six of the seven α-N-termini feature an L-shaped
orientation with respect to helix H0 allowing for the hydrophobic stretches in the Lshaped termini of three subunits to stack on top of one another, blocking the gate (Li

et al., 2010).
While assembly of the eukaryotic 20S proteasome is aided by dedicated extrinsic
assembly chaperones, the archaeal and bacterial proteasomes have been shown to
readily self-assemble into active complexes when heterologously produced in E. coli
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(Zwickl et al., 1994, Nagy et al., 1998, Pouch et al., 2000). Nevertheless, there seem to
exist some minor differences in the assembly pathways of the different actinobacterial
core particles. For instance, the rhodococcal α-subunits do not form rings on their own
when produced in E. coli – instead, they first form heterodimers with β-subunits and
only later multimerize to generate the half-proteasome precursors. The β-subunit has
an extended N-terminal propeptide that stabilizes the interaction between α and β
subunits and allows their assembly into a half-proteasome, followed by pairing of the
two half-proteasomes and autocatalytic cleavage of the propeptides, resulting in
generation of a mature 20S proteasome (Kwon et al., 2004). An artificial removal of
the propeptide preceding expression and leads to a significant decrease in the rate of
the 20S complex assembly (Zuhl et al., 1997). In contrast, the mycobacterial β-subunit
propeptide seems to be dispensable for assembly – in fact, its presence slows down the
complex formation. One possible reason for this deceleration could be the fact that the
propeptides in the Mtb half-proteasome intermediate point outward and obstruct the
interface between the two half-proteasomes in turn hampering their association (Li et

al., 2010).
A recent study showed that the mycobacterial proteasome is also subject to
phosphorylation by PknA and PknB kinases. It has been suggested by the authors
that those modifications not only increase the proteasomal proteolytic activity but can
also influence the 20S particle assembly by phosphorylating the α-subunits and/or βsubunit propeptide and thus slowing down the formation of the mature proteasome
(Anandan et al., 2014).
I.2.5.2 Activators of the bacterial proteasome

ARC –ATPase forming ring-shaped complexes
ARC (in mycobacteria also known as ‘mycobacterial proteasomal ATPase’, Mpa) forms
homo-hexameric rings that were shown to stack co-axially onto the 20S proteasomal
core (Wang et al., 2009). Those rings are highly similar to the archaeal proteasomal
ATPase PAN (proteasome-activating nucleosidase) as well as to the ATPase base
subcomplex of the eukaryotic 19S regulatory particle.
ARC is comprised of a single C-terminal AAA ATPase module that docks the ring onto
the 20S core via its C-terminal GQYL motif that, like the HbYX motif in eukaryotic
Rpts, features a tyrosine residue at the penultimate position. This motif was shown to
be required for activation of the 20S particle for proteolysis in case of Mpa but also the
ATP-independent Bpa (described below) (Pearce et al., 2006). The glutamine residue
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in the motif appears to be of little importance for docking to the proteasome, since it
can be changed without affecting docking. However, mutations of the residues in the
motif to alanine abolish Mpa-mediated proteasomal degradation (Jastrab et al., 2015).
Interestingly, in the eukaryotic 19S regulatory particle only four out of six of the Rpt
subunits carry the HbYX motif suggesting that not all of them are required for 26S
complex formation (Smith et al., 2007).
The ATPase module is preceded by two OB (oligonucleotide binding) domains forming
a two-tiered firm neck (Fig. 4B). In contrast, the eukaryotic Rpt1-6 subunits and
archaeal PAN possess only one OB domain (Djuranovic et al., 2009, Zhang et al., 2009,
Wang et al., 2010b). Three coiled-coils formed by intertwining N-terminal helical
domains of two neighbouring subunits protrude upwards from this neck and provide
an interface for substrate recognition. A recent crystal structure of the mycobacterial
Mpa revealed the presence of an additional β-grasp-like domain at the C-terminus of
the protein (Fig. 4B, in red). Its existence is specific to the actinobacterial protein and
it is not found in the eukaryotic Rpt subunits or archaeal PAN. Moreover, this crystal
structure showed that the C-termini of the ATPase, critical for binding the 20S core
particle, are somewhat buried in the protein, therefore explaining the rather weak
affinity of Mpa to the full-length proteasome in vitro (Wu et al., 2017).

Bpa – Bacterial proteasome activator
While the role of ARC/Mpa as an actinobacterial proteasomal ATPase has been known
for many years, only recently another bacterial proteasomal activator (named Bpa or
PafE) has been discovered (Delley et al., 2014, Jastrab et al., 2015). Bpa/PafE is an
ATP-independent proteasomal regulator that has the capability to activate the
proteasome via its C-terminal GQYL motif, just as it is the case for ARC. Very
interestingly, however, Bpa forms rings composed of twelve identical subunits
arranged shoulder-to-shoulder around the ring (Fig. 4C). Each of the protomers folds
into an antiparallel four-helix bundle and the whole ring exhibits an outer diameter
of 100 Å with a 40 Å wide central pore (Bai et al., 2016, Bolten et al., 2016). This pore
diameter is rather wide compared to other eukaryotic ATP-independent activators
(around 20 Å for the 11S activator and 18 × 9 Å for Blm10) (Knowlton et al., 1997,
Sadre-Bazzaz et al., 2010). The entire Bpa ring resembles a funnel with a wide opening
through which the substrates could enter and pass further through the much narrower
gate of the 20S core particle (Bolten et al., 2016). This unusual architecture would
suggest that the Bpa-20S CP complex might play a different role in the physiology of
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actinobacteria compared to its eukaryotic counterparts. In vitro it was capable of
degrading the model substrate β-casein. A proteomic comparison of the wild-type and

bpa-knockout M. tuberculosis strains revealed one of the natural Bpa-CP substrates
– heat shock protein repressor HspR, that could also be degraded by the Bpa-CP
complex in vitro. Additionally, the study showed that Bpa was indeed involved in
regulation of the heat shock response in this organism (Jastrab et al., 2015). This
observation, together with the funnel-like shape of the Bpa complex and its wide entry
pore could indicate its role in removal, in a presumably nonspecific manner, of proteins
misfolded and/or aggregated as a result of environmental stress.
I.2.5.3 Pupylation as a signal for proteasomal degradation in bacteria
Prokaryotic ubiquitin-like protein (Pup) is a short (64 amino acids in mycobacteria)
protein identified in all actinobacteria and named after its functional analogies to
ubiquitin (Burns et al., 2009, Pearce et al., 2008). In contrast to the ubiquitin, however,
Pup is an intrinsically disordered protein (IDP) without a stable fold and it can assume
several structures depending on its binding partner (Chen et al., 2009, Liao et al.,
2009, Sutter et al., 2009). In mycobacteria, it carries a glutamine at its C-terminus,
but in some other bacteria the glutamine is replaced by glutamate. In all
actinobacteria, Pup, together with its three accessory proteins: Dop, PafA and Mpa,
comprises a protein tagging system that in several genera includes also a degradation
component in form of the 20S proteasome.
Pup is attached to substrate proteins via an isopeptide bond between its C-terminal
glutamate and lysine side chain of the substrate. In those bacteria that carry a
glutamine at the C-terminus of Pup (PupQ), an additional step is required before the
actual ligation can take place. This step, catalysed by the enzyme Dop
(depupylase/deamidase of Pup), involves deamidation of the C-terminal glutamine to
the ligation-competent glutamate (PupE) (Fig. 5A). Once deamidated, PupE can be
attached to substrate proteins by the ligase PafA (proteasomal accessory factor A).
Upon binding to PafA, Pup adopts a structure where two short helices are formed
running along the Pup binding groove (Barandun et al., 2013). The γ-glutamylcarboxylate is then activated by transfer of the γ-phosphate from ATP (in a
stoichiometric fashion) leading to formation of the mixed acyl-phosphate anhydride
intermediate of Pup (Guth et al., 2011). Next, following binding of the substrate
molecule, a nucleophilic attack of the lysine ε-amino group on the γ-carbonyl carbon
of Pup’s mixed anhydride results in the formation of an isopeptide bond (Fig. 5B). Very
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Figure I.5: Pup-proteasome system of mycobacteria. (A) Three main enzymes are necessary for the PPS to
fulfil its role in protein degradation. The enzyme Dop (green) deamidates the C-terminal glutamine of Pup (red)
to glutamate, rendering it competent for ligation to the substrate protein (grey). The ligase PafA (blue) catalyses
formation of a covalent bond between a surface lysine residue on the substrate protein and the side-chain
carboxylate of Pup’s C-terminal glutamate. The pupylated protein can, subsequently, be recognized by Mpa
(orange), unfolded and threaded into the proteasomal core for degradation. Alternatively, Pup can be removed
from the substrate by Dop, rescuing the substrate from degradation. (B) Reaction mechanisms of the
depupylase Dop and the ligase PafA. Figure adapted from (Delley et al., 2017).

interestingly, Dop can oppose this reaction in the same way as it catalyses the
deamidation, resulting in a release of free PupE and the substrate protein. Recently a
mechanism for this reaction has been proposed, where inorganic phosphate is the
active site nucleophile and the reaction proceeds via formation of a phospho-Pup
intermediate analogous to what was described for the ligase PafA (Bolten et al., 2017)
(Fig. 5B).
Dop and PafA are highly homologous enzymes that both feature a small C-terminal
domain and a large N-terminal domain that has a similar fold to the members of the
γ-carboxylate-amine ligase superfamily (Iyer et al., 2008, Ozcelik et al., 2012). The C18
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terminal domain, however, is specific to PafA and Dop. The N-domain contains an
antiparallel β-sheet cradle with the active site on its concave surface, where also the
long Pup-binding groove starts (Ozcelik et al., 2012). In contrast to the other members
of the γ-carboxylate-amine ligase superfamily, Dop and PafA are monomeric enzymes
with a very open active site that allows binding of much bigger substrates, while
enzymes like glutamine synthetase have their active site buried deep in a large
oligomeric complex. Despite the overall homology between Dop and PafA, there is one
feature that allows a distinction of the two on the sequence level. Dop contains a
stretch of residues (around 40) close to its N-terminus, named the Dop loop, which is
absent from the ligase PafA (Striebel et al., 2009). A specific function of this loop is,
however, unknown and is presently under investigation.
Following attachment of the Pup tag, the pupylated substrate can be recognized by
the Mpa complex (Fig. 5A). Recognition takes place at the long N-terminal coiled-coils
of Mpa which induce formation of a shared coiled-coil with Pup. Most of the central
residues in the Pup molecule are involved in this binding event, while the N-terminal
region itself stays unstructured and fulfils the role of a threading element for
engagement of Pup and eventually the entire protein into the Mpa central pore. The
substrate is ultimately pulled across the central pore of Mpa for subsequent ATP
hydrolysis-driven unfolding inside the proteasome (Striebel et al., 2010). In contrast,
in the ubiquitin-proteasome system, a polyubiquitinated substrate protein is required
to carry an exposed “initiation site” (a loosely structured element) with the help of
which the unfolding can be started (Inobe et al., 2011, Prakash et al., 2004).
In those actinobacteria that carry proteasomal genes in their genomes (like

Mycobacterium, Streptomyces, Rhodococcus and many others), pupylated proteins
will be degraded by the 20S proteasomal core following unfolding by Mpa. One
puzzling aspect of this degradation process is, however, a very weak association
between Mpa and the full-length proteasome in vitro. A robust degradation in vitro is
only possible once the seven N-terminal residues of the proteasomal α-subunit are
removed (the so-called open-gate proteasome) (Wang et al., 2009, Lin et al., 2006).
Nevertheless, in vivo the degradation must occur with the gated proteasome and the
exact explanation for this discrepancy remains to be elucidated. Phosphorylation was
suggested as one of the potential reasons, but presence of additional proteinaceous cofactors cannot be excluded without further investigation (Anandan et al., 2014).
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I.2.5.4 PafA substrates and the role of pupylation in actinobacteria
In an effort to identify substrates of the ligase PafA and, subsequently, to uncover
more details about the physiological role of pupylation, several groups attempted an
isolation of the entire population of pupylated proteins (referred to as the pupylome)
from several actinobacterial species (e.g. M. tuberculosis, M. smegmatis, S. coelicolor
and C. glutamicum) (Festa et al., 2010, Watrous et al., 2010, Kuberl et al., 2014,
Compton et al., 2015). One observation was consistent across all of those studies: PafA
is capable of ligating Pup to many different proteins without any obvious motif, other
than a surface exposed lysine being required for recognition. Among hundreds of
proteins identified in those experiments, some have been tested and confirmed in vitro
but many still await verification. What all the studies failed to find was a common
denominator in a form of at least one substrate protein, pupylation of which would
directly translate into a phenotype and perhaps a physiological function of pupylation
across all actinobacteria. Instead, since the discovery of pupylation several
independent functions of this posttranslational modification have been suggested.
Initially, Pup-proteasome system was linked to reactive nitrogen intermediates (RNIs)
resistance in M. tuberculosis. Inactivation of pafA and mpa genes by transposon
insertions lead to attenuation of Mtb virulence in a mouse model of infection (similar
phenotypes were obtained also for dop, prcA and prcB mutants) (Darwin et al., 2003,
Cerda-Maira et al., 2010, Pearce et al., 2006, Gandotra et al., 2010, Gandotra et al.,
2007, Lamichhane et al., 2006). However, removal of the C-terminal GQYL motif from
Mpa in vivo results in a similar phenotype concerning RNIs (Darwin et al., 2005).
Surprisingly, complementation of the prcBA knockout with an inactive proteasome
restores most of the original phenotype, challenging the hypothesis of proteasomal
degradation of pupylated proteins being responsible for the RNI-induced response
(Gandotra et al., 2010). This could suggest, however, that another, proteasomeindependent role of pupylation exists. Only more recently, the RNI response of Mtb
was linked to the protein Log (a mycobacterial homolog of the cytokinin-producing
plant enzyme “Lonely guy” (Log)) – if the proteasomal degradation of pupylated Log
is impaired, the enzyme would accumulate in the cell and produce an excess of
cytokinins. Those, in turn, are partially metabolized to para-hydroxybenzaldehyde
which in larger quantities can act synergistically with RNIs to kill Mtb (Samanovic et

al., 2015).
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An entirely different function of the Pup-proteasome system has been suggested in

M. smegmatis. There, repeated cycles of pupylation/removal/synthesis of all the
components of this system was proposed to serve as a self-regulatory mechanism for
amino acid recycling under nitrogen starvation stress (Elharar et al., 2014).
Outside of mycobacteria, the role of pupylation has also been studied in the model
strain S. coelicolor. An accumulation of a non-heme chloroperoxidase (SCO0465) has
been observed in knockout strains devoid of any single one of the PPS genes (De Mot

et al., 2007). In addition, more recently, phenotypes of pup vs. prcBA were compared
– abolition of pupylation resulted in morphological and metabolic differentiation
defects as well as effects on resistance to oxidative stress. In contrast, those effects
were much less pronounced in the proteasome knockout again indicating that
pupylation has a function independent of the proteasome (Boubakri et al., 2015).
Last but not least, a very interesting example of proteasome-independent function of
pupylation has been reported in C. glutamicum. This bacterium belongs to the
subgroup of actinobacteria that do not possess proteasomal genes, but are maintaining
the ATPase ARC. Here, pupylation was shown to be important during iron starvation
– attachment of Pup to the iron storage protein ferritin, followed by recruitment of the
unfoldase ARC, lead to disassembly of the ferritin complex and release of the stored
iron (Kuberl et al., 2016).

I.3

Aims of this study

Proteasomes and their activator complexes play an important role in controlled
proteolysis in all domains of life. Even though in bacteria they are not essential during
standard growth, they become essential when the cells face certain environmental
challenges like starvation or host defence mechanisms. Particularly the latter is of
great interest since it could be turned against those pathogens in form of drugs
directed towards this protein degradation pathway. With the mechanistic principles
ruling those degradation machines being well established, comparatively little is
known about how they are regulated in vivo. For example, it has been shown by
numerous studies that the Pup ligase PafA can on its own pupylate a multitude of
different

proteins,

most

of

the

time

without

any

apparent

functional/structural/sequence connection between them. By analogy to the highly
regulated Ubiquitin-proteasome system (UPS) it is difficult to imagine why a
bacterium like M. tuberculosis would benefit from non-selectively degrading that
many proteins. This conundrum could be explained for example by an existence of a
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yet-undiscovered regulator that could modulate the substrate selectivity of PafA,
similarly as it happens in the UPS. The fact of co-existence of two enzymes with
opposing activities (PafA/Dop) could also be better understood if another protein could
help to discriminate which proteins should be pupylated and degraded and which
could still be rescued from proteasomal degradation. At the front of the proteasomal
particle several questions also still remain unanswered. For instance, the complex
between Mpa and full-length proteasome could never be observed in vitro and neither
could any proteasomal degradation – those could only be detected when the
proteasomal gate was artificially removed. In the cell, however, the degradation is
clearly supported by the wild-type proteasome. This leaves open the question, whether
an additional interactor might facilitate the Mpa-CP complex formation, explaining
the difference between the in vivo and in vitro observations. These questions
motivated the experiments described in the first part of this thesis. In the second part
follows characterization of a novel proteasomal interactor Cpa.
The aim of the first part of this work was to explore the possibility of the existence of
novel, yet undescribed protein interactors in the Pup-proteasome system of

M. tuberculosis. For this purpose, I employed the bacterial adenylate cyclase twohybrid system to screen a library of mycobacterial open reading frames with each
component of the PPS as bait. All the obtained hits were contrasted with those
identified in independent screens carried out with unrelated proteins to exclude as
many potential false positive hits as possible. Several of the most interesting hits were
analysed for their potential of being genuine PPS interactors.
In the second part I used the same two-hybrid system to identify an interaction
between the actinobacterial proteasomal core and the actinobacterial homologue of
eukaryotic Cdc48 ATPase (named later Cpa). The ring formation propensity and
ATPase activity of this complex were analysed and supplemented with proteomic
analysis of the M. smegmatis knockout strain to reveal its potential substrate
clientele.
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II. Identification of new protein-protein
interactions in the Pup-proteasome system of

M. tuberculosis
II.1

Introduction

In their native cellular environment proteins rarely act in isolation, but rather they
form protein-protein interaction networks and act within the context of molecular
binding partners (Gonzalez & Kann, 2012, Safari-Alighiarloo et al., 2014). The
mycobacterial Pup-proteasome system (PPS) is such an example: prokaryotic
ubiquitin-like protein Pup interacts with three distinct proteins to fulfil its role as a
recruitment tag to proteasomal degradation, namely the deamidase Dop, the ligase
PafA and the proteasomal ATPase Mpa (Imkamp et al., 2010, Ozcelik et al., 2012,
Guth et al., 2011, Striebel et al., 2010). Although the pathway leading to Pup-driven
proteasomal degradation has been studied in some detail and the main players in the
form of a ligase, a deligase and a degradation complex are known, certain observations
as well as comparison to eukaryotic ubiquitination have led to the speculation that
additional interaction partners might exist, further modulating this degradation
pathway. For instance, can the broad substrate specificity of PafA be modulated by
another binding partner? Could the fate of a pupylated protein (depupylation vs.
unfolding and degradation) be determined by interaction of Dop/Mpa with an
additional interactor? Pup can adopt different structures when bound to Dop/PafA and
Mpa – could there exist more binding partners that would accommodate Pup and
encourage it to assume yet different secondary structure? Could proteasome interact
with other potential activators? To address these question, we employed and adapted
the bacterial adenylate cyclase two-hybrid system (BACTH) developed by Karimova
et al., which allows detection of physical interactions between two proteins of choice
in the context of a living cell (Karimova et al., 1998). In this system, each of the two
proteins is fused to one of two subdomains (T18 or T25) of the adenylate cyclase from

Bordetella pertussis (Fig. 1A). The two fusions are co-expressed in an E. coli strain
devoid of its resident adenylate cyclase activity (E. coli ΔcyaA). Only in case the two
proteins physically interact with one another the two subdomains are brought into
close enough proximity to reconstitute a catalytically active adenylate cyclase (AdCyc)
leading to the generation of cyclic AMP (cAMP). Production of cAMP leads to
activation of the lactose operon (among others) via CRP protein (Malan et al., 1984).
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When plated on minimal M63 medium supplemented with lactose/maltose the cells
can only grow if the lactose operon is activated, allowing them to use the sugar in the
medium as a carbon source. Alternatively, the cells can be permeabilized and the βgalactosidase activity resulting from activation of the lactose operon can be measured
(Fig 1A). Colour conversion of MacConkey agar due to acidification upon lactose
fermentation can also serve as a means of detection. Additionally, presence of X-Gal
in the minimal M63 medium allows for an additional confirmation of a positive
interaction, since the clones where lactose operon was activated by cAMP will turn
blue due to X-Gal hydrolysis by β-galactosidase.

II.2

Results

II.2.1

Proof-of-principle experiments on PPS

Before screening for potential, unidentified proteins interacting with members of the
PPS, we tested the BACTH system by probing already known interactions between
PPS members. For this purpose, we fused four genes of the PPS to T18 or T25,
respectively. To test a specific interaction pair, the two plasmids encoding the pair,
each fused to a different fragment, were co-transformed into E. coli cyaA-, plated on
MacConkey and M63 agar, following a recovery phase in LB medium. After 24 hours
of incubation at 30°C, we could detect PupQ-Dop complex formation as well as Mpa
oligomerisation (regardless of the AdCyc domain placement on the latter) (Figure
II.1B and C). After an additional 24 hours, the Mpa-Pup interaction could also be
detected in two different configurations (i.e. when either of the AdCyc subdomains was
placed on the N-terminus of both proteins). Surprisingly, we could also see a positive
interaction between Pup molecules themselves – a curiosity never before observed in

vitro – that could result from a non-specific interaction between many chains of this
intrinsically disordered protein (Liao et al., 2009). After 48 h of incubation, a positive
signal has also developed in the Dop-Dop and PafA-PafA, while Dop-Mpa and PafAMpa gave a colour change to red only in one well out of two. The latter interactions
with Mpa can be excluded as false positives (perhaps due to contamination) since on
the more selective M63 medium (Figure II.1C) they do not produce any positive signal.
The fact that the other wells, containing pairs of PPS proteins known not to interact,
show no colour changes demonstrates that there is no unspecific interaction between
either of the AdCyc subdomains with any of the components of the PPS (Figure II.1C).
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Figure II.1: Bacterial adenylate cyclase two-hybrid system can be used to detect protein-protein
interactions in the Pup-proteasome system of M. tuberculosis. (A) Overview of the vectors used in the
BACTH experiments (left) as well as the basic principle behind the detection of PPIs using this system (right).
Upon interaction of two proteins fused to the T25 and T18 adenylate cyclase subdomains, respectively,
production of cyclic AMP by reconstituted adenylate cyclase leads to activation of the lac operon. This
activation can later be detected on MacConkey agar, M63 agar or by measuring β-galactosidase activity. (B)
Proof-of-principle BACTH interaction test on the PPS components. Wells coloured red indicate positive
interaction while the yellow ones show no binding. The known interactions of Pup-Dop, Pup-Mpa, Mpa-Mpa
could be detected and additionally Pup-Pup and Dop-Dop binding was observed (particularly after 48h of
incubation). (C) Similarly to (B), detection can also be performed using selective reporter M63 medium. Only
the cells expressing the two interacting proteins can use maltose/lactose present in the medium as a carbon
source, giving rise to colony formation. Additionally, hydrolysis of X-Gal present in the medium gives the
colonies a blue appearance. The same interaction pairs were tested as shown in panel B.

25

Identification of new PPIs in the Pup-proteasome system of M. tuberculosis

II.2.2

Construction of the Mtb ORF Gateway library for use in BACTH

To identify interaction partners of individual Mtb proteins involved in the canonical
bacterial protein degradation pathways (Clp-protease system) or in the PPS, we
decided to transfer a M. tuberculosis ORF library into the BACTH AdCyc fragment
vectors using the so-called Gateway recombination system (Thermo Fisher Scientific).
Since gene transfer using this method leaves ~18 bp long ‘scars’ on the DNA (on both
sides of the transferred piece; see Figure II.2A) we wanted to ensure that the detection
of the canonical PPS interactions remains unaltered by the additional amino acids
introduced upon translation of those scars. Since the original library contains the
ORFs of PupQ, PafA and Mpa, we recombined those clones with the pUT18 destination
vectors (Figure II.2B), yielding BACTH-compatible vectors carrying N- and Cterminal fusions of those genes to the T18 domain. Next, we co-transformed these six
vectors with the ones used in the proof-of-principle test described in the previous
section (all T25 fusions). The resulting clones were plated on MacConkey and M63
agar plates (Figure II.2C and D). We could detect both of the previously visualised
interactions (Pup-Pup and Pup-Mpa). Furthermore, this time we could observe a few
clones for the Pup-PafA interaction on the M63 medium (Figure II.2D, spot 11),
suggesting that it might be possible to detect the weaker interactors if the plate
incubation time was prolonged further.
Having established that the bacterial adenylate cyclase two-hybrid system can
identify several of the already known PPS protein-protein interactions, we went on to
the more high-throughput approach. The Mtb ORF library we obtained from BEI
Resources contained 3294 genes from M. tuberculosis H37Rv supplemented with 430
genes from M. tuberculosis CDC1551 strain. All the genes in that library were
originally cloned into the pDONR221 backbone and supplied as glycerol stocks of E.

coli DH10B-T1 cells, which made them readily transferable into any Gatewaycompatible vector. Since the supplied stock volumes were very low, we first replicated
the entire library by re-inoculating the cells into 1 ml of LB medium, followed by an
outgrowth at 37°C until saturation, in a total of 42 96-deep-well blocks (see Figure
II.3A for an overview of the procedure). Two blocks each were then combined, giving
rise to 21 gene pools from which we extracted plasmid DNA. Since the position of every
specific ORF in the library is known, we compared the distribution of gene sizes in the
resulting pools with the expected distribution. Each ORF in the pDONR221 backbone
is flanked by NdeI (at the 5’ end) and HindIII (at the 3’ end) restriction sites that can
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Figure II.2: Transfer of the prey genes to Gateway-compatible BACTH T18 vectors does not influence
interaction detection. (A) Schematic representation of the LR recombination reaction that is used to transfer
genes from the Gateway entry clone to the Gateway destination vector, mediated by the phage λ recombination
machinery. Exchange of the CamR/CcdB cassette for the gene of interest (GOI) also leads to a switch in the type
of antibiotic resistance between the two vectors and thereby ensures nearly 100% transfer efficiency after plating
on LB agar containing ampicillin. The transfer leaves, however, short ‘scars’ on either end of the transferred gene
(attB sites) that could mask true termini required for interaction. (B) The two Gateway-compatible BACTH prey
vectors generated for subsequent library transfer. Following the LR recombination with the library plasmid DNA,
each ORF will be fused to the N- (pUT18_Dest) or C-terminus (pUT18C_Dest) of the T18 adenylate cyclase
subdomain. (C) PPS interaction test using ORFs transferred into the new Gateway-compatible prey vectors. The
attB scars did not affect the previously shown Pup-Mpa and Pup-Pup interactions. (D) Same as in panel C but
plated on M63 medium. In addition to the interactions visualized on the MacConkey medium, a very faint signal
for PafA-Pup (spot 11) could also be detected.

be used to excise the ORF out of the vector. After excision from the original backbone,
followed by an agarose gel electrophoresis, we could confirm that the observed size
distribution of the ORFs in the pools (Figure II.3B, top gel) well reflects the expected
size distribution calculated from the known gene sizes (Figure II.3B, bottom box-andwhiskers plot), suggesting that the library replication was successful.
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Figure II.3: Successful Mtb ORF library replication and transfer into the Gateway-compatible prey
vectors. (A) Overview of the library preparation procedure. (B) The replicated and extracted ORF library
shows the expected gene size distribution. The ORFs in every library pool were excised with HindIII and NdeI
restriction enzymes and analysed by agarose gel electrophoresis (top). Subsequently, the observed gene
size distribution was compared to the one calculated from the known sizes of the ORFs present in every
pool (bottom). (C) Transfer of the original library into Gateway prey vectors was successful as shown by a
DNA upshift following the transfer that can be attributed to exchange of the backbone from pDONR221 to
pUT18.

Next, the ORFs were transferred into the BACTH-compatible vectors created for this
purpose (Figure II.2B), generating 42 recombination reactions (21 pools cloned into
both the T18 and the T18C destination vector). It is important that the number of
clones collected after the transfer is high enough to provide the required depth for
coverage of all the ORFs in a given pool. We collected on average 6-7×103 bacterial
colonies per pool corresponding to at least 30 colonies per ORF. This should provide
enough coverage for every ORF to occur in the final library (i.e. library in the
destination BACTH vectors) at least once.
Thanks to the size difference between the original pDONR221 vector and our BACTH
T18 vectors (2.5 kbp vs 3.0 kbp) we could visualise a successful library transfer and
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extraction on an agarose gel (Figure II.3C). The first lane contains the T18 destination
vector before transfer (4.7 kbp). The three next pairs of lanes represent transfer
reaction in three library pools (4, 6 and 18) where the left lane contains the pool DNA
before transfer (‘entry’ clone) and the right one after the transfer (‘expression’ clone;
pDNA isolated after transformation of the recombination reaction into E. coli). Due to
the presence of CcdB cassette as well as a different antibiotic resistance gene, the ‘byproduct’ DNA is lost during outgrowth of the E. coli cells after transfer. In all three
cases, we can observe an upshift of the DNA after transfer corresponding to a backbone
switch from pDONR221 to the pUT18_Dest.
II.2.2.1 Initial test library screen
After showing that the bacterial two-hybrid system is capable of positively identifying
several of the known protein-protein interactions in the Pup-proteasome system and
the successful adaptation of the Mtb ORF library to this system, we proceeded to
performing an initial library screen with several of the PPS components as bait
proteins. Since handling the library consisting of 21 independent DNA pools would be
impractical to carry out in a manual way, we decided to combine some of those pools
further, resulting in eight final pools (A-D for pUT18_Dest and E-H for pUT18C_Dest;
for details concerning specific combinations see Table II.1).
Table II.1: Final ORF library pools generated after gene transfer into BACTH-compatible vectors
Final pool
A
B
C

T18 backbone
pUT18_Dest

Original library pools
4, 5, 20, 21

No. of ORFs
576

1, 2, 3, 6, 7, 8

1152

9, 10, 11, 12, 13, 14

1152

D

15, 16, 17, 18, 19

953

E

4, 5, 20, 21

576

F

1, 2, 3, 6, 7, 8

1152

9, 10, 11, 12, 13, 14

1152

15, 16, 17, 18, 19

953

G
H

pUT18C_Dest

For the initial test, however, we used only the ORFs transferred to the pUT18_Dest
vector, i.e. those having the T18 domain fused to their C-terminus. The DNA was cotransformed with either of the six bait PPS genes (PupQ, Dop, PafA, Mpa, Bpa and
PrcAB) in pKT25 and pKNT25 vectors. Additionally, all four pools were cotransformed with an empty pKT25 vector to test for false-positive hits arising from a
non-specific interaction between the T25 domain and certain mycobacterial library
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proteins. All the co-transformants were then plated on the selective reporter M63
medium and incubated at 30°C.
Similarly as in the one-to-one interaction tests described in the previous sections, a
positive interaction gives rise to cell growth on the M63 medium due to the presence
of maltose as a sole carbon source. Moreover, the positive clones are coloured blue due
to the presence of X-Gal in the medium that can only be hydrolysed once the lactose
operon is activated. After picking and sequencing all the blue clones from the initial
screen, we found that the majority of hits (~80%) occurred in the screen performed
with Mpa when the T25 subdomain was placed on Mpa’s N-terminus (summarized in
Figure II.4A). Out of 181 sequenced clones, 174 we could assign to 38 unique proteins
(the sequencing quality was not good enough to enable the identification of the
remaining clones). Importantly, one of those proteins was Mpa itself (with a total of
32 clones) suggesting that the screening procedure correctly picked up the tight
interaction between subunits in the Mpa hexamer. Amongst the potential identified
interactors of Mpa, only a third occurred more than once. This could suggest either
that the single hits represent false positives or that the depth of the screen should still
be increased. The screen performed with the T25 subdomain alone revealed three
proteins (each with a single hit) that gave rise to a positive signal. These proteins can,

Figure II.4: Overview of the initial library screen results. (A) All the positively identified clones and their
distribution among different baits used in the initial screen. The majority of clones outgrew in the Mpa screen
(orange, 181 clones). There were three hits identified when the T25 domain alone was used as a bait – those are
considered as false-positives. (B) The overlap of the unique protein hits obtained with all the baits in the initial
screen with the hits obtained in an independent screen performed with baits from the Mtb Clp system (ClpS
and ClpC2). 24 proteins were found in both screens, indicating that they are potential false positive
identifications.
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therefore, be considered as false positive hits in future screens unless an additional
line of evidence emerges that would prove otherwise. The screens performed with the
other baits (proteasome, Pup, Bpa) only produced a few hits each some of which could
not even be assigned (due to low sequencing quality), suggesting that the depth of the
screen should indeed be increased to exclude this as a reason for the low number of
potential interactors.

Table II.2: Protein hits from the initial PPS screen overlapping with the hits obtained in the Clp system
screen. Baits used to identify a given hit in a PPS or Clp screen are indicated in the second and third column,
respectively. A fraction of total hits from all clones obtained by clones of every unique hit in a given screen is
shown in the last two columns.
Protein

Baits PPS

Baits Clp
ClpC2

Fraction of all
PPS clones
0.44%

Fraction of all
Clp clones
0.37%

MT0600

PrcAB

MT0987

Mpa, PrcAB

ClpC2

0.88%

0.37%

MT3135

PrcAB

ClpC2, ClpS

0.44%

55.35%

MT3780

Bpa

ClpC2

0.88%

1.11%

Rv0491

Mpa

ClpC2

0.44%

0.37%

Rv0494

Mpa

ClpC2, ClpS

0.44%

0.74%

Rv1102c

Mpa

ClpC2

0.44%

0.37%

Rv1546

PupQ

ClpC2

0.44%

0.37%

Rv1590

Mpa

ClpC2

0.44%

0.37%

Rv1721c

Bpa

ClpC2

0.44%

0.74%

Rv1805c

Mpa

ClpC2

0.44%

0.37%

Rv1847

Bpa

ClpC2

0.88%

1.48%

Rv1952

Mpa

ClpC2

0.44%

0.74%

Rv2007c

Mpa

ClpC2

0.44%

0.37%

Rv2012

Mpa, PupQ, Bpa

ClpC2, ClpS

6.19%

19.19%

Rv2234

Bpa

ClpC2, ClpS

0.44%

0.74%

Rv2359

Mpa, Bpa

ClpC2, ClpS

1.77%

0.74%

Rv2548a

Mpa, Bpa

ClpC2

5.75%

1.48%

Rv2925c

Mpa

ClpC2

0.44%

1.85%

Rv3028c

Bpa

ClpC2

0.44%

0.37%

Rv3586

Mpa

ClpC2

36.73%

0.74%

Rv3602c

Mpa

ClpC2, ClpS

0.44%

1.11%

Rv3914

PrcAB

ClpC2

0.44%

0.37%

Rv3916c

Mpa

ClpC2, ClpS

0.88%

6.64%
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Another mycobacterial degradation pathway studied in the laboratory is the Clp
protease system, where one of the aims also is to identify new interaction partners.
Together with my colleague Julia Leodolter, I guided a Master student (Anne
Kerschenmeyer) in the application of the BACTH approach to screen the Mtb library
I had generated with components of the mycobacterial Clp system (ClpS and ClpC2)
as baits. The application of the library screen to two different systems that presumably
act independently of one another allowed us to assess the overlap between the hits
from the two screens and to mark the hits occurring in both screens as potential false
positives (Figure II.4B). Out of the 123 potential unique interactors identified for the
two Clp system components together, 24 were also identified as positive hits in the
screens
with the PPS components (listed in Table II.2). The fact that the two degradation
pathway components show a significant amount of non-overlapping hits (95 specific to
the PPS and 99 specific to the Clp system) is encouraging since it indicates we are
identifying different interaction profiles for the different pathways. We suspect that
the majority of the 24 overlapping hits represents false positives that tend to
aggregate with the adenylate cyclase, giving rise to false signals on M63 plates.
II.2.2.2 Screening optimisation
The initial screen performed with components of the Pup-proteasome system of
mycobacteria as well as its comparison to an independent screen of the Clp system
showed that the method has a tendency to identify a relatively high number of false
positives. This is a generally recognized feature of the two-hybrid screening approach
(Huang et al., 2007). Nevertheless, before repeating our initial screen on a larger scale
and also including the other half of the library (cloned in pUT18C backbone), we
decided to explore parameters that might improve both the coverage and minimize the
false positive rate. The three parameters we test were temperature during colony
outgrowth, the carbon source in the M63 agar (maltose vs lactose) and removal of the
washing step following electroporation. While the first two parameters could
potentially influence the number of positively identified proteins, the last one was
intended to simplify the screening procedure. For this test, we co-transformed the T25Mpa vector with either DNA belonging to pool A or a T18 vector carrying one of the
genes identified earlier in the Mpa screen (Rv2548a).
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Figure II.5: ORF library screening optimization. (A) The absolute number of clones depends on the
selection temperature, with 30°C being more stringent than 20°C. (B) Lactose as a sole carbon source shows
increased clone count as compared to maltose. (C) Additional washing steps (for glucose removal) reduce
the number of outgrown clones, possibly reducing the false-positive rate.

Outgrowth temperature
Lowering the outgrowth temperature from 30°C to 20°C led to an increase in the
number of positive clones, around twofold in the case of pool A co-transformants and
by ~80% for the Mpa-Rv2548a pair (Figure II.5A). A non-uniform increase in the
number of clones in pool A compared to the Rv2548a test candidate might suggest that
lowering the temperature primarily gives rise to an outgrowth of a higher number of
unique clones. Those hits could be, however, mostly false positives, since the lower
temperature is more permissive for transient contacts of proteins that are not meant
to interact functionally (Deeds et al., 2007). Similarly, we could see that increasing the
temperature to 37°C (data not shown; test performed with Bpa as a bait) led to a
significant reduction of positive clones, making it impossible to identify any
interactors. Based on those observations we concluded that performing the screen at
30°C, as we originally did, represents a good balance between the temperature being
too permissive for many non-specific interactions to occur and too restrictive for the
relevant interactions to be missed.

Carbon source
Another factor carrying a potential for improvement of both, the total clone number
and, possibly, the number of false positive hits, is the choice of sugar used as a sole
carbon source in M63 agar plates. Since one of the protocols published by the authors
of the original BACTH system (Battesti & Bouveret, 2012) suggests using maltose or
lactose as a carbon source, we compared the number of clones obtained on either of
those sugars using pool A and Rv2548a co-transformants with Mpa (similarly as
described in the previous paragraph). We could obtain around 30% more clones on
plates with lactose compared to maltose for pool A screen and 80% more clones
identifying the Rv2548a-Mpa interaction (Figure II.5B). As it is difficult to conceive
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how a choice of sugar should translate into a specific number of false-positives and,
more importantly, we observed greater improvement in one-to-one interaction (MpaRv2548a) with lactose compared to one-to-many (Mpa-pool A), in the final large-scale
screen we will use lactose as the sole carbon source in the M63 agar plates.

Glucose removal
One step in the screening procedure is washing the transformed cells with minimal
medium without carbon source in order to remove the glucose originally present in the
SOC recovery medium prior to plating on the M63 agar. According to the original
protocol, the purpose of this step is to prevent an outgrowth of false-positive clones
due to the remaining glucose that would be the preferred carbon source over
lactose/maltose present in the M63 agar. Since in a case of large screens encompassing
many independent baits and DNA pools (like in our case), the number of steps in the
entire procedure grows exponentially and greatly complicates the handling, we were
interested whether a simple dilution of the cells into M63 medium directly after
recovery in the SOC medium would be enough to prevent an outgrowth of those falsepositive clones. For this purpose, we repeated the two co-transformations described
above (pool A/Rv2548a vs Mpa) and plated both on M63 agar with and without
including the aforementioned washing step. Despite the final glucose concentration
being relatively low (~0.3 mM) we could still observe a significant drop in the clone
number when the cells were washed three times as compared to a simple dilution
(Figure II.5C). In the case of pool A, the clone reduction reached nearly 35% and was
slightly lower for the Rv2548a-Mpa interaction (~25%). On the one hand, it would
suggest that glucose removal is indeed vital for the reduction of false positive counts
(based on the pool A-Mpa co-transformation), however in the case of Rv2548a-Mpa
transformation we were expecting no drop in clone count. Even though we hoped for a
possible procedure simplification, for future screens we decided to follow the original
protocol, including the additional wash step, to exclude potential risk of increasing an
outgrowth of false-positive clones stimulated by the presence of remaining glucose.
II.2.2.3 Library coverage
For any screen performed on a genomic scale, where one clone corresponds to a single
gene/protein, it is essential to ensure that a high enough number of clones are screened
in order to provide sufficient ‘depth’ to cover occurrence of every singularity present in
the library. Since the screening is performed on selective reporter media, it is
impossible to estimate coverage of a screen performed in this way using just the
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absolute number of clones present on the plates. Even though the number of plated
cells is known approximately, the transformation efficiency never reaches 100% and
needs to be determined on a rich medium (like LB) without selective pressure. One
can then compare the number of clones obtained on those plates to the number
expected if all genes gave rise to a positive signal. For practical reasons, we tested the
coverage only once for two out of eight pools and assumed that it would be uniform
across the entire screening procedure (in this test Mpa was used as a bait).
Table II.3: Results of the library coverage test. Mpa was used to screen two out of eight library pools, and
the total number of transformed cells (column three) was compared to the positive transformants (column
four). Calculated transformation efficiencies are shown in column five. The coverage in both pools was
calculated by dividing the number of positive transformants by the number of ORFs present in a given pool
and is shown in the last column.
Pool

No. of plated cells
(LB+Kan)

A

Total
no. of
genes
576

B

1152

not tested

C

1152

(1.5 ± 0.07)×106

D

953

not tested

(1.7 ± 0.1)×106

No. of
transformants
(LB+Amp+Kan)
(1.3 ± 0.1)×105

Transformation
efficiency

Coverage
(clones/ORF)

8%

228x

(1.5 ± 0.1)×105

10%

127x

The transformation efficiencies obtained in this experiment ranged between 8 to 10%
of all transformed cells (Table II.3). Assuming even slightly lower efficiency than the
one obtained in this experiment (i.e. 5%) and given the lowest number of cells plated
(1.5×106) we would achieve a coverage of around 65x for the pools B-D, and around
130× for pool A. Such a coverage is many times higher than the one obtained in
another study that applied BACTH system to screen for new PPIs using a genomic
fragment library of Pseudomonas aeruginosa (Houot et al., 2012). Therefore, we
conclude that our experimental setup provides enough depth for screening the library
with high confidence of visualizing all detectable interactions.
One additional factor that, however, needs to be accounted for, when calculating
library coverage in the aforementioned way, is the growth medium on which each of
the experiments is performed. The coverage calculation is performed for the rich LB
medium, while the screen is performed on the minimal M63 medium that poses a
harsher environment for the bacterial cell. The question arises then, whether the
depth calculation in context of using rich medium can still be applied to minimal,
screening medium. In order to test that, we used two positive interactions: Mpa-Mpa
hexamer formation as well as the Mpa-Rv2548a interaction that was used in the
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Figure II.6: Library coverage calculation is slightly influenced by an outgrowth medium. (A) Codon
usage frequencies in E. coli and M. tuberculosis. A small discrepancy between usage frequencies in those
two strains should not influence protein expression from the BACTH vectors much. (B) Two previously
identified positive interactions were used to compare clone counts on LB and M63 screening medium. The
number of clones recovered on the minimal M63 medium is slightly lower (0.6-0.7x) compared to recovery
on the rich LB medium. (C) Three different co-transformations were plated on M63 medium to compare
clone count and size dependence on the interaction strength. Mpa-Mpa hexamer formation leads to an
outgrowth of many big clones (middle plates), while the weaker Rv2548a-Mpa interaction results in the
formation of a smaller number of clones and a smaller size of the clones (bottom plates). When the DNA
pool containing both of those genes was tested against Mpa, a mixture of larger and smaller clones was
obtained.
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previous experiments. After co-transformation with the respective plasmid pairs, the
cells were plated on both, LB and the minimal M63 medium. Since both of those
interactions were shown to be positive, all the co-transformants present on LB
medium should also be visible on the minimal M63 screening plates. We observed a
slight reduction of clone number when plated on the M63 medium as compared to the
LB plates (approximately 0.6-0.7fold) (Figure II.6B). This difference was consistent
between the two pairs tested, further indicating that the reduction is most likely
caused by a harsher environment present in the M63 medium. This experiment also
demonstrates how the strength of a particular protein-protein interaction is reflected
in the size of the colony and the number of colonies on the M63 medium (Fig. 6B and
C). In the case of Mpa oligomerisation where the protein forms a stable ring, we see
many colonies that are very large while for the weaker Rv2548a-Mpa interaction we
can detect fewer colonies that furthermore are much smaller. Even though such
information is not helpful in identification of the protein that gave rise to the given
signal, it can, after positive identification, provide indirect information about the
interaction strength relative to other hits from the same screen.

II.2.3

Final library screen with all components of the PPS

Having gained initial insight into the performance of the screening procedure and
after several further optimisations described above, we proceeded to performing the
final screen with all the known Pup-proteasome system components. This final screen
was carried out using all eight pools (in pUT18_Dest and pUT18C_Dest vectors) and
with PupQ, PafA, Dop, Mpa, Bpa and PrcAB as baits (also in both, pKT25 and
pKNT25, except for PrcAB that was cloned only in the pKT25 vector). All the cotransformants were plated on M63 medium containing lactose as a sole carbon source
and incubated at 30°C. For every screen, we also included a plate that was incubated
at 20°C to account for the eventual case that no colonies would be present at 30°C, to
perhaps relax the screen stringency slightly for those interactions.
With a total of 1226 clones identified in all screens at 30°C and more than 1000 clones
identified at 20°C, we sequenced 1082 of the ones from the 30°C screen and 916 from
the 20°C screen (Figure II.7A). The distribution of identified proteins between the
baits was very uneven in the case of the higher temperature screen, where more than
60% of the hits occurred when Mpa was used as a bait (Fig. 7B). When the temperature
was lowered to 20°C, we identified many more potential PupQ and PrcAB interactors.
Importantly, however, in the Mpa screen at 20°C we observed more than 1000 blue
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Figure II.7: Overview of the final screen results. (A) Comparison of total clone counts obtained for all the
baits tested at two different temperatures. At 30°C, the majority of clones were found when Mpa was used
as a bait. Clone counts increased, however, when the screening temperature was lowered to 20°C. (B)
Distributions of unique protein hits among all the baits. Similarly to the initial screen (compare to Fig. 4), the
majority of unique proteins were found with the Mpa screen at 30°C. At 20°C, the distribution changed
slightly: many more proteins were identified for Pup and PrcAB. (C) Functional classification of unique hits
obtained with Mpa and Pup baits at 30°C. The functional classes, according to Tuberculist, are abbreviated
as follows: CWP – cell wall and cell processes, CH – conserved hypotheticals, IP – information pathways, ISP
– insertion sequences and phages, IMR – intermediary metabolism and respiration, LM – lipid metabolism,
PE/PPE – PE/PPE proteins, RP – regulatory proteins, VDA – virulence, detoxification, adaptation, CDC –
unknown proteins and proteins from Mtb CDC1551 strain.
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clones but we only analysed a fraction of those since the number of clones obtained at
30°C for this bait was already very high.
II.2.3.1 Mpa
Screening the library with Mpa as a bait resulted in an outgrowth of the largest
population of clones among all the PPS components tested. This is also in agreement
with the initial screen, where the Mpa bait pooled out most clones and unique hits at
the same time. At 30°C we identified 217 proteins that potentially interacted with
Mpa, while at 20°C there were 88 candidates (see Table VI.1). 36 of those proteins
could be identified at both screening temperatures. Expectedly, the hit with the
highest number of occurrences (166) was Mpa itself as it forms a very stable hexameric
ring that gives rise to a strong two-hybrid signal (as shown in section II.2.1). In the
Mpa dataset we could also identify the Pup-Mpa interaction, although with only a
single occurrence. The two most abundant (after Mpa itself) hits were Rv2548a and
Rv1847 (87 and 51 occurrences at 30°C, respectively). Rv2548a is a short (~100 aa)
protein conserved in many of the mycobacterial species, even though its function
remains unknown. Rv1847 is annotated as a putative esterase with a potential for
being a promising drug target (The UniProt, 2017). Right after those two prominent
hits follows Rv3586 with 38 occurrences at 30°C and 35 at 20°C. Due to the fact that
it was also identified previously in the ClpC1 screen (mentioned above) with a high
number of occurrences, we consider it a false positive. After those few hits with
relatively high occurrence frequencies, there follows a list of proteins that were
identified anywhere between one and thirteen times. Many of them were also found
in screens performed with other baits what could be an indication that at least some
of them are potential false-positives.
Considering the high number of unique hits identified in the Mpa screen, in order to
gain a broader understanding of the physiological roles of those proteins, we tried to
assign them to one of the nine functional classes (as annotated on Tuberculist, (Lew

et al., 2011)). The proteins from M. tuberculosis CDC1551 strain were assigned to a
separate class (functions of many, if not all, of them are unknown). We have observed
that 26% of all the hits were classified as ‘conserved hypotheticals’ meaning that they
are conserved across the genus Mycobacteria, but their function remains unknown.
The next class with the highest abundance was the CDC1551 class described above
(21% of hits classified here). After those two classes that have no connotation to
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function, no other class seemed to be ‘over-represented’ enough to indicate that it could
contain hits of direct relevance to our question.
II.2.3.2 Dop and PafA
The results obtained for either of the two enzymes directly acting on Pup (Dop and
PafA) did not reveal a clear candidate for a possible, physiologically relevant
interaction partner. Most of the occurrences in those two screens were also identified
in at least two other screens with PPS baits, which might indicate a risk of those not
being true PPIs (see Table VI.1). In the case of Dop, only one out of 17 proteins
identified at 30°C could also be found in the 20°C screen (two and three hits,
respectively). PafA, however, revealed slightly higher overlap, but single occurrences
of those at 30°C again speak against them being relevant.
II.2.3.3 Bpa and PrcAB
Similarly to Mpa, Bpa also revealed this protein’s ability to form oligomeric
assemblies: we found 12 occurrences of Bpa (Rv3780) when the same protein was used
as a bait (see Table VI.1). The other two top candidates were Rv1847 and Rv2012, the
first of which was already discussed above to be likely a false-positive and the second
one (Rv2012) was identified in the screen performed with T25 domain alone and is
therefore also a false-positive. Most of the other proteins that occurred one or two
times can also be found in some other unrelated screen, making it difficult to predict
which of those could be true interaction partners.
In the case of the 20S proteasome, we identified mostly single occurrences with three
proteins having occurred twice (one of them a confirmed false-positive). The top
candidate, Rv2624c (function unknown), obtained four hits with only one occurrence
in the Mpa screen, making it a potential interactor for further investigation.
II.2.3.4 PupQ
The screen performed with PupQ as a bait at 30°C revealed 57 unique protein hits,
with occurrences ranging from one to eight clones per hit (see Table VI.1). 17 of those
could also be found in the 20°C screen. Interestingly, all the other 120 proteins
identified at this temperature could not be found when the temperature was increased.
This observation raises the question of the physiological relevance of hits obtained at
20°C with this protein but also with other baits.
Similarly to Mpa hits, we attempted to classify the hits obtained at 30°C according to
the Tuberculist classification system. Again, more than 40% of hits were assigned as
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‘conserved hypotheticals’

or

‘CDC1551’ proteins.

One

other

class,

namely

‘intermediary metabolism and respiration’, was slightly over-represented as compared
to the rest of them. It is difficult, however, to conceive what kind of a role such
interactions could play in the physiology of a mycobacterial cell since most of those are
enzymes with their function being studied and understood.
Taken together, we were able to apply the bacterial adenylate cyclase two-hybrid
system to screening the library of mycobacterial ORFs using the components of the
Pup-proteasome system. The screening showed that the vast majority of clones
outgrown at 30°C belonged to potential Mpa binders, while hits obtained with any of
the other proteins were greatly under-represented. Even though some of those hits
could be excluded as false-positives, based on their appearance in screens performed
with different baits, another method will be required to validate some of the identified
binders. This appears to be the only way to eliminate some of the false-positives and
to narrow down the list of relevant PPIs for further investigation.

II.3

Experimental Procedures

Bacterial strains and growth conditions
Bacterial strains used in this study are listed in Table II.4. Bacteria were grown
aerobically in lysogeny broth (LB) or agar at 37°C unless otherwise stated.
Table II.4: Bacterial strains used in this study.
Bacterial strain
E. coli NEB5α
E. coli DB3.1
E. coli BTH101

Genotype
fhuA2 (argF-lacZ)U169 phoA glnV44 80 (lacZ)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17
F- gyrA462 endA1 glnV44 Δ(sr1-recA) mcrB mrr hsdS20(rB-,
mB-) ara14 galK2 lacY1 proA2 rpsL20 (StrR) xyl5 Δleu mtl1
F- cya-99 araD139 galE15 galK16 rpsL1 (StrR) hsdR2 mcrA1
mcrB1

Reference or source
New England Biolabs
Laboratory collection
Euromedex, (Karimova
et al., 1998)

Cloning
For the one-to-one BACTH interaction test of proteins from the Pup-proteasome
system, the genes of interest (GOIs) were cloned into one of the T25/T18 vectors
provided by Euromedex (pKT25, pKNT25, pUT18 and pUT18C) resulting in
generation of fusion genes T25-GOI (in pKT25), GOI-T25 (in pKNT25), T18-GOI (in
pUT18C) and GOI-T18 (in pUT18). All the genes were amplified by PCR from

M. tuberculosis H37Rv genomic DNA using Q5 DNA polymerase (New England
Biolabs; NEB) and cloned into the respective vectors by Gibson assembly (NEB;
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(Gibson et al., 2009)). A ‘GSGGSGS’ amino acid linker was introduced in all fusions
between the GOI and the T25/T18 adenylate cyclase subdomain.
For the later one-to-one tests with the Gateway constructs and, finally, the complete
library transfer, a set of two T18 Gateway-compatible vectors was generated. The
original T18 backbone was amplified by PCR from the template provided by
Euromedex. The CamR/CcdB cassette was amplified by PCR from the pcDNA-DEST40
vector (Thermo Fisher Scientific) using Q5 DNA polymerase (NEB) and cloned into
the PCR-amplified T18 backbones by Gibson assembly (NEB; (Gibson et al., 2009)).
The assembly reactions were transformed into E. coli DB3.1 cells to allow replication
of the ccdB-containing plasmids.
To test whether the Gateway recombination ‘scars’ could pose a problem for
interaction detection, the plasmid DNA corresponding to the clones of pup, pafA and

mpa present in the original ORF library (in pDONR221) was extracted. Subsequently,
the genes were transferred into one of the two T18 destination vectors in an LR
recombination reaction: 10 ng of the entry DNA (pDONR221 with the respective gene)
were mixed with 15 ng of the destination DNA (pUT18_Dest or pUT18C_Dest) and
the recombination was started by addition of 0.4 µl of the LR Clonase II (Thermo
Fisher Scientific) into a final reaction volume of 2 µl. The reactions were incubated for
1 h at room temperature, subsequently inactivated by addition of 0.25 µl proteinase K
(final 0.25 mg ml-1) and further incubated for 10 min at 37°C. The total reaction
volume was used to transform 50 µl chemocompetent NEB5α cells, followed by
recovery on LB agar with 100 µg ml-1 ampicillin. Single clones were then picked,
plasmid DNA was isolated and the identity of the GOIs was confirmed by sequencing.

One-to-one BACTH interaction tests
To test for an interaction between two proteins of interest (POI; also referred to as a
‘one-to-one test’) 25 ng of either of the two plasmids carrying the T18 and T25 fusions
were added to 50 µl of ice-chilled chemocompetent E. coli BTH101 cells and incubated
on ice for 30 min. Subsequently, the cells were heat-shocked at 42°C for 30 s and
transferred back to ice. 1 ml of SOC medium was added, and the cells were allowed to
recover for 1 h at 37°C. BACTH clone outgrowth for the one-to-one tests was done for
48 h at 30°C on LB agar supplemented with 100 µg ml ampicillin and 50 µg ml
kanamycin. Several clones per co-transformation were then used to inoculate 1 ml of
LB medium supplemented with 0.5 mM IPTG, 100 µg ml-1 ampicillin and 50 µg ml-1
kanamycin and grown overnight at 30°C. For visualization of BACTH one-to-one
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interactions on solid medium, MacConkey agar (Sigma-Aldrich) supplemented with
1% maltose, 0.1 mM IPTG, 100 µg ml-1 ampicillin and 50 µg ml-1 kanamycin was used.
24-well plates containing 1 ml of this medium were prepared and 30 µl of the overnight
precultures were transferred into the respective wells. The plates were then incubated
at 30°C for 24-48 h. Additionally, a few microliters of the overnight cultures were
spotted onto solid M63 medium that contained: 100 mM KH2PO4, 15 mM (NH4)2SO4,
1.8 µM FeSO4, 1 mM MgSO4, 0.5 µg ml-1 vitamin B1, 0.5 mM IPTG, 40 µg ml-1 X-Gal,
0.2% maltose, 30 µg ml-1 kanamycin, 50 µg ml-1 ampicillin and 1.5% agar (pH adjusted
to 7 with KOH) and also incubated at 30°C for the same amount of time as the
MacConkey plates.

ORF library replication and extraction
A few microliters of the original Mtb ORF library (provided by BEI Resources) were
used to inoculate 1 ml of LB medium in wells of 42 96-deep-well blocks and incubated
overnight with agitation at 37°C. Following the incubation, the content of two blocks
each was combined and the cells were pelleted for 15 min at 10’000g. Plasmid DNA
was extracted using the NucleoBond Xtra Midi prep kit (Macherey-Nagel),
resuspended in 200 µl TE buffer and stored at -20°C.
To verify the expected ORF size distribution, 250 ng plasmid DNA from each pool were
digested with 4 units of NdeI and HindIII enzymes (New England Biolabs) in buffer
2.1 for 30 min at 37°C. After inactivating the enzymes for 20 min at 80°C, digestion
products were analysed using 1% agarose gel electrophoresis and visualized in the
presence of ethidium bromide.

ORF library transfer into BACTH vectors
To transfer the open reading frames from the original library into our BACTH
Gateway-compatible T18 vectors we used the Gateway recombination system (Thermo
Fisher Scientific) based on phage λ site-specific recombination. For this purpose, 50
ng of each DNA pool was mixed with 75 ng of one of the two T18 destination vectors
(pUT18_Dest or pUT18C_Dest) and 1 µl of the LR Clonase II mix (Thermo Fisher
Scientific) and brought to a total volume of 5 µl using TE buffer. The reactions were
allowed to proceed to completion by incubation at 25°C for 16 h. Subsequently,
proteinase K was added to a final concentration of 0.25 mg ml-1 and the reactions were
incubated for an additional 10 min at 37°C. The total reaction volume was used to
transform chemocompetent E. coli NEB5α cells that, after recovery in SOC medium,
were spread on four Petri dishes containing LB agar supplemented with 100 µg ml -1
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carbenicillin and incubated overnight at 37°C. Clones were washed from the plates
with liquid LB medium, the cells were pelleted and plasmid DNA was extracted using
NucleoBond Xtra Midi prep kit (Macherey-Nagel) and resuspended in 200 µl TE buffer
and stored at -20°C.

BACTH screening of the ORF library
Preparation of electrocompetent cells carrying bait vectors
The electrocompetent E. coli BTH101 cells were prepared following the protocol
published by Sambrook et al. with minor modifications (Sambrook & Russell, 2001).
Chemocompetent BTH101 cells were first transformed with either of the bait-carrying
T25 vectors. After clone selection on LB medium containing 50 µg ml-1 kanamycin, a
single clone was used to start a pre-culture in 50 ml LB medium supplemented with
50 µg ml-1 kanamycin. This pre-culture was then diluted into 500 ml fresh LB
(containing the same concentration of antibiotic) and the cells were grown at 37°C
with agitation until OD600 reached 0.4. At that point the cells were transferred to an
ice-water bath for 30 min, followed by harvesting at 1000g for 15 min at 4°C.
Subsequently, the cells were washed with 400 ml ice-cold ddH2O, 250 ml ice-cold 10%
glycerol and finally 10 ml ice-cold 10% glycerol. The cell pellet was then resuspended
in 1.5 ml GYT medium (10% v/v glycerol, 0.125% w/v yeast extract, 0.25% w/v
tryptone), pelleted again and washed two more times with 1.5 ml GYT medium. After
resuspending the cells in 1.5 ml GYT medium, the optical density of the suspension
was measured at 600 nm (1:400 dilution was required) and the cells were diluted to a
final density of 2×1010 to 3×1010 cells/ml (1 OD600 = ~2.5×108 cells/ml) with ice-cold
GYT medium. The cell suspension was then aliquoted into 50 µl aliquots, flash-frozen
in liquid nitrogen and stored at -80°C until use.

Transformation of the E. coli BTH101 cells with library pools and clone selection
To screen the library with any of the bait-containing vectors, 100 ng of prey DNA
(belonging to either of the library pools in one of the two vectors: pUT18_Dest or
pUT18C_Dest) were mixed with 50 µl of the bait-carrying electrocompetent BTH101
cells and incubated for 5 min on ice. After applying an electric pulse (1.8 kV; 0.1 cm
cuvette; MicroPulser Electroporation Apparatus, Bio-Rad), the cells were immediately
recovered by addition of 950 µl SOC medium and incubated for 1.5 h at 30°C.
Subsequently, the cells were pelleted at room temperature for 2 min at 3500g and
washed three times (unless otherwise stated) with 600 µl liquid M63 medium without
antibiotics. The OD600 was measured, the cells were diluted to 1.3×107 cells/ml and
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150 µl were spread on M63 agar plates containing maltose (initial screen) or lactose
(final screen) as a sole carbon source. The plates were then incubated for several days
at 30°C (and additionally at 20°C during the final screen) until an appearance of (blue)
clones.

Identification of positive hits
To identify genes whose products gave rise to a positive two-hybrid signal on the M63
plates, a colony PCR approach followed by Sanger sequencing was used. Every blue
clone was transferred into a well of a 96-well plate containing 16 µl of the OneTaq
MasterMix (New England Biolabs) mixed with forward and reverse primers (0.5 µM
each; for specific sequences see Table II.5). The plate was placed in a PCR cycler and
the following program was used to amplify the ORFs:
94°C

5 min

94°C

30 s

52°C

15 s

68°C

X min

68°C

5 min

16°C

pause

x25

where X is the elongation time specific to the DNA pool from which the ORFs were
being amplified (see Table II.5). To control for successful amplification, 1 µl of 8
reactions (from each 96-well plate) was analysed on a 1% agarose gel.
Table II.5: List of primers used to amplify and sequence ORFs in respective library pools.

A

Elongation
time
4 min

130-3556 bp

FWD:

B

1 min 50 s

124-1531 bp

AGCTCACTCATTAGGCACCC

C

1 min 15 s

481-1003 bp

REV:

D

2 min 45 s

1003-2290 bp

CGCGAGCGATTTTCCACAAC

E

4 min

130-3556 bp

FWD:

Pool

Gene length

Colony PCR primers

Sequencing primer
AGCTCACTCATTAGGCACCC

F

1 min 50 s

124-1531 bp

AGCGGACGTTCGAAGTTCTC

G

1 min 15 s

481-1003 bp

REV:

H

2 min 45 s

1003-2290 bp

TGGCTTAACTATGCGGCATC

TGGCTTAACTATGCGGCATC

For subsequent sequencing, all samples were diluted threefold with water into a final
volume of 15 µl. The remaining PCR products were kept at -20°C. Sequencing was
performed at GATC Biotech using the primers listed in Table II.5. The identity of the
proteins was determined using BLASTX-based Python script.
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Library coverage estimation
The coverage estimation was performed using E. coli BTH101 cells containing the
pKT25-mpa bait vector that were transformed with plasmid DNA belonging to pools
A or C. The transformation and recovery were carried out in duplicate as described
above in the section concerning library screening. After recovery in SOC medium, the
cells were spread on LB agar supplemented with 100 µg ml-1 ampicillin and 50 µg ml-1
kanamycin (for counting the positive transformants) and only with 50 µg ml-1
kanamycin (for counting the total number of cells). After cell outgrowth at 30°C, the
clones were counted and the coverage was calculated by dividing the number of clones
on LB+Amp+Kan plates by the number of genes in a given pool.
For the one-to-one coverage control experiment, 50 µl E. coli BTH101:pKT25-mpa cells
were transformed with 0.17 ng pUT18-mpa or pUT18-Rv2548a (the DNA amount was
adjusted to reflect the expected amount of the respective plasmid in the library pool to
which the ORF belongs) in a way described above for the library screening. After
recovery and washing, the cells were plated on the screening M63 medium (containing
ampicillin and kanamycin) and on LB agar containing either ampicillin and
kanamycin or only kanamycin (as described in the previous paragraph) and incubated
at 30°C.
For the one-to-one coverage control experiment, 50 µl of E. coli BTH101:pKT25-mpa
cells were transformed with 0.17 ng of pUT18-mpa or pUT18-Rv2548a (the DNA
amount was adjusted to reflect the expected amount of a respective plasmid in the
library pool to which the ORF belongs) in a way described above for the library
screening. After recovery and washing, the cells were plated on the screening M63
medium (containing ampicillin and kanamycin) and on LB agar containing either
ampicillin and kanamycin or only kanamycin (as described in the previous paragraph)
and incubated at 30°C.

II.4

Discussion

With Mycobacterium tuberculosis (Mtb) holding the crown of the most prevalent
bacterial infectious agent worldwide and more “virtually untreatable” strains
emerging, a lot of attention is and will be required in studying the molecular basis of
this pathogen’s physiology in order to facilitate novel drug development (Mandavilli,
2007, Nazir et al., 2012). In many instances, prolonged antibiotic treatment can be
devastating to the human body mainly due to those drugs not being completely neutral
to human cells. Mtb features the Pup-proteasome system (PPS) that was shown to be
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indispensable for these bacteria during pathogenesis (Darwin et al., 2003, Darwin,
2009). The basis of this system is the prokaryotic ubiquitin-like protein (Pup) that
serves as a post-translational protein modification marking proteins for degradation
by the Mpa-proteasome complex (Burns et al., 2009, Striebel et al., 2010). Even though
the processes of tagging, tag removal and substrate degradation are presently well
understood, there exist several open questions. For instance, the Pup ligase PafA was
shown to pupylate a vast range of proteins in M. tuberculosis, M. smegmatis,

Corynebacterium glutamicum and Streptomyces coelicolor (Festa et al., 2010,
Watrous et al., 2010, Compton et al., 2015, Kuberl et al., 2014). Additionally, the
tagging system seemed fully functional once transferred into E. coli (Cerda-Maira et

al., 2011). It seems striking, however, that very little substrate specificity can be
attributed to the PafA ligase, which is able to pupylate that many different proteins.
It is possible that this specificity could be imposed by additional factors present in the
mycobacterial cell that could modulate which proteins should be modified at any given
time, similarly to the eukaryotic Ubiquitin-proteasome system (UPS) (Pickart &
Eddins, 2004). Another puzzling observation is that the interaction of the proteasomal
ATPase Mpa with the full-length 20S proteasome (CP) in vitro is very weak – Pupbased protein degradation by the Mpa-CP complex in vitro requires removal of the socalled ‘gate’ (seven N-terminal residues of the proteasomal α-subunit) from the
proteasome (Lin et al., 2006, Wang et al., 2009). A recent crystal structure of Mpa
revealed that its C-terminal proteasome-binding HbYX motif is slightly buried and
would perhaps require an action of additional cofactors that would facilitate a better
binding between the two complexes (Wu et al., 2017). The answer to these and some
other, yet unexplained, observations could lie in the presence of other unidentified
protein-protein interactions (PPIs) in the PPS. Here, we attempted to screen for those
potential interactors using the bacterial adenylate cyclase two-hybrid system
(BACTH) and an Mtb open reading frame library.
Before performing the full-scale screen, we attempted to show that this two-hybrid
system is able to catch the already known protein interactions in the PPS. For this
purpose, we cloned and tested different combinations of Pup, Dop, PafA and Mpa with
T18 and T25 adenylate cyclase subdomains. Except of Mpa hexamer formation, which
we could detect in several combinations of the T25 and T18 fusion proteins, we could
visualize the interaction between Mpa and Pup as well as Pup-Dop and, even though
much weaker, Pup-PafA (Figure II.1). Quite unexpectedly, we also obtained a positive
signal for Pup-Pup interaction as well as Dop-Dop and PafA-PafA (although weaker).
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None of those three proteins has been reported to exist at a higher assembly state in

vitro, however one study reported that PafA acts on its substrates as a dimer (or even
a higher-order assembly) (Ofer et al., 2013). The weak signal obtained in our twohybrid analysis could lend support to this theory, but at the same time its strength
could be an indication of very little physiological relevance of this interaction.
Recently, our group identified a novel interactor of the 20S proteasome, the bacterial
proteasome activator Bpa (Delley et al., 2014) and used amongst other methods the
BACTH system to demonstrate an association between Bpa and the 20S proteasome.
Specifically, we could show that the interaction depended on Bpa’s penultimate
tyrosine residue, a well-recognized proteasomal interaction mode (Rabl et al., 2008).
This example additionally demonstrates the versatility of the BACTH system not only
in testing various PPIs but also mapping specific interaction interfaces.
A general challenge in any two-hybrid screening approach is the occurrence of falsepositives that have to be balanced against the danger of performing a too shallow
screen, thereby missing true interactors. Furthermore, an even representation of all
ORFs across the genome in the library is important to avoid bias for detected certain
ORFs over others. In producing the four library pools we paid particular attention to
this by growing the E. coli cells containing the original plasmid DNA to saturation,
since the amount of cells at saturation should be similar, if not the same, between all
the wells. Consequently, after pooling there should be no over- or under-represented
genes in any of the pools. Additionally, following the recombination, we determined
that the number of clones per ORF obtained after the transfer was at least 30. Under
the assumption that all the genes were transferred successfully between the two
vectors and that there is little to no influence of the plasmid size (in the range of
interest) on the transformation efficiency, this amount should be sufficient to
guarantee an even distribution of genes in every pool. Another aspect of the incidence
of false positives has to do with the properties of the bait proteins themselves. For
example, proteins featuring domains notorious for making non-specific protein/protein
interactions will produce a higher percentage of false positives. Also, bait proteins
exhibiting solubility problems can produce false positives by forming unspecific
aggregates. The same is true, of course, of individual members of the library. The
initial screening test performed with Pup, Mpa, Dop, PafA and Bpa showed that the
protein with most potential for discovery of new binders is Mpa, with more than 75%
of the clones identified for this particular bait protein. This result on the one hand
might have a biological basis, since Mpa must interact with a large number of client
48

Identification of new PPIs in the Pup-proteasome system of M. tuberculosis
substrates and furthermore might also interact with adaptor proteins at its Nterminal region, a property shared amongst many AAA proteins. On the other hand,
the coiled-coil domains present at the N-terminal ring surface of Mpa could present a
site of non-specific interaction, since coiled-coils are notoriously promiscuous. Since
we conducted BACTH screening experiments also for another, unrelated protease
system, we hoped that overlapping candidates could point out some of the library
proteins that tend to appear as false positives. We identified 20 such proteins, three
of which were confirmed as false-positives due to their appearance in the screen
performed with the T25 domain alone. These proteins will either be excluded from the
list of candidates or at least considered with a high level of caution in future screens.

M. tuberculosis belongs to the group of GC-rich organisms, meaning that the codon
usage in the genes of this bacterium will also be different compared to E. coli. This
could pose a problem for expression of at least some of the genes present in our library
since their sequences are not optimised for expression in an E. coli host (Novoa &
Ribas de Pouplana, 2012). The most problematic case would be the one where the
codons rarely used in E. coli are of high frequencies in mycobacteria since it could
cause slow translation of those genes and lowered protein production during the
screening. We have compared the empirical codon usage in genes of E. coli K-12 and

M. tuberculosis H37Rv (Figure II.6A). There were only five codons (GCC, GAC, GTC,
CGG and CCC) with frequencies in Mtb being more than twice as high as those in E.

coli, but only one of those belongs to the ten least used codons in E. coli (CCC).
Considering that gene expression in the BACTH system is driven from the wild-type

lac promoter (a relatively weak promoter; (Terpe, 2006)), we believe that codon usage
should not be a hindrance during expression of mycobacterial ORFs in E. coli during
BACTH screening. Nevertheless, with the exception of Mpa, our PPS bait proteins
produced a rather low number of hits. To ensure this really reflects a property of the
tested bait proteins rather than a failure to detect interactions, we optimized the
screening conditions. In our hands the use of lactose as a carbon source improved the
number of detected hits as did lowering the outgrowth temperature from 30 °C to 20
°C. Although we believe in particular the latter should be attempted with caution, as
it might produce false positives, it can be a valuable variation of the screen when faced
with low detection.
The final screen, performed with all components of the Pup-proteasome system
against the full ORF library cloned in pUT18_Dest and pUT18C_Dest vectors (Figure
II.2), managed to catch many more clones compared to the initial one. Again, however,
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it was predominantly Mpa that got most of the hits, and only when the temperature
was lowered to 20°C could we obtain some additional hits for the remaining proteins.
Mpa features on its N-terminus three long coiled-coils that are known to bind
pupylated substrates for their subsequent unfolding and degradation by the 20S
proteasome (Striebel et al., 2010). Even though we could identify several unique
binders that occurred multiple times in the clone pool, one possibility is that many of
those hits are not true interaction partners of this protein complex. The reason for this
observation may be that those coils reach far out of the protein surface and, being
rather flexible, may contribute to many more contacts with proteins that are not true
binders. Nevertheless, among our top hits obtained with Mpa we found five proteins
(Rv2548a, Rv1444c, Rv1682, Rv2927c and Rv2145c) that have coiled-coils annotated
in the UniProt database (The UniProt, 2017). As a function of most of these proteins
is currently unknown, it remains to be elucidated whether their interaction with Mpa
is physiologically relevant. A recent study also suggested that one way of predicting
protein-protein interactions with the involvement of coiled-coils is to look at the coevolution of the binding interfaces that is a positive predictor of such relevant
interaction (Mier et al., 2017). The large number of proteins identified using Mpa as
bait enabled us to perform a functional classification of proteins using the
classification system of Tuberculist (Figure II.7C, pie chart on the right) (Lew et al.,
2011). Such a classification proved very useful in a previously mentioned Clp-screen,
where it enabled identification of a new substrate class for the ClpC chaperone that
was later confirmed in vitro (Julia Leodolter; unpublished results). Unfortunately, 105
of the 217 proteins turned out to belong to either ‘conserved hypotheticals’ or the
‘CDC1551’ class, meaning that no indication of their function is presently known. The
next two classes that scored most hits were ‘virulence, detoxification and adaptation’
and ‘regulatory proteins’ with 20 proteins in each of them. Whether those could
contain a yet unknown degradation substrate of the Mpa-proteasome complex (by
analogy to what was described for Clp system) remains to be seen.
Screening with either Dop or PafA did not reveal many proteins that could be
interesting enough for further investigation. Most of the hits also occurred in other
screens, suggesting a higher potential for those being false-positive identifications. In
the light of some recent discoveries in the PPS of mycobacteria it could indicate that
there are, indeed, no other factors required for Dop and PafA for their function and
substrate recognition. It has been suggested that the PPS is a self-sustained system
that becomes important under nitrogen starvation conditions and functions as an
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amino acid recycling mechanism (Elharar et al., 2014). The study showed that the
levels of PafA, Dop and Mpa are regulated by cycles of pupylation and degradation. In
such a closed system no other modulating factors would be required and if its sole
purpose is amino acid recycling not much substrate specificity would be needed either.
The other baits, in the same way as PafA and Dop, only had moderate numbers of
potential binding partners identified. Bpa screen contained a ‘positive control’
interaction – just as Mpa – it could ‘identify itself’ in the process of ring formation. The
other hits, however, mostly had an overlap with other screens (many with Mpa). As
far as Pup is concerned, the small number of proteins identified could also be classified
using the Tuberculist system mentioned above. Most of those belonged to the
categories describing unknown proteins. Nonetheless, ‘intermediary metabolism and
respiration’ category was slightly over-represented, although in the case of Pup it is
not easy to explain what the function of such a binding partner should be. Moreover,
the hits obtained for Pup at 20°C showed very little overlap with those at 30°C –
another indication that screens performed at this temperature are difficult to interpret
since they may include too many false-positives.
In summary, the data collected during our interaction screening carried out on the
components of the Pup-proteasome system revealed several interesting aspects. We
have realised that Mpa might serve as a quite large interaction platform with its
coiled-coils contacting many other proteins. Whether those binding events are
physiologically relevant or are just effects of a rather large exposed interface remains
to be further investigated. Conversely, it appears that Dop and PafA comprise ‘unitson-their-own’ without a clear need for an additional interaction partner, as indicated
by earlier studies (Cerda-Maira et al., 2011, Elharar et al., 2014). Nevertheless, it
cannot be excluded that some existing interactions just could not be detected due to
steric hindrances introduced e.g. by fusion of the adenylate cyclase subdomains. What
additionally speaks in favour of this argument, is the fact that we could not obtain a
strong signal for some of our known interactions in the one-to-one tests. The E. coli
cell presents a good environment for testing potential interactions from another
bacterium for truly binary interactions (an important assumption of a two-hybrid
approach). If there was, however, a third element mediating an interaction of the other
two, it could be impossible to detect such a complex binding in the non-native
environment. Therefore, we cannot exclude formation of such higher-order complexes
in the Pup-proteasome system.
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The large number of identified protein hits in the Mpa screen, but also some obtained
with other baits, will require some form of cross-validation in order to ‘fish-out’ the
most relevant binders to be characterised in vitro. We have already initiated the
development of a highly-sensitive luciferase-based pull-down approach that would
allow to probe the aforementioned interactions in a manner that is sensitive enough
to detect the weaker binders and robust enough that it can be performed in a
(semi-)high-throughput manner (by analogy to how it was done in a mammalian
system: (Pinto & Baiker, 2012)). In this assay, the bait carries a poly-histidine tag and
is co-expressed in an E. coli cell with the prey protein fused to a small Gaussia
luciferase (Degeling et al., 2013). Following protein expression and cell lysis, the baitprey protein complex is purified using immobilized metal ion affinity chromatography
(IMAC) and luciferase activity is measured. Initial tests have shown the applicability
of this assay to our needs and, after a few optimizations, we plan to use it to crossvalidate the results of our BACTH PPS screen.
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III.1

Summary

Cdc48 is a AAA+ ATPase essential for many cellular processes in eukaryotic cells,
including processing of ubiquitinated substrates by the 20S proteasome. Previous
studies have identified a homologue of this highly conserved enzyme in Archaea where
it also directly interacted with the proteasomal particle. In our study we analyse the
occurrence of a Cdc48 homologue in Actinobacteria and its biochemical properties that
would allow it to interact with the bacterial proteasome. Our data demonstrate that
the actinobacterial enzyme assembles into hexameric rings, the formation of which is
strongly dependent on pH and ionic strength. The assembly correlates well with the
ATPase activity what further suggests that hexamers comprise a physiologically
relevant assembly state. Furthermore, we show that the rings can physically interact
with the 20S core particle and that in vivo the enzyme supports cell survival during
nutrient limitation. We also compare proteomes of wild-type and knockout

M. smegmatis and uncover possible substrates of this ATPase, ribosomal proteins
being the most prominent candidates. These findings additionally suggest that the
Cdc48 protein family may be more conserved among all kingdoms of life than
previously appreciated and that the proteasome may be the common denominator for
its common functional role.
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III.2

Introduction

Energy-dependent chaperones and chaperone-protease complexes comprise important
cellular components guarding protein homeostasis in all kingdoms of life. Chaperones
in the context of protein degradation form complexes with compartmentalizing
protease cylinders and act by unfolding their protein substrates, translocating them
into the proteolytic compartment for degradation. Mycobacteria and many other
actinobacteria possess several independent chaperone-protease complexes: the
canonical bacterial Clp protease system and membrane-bound FtsH protease as well
as a eukaryotic-like proteasome system (Imkamp et al., 2015). The existence of
proteasomes in bacteria is an unusual feature restricted to actinobacteria, a diverse
phylum with different members showing various examples of eukaryotic-like
complexes or activities (Cavalier-Smith, 2002). Like in eukaryotes, the bacterial 20S
proteasome core particle must associate with an activator to form the fully active
proteolytic complex. The first activator described was ARC (ATPase forming ringshaped complexes), also called Mpa (mycobacterial proteasomal ATPase) in
mycobacteria, a divergent AAA+ family protein that catalyzes the ATP-dependent
unfolding and translocation into the proteasome chamber of proteins posttranslationally modified with prokaryotic ubiquitin-like protein Pup (Striebel et al.,
2014, Pearce et al., 2008, Burns et al., 2009). More recently a second proteasomal
activator was discovered, the bacterial proteasome activator Bpa (also referred to as
PafE) (Delley et al., 2014, Jastrab et al., 2015). Bpa acts in an ATP-independent
manner and is thought to aid in proteasomal degradation of proteins damaged under
stress conditions, since it supports degradation of the unstructured model substrate
casein and is involved in degradation of the conformationally unstable transcriptional
heat shock protein repressor HspR in vivo (Jastrab et al., 2017, Jastrab et al., 2015).
The two non-homologous activators Mpa/ARC and Bpa both form ring-shaped
complexes with a central pore and share as one additional important feature with
eukaryotic proteasome interactors a C-terminal proteasome interaction motif
featuring a penultimate tyrosine (Delley et al., 2014, Imkamp et al., 2015). In
eukaryotes, this motif is called HbYX motif, since the tyrosine is preceded by a
hydrophobic residue. Mpa/ARC and Bpa on the other hand both carry the sequence
‘GQYL’, where Q can be mutated freely without changing association behavior of the
activator with the proteasome (Jastrab et al., 2015).
In eukaryotes, 20S proteasomes are found in the cytoplasm as well as in the nucleus,
where they degrade proteins upon association with the 19S regulatory particle. The
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regulatory particle contains six ATPase subunits that form the hexameric basal ring
stacking onto the 20S cylinder. However, the proteasome is also responsible for
degradation of ER-resident proteins via the so-called ER-associated degradation
(ERAD) pathway that requires retrotranslocation of substrate proteins out of the ER
into the cytoplasm. In this context, the 20S proteasome additionally cooperates with
another AAA+ protein, Cdc48 (also known as p97 or VCP) (Baek et al., 2013,
DeLaBarre et al., 2006, Wolf & Stolz, 2012). Cdc48 has also been implicated in a
multitude of other cellular processes like membrane fusion, autophagy and gene
expression (Baek et al., 2013, Yamanaka et al., 2012). The different Cdc48 functions
are largely mediated by various adaptor proteins (>40) binding to the N-terminal
domain or C-terminal region of Cdc48 and aiding in recognition of different substrates
(Baek et al., 2013, Buchberger et al., 2015). Although the exact role played by Cdc48
during ERAD is not fully understood, it is involved in pulling proteins from the
membrane or from ribosomes during co-translational degradation, and recent
evidence suggests even a direct association with the 20S particle (Barthelme & Sauer,
2013). Such a direct role as 20S proteasome activator has been shown for the Cdc48
homolog from archaea in vitro (Barthelme et al., 2014). Archaeal Cdc48 forms a
complex with the 20S proteasome that is capable of degrading ssrA-tagged model
substrates, likely due to the disordered, extended nature of the ssrA-tag at their Cterminus (Barthelme & Sauer, 2013). Eukaryotic Cdc48 on the other hand is not able
to recognize ssrA-tagged substrates in vitro, which was proposed to be due to the
absence of two hydrophobic residues in the entry pore loop. These residues must be
involved in recognition of the ssrA tag, since their introduction into the eukaryotic p97
enabled it to unfold ssrA-tagged model substrates (Barthelme & Sauer, 2013,
Rothballer et al., 2007). Although the ssrA-tag is not a bona fide degradation signal,
the D1 pore-1 loops and the nature of the residues within these loops appear to play a
general role in substrate recruitment. A recent study demonstrated that mutating
residues in these entry loops in vivo deregulated cellular protein turnover (Esaki et

al., 2017). In the mammalian homolog the same residues are required for proper
function of the ERAD pathway (DeLaBarre et al., 2006).
In this study we characterize the Cdc48-like protein of actinobacteria (Cpa) by a
combination of bioinformatical analysis, genetic modification and biochemical
characterization to explore ring formation of Cpa, to probe its ability to interact with
the 20S proteasome as well as to map proteomic changes resulting from its deletion in

Mycobacterium smegmatis (Msm). We show that Cpa forms hexameric rings, their
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assembly strongly dependent on pH and ionic strength. Once formed, the rings are
capable of interacting with the proteasomal core particle, identifying Cpa as a novel
proteasomal interactor in actinobacteria. Moreover, we report the comparative
proteomic profile of an Msm parent and cdc48-deficient strain, providing a basis for
assessing the function of this AAA+ ATPase in mycobacteria.

III.3

Results

Phylogeny of Cdc48-like protein from Actinobacteria (Cpa)
Actinobacteria encode a number of AAA+ proteins that were shown to be involved in
protein degradation pathways, amongst them the chaperone complexes of the Clp
protease system, ClpX and ClpC, as well as the energy-dependent proteasome
activator Mpa in mycobacteria (Laederach et al., 2014). As Cdc48 in eukaryotes and
archaea is amongst other functions also tied to protein degradation, we set out to
investigate if its homolog might have an analogous function in actinobacteria. The

Mycobacterium tuberculosis (Mtb) Cpa protein Rv0435c is annotated in the UniProt
database as Cdc48 based on sequence homology to the eukaryotic Cdc48 (p97 or VCP)
(The UniProt, 2017). In order to gain a better understanding of the position of the
actinobacterial homolog within the family of Cdc48-like proteins we performed a
multiple sequence alignment of 1167 sequences including members of five previously
identified eukaryotic Cdc48 families (PEX1/6, NSF, Spaf, Spaf-like, p97) as well as
archaeal and actinobacterial Cdc48-like proteins using the ClustalO algorithm. The
alignment was then used for the construction of a phylogenetic tree using the
approximately-maximum-likelihood method of the FastTree software (Price et al.,
2010). As expected, all the sequences cluster into subgroups according to their
previously assigned classification (Figure III.1A). Interestingly, mycobacterial
Rv0435c, as well as its actinobacterial orthologs, form an independent cluster in the
Cdc48-family tree. In contrast, sporadically occurring Cdc48 homologs of bacterial
species outside of the phylum Actinobacteria do not cluster with their actinobacterial
counterparts, but rather with archaeal Cdc48 family members (grey tree branches in
Figure III.1A and lime-green group in Figure III.8B). This, in combination with their
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Figure III.1: Bioinformatic analysis of actinobacterial Cpa. (A) Phylogenetic relationships between
different members of the Cdc48 protein family, including the position of the novel actinobacterial homolog.
The other bacterial sequences are marked as grey branches grouping together with archaeal homologs. (B)
The occurrence of the cpa gene locus in selected proteasome-harbouring actinobacterial genomes. (C)
Canonical organization of Cdc48-like protein sequence as a AAA+ ATPase. The protein features N-domain at
its N-terminus (grey) and two consecutive AAA modules (D1 and D2, blue). Each of the modules can be
further subdivided into a P-loop NTPase domain and an α-helical subdomain. Conserved motifs are
abbreviated as: A – Walker A motif, B – Walker B motif, SN – sensor asparagine, R – arginine finger. Organism
names are abbreviated as follows: Mtub – Mycobacterium tuberculosis, Rery – Rhodococcus erythropolis, Sery
– Saccharopolyspora erythraea, Stro – Salinispora tropica, Mcar – Micromonospora carbonacea, Scoe –
Streptomyces coelicolor, Tfus – Thermobifida fusca, Mlut – Micrococcus luteus, Bado – Bifidobacterium
adolescentis, Krhi – Kocuria rhizophila.
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infrequent occurrence in bacterial genomes would indicate that bacteria acquired the

cdc48 gene by means of horizontal gene transfer from Archaea while the
actinobacterial homolog Cpa is a descendant from a common Cdc48 ancestor.
To assess the possibility of Rv0435c acting in the context of the proteasome, we
analysed the occurrence of the cpa gene with respect to the proteasomal subunit genes

prcA and prcB across the actinobacterial phylum (Figure III.1B). Interestingly, none
of the actinobacteria lacking proteasomal subunit genes encode a Cdc48 ortholog, in
other words, where Cpa is present in actinobacteria, it co-occurs with the 20S
proteasome. This observation supports the possibility that Cpa could be another
proteasomal activator, as it was shown for the eukaryotic and archaeal homologs
(Barthelme & Sauer, 2013).
Sequence alignment of 76 representative actinobacterial orthologs shows that Cpa
features the canonical domain structure of tandem AAA-module proteins. A small Nterminal domain (referred to as N-domain), usually responsible for binding adaptors
and/or substrates, is followed by two consecutive canonical AAA modules (D1 and D2,
respectively). The AAA modules each contain Walker A and B motifs required for ATP
binding and hydrolysis, however only the D2 module carries the so-called sensor
asparagine (assisting the Walker B motif in coordinating water molecules) and
arginine finger (stimulating the ATPase activity) (Figure III.1C and Figure III.8D)
(Unciuleac et al., 2016)). The alignment around the Walker A and B motifs shows
strict conservation of the motifs in the D2 module, while the D1 module exhibits some
degeneration of the motifs (sequence logos in Figure III.1C). To assess the sequence
conservation more quantitatively and in context of the aforementioned Cdc48-like
families, we employed the method described by Wang and Kennedy (Wang & Kennedy,
2014) using principal components analysis to estimate the variance between the
sequences being analysed (Sup. Fig. 1 A-C). This analysis confirms that
actinobacterial Cdc48-like proteins form a separate, tight cluster rather than
clustering together with any specific other group (Figure III.8B). Analysis of the
second component loadings, which showcase the separation between the different
families, revealed that the N-domains are the main distinguishing feature between
the members of different families, while the ATPase modules are highly conserved
across the families (Figure III.8D).

58

Cpa is a novel proteasome interactor in mycobacteria

Cpa forms hexameric rings upon nucleotide binding
Proteasomal activator complexes usually feature a ring-shaped architecture and
associate with the 20S cylinder faces by a ring-stacking interaction aligning the
activator ring pore with the 20S entry pore to form a conduit for substrate
translocation. A crystal structure was recently determined for the Mycobacterium

smegmatis (Msm) Cpa (Msm0858) in its monomeric form and the study concludes that
Msm0858 does not form the canonical hexameric ring structures but rather acts as a
monomer in solution (Unciuleac et al., 2016). As interaction with the 20S cylinder
would require a ring-shaped complex, we hypothesized that actinobacterial Cdc48
homologs also assemble into hexamers like their eukaryotic and archaeal homologs.
To perform size-exclusion experiments to test this hypothesis, we used recombinantly
produced Cpa from Rhodococcus erythropolis due to its higher solubility compared to
mycobacterial Cpa. In the absence of nucleotide, RerCpa eluted in one main peak at an
elution volume equivalent to a monomer/dimer assembly state (Figure III.2A, black
profile).
Incubation of

RerCpa

with the ATP-hydrolysis transition state analogue ADP-AlFx

prior to size exclusion resulted in a shift of the monomer/dimer elution peak to a
position equivalent to just above 500 kDa (as indicated by the molecular weight
standards). An additional, smaller fraction elutes even earlier, at a position equivalent
to more than 700 kDa. It is not unusual for ring-shaped AAA complexes to run at a
higher molecular weight than determined from the calibration curve obtained from
the molecular weight standards. In order to overcome the limitation of column
calibration and obtain an accurate assessment of complex size, we therefore performed
size exclusion chromatography with multi-angle light scattering (SEC-MALS). The
light scattering signal revealed the mass of the assembled species in the main peak to
correspond to 430±39 kDa. At a monomeric molecular weight of 75 kDa this is in good
agreement with a hexameric assembly (Figure III.2B). The minor fraction in Figure
III.2A eluting at an earlier position runs at a molecular weight equivalent to a
dodecameric assembly (943 kDa) and is likely the result of the high protein
concentration used for the analysis. To assess the shape of the assembled complex, we
recorded negatively stained electron micrographs. To enable observation of the
complex in the presence of ATP rather than ADP-AlFx, we used the double Walker B
mutant of the rhodococcal enzyme (D312N, E566Q) that is capable of nucleotide
binding but not its hydrolysis. The evenly distributed particles display as spherical
shapes, most of which appear to be top views (Figure III.2C and Figure III.11). The
59

Cpa is a novel proteasome interactor in mycobacteria

Figure III.2: Cpa forms hexamers in the presence of nucleotide. (A) Gel filtration profiles of 30 µM rhodococcal
Cpa in the absence of nucleotide (black line) and in the presence of 2 mM ADP-AlFx (red line). The peak at ~16
ml corresponds to a monomer while the peak at ~13.5 ml corresponds to a hexameric assembly. (B) SEC-MALS
profile of rhodococcal Cpa in the presence of 2 mM ADP-AlFx. The red line represents refractive index, the black
line corresponds to the light scattering signal and dark-blue triangles represent the fitting of the molar mass. (C)
A representative negative-staining electron micrograph of double Walker B mutant of Cpa depicts ring-shaped
particles in the presence of ATP. Upper right panel shows a 2D class average of Cpa particles with a hexameric
ring structure. Scale bar represents 150 Å.
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2D classification of the imaged particles revealed that most of the classes represent
hexameric assemblies (Figure III.11). Some of the particles, however, look slightly
distorted, suggesting either high flexibility (presumably of the N-domains) or ring
instability leading to its opening in some of the 2D classes. Nevertheless, all of those
particles have a diameter of roughly 150 Å and their appearance and dimensions agree
well with hexameric ring assemblies observed previously for archaeal or eukaryotic
Cdc48.
To test whether the mycobacterial Cpa can also form hexameric rings, we repeated
the size-exclusion experiment described in the previous paragraph using

MsmCpa

incubated in the presence of ADP-AlFx (Figure III.10A). Additionally, we tested the
ATPase activity of this enzyme at two different temperatures (28°C and 37°C) (Figure
III.10B). The gel filtration experiment revealed the same behaviour of the
mycobacterial Cpa as compared to the rhodococcal one. The activity of

MsmCpa

was

strongly influenced by temperature – we observed a five-fold increase of activity when
the temperature was shifted from 28°C to 37°C (change from 7.9 ± 2.9 to 42.5 ± 3.2
min-1 hexamer-1). Since, as explained above, the rhodococcal enzyme showed an overall
better behaviour in vitro, the subsequent experiments were performed using this
homologue.

ATPase activity of Cpa exhibits a strong dependence on pH and ionic strength
As demonstrated by the size-exclusion analysis, Cpa, like many of the AAA+ proteins
that feature tandem AAA-modules, assembles into the hexamer only upon nucleotide
binding. ATPase activity for these complexes is usually dependent on the formation of
the assembled, hexameric ring (Kress et al., 2007). We therefore explored the
dependence of ATPase activity on buffer conditions by varying pH and salt
concentration, both known factors to affect assembly of AAA proteins. For example,
ClpB/Hsp104 requires low salt concentrations for assembly of the ring in vitro
(Wendler et al., 2012). The rhodococcal Cpa exhibited a strong dependence of its
ATPase activity on both, pH and KCl concentration, where increasing pH and
decreasing salt concentration led to an increase in the measured enzyme activity by
up to seven-fold (Figure III.3A). We hypothesized that this strong dependence of the
ATPase activity on salt was the result of enhanced ring formation under those
conditions rather than a direct effect on the ATPase activity. To test this, we recorded
assembly time courses at different salt concentrations (0-400 mM KCl) while keeping
the pH constant at 7.8. Assembly was triggered by addition of Cpa into the assembly
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Figure III.3: Cpa complex assembly and ATPase activity are strongly influenced by pH and ionic
strength. (A) ATPase activity is enhanced with increasing pH and lowering KCl concentration. The activity was
measured at 28°C using 3 µM RerCpa and normalized to the one obtained at pH 7.4 and 150 mM KCl. (B)
Increasing ionic strength slows down Cpa complex formation. Assembly reactions were prepared using 9 µM
RerCpa in a buffer containing increasing KCl concentrations (0-400 mM), incubated at 18°C and injected onto
a SEC column at indicated time points.

buffer at the given salt concentration and containing ADP-AlFx as nucleotide to avoid
complications from ATP turnover. Aliquots were taken from the assembly reaction and
applied to size exclusion analysis to determine the elution peak area of assembled Cpa.
Interestingly, increasing the salt concentration from 0 to 400 mM led to a tremendous
deceleration of ring formation (Figure III.3B). When no salt was present in the sample
the oligomerization was complete within few minutes, while at the highest KCl
concentration only 40% of Cpa was assembled into rings after 5 hours of incubation.
This result indicates that during the time frame in which the ATPase assay is
performed the assembly is still slowly ongoing with its velocity dependent on the
initial KCl concentration. Therefore, the measured activity reports mainly on the
protein assembly state and indicates that ring formation is indeed strongly dependent
on ionic strength.

Cpa interacts with the 20S proteasome
Having established that Cpa is capable of hexameric ring formation, we were
interested in testing whether the protein could interact with the 20S proteasome.
To test for interaction between Cpa and the proteasome core particle, we employed the
bacterial adenylate cyclase two-hybrid assay previously used for identifying the
interaction between the actinobacterial proteasome and another activator, Bpa (Delley

et al., 2014, Battesti & Bouveret, 2012). The assay is based on reconstitution of
adenylate cyclase activity from the individually inactive T25 and T18 adenylate
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cyclase subdomains, which are tethered to the two potential interaction partners. In
this case, Cpa from Mtb (Rv0435c) was fused to the T25 subdomain, while the T18
subdomain was fused to the α subunit of the 20S proteasome. Plasmids encoding the
two respective fusion constructs were co-transformed into an E. coli strain deficient in
adenylate cyclase activity. In case the two subdomain-carrying proteins,
Mtb20S

MtbCpa

and

proteasome, physically interact, the active adenylate cyclase complex can be

reconstituted from the two subdomains, leading to the production of cyclic AMP
(cAMP) that in turn activates the lac operon. To test for cAMP production, we therefore
performed a β-galactosidase assay on the cells permeabilized with SDS/chloroform. In

Figure III.4: Rhodococcal Cpa interacts with the 20S proteasomal core particle. (A) Bacterial adenylate
cyclase two-hybrid analysis of the interaction between mycobacterial proteasome and mycobacterial Cpa. Cpa
gene was fused N-terminally to the T25 subdomain of the adenylate cyclase while the proteasome was fused to
its T18 subdomain. Interaction of the two complexes in E. coli ΔcyaA gives rise to increased β-galactosidase
activity. Removal of the D2 pore-2 loop of Cpa nearly completely abolishes the interaction. (B) Rhodococcal Cpa
competes with Arc for proteasomal binding site and inhibits degradation of a pupylated substrate.
Concentrations in the gel-based assay: 4 µM MtbPanB-Pup (protomer), 12 µM RerCpa (protomer), 0.2 µM Mpa
(hexamer), 0.1 µM Mtb∆7PrcAB complex. Concentrations in the GFP-based assay: 0.5 µM RerPup-GFP,
0.6/1.5/3.0 µM RerCpa (protomer), 50 nM RerArc (hexamer), 25 nM Rer∆7PrcAB complex.
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addition to the wild-type Rv0435c we also tested a variant where the D2 pore-2 loop
was removed. This loop was previously shown to be involved in contributing to the
archaeal Cdc48–proteasome interaction (Barthelme & Sauer, 2013). Since Cpa
orthologs do not carry the classical HbYX proteasome interaction motif at their
C-terminus, this loop might be the main contributor to the interaction with the
actinobacterial proteasome. Figure III.4A shows the results of the β-galactosidase
assay, including negative (T25 against T18-CP) and positive (leucine zipper) controls.
The activity of around 300 pmol 4-methylumbelliferone produced per min per OD unit
indicates that the full-length mycobacterial Cpa is capable of directly interacting with
the proteasomal core particle in the context of a bacterial cell. Additionally, we observe
that removal of the D2 pore-2 loop leads to a significant decrease in the interaction
strength between Cpa and the 20S core particle, indicating that a bona fide complex
employing known Cdc48/proteasome interaction elements was formed.
To probe for the interaction in vitro, we tested the ability of
MtbMpa

RerCpa

to compete with

for complex formation with the proteasome. In this assay, degradation of a

pupylated substrate by the
an excess of

RerCpa

MtbMpa-20S

complex is observed in absence or presence of

over Mpa. Competitive inhibition of the degradation reaction

indicates complex formation between Cpa and the proteasome. In the absence of
RerCpa,

pupylated ketopantoate hydroxymethyltransferase (MtbPanB-Pup), a well-

characterized degradation substrate of the

MtbMpa-20S

complex, is completely

degraded within 20 min under the assay conditions, while in the presence of RerCpa no
significant degradation takes place within the same time frame (Figure III.4B, left).
Using as a spectroscopically tractable model substrate a linear fusion of Pup to GFP
(Pup-GFP), we also conducted the competition experiment with an all rhodococcal
system (Figure III.4B, right). Like in the heterologous setup,
degradation of Pup-GFP by the

RerARC-20S

RerCpa

could inhibit

complex in a concentration-dependent

manner, indicating an interaction between Cpa and the 20S proteasome.

Disruption of cpa in Mycobacterium smegmatis causes a growth defect under carbon
starvation
In order to gain insight into the potential cellular function of mycobacterial Cpa, we
generated an Msm cpa knockout strain by means of homologous recombination
(Msmcpa) and confirmed the absence of the protein using antibodies raised against
MsmCpa

produced recombinantly in E. coli. (Figure III.9). The knockout strain

exhibited no growth defect compared to parent strain under standard culture
conditions (Middlebrook 7H9 medium with glycerol and Tween 80 at 37°C) (Figure
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Figure III.5: M. smegmatis Δcpa shows regular growth behaviour under standard culture conditions but
displays a slight growth defect during carbon starvation. (A) Msm parent and knockout cells were cultured
in Middlebrook 7H9 medium at 37°C and cell density was measured at 600 nm at indicated time points. Both
strains showed identical growth behaviour indicating that Cpa is dispensable during standard cell culture
conditions. (B) cpa-knockout cells show impaired growth in the medium devoid of glycerol as a main carbon
source. Both strains were cultured in a minimal medium in absence of glycerol at 37°C. Both growth curves are
representative of three or more independent experiments with triplicates and mean ± SD is plotted.

III.5A). However, transfer of the parent and knockout strain cultures grown in
minimal medium supplemented with glycerol (adapted from (Elharar et al., 2014)) to
a medium devoid of glycerol as the main carbon source reveals a growth defect in the
knockout strain (Figure III.5B). The wild-type Msm cells undergo two to three
divisions during the first 72 hours after transfer, while the Msm∆cpa cells stop
dividing already after 24 hours. Once cell division has ceased, both strains can persist
for at least two weeks and can be recovered when plated on 7H10 solid medium (data
not shown). This result might point to a role of Cpa in adaptation of the bacteria to
nutrient starvation stress.

Cpa is encoded in an operon together with two other genes
Since bacterial operonic arrangement can give indications about the functional context
in which a gene is required, we analysed the genomic cpa locus across actinobacteria.
As is evident from the phylogenetic tree shown in Figure III.1A, the actinobacterial

cdc48 homolog cluster consists of three distinct branches based on their sequence
alignment. Careful investigation of the genomic context in the three branches shows
that in branches 1 and 2 (Figure III.1A and B) cpa is encoded in a putative operon
together with two other genes: psd (phosphatidylserine decarboxylase proenzyme) and

pssA (phosphatidylserine synthase), two consecutively acting enzymes responsible for
the synthesis of phosphatidylethanolamine from CDP-diacylglycerol and serine. In the
genomes of those two branches, the proteasomal genes are usually located within a
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Figure III.6: cpa gene is co-transcribed together with neighbouring psd and pssA genes. (A) cpa gene
locus organization in Msm and design of probes used to test for gene co-transcription. (B) Visualization of all
six probes amplified from cDNA produced from total RNA using a cpa-specific primer (middle of the gel). A set
of reactions without reverse transcriptase was included to test for the presence of contaminating genomic DNA
(NTC – no template control; left part of the gel) as well as standard PCR with genomic DNA as a template to
visualize the expected length of all probes (right part of the gel).

relatively fixed distance from the cpa locus. In the actinobacteria belonging to the third
branch, the psd/pssA genes exist, but are not located in the same operon as or in the
gene neighbourhood of the cpa gene. To probe if psd, pssA and cpa are co-transcribed,
we designed six pairs of primers spanning different regions of the polycistronic RNA
expected in case of co-transcription (Figure III.6A). We then used total RNA extracted
from wild-type Msm to generate a single cDNA using a primer specific to the end of
the cpa gene. In case the genes are transcribed from a single promoter placed
upstream of the psd gene, we should generate all amplification products from the six
primer pairs (labelled A-F in Figure III.6A). Consistent with a single mRNA generated
from the three genes, all six amplification products were present: two probes spanning
joints between psd/pssA and pssA/cpa (probes A and B), a cpa-specific probe (probe C)
as well as three longer probes, spanning two or three genes at the same time (probes
D, E and F). Evidently, the psd, pssA and cpa genes are expressed together from a
polycistronic operon.
Considering that phosphatidylethanolamine has been implicated in membrane
curvature determination as well as cell division in some organisms (Mileykovskaya et

al., 1998) and that the genes responsible for its synthesis are co-expressed with cpa
gene, we were interested to see whether removal of Cpa from the cell would influence
the shape of starved cells. To test this, we grew the cells until the end of the
exponential phase (using a medium with and without glycerol, as described above) and
we analyzed cell morphology using light microscopy (Figure III.12). Since
mycobacterial cells typically tend to form bigger cell aggregates during standard
culture we only inspected those visually – no differences were discernible. Under
carbon starvation the cells did not form as many clumps and they were generally
shorter compared to the ones grown in the presence of glycerol. To test whether the
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cells differ in length between the two strains we estimated the average cell length
using light microscopy images. The knockout cells were shorter by approximately 13%
compared to the wild-type cells. The difference, albeit statistically significant, seems
too small to conclude that Cpa is involved in the regulation of cell division, but it might
potentially influence cell shape in a different way.

Quantitative comparison of proteomic profiles of M. smegmatis wild-type with cpadisrupted strains
In order to assess the effects of Cpa activity on the Msm proteome, we carried out
differential proteomic analysis of the wild-type and ∆cpa Msm strains. To this end
both strains were grown under standard culture conditions as well as under carbon
starvation to the early stationary phase, when the cells were harvested and the soluble
proteomes (enriched with membrane proteins; see Methods section) of both strains
determined using label-free quantification mass spectrometry (LFQ-MS). The relative
protein changes together with their statistical significance are depicted in ‘volcano’
plots in Figure III.7A. We observed 45 proteins during normal growth and 251 proteins
during carbon starvation that were at least 1.5 times more abundant in the wild-type
Msm strain compared to Msm∆cpa and 49 proteins likewise accumulating in the
knockout cells during normal growth and 254 proteins during starvation (only hits
with a p-value of 0.05 and below were taken into account; see Table III.2 – Table III.5).
Consequently, while during standard growth the differences are rather mild, exposing
the cells to starvation stress led to significantly higher accumulation or depletion of
many more proteins in the cpa knockout strain. Solely this observation would
strengthen the notion of Cpa playing a role during adaptation to the new conditions
where nutrients are limited. In order to gain a general understanding of the process
in which Cpa may be involved directly, we classified all the significantly changed
proteins into functional classes using the COG classification system (Figure III.7B).
We observed that in both cases (cells starved and non-starved) the class with most of
the changed proteins was ‘transcription’. Due to the low number of changes during
standard growth, many COG classes under this condition were represented by only
one or two proteins. This changed, however, when the cells were starved for carbon.
We found that many changes occurred in classes like ‘transcription’ (most represented,
similarly to standard growth), ‘energy production and conversion’, ‘amino acid
transport and metabolism’ and ‘lipid transport and metabolism’. From the perspective
of Cpa acting in a protein degradation pathway, those proteins accumulating in the
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Figure III.7: Label-free quantification mass spectrometry comparison of M. smegmatis WT vs Δcpa
proteomes. (A) Results of protein abundance comparison using LFQ-MS. To filter the statistically-significant
proteins, a p-value threshold was set to 0.05 (horizontal dashed line) and a fold-change threshold to 1.5 (vertical
dashed lines). 49 proteins accumulating (right side of the plot) and 45 proteins depleted (left side of the plot)
in the knockout cells were identified during standard growth (left volcano plot). Similarly, 254 proteins
accumulated and 251 proteins were depleted in the knockout cells during carbon starvation (right volcano plot).
(B) The 126 identified proteins were classified into functional classes using COG classification system. Class
abbreviations are as follows: C – energy production and conversion, D – cell cycle control and cell division, E –
amino acid metabolism and transport, F – nucleotide metabolism and transport, G – carbohydrate metabolism
and transport, H – coenzyme metabolism, I – lipid metabolism, J – translation/ribosomal structure and
biogenesis, K – transcription, L – replication/recombination/repair, M – cell wall/membrane/envelope
biogenesis, O – post-translational modification/protein turnover/chaperone functions, P – inorganic ion
transport and metabolism, Q – secondary metabolites biosynthesis and catabolism, T – signal transduction, V –
defence mechanisms. Proteins without an assigned class or assigned to class S (function unknown) were not
included in the plot.
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knockout strain could under the most simplistic interpretation be degradation
substrate candidates. However, the fact that an equal number of proteins accumulated
as were depleted in the knockout strain suggests that this view is indeed too simplistic.
For example, degradation of a transcription factor that is present in the cell only with
low abundance, could lead to significant proteomic changes. Indeed, as mentioned
above, the most represented class in both our datasets is ‘transcription’ what could
explain those changes observed in both directions.

III.4

Discussion

Despite the vast amount of structural and functional details having been elucidated
for eukaryotic members of the Cdc48 family (p97 and NSF in particular),
comparatively little is known about their prokaryotic homologs (Kienle et al., 2016,
Bodnar & Rapoport, 2017a). Only recently has it been established that archaeal
equivalents of eukaryotic p97 are capable of directly interacting with the 20S
proteasomal core and of supporting protein degradation in vitro (Barthelme & Sauer,
2012).
The only previous study of an actinobacterial Cdc48-like ATPase is for the ortholog
from Msm, and it reports that the protein exists as a monomer in solution as well as
in the crystal structure (Unciuleac et al., 2016). Even though the authors suggest that
the protein would need to undergo an oligomerization step in order to gain ATPase
activity (due to ATP hydrolysis usually occurring at the interface between adjacent
protomers) no evidence for assembly was presented.
In our study we investigate different aspects of Cdc48-like protein from actinobacteria
(Cpa) using both rhodococcal or mycobacterial Cpa. In particular, the stability of the
rhodococcal ATPase across a range of buffer conditions allowed us to study its
oligomerization behaviour by time-resolved size exclusion analysis and size exclusion
coupled to light scattering. Our results clearly demonstrate that Cpa forms hexameric
rings in the presence of nucleotide and that ATPase activity correlates with this
assembly state. The most complete assembly into hexamers was observed in the
presence of ADP-AlFx, an analogue of ATP that mimics the transition state of ATP
hydrolysis, suggesting particular stabilization of the ring during ATP turnover. At
least in vitro, the assembly into hexamers occurred most readily in low salt conditions.
Another tandem AAA+ protein, the chaperone ClpB, can even assemble in the absence
of nucleotide in vitro if the ionic strength is kept low enough (Schirmer et al., 2001,
Schlee et al., 2001). It is possible that like its eukaryotic counterparts, Cpa in vivo
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associates with a range of adaptor proteins that could stabilize the ring. Such adaptordependent assembly behaviour was for example shown for ClpC from Bacillus subtilis
(Kirstein et al., 2006, Schlothauer et al., 2003).
The assembly of Cpa into a hexameric, ATPase-active ring complex, which is clearly
demonstrated by our in vitro analysis, opens up the possibility that the Cpa ring can
stack to the 20S proteasome -rings, thereby forming a complex with centrally aligned
ring pores. Importantly, the occurrence pattern of the cpa gene in actinobacterial
genomes lends support to this argument, as cpa is found only in those members of
actinobacteria carrying the two proteasomal subunit genes (Figure III.1B). Genomic
co-occurrence can indicate a functional connection between the co-occurring gene
products, as is for example the case for components involved in the two known
proteasomal degradation pathways in mycobacteria (Barandun et al., 2012, Delley et

al., 2014). Furthermore, using a bacterial two-hybrid assay we could demonstrate a
physical association between MtbCpa and the Mtb proteasome. This interaction occurs
at the -ring face of the proteasome, since

RerCpa

competes with Mpa for binding to

the proteasome in vitro, thereby inhibiting degradation of pupylated substrates.
However, the molecular elements of this interaction differ from those employed by the
other two actinobacterial proteasomal interactors, Arc and Bpa, that both carry the
canonical penultimate tyrosine motif. It has been shown for the archaeal and
eukaryotic Cdc48 homologs, that an additional proteasome-interaction element exists
that considerably contributes to the binding affinity (Barthelme & Sauer, 2013). When
we deleted this molecular feature in MtbCpa, namely a loop in the second AAA module
referred to as the D2-loop 2, the β-galactosidase activity observed in the two-hybrid
assay dropped significantly (Figure III.4A). It is unclear, why the actinobacterial
Cdc48 homolog does not carry both interaction motifs like its archaeal/eukaryotic
cousin. One possible reason might be that formation of a Cpa-proteasome should be
transient in nature. Alternatively, the different molecular arrangement around the
actinobacterial -ring might not be optimal for interaction with the Cpa C-terminus
and therefore not contribute much to the interaction, so that the penultimate tyrosine
was eventually lost. In fact, it would not be the only known case in the family of
proteasomal regulators lacking the penultimate aromatic residue: the eukaryotic 11S
(PA28) activator also does not carry the HbYX motif: instead, the C-terminal residue
of each subunit provides proteasome binding energy and the so-called ‘activation loops’
trigger gate opening allowing for substrate entry (Stadtmueller & Hill, 2011, Whitby

et al., 2000).
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Our in vivo analysis of a cpa-disrupted Msm strain suggests that Cpa plays a role
during the adaptation to conditions where nutrients (carbon in particular) become
limiting. In an attempt to better understand which aspects of cellular function Cpa
might influence, we compared the proteomes of the parent Msm strain with the cpaknockout strain grown in presence and absence of glycerol. Under both conditions, we
identified proteins accumulating in the knockout strain as well as those with
decreasing levels, indicating that the observed changes include not only potential
degradation substrates but also proteins affected either through secondary effects like
for example degradation of a regulatory protein or through Cpa functions independent
of the proteasome. The proteins affected by the cpa-gene disruption fall into multiple
functional categories, the ones with the highest representation being transcription,
energy production/conversion, amino acid metabolism/transport and lipid metabolism.
Given the hampered growth during starvation and increased protein level changes
under this condition, these results suggest that Cpa could be involved in the
adaptation of the cell to the lack of nutrients (carbon in particular). We were interested
whether among the proteins that accumulated during starvation some could be
somehow functionally related. For this reason, we performed a pathway enrichment
analysis using STRING and DAVID tools (Szklarczyk et al., 2017, Huang da et al.,
2009) which showed an unusually high number of structural components of the
ribosome (Figure III.13 and Figure III.14) that accumulated in the cpa-knockout cells.
In fact, class J, encompassing proteins connected to translation and ribosome, was one
of the very few classes that contained mostly proteins that were accumulating in the
knockout cells while just a few that were accumulating in the wild-type (Figure
III.7B). This could indicate that removal of Cpa from the cell could more directly
influence the level of ribosomal proteins compared to the other detected changes. In
other bacteria it has been observed that nutrient stress (carbon starvation among
others) led to ribosome disassembly and rRNA degradation (Zundel et al., 2009).
Additionally, another recent study reported that an excess of ribosomal proteins is
removed from yeast cells by ubiquitin-proteasome system (Sung et al., 2016). It is
tempting to hypothesize that actinobacterial Cpa is involved in a similar process,
however more effort will be required to investigate whether the role played by Cpa in
disassembly and/or removal of ribosomal proteins under nutrient limitation is a direct
one or the observed protein changes are a result of other secondary effects.
At the same time, it is difficult to speculate about the substrate clientele based on the
homology of Cpa to the eukaryotic Cdc48. For example, eukaryotic Cdc48 is implicated
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in processing of ubiquitinated proteins (Richly et al., 2005, Rumpf & Jentsch, 2006), a
post-translational modification that does not occur in actinobacteria. Actinobacteria
possess, however, a functionally analogous covalent modifier, a small protein named
Pup (prokaryotic ubiquitin-like protein) that is attached to lysine side chains in target
proteins rendering them substrates for degradation by the Mpa-proteasome complex
(Striebel et al., 2010, Striebel et al., 2014). One well-characterized pupylation
substrate, ketopantoate hydroxymethyltransferase (PanB), the enzyme involved in
the biosynthesis of pantothenate, in fact accumulates in the cpa-knockout strain.
However, in vitro degradation tests with recombinantly produced and in vitro
pupylated PanB showed no degradation in the presence of Cpa and the proteasome
(data not shown). Similarly, although the archaeal Cdc48-CP assembly is capable of
degrading an ssrA-tagged model substrate in vitro, archaea do not harbour the
tmRNA, a crucial element of trans-translation encoding the ssrA-tag (Karzai et al.,
2000, Hayes & Keiler, 2010). Actinobacteria feature a tmRNA and carry out transtranslation. However, no Cpa-mediated degradation of ssrA-tagged model substrates
could be detected in vitro (data not shown). As the Clp protease system is responsible
for ssrA-tagged substrate degradation in mycobacteria and related bacteria, this
finding was not unexpected (Laederach et al., 2014, Raju et al., 2012). The coexpression of Cpa from a polycistronic mRNA together with Psd and PssA, two
consecutively

acting

enzymes

responsible

for

the

synthesis

of

phosphatidylethanolamine, might give an indication about the functional context.
Several studies indicate a functional link between phosphatidylethanolamine and
cytokinesis, both in eukaryotes and bacteria (Mileykovskaya et al., 1998, Luo et al.,
2009). This would suggest that Cpa might play a role in the context of cell division.
Removal of cpa from the cells did not, however, show a big effect on cell division as
gauged by their cell size and morphology. Further investigations are clearly needed in
order to gain a deeper understanding of the physiological role of Cpa in the biology of
actinobacteria, including the search for adaptor proteins and analysis of their
substrate recruitment clientele.

III.5

Experimental Procedures

Alignment, phylogenetic tree construction and analysis of gene co-occurrence
All sequences were taken from the NCBI database (see Supplementary Table 1 for a
full list of accession numbers) and aligned using the ClustalO multiple sequence
alignment algorithm (Sievers et al., 2011). The resulting alignment was then used to
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construct a phylogenetic tree using FastTree 2.1.1 (Price et al., 2010) with default
parameters. For visualization FigTree 1.4.3. was used.
Gene co-occurrence was investigated using the STRING tool (Szklarczyk et al., 2017)
and verified by searching selected actinobacterial genomes for the presence of bpa,

pup-prcAB, arc, psd and pssA genes using BLAST (Altschul et al., 1990). Walker A/B
sequence logos were generated from 76 Cpa (Cdc48-like protein of actinobacteria)
sequences using WebLogo 2.8.2 (Crooks et al., 2004).

Principal components analysis (PCA) of protein sequences
The multiple sequence alignment (described above) was used as an input for the
principal components analysis as described by (Wang & Kennedy, 2014). Briefly, all
the amino acid positions were ranked according to their occurrence at a given position
and amino acids with the same occurrence were ranked according to their alphabetical
order. The original residues were replaced with calculated ranks and the resulting
table was used to perform PCA. All the calculations were carried out using a Python
script.
A structural model of the rhodococcal Cpa was obtained using the SWISS-MODEL
homology-modelling server where the structure of the human p97 (PDB-ID: 5C1A)
served as a template (Biasini et al., 2014). Sequence conservation was then plotted
according to the PCA loadings of the second principal component: positions whose PCA
loadings exceeded 30% of the maximal PC2 loading were coloured in red (variable) and
those below 10% were coloured in blue (conserved). Structure drawing was done in
PyMOL 1.5 (Schrödinger, LLC).

Bacterial strains and growth conditions
Mycobacterium smegmatis mc2 155 (Msm) was grown in liquid Middlebrook 7H9
medium (Difco) supplemented with 0.025% (w/v) Tween 80 and 0.2% (w/v) glycerol,
unless otherwise stated. The cells were grown at 37°C with shaking at 180 rpm. For
carbon starvation, the cells were first cultured small-scale in minimal medium
(adapted from (Elharar et al., 2014) containing: 40 mM K2HPO4, 22 mM KH2PO4,
15 mM (NH4)2SO4, 1.7 mM sodium citrate, 0.4 mM MgSO4, 0.05% (w/v) Tween 80 and
0.4% (w/v) glycerol. Washed cells from the small-scale culture were transferred into a
large-scale culture in the same medium but lacking glycerol.

Cloning, expression and protein purification
The genes encoding Rv0435c (MtbCpa), MSMEG_0858 (MsmCpa) and RER_15150
(RerCpa) were amplified from genomic DNA (M. tuberculosis – Mtb, M. smegmatis –
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Msm and R. erythropolis – Rer, respectively) by PCR using Q5 DNA polymerase (New
England Biolabs; NEB) and cloned into a pET28a expression vector using Gibson
assembly (NEBuilder HiFi DNA Assembly Kit; NEB). The double Walker B (D312N,
E566Q) mutant of RerCpa was cloned into the same backbone by Gibson assembly using
gene pieces containing mutations introduced into PCR primers and amplified from
rhodococcal genomic DNA. A His6-tag followed by a Tobacco Etch Virus (TEV) protease
cleavage site preceded the N-terminus of either protein. Constructs were transformed
into E. coli Tuner(DE3) cells for heterologous expression which was carried out in ZYP5052 autoinduction medium as described by Studier (Studier, 2005) with minor
modifications: the expression culture was inoculated to an OD600=0.025 using an
overnight preculture and incubated at 30°C/180rpm for 6 hours. After that time, the
temperature was reduced to 18°C and the cells were harvested after an additional 14
hours. Cells were lysed in buffer A (50 mM HEPES-NaOH pH 7.8 at 8°C, 300 mM
NaCl, 40 mM imidazole) using a high-pressure homogenizer (Microfluidics) and the
cleared lysate was loaded onto Ni2+-IMAC Sepharose 6 FF resin. After washing the
resin with 15 column volumes of buffer A, the protein was eluted using buffer B
containing 250 mM imidazole. Protein-containing fractions were pooled and dialyzed
for 30 min at 4°C against buffer C (50 mM HEPES-NaOH pH 7.8 at 8°C, 150 mM
NaCl, 5 mM β-mercaptoethanol). The N-terminal hexahistidine tag was cleaved by
addition of TEV protease and further dialysis for 14h. TEV protease was then removed
via Ni2+ affinity chromatography, and Cpa was further purified by size exclusion
chromatography using a Superdex 200 column in buffer C without β-mercaptoethanol.
PrcAB, Arc/Mpa, PanB-Pup and Pup-GFP were purified as described previously
(Striebel et al., 2010, Striebel et al., 2009).
To test for interaction between Cpa and the 20S proteasome using a bacterial
adenylate cyclase two-hybrid assay (BACTH), the Mtb cpa full-length gene, as well as
its variant with the D2 pore-2 loop removed, (residues 577-580) was fused to the Cterminus of the T25 adenylate cyclase subdomain. The cpa gene (Rv0435c) was
amplified from Mtb genomic DNA using Q5 DNA polymerase (NEB) and cloned into
the pKT25 vector using Gibson assembly (NEB). The prcAB genes were cloned into
the pUT18C vector where prcA was fused to the C-terminus of the T18 subdomain of
adenylate cyclase. The lac promoter region was duplicated in this vector downstream
of the prcA-T18 fusion followed by the prcB∆pro gene (propeptide residues 1-57 were
removed). Empty pKT25 and pUT18C backbones, as well as T18-zip and T25-zip
leucine zipper gene fusions (used as positive control), were obtained from Euromedex.
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Analytical size exclusion chromatography (SEC) and multi-angle light scattering
(MALS)
Analytical SEC was performed on a Superose 6 Increase 10/300 GL column (GE
Healthcare) connected to an Agilent 1260 Infinity HPLC system. All runs were
performed at 23°C at a flow rate of 1 ml min-1 in 50 mM HEPES-KOH pH7.8, 25 mM
KCl, 20 mM MgCl2.

RerCpa

was injected at a concentration of 30 µM (protomer) in a

volume of 15 µl and was detected by following absorption at 280 nm. Molecular weight
standards were run in the same buffer and at the same temperature. The sample with
ADP-AlFx contained additionally 2 mM ADP, 2 mM Al(NO3)3 and 12 mM NaF.
For the assembly time trace, each sample was placed in the HPLC autosampler set to
18°C immediately after mixing and the injections onto the column were carried out at
the indicated time points. The fraction of assembled protein was calculated by
integrating all peaks and dividing the area under the curve (AUC) of the
hexamer+dodecamer peak by the AUC of their sum with the monomer peak.
To determine the molecular weight of the rhodococcal Cpa, a total of 200 μg of the
protein was loaded onto a Superdex 200 Increase 10/300 GL column (GE Healthcare).
The sample was analysed by refractive index using an Optilab T-rEX differential
refractometer (Wyatt Technology) and by MALS using a miniDAWN TREOS light
scattering detector (Wyatt Technology).

Electron microscopy and image analysis
RerCpa-DWB

sample (300 nM) was incubated for 10 minutes at room temperature in

the presence of ATP (2 mM) in 50 mM HEPES-KOH pH7.8, 25 mM KCl, 20 mM MgCl2.
After incubation, the sample was diluted to final concentration of 75 nM and then a
total of 8 μL was applied to Quantifoil grids R2/2 freshly coated with a thin layer of
carbon and incubated for 2 minutes. Excess liquid was blotted away and the grids were
then stained with 2% uranyl acetate for 2 minutes. Images were collected on FEI F20
electron microscope operated at 200 keV equipped with Falcon II direct electron
detector (FEI Company) at x 82,350 magnification with a dose of 30 electrons per Å2,
defocus value of -2 μm, and a pixel size of 1.7 Å per pixel. Particles were selected semiautomatically with BOXER implemented in the EMAN package (Ludtke et al., 1999).
Particles (17,375) were extracted using RELION (Scheres, 2012) and then binned
three-fold resulting in a pixel size of 5.1 Å per pixel. Two-dimensional (2D) maximumlikelihood classification was performed with the RELION package (Scheres, 2012)
using K=30 and was run for 15 iterations.
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ATPase activity assay
ATPase activity was determined using an ATPase assay coupled to pyruvate kinase
and lactate dehydrogenase (Norby, 1988). Reactions were performed in 96-well plates
at 28°C (or 37°C for

MsmCpa),

and the absorption at 340 nm was monitored using a

Synergy 2 plate reader (BioTek). The assay was performed in 50 mM HEPES-KOH,
2.5 mM phosphoenolpyruvate, 1 mM NADH, 40 U ml-1 of both pyruvate kinase and
lactate dehydrogenase, 20 mM MgCl2 and 2 mM DTT, where pH was varied in the
range of pH7 to pH8 and KCl was varied from 0 to 200 mM. The total reaction volume
was 100 µl, and the assay was carried out with 1 mM ATP and 3 µM RerCpa (or MsmCpa)
enzyme. The rate of ATP hydrolysis was calculated using an extinction coefficient of
6.22 mM-1 cm-1 at 340 nm for NADH.

Protein interaction analysis using BACTH
To test the interaction between

MtbPrcAB

and

MtbCpa,

a bacterial adenylate cyclase

two-hybrid (BACTH) assay was performed as described by Battesti and Bouveret with
some modifications (Battesti & Bouveret, 2012). Briefly, E. coli BTH101 ∆cya cells
were co-transformed with the pKT25 and pUT18C fusion constructs described above.
As a negative control, bacteria were co-transformed with empty pKT25 vector and as
a positive control with pKT25-zip and pUT18-zip plasmids. Co-transformants were
plated on LB agar plates supplemented with 100 µg ml-1 ampicillin and 50 µg ml-1
kanamycin and incubated for 72 h at 30°C. Several clones were then grown for 20 h at
30°C in liquid LB medium containing both antibiotics and 0.5 mM IPTG. 100 µl of the
overnight cultures were transferred into 400 µl of buffer Z (44.7 mM Na2HPO4, 45.3
NaH2PO4, 10 mM KCl, 1 mM MgSO4, 38.5 mM β-mercaptoethanol; pH 7), followed by
addition of 25 µl 0.01% SDS and 50 µl chloroform and vigorous mixing. 20 µl of each
cell extract were transferred to a 96-well plate, and the β-galactosidase reaction was
started by addition of 30 µl 0.83 mM 4-methylumbelliferyl β-D-galactopyranoside
(Sigma-Aldrich). After 20 min of incubation at room temperature, the reactions were
stopped by addition of 50 µl 1 M Na2CO3 and the fluorescence was measured in a
Synergy 2 plate reader (BioTek) using a 360/40 excitation filter and a 460/40 emission
filter. The amount of released 4-methylumbelliferone was calculated using a standard
curve prepared on the same day (Sigma-Aldrich). The β-galactosidase activity was
normalized to OD600 of the overnight cultures used for the assay.

76

Cpa is a novel proteasome interactor in mycobacteria

Proteasome competition assay
The gel-based competition assay with Mpa was performed as described previously
(Delley et al., 2014) with minor modifications. MtbPanB-Pup (4 µM protomer) was preincubated for 15 min at 30°C with

Mtb∆7PrcAB

(0.1 µM complex), 5 mM ATP, 40 mM

phosphocreatine, 0.5 U ml-1 creatine phosphokinase and 1 mM DTT in buffer M2 (50
mM HEPES-KOH pH 7.5 at 23°C, 100 mM KCl, 20 mM MgCl2, 10% glycerol) in
presence or absence of

RerCpa

(12 µM protomer). The degradation reaction was started

by addition of 0.2 µM Mpa (hexamer). Aliquots were withdrawn at the indicated time
points, and the reactions were stopped by addition of Laemmli sample buffer. The
aliquots were analysed by SDS-PAGE followed by staining with Coomassie Brilliant
Blue.
For the assay with a fluorescent GFP readout, RerPup-GFP (0.5 µM) was pre-incubated
for 15 min at 30°C with

Rer∆7PrcAB

(25 nM complex), 5 mM ATP, 40 mM

phosphocreatine, 0.5 U ml-1 creatine phosphokinase and 1 mM DTT in buffer M2 in
presence or absence of

RerCpa

(0.6, 1.5 or 3 µM protomer). The degradation reaction

was started by addition of 50 nM

RerArc

(hexamer). The decrease in fluorescence

(Ex485/20, Em528/20) was monitored using a Synergy 2 plate reader (BioTek) at 28°C.

Disruption of cpa (MSMEG_0858) in M. smegmatis mc2 155
A targeted allelic exchange of the MSMEG_0858 gene was performed by application
of a two-step selection with the p2NIL/pGOAL system (Gopinath et al., 2015). First,
the competent Msm WT cells were transformed with the suicide knockout plasmid
p∆cpa and plated on 7H10 medium supplemented with 20 µg ml-1 kanamycin and 50
µg ml-1 hygromycin B to select for single-crossover mutants. An “X-Gal underlay” was
performed to visualize the clones that were successful recombinants: 200 µl of 0.4% XGal solution was pipetted under the agar, and the plate was incubated for an
additional 1-2 days. Blue clones were used to inoculate fresh Middlebrook 7H9
medium containing kanamycin and hygromycin and incubated for several days at
37°C. To select for double-crossover mutants, the cells were plated onto Middlebrook
7H10 agar medium supplemented with 2% sucrose and control medium without
sucrose and incubated at 37°C for several days. The “X-gal underlay” was repeated
and several sucrose-resistant white clones were picked and re-plated onto fresh
Middlebrook 7H10 agar plates with and without kanamycin. Several kanamycinsensitive clones were picked, and absence of the cpa gene was confirmed by colony
PCR using OneTaq polymerase (NEB) and primers flanking the disruption site. The
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resulting mutant strain (referred to as Msm∆cpa) was additionally confirmed by PCR
amplification of the whole psd-pssA-∆cpa locus using Q5 polymerase (NEB) followed
by sequencing of the resulting fragment, as well as Western Blot detection of the
protein product using a rabbit polyclonal antibody (Biogenes, Germany) raised against
recombinant MsmCpa expressed and purified from E. coli.

Test for co-transcription of psd, pssA and cpa
Total RNA isolated from Msm SMR5 was used as a template for synthesis of cDNA
with a primer specific to the 3’ end of the cpa mRNA. cDNA synthesis was performed
with 200 U of Maxima Reverse Transcriptase (Thermo Fisher Scientific) in the
presence of 20 U of the RiboLock RNase Inhibitor (Thermo Fisher Scientific) using a
step-wise temperature gradient: 50°C for 30 min, 55°C for 15 min and 65°C for 30 min.
The resulting cDNA was used directly in a PCR reaction with OneTaq polymerase
(NEB) using six primer pairs for amplification of different regions of the transcript:
two pairs for joints between psd/pssA and pssA/cpa genes, one cpa-specific pair, two
pairs spanning more than one gene and one pair spanning all three genes of interest.
To control for genomic DNA contamination, a set of samples was prepared where the
reverse transcriptase was omitted. Additionally, to check the expected correct size of
all the fragments, PCR reactions were also performed directly with genomic DNA
where no RNA was present. PCR products were later analysed using a 1% agarose gel
and visualized in the presence of ethidium bromide.

Label-free quantification mass spectrometry
To obtain information about the relative proteome changes in the wild-type compared
to the ∆cpa Msm strain we used the label-free quantification mass spectrometry
approach. For this purpose, WT and knockout cells were grown in minimal medium
(described above) in a similar way as during the growth curve determination, to an
OD600 = 2 for cultures with glycerol and OD600 = 0.12-0.25 for cultures without glycerol.
Cells were harvested by centrifugation and washed three times with 1x PBS. Cell
pellets were resuspended in 1 ml of 1x PBS/2 mM EDTA (containing 1x Halt Protease
Inhibitor Cocktail; Thermo Fisher Scientific) and transferred to 2 ml screw-cap tubes
containing ~0.5 g of 0.15 mm zirconium oxide beads (Next Advance). The cells were
lysed by bead-beating two times for 30 s at maximum speed with a 1 min cooling pause
in a Minilys homogenizer (Bertin Instruments). Intact cells were removed by
centrifuging twice at 3’000 g at 4°C for 15 min. Resulting supernatants were
transferred to fresh tubes and membrane fractions were recovered by centrifugation
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at 100’000 g at 4°C for 4 h. The supernatant (soluble fraction) was transferred to a
new tube and the pellet was gently washed with 200 µl of 1x PBS/2 mM EDTA and
spun down again at 100’000 g at 4°C for 50 min. Subsequently, washed pellets were
resuspended in 200 µl of 50 mM NH4HCO3 by incubation in an ultrasonic bath for 1 h
(SONOREX 10 P, 70% power, 4°C). Membrane proteins were solubilized by addition
of 250 µl of 2% SDS (final concentration of 1.1%) and an overnight incubation at room
temperature. Insoluble material was spun down at 21’000 g for 30 min at room
temperature and the pellet was resuspended in 2% SDS. After an additional 1 h
incubation, the sample was centrifuged again and the supernatant was combined with
the supernatant from the previous step (solubilized membrane proteins). The proteins
were precipitated by addition of 5 volumes of ice-cold acetone, followed by an overnight
incubation at -20°C. Precipitated proteins were collected by centrifugation at 21’000 g
at 4°C for 30 min, the pellets were air-dried and resuspended in 100 µl of 3 M urea.
Protein concentration was determined using the BCA method with bovine serum
albumin (BSA) as a standard. The soluble fraction was mixed with the membrane
fraction in a ratio 2:1 for a total concentration of 0.75 mg ml-1. Equal amounts of
protein were analysed by SDS-PAGE followed by immunoblot with an antibody
against

MsmCpa

(see above) or

EcoliRpoB

as a loading control. Cell lysates were then

submitted for LFQ-MS analysis to the Functional Genomics Center Zurich (FGCZ).
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III.8

Supplement

Figure III.8: Principal components analysis of Cdc48 family protein sequences. (A) 80% of the total variance
between sequences can be explained by the first 10 principal components. The fraction of variance explained by
distinct PCs is shown as a bar diagram (in blue) and the cumulative variance is shown as a red line. (B) PCA scores
plot of the first two components. Cdc48 family proteins group into discrete clusters in accordance with their
formerly assigned category. The first principal component allows for a best distinction between NSF and Spaf
types of sequences from the rest of the family members, while the second PC can be used to best distinguish
between eukaryotic p97, archaeal/bacterial Cdc48(-like) sequences, PEX1 and PEX6 as well as Spaf-like proteins.
(C) PCA loadings plot of the first two principal components. The dots coloured in red represent the alignment
positions for which the distance to 0 on the second PC loading exceeded the cut-off of 30% of the maximum
distance (positions with most variance) while the dots coloured in blue represent positions where the cut-off was
set to 10% and lower (positions with least variance). (D) Structural model of the rhodococcal Cpa generated using
human p97 as a template. Positions with most variance (as shown in panel C) are coloured red and positions with
least variance (most conserved) are coloured in blue. The Walker A and B motifs, as well as arginine finger and
sensor asparagine are shown using stick representation and coloured green when considered conserved and red
when considered variable. Top: protomer view with locations of the N-domain, D1- and D2-modules indicated.
Bottom: hexamer view (the front protomer not shown). R – arginine finger, sN – sensor asparagine, A – alanine.
The designation X→Y denotes substitution of X amino acid to Y in the original sequence.
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Figure III.9: Western Blot analysis of the Msm∆cpa strain. An
anti-MsmCpa antibody (bottom) was used to show presence (left lane,
wild-type M. smegmatis) or the absence (Msm∆cpa) of the Cpa
protein in the two Msm strains used in this study. An antibody
against the E. coli RNA polymerase subunit β was used as a loading
control (top).

Figure III.10: Mycobacterial Cpa forms hexamers in the presence of ADP-AlFx and readily hydrolyses
ATP. (A) Gel filtration profiles of 24 µM MsmCpa in the absence of nucleotide (black line) and in the presence
of 2 mM ADP-AlFx (red line). Similarly to the rhodococcal protein, the peak at ~16 ml corresponds to a
monomer while the peak at ~13.5 ml corresponds to a hexameric assembly. (B) The activity of the
mycobacterial Cpa is five times higher at 37°C compared to 28°C. At 37°C the enzyme hydrolysed ATP with
the turnover of 42.5 ± 3.2 min-1 hexamer-1 while at 28°C only 7.9 ± 2.9 min-1 hexamer-1. Mean ± SEM of
three replicates is shown.

Figure III.11: Electron microscopy image averaging. 2D class
averages of Cpa particles show pre-dominantly ring-shaped
particles. Scale bar represents 150 Å.
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Figure III.12: The cells of the cpa-knockout strain are marginally longer than the wild-type cells when
grown in the absence of glycerol. (A) Light microscopy images of M. smegmatis wild-type and ∆cpa cells
during growth in the presence (top) and absence (bottom) of glycerol as the main carbon source. (B)
Statistical analysis of the average cell length during carbon starvation. A histogram depicting the distribution
of cell length (in pixels) is shown on the left and the average cell length for both strains is shown on the
right. The error bars represent SEM. The cell length difference is statistically significant at the p-value of
0.0001 (unpaired two-tailed t-test).
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Figure III.13: STRING interaction network of the proteins that accumulated in the cpa-knockout cell
during carbon starvation. The violet circles represent ribosomal proteins and the red ones correspond to
membrane proteins. The entire network represents proteins identified by LFQ-MS as having increased levels
in the cpa-knockout strain under carbon limitation. Edge thickness between the protein nodes corresponds
to interaction confidence, according to STRING confidence scores.
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Figure III.14: Ribosomal proteins that accumulated in the cpa-knockout cells during starvation,
mapped onto the structure of the 70S mycobacterial ribosome. (A) Proteins coloured green represent
those belonging to the 50S subunit of the ribosome, while the blue ones to the 30S subunit. Red colour
indicates proteins that accumulated during carbon starvation. For clarity, rRNA is represented using semitransparent grey cartoon. The figure was generated using the recent structure of the 70S ribosome from
M. smegmatis (PDB: 5O61, (Hentschel et al., 2017)). (B) The same, accumulating ribosomal proteins were
highlighted using the KEGG pathway map for the assembled ribosome (Kanehisa et al., 2016).
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Table III.1: List of proteins used for ClustalO alignment of the Cdc48 family (NCBI accession numbers).
WP_018682511
WP_018332384
WP_020513115
WP_014447816
WP_017973061
WP_012783062
WP_020631894
WP_005160576
WP_020641740
WP_020664411
WP_013805367
WP_010540887
WP_017837830
WP_005171895
WP_006358093
WP_006436878
WP_012832586
WP_008379603
WP_007240178
WP_007623749
WP_018351876
WP_013288870
WP_007465870
WP_007073278
WP_005092266
WP_013988744
WP_011726205
WP_019283953
WP_014000230
WP_014813835
WP_007768380
WP_011891157
WP_005624475
WP_009952556
WP_015354415
WP_012392700
WP_007167568
WP_003887070
WP_005143261
WP_015304514
WP_003901853
WP_011739550
WP_003932831
WP_011778023
WP_003923299
WP_019049628
WP_014988722
WP_014353308
WP_011211823
WP_013677737
WP_019744483
WP_007301324
WP_012689081
WP_006553634

WP_003941536
WP_010836706
WP_003937423
WP_007534951
WP_005441493
WP_005459614
WP_005466490
WP_009156361
WP_015787726
WP_006239014
WP_009950923
WP_010308459
WP_015097912
WP_018800055
WP_018812401
WP_011904175
WP_020502169
WP_013139040
WP_018158680
WP_013015722
WP_013128285
WP_013736188
WP_008086210
WP_008086490
WP_015283696
WP_018204475
WP_009886954
WP_007983710
WP_008414326
WP_020222052
WP_008311543
WP_005538167
WP_014040841
WP_004591599
WP_011223677
WP_004518130
WP_009760720
WP_010903216
WP_007141998
WP_010546782
WP_006671061
WP_007692403
WP_006079005
WP_005045463
WP_007741520
WP_004969704
WP_008325984
WP_007542766
WP_004059798
WP_008318315
WP_004975353
WP_004042269
WP_008605595
WP_007274530

WP_006053635
WP_009376173
WP_018259072
WP_015762736
WP_014051352
WP_013878602
WP_011572382
WP_008526670
WP_015790342
WP_007999876
WP_008443672
WP_006112021
WP_004598482
WP_008585645
WP_008848399
WP_015910437
WP_008008290
WP_004046396
WP_017344655
WP_006627744
WP_008384642
WP_006884882
WP_008013962
WP_006649349
WP_012943348
WP_007704005
WP_015301226
WP_004030208
WP_013645634
WP_013825116
WP_012955237
WP_011954019
WP_004032397
WP_004036511
WP_019262409
WP_019264538
WP_019266466
WP_016357855
WP_015791307
WP_013099461
WP_010870669
WP_012980381
WP_004590655
WP_015733284
WP_012036428
WP_014404837
WP_012901561
WP_011499714
WP_011500052
WP_011833000
WP_014867260
WP_011844989
WP_004037537
WP_013194481

WP_013195568
WP_013036726
WP_007314790
WP_015053218
WP_015053913
WP_019178588
WP_015323967
WP_015325606
WP_004077524
WP_013329826
WP_012108004
WP_015284270
WP_013719008
WP_013720278
WP_014586984
WP_014587553
WP_011695278
WP_011695801
WP_013897698
WP_013899198
WP_011023443
WP_011024448
WP_011305931
WP_011307291
WP_011032400
WP_011033205
WP_011406666
WP_012616965
WP_011449410
WP_013295059
WP_010877247
WP_013414045
WP_006666688
WP_006108995
WP_006168140
WP_006651486
WP_004213591
WP_006826008
WP_006184308
WP_006179730
WP_008453525
WP_006431295
WP_005580623
WP_005559314
WP_008419917
WP_015322678
WP_007259092
WP_011323249
WP_006067722
WP_008164746
WP_006088250
WP_011177257
WP_010901251
WP_010917205

WP_008441988
WP_046868385.1
ANY77037.1
WP_047188466.1
WP_037503572.1
WP_029941576.1
WP_037530033.1
WP_010409860.1
KPM24385.1
KTS12597.1
WP_043832551.1
WP_075797656.1
WP_047004176.1
WP_034906555.1
WP_048884782.1
WP_051489262.1
WP_051491873.1
WP_034510147.1
WP_028747596.1
WP_041935807.1
WP_010109842.1
WP_066571810.1
WP_011769640.1
WP_011552840.1
WP_090488903.1
WP_011939689.1
WP_006562814.1
WP_007906072.1
WP_004569100.1
WP_013275281.1
APC08799.1
CEP67328.1
WP_062283753.1
WP_085544635.1
WP_005659447.1
WP_013047776.1
WP_078016087.1
ABH06968.1
JAV44339.1
KIH62580.1
EFH46991.1
EFH51078.1
ACI33015.1
AGO67238.1
KJH53218.1
XP_005221029.1
EDP07906.1
KTF85885.1
KTF88408.1
KTG34381.1
BAA13101.1
AAO65962.1
AAW58140.1
BAM82129.1
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OWR48697.1
AAC48226.1
EAL51407.1
XP_656792.1
AAA83413.1
AAC46844.1
AAA75044.1
AAF54995.2
P54351.2
AHN57317.1
AHN57318.1
EZG52949.1
AAH06627.1
BAC33656.1
P46460.2
EDL34203.1
EDL34204.1
NP_006169.2
BAF82893.1
EEB10550.1
EEB10551.1
XP_002423289.1
AAU44261.1
BAF17977.1
BAG93228.1
NP_001153385.1
CCA39825.1
EDL43325.1
XP_004868726.1
NP_001297212.1
AAD39485.1
EDM06287.1
EDM06288.1
KHJ96356.1
CAC87940.1
KNH03807.1
NP_001231489.1
XP_005668753.1
XP_013836318.1
KHJ44108.1
GAB66301.1
XP_001351105.1
KMZ86838.1
KMZ80761.1
KMZ93268.1
KMZ99832.1
XP_001613052.1
AAG17479.1
XP_011663388.1
DAA07199.1
NP_009636.3
ANM86150.1
ANB15066.1
CAH93506.1
AAD17345.1

CAB81033.1
NP_192400.2
EAN32453.1
XP_764736.1
AAF18300.1
EDV26431.1
NP_001072788.1
XP_012808037.1
CAJ16140.1
XP_001218858.1
CBH08889.1
KEG11712.1
AAQ83118.1
AAY44601.1
XP_005156264.1
XP_017213950.1
XP_021325418.1
BAA85162.1
NP_082053.1
NP_001280735.1
Q5BL07.2
AAB87880.1
JAV39524.1
AAB99758.1
ABS71030.1
XP_022283051.1
XP_022283050.1
XP_013974518.1
XP_013974516.1
XP_013974515.1
XP_013974514.1
XP_532459.1
XP_022054393.1
NP_001164306.1
XP_021791740.1
XP_017812457.1
XP_009201693.1
XP_009201689.1
XP_009201688.1
XP_009201687.1
XP_003896383.1
XP_021576065.1
XP_021576064.1
XP_005340598.1
XP_021562572.1
XP_021529890.1
XP_021529889.1
XP_021529888.1
XP_021529887.1
XP_021529886.1
XP_021545202.1
XP_021417786.1
XP_021407342.1
XP_021407340.1
XP_021407339.1

OWK59680.1
XP_021244832.1
XP_021244830.1
XP_021171691.1
XP_012717000.1
XP_021135275.1
XP_021135272.1
XP_021098244.1
XP_004862425.1
XP_021090632.1
XP_021017515.1
XP_021017514.1
XP_021017513.1
XP_021017512.1
XP_021045904.1
XP_021045902.1
XP_020958039.1
XP_003357485.3
XP_020788252.1
XP_020640891.1
XP_020640890.1
XP_020562955.1
XP_011479493.1
XP_011479492.1
XP_011479491.1
XP_011479490.1
XP_020462508.1
XP_020487237.1
XP_010397469.2
OPJ81819.1
XP_020355649.1
XP_012635085.1
XP_012635084.1
XP_020016773.1
XP_020016772.1
NP_001085441.1
SBP51830.1
SBQ97335.1
SBP03344.1
SBP71482.1
SBS58096.1
SBR94703.1
EDL14609.1
KYO26656.1
KYO26655.1
EAW76844.1
EAW76842.1
EAW76841.1
EAW76840.1
EAL24149.1
AFE78731.1
AAH90845.1
AAH35575.1
JAB43810.1
DAA30802.1

JAA35240.1
NP_001179000.1
Q13608.2
OXB84728.1
OXB53718.1
Q99LC9.1
OBS66348.1
JAR61352.1
JAQ35883.1
JAQ31315.1
OWK13242.1
BAA33544.1
Q13608.2
Q99LC9.1
NP_663463.1
AAF62564.1
BAB83047.1
XP_005627423.1
XP_538926.2
XP_022065603.1
XP_022065602.1
XP_021792987.1
XP_021792986.1
XP_021792985.1
XP_009203462.1
XP_009203461.1
XP_021577571.1
XP_021577570.1
XP_008064331.1
XP_008064330.1
XP_021547639.1
XP_012304099.1
XP_021495871.1
XP_021423924.1
XP_021390560.1
OWK54199.1
XP_001332652.5
XP_021245134.1
XP_012708934.1
XP_021115456.1
XP_021115455.1
XP_005072420.1
XP_021005235.1
XP_021073399.1
XP_021073398.1
XP_013833373.1
P54777.1
XP_020832509.1
XP_020787112.1
XP_020787111.1
XP_020787110.1
XP_020769718.1
XP_020664010.1
XP_011472050.1
OPJ81688.1

OPJ81687.1
NP_001027403.2
NP_001163114.1
XP_020337786.1
XP_012628615.1
XP_012628613.1
XP_020012845.1
XP_020012844.1
SBP42316.1
SBR71178.1
SBQ49352.1
SBP16328.1
SBP24808.1
CDG70158.1
EDL23533.1
KYO22267.1
KXJ13397.1
EAX04129.1
EAX04127.1
AFJ70323.1
AAH48331.1
AAH03424.1
AHH37258.1
DAA16590.1
JAA40890.1
CAN13170.1
CAN13169.1
BAD51975.1
BAB83046.1
EZA51687.1
AAM00262.1
EDS43334.1
ETN62319.1
JAP82527.1
JAN87172.1
JAN10037.1
JAM91697.1
JAL78434.1
JAL63174.1
JAK76766.1
JAK58428.1
JAI89931.1
EZA51421.1
AAM43608.1
NP_001332785.1
NP_660208.2
NP_001297402.1
NP_001156983.1
NP_067318.2
NP_001273721.1
NP_001159743.1
NP_001028444.1
XP_008058217.1
XP_020921131.1
XP_021533908.1
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XP_021505808.1
XP_021386315.1
XP_021386312.1
XP_021386311.1
XP_021085898.1
XP_021038240.1
XP_021386317.1
XP_021386316.1
OWK55512.1
XP_021234950.1
XP_021234940.1
XP_021234932.1
XP_021141903.1
XP_021141901.1
XP_021141900.1
XP_021141899.1
XP_005501496.2
XP_021130160.1
XP_021130159.1
XP_021130158.1
XP_021130157.1
XP_021092007.1
XP_021092006.1
XP_021092005.1
XP_021038243.1
XP_021059267.1
XP_021059265.1
XP_020852827.1
XP_020852824.1
XP_020852823.1
XP_020750291.1
XP_020750290.1
XP_020666729.1
XP_020666728.1
XP_020666723.1
XP_020666722.1
XP_020666721.1
XP_020666718.1
OPJ81131.1
OPJ81130.1
XP_013962888.1
XP_022198365.1
XP_009189907.1
XP_009189906.1
XP_005337635.2
XP_012296828.1
XP_012296824.1
XP_021329454.1
XP_021329453.1
XP_013222129.1
XP_012957909.1
XP_005022629.1
XP_004854892.1
XP_020852826.1
XP_020852825.1

XP_020449725.1
XP_020449724.1
XP_020449723.1
XP_010398794.1
XP_010398793.1
XP_010398792.1
XP_020285856.1
XP_020285855.1
XP_020285854.1
XP_012592292.1
XP_012592288.1
XP_012592287.1
JAQ36305.1
KYO40424.1
JAQ18534.1
EPQ07571.1
EMP36409.1
ELW47592.1
EHH58473.1
AFE77153.1
KFO22198.1
XP_015909481.1
KZC05261.1
KYQ46404.1
JAR44300.1
KYN33985.1
KYN18422.1
KYN03846.1
KYM82004.1
KOX69925.1
KOC64037.1
KKF16928.1
EKC41223.1
EFN67622.1
Q8NB90.3
Q3UMC0.2
NP_001078921.2
NP_056482.2
P0C874.1
NP_997299.2
Q6ZUB0.1
NP_084323.2
NP_001008360.2
XP_021249686.1
XP_013972877.2
XP_021783278.1
OXA42654.1
NP_001001670.1
XP_021396630.1
NP_001159609.1
XP_021125194.1
NP_849150.3
NP_001138596.1
NP_001138669.1
NP_001337907.1

NP_001102019.1
ELW48713.1
EKC24467.1
NP_001076593.1
NP_001107013.1
XP_012639629.1
KXJ16680.1
EPQ07294.1
EKC42751.1
XP_020557438.1
XP_012639630.1
XP_012639627.1
XP_020027852.1
XP_020027844.1
JAV44521.1
KKF30126.1
EMP38581.1
NP_082433.2
NP_808379.2
XP_013976902.1
XP_005631887.1
XP_540960.2
XP_021794469.1
XP_021794468.1
XP_021794467.1
XP_021794466.1
XP_021794465.1
NP_001138668.1
XP_013218897.2
XP_021571172.1
XP_021537150.1
XP_021537149.1
XP_012328428.1
XP_012328427.1
XP_021503451.1
XP_021487981.1
XP_021487979.1
XP_021439722.1
XP_021410642.1
XP_021410641.1
XP_021410640.1
OWK58622.1
XP_012734671.1
XP_021154338.1
XP_021154337.1
XP_021154336.1
XP_005510742.2
XP_021154335.1
XP_021154334.1
XP_021092122.1
XP_012931346.1
XP_012931344.1
XP_004855003.1
XP_004855002.1
XP_021082562.1

XP_021082561.1
XP_005069750.1
XP_005069749.1
XP_005069748.1
XP_021013422.1
XP_021051544.1
XP_021051543.1
XP_021051542.1
XP_021071795.1
XP_020745157.1
XP_020745152.1
XP_020745147.1
XP_020745138.1
XP_020745130.1
XP_020637203.1
XP_020440548.1
XP_020358105.1
JAV38618.1
JAR74838.1
JAR34495.1
KYO47390.1
KQK77766.1
ELK30919.1
ELK07638.1
EHB17409.1
EGW04169.1
KFO36789.1
XP_022265745.1
XP_022265744.1
XP_022265743.1
XP_022261670.1
XP_022278810.1
XP_022269923.1
XP_022276511.1
XP_022276507.1
XP_022276491.1
XP_013972882.1
XP_005618014.1
XP_005618013.1
XP_005616881.1
XP_005616004.1
XP_005615835.1
XP_022225053.1
XP_022223993.1
XP_022180678.1
XP_022180677.1
XP_022119282.1
XP_022045414.1
XP_021917223.1
XP_021917212.1
XP_021917204.1
XP_021794470.1
XP_003899212.3
XP_001652994.2
OXA60666.1

XP_021527778.1
XP_021533614.1
XP_021533613.1
XP_021484056.1
XP_021503450.1
XP_004929406.1
XP_021189953.1
XP_021154340.1
XP_012929501.2
XP_021036774.1
XP_021036747.1
XP_021036583.1
XP_021036061.1
XP_021071791.1
XP_021071767.1
XP_021071041.1
XP_021070849.1
XP_005660237.2
XP_020863916.1
XP_020863915.1
XP_020863914.1
XP_020863913.1
XP_020863912.1
XP_020863910.1
XP_020863909.1
XP_020853293.1
XP_020828547.1
XP_020828533.1
XP_020828526.1
XP_020807953.1
XP_020773257.1
XP_020725753.1
XP_020725752.1
XP_012174107.1
XP_012174106.1
XP_012253446.1
XP_004521824.1
XP_019141968.1
XP_019141967.1
XP_020299826.1
XP_020137132.1
XP_012611880.2
XP_012611877.2
XP_012611876.2
XP_012611878.2
XP_020136442.1
XP_012611875.1
XP_012611291.1
XP_012634791.1
XP_012620980.1
XP_012620979.1
CCP72602.1
ODM93871.1
EGI68629.1
EFN78441.1
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EFN73096.1
OAD62411.1
OAD59486.1
OAD58474.1
KZC09114.1
KYQ49249.1
JAR67720.1
JAR44301.1
JAR44299.1
JAR13905.1
JAR13904.1
JAR13903.1
JAR13902.1
JAQ34671.1
KYO42110.1
KYO40086.1
KYN40579.1
KYN10935.1
KYM99999.1
KYM82902.1
JAQ16164.1
JAQ00168.1
KRZ94217.1
JAO01559.1
KPJ06844.1
KPJ05514.1
KOX75342.1
KOC69069.1
KOB76442.1
JAI48731.1
JAI28108.1
JAI27174.1
KMQ86150.1
JAI11299.1
ELW62642.1
ELK10475.1
EEB14564.1
JAG84415.1
JAG84414.1
JAG84413.1
JAG84251.1
JAD03645.1
JAC97467.1
JAG30299.1
KDR24192.1
AHH40125.1
JAB51296.1
JAB19327.1
XP_013296353.1
XP_022317981.1
NP_001095217.1
NP_958889.1
XP_021876420.1
XP_021885286.1
XP_019035387.1

XP_016609302.1
XP_016591541.1
XP_018994266.1
XP_022087240.1
XP_022053469.1
NP_033529.3
XP_005326290.1
NP_999445.1
XP_008052863.2
XP_021490080.1
XP_021410369.1
XP_005536694.1
XP_021338827.1
XP_021235202.1
XP_012718967.1
XP_021150674.1
XP_021128050.1
XP_004873975.1
XP_005078870.1
XP_021016058.1
XP_021077868.1
XP_020896400.1
XP_020776543.1
XP_020736074.1
NP_001029466.1
NP_001005677.1
XP_020624905.1
XP_004072466.1
XP_020450077.1
XP_020505543.1
XP_010393380.1
XP_020345743.1
XP_012625527.1
XP_019956568.1
XP_011424321.1
XP_010862756.1
XP_019821682.1
XP_019804498.1
XP_019722481.1
XP_019633404.1
XP_002929233.1
XP_019518880.1
XP_019387431.1
XP_019373583.1
XP_014460872.1
XP_019329918.1
NP_001290278.1
NP_001038129.1
XP_019046918.1
XP_019008256.1
XP_018999322.1
XP_002121499.1
XP_018613886.1
XP_018524097.1
XP_003737268.1

XP_018424557.1
XP_018265233.1
NP_001267410.1
XP_017907601.1
XP_017932736.1
XP_017829869.1
XP_017674551.1
XP_017602121.1
XP_008630025.1
XP_017527460.1
XP_017307754.1
XP_017269273.1
XP_002708056.1
XP_008417014.1
XP_008334946.1
XP_008102421.1
XP_003229140.1
XP_016368413.1
XP_016332713.1
XP_007559307.1
XP_016275569.1
XP_001368198.1
XP_005060493.1
XP_007663018.1
XP_016078481.1
XP_016043492.1
XP_015860057.1
XP_015828041.1
XP_015782527.1
XP_007442861.1
XP_015703838.1
XP_015684035.1
XP_007238029.1
XP_006916090.1
XP_006758604.1
XP_015390504.1
XP_015347881.1
XP_015262300.1
XP_015228567.1
XP_006626794.1
XP_015094424.1
XP_014847743.1
XP_014883150.1
XP_014807998.1
XP_014741527.1
XP_014721589.1
XP_014671341.1
XP_014652931.1
XP_005605631.1
XP_014527107.1
XP_006143272.1
XP_005884071.1
XP_014433876.1
XP_014417389.1
XP_006026624.1

XP_014348516.1
XP_005900818.1
XP_005804058.1
XP_004544553.1
XP_005940186.1
XP_014166883.1
XP_014153442.1
XP_014133551.1
XP_014026218.1
XP_005491787.1
XP_013914467.1
XP_013905124.1
XP_005722313.1
XP_005401088.2
XP_013193531.1
XP_013162884.1
XP_013152555.1
XP_013137365.1
XP_013055945.1
XP_003470895.1
XP_009689731.1
XP_012882081.1
XP_004712450.2
XP_012795306.1
XP_004658407.1
XP_004600271.1
XP_004581076.1
XP_012684025.1
XP_003800301.1
XP_004677812.1
XP_012511800.1
XP_004372361.1
XP_012398475.1
XP_004271441.1
XP_012364387.1
XP_004631941.1
XP_004484027.1
XP_005854857.1
XP_012052250.1
XP_011805872.1
XP_011835482.1
XP_011595702.1
XP_011379755.1
XP_010951108.1
XP_010844417.1
XP_010781840.1
XP_003407348.1
XP_009328695.1
XP_010562520.1
XP_003943864.1
XP_010384123.1
XP_010311548.1
XP_010214692.1
XP_010191101.1
XP_010080461.1

XP_010141346.1
XP_009998000.1
XP_009993942.1
XP_009990193.1
XP_010010465.1
XP_009940998.1
XP_009924180.1
XP_009907223.1
XP_009889870.1
XP_009888047.1
XP_009876491.1
XP_009838057.1
XP_009704177.1
XP_009811315.1
XP_009645568.1
XP_009683678.1
XP_009576597.1
XP_009556134.1
XP_009464637.1
XP_008942536.1
XP_008895778.1
XP_008867855.1
XP_008693442.1
XP_008580633.1
XP_008506742.1
XP_008496433.1
XP_008491450.1
XP_008280227.1
XP_008140165.1
XP_005311744.1
XP_007945216.1
XP_007888898.1
XP_007456006.1
XP_007197160.1
XP_006064386.1
XP_007055980.1
XP_007111656.1
XP_006863128.1
XP_006898592.1
XP_005970087.1
XP_001736564.1
XP_001735005.1
XP_818678.1
XP_009310134.1
NP_001037003.1
NP_495705.1
NP_496273.1
XP_018994267.1
XP_022182279.1
XP_022116798.1
XP_021956669.1
XP_021938568.1
XP_001654680.1
XP_001686709.1
XP_021183018.1
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XP_012169580.1
XP_012263050.1
XP_953837.1
XP_020306878.1
XP_020281391.1
XP_019533679.1
XP_005182894.1
XP_011261476.1
XP_019865626.1
XP_019764585.1
XP_011135082.1
XP_018902277.1
XP_018778442.1
XP_018566837.1
XP_018399668.1

XP_018370520.1
XP_018350894.1
XP_018324344.1
XP_018306850.1
XP_018046933.1
XP_017759476.1
XP_017483365.1
XP_017146826.1
XP_016911526.1
XP_006563745.1
XP_001605497.2
XP_001949588.1
XP_015985904.1
XP_966692.1
XP_015658481.1

XP_015595352.1
XP_015512792.1
XP_015428732.1
XP_015365471.1
XP_015175542.1
XP_015111852.1
XP_014601733.1
XP_014481318.1
XP_014364670.1
XP_014292957.1
XP_014235190.1
XP_014215517.1
XP_013808289.1
XP_005143521.1
XP_001568770.1

XP_001007447.2
XP_012538772.1
XP_004177198.1
XP_012339791.1
XP_012271777.1
XP_012248683.1
XP_012230716.1
XP_012064233.1
XP_011700134.1
XP_011643105.1
XP_011561178.1
XP_011499520.1
XP_011299904.1
XP_011196577.1
XP_011167409.1

XP_011049393.1
XP_010993943.1
XP_010703076.1
XP_009951643.1
XP_009501604.1
XP_005715271.1
XP_005710763.1
XP_003074428.1
XP_004031986.1
XP_002141464.1
XP_003865258.1
XP_007876628.1
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Table III.2: List of proteins accumulating during growth in the presence of glycerol in M. smegmatis
Δcpa as compared to its parent strain by label-free quantification mass spectrometry.Only proteins
with p-value below 0.05 and fold change above 1.5 (log2FC ≥ 0.586) are presented.
Locus tag
MSMEG_3242
MSMEG_3137
MSMEG_5523
MSMEG_4711
MSMEG_3950
MSMEG_3272
MSMEG_2058
MSMEG_4304
MSMEG_3188
MSMEG_3271
MSMEG_3170
MSMEG_1191
MSMEG_2476
MSMEG_6184
MSMEG_5568
MSMEG_5932
MSMEG_3581
MSMEG_3394
MSMEG_3262
MSMEG_5750
MSMEG_3742
MSMEG_5664
MSMEG_4572
MSMEG_4272
MSMEG_2661
MSMEG_4349
MSMEG_4762
MSMEG_1544
MSMEG_5576
MSMEG_1264
MSMEG_2392
MSMEG_5201
MSMEI_0386
MSMEG_6741
MSMEG_1875
MSMEG_4298
MSMEG_6314
MSMEG_4114
MSMEG_4231
MSMEG_1924
MSMEG_0215
MSMEG_6863
MSMEG_0491
MSMEG_2773
MSMEG_5291
MSMEG_1062
MSMEG_5478
MSMEG_0114
MSMEG_1884

Protein description
Starvation-inducible DNA-binding protein or fine tangled pili
major subunit
Oxidoreductase
Peptidase
Pyruvate dehydrogenase E1 component subunit beta
Universal stress protein
D-erythrulose-4-phosphate isomerase 1
NADH-quinone oxidoreductase subunit F
Regulatory protein
Adenosylmethionine-8-amino-7-oxononanoate aminotransferase
D-erythrulose kinase
Conserved domain protein
Uncharacterized protein
MarR family protein transcriptional regulatory protein
Hydrolase, alpha/beta fold family protein
Clavaldehyde dehydrogenase
Uncharacterized protein
FabG protein
Cupin domain protein
L-xylulose reductase
Uncharacterized protein
Segregation and condensation protein A
Peptidyl-prolyl cis-trans isomerase
DNA polymerase III, delta subunit
HesB/YadR/YfhF family protein
Uncharacterized protein
Conserved hypothetical proline rich protein
ABC transporter binding protein
PduO protein
D-mannonate oxidoreductase
Prophage Lp1 protein 5
2-phospho-L-lactate guanylyltransferase
Regulatory protein GntR
Fatty-acid O-methyltransferase (fmt)
Antar domain protein
Sensor histidine kinase MtrB
3-methyl-2-oxobutanoate hydroxymethyltransferase
Haloalkane dehalogenase 1
Naphthoate synthase
UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase
N-acetyltransferase Ats1
YhhW family protein
Class II aldolase/adducin domain protein
Transcriptional regulator, LacI family protein
Putative RNA methyltransferase
Acyl-CoA synthase
O-succinylbenzoic acid--CoA ligase
Hydroxypyruvate isomerase, putative
Extracellular solute-binding protein, family protein 3
Uncharacterized protein

p-value
(q.mod)

log2(∆/WT)

1.11E-02

1.983

5.66E-03
3.30E-04
4.21E-03
4.16E-03
2.65E-02
6.80E-03
2.77E-02
4.84E-02
4.06E-03
3.17E-04
5.15E-04
5.47E-03
4.84E-02
1.30E-03
3.59E-02
5.47E-03
4.58E-02
9.50E-04
8.05E-03
4.87E-02
1.08E-03
4.87E-02
4.87E-02
1.96E-03
4.37E-03
4.37E-02
2.51E-03
8.05E-03
4.36E-02
4.18E-02
1.57E-02
3.21E-02
4.66E-02
6.47E-03
6.49E-03
3.72E-02
2.30E-02
1.57E-02
5.47E-03
4.25E-02
8.63E-03
4.58E-02
8.05E-03
2.65E-02
1.57E-02
3.17E-02
1.57E-02
4.58E-02

1.883
1.779
1.625
1.558
1.388
1.317
1.288
1.213
1.196
1.185
1.130
1.122
1.107
1.097
1.065
1.059
1.049
1.031
1.031
1.005
0.989
0.955
0.941
0.924
0.916
0.910
0.909
0.897
0.881
0.861
0.856
0.851
0.824
0.803
0.798
0.778
0.763
0.756
0.731
0.723
0.711
0.708
0.691
0.677
0.645
0.613
0.598
0.590

90

Cpa is a novel proteasome interactor in mycobacteria
Table III.3: List of proteins depleted during growth in the presence of glycerol in M. smegmatis Δcpa
as compared to its parent strain by label-free quantification mass spectrometry.Only proteins with
p-value below 0.05 and fold change below 0.67 (log2FC ≤ -0.586) are presented.
Locus tag
MSMEG_0334
MSMEG_6645
MSMEG_2262
MSMEG_0572
MSMEG_1979
MSMEG_5870
MSMEG_3472
MSMEG_6290
MSMEG_1812
MSMEG_6201
MSMEG_5220
MSMEG_6700
MSMEG_5136
MSMEG_1494
MSMEG_5704
MSMEG_0117
MSMEG_3132
MSMEG_4210
MSMEG_6936
MSMEG_0158
MSMEG_6321
MSMEG_4207
MSMEG_6082
MSMEG_6073
MSMEG_4212
MSMEG_3430
MSMEG_1701
MSMEG_0203
MSMEG_0219
MSMEG_4671
MSMEG_0535
MSMEG_5004
MSMEG_5817
MSMEG_1010
MSMEG_4238
MSMEG_6292
MSMEG_5274
MSMEG_2936
MSMEG_6291
MSMEG_0314
MSMEG_6422
MSMEG_5209
MSMEG_6416
MSMEG_0987
MSMEG_2007

Protein description
Acetyl-/propionyl-coenzyme A carboxylase alpha chain
2-methylcitrate dehydratase 2
Hydrogenase-2, small subunit
Uncharacterized protein
Antibiotic biosynthesis monooxygenase
Sensor histidine kinase PhoR
Uncharacterized protein
Cell division control protein Cdc48
Putative DNA-binding protein
Uncharacterized protein
Transglycosylase
Esterase/lipase/thioesterase
Regulatory protein
Helix-turn-helix motif
Transcriptional regulatory protein DegU
Uncharacterized protein
Hydrolase
DNA-binding protein
Secreted protein
Uncharacterized protein
Formyl-CoA:oxalate CoA-transferase (FCOCT)
Glycerol dehydratase large subunit
Universal stress protein MSMEG_4207 (Usp)
Carbonic anhydrase
Uncharacterized tRNA/rRNA methyltransferase
Transcriptional regulatory protein
SAM-dependent methyltransferase
Purine nucleoside phosphorylase
IS1096, tnpR protein
RNA polymerase sigma factor
ATP-dependent Clp protease ATP-binding subunit ClpX
GntR-family protein transcriptional regulator
DNA repair exonuclease
Uncharacterized protein
Transcriptional regulator, TetR family protein
Uncharacterized protein
Transcription elongation factor GreA
Formate-dependent phosphoribosylglycinamide formyltransferase
Hydrolase, nudix family protein
D-amino-acid dehydrogenase
Glucose-6-phosphate 1-dehydrogenase (G6PD)
Ferritin BfrB (Non-heme ferritin Ftn)
Hydrolase, alpha/beta fold family protein
Phosphoglycerate mutase family protein
Uncharacterized protein

p-value
(q.mod)
2.80E-06
8.04E-05
1.08E-03
3.14E-04
6.39E-03
3.21E-02
2.80E-06
2.22E-03
3.73E-06
1.12E-05
9.27E-05
1.10E-05
4.16E-03
2.80E-06
2.77E-02
2.22E-03
2.50E-03
4.86E-04
3.09E-02
1.08E-03
4.01E-04
4.74E-02
3.97E-02
2.65E-05
2.41E-02
8.04E-05
2.15E-03
9.27E-03
5.66E-03
6.39E-03
4.41E-02
2.54E-02
3.41E-02
6.11E-03
2.22E-03
1.88E-02
2.98E-03
4.38E-03
9.27E-03
2.19E-02
6.47E-03
2.46E-02
4.58E-02
1.25E-02
1.98E-02

log2(∆/WT)
-5.553
-5.161
-4.728
-4.651
-4.383
-4.349
-4.227
-3.781
-3.253
-3.225
-3.128
-3.050
-2.900
-2.667
-2.553
-2.499
-2.473
-2.459
-2.459
-2.214
-1.999
-1.882
-1.801
-1.742
-1.688
-1.681
-1.667
-1.666
-1.600
-1.525
-1.447
-1.247
-1.246
-1.221
-1.148
-1.148
-1.147
-1.110
-0.924
-0.900
-0.831
-0.812
-0.809
-0.757
-0.700
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Table III.4: List of proteins accumulating during growth in the absence of glycerol in M. smegmatis
Δcpa as compared to its parent strain by label-free quantification mass spectrometry.Only proteins
with p-value below 0.05 and fold change above 1.5 (log2FC ≥ 0.586) are presented.
Locus tag
MSMEG_2793
MSMEG_6068
MSMEG_3752
MSMEG_4350
MSMEG_3581
MSMEG_6070
MSMEG_1325
MSMEG_0911
MSMEG_3249
MSMEG_5487
MSMEG_2691
MSMEG_6190
MSMEG_1124
MSMEG_0838
MSMEG_0559
MSMEG_3900
MSMEG_0572
MSMEG_3575
MSMEG_0633
MSMEG_6414
MSMEG_1634
MSMEG_5457
MSMEG_3628
MSMEG_0361
MSMEG_3212
MSMEG_1993
MSMEG_2982
MSMEG_2476
MSMEG_6187
MSMEG_6486
MSMEG_3265
MSMEG_4619
MSMEG_1991
MSMEG_3898
MSMEG_1060
MSMEG_5816
MSMEG_3170
MSMEG_6903
MSMEG_1465
MSMEG_3878
MSMEG_4624
MSMEG_2623
MSMEG_4884
MSMEG_5523
MSMEG_5489
MSMEG_0457
MSMEG_5652
MSMEG_5857
MSMEG_2661
MSMEG_6605

Protein description
Sensor-type histidine kinase PrrB
50S ribosomal protein L28
Uncharacterized protein
Dihydrodipicolinate reductase
FabG protein
50S ribosomal protein L31
RecBCD enzyme subunit RecD
Isocitrate lyase
Branched-chain amino acid ABC transporter, permease protein
Signal transduction histidine-protein kinase/phosphatase MprB
Acetyltransferase, gnat family protein
Metallo-beta-lactamase family protein
Putative ferredoxin FdxA
AsnC-family protein transcriptional regulator
Conserved domain protein
Diaminobutyrate--2-oxoglutarate aminotransferase
Uncharacterized protein
Cytidine/deoxycytidylate deaminase, zinc-binding region
PAP2 superfamily protein
Uncharacterized protein
Probable forkhead-associated protein
Shikimate 5-dehydrogenase
ComA operon protein 2
Glycosyl hydrolase family protein 3
Phosphoribosyl-AMP cyclohydrolase (PRA-CH)
MaoC like domain protein
Putative periplasmic binding protein
MarR family protein transcriptional regulatory protein
Endonuclease III
Oxidoreductase, FAD/FMN-binding
Erythritol/L-threitol dehydrogenase
Putative cytochrome P450 126
Isovaleryl-CoA dehydrogenase
Ectoine hydroxylase
Putative Lsr2 protein
Uncharacterized protein
Conserved domain protein
Transcriptional regulator, PadR family protein
50S ribosomal protein L14
Precorrin-6Y C5,15-methyltransferase (Decarboxylating)
50S ribosomal protein L27
Tat pathway signal sequence domain protein
Uncharacterized protein
Peptidase
50S ribosomal protein L32
Topoisomerase subunit TopoN
Alpha/beta hydrolase fold
Putative oxidoreductase
Uncharacterized protein
Transcriptional regulatory protein

p-value
(q.mod)
2.06E-06
2.06E-06
8.96E-06
3.40E-07
1.46E-05
4.54E-02
1.55E-02
1.16E-05
6.05E-03
2.30E-03
1.71E-06
6.78E-03
2.30E-06
7.81E-04
3.31E-02
1.42E-02
4.31E-03
1.41E-04
2.06E-02
2.95E-02
4.18E-03
8.87E-03
8.12E-04
2.41E-04
2.80E-03
2.84E-02
2.80E-04
6.78E-04
6.39E-04
1.03E-05
3.98E-03
3.31E-02
1.04E-02
2.17E-02
1.71E-02
1.62E-02
9.21E-06
1.60E-02
2.13E-03
3.98E-03
1.68E-03
1.13E-02
3.98E-03
1.52E-02
1.16E-03
9.50E-03
9.50E-03
1.26E-02
4.41E-03
2.12E-02

log2(∆/WT)
6.482
6.455
4.195
3.610
3.380
3.183
2.954
2.643
2.420
2.336
2.318
2.315
2.257
2.242
2.216
2.139
2.136
2.111
2.072
2.022
1.998
1.989
1.956
1.919
1.914
1.749
1.728
1.681
1.673
1.668
1.619
1.570
1.554
1.553
1.541
1.535
1.529
1.499
1.466
1.465
1.430
1.429
1.412
1.378
1.369
1.365
1.363
1.345
1.340
1.328

92

Cpa is a novel proteasome interactor in mycobacteria
MSMEG_4934
MSMEG_4209
MSMEG_6459
MSMEG_1760
MSMEG_6184
MSMEG_0128
MSMEG_0918
MSMEG_2389
MSMEG_5213
MSMEG_6002
MSMEG_3742
MSMEG_3264
MSMEG_1739
MSMEG_2735
MSMEG_3534
MSMEG_6945
MSMEG_0814
MSMEG_1109
MSMEG_0243
MSMEG_5726
MSMEG_0782
MSMEG_2792
MSMEG_3899
MSMEG_3113
MSMEG_1875
MSMEG_0551
MSMEG_4516
MSMEG_5999
MSMEG_3271
MSMEG_6180
MSMEG_6399
MSMEG_0795
MSMEG_0892
MSMEG_5941
MSMEG_3193
MSMEG_1918
MSMEG_0406
MSMEG_6373
MSMEG_5032
MSMEG_5838
MSMEG_3119
MSMEG_3278
MSMEG_1705
MSMEG_2227
MSMEG_2078
MSMEG_5087
MSMEG_4297
MSMEG_5728
MSMEG_1115
MSMEG_3788
MSMEG_4231
MSMEG_5922
MSMEG_3422
MSMEG_2472
MSMEG_3360

ATP:cob(I)alamin adenosyltransferase
Integral membrane protein
Ferredoxin-dependent glutamate synthase 1
Short-chain dehydrogenase/reductase SDR
Hydrolase, alpha/beta fold family protein
Thioesterase superfamily protein
Transcriptional regulator, XRE family protein
DNA-binding protein HU homolog (Histone-like protein) (Hlp)
Uncharacterized protein
Coenzyme A transferase, subunit A
Segregation and condensation protein A
Transcriptional regulator
Enoyl-CoA hydratase/isomerase family protein
Diaminopimelate epimerase (DAP epimerase)
4-hydroxybenzoyl-CoA thioesterase
Ribonuclease P protein component (RNase P protein)
Membrane protein
SEPHCHC synthase (Menaquinone biosynthesis protein MenD)
Uncharacterized protein
Uncharacterized protein
Aminotransferase class-III
Clp amino terminal domain protein
L-ectoine synthase
Carbohydrate kinase, fggy
Sensor histidine kinase MtrB
ABC nitrate/sulfonate/bicarbonate transporter, ATPase subunit
2,3-dihydroxybenzoate-AMP ligase
Short chain dehydrogenase
D-erythrulose kinase
Secreted protein
Antigen 85-C
ABC transporter ATP-binding protein
Uncharacterized protein
3-oxosteroid 1-dehydrogenase
Transcriptional regulator, TetR family protein
Sensor histidine kinase
Acyl-coA-dehydrogenase
Uncharacterized protein
Putative transcriptional regulator
TetR-family protein transcriptional regulator
ABC transporter, ATP-binding subunit
Uncharacterized protein
D-xylose transport ATP-binding protein XylG
Carnitinyl-CoA dehydratase
Diacylglycerol acyltransferase/mycolyltransferase Ag85B (DGAT)
Cytokinin riboside 5'-monophosphate phosphoribohydrolase
Diacylglycerol O-acyltransferase
Polysaccharide deacetylase family protein
Demethylmenaquinone methyltransferase
2-dehydro-3-deoxyphosphogluconate aldolase/4-hydroxy-2oxoglutarate aldolase
UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase
Lipid-transfer protein
D-isomer specific 2-hydroxyacid dehydrogenase, NAD-binding
AsnC-family protein transcriptional regulator
Transcriptional regulator, putative

1.15E-04
2.06E-02
3.28E-03
1.20E-03
1.59E-02
1.37E-02
1.27E-02
3.18E-03
9.39E-03
3.12E-05
9.81E-03
1.26E-03
6.23E-03
8.87E-03
1.55E-02
1.67E-02
3.19E-04
7.23E-03
1.91E-05
3.65E-02
4.71E-02
3.19E-03
1.75E-02
1.53E-02
5.90E-03
1.21E-02
6.13E-04
7.49E-03
3.28E-03
9.56E-03
9.48E-05
1.50E-03
1.57E-03
1.15E-02
3.19E-02
3.70E-02
9.36E-05
1.71E-03
9.81E-03
3.38E-03
6.63E-03
9.81E-03
2.30E-02
3.62E-03
2.73E-04
2.08E-02
8.87E-03
1.02E-03
1.79E-04

1.312
1.304
1.294
1.292
1.275
1.272
1.268
1.267
1.266
1.266
1.255
1.233
1.222
1.221
1.205
1.200
1.198
1.187
1.186
1.183
1.177
1.175
1.173
1.170
1.165
1.157
1.157
1.154
1.153
1.148
1.138
1.125
1.112
1.111
1.109
1.093
1.092
1.091
1.090
1.086
1.081
1.060
1.058
1.058
1.043
1.042
1.039
1.035
1.029

6.36E-03

1.025

1.35E-03
7.62E-03
2.68E-02
3.03E-02
4.33E-02

1.025
1.017
1.008
1.002
1.001
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MSMEG_5660
MSMEG_1414
MSMEG_6894
MSMEG_1474
MSMEG_3864
MSMEG_0829
MSMEG_1140
MSMEG_1073
MSMEG_5771
MSMEG_4181
MSMEG_6110
MSMEG_5055
MSMEG_5062
MSMEG_6186
MSMEG_2536
MSMEG_6875
MSMEG_3061
MSMEG_3142
MSMEG_2895
MSMEG_5201
MSMEG_3775
MSMEG_2512
MSMEG_2252
MSMEG_5931
MSMEG_5259
MSMEG_4937
MSMEG_0840
MSMEG_2614
MSMEG_3094
MSMEG_3045
MSMEG_2622
MSMEG_0304
MSMEG_3319
MSMEG_0894
MSMEG_4334
MSMEG_3580
MSMEG_1444
MSMEG_4935
MSMEG_6137
MSMEG_3026
MSMEG_6208
MSMEG_6926
MSMEG_3210
MSMEG_4198
MSMEG_2115
MSMEG_3879
MSMEG_5248
MSMEG_2123
MSMEG_0595
MSMEG_2224
MSMEG_6900
MSMEG_1521
MSMEG_0750
MSMEG_0760
MSMEG_4917

ABC transporter ATP-binding protein
Amidinotransferase
50S ribosomal protein L9
50S ribosomal protein L15
Cobaltochelatase, CobN subunit
Exodeoxyribonuclease III
Glycerol-3-phosphate dehydrogenase [NAD(P)+]
Oxidoreductase, short-chain dehydrogenase/reductase family protein
Uncharacterized protein
Phosphoribosyl-ATP pyrophosphatase (PRA-PH)
Hypoxanthine phosphoribosyltransferase
NAD-dependent malic enzyme
Uncharacterized protein
Uncharacterized protein
3-oxoacyl-[acyl-carrier-protein] reductase
Endoribonuclease L-PSP family protein
Probable primosomal protein N'
HTH-type transcriptional repressor AcnR
Short chain oxidoreductase
Regulatory protein GntR, HTH
Arginine biosynthesis bifunctional protein ArgJ
Lactate 2-monooxygenase
Flavin-type hydroxylase
Short chain dehydrogenase
Uncharacterized protein
ATP synthase gamma chain
Uncharacterized protein
ElaA protein
Oxidoreductase, zinc-binding dehydrogenase family protein
Integral membrane protein
Conserved hypothetical alanine rich protein
Acyl-CoA synthase
Repressor protein
Dihydrodipicolinate reductase
Flavoprotein
Antigen 85-C
50S ribosomal protein L29
ATP synthase epsilon chain
Non-ribosomal peptide synthetase
Putative pre-16S rRNA nuclease
Palmitoyl-CoA hydrolase
tRNA adenylyltransferase
Inositol-1-monophosphatase ImpA (I-1-Pase) (IMPase)
Dihydroorotate dehydrogenase (quinone)
Uncharacterized protein
Short chain dehydrogenase
Acyl-[ACP] desaturase
Dihydroxyacetone kinase, DhaK subunit
Glycolate oxidase
Acetyl-CoA C-acyltransferase
Penicillin-binding protein 1A
30S ribosomal protein S13
Membrane protein
Thioesterase family protein
Tetratricopeptide repeat domain protein

1.42E-02
1.63E-02
1.92E-03
1.77E-02
1.17E-02
5.17E-03
1.63E-02
1.17E-02
9.65E-03
5.84E-03
1.26E-02
9.61E-03
2.61E-03
6.79E-03
8.07E-03
1.98E-03
9.50E-03
2.28E-02
1.59E-02
1.79E-02
3.66E-02
4.98E-02
1.28E-03
6.13E-04
1.48E-02
8.68E-04
6.96E-04
4.14E-02
3.80E-03
1.04E-02
2.33E-02
2.44E-02
3.45E-02
3.95E-02
1.02E-02
9.41E-03
1.25E-03
5.56E-03
1.63E-02
1.52E-02
1.16E-03
1.71E-03
1.47E-03
3.32E-02
2.21E-02
2.26E-02
9.81E-03
5.17E-03
1.61E-02
3.98E-03
4.16E-03
2.75E-02
2.06E-02
1.81E-03
4.66E-03

1.000
0.999
0.993
0.990
0.986
0.983
0.982
0.981
0.980
0.977
0.976
0.974
0.969
0.962
0.953
0.953
0.951
0.950
0.948
0.942
0.942
0.936
0.926
0.908
0.903
0.897
0.895
0.888
0.880
0.876
0.873
0.871
0.869
0.868
0.868
0.860
0.853
0.853
0.850
0.849
0.848
0.843
0.841
0.836
0.830
0.829
0.827
0.826
0.825
0.824
0.820
0.818
0.817
0.816
0.814
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MSMEG_5732
MSMEG_4253
MSMEG_1157
MSMEG_4940
MSMEG_5664
MSMEG_1510
MSMEG_3619
MSMEG_3478
MSMEG_2359
MSMEG_3970
MSMEG_5454
MSMEG_0929
MSMEG_0221
MSMEG_6602
MSMEG_2440
MSMEG_4571
MSMEG_1704
MSMEG_5262
MSMEG_2112
MSMEG_0392
MSMEG_6398
MSMEG_6037
MSMEG_5490
MSMEG_3042
MSMEG_6289
MSMEG_2752
MSMEG_0539
MSMEG_6003
MSMEG_1120
MSMEG_3863
MSMEG_1947
MSMEG_1931
MSMEG_5318
MSMEG_5727
MSMEG_4271
MSMEG_4454
MSMEG_3036
MSMEG_2121
MSMEG_1882
MSMEG_2456
MSMEG_3073
MSMEG_2654
MSMEG_1376
MSMEG_2658
MSMEG_5495
MSMEG_1925
MSMEG_6311
MSMEG_5371
MSMEG_0209
MSMEG_2079
MSMEG_0638
MSMEG_4936
MSMEG_4505
MSMEG_5330
MSMEG_6285

Monooxygenase
Phosphatidylinositol alpha-mannosyltransferase
Short chain dehydrogenase
ATP synthase subunit b
Peptidyl-prolyl cis-trans isomerase
dTDP-4-dehydrorhamnose 3,5-epimerase
Short chain dehydrogenase
Aminopyrimidine aminohydrolase
Methionine synthase, vitamin-B12 independent
Glutamyl-tRNA(Gln) amidotransferase subunit A
Choloylglycine hydrolase, putative
ErfK/YbiS/YcfS/YnhG family protein
Secreted protein
Oxidoreductase
50S ribosomal protein L19
30S ribosomal protein S20
ABC transporter
Uncharacterized protein
Secreted protein
Putative glycosyl transferase
Antigen 85-A
2-hydroxy-6-ketonona-2,4-dienedioic acid hydrolase
Uncharacterized protein
Bifunctional protein PyrR
Trypsin
RNA polymerase sigma factor
Transcriptional regulator, Crp/Fnr family protein
Coenzyme A transferase, subunit B
Nitrilase/cyanide hydratase and apolipoprotein N-acyltransferase
Pyridoxamine 5'-phosphate oxidase family protein
Uncharacterized protein
Uncharacterized protein
Glutamine ABC transporter, permease/substrate-binding protein
Probable allantoicase
Uncharacterized protein
L-threonine aldolase, low-specificity
Transcription antitermination protein NusB
Multiphosphoryl transfer protein (MTP)
Diacylglycerol O-acyltransferase
5,10-methylenetetrahydromethanopterin reductase
6,7-dimethyl-8-ribityllumazine synthase (DMRL synthase)
30S ribosomal protein S15
Putative xylulose kinase
Beta-lactamase
Enoyl-CoA hydratase
Isochorismate synthase DhbC
Saccharopine dehydrogenase
Ectoine/hydroxyectoine ABC transporter, ATP-binding protein
Ribonuclease inhibitor
Alcohol dehydrogenase
Conserved hypothetical proline and threonine rich protein
ATP synthase subunit beta
Heat-inducible transcription repressor HrcA
SIS domain protein
DNA polymerase III subunit gamma/tau

1.33E-02
2.53E-02
3.14E-03
5.09E-03
5.71E-04
2.61E-02
1.81E-03
3.20E-03
8.87E-03
4.93E-03
1.04E-02
3.01E-02
2.78E-02
1.71E-03
2.09E-02
7.14E-03
3.17E-03
1.03E-02
1.98E-02
2.28E-02
1.44E-02
1.41E-02
4.85E-03
2.86E-03
2.22E-02
3.61E-03
1.13E-02
4.92E-02
4.85E-03
1.43E-02
3.45E-02
2.90E-02
3.40E-02
1.16E-02
1.13E-02
1.68E-03
4.49E-02
1.14E-02
3.65E-02
1.29E-02
3.28E-03
9.96E-03
2.71E-02
1.92E-03
1.99E-02
2.61E-02
2.49E-02
3.69E-02
2.68E-02
3.98E-03
1.59E-02
3.38E-03
3.22E-02
1.29E-02
1.15E-02

0.814
0.810
0.809
0.809
0.798
0.796
0.796
0.792
0.790
0.787
0.786
0.780
0.777
0.772
0.770
0.769
0.767
0.763
0.752
0.751
0.749
0.748
0.743
0.740
0.739
0.735
0.728
0.727
0.727
0.725
0.712
0.710
0.701
0.700
0.696
0.696
0.694
0.690
0.689
0.689
0.683
0.683
0.682
0.681
0.678
0.675
0.674
0.673
0.664
0.661
0.658
0.658
0.656
0.655
0.652
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MSMEG_3347
MSMEG_1039
MSMEG_4939
MSMEG_2060
MSMEG_3872
MSMEG_4997
MSMEG_4275
MSMEG_4974
MSMEG_0969
MSMEG_2695
MSMEG_1051
MSMEG_0697
MSMEG_5890
MSMEG_6374
MSMEG_0862
MSMEG_5995
MSMEG_6098
MSMEG_1443
MSMEG_6754
MSMEG_4595
MSMEG_5932
MSMEG_5492
MSMEG_3418
MSMEG_1436
MSMEG_5724
MSMEG_2765
MSMEG_5066
MSMEG_2081
MSMEG_4270
MSMEG_0114
MSMEG_2376
MSMEG_6054
MSMEG_4494
MSMEG_0854
MSMEG_1440
MSMEG_1527
MSMEG_0786
MSMEG_2964
MSMEG_5721

Nitrilase/cyanide hydratase and apolipoprotein N-acyltransferase
Periplasmic binding protein
ATP synthase subunit b-delta
NADH-quinone oxidoreductase subunit D
Precorrin-8X methylmutase
ABC transporter, ATP-binding protein OppD
N(1)-alpha-phosphoribosyltransferase
Rrf2 family protein (Putative transcriptional regulator)
Glutamate-1-semialdehyde 2,1-aminomutase (GSA)
35 kDa protein
Immunogenic protein MPB64/MPT64
Integral membrane protein
Uncharacterized protein
2-dehydropantoate 2-reductase
Molybdopterin biosynthesis protein MoeA
Steroid C26-monooxygenase
Chalcone/stilbene synthase family protein
50S ribosomal protein L16
MaoC like domain protein
Probable serine/threonine-protein kinase PknH, putative
Uncharacterized protein
Acetyl-CoA carboxylase carboxyltransferase
Uncharacterized protein
50S ribosomal protein L3
Bacterial regulatory protein, MarR family protein
Deoxyuridine 5'-triphosphate nucleotidohydrolase (dUTPase)
Integral membrane protein
Putative acyl-CoA dehydrogenase
Adenosine kinase
Extracellular solute-binding protein, family protein 3
Uncharacterized protein
UPF0271 protein MSMEG_6054
Uncharacterized protein
Histidine kinase
30S ribosomal protein S19
tRNA pseudouridine synthase A
Serine/threonine-protein kinase PknG
Adenine phosphoribosyltransferase (APRT)
Acetyl-CoA acetyltransferase

1.45E-02
8.90E-03
3.38E-03
4.88E-02
2.65E-02
9.50E-03
1.43E-02
6.78E-03
3.12E-02
1.79E-02
4.31E-03
2.35E-02
3.17E-03
3.12E-02
6.30E-03
6.30E-03
1.92E-02
3.55E-02
1.61E-02
3.12E-02
2.16E-02
1.81E-03
3.05E-03
7.45E-03
1.05E-02
1.63E-02
2.84E-02
2.17E-02
4.31E-03
1.55E-02
2.28E-02
4.11E-02
1.43E-02
2.06E-02
3.18E-02
4.17E-02
1.96E-02
9.94E-03
1.18E-03

0.647
0.645
0.642
0.636
0.635
0.635
0.635
0.635
0.633
0.632
0.632
0.625
0.625
0.624
0.624
0.623
0.622
0.620
0.619
0.618
0.617
0.615
0.615
0.611
0.608
0.607
0.607
0.606
0.603
0.603
0.600
0.598
0.597
0.596
0.590
0.589
0.589
0.586
0.586
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Table III.5: List of proteins depleted during growth in the absence of glycerol in M. smegmatis Δcpa as
compared to its parent strain by label-free quantification mass spectrometry. Only proteins with
p-value below 0.05 and fold change below 0.67 (log2FC ≤ -0.586) are presented.
Locus tag
MSMEG_0334
MSMEG_0314
MSMEG_1193
MSMEG_0858
MSMEG_6201
MSMEG_6645
MSMEG_2935
MSMEG_5970
MSMEG_0826
MSMEG_5209
MSMEG_2719
MSMEG_6700
MSMEG_1005
MSMEG_2723
MSMEG_6073
MSMEG_4396
MSMEG_3132
MSMEG_3708
MSMEG_1978
MSMEG_4042
MSMEG_5220
MSMEG_1812
MSMEG_5002
MSMEG_3430
MSMEG_5582
MSMEG_0194
MSMEG_6302
MSMEG_4589
MSMEG_0158
MSMEG_0240
MSMEG_5274
MSMEG_6627
MSMEG_0746
MSMEG_4238
MSMEG_2198
MSMEG_0762
MSMEG_1952
MSMEG_6291
MSMEG_6422
MSMEG_1254
MSMEG_0933
MSMEG_5632
MSMEG_6936
MSMEG_2271
MSMEG_1680
MSMEG_0926
MSMEG_1679
MSMEG_4976
MSMEG_1494

Protein description
Acetyl-/propionyl-coenzyme A carboxylase alpha chain
Glucose-6-phosphate 1-dehydrogenase (G6PD)
TROVE domain protein
Cell division control protein Cdc48
Transglycosylase
2-methylcitrate dehydratase 2
Phosphatidyl-myo-inositol mannosyltransferase
Probable glutamate-1-semialdehyde 2,1-aminomutase
Phosphomethylpyrimidine synthase
Hydrolase, alpha/beta fold family protein
Hydrogen:quinone oxidoreductase
Regulatory protein
Methyltransferase type 11
Protein RecA (Recombinase A)
Uncharacterized tRNA/rRNA methyltransferase
Isochorismatase hydrolase
DNA-binding protein
Catalase-related peroxidase
60 kDa chaperonin
Transcriptional regulator, GntR family protein
Esterase/lipase/thioesterase
Uncharacterized protein
Uncharacterized protein
SAM-dependent methyltransferase
Uncharacterized protein
Serine esterase, cutinase family protein
DNA ligase C1
Rhodanese domain protein/cystathionine beta-lyase
Formyl-CoA:oxalate CoA-transferase (FCOCT)
Uncharacterized protein
Formate-dependent phosphoribosylglycinamide formyltransferase
Nitroreductase family protein
Carbon-monoxide dehydrogenase, large subunit
Uncharacterized protein
ThiF family protein
Cytochrome P450 FAS1
DNA helicase
D-amino-acid dehydrogenase
Ferritin BfrB (Non-heme ferritin Ftn)
DEAD/DEAH box helicase
D-inositol 3-phosphate glycosyltransferase
Oxidoreductase, short chain dehydrogenase/reductase family
protein
Uncharacterized protein
Hydrogenase accessory protein HypB
Uncharacterized protein
Uncharacterized protein
AmiB
Isochorismatase hydrolase
Transcriptional regulatory protein DegU

p-value
(q.mod)
2.90E-07
1.02E-07
4.05E-08
9.70E-05
9.03E-08
2.21E-03
1.57E-06
2.90E-02
8.61E-04
4.47E-06
3.27E-03
7.33E-06
2.28E-02
3.18E-03
7.27E-06
4.10E-02
3.08E-03
2.06E-02
3.62E-02
4.31E-03
9.84E-06
5.54E-03
3.59E-04
3.41E-06
1.20E-04
8.09E-03
1.57E-03
4.93E-02
3.31E-04
3.98E-03
3.87E-05
4.20E-02
1.42E-02
2.18E-04
1.45E-03
1.89E-03
3.98E-03
8.00E-04
2.99E-04
5.54E-03
5.90E-03

log2(∆/WT)
-5.555
-5.383
-4.867
-4.854
-4.774
-4.172
-3.808
-3.789
-3.656
-3.469
-3.390
-3.060
-3.053
-3.041
-2.919
-2.874
-2.855
-2.845
-2.693
-2.628
-2.595
-2.496
-2.464
-2.459
-2.444
-2.418
-2.386
-2.325
-2.324
-2.204
-2.179
-2.136
-2.093
-1.990
-1.973
-1.962
-1.937
-1.932
-1.902
-1.897
-1.896

2.93E-04

-1.887

6.64E-05
5.96E-05
7.27E-06
1.05E-02
1.40E-02
3.64E-04
1.03E-05

-1.878
-1.868
-1.839
-1.833
-1.820
-1.798
-1.751
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MSMEG_3477
MSMEG_5221
MSMEG_2939
MSMEG_0057
MSMEG_4076
MSMEG_0916
MSMEG_0938
MSMEG_2919
MSMEG_6292
MSMEG_3615
MSMEG_6859
MSMEG_6249
MSMEG_4567
MSMEG_3488
MSMEG_0608
MSMEG_6649
MSMEG_4743
MSMEG_3489
MSMEG_2659
MSMEG_0592
MSMEG_4985
MSMEG_1682
MSMEG_0744
MSMEG_1033
MSMEG_5935
MSMEG_5792
MSMEG_5300
MSMEG_0318
MSMEG_5022
MSMEG_0441
MSMEG_3041
MSMEG_1575
MSMEG_1946
MSMEG_3644
MSMEG_3449
MSMEG_0409
MSMEG_2299
MSMEG_4921
MSMEG_2580
MSMEG_3743
MSMEI_0386
MSMEG_0224
MSMEG_1317
MSMEG_6106
MSMEG_4394
MSMEG_4687
MSMEG_2779
MSMEG_0824
MSMEG_1927
MSMEG_1970
MSMEG_4686
MSMEG_0411
MSMEG_3883
MSMEG_2405
MSMEG_6338

Possible inv protein
GCN5-related N-acetyltransferase
Pyridoxal 5'-phosphate synthase subunit PdxT
ESX-1 secretion-associated protein EspG1
Butyryl-CoA dehydrogenase
Transcriptional regulator, TetR family protein
Uncharacterized protein
2-dehydropantoate 2-reductase
Transcription elongation factor GreA
Zinc-binding alcohol dehydrogenase family protein
Oxidoreductase
Hercynine oxygenase
Uncharacterized protein
Transcriptional regulator, AraC family protein
Glyoxalase family protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Alanine dehydrogenase
Putative rhamnose catabolism operon transcriptional regulator
Carbonic anhydrase
Flavin-containing monooxygenase FMO
Carbon monoxide dehydrogenase medium chain
Ribonucleoside-diphosphate reductase subunit beta
ATP-dependent DNA helicase
UPF0678 fatty acid-binding protein-like protein
Short-chain type dehydrogenase/reductase
AMP-dependent synthetase and ligase
Flavin-containing monooxygenase FMO
Uncharacterized protein
Thiopurine S-methyltransferase (Tpmt) superfamily protein
Alanine racemase
NADH pyrophosphatase
Transcriptional regulator, MerR family protein
DNA-binding protein
Condensation domain protein
Ribonucleoside-diphosphate reductase subunit alpha 2
Methylmalonyl-CoA epimerase
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (flavodoxin)
SpoOJ regulator protein
Fatty-acid O-methyltransferase (fmt)
O-methyltransferase MdmC
Transcriptional regulator
Epoxide hydrolase
LysR family protein transcriptional regulatory protein
Cytosine deaminase
Uncharacterized protein
Uncharacterized protein
Cobyrinic Acid a,c-diamide synthase
Sigma factor
Putative oxidoreductase YdbC
Acyl-CoA synthase (FadD28)
5'-3' exonuclease
MarR-family protein transcriptional regulator
Phosphoglycerate mutase family protein, putative

5.24E-03
7.72E-03
1.17E-03
4.53E-02
2.06E-02
8.06E-04
4.60E-02
1.60E-04
2.91E-03
1.61E-02
2.78E-02
4.05E-02
8.67E-04
3.20E-03
1.20E-04
1.10E-02
1.72E-02
1.69E-04
2.49E-02
3.98E-03
9.91E-03
3.86E-04
4.33E-03
1.35E-03
1.73E-03
1.18E-05
4.47E-06
7.49E-03
1.57E-03
1.23E-04
3.45E-02
1.31E-03
1.45E-02
6.57E-05
2.78E-02
2.71E-02
6.58E-05
3.71E-03
2.38E-03
1.45E-03
9.36E-05
7.94E-05
2.17E-02
9.36E-05
1.25E-03
4.60E-02
4.97E-02
3.74E-04
1.36E-04
1.68E-03
3.12E-02
6.41E-04
2.17E-04
1.47E-03
9.22E-03

-1.741
-1.713
-1.705
-1.691
-1.685
-1.679
-1.675
-1.673
-1.671
-1.667
-1.658
-1.616
-1.607
-1.607
-1.586
-1.558
-1.547
-1.532
-1.520
-1.519
-1.513
-1.511
-1.510
-1.481
-1.466
-1.461
-1.457
-1.451
-1.442
-1.432
-1.432
-1.414
-1.380
-1.375
-1.363
-1.362
-1.349
-1.336
-1.332
-1.327
-1.323
-1.320
-1.312
-1.309
-1.265
-1.258
-1.244
-1.237
-1.221
-1.212
-1.209
-1.204
-1.192
-1.183
-1.162
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MSMEG_5680
MSMEG_4222
MSMEG_4665
MSMEG_4557
MSMEG_2470
MSMEG_6935
MSMEG_5789
MSMEG_3988
MSMEG_2084
MSMEG_3141
MSMEG_1594
MSMEG_1314
MSMEG_5593
MSMEG_6939
MSMEG_4668
MSMEG_3201
MSMEG_0434
MSMEG_0203
MSMEG_2395
MSMEG_4284
MSMEG_1516
MSMEG_0825
MSMEG_6541
MSMEG_2667
MSMEG_6239
MSMEG_6662
MSMEG_0882
MSMEG_3667
MSMEG_4899
MSMEG_3768
MSMEG_0530
MSMEG_2128
MSMEG_3472
MSMEG_4125
MSMEG_1369
MSMEG_2606
MSMEG_4669
MSMEG_0252
MSMEG_4342
MSMEG_3829
MSMEG_5554
MSMEG_5073
MSMEG_2450
MSMEG_2035
MSMEG_5681
MSMEG_1205
MSMEG_0670
MSMEG_4560
MSMEG_4827
MSMEG_3605
MSMEG_0435
MSMEG_3335
MSMEG_5800
MSMEG_2768
MSMEG_1047

Glyoxalase family protein
Cell division protein FtsZ
IolE protein
ABC transporter, ATP-binding protein
Acyl-CoA thioesterase
N-acetylmuramoyl-L-alanine amidase
Putative thiosulfate sulfurtransferase
Transcriptional regulator, AsnC family protein
Uncharacterized protein
Conserved domain protein
Enoyl-CoA hydratase
Uncharacterized protein
Pyruvate dehydrogenase
Soj family protein
Oxidoreductase alpha (Molybdopterin) subunit
Nicotinate-nucleotide pyrophosphorylase
Aminoglycoside 2'-N-acetyltransferase
IS1096, tnpR protein
D-alanine--D-alanine ligase
Uncharacterized protein
Thioredoxin reductase
Phosphomethylpyrimidine kinase
Anti-sigma factor antagonist
HpcH/HpaI aldolase/citrate lyase family protein, putative
1,3-propanediol dehydrogenase
Short chain dehydrogenase
Uncharacterized protein
Carboxylic ester hydrolase
dITP/XTP pyrophosphatase
Macrolide-transport ATP-binding protein abc transporter
Short chain dehydrogenase
Malonyl CoA decarboxylase
Uncharacterized protein
Short chain dehydrogenase/reductase family protein
LacI-family protein transcriptional regulator
ArsR-family protein transcriptional regulator
Sulfur carrier protein FdhD
tRNA (guanine-N(7)-)-methyltransferase
Metallo-beta-lactamase family protein
Esterase
Antar domain protein
Putative O-methyltransferase
Adenosylmethionine--8-amino-7-oxononanoate transaminase
Amine oxidase [flavin-containing] B
Probable ferredoxin/ferredoxin--NADP reductase
Cyclopropane-fatty-acyl-phospholipid synthase 1
FAD dependent oxidoreductase
Periplasmic binding protein
Aminoglycoside phosphotransferase
Sorbitol dehydrogenase
Allophanate hydrolase subunit 2
Transcriptional regulator, IclR family protein, putative
Amidophosphoribosyltransferase (ATase)
OB-fold nucleic acid binding domain protein
Nudix hydrolase

1.16E-03
3.87E-03
3.87E-03
5.34E-03
2.68E-02
2.51E-02
2.07E-03
3.22E-02
4.67E-02
1.82E-02
2.06E-02
9.75E-03
7.19E-03
4.70E-02
5.16E-03
2.48E-02
8.06E-05
1.34E-02
2.58E-02
7.49E-03
3.96E-04
1.35E-03
5.69E-04
4.18E-04
2.17E-02
3.84E-03
2.06E-02
1.63E-02
9.81E-03
4.33E-03
1.57E-03
1.97E-02
1.14E-03
1.10E-03
2.06E-02
3.95E-02
6.02E-03
3.98E-03
2.13E-02
4.48E-02
2.41E-04
7.81E-04
3.38E-03
1.26E-03
3.07E-02
2.41E-04
3.65E-02
2.17E-02
3.65E-02
1.79E-02
5.40E-03
1.31E-03
4.15E-03
2.61E-02
1.14E-03

-1.161
-1.156
-1.156
-1.148
-1.143
-1.141
-1.139
-1.132
-1.128
-1.111
-1.110
-1.109
-1.099
-1.093
-1.088
-1.086
-1.083
-1.082
-1.073
-1.072
-1.070
-1.068
-1.063
-1.038
-1.036
-1.030
-1.018
-1.011
-1.009
-1.007
-1.006
-1.000
-0.992
-0.983
-0.975
-0.970
-0.965
-0.962
-0.961
-0.951
-0.949
-0.936
-0.933
-0.921
-0.916
-0.916
-0.908
-0.902
-0.900
-0.900
-0.894
-0.891
-0.889
-0.888
-0.884
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MSMEG_3460
MSMEG_3396
MSMEG_4330
MSMEG_0791
MSMEG_5050
MSMEG_0388
MSMEG_0688
MSMEG_0157
MSMEG_6759
MSMEG_3846
MSMEG_1825
MSMEG_2923
MSMEG_0400
MSMEG_3302
MSMEG_5858
MSMEG_3317
MSMEG_0836
MSMEG_1426
MSMEG_2201
MSMEG_4903
MSMEG_3059
MSMEG_6575
MSMEG_4565
MSMEG_2743
MSMEG_6431
MSMEG_6085
MSMEG_0100
MSMEG_1913
MSMEG_0003
MSMEG_1874
MSMEG_3211
MSMEG_3065
MSMEG_1029
MSMEG_2785
MSMEG_2061
MSMEG_5553
MSMEG_3822
MSMEG_5878
MSMEG_5475
MSMEG_6616
MSMEG_4313
MSMEG_1773
MSMEG_1204
MSMEG_2540
MSMEG_2399
MSMEG_1675
MSMEG_5222
MSMEG_3559
MSMEG_6733
MSMEG_3677
MSMEG_3034
MSMEG_0097
MSMEG_1984
MSMEG_6730
MSMEG_6082

Ferric uptake regulation protein
Transcriptional regulator, IclR family protein
Short chain dehydrogenase
Glycine oxidase ThiO
Methionine aminopeptidase (MAP)
Macrocin-O-methyltransferase
Aspartate aminotransferase
Oxalyl-CoA decarboxylase
Glycerol kinase
Phosphotransferase enzyme family protein
dTDP-4-dehydrorhamnose reductase
Dehydrogenase/reductase SDR family protein member 1
Peptide synthetase
Short-chain dehydrogenase/reductase SDR
3-oxoacyl-[acyl-carrier-protein] reductase
Dihydrodipicolinate reductase, N-terminus domain protein
Putative glutamate--cysteine ligase 2-1
Probable membrane sugar transferase
ZbpA protein
Glutamate racemase
Esterase
Beta-lactamase
Oxidoreductase
Transcriptional repressor NrdR
Uncharacterized protein
Hydrolase, alpha/beta hydrolase fold family protein
Phosphotyrosine protein phosphatase ptpb
Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase
DNA replication and repair protein RecF
DNA-binding response regulator MtrA
Imidazole glycerol phosphate synthase subunit HisF
Ribosomal RNA small subunit methyltransferase B
Probable transcriptional regulatory protein
Alpha-(1->3)-arabinofuranosyltransferase
NADH-quinone oxidoreductase subunit C
CheR methyltransferase, SAM binding domain protein
Regulatory protein GntR, HTH
Cutinase
Acetate operon repressor
S-(Hydroxymethyl)glutathione dehydrogenase
Glyoxalase/bleomycin resistance protein/dioxygenase
Uncharacterized protein
3-oxoacyl-[acyl-carrier-protein] synthase 2
Uridylate kinase (UK)
Uracil-DNA glycosylase (UDG)
Pyrimidine-nucleoside phosphorylase
Ribosome-binding ATPase YchF
Short chain dehydrogenase
Hydrolase, carbon-nitrogen family protein
Serine/threonine protein kinase
Metallopeptidase, M24 family protein
Oxidoreductase, zinc-binding dehydrogenase family protein
Haloacetate dehalogenase H-1
Putative oxidoreductase YdbC
Carbonic anhydrase

3.81E-02
1.26E-02
5.73E-03
2.43E-03
4.31E-03
1.97E-02
6.63E-03
4.48E-02
4.18E-04
3.38E-03
1.71E-02
5.17E-03
1.08E-03
1.53E-02
2.51E-02
1.75E-02
6.11E-03
5.24E-03
2.06E-02
2.17E-02
9.81E-03
1.48E-02
1.71E-03
2.01E-02
1.31E-03
7.86E-03
1.71E-02
2.22E-02
3.44E-02
1.32E-03
5.88E-03
3.87E-03
7.86E-03
1.17E-02
2.37E-02
3.35E-02
9.61E-03
3.22E-02
2.73E-02
4.20E-02
4.88E-02
9.61E-03
2.31E-02
2.21E-03
2.49E-02
3.87E-03
1.81E-03
1.42E-02
3.61E-02
8.20E-04
2.25E-02
4.66E-02
3.55E-02
2.05E-02
1.81E-03

-0.882
-0.881
-0.877
-0.851
-0.851
-0.850
-0.840
-0.835
-0.832
-0.827
-0.825
-0.824
-0.824
-0.823
-0.820
-0.818
-0.817
-0.815
-0.807
-0.807
-0.804
-0.792
-0.792
-0.787
-0.786
-0.785
-0.784
-0.783
-0.782
-0.781
-0.780
-0.777
-0.776
-0.773
-0.749
-0.749
-0.749
-0.748
-0.740
-0.739
-0.737
-0.734
-0.731
-0.725
-0.724
-0.722
-0.721
-0.713
-0.709
-0.708
-0.702
-0.701
-0.698
-0.696
-0.694
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MSMEG_3860
MSMEG_3799
MSMEG_3053
MSMEG_3535
MSMEG_0856
MSMEG_2778
MSMEG_4116
MSMEG_3471
MSMEG_0309
MSMEG_4261
MSMEG_5629
MSMEG_1388
MSMEG_1291
MSMEG_0029
MSMEG_6107
MSMEG_1681
MSMEG_5252
MSMEG_4914
MSMEG_5837
MSMEG_6475
MSMEG_2529
MSMEG_6804
MSMEG_4497
MSMEG_4115
MSMEG_5574
MSMEG_1368
MSMEG_3798
MSMEG_0401
MSMEG_5614
MSMEG_2387
MSMEG_0643
MSMEG_5797
MSMEG_5412
MSMEG_3228
MSMEG_3206
MSMEG_6337
MSMEG_0422
MSMEG_4833

Apolipoprotein N-acyltransferase
Uncharacterized protein
DNA-directed RNA polymerase subunit omega
Agmatinase
DNA-binding response regulator, LuxR family protein
Ribonuclease D
3-hydroxybutyryl-CoA dehydrogenase
GTP cyclohydrolase
Aldehyde dehydrogenase family protein
Ubiquinol-cytochrome c reductase cytochrome c subunit
Uncharacterized protein
Enoyl-CoA hydratase
Putative oxidoreductase
Anthranilate synthase component 2
Limonene 1,2-monooxygenase
Endoribonuclease L-PSP superfamily protein
Pantothenate kinase
Virginiamycin B lyase
Glutathione peroxidase
Uncharacterized protein
Glyoxylate reductase
Sugar ABC transporter substrate-binding protein
PhoH family protein
3-hydroxybutyryl-CoA dehydrogenase
Substrate binding protein
DNA-directed RNA polymerase subunit beta'
Uncharacterized protein
Putative non-ribosomal peptide synthase
Uncharacterized protein
3-isopropylmalate dehydratase large subunit
Extracellular solute-binding protein, family protein 5, putative
Uncharacterized protein
Immunogenic protein MPT63
Acyl-CoA thioesterase II
Histidinol-phosphate aminotransferase
Phosphotransferase enzyme family protein
Transferase
Putative acyl-CoA dehydrogenase

3.32E-02
9.81E-03
6.02E-03
1.71E-02
6.74E-03
6.21E-03
3.25E-02
2.26E-03
3.71E-03
2.13E-02
2.75E-02
1.17E-02
2.22E-02
6.40E-03
1.70E-02
1.30E-02
1.13E-02
4.13E-02
8.68E-04
9.56E-03
2.76E-03
2.06E-02
3.40E-02
3.17E-02
9.56E-03
6.79E-03
1.32E-02
1.05E-02
1.40E-02
1.84E-03
3.32E-02
1.47E-02
3.75E-03
4.54E-02
2.26E-02
4.33E-03
2.55E-03
9.81E-03

-0.692
-0.689
-0.683
-0.676
-0.675
-0.667
-0.660
-0.660
-0.660
-0.658
-0.655
-0.651
-0.645
-0.640
-0.637
-0.635
-0.634
-0.629
-0.629
-0.627
-0.626
-0.623
-0.622
-0.620
-0.618
-0.613
-0.606
-0.603
-0.601
-0.599
-0.596
-0.594
-0.593
-0.593
-0.590
-0.588
-0.588
-0.587
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IV. Concluding Remarks and Outlook
In the light of ever-evolving M. tuberculosis drug tolerance, a lot of effort has to be put
into discovery of mycobacterium-specific drug targets that will allow for selective
elimination of the bacterium from human cells without damaging the host. Since
proteasome-mediated

protein

degradation

was

shown

to

be

required

for

M. tuberculosis to persist in the mammalian host, the proteasome along with its
regulatory complexes and substrate recruitment pathways represent attractive novel
drug targets. Although the Mtb 20S proteasome has already become the target of
various efforts in developing anti-tubercular drugs (Lin et al., 2009), it should be
pointed out that the 20S proteasome in mycobacteria is homologous to the eukaryotic
core particle and therefore the drugs can potentially also affect the human host.
Thankfully, despite its functional homology, the proteasomal targeting system in
actinobacteria, the post-translation modification with the small protein Pup, is not
present in eukaryotes and therefore presents a drug target specific to the pathogen
and less likely to evoke negative effects on the host. With my work I attempted to
expand the “family” of proteins known to be involved in pupylation and proteasomal
degradation using a screening discovery approach to identify protein-protein
interactions with components of the Pup-proteasome system.
In the first part, the bacterial two-hybrid system was used to screen a library of
mycobacterial open reading frames for yet unknown interactions with all components
of the PPS. Even though very few potential candidates were identified for the
ligating/de-ligating enzymes (PafA/Dop), quite a large number of proteins seemed to
interact with the proteasomal ATPase Mpa. Although a number of them are likely
false positive hits due to nonspecific interaction with Mpa, there are a few candidates
that appear to be significant enough to investigate them further in a follow-up study.
Furthermore, a cross-validation tool, independent of the two-hybrid method, could be
of great help in narrowing down the final list of proteins to just a few candidates with
the highest potential for success. I have, in the past few months of my dissertation
work, initiated the development of such a cross-validation tool. I plan to combine the
sensitivity of a small luciferase enzyme with the versatility and ease of protein
production in E. coli cells to detect even very low protein amounts as would be the case
for weaker protein-protein interactions. In the assay, I plan to fuse the prey protein
identified in our BACTH screen N- or C- terminally to the Gaussia luciferase (Welsh

et al., 2009, Degeling et al., 2013). Likewise, the bait that was used to fish the
respective prey out of the library is fused with a polyhistidine tag. Both fusions are
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co-expressed in an E. coli strain using an arabinose-inducible promoter and cell lysate
will be subjected to metal ion affinity chromatography to selectively immobilize the
bait protein via its appended His-tag. After several rounds of washing, the proteins
can be eluted from the resin and, following luciferase substrate addition, luminescence
is measured. Only in the case when the two co-expressed proteins form a complex, can
the luminescence signal be observed. Owing to the very high sensitivity of the modified
luciferase in combination with an optimized luciferase substrate, even sub-nanogram
amounts of the enzyme can be detected allowing for identification of weak binders. I
have already carried out test experiments with known interactors and could confirm
that the assay performed well in detecting certain interactions in the Pup-proteasome
system. After a few additional optimizations maximizing detection with the test cases,
the assay will be deployed to cross-validate the results of the screen described in this
work.
One drawback of a two-hybrid approach, particularly for complex systems, is that
certain protein-protein interactions might require the presence of additional factors
and hence only be identified if more than the two tested components were present at
a time during screening. For instance, the formation of the Mpa-CP or Bpa-CP complex
could induce binding of other proteins that would not interact with the activator or
the core particle on their own. Similarly, PafA or Dop might only engage other factors
when Pup is already bound. To test whether this is true, one could consider performing
a screen where both members of any given complex are co-expressed while the T25/T18
domain is placed on only one of them. Considering, however, that the screens
performed thus far have resulted in the identification of a number of proteins, it will
be crucial to first exclude the ones that interacted non-specifically before venturing
into yet another, more complex screening space.
The second part of my dissertation was focused on the actinobacterial Cdc48-homolog
Cpa (Cdc48-like protein of Actinobacteria). The two-hybrid system introduced in the
first part of the thesis demonstrated an interaction between the mycobacterial
proteasome and Cpa resulting in expansion of the “proteasomal interactors” group in
those organisms. Careful analysis of the proteomic comparison between the

M. smegmatis parent and the cpa-knockout strain provided us with clues about the
functional context of Cpa. I plan to stay on for a few months after completion of my
dissertation to in particular explore the potential involvement of Cpa and the
proteasome in ribosome stability, biogenesis or reshaping. To this end, I am planning
to compare ribosome profiles obtained by centrifugation in sucrose gradients of native
ribosomes isolated from M. smegmatis cells grown in presence and absence of glycerol
104

Concluding remarks and outlook
as the main carbon source. If Cpa is involved in controlling ribosome stability,
particularly during carbon limitation, we expect to observe a difference in the amounts
of assembled ribosomes between the wild-type and the cpa-knockout cells. Once
isolated from the original source, the ribosomes could also be subjected to in vitro
degradation tests in the presence of the Cpa-20S proteasome complex. Provided that
no adaptor is required to aid in substrate recognition, it is possible that ribosomes
could undergo disassembly followed by degradation by the proteasomal particle.
Additionally, RNase could be added to test whether degradation of ribosomal RNA is
a prerequisite for subsequent recognition of proteinaceous components by Cpa.
Our comparative analysis of the wild-type and cpa-knockout Msm proteomes revealed
changes for many other proteins in addition to ribosomal components. It would be,
however, unpractical to manually hand-pick and test in vitro whether some candidates
could be direct unfolding/degradation substrates. To complement this “omics”
approach, I am planning to perform a different set of experiments with the hope of
directly identifying proteins/peptides that get trapped in the Cpa central channel,
while being passed through in an ATP-dependent manner. To achieve this, I will
generate Cpa mutants carrying a photoactivatable crosslinker at different positions of
the channel running through the ATPase modules using the amber codon unnatural
amino acid incorporation technology (Wals & Ovaa, 2014). Such an approach was used
previously to show that the substrate polypeptide chain crosses through the entire
Cdc48 channel (Bodnar & Rapoport, 2017b). The mutant proteins will be incubated
with Msm cell lysates (prepared from cells grown in presence and absence of glycerol)
and exposed to UV light in order to crosslink the presumed substrate to the modified
side chains. Proteins captured in this way can later be identified by mass
spectrometry. Following successful identification and comparison to the original LFQ
proteomic dataset, the substrate candidates can be expressed heterologously in E. coli
and be tested directly for unfolding by Cpa followed by proteasomal degradation.
Alternatively, an in vivo approach could be used for the same purpose. Unnatural
amino acid incorporation in mycobacteria has been successfully used to introduce a
range of different modifications to proteins in M. tuberculosis, M. smegmatis and

M. bovis (Wang et al., 2010a). The advantage of this approach would be the natural
environment of the cell that can provide all the adaptors and ligands required for
substrate recognition.
Eukaryotic Cdc48 is known to fulfil its functional role in the cell in cooperation with
an entire host of adaptor proteins. As mentioned before, it is very likely that Cpa will
also require adaptors to recruit its various substrates. I therefore plan to carry out a
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bacterial two-hybrid analysis using Cpa as bait. Since adaptors usually dock to the Nterminal domains of their AAA partners, I also plan to use the N-domain alone to
screen for interactors. This might reduce steric hindrance that could prevent detection
of adaptors when the full-length Cpa is used. One potential limitation of the twohybrid setup introduced and described in this work is a limited number of open reading
frames present in the library. Even though the library comprises most of the

M. tuberculosis

genome,

genomes

of

some

other

actinobacteria

(including

M. smegmatis) are larger and carry up to 3000 more genes then does the Mtb genome.
It cannot be excluded that pathogenic Mtb lost some of its proteins cooperating with
Cpa during its genome reduction. In fact, the cpa gene itself is absent from the genome
of M. leprae – the pathogenic mycobacterium with the smallest genome among all
mycobacteria (carries only 1605 genes as compared to 3906 in Mtb and 6717 in Msm).
Generating a genome fragment BACTH library from Msm genome could perhaps aid
in finding potential Cpa adaptor proteins in those strains.
My analysis of the formation and stability of the Cpa hexamer now also allows me to
further pursue structural studies of the Cpa-CP interaction. In collaboration with
another PhD student in the group I will aim at obtaining a cryo-EM structure of the
Cpa-CP complex. A complex structure would be of great interest to the community as
it could shed more light on other possible mechanisms of the proteasomal gate
opening. Should it turn out that the complex cannot be stabilized under cryo-EM
conditions by careful screening of nucleotide, grids and cryo-conditions, a site-directed
crosslinking approach can be taken to stabilize the complex. Mapping the exact
residues in the Cpa sequence that are indispensable for interaction with the core
particle could prove useful for selecting residues for site-specific crosslinking that may
perhaps be used to stabilize the entire complex and facilitate cryo-EM sample
preparation. Such mapping experiment could be performed using the established
one-to-one BACTH assay by introducing mutations in the presumed Cpa-20S binding
interface and by following the β-galactosidase activity upon T25/T18-fusions
co-transformation into E. coli ∆cyaA.
Taken together, the developments in the Pup-proteasome system field in the past few
years (including this work) clearly show that the actinobacterial proteasome is not just
a lonely orphan, but rather a specialized machine capable of working together with
multiple activators, similarly to how the analogous system performs its function in
eukaryotic organisms. It remains to be seen, however, how many more secrets of this
kind are buried in bacterial genomes and how fast we can uncover them.
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Table VI.1: List of all the hits obtained during the final library screen. Number of hits obtained for each
prey in a ClpC1 and ClpC2 screens is given in columns C1 and C2, respectively. Proteins that were identified
in the screen performed with the T25 domain only (as a control) are indicated in the column ‘ctrl’ as a plus
sign. Proteins with annotated coiled-coils in their sequence are labelled with a plus sign in the last column.
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VII. Abbreviations
AAA

–

ATPase associated with various cellular activities

AdCyc

–

adenylate cyclase

ARC

–

ATPase forming ring-shaped complexes

BACTH

–

bacterial adenylate cyclase two-hybrid system

Bpa

–

bacterial proteasome activator

Cdc48

–

cell division control protein 48

Clp

–

caseinolytic protease

CP

–

core particle

Cpa

–

Cdc48-like protein of Actinobacteria

CRP

–

catabolite repressor protein

cryo-EM

–

cryo electron microscopy

Dop

–

depupylase/deamidase of Pup

DWB

–

double Walker B mutant

FC

fold change

GOI

–

gene of interest

LB

–

lysogeny broth

LFQ-MS

–

label-free quantification mass spectrometry

MALS

–

multi-angle light scattering

Mpa

–

mycobacterial proteasomal ATPase

Msm

–

Mycobacterium smegmatis

Mtb

–

Mycobacterium tuberculosis

ORF

–

open reading frame

PafA

–

proteasome accessory factor A

PafE

–

proteasome accessory factor E

PAN

–

proteasome-activating nucleotidase

PCA

–

principal component analysis

POI

–

protein of interest

PPS

–

Pup-proteasome system

Pup

–

prokaryotic ubiquitin-like protein

Rer

–

Rhodococcus erythropolis

RNI

–

reactive nitrogen intermediats

SEC

–

size exclusion chromatography

SEM

–

standard error of the mean

UPS

–

Ubiquitin-proteasome system
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