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Summary

Pupylation, an ubiquitin-like post-translational protein modification in Actinobacteria, involves the
covalent attachment of a 60-70 amino acid protein to a target protein. In contrast to ubiquitin, which
adopts a stable fold, prokaryotic ubiquitin-like protein (Pup) is intrinsically disordered. The ligation
reaction is catalyzed by a single ligase, PafA (Proteasome accessory factor A). The isopeptide
linkage is formed through Pup’s C-terminal residue, a glutamate, to the ε-amino group of a substrate
lysine. Proteins modified with this tag can be recognized and degraded by the actinobacterial
proteasome complex.

Proteomic studies identified hundreds of proteins modified with Pup indicating a fundamental
role of this post-translational modification for protein homeostasis. In Mycobacteria and some other
Actinobacteria, Pup is encoded with a C-terminal glutamine instead of a glutamate, necessitating a
deamidation to prepare Pup for ligation. This reaction is carried out by Dop (deamidase of Pup), a
paralog of PafA. Interestingly, this enzyme also displays depupylase activity, thus acting to
counteract the ligase. The fact that the modification is reversible and some organisms possess the
pupylation system but lack a proteasome, suggests other roles besides degradation.
In Mycobacterium tuberculosis (Mtb), the pupylation system is critical for resistance against the
nitrosative stress this pathogen encounters in the host. One reasonable explanation for this could be
the controlled unfolding and degradation of damaged proteins. The fact that the Pup-proteasome
pathway is essential for persistence of Mtb makes the entire pupylation system an attractive drug
target.

In my thesis I undertook the structural characterization of the Pup ligase PafA from
Corynebacterium glutamicum, an organism closely related to Mtb. In the first part, I solved the
crystal structure of PafA in the presence of ADP at 2.15 Å resolution. Carrying out structure-based
mutational and biochemical studies, I could identify the region of Pup that likely interacts with the
ligase and could reveal crucial residues for catalysis of the enzyme. Moreover, I showed that not only
the last glutamate, the point of ligation, but the entire C-terminal half of the intrinsically disordered
protein Pup (about 30 amino acids) is required for ligation to substrates, as determined by activity
assays with N-terminally truncated Pup variants. A conserved groove running along PafA agreed
size-wise with such extensive interaction and appeared to be the most likely docking site for Pup.

In the second part of my thesis I addressed the interaction of PafA with Pup. Since crystal
contacts in my first structure of PafA prevented soaking or co-crystallization under the same
conditions of full length or C-terminal parts of Pup, I employed a fusion strategy to rescreen for new
crystal forms that would allow me to structurally characterize the low affinity interaction between Pup
and its ligase. In the fusion constructs, the prokaryotic ubiquitin-like protein was fused to the C-

terminus of PafA using differently sized linkers to on the one hand increase the local concentration
and on the other assure a one to one ratio of Pup to PafA in the crystal.
With this strategy, I was able to determine the structure of the ligase in complex with the
prokaryotic ubiquitin-like protein at 2.8 Å resolution. Although Pup is disordered in solution, the
electron density map showed a continuous density for the last 27 amino acids when bound to PafA.
Upon binding to its ligase, the C-terminal half of Pup becomes ordered forming two orthogonal
helices connected by a linker. Pup binds into the conserved groove I identified as a likely interaction
place in my previous structure. Along the groove Pup wraps around half of the PafA circumference
with the less conserved, unbound N-terminal region of Pup pointed away from the active site and the
highly conserved C-terminal end pointed into the active site. This arrangement prevents an
intramolecular attack by a lysine in the flexible N-terminal region of Pup, which would proceed much
faster than the intermolecular attack by the substrate lysine.
Fluorescence anisotropy-based affinity measurements with full length Pup and a truncated
variant lacking the C-terminal helix helped elucidate the roles played by the two helices. The helix
more distant from the active site provides most of the binding energy, while the second helix is
involved in the precise positioning of the C-terminal glutamate in the active site.

PafA uses ATP to phosphorylate the C-terminal glutamate, thereby activating the side chain
carbonyl-carbon for a subsequent nucleophilic attack by the substrate lysine. As the crystals where
soaked with ATP resulting in a well observable difference density I could analyze the positioning of
ATP with respect to Pup. The tightly bound ATP, coordinated by two magnesium ions, points its γphosphate towards the C-terminal glutamate. This terminal residue is in close proximity for the
phosphorylation step. The penultimate di-glycine motif, also present in the eukaryotic ubiquitin, helps
to reach from the Pup binding platform into the active site where the formation of the isopeptide
bond occurs.

The two structures of PafA in presence of ADP and in complex with ATP and Pup provide the
first insights on the pupylation system at atomic resolution and will serve as a framework for further
biochemical studies. This recently discovered prokaryotic post-translational modification system is
unique to Actinobacteria, a phylum harboring many human pathogens including Mycobacterium
tuberculosis. The results of this study can help to find inhibitors against the Pup ligase PafA, a key
player in the pupylation pathway. Further, this works supports the notion, that not only eukaryotes
but also bacteria use intrinsically disordered proteins to mediate protein interactions.

Zusammenfassung
Pupylierung ist eine Ubiquitin-ähnliche post-translationale Proteinmodifikation in Aktinobakterien,
bei der ein 60 bis 70 Aminosäuren langes Protein kovalent an ein Zielprotein angeheftet wird. Im
Gegensatz zu Ubiquitin, welches eine stabile Tertiärstruktur einnimmt, ist das prokaryotische
Ubiquitin-ähnliche Protein (Pup) unstrukturiert. Die Ligationsreaktion wird durch eine einzelne Ligase,
PafA (Proteasome accessory factor A), katalysiert. Die Isopeptidbindung wird zwischen dem Cterminalen Glutamat von Pup sowie der ε-Aminogruppe eines Substrat-Lysins gebildet. Proteine,
welche mit dieser Modifikation markiert sind, können durch einen aktinobakterien-spezifischen
Proteasomkomplex degradiert werden.

Massenspektrometrische Studien haben hunderte von Substraten identifiziert, die mit Pup
modifiziert sind. Dies deutet auf eine fundamentale Rolle dieser post-translationalen Modifikation für
das Proteingleichgewicht hin. In Mykobakterien und einigen anderen Aktinobakterien wird Pup mit
einem C-terminalen Glutamin anstelle des Glutamats kodiert, was eine Deamidierungsreaktion vor
der Ligation erfordert. Diese Reaktion wird durch die Deamidase von Pup (Dop), einem Paralog von
PafA, katalysiert. Interessanterweise zeigt dieses Enzym auch eine Depupylase-Aktivität, welche der
Ligationsreaktion entgegen wirkt. Diese Reversibilität sowie die Tatsache, dass einige Bakterien das
ganze System aber kein Proteasom besitzen, ist ein Hinweis auf eine weitere Funktion dieser
Modifikation neben dem Proteinabbau.
In Mycobacterium tuberculosis (Mtb) ist das Pupylierungssystem wichtig für die Resistenz gegen
den nitrosativen Stress, welchen dieses Pathogen im Wirt antrifft. Eine mögliche Erklärung dafür ist
die kontrollierte Entfaltung gefolgt vom Abbau der durch diesen Stress beschädigten Proteine. Die
Tatsache, dass das Pup-Proteasom System wichtig für die Persistenz von Mtb ist, macht das
gesamte System zu einem attraktiven Ziel für die Medikamentenentwicklung.

In meiner Doktorarbeit charakterisierte ich die Pup Ligase PafA von Corynebacterium
glutamicum, einem mit Mtb nahe verwandten Organismus, strukturell. Im ersten Teil löste ich die
Kristallstruktur von PafA in Gegenwart von ADP mit einer Auflösung von 2.15 Å. Mithilfe
strukturbasierender Mutations- und biochemischer Studien konnte ich die Region von Pup
identifizieren, die mit der Ligase interagiert. Des Weiteren konnte ich für die enzymatische Katalyse
wichtige PafA Seitenketten identifizieren. Zusätzlich konnte ich zeigen, dass nicht nur das terminale
Glutamat sondern die gesamte C-terminale Hälfte (30 Aminosäuren) von Pup wichtig für die Aktivität
der Ligase sind. Dies wurde mit Aktivitätsmessungen unter Verwendung verschieden langer Nterminal verkürzter Pup-Varianten bestimmt. Eine konservierte Furche, welche an der PafA
Oberfläche verläuft, entspricht in ihrer Länge der extensiven Interaktionsfläche (30 Aminosäuren) und
ist die wahrscheinlichste Bindungsstelle für Pup.

Im zweiten Teil meiner Arbeit widmete ich mich der Untersuchung der Interaktion zwischen PafA
und Pup. Da Kristallkontakte in der im ersten Teil gelösten PafA Struktur das Eindiffundieren von
oder die Kokristallisation mit Pup beziehungsweise C-terminalen Fragmenten von Pup unter
denselben Bedingungen verhinderten, habe ich eine Fusionsstrategie angewendet um neue
Kristallformen zu erhalten, die es erlauben, die schwache Interaktion zwischen Pup und PafA zu
charakterisieren. Ich fusionierte das prokaryotische Ubiquitin-ähnliche Protein über unterschiedlich
lange Verbindungen mit dem C-Terminus von PafA. Diese Strategie erhöht die lokale Konzentration
und gewährleistet das eins-zu-eins Verhältnis von Pup zu PafA im Kristall.
Mit dieser Strategie konnte ich die Kristallstruktur der Ligase zusammen mit dem gebundenen
prokaryotischen Ubiquitin-ähnlichen Protein bei einer Auflösung von 2.8 Å lösen. Obwohl Pup in
Lösung unstrukturiert ist, konnte ich eine kontinuierliche Elektronendichte für die letzten 27
Aminosäuren von Pup detektieren. Während seiner Bindung an PafA nimmt die C-terminale Hälfte
von Pup Struktur an und bildet zwei orthogonale, durch einen kurzen Linker verbundene Helices aus.
Dabei bindet Pup in die konservierte Furche, welche im ersten Teil meiner Arbeit als Bindungsstelle
identifiziert wurde. Entlang dieser Furche umrundet Pup etwa den halben Umfang der Ligase, wobei
der weniger konservierte und nicht gebundene N-terminale Teil von Pup vom aktiven Zentrum des
Enzymes wegführt während das stark konservierte C-terminale Ende in das aktive Zentrum zeigt.
Diese Anordnung verhindert einen möglichen intramolekularen Angriff von einem Lysin im flexiblen Nterminalen Ende von Pup, welcher viel schneller als der intermolekulare Angriff von einem Substrat
Lysine erfolgen würde.
Fluoreszenzanisotropie-basierte Affinitätsmessungen mit Volllängen-Pup sowie einer nach der
ersten Helix gekürzten Pup Variante ermöglichten die Funktionen der beiden Pup Helices zu erklären.
Während die vom aktiven Zentrum weiter entfernte Helix die meiste Bindungsenergie bereitstellt, ist
die zweite Helix in der Positionierung des C-terminalen Glutamates im aktiven Zentrum involviert.

PafA verwendet ATP um das C-terminale Glutamat zu phosphorylieren. Dabei wird die
Carbonylgruppe der Seitenkette für den nachfolgenden nukleophilen Angriff durch das SubstratLysin aktiviert. Um Informationen zu diesem Aktivierungsschritt zu erhalten, wurden die Kristalle mit
ATP behandelt, was in einer gut erkennbaren Differenzdichte resultierte. Das stark gebundene ATP,
welches von zwei Magnesium Ionen koordiniert wird, richtet die γ-Phosphatgruppe auf das Cterminale Glutamat von Pup aus. Diese terminale Aminosäure befindet sich nahe beim ATP für den
Phosphorylierungsschritt. Das flexible di-Glycinmotiv, welches auch im eukaryotischen Ubiquitin
vorkommt, macht es möglich, dass Pup seinen terminalen Glutamatrest von der Bindungsfurche in
das fast rechtwinklig dazu positionierte aktive Zentrum zeigt, wo die Isopeptidbindung ausgebildet
wird.

Die beiden Kristallstrukturen von PafA, eine in Gegenwart von ADP, die zweite mit ATP und Pup,
ermöglichen einen ersten Einblick in das Pupylierungssystem bei atomarer Auflösung und dienen als

Basis für zukünftige biochemische Studien. Diese erst vor kurzem entdeckte prokaryotische posttranslationale Modifikation ist einzigartig für die Aktinobakterien, einem Stamm welcher viele
Pathogene inklusive Mycobacterium tuberculosis einschliesst. Die Resultate dieser Studie können
dabei helfen, Inhibitoren gegen die Pup Ligase PafA, einem Hauptenzym der Pupylierung, zu finden.
Des Weiteren zeigt diese Arbeit, dass nicht nur Eukaryonten, sondern auch Bakterien unstrukturierte
Proteine verwenden um mit Bindungspartnern zu interagieren.
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1.1

Introduction
Post-translational modifications (PTMs)
Fast adaption to a continuously changing environment is critical for the survival of an organism.

Cells have evolved strategies to efficiently modulate their molecular machinery in response to
extracellular stresses or stimuli. Limitations in nutrients for example require fast changes in the
activity of enzymes involved in metabolism. One efficient strategy to rapidly change the function of a
particular protein is to modify its molecular composition. The addition or removal of small chemical
groups (acetylation, methylation, phosphorylation), small molecules (glycosylation, AMPylation) or
polypeptides but also proteolytic processing can change the physical or chemical properties of a
protein drastically (Walsh et al, 2005). These post-translational modifications can lead to a change in
fold, function, subcellular localization or abundance of the modified protein (Figure 1). Variation in the
modification pattern of a protein leads to a drastic increase in the diversity and complexity of the
proteome (Walsh et al, 2005).

Figure 1 Overview on post-translational modifications. Proteins can be modified covalently at specific amino acid
residues to bring about changes in activity, conformation or localization. The nature of the modifier ranges from the addition of
small chemical groups to complex molecules or polypeptides to protein degradation.

Many of these protein modifications are not restricted to the eukaryotic world but can also be
found in prokaryotes (Cain et al, 2014). Archaea and bacteria use a wide range of post-translational
modifications to manipulate their proteome.
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Salmonella typhimurium for example extensively acetylates metabolic enzymes in response to
the available carbon source (Wang et al, 2010a). Likewise, protein phosphorylation is not only a key
modification in eukaryotic signaling, but can also be found in archaea and bacteria. The human
pathogen Mycobacterium tuberculosis (Mtb) for example encodes eleven predicted serine/threonine
protein kinases (PknA to PknL) involved in protein phosphorylation (Av-Gay & Everett, 2000).
Although protein glycosylation has long been considered to be an exclusive feature of eukaryotic
cells, many prokaryotic organisms also harbor glycosylation enzymes. The industrial amino acid
production workhorse Corynebacterium glutamicum as an example encodes a protein-Omannosyltransferase responsible for glycosylating at least three corynebacterial proteins (Wendisch
& Polen, 2013). Modifications involving the attachment of small proteins to target protein side chains
(for example ubiquitination, sumoylation or neddylation) were also considered a trait of the
evolutionarily further developed eukaryotic organisms. The discovery of bacterial and archaeal small
protein modifiers have defied this assumption (Pearce et al, 2008; Burns et al, 2009; Humbard et al,
2010), as pupylation in Actinobacteria (Barandun et al, 2012) or sampylation in archaea (MaupinFurlow, 2013) can be compared to the eukaryotic ubiquitination.
1.2

PTMs involving addition of proteins
Eukaryotic cells have evolved a multifaceted modification machinery involving the specific

addition of small protein-modifiers to target substrates. The two best studied examples are
ubiquitination and sumoylation both of which are involved in diverse cellular functions including
signaling, protein quality control, DNA repair, protein homeostasis and many more (Komander,
2009).

PTMs involving the ligation of peptides or small proteins to particular amino acid residues of a
target protein offer extended regulatory possibilities in comparison to small chemical modifications. In
addition to the tight control of the intracellular concentration of the modifier on the transcriptional
level, these small protein modifiers can easily be deactivated, reactivated and recycled. A small
protein modifier can provide a scaffold for multiple and varying interaction partners with added
specificity. Further, they provide modifiable side chains on top of the target protein's side chains,
essentially allowing modification of the modifier. An intricate example of a PTM that is extensively
post-translationally modified itself is the small eukaryotic modifier ubiquitin.
1.2.1

Ubiquitination

Ubiquitin (Ub) is a small protein of 76 amino acids present ubiquitously in all eukaryotic cells. The
sequence and structure of Ub is highly conserved from yeast to humans. Ubiquitin adopts a β-grasp
fold made up of a β-sheet with 5 anti-parallel β-strands and a single helical segment packed against
("grasped by") the sheet (Figure 2a)(Vijay-Kumar et al, 1987). This fold is also found in structurally
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related Ub-like (Ubl) proteins (e.g. Nedd8, Urm1, Apg12, SUMO, Isg15), which are involved in diverse
cellular functions (van der Veen & Ploegh, 2012).
Ub and the Ubl have in common that they all can be covalently linked via an isopeptide bond to
amino groups in the target protein. In the case of Ub, this process is called ubiquitination and
requires a cascade of enzymes including E1 activation, E2 conjugation enzymes and E3 ligases. This
enzymatic cascade ultimately leads to a linkage between a substrates lysine and the carboxylate of
the C-terminal glycine-76 of Ub (Figure 2a). The system is increased in complexity by the fact that Ub
itself, with its seven surface lysines (Figure 2a and b) and the N-terminus, is a substrate for Ubligases leading to various different and even branched poly-Ub chains. Additionally, deubiquitinating
enzymes (DUBs), able to remove specific Ub chains, increase the flexibility and control of this PTM
further.

Figure 2 Eukaryotic ubiquitination. (a) Structure of human ubiquitin (PDB code 1ubi) in red with surface lysines shown in
stick representation in purple. (b) Different ubiquitination states of target substrates some of which can serve as proteasomal
degradation signal (Ciechanover & Stanhill, 2014).

Poly-Ub chains are involved in targeting substrates to the proteasome (Figure 2b). Initially, polyK48 lysine chains with at least four Ubs were identified as the specific signal for degradation (Chau et
al, 1989). It recently became clear however that the proteasomal degradation signal is far more
complex and can involve Ub-linkages of various types, chains of various length, mono or poly-Ub
substrates or even chains linked to other residues than lysines or the N-terminus of the substrate
(Ciechanover & Stanhill, 2014).
1.2.2

The ubiquitin proteasome system

The eukaryotic 26S proteasome is a gigantic macromolecular complex of 2.5 MDa acting as the
major ATP-dependent protease involved in many essential cellular processes like cell cycle,
transcription and protein quality control (Gallastegui & Groll, 2010). This large complex consists of
more than 32 subunits forming a central barrel-shaped core particle (20S) capped on both sides by
a regulatory particle (19S) (Figure 3). The regulatory particle controls the access to the internal
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degradation chamber. This compartmentalized arrangement prevents unwanted degradation and
allows tight control.
Substrates modified with Ub are recruited by two ubiquitin receptors located in the regulatory
particle. The distance between these two receptors, about 90 Å, corresponds to an elongated polyK48-Ub chain (Figure 3) with four Ubs. A preference of the proteasome for substrates modified with
tetra-Ub chains has been shown (Thrower et al, 2000). However, the number of Ub to form a chain
of about 90 Å changes with the type of linkage. The two Ub-receptors are positioned directly above
the two free coiled-coil domains (Figure 3), which are responsible for substrate binding.
Independent of the type of linkage, the translocation process of the ubiquitinated protein into the
proteasomal core relies on the presence of a flexible linker in the substrate (Matyskiela et al, 2013;
Prakash et al, 2004). The flexibility of the coiled coils ("swinging arms") allows searching for this
flexible linker (Lasker et al, 2012).
The poly-Ub chain is removed by the regulatory particle subunit Rpn11 (Verma et al, 2002), a
deubiquitinase located directly above the AAA+ unfoldase pore. The flexible substrate linker is pulled
through the pore of the proteasomal regulatory particle, using the force of the hetero-hexameric
AAA+ ATPase motor protein. This process unfolds the substrate and feeds it into the proteasomal
core where peptide bond cleavage occurs.

Figure 3 The ubiquitin proteasome system. The substrate (grey) bearing a poly-Ub chain (dark-red) is bound by the
regulatory particle Ub receptors (purple), engaged into the pore by the flexible initiation region of the substrate (black) and
translocated into the 20S core (light-red)(Regulatory particle from PDB 4cr2, Core particle from PDB 4no1).
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In contrast to this complex modification system and tightly regulated degradation machinery, the
prokaryotic world uses a reduced and simpler system to modify targets with small proteins or
peptides. Examples for prokaryotic protein modification systems are sampylation (Maupin-Furlow,
2013), ssra-tagging or the actinobacterial pupylation (Striebel et al, 2014; Pearce et al, 2008; Festa
et al, 2010).
1.2.3

Pupylation

Pupylation involves the addition of the small prokaryotic ubiquitin-like protein to target substrates
(Pearce et al, 2008; Burns et al, 2009). Although named for its functional analogy to eukaryotic
ubiquitin, the prokaryotic ubiquitin-like protein (Pup) and ubiquitin (Ub) share no structural nor
sequence homology except for a C-terminal di glycine motif (Figure 4a and b). Aside from the
differences, the tags show functional analogies. Both proteins can exist in a pro-form that has to be
activated first; both are covalently ligated to target lysines and can serve as signal for the
degradation of the tagged protein by the 20S proteasome.

In humans more than 600 E3 ubiquitin-ligases were identified, endowing the ubiquitination
system with ample specificity. In contrast, pupylation relies on only one single ligase - the
proteasome accessory factor A (PafA) - to ligate Pup to a large variety of targets (Figure 4a).
Ubiquitin and Pup are both attached to target substrates via an isopeptide bond. In the case of
Ub, the linkage occurs through the C-terminal carboxyl group while Pup is coupled through the side
chain carboxyl group of the C-terminal glutamate residue (Sutter et al, 2010).

Figure 4 A small prokaryotic ubiquitin-like protein targets substrates for degradation. (a) Prokaryotic
(actinobacterial) pupylation and (b) eukaryotic ubiquitination pathway. The two modifiers Pup and Ub with their terminal diglycine motif (GG / GGE) are shown in red. Both pupylation and ubiquitination substrates are shown in grey.
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Although the final chemical nature of the linkage (isopeptide bond) is the same for both systems
(Sutter et al, 2010; Komander, 2009), the pupylation reaction proceeds through a different
mechanism than ubiquitination and the involved enzymes are structurally and sequence-wise not
related. This means that pupylation arose separately and is evolutionarily not linked to ubiquitination.

Aside from the different enzymatic basis, both modifiers can be expressed in a coupling
incompetent pro-form requiring an initial enzymatic activation step. Ubiquitin is either translated as a
polymeric pro-ubiquitin chain with a head-to-tail arrangement or with a C-terminal extension. The
expression of the modifier as a pro-form prevents unwanted ligation to targets and allows a very fast
activation upon utilization. This activation is achieved by specific proteolysis C-terminally of glycine76 (Larsen et al, 1998). In all Mycobacteria and many other Actinobacteria, the ubiquitin-like protein
Pup is expressed as an inactive pro-form containing a C-terminal glutamine (PupQ) requiring
enzymatic activation analog to the ubiquitin activation.

While ubiquitination requires an army of enzymes, pupylation relies, apart from the proteasome,
on two main enzymes. Both of these enzymes belong to the family of γ-carboxylate amine ligases
and one is required for activation of the pro-form PupQ, while the other acts as ligase.
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1.3

The pupylation cycle
For those organisms encoding Pup as a pro-form, bearing a C-terminal glutamine instead of the

coupling-competent glutamate (e.g. Mycobacterium tuberculosis), the pupylation reaction involves
two consecutive steps (Striebel et al, 2009; Pearce et al, 2008).
In the first step, the pro-form (PupQ) is activated through deamidation of its C-terminal glutamine
to glutamate (PupE) by the enzyme Dop (deamidase of Pup) (Figure 5 & Figure 6a, deamidation).
PafA than activates PupE's C-terminal side chain γ-carboxylate by phosphorylation resulting in a
surprisingly stable phosphorylated PupE intermediate (Guth et al, 2011). This intermediate remains
bound to PafA, awaiting nucleophilic attack by a substrate-lysine.

Figure 5 The pupylation/depupylation cycle in Actinobacteria. Dop (green) renders PupQ ligation-competent by
deamidating the carboxy-terminal glutamine to glutamate. The Pup ligase PafA (blue) subsequently performs the isopeptidebond formation between the γ-carboxylate of Pup’s carboxy-terminal glutamate and the ε-amino group of a substrate (grey).
Dop additionally can act as depupylase by specific cleavage of the isopeptide-bond in a pupylated substrate.

The deamidase and the Pup ligase are homologous on the sequence level and belong to the
family of carboxylate amine ligases. PafA, functioning as a true ligase, produces an isopeptide bond
under expense of ATP, Dop in contrast requires ATP merely as a cofactor (Striebel et al, 2009).
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The ATP consumption of PafA stems from phosphorylation of Pup's terminal glutamate-64 side
chain γ-carboxylate. This produces a "good" leaving group for the subsequent nucleophilic
substitution performed by the substrates lysine (Figure 6b). Lysine side chain amino groups in
polypeptides have a high pKa of about 10.5, rendering the positively charged R-NH3+ less
nucleophilic. To catalyze the nucleophilic attack, PafA therefore has to deprotonate the ε-amino
group of the substrate lysine. After formation of the isopeptide bond, PafA releases the pupylated
substrate (Figure 6b).

Figure 6 The pupylation/depupylation reaction mechanism. (a) Deamidation reaction catalyzed by Dop and (b) ligation
reaction catalyzed by PafA. For deamidation, R denotes a hydrogen; for depupylation or ligation, R denotes the protein lysyl
moiety.

Pupylation is counteracted by an opposing activity carried out by a depupylase enzyme that
specifically cleaves the isopeptide bond. This activity is carried out by the same enzyme that
deamidates the pro-form of Pup, namely Dop. Considering the chemistry of the reaction (cleavage of
the carbon-nitrogen) this is not entirely surprising. The presence of a catalytic activity removing Pup
raises the question about an additional role of this modification besides acting as a degradation tag.

Proteomic studies identified hundreds of proteins as pupylation targets (Watrous et al, 2010;
Festa et al, 2010; Poulsen et al, 2010), indicating a very broad substrate specificity of PafA.
Additionally, the pupylation pathway has been reconstituted in E. coli, (Cerda-Maira et al, 2011), an
organism lacking the entire system. Expression of PupE and its ligase in this organism results in
pupylation of more than 400 proteins. This resulting E. coli pupylome suggests that no other factors
are required for recognition of substrates and that the motif recognized by the ligase is present in the
substrates sequence, structure and constitution or modification pattern. But it raises also the
question of the specificity of the system.

In Mycobateria, pupylation acts as degradation signal (Burns et al, 2009). Proteins modified with
the prokaryotic ubiquitin-like protein are recruited to the proteasome (Figure 7), unfolded and
degraded (Burns et al, 2009; Striebel et al, 2010). Recruitment of pupylated substrates is achieved
by a shared coiled-coil interaction between Pup and the coiled-coil domains of the proteasomal
ATPase named Arc (AAA ATPase forming ring-shaped complex) or Mpa in Mycobacteria
(mycobacterial proteasomal ATPase) (Wang et al, 2010b; Sutter et al, 2009). Arc unfolds pupylated
substrates and translocates them into the proteasomal degradation chamber by engaging the Nterminal flexible part of Pup (Striebel et al, 2010).

20

Figure 7 A shared coiled coil interaction recognizes pupylated substrates. The AAA+ unfoldase Arc/Mpa (shown in
orange) recognizes a pupylated substrate (grey) via a shared coiled interaction between Pup (red) and the coiled-coil domains
of the proteasomal ATPase partner Mpa (orange). The structure of Mpa (in orange, PDB code 3m9d (Wang et al, 2010b))
shown includes only residue 52 to 237 out of total 609 amino acids and lacks the large C-terminal AAA+ motor domains.

Alternatively, instead of being degraded by the proteasome, substrates can also be rescued
through depupylation by Dop as mentioned above (Burns et al, 2010a; Imkamp et al, 2010b). Dop
thereby contributes to the "decision" if a substrate gets degraded or depupylated.
1.3.1

Prokaryotic ubiquitin-like protein (Pup)

The prokaryotic ubiquitin-like protein is disordered in its free form (Chen et al, 2009; Liao et al,
2009; Sutter et al, 2009). The N-terminal part is less conserved, but contains in many organisms
repetitive G/D/N/E/Q residues (for example

Mtb

Pup9-18: G5D4; Figure 8) indicating flexibility and an

elongated random coil conformation (poly-glycine, multiple glutamines). In contrast, the C-terminal
half (Pup36-64) is highly conserved and ends with a conserved di-glycine motif that precedes the Cterminal glutamine or glutamate, which is the point of ligation (black bar; Figure 8).
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Figure 8 Pup features a highly conserved C-terminal half overlapping with the Arc interaction region. Sequence
alignment of prokaryotic ubiquitin-like proteins from different Actinobacteria. Conservation is indicated from white
(nonconserved) to red (conserved).

In all Mycobacteria, the modifier is encoded with a C-terminal glutamine (PupQ, Figure 8)
whereas other organisms like for example Corynebacterium glutamicum encode Pup with a Cterminal glutamate (PupE, Figure 8), the already coupling competent version.

The prokaryotic ubiquitin-like protein is highly enriched in negatively charged residues. An amino
acid composition analysis of Pup from Mtb is shown in Figure 9. It shows that PupMtb is enriched in
polar and negatively charged residues and is reduced in hydrophobic and positively charged amino
acids compared to the overall amino acid composition of the proteome (Tekaia et al, 1999).

Figure 9 The amino acid composition of Pup. (a) Comparison of the amino acid composition of the proteome from Mtb
(black), Pup from Mtb (dark red), intrinsically disordered (grey) and globular proteins (light grey) (Tompa, 2002). Data from
amino acid composition where extracted from an in silico analysis of the Mtb proteome (Tekaia et al, 1999). (b) In vivo
mutational studies with different C-terminal Pup variants (Cerda-Maira et al, 2010) (green indicates pupylation competent,
orange reduced and red pupylation incompetent).
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As explained in the previous chapter, the C-terminal residue (E64) is the point of covalent linkage
to substrates. The linkage occurs through the side chain carboxylate of E64. In vivo studies with
different variants of Pup featuring an additional alanine or glycine after Q64 or E64 are all coupling
incompetent (Cerda-Maira et al, 2010). In addition the second glycine of the di-glycine seems to be
more important for pupylation since replacement with an alanine results in highly reduced activity
(Figure 9b).
Substrates tagged with Pup, are recognized via a coiled-coil interaction between Pup21-58 and
the N-terminal helical domain of the proteasomal ATPase ARC/Mpa (Wang et al, 2010b). Mutations
in the coiled coil region of Pup (R28A&R29A, L39S&L40S, V46S&L47S) abolish degradation of a
linear model substrate fusion in vivo (Wang et al, 2010b). While residues 21 to 51 of Pup adopt a
long helix upon binding to the proteasomal ATPase ARC (Figure 7), the first 20 N-terminal and the
last 13 C-terminal residues remain unstructured. This flexibility is required for efficient unfolding and
translocation into the proteasomal degradation chamber (Striebel et al, 2010).
1.3.2

The Pup ligase PafA

Based on bioinformatic analysis, the pupylation key players Dop and PafA belong to the family of
γ-carboxylate amine/ammonia ligases (Iyer et al, 2008). This large family includes enzymes like
glutamine synthetases (GS) or γ-glutamyl-cysteine synthetases (γGCS) (Figure 10). γ-carboxylate
amine/ammonia ligases are involved in carbon nitrogen bond formation and catalyze the ligation of a
carboxylate group with a primary amine or ammonia (enzyme class: 6.3.2) via a two-step reaction.
The first step involves phosphorylation of the carboxylate group followed by nucleophilic attack of a
primary amine or ammonia (Figure 10).

Figure 10 Comparison of the reaction catalyzed by different γ-carboxylate amine/ammonia ligases with the
reaction catalyzed by PafA. Figure adapted from (Iyer et al, 2008). In the case of the Pup ligation reaction, R corresponds
to the Pup protein (residues 1 to 63) and in the other two reactions, R is a hydrogen.
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The active site is formed typically by a central β-sheet consisting of five to six antiparallel βstrands (β1- β6: Figure 11). This central β-sheet contains two conserved divalent ion-binding sites
(n1, n2 for Mg2+ or Mn2+) present in all enzymes of this family. While ion n1, coordinated by 3
conserved glutamates, binds free metal, n2, coordinated by 2 conserved glutamates and glutamine
or histidine, binds MgATP.
The nucleotide-binding pocket is located at the N-terminal end of the first and longest β-strand
of the sheet (β1, Figure 11). This strand contains in all members of the γ-carboxylate amine/ammonia
ligase family a conserved GxExE motif (Abbott et al, 2001), refereed to as the ATP binding motif. The
ATP binding motif is also present in the N-terminal region of the pupylation enzymes (Figure 12,
yellow highlighted). Although PafA and Dop are close structural homologues, they can be
distinguished by the presence of an insertion of about 40 amino acids in Dop after the GxExE motif
(Striebel et al, 2009).

Figure 11 Structure of a γ-glutamyl-cysteine synthetase (γGCS). The structure of NP459575, a predicted glutathione
synthetase from S. typhimurium is shown (PDB 1tt4). Helices are colored in green, β-strands in brown and loops in grey. The
glutamate (pink, PDB 2gwd) and ADP including the transition state analoga (orange, PDB 1va6) was placed based on the
binding sites from closely related γGCS structures that where solved in the presence of these ligand.

A pafA knockout in Mtb is completely deficient in pupylation indicating that this is the single
ligase involved in modifying targets with Pup (Pearce et al, 2008). Additionally, a role of PafA in
processing the pro-form PupQ can be excluded since a dop knockout in Mycobacterium smegmatis
is equally pupylation deficient (Imkamp et al, 2010a).
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Figure 12 Sequence alignment of the Pup ligase from different organisms. Corynebacterium glutamicum (Cglu),
Corynebacterium efficiens (Ceff), Corynebacterium pseudotuberculosis (Cptb), Corynebacterium diphtheriae (Cdip),
Corynebacterium jeikeium (Cjei), Mycobacterium avium (Mavi), Mycobacterium paratuberculosis (Mpar), Gordonia bronchialis
(Gbro), Rhodococcus erythropolis Rery, Arthrobacter aurescens (Aaur), Saccharopolyspora erythraea (Sery), Acidothermus
cellulolyticus (Acel), Salinispora tropica (Stro), Thermobifida fusca (Tfus), Kineococcus radiotolerans (Krad), Frankia sp. (Fran),
Bifidobacterium adolescentis (Bado), Bifidobacterium longum (Blo), Mycobacterium bovis (Mbov), Mycobacterium
tuberculosis (Mtb).
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1.4

Pupylation is restricted to Actinobacteria
Pupylation is present only in a subset of the prokaryotic world, the Actinobacteria. The phylum

Actinobacteria is one of the most diverse and largest taxonomic units in the domain of bacteria
(Ventura et al, 2007). Aside from common properties like their high genomic G+C content and their
gram-positive cell wall, members of this phylum have very diverse morphologies and metabolic
properties. This high diversity is also reflected in the ecological niches some of the actinobacterial
species inhabit. Many members are intracellular pathogens, others inhabit the gastrointestinal tract,
are plant commensals, nitrogen-fixing symbionts, have adapted to extreme environments or grow in
the soil (Ventura et al, 2007).

The pupylation genes mpa, dop, pup, and pafA (Figure 13), present in all Actinobacteria, cluster
together in the genome in a "pupylation locus". While these four genes are present in all organisms,
some organisms lack genes encoding the proteasomal subunits prcB and prcA (like for example
Corynebacterium glutamicum, Figure 13). The role of the pupylation system in those bacteria is
currently not clear. However, the presence of the AAA+ unfoldase arc (Figure 13, orange) points to
the involvement of another degradation machinery capable of recognizing and degrading unfolded
proteins. Alternatively, unfolded proteins could also be recognized by chaperones involved in
refolding of misfolded proteins.

Figure 13 Occurrence and genomic organization of the pupylation gene locus. Genomic context of the pupylation
genes mpa (orange), dop (green), pup (dark red), prcBprcA (red, light red), pafA (blue). The gene order is conserved through
all pupylation-competent organisms, although some species exist (e.g. Saccharopolyspora erythraea or Salinispora tropica)
with duplicated parts of the system. L. ferrooxidans contains two copies of the entire system (L1, L2), which are identical in
terms of genetic context, but very different in their sequence (Pup in L2 even lacks the terminal GGE). The figure was adapted
from (Barandun et al, 2012) .
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1.4.1

Mycobacterium tuberculosis

One of the most prominent members of the Actinobacteria is the pathogen Mycobacterium
tuberculosis (Mtb). Mtb, the cause of tuberculosis (TB), is a highly contagious agent that persists in
human lung macrophages after infection. The infected macrophages usually form granulocytic
structures that can eventually lead to lysis and spread of Mtb (open Tuberculosis). More often, the
infection remains undiscovered and the bacteria persist in a latent phase for decades. The
proteasomal system is required during this latent phase (Darwin et al, 2003). It has also been shown
that Mtb depends on pupylation during this latent phase inside the macrophages. The exact role of
the Pup-proteasome system in Mtb for persistence has yet to be discovered.
1.4.2

Corynebacterium glutamicum

Another prominent member belonging to the Actinobacteria is the gram-positive bacterium
Corynebacterium glutamicum (Cglu). Cglu was first described in 1957, when it was found in a soil
sample from the Ueno Zoo in Japan (Kinoshita, S., S. Udaka, 1957). The organism can also be
found in animal dung, waste water and even on vegetables and fruits (Ventura et al, 2007). Due to its
natural ability to produce L-glutamic acid, Cglu became one of the most important biotechnological
producers of L-glutamic acid and L-lysine. Both amino acids are produced in large amounts from
genomically optimized Cglu strains. Sequencing of the genome in 2003 from two independent
groups (Kalinowski et al, 2003; Ikeda & Nakagawa, 2003) has further helped to understand this
bacterium and provided a basis for biotechnological optimization and genome disruption studies.
Due to its importance for amino acid production, C. glutamicum is a very well studied organism with
genetic manipulation tools available.

C. glutamicum harbors all pupylation key players (arc, dop, pup, pafA) but lacks the proteasomal
genes (prcBA). The pupylation system has been reconstituted in vitro (Imkamp et al, 2010b).
Pupylation is supposed to play a role in the response to extracellular stresses. A study by Ehira et al.
showed the dependence of the transcription level of pafA on heat shock. PafA is down regulated in a
sigH disruptant and consequently up regulated in a SigH overexpressing strain (Ehira et al, 2009). At
least 45 genes are under SigH control in Cglu. Most of them encode heat shock proteins, others
code for proteins involved in the oxidative stress response.
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2

Aim of this study
Although functionally akin to ubiquitination, the chemical and molecular basis of pupylation differs

significantly from its eukaryotic counterpart. The enzymes Dop and PafA share no sequence
homology with the eukaryotic E3-ligases and were structurally not characterized. The overall fold of
the depupylase/deamidase Dop and the ligase PafA was unknown although they were predicted to
belong to the family of γ-carboxylate amine/ammonia ligases. How these two enzymes interact with
their molecular partners like ATP, the prokaryotic ubiquitin-like protein Pup and substrates, was
unclear.

The goal of this thesis project was the structural analysis of the Pup ligase PafA and the
investigation of its interaction with the intrinsically disordered prokaryotic ubiquitin-like protein Pup.
Using a combination of biophysical and biochemical techniques, I could determine the structure of
the Pup ligase, unravel its interaction with ATP and with the prokaryotic ubiquitin-like protein.
I solved the structure of PafA in complex with ADP at 2.15 Å (Özcelik et al, 2012) demonstrating
it consists of two tightly interacting domains. The larger of the two domains is structurally related to
family of γ-carboxylate amine ligases while the smaller is specific to the pupylation enzymes Dop and
PafA. In contrast to other members of this family, which catalyze the ligation between small organic
molecules, the Pup ligase PafA catalyzes the ligation between a substrate lysine and the ubiquitinlike protein Pup, which was shown to be intrinsically disordered.
To characterize the interaction with Pup, I solved the structure of PafA in complex with the
prokaryotic ubiquitin-like protein (Barandun et al, 2013). The structure of this complex shows, that
upon binding, the intrinsically disordered protein folds into two helices connected by a short linker,
pointing the C-terminal GGE motif into the active site where the isopeptide bond formation occurs.
This structure, together with the structure of Pup in complex with the proteasomal ATPase Mpa
(Wang et al, 2010b), proves that not only eukaryotic cells use intrinsically disordered proteins to
interact with multiple binding partners, but also bacteria.

It has been shown that pupylation is required for persistence of Mycobacterium tuberculosis,
and knowledge of the molecular determinants of this system could greatly help to produce drugs
against Mtb. With this study, I provide the molecular basis for understanding of the ubiquitin-like
protein ligase PafA and its interaction with the modifier Pup.
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Structures of Pup ligase PafA and depupylase Dop from the prokaryotic
ubiquitin-like modification pathway

Özçelik, D.*, Barandun, J.*, Schmitz, N., Sutter, M., Guth, E., Damberger, F. F., Allain, F. H.T., Ban, N, Weber-Ban, E.. Structures of Pup ligase PafA and depupylase Dop from the prokaryotic
ubiquitin-like modification pathway. Nature Communications 3, 1014 (2012).

3.1

Contributions
DÖ and JB contributed equally to this work. DÖ characterized the deamidase of Pup (Dop)

structurally and functionally while JB crystallized PafA, solved the structure and characterized the
enzyme.

3.2

Introduction
The pupylation pathway (Burns et al, 2009; Pearce et al, 2008; Striebel et al, 2009) has an

important role during the intracellular persistence of Mycobacterium tuberculosis (Mtb). It supports
resistance of this pathogen towards oxidative and nitrosative stress encountered inside the host
macrophages (Gandotra et al, 2007; Darwin et al, 2003). Mtb kills 2 million people every year and,
with the emergence of multi-drug-resistant strains, new therapeutic approaches are urgently
needed. The molecular components of the pupylation pathway, therefore, are promising targets for
drug development.

Pupylation is a posttranslational protein-tagging system that marks target proteins for
degradation by proteasomes in Mtb and other Actinobacteria (Burns et al, 2009; Pearce et al, 2008).
The pupylation gene locus also occurs sporadically in other bacterial lineages (De Mot, 2007; Iyer et
al, 2009). In analogy to ubiquitination, a small (60–70 residues), prokaryotic ubiquitin-like protein
(Pup) is covalently attached to lysine residues of target proteins via an isopeptide bond (Burns et al,
2009; Pearce et al, 2008; Striebel et al, 2009). Pup shares no structural homology with ubiquitin and
is disordered in its free form (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009). Pup is
recognized by the amino-terminal coiled-coil domains of the proteasomal ATPase Mpa (Sutter et al,
2009; Wang et al, 2010b), leading to ATPase-driven unfolding of pupylated substrate proteins
followed by degradation inside the proteasome (Wang et al, 2009; Striebel et al, 2010).

Although functionally analogous to ubiquitination, pupylation occurs by a chemically distinct
pathway (Striebel et al, 2009). In mycobacteria, pupylation involves the sequential action of two
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homologous but catalytically different enzymes. First, the enzyme Dop (deamidase of Pup) converts
the C-terminal glutamine of Pup (PupQ) to a glutamate (PupE), thereby rendering it ligationcompetent (Striebel et al, 2009). Then, the enzyme PafA (proteasome accessory factor A) catalyzes
the formation of an isopeptide bond between the side chain of PupE’s C-terminal glutamate and the
ε-amino group of a substrate lysine (Striebel et al, 2009; Sutter et al, 2010). To carry out the
respective reactions, both enzymes, which were bioinformatically classified as belonging to the
carboxylate amine ligase family (Iyer et al, 2008), use ATP as a cofactor, but only the Pup ligase PafA
turns over ATP (Striebel et al, 2009). In addition to performing the deamidation of PupQ to PupE
(Striebel et al, 2009), Dop has an important role as depupylase by removing Pup from modified lysine
residues (Burns et al, 2010a; Imkamp et al, 2010b). PafA catalyses a two-step reaction proceeding
through a phosphorylated intermediate formed at the C-terminal glutamate of Pup before transfer of
Pup to the substrate acceptor lysine (Sutter et al, 2010; Guth et al, 2011). The detailed reaction
mechanism for Dop remains unknown.

In this work, we present the crystal structures of the two enzymes involved in the
pupylation/depupylation pathway. Biochemical analysis of PafA and Dop variants, designed on the
basis of the molecular architecture of the active sites, provides mechanistic insight. We demonstrate
that the C-terminal half of Pup interacts with Dop and PafA and propose that a conserved groove
observed in both enzymes may bind this part of Pup, thereby placing Pup’s C-terminal residue near
the active site.
3.3

Results

3.3.1

Crystallization and structure determination

We solved the crystal structures of full-length Dop (57 kDa) from Acidothermus cellulolyticus
(DopAcel) and full-length PafA (54 kDa) from Corynebacterium glutamicum (PafACglu). The structure of
Dop was solved by multiple isomorphous replacement and refined to a resolution of 2.6 Å without
ATP and 2.85 Å with ATP (Table 1). The final electron density map showed continuous density
except for a disordered region between residues 36 to 80. The structure of PafA with ADP bound
was solved by molecular replacement using the Dop structure and refined to a resolution of 2.15 Å
(Table 1).
PafA crystals contain two molecules per asymmetric unit, forming a stable dimer by swapping of
the N-terminal strand-helix motif (β1 and α1, Supplementary Figure 1). However, the position of the
exchanged strand and helix is equivalent to the position of the corresponding strand and helix in the
monomer, based on comparison with the structure of Dop. Therefore, the PafA structure is
displayed and discussed throughout this manuscript as the catalytically active monomer (chain A:
N52-A477 and chain B: S2-S51).
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of Pup) converts the C-terminal glutamine of Pup (PupQ) to a
glutamate (PupE), thereby rendering it ligation-competent3. Then,
the enzyme PafA (proteasome accessory factor A) catalyses the
formation of an isopeptide bond between the side chain of PupE’s

Corynebacterium glutamicum (PafACglu). The structure of Dop
was solved by multiple isomorphous replacement and refined to a
resolution of 2.6 Å without ATP and 2.85 Å with ATP (Table 1). The
final electron density map showed continuous density except for a

Table 1 | Data collection and refinement statistics.

Data collection
Radiation source
Radiation wavelength (Å)
Space group
Cell dimensions
a, b, c (Å)*
Resolution (Å)
Rmerge (%)
< I > / < S(I) >
Completeness (%)
Redundancy

Dop PtCl4

Dop UOAc

Dop

DopATP

PafAADP

SLS X06SA
1.0722
P212121

SLS X06SA
1.6000
P212121

SLS X06SA
1.00
P212121

SLS X06SA
1.00
P212121

SLS X06SA
1.00
P212121

66.68
71.01
97.24
57–3.5
5.4 (17.2)
21.9 (8.5)
99.9 (100)
8.97

66.43
71.73
95.93
49–3.5
4.6 (13.5)
25.3 (10.0)
100.0 (100)
8.94

66.55
71.47
96.12
48–2.6
7.1 (61.5)
15.59 (2.01)
99.2 (99.7)
3.6

65.36
70.41
93.52
47–2.85
6.2 (43.6)
15.69 (2.89)
98.4 (98.4)
3.4

61.85
118.09
161.41
49–2.15
4.0 (51.2)
18.47 (2.70)
98.4 (99.7)
3.7

2.6
14513
0.194/0.238

2.85
10376
0.189/0.246

2.15
65412
0.177/0.219

3615
1 Mg2 +
29

3615
1 ATP
2 Mg2 +
5

7388
2 ADP
2 Mg2 +
433

57.27
—
46.92

56.18
94.38/61.92
33.0

53.8
43.38/51.34
54.8

0.003
0.808

0.003
0.779

0.008
1.202

4B0R

4B0S

4B0T

Refinement
Resolution (Å)
No. of reflections
Rwork/Rfree
No. of atoms
Protein
Ligand/ion
Water
B-factors
Protein
Nucleotide/Mg2 +
Water
RMSD
Bond lengths (Å)
Bond angles (°)
PDB code
Values in parentheses are for highest-resolution shell.
*Unit cell angles: A, B, G = 90.0°, 90.0°, 90.0°.


Table

1 Crystallographic data and refinement
statistics.
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3.3.2

Dop and PafA feature two tightly interacting domains

DopAcel and PafACglu (38% sequence identity) are globular proteins with high structural homology
(Figure 14), reflected in a low r.m.s.d. value of 2.12 Å for the superimposition of equivalent Cα atoms
(396 aligned Cα, Supplementary Figure 2). In both structures, two tightly interacting domains can be
distinguished. The larger N-terminal domain comprising roughly the first 400 residues (PafA: 410,
Dop: 425) is structurally related to carboxylate amine ligases. In both Dop and PafA, this domain
features a twisted central β-sheet of six β-strands (β1-4, β6, β7) in anti-parallel orientation forming a
concave surface referred to here as the β-sheet cradle, which is surrounded by a cluster of helices
on the convex backside of the sheet. Loops, extending from the C- and N-terminal ends of the
β-strands, cover part of the concave face of the sheet, closing off one end. The opposite end is
open, with a well-defined groove that is lined with conserved residues leading away from the
β-sheet cradle (Figure 14a). The small C-terminal domain of about 70 residues is formed by a short,
three-stranded

β-sheet (β10-12)

packed

against

two

(PafA;

α12, α13′) or

three

(Dop;

α12, α13, α14) short helices. This domain is not found in other carboxylate amine ligases and thus
presents a structural feature unique to the Dop/PafA family.
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conserved loop preceding β7, as well as loops emanating from the C-terminal domain on the other
© 2012 Macmillan Publishers Limited. All rights reserved.

side (Figure 15). A conserved arginine at the beginning of the C-terminal domain (R433 in Dop, R418
in PafA) interacts with the adenine ring. A conserved tryptophan (W453 in Dop, W440 in PafA) in the
loop between β10 and β11 flanks the adenine pocket and contacts the sugar moiety (Figure 15b).
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Supporting the importance of this interaction, mutating W440 of PafA to alanine prevents
conjugation of PupE (a PupQ64E variant) to the known target protein PanB (Pearce et al, 2006)

ARTICLE

(ketopantoate hydroxymethyltransferase) (Figure 15a).
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In PafA, the α-phosphate is contacted by H211 (Figure 15b) and, consequently, mutation of this
residue to an alanine (H211A) leads to reduced activity (Figure 16a). Furthermore, a conserved
glutamate residue in β1 (E8 in Dop, E16 in PafA) coordinates two Mg2+ ions in Dop (n2 and n3) and
one in PafA (n2), which, in turn, coordinate the phosphates (Figure 15). This conserved glutamate is
part of an ATP-binding motif shared by all members of the carboxylate amine ligase family
(Supplementary Figure 3 and Supplementary Table 1). On the basis of homology with other
carboxylate amine ligases (Eisenberg et al, 2000; Gill & Eisenberg, 2001), the second conserved
glutamate in this motif (E10 in Dop, E18 in PafA) is expected to coordinate an additional Mg2+ ion (n1)
that is not occupied in our crystal structures likely due to the absence of a bound substrate (Pup).
Alanine substitution of either of these residues (E8A and E10A) renders Dop unable to perform the
deamidation and depupylation reaction (Figure 16b) and PafA (E16A and E18A) unable to catalyse
the ligation (Figure 16a). An additional glutamate (E99 in Dop, E70 in PafA) located in strand β4 also
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Two histidine residues on strands β6 and β7 (H155 and H241 in Dop; H130 and H221 in PafA)
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H155A (Figure
E70 in PafA) located in strand B4 also contributes to coordination of It is therefore not expected to attack the G-phosphate of ATP, which
the Mg2 + ions, either directly (Dop) or via a water molecule (PafA). is in agreement with the observation that Dop does not hydrolyse
Two histidine residues on strands B6 and B7 (H155 and H241 in ATP3. The inability of Dop to support attack of the carboxylate
Dop; H130 and H221 in PafA) coordinate the Mg2 + ion in position oxygen of the PupE deamidation product on the G-phosphate of
n2 in the Dop structure.
Changing either one of these residues to ATP might be caused by a different relative positioning between the
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an alanine abolishes depupylation in Dop (H155A or H241A) and G-carboxylate of Pup’s C-terminal Glu residue and the G-phosphate
ligation in PafA (H130A or H221A). Deamidation by Dop, however, of ATP. Alternatively, ATP might not remain bound in the active
can still occur in the case of the Dop variant H155A (Fig. 3b).
site, once the product has been formed and could be required to

3.3.4

Active site features of PafA and Dop.

The putative binding site for Pup’s C-terminal glutamate residue is located at the accessible end
of the β-sheet cradle, close to the N-terminal end of β6, based on the location of the glutamate
molecule in the structure of glutamine synthetase (Eisenberg et al, 2000) (Figure 15b; Supplementary
Figure 3). A conserved arginine serves to coordinate the α-carboxylate group of glutamate in
glutamine synthetase (Gill & Eisenberg, 2001). PafA and Dop have an equivalent arginine residue
(R205 in Dop, R185 in PafA) in the same location (Figure 15b; Supplementary Figure 3 and
Supplementary Table 1), which is likely to help position the C-terminal residue of Pup in the active
site. In Dop, changing this residue to an alanine (R205A) impairs depupylation and significantly slows
deamidation (Figure 16b).
The mechanism of Dop and PafA differs particularly in one aspect: PafA must activate the
γ-carboxylate in the C-terminal glutamate of Pup through formation of a phosphorylated intermediate. This is necessary, because the hydroxide anion is a poor leaving group. Deamidation or
depupylation on the other hand can proceed without such activation, because ammonium or
substituted amines are much better leaving groups. PafA forms a surprisingly stable phosphorylated
Pup intermediate, where the γ-phosphate of ATP has been transferred to the γ-carboxylate of Pup’s
C-terminal glutamate (Guth et al, 2011). In contrast, the amide group of the γ-carboxamide of Pup’s
C-terminal Gln is a very poor nucleophile and could only serve this function under very special steric
circumstances (for example, when forced by enzyme constraints into a sp3 hybridization state (Lizak
et al, 2011)). It is therefore not expected to attack the γ-phosphate of ATP, which is in agreement
with the observation that Dop does not hydrolyse ATP (Striebel et al, 2009). The inability of Dop to
support attack of the carboxylate oxygen of the PupE deamidation product on the γ-phosphate of
ATP might be caused by a different relative positioning between the γ-carboxylate of Pup’s Cterminal Glu residue and the γ-phosphate of ATP. Alternatively, ATP might not remain bound in the
active site, once the product has been formed and could be required to rebind after PupE has been
released.
Although Dop and PafA catalyse different reactions, parts of the mechanism are expected to
require similar catalytic assistance. In both reactions, a nucleophilic attack must occur on the
carbonyl-carbon of the C-terminal glutamine/glutamate side chain of Pup. This attack would be
facilitated by active site residues acting as a catalytic base (H-acceptor) to activate the nucleophile,
which in the case of Dop is water and in case of PafA the ε-amino group of lysine. The
ε-amino group of the target lysine is expected to be located in a position equivalent to the
ammonium ion binding site in glutamine synthetase (Gill & Eisenberg, 2001), where residues in the
loop between strands β3 and β4 coordinate the nucleophile. On the basis of their position in the
active site and their chemical properties, possible candidates for proton abstraction in PafA are D64
or H68 in the β3/4-loop (Figure 15b). Although in PafA, these residues are part of a flexible loop and
point away from the active site, amino acid substitutions at these positions (D64N or H68A) result in
pupylation-inactive (D64N) and only marginally active (H68A) variants of PafA (Figure 16a). The
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equivalent loop in Dop adopts a closed conformation bringing D94 and H97 towards the active site.
The Dop variant D94A is completely inactivated, while the H97A variant is still able to deamidate
PupQ and exhibits some depupylation activity (Figure 16b). This suggests that the catalytic bases
supporting nucleophilic attack by the ε-amino group and by water in PafA and Dop are D64 and
D94, respectively, whereas the conserved histidine residue may have a role in binding and
positioning of Pup in the active site. This would also agree with the fact that in Dop, the aspartate is
located close to the putative position of the glutamate γ-carboxylate, although the histidine is located
farther away.
The nucleophilic attack could be further supported by coordination of the carbonyl oxygen to a
positively charged side chain of the enzyme, resulting in a more electrophilic carbonyl-carbon in the
C-terminal Pup glutamine/glutamate side chain. In PafA, this role could be played by one of the
arginine side chains located above the putative glutamate-binding site following the α3′-helix, R199
or R201. Alanine variants at this position in PafA exhibit marginal (R201A) or reduced (R199A) ligase
activity (Figure 16a). Because the second arginine (R201) is also conserved in Dop (R221) and an
alanine mutation of that residue (R221A) leads to inactivity as well (Figure 16b), it is the more likely
candidate for this role.
3.3.5

Unique features of Dop compared with PafA

To identify residues that specifically act in deamidation/depupylation, we looked for residues or
sequence stretches present or conserved only in Dop but not in PafA (Supplementary Figure 4). One
such region is the loop preceding strand β2 in Dop, termed the Dop-loop. Unexpectedly, deletion of
this loop from Dop results in a Dop variant (Dop∆Dop-loop) that still shows full deamidase and PanBPup depupylase activity (Supplementary Figure 4c). Removal of this Dop-specific loop also did not
convert Dop into a ligase, because Dop∆Dop-loop was unable to modify PanB with Pup (Supplementary
Figure 4d). Additionally, three residues that are strictly conserved in Dop, but not in PafA, were
identified: S27, H95 and K148. We produced variants replacing these residues individually with the
respective residues found in PafA from the same organism (A. cellulolyticus). Two of these variants,
S27A and H95V, exhibited wild-type behavior. The variant K148A could no longer carry out
depupylation of PanB-Pup, but was still deamidation-active (Figure 16b). Significant differences
between Dop and PafA are also observed in the region between helix α3 and strand β7 (DopAcel:
208–216, PafAAcel: 174–182). In PafA, this region is more structured, forming an additional
α-helix (α3′). Swapping this region in Dop with the equivalent stretch of sequence from PafAAcel,
created the variant Dopα3′PafA (Supplementary Figure 4). Dopα3′PafA was still able to deamidate PupQ
and depupylate PanB-Pup in vitro. Even when this sequence swap was combined with deletion of
the Dop-loop to form Dop∆Dop-loop-α3′PafA, no effect on these two activities was observed in comparison
to wild-type Dop.
The short loop segment between strands β3 and β4 (β3/4-loop) adopts a different conformation
in Dop and PafA. A Dop variant, wherein this region was replaced with the equivalent region of PafA,
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Dopβ3/4-loop-PafA, could still deamidate, but could not depupylate PanB-Pup (Supplementary Figure 4).
Two alanine-substituted Dop variants in this region (Y92A and H97A) showed similar behaviour
(Figure 16b), a defect in depupylation but not deamidation. To exclude a concentration-dependent
effect, we repeated the depupylation assay with the same concentration of PanB-Pup as used for
PupQ in deamidation and still observed that depupylation was impaired for the variants in
comparison with wild type (Supplementary Figure 5). This suggests that this region of Dop has a role
in controlling accessibility to the isopeptide bond or in binding the target protein portion (in this case
PanB) of pupylated substrates.
3.3.6

Binding of Pup to Dop and PafA.

Dop and PafA catalyse distinct reactions in the pupylation pathway (Striebel et al, 2009; Burns et
al, 2010a; Imkamp et al, 2010b). However, both must recognize and bind Pup. We performed a gelbased pupylation assay in combination with electrospray ionisation mass spectrometry using Cterminal PupE fragments of varying lengths. PupE38-64 was identified as the shortest peptide fragment
tested that can still be attached to PanB by PafA (Figure 17a; Supplementary Figure 6). Having
established residues 38–64 of Pup as sufficient for conjugation by PafA, we determined the residues
of Pup involved in binding to both enzymes using nuclear magnetic resonance (NMR). Considering
the high degree of sequence conservation in residues 38–64 of Pup, NMR titrations with 15N-labelled
PupEMtb or PupQMtb were performed with PafA from Bifidobacterium angulatum (PafABang) and Dop
from C. glutamicum (DopCglu), which both exhibited sufficient solubility unlike their Mtb homologues.
Titrations were monitored in
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N-1H correlation spectra after addition of the unlabeled enzymes

(Figure 17b). Resonance positions of Pup signals are insensitive to the addition of Dop, whereas the
intensity of specific signals gradually decreased with increasing amounts of Dop added (Figure 17b;
Supplementary Figure 7), indicating slow exchange on the NMR timescale. This is consistent with a
submicromolar affinity of Dop for Pup measured by isothermal titration calorimetry (ITC)
(Supplementary Figure 8). Pup signal positions showed more significant chemical shift changes
when titrated with PafA and rapidly decreased in intensity at very low ratios of enzyme to Pup
indicating that the complex is in intermediate exchange on the NMR timescale (Figure 17b;
Supplementary Figure 7). This is consistent with the micromolar affinity measured for the Pup-PafA
complex (Supplementary Figure 8).
The interaction of PafA with Pup results in a footprint spanning residues 36 to 60 of Pup. The
interaction profile of Dop on Pup is somewhat wider, extending from residues ~28 to 64. These data
also suggest that in PafA, the four C-terminal residues of Pup are less constrained than in Dop,
which agrees with the more narrow shape of the active site cradle in the putative
glutamine/glutamate-binding region in Dop.
The NMR experiments indicate that both Dop and PafA bind to the conserved C-terminal half of
Pup, whereas the N-terminal half does not participate. The interacting stretch of residues overlaps
with a region of Pup that has previously been predicted to have a propensity for forming coiled-coils
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(Iyer et al, 2008; Sutter et al, 2009) and adopts a helical conformation when bound to the
proteasomal ATPase Mpa (Wang et al, 2010b) (Figure 17c). It is possible that Pup may also adopt a
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is well shielded from solution (Figure 14a and Figure 15). This is achieved at least in part by the small,
C-terminal domain, in addition to the adjacent loop preceding strand β7. Because of this
arrangement, the nucleobase and the ribose of the nucleotide are completely buried and only the
phosphates are exposed.

On the basis of their bioinformatic classification as carboxylate amine ligases, PafA and Dop
were both predicted to act as Pup ligases (Iyer et al, 2008). However, despite the high homology
between Dop and PafA, biochemical analysis clearly established distinct enzymatic activities for PafA
and Dop, with PafA acting canonically in isopeptide-bond formation whereas Dop surprisingly
provides the opposing peptidase/deamidase activity (Striebel et al, 2009; Burns et al, 2010a;
Imkamp et al, 2010b). There are several differences in the molecular architecture of both enzymes
potentially contributing to the distinct enzyme activities (Supplementary Figure 4). One obvious
difference is a flexible region with multiple conserved residues downstream of helix α1, which is
present only in Dop members (Dop-loop, Figure 14b). Although it is disordered in our structure, this
region could become more ordered in the presence of substrates or could have a role in the
interaction with other potential binding partners. Another major difference between the two enzymes
occurs in the region between helix α3 and strand β7. In PafA, this region is more conserved, and our
structures show that it contains two short β-strands and one short α-helix in PafA (α3′), whereas in
Dop it is less structured. This region flanks and partially covers the putative glutamyl residue binding
region and could, therefore, contribute to substrate binding and positioning of the Pup C-terminal
end. Furthermore, the β3/4-loop in Dop seems more rigid than in PafA and could constrain the
accessibility of the active site and also influence the positioning of Pup’s C-terminus. Interestingly,
the exchange of any of these regions in Dop with the analogous parts of PafA does not abolish the
ability of Dop to depupylate/deamidate substrates in vitro and, more importantly, it does not lead to
a gain of function allowing pupylation to be carried out by Dop (Supplementary Figure 4). This
excludes each of these structural elements as a single determining factor for Dop activity. The
deamidated form of Pup (PupE) is generated as a product of both the deamidation and the
depupylation reaction. However, the carboxylate oxygen of the PupE product in Dop is apparently
unable to attack the γ-phosphate of ATP. This might be caused by a different positioning of this
carboxylate with respect to the γ-phosphate of ATP, preventing close enough approach or,
alternatively, by asynchronous binding of PupE and ATP.

A common feature of the pupylation/depupylation enzymes is a conserved groove running along
the surface of the large domain and into the β-sheet cradle (Figure 18). It leads directly to the site
where in homologous ligase structures the glutamate substrate is bound (Eisenberg et al, 2000).
Essential features of this glutamate-binding site are conserved in Dop and PafA. For example, in the
case of glutamine synthetase, the conserved arginine (R321) is involved in binding of the
α-carboxylate of glutamate (Gill & Eisenberg, 2001). The same residue is also present in the
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corresponding position in Dop (R205) and PafA (R185) (Figure 15b; Supplementary Table 1 and
Supplementary Figure 3c and d), indicating that both Dop and PafA probably bind Pup’s C-terminal
glutamine/glutamate at the same position. The dimensions of the conserved groove and the fact that
it leads towards the putative glutamyl binding site, makes it an intriguing possibility that Pup might
bind in the groove with its C-terminal residue positioned close to the β-sheet cradle. Although free
Pup was shown to be mostly disordered (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009), the
C-terminal part of Pup adopts an α-helical structure on binding to the proteasomal ATPase Mpa
(Wang et al, 2010b; Sutter et al, 2009). Hence, the C-terminal half of Pup, identified by NMR and
biochemical experiments as interacting with Dop and PafA, could also bind in the groove in a helical
conformation. As this region of Pup overlaps in part with the interaction site for Mpa (Wang et al,
2010b; Sutter et al, 2009), the depupylase Dop and Mpa are likely to be sterically prevented from
binding Pup simultaneously, and thus they compete for pupylated substrates, ultimately exerting
influence on the fate of the substrate as degradation or depupylation target. It is interesting that Dop
variants with changes in the β3/4 strand region are capable of catalysing deamidation but are
impaired in depupylation. This region of Dop might be involved in binding of the target protein portion
of the pupylated substrate or act to control access to the isopeptide bond.

Proteomic studies have shown that the Pup ligase PafA has a large array of target proteins of
varying size, oligomeric state and fold (Festa et al, 2010; Watrous et al, 2010). Similarly, the
depupylase Dop was shown to remove Pup from numerous pupylated targets (Imkamp et al, 2010b;
Burns et al, 2010a). This promiscuity and low selectivity is reflected in a rather open approach to the
active site allowing easy access of protein substrates from the concave face of the β-sheet cradle.
Dop and PafA are both strictly required for pupylation in mycobacteria (Pearce et al, 2008;
Striebel et al, 2009; Imkamp et al, 2010a), and thus represent attractive targets for drug
development. On the basis of the presented structural data, potential target sites are the Pupbinding groove or the nucleotide-binding pocket. The nucleotide-binding pocket has unique features
for PafA/Dop members of the carboxylate amine ligase family because of the contribution of the Cterminal domain. Both targets are thus expected to be specific to the pupylation pathway, so that
compounds binding to them should not inhibit other members of this family. The structural and
biochemical data presented here provide a framework for future mechanistic experiments on the
pupylation pathway.
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3.5

Methods

3.5.1

Cloning, protein expression and purification of proteins

To produce A. cellulolyticus Dop for crystallization experiments, the dop gene was amplified from
genomic DNA of Acidothermus cellulolyticus ATCC 43068 and cloned with a C-terminal TEV-EGFPHis6 tag via NdeI/EcoRI into a modified pET-vector (Novagen), resulting in the expression of a
DopAcel-TEV-EGFP-His6 fusion protein. This construct was used to generate the Dop variants
DopΔDop-loop, Dopα3'PafA, DopΔDop-loop-α3'PafA and Dopβ3/4-loop-PafA via fusion PCR by exchanging the selected
DNA sequence from DopAcel with the targeted PafAAcel sequence (primer sequences are provided in
Supplementary Table 2).
For all other studies in this work, a variant of DopAcel was generated in a modified pET-vector
(Novagen) lacking the last two amino acids of the wild-type sequence and carrying a C-terminal His5tag resulting in the dopΔGR-His5 expression vector. Mutations of this gene were introduced by sitedirected mutagenesis according to manufacturer’s instructions (Stratagene).
To prepare PafA protein used in the NMR study, the pafA gene from Bifidobacterium angulatum
DSM 20098 was amplified from genomic DNA via PCR. Cloning was performed with a C-terminal
TEV-EGFP-His6 tag via NdeI/EcoRI into a modified pET-vector (Novagen), resulting in the expression
of a PafABang-TEV-EGFP-His6 fusion protein. All corynebacterial genes were generated by PCR from
Corynebacterium glutamicum ATCC 13032 genomic DNA in a previous study (Imkamp et al, 2010b).
The gene for PupEAcel was obtained from genomic DNA of Acidothermus cellulolyticus ATCC
43068 as described for the mycobacterium constructs (Striebel et al, 2009). Similarly, the PupQAcel
variant was obtained by using a modified reverse primer encoding a terminal glutamine.
3.5.2

Expression and purification of proteins

DopAcel was expressed in Escherichia coli Rosetta (DE3) cells (Invitrogen) and PafABang was
expressed in E. coli BL21 (DE3) (Invitrogen) from IPTG-inducible plasmids at 25 °C. Both were
expressed as DopAcel-TEV-EGFP-His6 or PafABang-TEV-EGFP-His6 fusion proteins and purified by Niaffinity chromatography (HiTrap IMAC HP, GE Healthcare). After cleavage of the fusion protein with
TEV-protease

(Invitrogen),

EGFP-His6

and

TEV-protease

were

removed

by

Ni-affinity

chromatography. The same protocol was used to produce the variants DopΔDop-loop, Dopα3'PafA,
DopΔDop-loop-α3'PafA and Dopβ3/4-loop-PafA. PafABang was further purified by size-exclusion-chromatography
on a Superdex200 column (GE Healthcare) in 25 mM Tris–HCl, pH 7.5, 300 mM NaCl and 5 mM 2mercaptoethanol. The final size exclusion chromatography for DopAcel was performed in 20 mM Tris–
HCl, pH 7.5, 300 mM NaCl and 5 mM 2-mercaptoethanol.
The DopΔGR-His5 from A. cellulolyticus and PafACglu were expressed and purified as described
(Imkamp et al, 2010b). Briefly, the proteins were expressed in E. coli Rosetta cells from an IPTGinducible plasmid at 23 °C and were purified by Ni-affinity chromatography and subsequent size-
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exclusion-chromatography. The final size exclusion chromatography for all wild-type DopAcel and
variants of DopAcel was performed on a Superdex200 column in 50 mM Tris–HCl, pH 7.5, 300 mM
NaCl and 5 mM 2-mercaptoethanol. The generated Dop variants all elute at the same retention
volume as the wild-type protein.
For crystallization of PafACglu, the final gel filtration step was performed on a Superose6 column in
20 mM Tris–HCl, pH 7.5, 50 mM NaCl and 5 mM DTT.
For biochemical experiments with wild-type PafACglu and variants of PafACglu, the final gel-filtration
step was performed on a Superdex75 column in 50 mM Tris–HCl, pH 7.5, 300 mM NaCl, 20 mM
MgCl2 and 1 mM DTT. The generated PafA variants all elute at the same retention volume as the
wild-type protein.
PanBMtb-His6 was purified using Ni2+ NTA affinity chromatography, as described (Striebel et al,
2009).
PupAcel, full-length Pup and Pup22–64 from C. glutamicum were expressed and purified as
described previously (Striebel et al, 2009). Other corynebacterial Pup truncations were synthesized
(GeneScript). All protein concentrations were determined spectrophotometrically.
15

N-labelled Pup from M. tuberculosis H37Rv was produced by growing the cells in M9 minimal

medium supplemented with

15

N (98%) ammonium chloride obtained from Cambridge Isotope

Laboratories or Sigma-Aldrich and purified as described (Striebel et al, 2009; Sutter et al, 2010). For
NMR studies, cell lysis and Ni-affinity purification were performed in 50 mM Na2HPO4, pH 7.8 and
300 mM NaCl followed by gel filtration on a Superose75 column in 20 mM Na2HPO4, pH 6.0 and 50
mM NaCl and then exchanged into the final NMR buffer using centricon concentrators.
3.5.3

Deamidation assay

PupQAcel (25 μM) was incubated with 0.5 μM Dop in reaction buffer (50 mM Tris–HCl, pH 7.5 (23
°C), 150 mM NaCl, 10% Glycerol, 1 mM DTT, 20 mM MgCl2) supplemented with 5 mM ATP at 30 °C
for 16 h as described in ref (Striebel et al, 2009). The formation of PupE was analysed by SDS–
PAGE and Coomassie staining.
3.5.4

Pup-conjugation assay

C. glutamicum Pup variants (Pup57-64, Pup51–64, Pup47–64, Pup38–64, Pup22–64 or full-length PupE; 16
μM) were incubated with 6 μM PanBMtb and 1 μM PafACglu in reaction buffer (50 mM Tris–HCl, pH 7.5
(23 °C), 300 mM NaCl, 10% Glycerol, 1 mM DTT, 5 mM MgCl2) supplemented with 5 mM ATP at 23
°C for 15 h as described in ref (Striebel et al, 2009). The formation of covalent PanB-Pup conjugates
was analysed by SDS–PAGE and electrospray ionisation mass spectrometry.
3.5.5

Depupylation assay

PanBMtb-PupAcel conjugate (2 μM or 25 μM) (produced as described in (Imkamp et al, 2010b))
was incubated with 0.5 μM Dop at 30 °C for 18 h in reaction buffer (50 mM Tris–HCl, pH 7.5 (23 °C),
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150 mM NaCl, 10% Glycerol, 1 mM DTT, 20 mM MgCl2) supplemented with 5 mM ATP. The
formation of PanBMtb and PupEAcel was analysed by SDS–PAGE and Coomassie staining.
3.5.6

Crystallization and derivatization

Purified DopAcel was supplemented with 20 mM MgCl2, 5 mM 2-mercaptoethanol and 3 mM
ATP. Crystallization was carried out in sitting-drop vapor diffusion plates at a protein concentration of
15 mgml−1 at 26 °C. Samples were mixed with an equal volume of reservoir solution (0.1 M HEPESHCl, pH 7.2, and 14% (v/v) PEG-3350). Before flash freezing, the crystals were stabilized by
increasing the PEG concentration by 1–3% (v/v) and adding ethylene glycol to a final concentration
of 20% (v/v). Soaking of Dop crystals with ATP was performed in cryo-stabilization solution with 5
mM ATP for 30 min. Crystals were derivatized in cryo-stabilization solution by soaking with 5 mM
K2PtCl4 or 5 mM UO2(CH3COO)2 for 3–4 h before flash-freezing.
Crystallization of PafACglu was carried out at a protein concentration of 15–20 mg ml−1 at 4 °C. 2
μl of protein was mixed with 1 μl of reservoir solution (0.1 M CHES-NaOH, pH 9.0, 200 mM Li2SO4
and 22 % (v/v) PEG-4000). Before flash freezing, crystals were stabilized by adding 20% PEG-400.
Soaking of PafA crystals with ADP was performed in cryo-stabilization solution with 5 mM ADP for
30 min.
3.5.7

Data collection and structure determination

The structure of DOP was solved using Pt and uranyl acetate derivatives, whereas PafA was
solved via molecular replacement with the DOP structure. Data sets of both DOPAcel and PafACglu
were collected at beamline X06SA of the Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland). For data indexing and integration, X-ray detector software (XDS, (Kabsch, 2010)) was
used. Scaling and merging of diffraction data as well as calculation of structure factor amplitudes
was performed with the CCP4 program SCALA. Locations of Pt and uranyl acetate sites in DOPAcel
were determined with programs from the SHELX software package (Sheldrick, 2008) using singlewavelength anomalous dispersion (SAD). Initial phases were obtained using AUTOSOL of the Phenix
package (Adams et al, 2010, 2011).
A preliminary model was generated using BUCCANEER (Cowtan, 2006) and manually
completed and corrected in COOT (Emsley et al, 2010). Manual rebuilding was alternated with
refinement with phenix.refine (Adams et al, 2011). To obtain the preliminary model of PafACglu,
molecular replacement was performed using the program PHASER with DOPAcel as a search model.
The 2Fo–Fc maps were of good quality (Supplementary Figure 10) except for residues 36–80 of DOP
and residues 26–31 of PafA; these regions were omitted from the final model. Structures of ATP and
ADP ligands for Dop and PafA, respectively, were built into difference Fourier maps obtained by
refining the structures of apo enzymes against data obtained from nucleotide-soaked crystals. For
PafA, only the ADP-bound structure is presented here because of better diffraction properties.
Following refinement of the nucleotides, additional density was interpreted as coordinated Mg2+ ions.
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In one of the two copies of PafA in the asymmetric unit of the crystal, the di-phosphate was
modelled with two alternative conformations, but only the major one is discussed in the text.
Structure determination of enzyme-nucleotide complexes was carried out via COOT and
phenix.refine. Molecular graphics representations were created using the software PyMOL
(http://www.pymol.org/).
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SUPPLEMENTARY FIGURES AND TABLES

3.6

Supplementary information

Supplementary Figure S1
3.6.1

Supplementary figures

Supplementary Figure 1
PafACglu forms a strand-exchanged dimer in the crystal. (a) PafA domain swap in
cartoon representation and (b) with 2Fo-Fc density map contoured at 1.0 sigma for one of the monomers. (c) and (d) Closeup views of the region, where the domain swap occurs (monomer would be connected between α1 and β2’ and α1’ and β2
respectively; indicatedFigure
with dashed
in black
grey).a strand-exchanged dimer in the crystal. (a) PafA
Supplementary
S1lines
PafA
forms
Cglu and

domain swap in cartoon representation and (b) with 2Fo-Fc density map contoured at 1.0 ơ for
one of the monomers. (c) and (d) Close-up views of the region, where the domain swap occurs
(monomer would be connected between α1 and β2’ and α1’ and β2 respectively; indicated with
dashed lines in black and grey).
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Supplementary Figure S2

Supplementary Figure 2
front and back view.

Structural alignment of DopAcel (green, yellow) with PafACglu (blue, purple) presented in

Supplementary Figure S2 Structural alignment of DopAcel (green, yellow) with PafACglu (blue,
purple) presented in front and back view.
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Supplementary Figure S3

Supplementary Figure 3
Structural comparison between PafACglu, DopAcel and glutamine synthetase from
Supplementary Figure
S3 Structural comparison between PafACglu, DopAcel and glutamine
Salmonella typhimurium. (a) Glutamine synthetase (GS) (PDB: 1f52). The concave active
site β-sheet is colored in orange.
(b) Alignment of PafA (PDB: 4b0t) (blue) with one monomer of GS. (c) Active site alignment of GS with Dop (PDB: 4b0s). (d)
Salmonella
Glutamine
synthetase
(GS)representation
(PDB: 1f52).
Active site synthetase
alignment of from
GS with
PafA. Activetyphimurium.
site residues at(a)
same
position are
shown in stick
andThe
numbered
according to Supplementary Table 1.mij

concave active site β-sheet is colored in orange. (b) Alignment of PafA (PDB: 4b0t) (blue) with
one monomer of GS. (c) Active site alignment of GS with Dop (PDB: 4b0s). (d) Active site
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Supplementary Figure S4

Supplementary Figure 4
Dop-PafAAcel variants. (a) Structural alignment of DopAcel (in green) and PafACglu (white). Major
structural differences are highlighted in red. (b) The red/grey highlighted regions in DopAcel were exchanged with the
corresponding sequence from PafAAcel (blue) by fusion PCR. (c) Removal of Pup from a covalent PanB-Pup conjugate (upper
6
! of PupQ (lower gel) by Dop after incubation of! PanBMtb-PupEAcel (2 μM) or PupEAcel (25 μM), respectively,
!
gel) and deamidation
with DopAcel (0.5 μM) in the presence of ATP (5 mM). (d) Testing Dop-PafAAcel variants for their ability to form a covalent PanBPup conjugate. Incubation of PanBMtb (2 μM) and PupECglu (4 μM) with DopAcel and PafACglu (0.5 μM each) in the presence of
ATP (5 mM) and subsequent analysis by SDS-PAGE and Coomassie-staining.
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Supplementary Figure S5

Supplementary Figure 5
Depupylation of a large excess of PanB-Pup over Dop. Incubation of PanBMtb-PupEAcel
S5 Depupylation
of aand
largesubsequent
excess of PanB-Pup
Dop. Incubation
(25 μM) with DopAcel Supplementary
(0.5 μM) in the Figure
presence
of ATP (5 mM)
analysisover
by SDS-PAGE
andofCoomassie-staining.
PanBMtb-PupEAcel (25 μM) with DopAcel (0.5 μM) in the presence of ATP (5 mM) and subsequent
analysis by SDS-PAGE and Coomassie-staining.

!

52

!

!

8

Supplementary Figure S6

Supplementary Figure 6

ESI mass spectrometry data of the PanB pupylation reaction using different

truncated C. glutamicum PupE variants.
Supplementary
Figure S6 ESI mass spectrometry data of the PanB pupylation reaction using

different truncated C. glutamicum PupE variants.

!

!
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Supplementary Figure S7

Supplementary Figure S7

a

c

b

d

!

!

1
Supplementary Figure 7
H-15N correlation spectra of Pup in the absence and presence of Dop or PafA. 1H-15N
15
correlation
spectra
of
50
μM
N-Pup
(blue) and in the !presence (red) of !(a) 25
10 μM DopCglu, (b)! 50 μM DopCglu, (c) 5
Mtb alone
!
!
μM PafABang and (d) 12.5 μM PafABang. An expansion is shown with the majority of the 1H-15N signals. Resonance assignments
of individual residues transferred from the previously published assignments (Sutter et al, 2009) are indicated. Upon addition
of near stoichiometric amounts of Dop, a small number of new signals appeared which increased in intensity with increasing
amounts of Dop. In this case the assignment of nearby signals from free Pup is shown in bold. Interestingly, the residues
whose resonances show such an additional nearby peak are located at the boundaries of the Dop "footprint" (Q26, R28, K31,
T33 (not shown) and K61) suggesting that they originate from the corresponding residues in the bound state and that this part
of Pup is sufficiently mobile in the bound state to be detected whereas the core region is too broadened to be observed. A
number of weak unlabeled signals detected in free Pup reflect the presence of a small amount of impurity due to degradation
of the unstructured Pup polypeptide. Buffer conditions are described elsewhere in the supplementary material. Spectra shown
in (a) and (b) were obtained with a 15N-HSQC where as those obtained in (c) and (d) were obtained with a 15N-HMQC
employing flip-back pulses on the solvent.
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Supplementary Figure S8

Supplementary Figure 8
Kd determination for PupCglu in complex with DopCglu and PafACglu by isothermal
Supplementary Figure
S8 Kd determination for PupCglu in complex with DopCglu and PafACglu by
titration calorimetry. The dissociation constant
is indicated within each panel. Measurements were performed at 25 °C in
50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 20 mM MgCl2 and 5 mM β-mercaptoethanol titrating aliquots of (a) 100 μM PupQ to
titration
calorimetry.
The .dissociation constant is indicated within each panel.
10 μM DopCgluisothermal
or of (b) 150
μM PupE
to 15 μM PafA
Cglu

Measurements were performed at 25 °C in 50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 20 mM
MgCl2 and 5 mM β-mercaptoethanol titrating aliquots of (a) 100 µM PupQ to 10 µM DopCglu or
of (b) 150 µM PupE to 15 µM PafACglu.
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Supplementary Figure S9

Supplementary Figure
9
Point Figure
mutations
in themutations
putativeinPup-binding
affect
enzyme
activity
of PafA
Supplementary
S9 Point
the putative groove
Pup-binding
groove
affect
enzyme
and Dop. (a) Incubation of PanBMtb (6 μM) and PupECglu (16 μM) with PafACglu (1 μM) in the presence of ATP (5 mM) and
subsequent analysis by SDS-PAGE and Coomassie-staining. (b) Elution profiles (recorded by absorbance at 280 nm) of
activity of PafA and Dop. (a) Incubation of PanBMtb (6 μM) and PupECglu (16 µM) with PafACglu
DopAcel and DopAcel:PupQAcel using a superdex200 size exclusion column.
(c) Incubation of PanBMtb-PupEAcel (2 μM) with
DopAcel (0.5 μM) in the presence of ATP (5 mM) and subsequent analysis by SDS-PAGE and Coomassie-staining.

(1 μM) in the presence of ATP (5 mM) and subsequent analysis by SDS-PAGE and Coomassie-

staining. (b) Elution profiles (recorded by absorbance at 280 nm) of DopAcel and DopAcel:PupQAcel
using a superdex200 size exclusion column. (b) Incubation of PanBMtb-PupEAcel (2 μM) with
DopAcel (0.5 μM) in the presence of ATP (5 mM) and subsequent analysis by SDS-PAGE and
Coomassie-staining.
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Supplementary Figure S10

Supplementary Figure 10
Stereo image of a 2Fo-Fc density map contoured at 1.0 σ of the active site of Dop in
green (a) and PafA in blue (b). The Backbone and side chains are outlined in stick representation.

Supplementary Figure S10 Stereo image of a 2Fo-Fc density map contoured at 1.0 ơ of the

active site of Dop in green (a) and PafA in blue (b). The Backbone and side chains are outlined
in stick representation.
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3.6.2

SupplementaryTable
tables
Supplementary
S1

Suppl.
Fig. S3

DopAcel

PafACglu

Glutamine
Synthetase
(S. typh.)

Potential Function

Dop Variants

PafA Variants

Ref

1

E8

E16

E129

E8A: no activity

E16A: no activity

31

2

E10

E18

E131

PafA: coordination of n2 ion (Mg2+)
Dop: coordination of n2 and n3 ion
(Mg2+)
coordination of n1 ion (Mg2+) (not
observed in the absence of substrate)

E10A: no activity

E18A: no activity

31

α1

--

S27

A37

--

--

S27A: active

--

--

Dop-loop

---

D57
R59

---

---

---

D57A: active
R59V: active

---

---

3

R90

R60

--

--

R60A: no activity

--

4

Y92

Y62

--

Dop: coordination of α-phosphate
PafA: coordination of β-phosphate
Dop: coordination of n3 ion (Mg2+)

Y92A: deamidation;
no depupylation activity

Y62A: no activity

--

5

D94

D64

D50’

D64N: no activity

31

6

H95

--

--

GS: D50’ from neighboring monomer, D94A: no activity
activation of the nucleophile
Dop/PafA: activation of the nucleophile
-H95V: active

--

--

7

H97

H68

Q218

positioning of Pup C-terminus?

H68A: no activity

--

8

E99

E70

E220

coordination of n2 ion (Mg2+) via water
in PafA, in Dop n3 ion (Mg2+)

H97A: deamidation;
reduced depupylation
activity
--

E70A: no activity

31

--

Q139

Y114

--

Pup binding?

Q139E: reduced activity

--

--

--

K148

V123

--

--

K148A: deamidation, no
depupylation

--

--

9

H155

H130

H269

coordination of n2 ion (Mg2+)

H155A: deamidation;
no depupylation activity

H130A: no activity

31

10

R205

R185

R321

31

--

R199

--

R205A: reduced
deamidation;
no depupylation activity
--

--

11

Coordination of α-carboxylate of
glutamate or C-terminal carboxylate of
Pup
--

R199A: reduced
activity

--

12
13

E216
R221

-R201

---

E216A: active
R221A: no activity

14
15

R227
H231

R207
H211

---

-coordination of side chain carbonyl
oxygen of Pup C-terminal residue?
Dop: coordination of γ-phosphate
PafA: coordination of α-phosphate

---

R207A: no activity
H211A: reduced
activity

---

16

R239

R219

--

--

--

--

17

H241

H221

E357

stacking interactions with nucleobase
Dop: coordination of β-phosphate
PafA: coordination of α-phosphate
coordination of n2 ion (Mg2+)

H241A: no activity

H221A: reduced
activity

31

--

R400

R385

--

Pup binding?

R400E: reduced activity

--

--

18
19

R433
W453

R418
W440

---

H-bond to adenosine-N7
-contacts the sugar
-Dop: coordination of α-phosphate PafA:
coordination of α/β-phosphates

-W440A: no activity

---

β1

β3

β3/4-loop

β4

β5
β5/β6-loop

β6

region
between
α3 and β7

β7

α9/α10loop
Cterminal
domain

Supplementary Table 1
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!

R201A: no activity

!

16

---

Supplementary Table S2: Primers used in this study
Constructs

Primer

Sequence of PCR primer

DopAcel-TEV-EGFP-His6
DopAcel-TEV-EGFP-His6
DopAcelΔGRHis5
DopAcelΔGRHis5
PafABang-TEV-EGFP-His6
PafABang-TEV-EGFP-His6
His6-Trx-TEV-PupEAcel
His6-Trx-TEV-PupEAcel
His6-Trx-TEV-PupQAcel
His6-Trx-TEV-PupQAcel

fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev

GCTATACATATGCACCGGGTCATGGGGATCGAAACC
CGATATGAATTCATTCGGCCGCCGGTCAGTGC
GCTATACATATGCACCGGGTCATGGGGATCGAAACC
GTGGTGGTGGTGGTGGCCGGTCAGTGCAGC
CGATTACATATGCCTCAGCTGCGTGACAG
GCTATAGAATTCAATTCATCGACGGGCAATGCGG
GCTTAAGGATCCATGCCCGAGAAGGACACG
GCATATGAGCTCTCATTCGCCGCCCTTCTGGATGTAG
GCTTAAGGATCCATGCCCGAGAAGGACACG
GCATATGAGCTCTCATTGGCCGCCCTTCTGGATGTAG

Dop-PafAAcel variants
DopΔDop-loop
DopΔDop-loop
Dopα3’PafA
Dopα3’PafA
Dopβ3/4-loop-PafA
Dopβ3/4-loop-PafA

Primer
fwd
rev
fwd
rev
fwd
rev

Sequence of fusion primer
GTAGTGAGTTGGGGACGGTCGAGCAATGTCATTCTCACCAACGGCG
GCTCGACCGTCCCCAACTCACTACTGCGTTGACCACCTGGGAAGA
CACATTTGGGAGGGAGTCAGTAGTGCGACGACGCTGAAACGGCCCATC
CGCACTACTGACTCCCTCCCAAATGTGATCCGCCCGCTGGCTGAGCTG
TTGGACGTGGGTAGTCATCCGGAGTACTCGACGCC
ACTACCCACGTCCAAGTACAACCGGGCGCCGTTGG

DopAcel variants
E8A
E8A
E10A
E10A
S27A
S27A
D57A
D57A
R59V
R59V
Y92A
Y92A
D94A
D94A
H95V
H95V
H07A
H97A
Q139E
Q139E
K148A
K148A
H155A
H155A
R205A
R205A
E216A

Primer
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
rev

Sequence of mutagenesis primer
GTCATGGGGATCGCAACCGAGTACG
CGTACTCGGTTGCGATCCCCATGAC
GGGGATCGAAACCGCGTACGGCATCTCG
CGAGATGCCGTACGCGGTTTCGATCCCC
CGATGGCCGCCGCTTCCCAGGTGGTC
GACCACCTGGGAAGCGGCGGCCATCG
GAACCCGTTGCGCGCCGCCAGGGGATTTGAAGTG
CACTTCAAATCCCCTGGCGGCGCGCAACGGGTTC
GTTGCGCGACGCCGTTGGATTTGAAGTGG
CCACTTCAAATCCAACGGCGTCGCGCAAC
GCGCCCGGTTAGCCGTCGACCACGC
GCGTGGTCGACGGCTAACCGGGCGC
CGGTTGTACGTCGCCCACGCCCATCCGG
CCGGATGGGCGTGGGCGACGTACAACCG
CGGTTGTACGTCGACGTCGCCCATCCGGAGTAC
GTACTCCGGATGGGCGACGTCGACGTACAACCG
GTCGACCACGCCGCTCCGGAGTACTCG
CGAGTACTCCGGAGCGGCGTGGTCGAC
GCCGATGGGATGGACCATTGAGCTCTACAAGAACAACACCG
CGGTGTTGTTCTTGTAGAGCTCAATGGTCCATCCCATCGGC
CAACACCGACAACGCAGGGGCCAGTTACG
CGTAACTGGCCCCTGCGTTGTCGGTGTTG
GTTCATCAGGTAGTTCTCGGCGCAGCCGTAACTGGCCCC
GGGGCCAGTTACGGCTGCGCCGAGAACTACCTGATGAAC
CAGCTCAGCCAGGCGGCGGATTTCTTC
GAAGAAATCCGCCGCCTGGCTGAGCTG
CGGCCTGGCGACGACGCTG

!

!

!
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E216A
R221A
R221A
H241A
H241A
R400E
R400E

fwd
fwd
rev
fwd
rev
fwd
rev

CAGCGTCGTCGCCAGGCCG
CTGGAGACGACGCTGAAAGCGCCCATCATCAACACCCG
CGGGTGTTGATGATGGGCGCTTTCAGCGTCGTCTCCAG
CCGCCGCCTCGCTGTCATCATCG
CGATGATGACAGCGAGGCGGCGG
CCACGACGTCCGGCCGGATGAGGGCCTGTACAACCGGCTGG
CCAGCCGGTTGTACAGGCCCTCATCCGGCCGGACGTCGTGG

PafACglu variants
E16A
E16A
E18A
E18A
R60A
R60A
Y62A
Y62A
D64N
D64N
H68A
H68A
E70A
E70A
H130A
H130A
L376E
L376E
R199A
R199A
R201A
R201A
H211A
H211A
H221A
H221A
W440A
W440A

Primer
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev
fwd
rev

Sequence of mutagenesis primer
GCAGGATCATGGGCATTGCGACGGAGTATGGCCTCAC
GTGAGGCCATACTCCGTCGCAATGCCCATGATCCTGC
ATCATGGGCATTGAAACGGCGTATGGCCTCACCTTTGTT
AACAAAGGTGAGGCCATACGCCGTTTCAATGCCCATGAT
TTCATACCCAATGGTTCCGCGTTGTATCTTGATGTGGGT
ACCCACATCAAGATACAACGCGGAACCATTGGGTATGAA
CAATGGTTCCCGGTTGGCGCTTGATGTGGGTTCCCAC
GTGGGAACCCACATCAAGCGCCAACCGGGAACCATTG
GGTTCCCGGTTGTATCTTAATGTGGGTTCCCACCCGGAG
CTCCGGGTGGGAACCCACATTAAGATACAACCGGGAACC
TATCTTGATGTGGGTTCCGCCCCGGAGTACGCCACCGCC
GGCGGTGGCGTACTCCGGGGCGGAACCCACATCAAGATA
ATGTGGGTTCCCACCCGGCATACGCCACCGCGGAGTG
CACTCCGCGGTGGCGTATGCCGGGTGGGAACCCACAT
GGCAATTCTTATGGCTGCGCCGAAAACTACCTTGTGGGT
ACCCACAAGGTAGTTTTCGGCGCAGCCATAAGAATTGCC
AAACTTGCCCAAGTGGACGAAACTTATCACGATATTAGG
CCTAATATCGTGATAAGTTTCGTCCACTTGGGCAAGTTT
GTATCAAGTGCCACCACTGCATCACGCCCCATTATCAAC
GTTGATAATGGGGCGTGATGCAGTGGTGGCACTTGATAC
AGTGCCACCACTAGATCAGCCCCCATTATCAACACCCGT
ACGGGTGTTGATAATGGGGGCTGATCTAGTGGTGGCACT
AACACCCGTGATGAGCCAGCGGCGGATTCCCATTCTTAC
GTAAGAATGGGAATCCGCCGCTGGCTCATCACGGGTGTT
CATTCTTACCGCAGGCTGGCCGTGATTGTGGGTGATGCC
GGCATCACCCACAATCACGGCCAGCCTGCGGTAAGAATG
GTACCTGTGACTGTCGATGCGATGCGTCACAAGGTCAAC
GTTGACCTTGTGACGCATCGCATCGACAGTCACAGGTAC

Supplementary Table 2 Primers used in this study
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3.6.3

Supplementary methods

NMR experiments and data analysis
All NMR measurements were performed at 10 °C on a Bruker DRX 700 spectrometer equipped
with a triply tunable cryogenic probe head. Sample conditions were selected where each enzyme
was well behaved. NMR samples were freshly prepared from dialyzed stock solutions of Dop (PafA)
and PupQMtb (PupEMtb) and contained 50 μM PupQMtb (PupEMtb) with variable DopCglu (PafABang) to
PupQMtb (PupEMtb) ratios in 20 mM Na-phosphate, pH 6.6, 50 mM NaCl (5 mM Tris-HCl, pH 7.4, 300
mM NaCl) with 10 % v/v D2O added as lock substance. Due to limited solubility in the NMR buffer
PafABang was measured at only 5 μM and 12.5 μM.

15

N-1HN correlations were monitored by [15N,1H]-

HSQC spectra for titrations with Dop and [15N,1H]-HMQC spectra incorporating flip-back pulses for
titrations with PafA. The chemical shift assignments obtained previously for PupEMtb were used to
identify the backbone

15

N-1H signals of individual residues. A small number of signals could not be

unambiguously assigned when comparing the chemical shifts of free PupMtb obtained previously with
the spectrum obtained for free Pup under the buffer conditions used here. Signals of free Pup
showing appreciable overlap to other signals were excluded from the intensity analysis. The signal
intensities measured for individual

15

N-1H signals at each enzyme to Pup ratio were normalized

against corresponding signals in the reference spectrum obtained with a sample of Pup alone in the
same buffer. The spectra were processed with the program TOPSPIN (Bruker), and the programs
SPARKY (Kneller & Kuntz, 1993) and CARA (Keller, 2004) (www.nmr.ch) were used for the spectral
analysis and the preparation of figures. Intensity changes in the NMR spectra upon addition of the
enzymes are interpreted as follows. The free and Dop-bound forms of Pup are in slow exchange on
the NMR timescale so that each form of Pup gives rise to a separate set of signals with distinct
chemical shifts. The bound form of Pup is not detected because the mobility of Pup is greatly
reduced by association in a > 60 kDa complex (see however figure caption Supplementary Figure
7a). With increasing Dop concentration a larger fraction of Pup is bound and therefore NMR invisible.
This is the origin of the gradual intensity decrease for the C-terminal part of Pup upon addition of
increasing amounts of Dop. The N-terminal part of Pup is unaffected because it does not participate
in binding and remains highly mobile even in the complex. In the case of the complex between Pup
and PafA, the situation is more complicated because the exchange process is on an intermediate
timescale. This gives rise to a partial averaging of the chemical shifts as well as the relaxation
behavior of the free and bound states resulting in a severe line-broadening even at substoichiometric
ratios. None-the-less the intensity reduction indicates that the affected residues participate in the
binding process either by interacting with PafA or by undergoing conformational changes associated
with complex formation.
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Analytical size exclusion chromatography
A custom packed Superdex200 column (GE Healthcare, 20 ml column volume) was used to
analyze the binding of PupQAcel to DopAcel via size exclusion chromatography. The column was
equilibrated in 50 mM Tris, pH 7.5 (4 °C), 300 mM NaCl, 10 % Glycerol and 5 mM 2mercaptoethanol at a flow rate of 0.35 ml/min at 4 °C, then either 200 μl of Dop (2.5 μM) or Dop (2.5
μM)/Pup (10 μM) incubation mixtures were loaded on the column. Incubation of Dop with Pup was
carried out at 23 °C for 5 min directly prior to loading. The elution profile was recorded at 280 nm.

Isothermal titration calorimetry (ITC)
ITC experiments were performed on a VP-ITC instrument (MicroCal). Protein samples were
dialyzed against 50 mM Tris-HCl, pH 7.5 (4 °C), 300 mM NaCl, 20 mM MgCl2 and 5 mM 2mercaptoethanol. Titration experiments were performed at 25 °C and consisted of 32 injections of 8
μl PupCglu at 100 μM for PupQ or 150 μM for PupE into the cell containing either DopCglu at 10 μM or
PafACglu at 15 μM. A 5 min interval was chosen between additions and the sample was stirred at a
rate of 307 rpm. Raw data were integrated, corrected for nonspecific heats, normalized for the molar
concentration and analyzed according to a 1:1 binding model.

62

4

Crystal structure of the complex between prokaryotic ubiquitin-like
protein and its ligase PafA

4.1

Contributions
Jonas Barandun, Cyrille L. Delley, Nenad Ban, and Eilika Weber-Ban*

4.2

Brief communication
Pupylation is a ubiquitin (Ub)-like post-translational modification in Actinobacteria involving the

covalent attachment of a 60-70 amino acid polypeptide termed prokaryotic ubiquitin-like protein
(Pup) to a target substrate (Burns & Darwin, 2010; Burns et al, 2009; Pearce et al, 2008; Striebel et
al, 2009; Barandun et al, 2012; Burns et al, 2010b), thereby marking it for proteasomal degradation
(Burns et al, 2009, 2010b; Pearce et al, 2008; Striebel et al, 2010). In Mycobacterium tuberculosis
(Mtb), the Pup-proteasome system contributes to pathogenicity by supporting the bacterium’s
persistence inside the host (Darwin et al, 2003; Gandotra et al, 2007).
Despite the functional analogy to ubiquitination, the components of the pupylation pathway are
not homologous to their counterparts in the ubiquitination pathway (Burns & Darwin, 2010;
Barandun et al, 2012). Unlike the stable β-grasp fold of Ub (Vijay-Kumar et al, 1987), Pup is an
intrinsically disordered protein with only very weak propensity for helical secondary structure in its Cterminal half (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009). On the sequence level, the only
common feature is a diglycine motif at the C-terminal end, which in the case of Ub constitutes the
last two residues but in Pup is followed by a glutamate or glutamine as the C-terminal residue. Both
modifiers are coupled to the target protein through their C-terminal amino acids (Burns & Darwin,
2010; Barandun et al, 2012). In contrast to ubiquitination, which employs a cascade of enzymes
(Kerscher et al, 2006), pupylation is carried out by a single ligase, the Pup ligase PafA (proteasome
accessory factor A) (Pearce et al, 2008; Striebel et al, 2009). This enzyme, evolutionarily related to
glutamine synthetases (Iyer et al, 2008), turns over ATP and generates γ-glutamylphosphate Pup
intermediate poised for the nucleophilic attack of a substrate lysine side chain to form the isopeptide
bond (Striebel et al, 2009; Guth et al, 2011; Sutter et al, 2010). In Mycobacteria and other
Actinobacteria, Pup is encoded with a C-terminal glutamine (PupQ), necessitating deamidation of the
C-terminal side chain by the deamidase of Pup (Dop) (Striebel et al, 2009), a homologue of PafA, to
produce the carboxylate group involved in the ligation (PupE). In addition, Dop catalyzes the specific
cleavage of the isopeptide bond between Pup and target substrates (Burns et al, 2010a; Imkamp et
al, 2010b). Pupylated proteins are recognized by the proteasomal ATPase ARC (Mpa in Mtb), which
unfolds them and translocates them into the proteasome degradation chamber (Burns et al, 2010b;
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Pearce et al, 2008; Striebel et al, 2010; Sutter et al, 2010; Wang et al, 2010b). The N-terminal
coiled-coil domains of the ATPase bind Pup, which forms a helix upon complex formation (residues
21-51 of PupMtb) (Sutter et al, 2009; Wang et al, 2010b). We previously reported structures of Dop
and PafA in the absence of Pup (Özcelik et al, 2012). Both enzymes feature a large N-terminal
domain (∼400 residues) homologous to glutamine synthetases and a small C-terminal domain (∼70
residues) unique to Dop and PafA. NMR and biochemical experiments determined that the Cterminal 30 residues of Pup interact with PafA and Dop (Özcelik et al, 2012; Burns et al, 2010b). In
view of the central role of Pup in the Pup-proteasome pathway, it is of significant interest to
understand the mechanism of its recognition by various components of the system. While our
previous structural study (Özcelik et al, 2012) gave an indication of the area where Pup might bind, it
did not provide any structural information on Pup or its mode of binding to the ligase. However, this
is of particular interest, since Pup is an intrinsically disordered protein, and therefore, the binding
process is not a mere docking event but involves the induced folding of Pup upon interaction with
the ligase.
Here we report the crystal structure of a complex between the minimal ligation-competent Pup
fragment (Özcelik et al, 2012) and the ligase PafA at 2.8 Å resolution, which together with
biochemical experiments provides the molecular framework for understanding the recognition of Pup
by the pupylation enzymes.
For structural characterization of the interaction of the ligase PafA with Pup, a binary complex
suitable for cocrystallization was generated. PafA crystals previously used for structure determination
of the enzyme without Pup featured an arrangement of PafA molecules that precluded binding of
Pup because of space constraints. To prevent the formation of the same crystal form and to ensure
an equimolar ratio of PafA to Pup in the crystal, a fusion strategy was employed wherein PafA from
Corynebacterium glutamicum was C-terminally fused with Pup or N-terminally truncated fragments
of Pup from the same organism. Crystals were obtained only with the shortest fragment tested,
PupE38-64. Presumably, this was the case because it displayed the least amount of flexibility while
stabilizing the complex through formation of a dimer with the C-terminally fused PupE38-64 reciprocally
provided in trans to the Pup-binding groove of the opposing monomer (Supplementary Figure 11).

The structure of the PafA-Pup complex reveals that Pup binds to a conserved groove on PafA
with a length of 40-50 Å that leads into the active-site β-sheet cradle where ATP is bound (Figure
19a and Figure 20a). The Pup-PafA interaction interface buries a large surface area of more than
1500 Å, as determined using the Proteins, Interfaces, Structures, and Assemblies (PISA) Protein
Data Bank (PDB) server.
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Figure 19 Pup binds to a conserved groove on PafA. (PDB code 4bjr) (a) PafA acts as scaffold to induce folding of Pup
(red) into two helices (H1 and H2) connected by a short linker. The C-terminal glutamate and ATP (yellow) are shown in stick
representation. The ligase is shown in surface representation colored according to conservation: from no conservation (white)
to highly conserved (blue). (b) Alignment of Pups from different Actinobacteria. The regions involved in the interactions with
the Pup ligase PafA (red) and the proteasomal ATPase Mpa/ARC (light red) are indicated. Residues involved in both
interactions are marked with black dots. (c) Fluorescence anisotropy measurements with full-length PupEF (gray) and Cterminally truncated PupF1-48 (black). Error bars and uncertainties are given in terms of two standard errors.

When binding to PafA, Pup undergoes a transition from the mostly disordered free state to a
state with two well-resolved helices (H1: S38-L47; H2: A51-Y58) that are orthogonal to one another
and connected by a linker of three amino acids (E48-N50) (Figure 19a). Interestingly, the helix
located further away from the active site (H1) is strictly required for the interaction with PafA/Dop,
since PupE38-64 is the shortest Pup fragment that can be conjugated to substrates by PafA (Özcelik
et al, 2012) and PupE44-64AMC shows no activity with Dop (Merkx et al, 2012). Pup H1 completes the
formation of a four-helix bundle together with helices α8, α9, and α10 of PafA, anchoring Pup to the
lower part of the Pup-binding groove (Figure 20a).
Upon binding, the 27 C-terminal Pup residues wrap around half of the PafA monomer. This
arrangement could potentially serve to prevent an intramolecular attack by a lysine in the flexible Nterminal region of Pup, which would be much faster than the intermolecular attack by the substrate
lysine and could compete with substrate tagging.
Pup binds into the PafA groove through a combination of hydrophobic interactions and salt
bridges. A conserved hydrophobic pocket on PafA (L354, F358, V374, L387, and V390) that is
responsible for interactions with H1 is bordered by positively charged residues (R357, R361, R394,
and K370) that complement the negatively charged residues on Pup. The importance of this pocket,
which is located more than 25 Å from the active site, in Pup binding is supported by the PafA
variants L354E and F358E, which retain no or only highly reduced activity, respectively (Figure 20c).
To characterize further the binding of Pup to PafA, we carried out fluorescence anisotropy
measurements (Figure 19c and Supplementary Figure 12). Full-length Pup binds to its ligase with low
micromolar affinity (KD = 1.8 ± 0.4 μM; Figure 19c and (Özcelik et al, 2012)). To assess the
contribution of the first helix to Pup binding, a Pup variant truncated C-terminally after the first helix
(PupF1-48) was used. The truncated variant showed reduced affinity (KD = 28.0 ± 5.9 μM; Figure 19c).
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However, this still corresponds to a release of nearly 80% of the total Gibbs free energy of binding,
assuming independence between H1 and H2. This implies that H1 provides the thermodynamic
driving force in the PafA-Pup interaction. The second helix together with the five C-terminal residues
is expected to be involved mostly in correct positioning of the glutamate in the active site. H2
contains two conserved aromatic residues (F54 and Y58) that make stacking interactions with Y114,
Figure 1. Pup binds to a conserved groove on PafA. (PDB code 4bjr) (a) PafA acts as scaﬀold to induce folding of Pup (red) into two helices (H1
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When the previously reported structure of a Pup fragment in complex with the Mpa coiled-coil
B

dx.doi.org/10.1021/ja4024012 | J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

domains (Wang et al, 2010b) is taken into account, our structure also reveals that Pup can adopt
different folds depending on its interaction partner. In complex with Mpa, Pup residues S21 to A51

form a helix (Figure 19b), while the C-terminal residues (E52 to Q64) remain disordered (Wang et al,
2010b). On the other hand, the structure adopted by Pup in complex with PafA exhibits a helix-

66

linker-helix conformation, despite a significant overlap in the interacting sequence regions on Pup
involved in binding to Mpa and PafA. On the basis of the conservation of Dop’s surface residues in
the H1-binding region, it is likely that Dop interacts with Pup via a similar binding mode. This would
imply that Dop and Mpa compete for Pup-modified proteins because of overlapping interaction
interfaces and that this competition might contribute to determining the fate of a pupylated substrate
(degradation or depupylation).
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4.3

Supplementary information

4.3.1

Supplementary methods

Cloning
All genes were obtained by PCR from Corynebacterium glutamicum ATCC 13032 genomic DNA.
All used primers are listed in Supplementary Table 4. To produce the PafA-linker-Pup38-64 constructs,
we amplified pafA with primers P3/P4 and pup with primers P7/P8. The resulting PCR products
were used as template in a second fusion PCR reaction performed with primers P3/P8. The final
PCR product was cloned via AvrII and AflII into a modified pET24 vector (Novagen) containing a Nterminal His6-tag followed by a TEV cleavage site. The modified pET24 vector was created by
annealing and subcloning of the oligonucleotides P1 and P2 using restriction sites NdeI and SacI.
The final construct consists of NdeI-His6-Tev-AflII-pafACglu-BamHI-NheI-KpnI-pup38-64Q-Stop-AvrIISacI, resulting in the expression of the protein His6-ENLYFQGLK-PafA-GSASGT-PupQ38-64. Pup’s Cterminal glutamate (Q64E) and the PafAD64N active site mutation were introduced by site directed
mutagenesis according to the Stratagene QuikChange® protocol using primers P9/P10 and
P11/P12. All other pafA mutants were generated using primers P13 to P20 and a previously used Cterminally His6-tagged PafACglu construct as template (Özcelik et al, 2012). The PupECglu construct
was created by subcloning of a previously used pET-20-His6-Thioredoxin-TEV-PupCgluE into pET24
using restriction enzymes NdeI and SacI. The Q30C (P21/P22) and N49STOP (P23/P24) mutations
were generated by site directed mutagenesis. All restriction enzymes used in this study were
purchased from New England Biolabs.

Expression and purification of proteins
PafA wild type and all variants were purified as described (Özcelik et al, 2012). The fusion
constructs were expressed in Escherichia coli Rosetta (DE3) cells (Invitrogen). Expression was
induced with 1 mM IPTG at 23 °C for 16 hours. All fusion constructs were purified by Ni-affinity
chromatography (HiTrap IMAC HP, GE Healthcare) in 50 mM Tris, pH 7.5 (4 °C) 300 mM NaCl. After
cleavage of the fusion protein with TEV-protease (Invitrogen), the histidine tag and TEV-protease
were removed by Ni-affinity chromatography. All proteins were further purified on a Superose 6 gel
filtration column (66 ml) in 50 mM Tris, pH 7.5 (4 °C), 300 mM NaCl, 1 mM DTT and 20 mM MgCl2
for activity assays or in 20 mM Tris, pH 7.5 (4 °C), 100 mM NaCl, 2 mM DTT and 5 mM MgCl2 for
crystallization.

Crystallization and crystal stabilization
PafA from Corynebacterium glutamicum (PafACglu) was C-terminally fused to the PupE38-64
fragment that was previously identified as the shortest fragment still able to be ligated to a substrate
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(Özcelik et al, 2012). To abolish unspecific pupylation of E. coli proteins, an inactive variant of PafA
was used to construct the fusion with ligation-competent Pup (PafAD64NPupE38-64).
Crystallization of the PafA-Pup fusion was performed in sitting drop vapor diffusion plates at a
protein concentration of 10-20 mg ml-1 by mixing 1 μl of protein solution with 1 μl of mother liquor.
Small crystals (20 * 20 * 50 μm) grew in 100 mM MES, pH 6.8, 150-200 mM Sodium Tartrate and 24 % PEG 4000 between day 10 and day 20 at 4 °C. Prior to flash-freezing, the small and fragile
crystals were first stabilized for 5 days in 2 μl 100 mM MES, pH 6.8, 100 mM Sodium Tartrate, 15 %
PEG 4000 and then for 1h in cryo buffer (100 mM MES, 100 mM Sodium Tartrate, 15 % PEG 4000,
20 % PEG 400, 1 mM ATP, 5 mM MgCl2).

Data collection, structure determination and refinement
Data were collected at beamline X06SA of the Swiss Light Source (PSI, Villigen, Switzerland) at
an X-ray wavelength of 1 Å. Due to high radiation damage, the filter transmission had to be set to 10
% of the beam intensity. Data were indexed, integrated and scaled using X-ray detector software
(XDS) (Kabsch, 2010). As input model for molecular replacement we used a PafACglu monomer
(residue 1 to 51 from chain b and 52 to 478 from chain a) from the previously determined crystal
structure of PafA (PDB 4B0T (Özcelik et al, 2012)). The model was built using COOT (Emsley et al,
2010) and refined using phenix.refine (Adams et al, 2011).
The fusion protein crystallized in space group P212121 and the crystals diffracted to 2.8 Å
(Supplementary Table 3). The asymmetric unit contains two PafAD64N-PupE38-64 molecules arranged
back to back with the C-terminally fused PupE38-64 provided in trans to the Pup-binding groove of the
opposing monomer (Supplementary Figure 11a and b). The final electron density map showed
continuous density for PafAD64N and PupE38-64 except for two short loops (L170-S175, A196-S200) of
PafAD64N and the linker region connecting PafAD64N with PupE38-64. Although free, unbound Pup is
unstructured and highly flexible (Chen et al, 2009; Liao et al, 2009; Sutter et al, 2009), it is well
resolved in the structure of the complex (Supplementary Figure 11b and c). The difference density in
the Pup-binding groove shows for both PafA monomers a continuous difference density although
one of the two Pups is better resolved. The linker region (GSASGT) between PafA and Pup shows a
tendency to adopt helical conformation, which extends the N-terminal region of Pup-H1. This
extended H1 consisting of the artificial, flexible linker can be observed in one of the two monomers.
PafAD64N-PupE38-64 crystals where soaked with ATP and Mg2+ ions prior to freezing. The resulting
difference density at the ATP binding position shows high occupancy in both monomers. Two
magnesium ions can be observed. The first ion is located below ATP and is coordinated by residues
of PafA (E16, Y62, E70) and coordinates the β- and γ-phosphates of ATP (Supplementary Figure
13). A second magnesium ion is coordinated by E16, H130 and H221. Weak difference density
located at the position where related GS bind glutamate/glutamine can be observed, and Pup’s Cterminal glutamate can be modeled into this density, although with low occupancy. This might be
due to the flexible di-glycine motif preceding E64 and agrees well with previous NMR measurements
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that show significant flexibility for the last three residues of Pup when bound to PafA (Özcelik et al,
2012).
Due to the presence of the native ligands (Pup, two Mg2+ ions and ATP) that stabilize the active
conformation, several regions of the molecule surrounding the active site adopt a more biologically
relevant conformation when compared to the previously solved structure of PafA from C. glutamicum
in its free form (Özcelik et al, 2012) (PDB 4B0T) e.g. Y62 in strand β3 that positions a Mg2+ ion, or the
orientation of the β3-β4-loop with the catalytically critical D64 that now points toward the glutamatebinding site.

Pup-conjugation assay
6 μM PanBMtb and 1 μM PafACglu were incubated with 20 mM PupE in reaction buffer (50 mM
Tris–HCl, pH 8 (23 °C), 300 mM NaCl, 20 mM MgCl2) supplemented with 5 mM ATP at 23 °C as
described (Striebel et al, 2009). The formation of a covalent PanB-Pup conjugate was analyzed by
SDS–PAGE.

Fluorescence Anisotropy
The two cysteine-variants of Pup (PupEF or PupF1-48) were labeled at Q30C with fluorescein-5maleimide obtained from Life Technologies and purified on a Superdex75 gel filtration column (GE
Healthcare). For fluorescence anisotropy measurements we incubated 0.5 μM of fluorescein labeled
PupEF or PupF1-48 with increasing concentrations of PafACglu (0 μM to 200 μM) at 23 °C in 50 mM Tris,
pH 7.5, 300 mM NaCl, 10 % glycerol, 0.001 % Tween20. Measurements were performed on a PTI
Quantamaster QM-7 spectrofluorometer in T-setup with excitation wavelength set to 492 nm and
emission to 515 nm All measurements were performed at least as triplicates and data were fitted
according to the following equation:

𝐴 = 𝐴! − (𝐴! − 𝐴! )

𝐾! + 𝑃𝑎𝑓𝐴! + 𝑃𝑢𝑝!!

−

𝐾! + 𝑃𝑎𝑓𝐴! + 𝑃𝑢𝑝!!
2[𝑃𝑢𝑝!! ]

!

− 4 𝑃𝑎𝑓𝐴! [𝑃𝑢𝑝!! ]

A denotes anisotropy, A0 and A∞ the anisotropies of free and completely bound PupF,
respectively. The pre-equilibria concentrations are given in [PupF0] and [PafA0] and the dissociation
constant by KD. A0, A∞ and KD are the free parameters of the linear least square regression weighted
by the inverse variance of the data points. Associated changes in Gibbs free energy were calculated
according to:
𝛥! 𝐺° = 𝑅𝑇𝑙𝑛 𝐾!
Where ΔrG° denotes the standard change of binding in Gibbs free energy, R is the gas constant,
T the absolute temperature and ln(KD) the natural logarithm of the molar dissociation constant.
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4.3.2

Supplementary figures

Supplementary Figure 11
PafAD64NPupE38-64 forms a dimer in the asymmetric unit. (a) Schematic representation of
the PafA-Pup fusion construct and arrangement of the two protomers in the crystal. (b) Back-to-back arrangement of PafA
(cartoon blue and green) in the asymmetric unit pointing the fused PupE38-64 (Fo-Fc difference density, contoured at 2.7σ) into
the Pup binding site of the second monomer. (c) Unbiased simulated annealing Fo-Fc difference density map generated using
a model omitting all ligands (Pup, ATP, Mg2+, H2O).
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Supplementary Figure 12
Fluorescein-labeled Pup variant Q30C can be coupled to PanB. (a) Sequences of all
used PupE constructs. Secondary structure elements are shown below the sequences (Helix 1, Helix 2). The mutation Q30C
is highlighted yellow indicating the position of the fluorophore (fluorescein). (b) Gelshift assay monitoring pupylation of PanB (6
μM) with fluorescein-labeled Pup (18 μM) by PafA (0.5 μM). (c) PafA (blue) in complex with Pup (red) shows the location of the
fluorescein-labeled cysteine in front of Helix 1.
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Supplementary Figure 13
The active site of PafA (blue). The C-terminal glutamate of Pup is shown in stickrepresentation (red). The unbiased simulated annealing Fo-Fc difference density map generated using a model omitting ATP,
Mg2+ and H2O is shown as green mesh (contoured at 3 σ). ATP and Mg2+ (green spheres) are modeled into the difference
density.
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4.3.3 Supplementary tables
SUPPLEMENTARY TABLES

Supplementary Table 1. Data collection and refinement statistics.
Paf
Data collection
Radiation source
Radiation wavelength (Å)
Space group
Cell dimensions
a, b, c (Å)

Pup27E
ATP

SLS X06SA
1.00
P212121
63.84
84.02
215.11
39-2.8
11.1 (67.1)
11.8 (2.44)
99.6 (99.8)
4.9

a

Resolution (Å)
Rmerge (%)
<I> / <σ(I)>
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork / Rfree
No. atoms
Protein

2.8
29211
0.213/0.248
7773
2 ATP
2+
3 Mg
134

Ligand/ion
Water
B-factors
Protein
Nucleotide
2+
Mg
Water
RMSD
Bond lengths (Å)
Bond angles (°)

66.6
68.4
73.9
55.8
0.012
1.118

PDB code
Values in parentheses are for highest-resolution shell.

a

4bjr
unit cell angles: α, β, γ = 90.0°, 90.0°, 90.0°

Supplementary Table 3 Data collection and refinement statistics.
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D64N

Supplementary Table 2. Primers used in this study.

Nr.

Constructs/PCR product

Primer

Sequence of PCR primer (5’-XX-3’, restriction site: bold)

P1

pET24-NdeI-H6TEV-AflII-AvrIISacI_MCS

fwd

TAT GCA CCA TCA CCA TCA CCA TGG CGA GAA TCT TTA TTT TCA GGG
CCT TAA GAT ATA TAT AAT ATA TAT ACC TAG GGA GCT

P2

pET24-NdeI-H6TEV-AflII-AvrIISacI_MCS

rev

CCC TAG GTA TAT ATA TTA TAT ATA TCT TAA GGC CCT GAA AAT AAA
GAT TCT CGC CAT GGT GAT GGT GAT GGT GC

P3

AflII-PafACglu-GSASGT

PafA-fwd

GCT GGC TAT CTT AAG AGT ACC GTG GAA TCC GCA TTG ACC

P4

AflII-PafACglu-GSASGT

PafA-rev

GGT ACC GCT AGC GGA TCC ACT GCG ATA GCT TTC TGC ATG AAC

P7

GSASGT-PupQ38-64-AvrII

Pup38-64-fwd

AGT GGA TCC GCT AGC GGT ACC AGC TTG CTG GAT GAA ATC GAC

P8

GSASGT-PupQ38-64-AvrII

Pup38-64-rev

CAC GCC TAT CCT AGG TTA CTG GCC ACC CTT TTG TAC ATA

P9

Pup Q64E

fwd

TAT GTA CAA AAG GGT GGC GAA TAA CCT AGG GAG CTC CGT

P10

Pup Q64E

rev

ACG GAG CTC CCT AGG TTA TTC GCC ACC CTT TTG TAC ATA

P11

PafACglu D64N

fwd

GGT TCC CGC TTG TAT CTT GCC GTG GGT TCC CAC CCG GAG

P12

PafACglu D64N

rev

CTC CGG GTG GGA ACC CAC GGC AAG ATA CAA GCG GGA ACC

P13

PafACglu L354E

fwd

GTG ATC AAA AAG AAG GAA ATT GAT CGT TTC ATT

P14

PafACglu L354E

rev

AAT GAA ACG ATC AAT TTC CTT CTT TTT GAT CAC

P15

PafACglu F358E

fwd

AAG CTC ATT GAT CGT GAA ATT CAG CGC GGC AAC

P16

PafACglu F358E

rev

GTT GCC GCG CTG AAT TTC ACG ATC AAT GAG CTT

P17

PafACglu Q373E

fwd

GAT GAT CCA AAA CTT GCC GAA GTG GAC TTG ACT TAT CAC

P18

PafACglu Q373E

rev

GTG ATA AGT CAA GTC CAC TTC GGC AAG TTT TGG ATC ATC

P19

PafACglu V390E

fwd

AGA GGC CTA TTT AGC GAA CTG CAA AGC CGC GGC

P20

PafACglu V390E

rev

GCC GCG GCT TTG CAG TTC GCT AAA TAG GCC TCT

P21

Pup Q30C

fwd

CAG GCA TCT GGA CAG GTT TGC ATC AAC ACC GAA GGT GTG

P22

Pup Q30C

rev

CAC ACC TTC GGT GTT GAT GCA AAC CTG TCC AGA TGC CTG

P23

Pup N49*

fwd

ATC GAC GGA CTG TTG GAA TAA AAC GCC GAG GAA TTC GTT

P24

Pup N49*

rev

AAC GAA TTC CTC GGC GTT TTA TTC CAA CAG TCC GTC GAT

Supplementary Table 4 Primers used in this study.
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5

Discussion & Outlook
Pupylation is a post-translational protein modification involving the attachment of a small,

intrinsically disordered protein termed Pup (prokaryotic ubiquitin-like protein) to a target protein. In
Mycobacteria, the modification system requires two enzymes, the deamidase of Pup (Dop),
activating the pro-form of Pup (PupQ), and the Pup ligase PafA, ligating the ubiquitin-like modifier to
a substrate lysine. The modifier serves as proteasomal degradation signal (Striebel et al, 2014).

This modification system can be found in a subset of the bacterial world, the Actinobacteria, a
phylum

featuring

many

important

human

pathogens

like

Mycobacterium

tuberculosis,

Mycobacterium leprae or Corynebacterium diphtheriae. While the pupylation machinery appears to
be non-essential under standard conditions, pathogenicity of a Mtb strain with an inactive pupylation
system is severely attenuated in a mouse infection model (Darwin et al, 2003; Pearce et al, 2006).
The pupylation system appears to be important during reactive nitrogen stress (Darwin et al, 2003;
Pearce et al, 2006). The importance of the modification system for Mtb during infection in addition to
its absence in eukaryotic cells and many bacteria from the human microbiome (e.g. Escherichia coli,
Enterococcus faecalis, Bacteroides melaninogenicus) makes it a very attractive drug target.
Aside from this medical importance, the system is also mechanistically interesting, since it differs
significantly from the ubiquitin-like modification system in terms of enzymatic and chemical basis
(Striebel et al, 2009; Barandun et al, 2012) but also in terms of structure and function of the involved
enzymes (Özcelik et al, 2012; Barandun et al, 2013).

In this work, I provide the first structural insights into the pupylation system at atomic resolution. I
characterized the Pup ligase from Corynebacterium glutamicum, a globular 54 kDa protein in
presence of ADP at 2.15 Å resolution. Further I solved the structure of the same enzyme at 2.8 Å
resolution in complex with ATP and the C-terminal half (27 amino acids) of the prokaryotic ubiquitinlike protein Pup, which mediate the interaction with PafA.
5.1

PafA and Dop form a distinct subclass of carboxylate amine ligases
PafA belongs to the superfamily of carboxylate amine/ammonia ligases (Iyer et al, 2008; Özcelik

et al, 2012; Striebel et al, 2009). This family includes enzymes such as glutamine synthetase (GS) or
γ-glutamyl-cysteine synthetases (γGCS). Most members catalyze ligation reactions between small
molecules (GS: glutamate + ammonia, γGCS: glutamate + cysteine). PafA uses the same reaction
mechanism to ligate two proteins - Pup and substrate-lysine - together, making this enzyme a
unique γ-carboxylate amine ligase in terms of the nature of its substrates.
This difference is reflected in their oligomeric state and structures. GS from S. typhimurium (PDB
1f52) is a homo dodecameric protein with a narrow active site featuring two funnels enabling access
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only for small molecules from both sides (Eisenberg et al, 2000)(Supplementary Figure 3a). Most
γGCS are dimeric and also contain narrow active sites.
Although predicted to exist as a homodimer consisting of two PafA molecules or as a
heterodimer of Dop and PafA (Iyer et al, 2008), the Pup ligase is a monomeric enzyme. Unlike other
γ-carboxylate amine ligases, PafA contains a well accessible active site, which is located on the
canonical twisted central β-sheet featuring 6 antiparallel β-strands (Özcelik et al, 2012). Although the
wide open accessibility is not usually observed in other members of the γ-carboxylate amine ligases,
the central sheet, surrounded by a cluster of helices, is a well-conserved and common structural
feature (Figure 21). In agreement with this, according to a PISA search against the entire PDB
database (date 08.04.14), the N-terminal larger domain of PafA containing the central sheet is
structurally closely related to γGCS and GS (Figure 21).
The additional C-terminal domain of PafA is connected on the back of the enzyme by two short
helices (α10, α11) and a linker (residue 380-410) reaching around the enzyme and positioning the
small domain close to the nucleotide binding pocket (Figure 21). Helix α10 is part of the binding
platform for Pup (Figure 21a, back-view).
The C-terminal domain is not found in other carboxylate amine ligases, but is also found in Dop,
suggesting this domain is unique to the pupylation subfamily. In addition to providing further
interaction surface around the active site, this domain contains several conserved residues flanking
the nucleotide pocket (Figure 15b) important for enzymatic activity (Figure 16a: e.g. W440A). PafAMtb
lacking this C-terminal domain (truncated at position 414 or 420) renders the bacterium pupylation
incompetent (Cerda-Maira et al, 2010). This suggests that the domain is required and plays a
pupylation specific role or that the enzyme cannot fold in absence of this domain.
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Figure 21 Structural and structure based sequence alignment of the Pup ligase PafA (PDB 4bjr) and YbdK, a
γGCS from S. typhimurium (PDB 1tt4). (a) Front- and back-view of PafA (blue) in complex with Pup (red) superimposed
with the structural aligned YbdK (green). The alignment was performed using the PISA SSM server. Glutamate (pink) and ATP
(orange) were placed according to the position from a closely related γGCS (Glutamate: PDB 2gwd, ATP: PDB 1va6). ATP
bound by PafA is shown as sticks in red. (b) Structure based sequence alignment of PafA and YbdK. Amino acids written
uppercase indicate aligned secondary structural elements, while lower case characters denote non-aligned regions.
Secondary structure elements of PafA, numbered according to (Özcelik et al, 2012), are shown above the sequence (βstrands in purple, α-helices in blue). Residues located on the central β-sheet pointing into the active site are marked with a
black dot above the sequence.

5.2

PafA and Dop; homologous yet different
Dop and PafA are close structural homologues with a low root-mean-square-deviation (RMSD)

value of about 2.12 Å (Cα alignment, (Özcelik et al, 2012)). The two enzymes contain almost identical
active sites. This is remarkable since they catalyze opposing reactions with PafA turning over ATP
and Dop requiring ATP as cofactor.
Both enzymes contain the larger N-terminal γ-carboxylate amine ligase domain and the shorter
C-terminal Dop/PafA specific domain (Figure 21). The two domains interact tightly and form a rigid
globular protein. The larger N-terminal domain contains the active site, which is located on the
central β-sheet cradle.
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Figure 22 Structural alignment of Dop and PafA. Overall structure of the two enzymes Dop (light green, PDB 4b0r) and
PafA (light blue, PDB 4bjr) shown as cartoon representation. Pup is show in light red and ATP in light yellow, both from PDB
4bjr. Regions that differ between the two enzymes are highlighted with green (Dop) and blue (PafA).

Although the enzymes are very close homologues, several differences can be observed. The
most obvious difference is the presence of an insertion in the deamidase Dop that is not present in
the Pup ligase PafA. The deamidase Dop contains an additional "Dop loop" located after the first αhelix (α1, Figure 14a,b and Figure 22) (Striebel et al, 2009). This loop of about 40 amino acids is
disordered in the Dop crystal structure but is conserved indicating a Dop specific role. The location
of this Dop loop is identical with the region, where the domain swap in one of the PafA crystal
structures occured (PDB 4b0t; Supplementary Figure 1).

The presence of this loop in Dop could also be the reason for the different conformation of the
preceding helix α1 in the two enzymes. In Dop, this helix is more closely packed against the central
β-sheet and influences the conformation of the active site β3-β4 loop (Figure 22). Additionally, this
β3-β4-loop of PafA contains a conserved glycine (G66) that is not present in Dop (Figure 14b). This
glycine provides additional flexibility (Figure 22, Supplementary Figure 4a) in this loop, which adopts
different conformations in the two PafA crystal structures, and is required for the pupylation reaction
since exchanging this region with the equivalent position of Dop renders the enzyme coupling and
phosphorylation incompetent (Figure 23b, Figure 24a).
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A further difference between the two enzymes is found in the region preceding the strand β7. In
PafA, this region folds into a helix (α3') while Dop is less structured (Figure 22). The short α3' helix in
PafA is followed by a highly conserved flexible serine/threonine rich loop (SSATT, Figure 23a). This
loop is disordered in the PafA crystal structure and points away from the active site. Dop contains
only the double-threonine motive, which is pointed directly into the active site (Figure 23c). Changing
the serines to alanines in PafA (S194A, S195A) does not influence the pupylation reaction while
changing the two threonines to alanines abolishes pupylation of the substrate PanB (Figure 23b).
The succeeding sequence (IINT-R207-DEPH) is highly conserved between Dop and PafA but adopts
a completely different conformation resulting in an "open" conformation in PafA and a more "closed"
active site in Dop. It is likely, that this region adopts different conformations depending on the state
of Pup. One possibility is, that phosphorylation of Pup induces a change in PafA and rotates the
R207 into the active site where it coordinates the phosphate group (Figure 23c).

Figure 23 Does PafA adopt two different conformations depending on the state of Pup? (a) Alignment of the loop
region preceding β7. The amino acid sequence that was introduced in the PafA chimera (α3'swap) is highlighted in green.
Residues that were mutated and used in a pupylation assay shown in (b) where labeled above the sequence. (b) Gel-based
pupylation assay using different PafA active site variants (1 μM) incubated with 6 μM PanB and 20 μM PupE in the presence of
10 mM ATP. (c) Structure (purple, PDB 4bjr) and model (blue) of the active site of PafA shown as cartoon representation in an
open and closed conformation. Since the double-threonine loop in the "open" PafA structure is disordered (T197, T198,
R199), these residues where modeled. The model of the closed conformation is based on the Dop structure (PDB 4b0r).

It has been shown, that PafA produces a surprisingly stable phosphorylated intermediate, which
most likely remains bound by PafA awaiting subsequent nucleophilic attack by the substrate lysine
(Guth et al, 2011). This tight binding and precise positioning of the intermediate appears to be very
critical for the ligation step. Mutations affecting this potential phospho-Pup binding site render the
enzyme ligation incompetent (Figure 24a). Surprisingly, those variants including R207 are still able to
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produce the phosphorylated intermediate (R60A, Y62A, R207A, H221A; Figure 24a). One
explanation is that they are impaired in exact coordination of the phosphorylated γ-carboxylategroup, which is important for subsequent nucleophilic attack.

Figure 24 Correct positioning of the phosphorylated Pup intermediate is critical for subsequent nucleophilic
attack. (a) Gel-based pupylation assay using different PafA active site variants (1 μM) incubated with 6 μM PanB and 20 μM
PupE in presence of 10 mM ATP. The lower gel monitors the production of the phosphorylated Pup intermediate in absence
of substrate. The reaction was performed as described in (Guth et al, 2011) (b) PafA (PDB 4bjr) is shown as cartoon with a
purple β-sheet cradle which contains the critical active site residues, shown in stick representation. ATP is colored in orange
and the magnesium ion is shown in green.

Both enzymes feature a conserved groove running into the open side of the β-sheet cradle
(Figure 18a and b), the position where related enzymes bind the glutamate educt (GS/γGCS). This
groove serves as binding platform for the prokaryotic ubiquitin-like protein in PafA (Barandun et al,
2013). It is likely, that Dop also binds Pup in the same groove.
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5.3

Role of the Pup-binding groove
The conserved groove running along half of the enzyme is a unique pupylation enzyme specific

feature. This groove serves as binding platform for the prokaryotic ubiquitin-like protein Pup (Figure
25). PafA acts as scaffold inducing folding of Pup into two short helices (H1, H2) connected by a
short linker (Barandun et al, 2013). The helix-1 binding platform is dominated by hydrophobic
interactions surrounded by charged residues, while the helix-2 binding region includes several
aromatic residues both on Pup and PafA (Figure 20a).

Figure 25 Pup binds into a conserved groove on PafA. Surface representation of the Pup ligase PafA (PDB 4bjr) colored
according to conservation (low conservation: white, highly conserved: blue). Pup (red), shown in cartoon representation, binds
to a conserved groove running along the Pup ligase. The side chain of the C-terminal glutamate of Pup (E64) is shown as stick
pointing the carboxyl group towards ATP (yellow) in the active site.

The helix-1 interaction provides most of the binding energy and mutations in this interaction
interface, which is located more than 30 Å away from the active site, render PafA pupylation deficient
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(e.g. L354E, Figure 20c). This suggests that the long interaction groove is required to provide the
necessary binding energy for Pup.
However by wrapping the flexible Pup around the enzyme, PafA also prevents a potential intramolecular attack of lysines that are located in the N-terminal region of Pup (Figure 8). This reaction
would proceed much faster than the inter-molecular attack by a substrate lysine and would result in
a "circularized" Pup. The groove could therefor serve the additional function of keeping Pup "out of
the way".
A potential consequence of the N-terminal region of Pup located at the back side could also be
a more efficient "handover" to Mpa since the binding sites also partially overlap (Figure 20a and b:
black dots above sequence), and part of the region preceding helix-1 could already make contact to
Mpa. Intrinsically disordered proteins have the advantage to adopt several conformations of which
each can potentially bind to a different interaction partner with very high specificity and low affinity
(Dunker et al, 2002).
When bound by the coiled-coil domain of the unfoldase Mpa (Wang et al, 2010b), Pup folds into
a long helix ranging from residue 21 to 51. This region overlaps with Pup helix-1 and partially also
with the linker region connecting the two Pup helices (H1: S38-L47; H2: A51-Y58 Figure 20a).
A charge inversion mutation on PafA (R361D, R394E) and Pup (E42R, D44R) further confirmed
the importance of the helix-1 interaction (Figure 26). While PafA wildtype is still able to ligate the Pup
double mutant to a substrate, the PafA double mutant recognizes only the Pup variant but not
wildtype Pup. Furthermore, this charge inversion changes the specificity of PafA for Pup and
"reprograms" the ligase for an artificial Pup variant (Figure 26).

Figure 26 Reprograming the specificity of PafA for an artificial Pup. (a) The lower Pup biding platform of PafA (PDB
4bjr) is shown as spheres representation and colored according to conservation (white: low conservation, blue: high
conservation). The bound Pup (red) is shown as cartoon representation with the two negatively charged side chains in helix-1
as sticks (E42, D44). The residues that were swapped are labeled white (R361 with D44 and R394 with E42). (b) Helical wheel
representation of the Pup helix-1 (from the N-terminus to the C-terminus). (c) A gel-shift assay monitoring the production of
PanB-Pup was performed with 1 μM of PafACglu (wt or R361D, R394E), 6 μM PanBMtb and 12 μM of Pup (wt or E42R, D44R)
in the presence of 10 mM ATP.

While the helix-1 interaction provides the binding energy, helix-2 is required for correct
positioning of the C-terminal end - the point of ligation - into the active site (Figure 20a). The
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penultimate di-glycine motive, which is also present in eukaryotic ubiquitin, is required to point the
terminal glutamate-64 into the active site where the isopeptide bond formation occurs.
Further, this di-glycine motif might also provide the flexibility that is needed for interaction of Pup
ligated to a substrate with Mpa.
5.4

Recognition of the pupylation substrate: what we know and what we need to find out
PafA contains a large conserved region surrounding the flat and open active site (Figure 25). The

open architecture agrees with the observation that the ligase is able to modify a very broad range of
substrates with Pup. Proteomic studies identified hundreds of substrates that are modified with Pup
in vivo (Watrous et al, 2010; Festa et al, 2010; Poulsen et al, 2010). However, it should be mentioned
that incubation of many of these identified substrates with PafA and PupE under in vitro conditions
often results in very poor to no pupylation. This suggests the presence of other factors involved in in
vivo substrate selection. One possible explanation could be that the substrates identified in vivo differ
in structure or post-translation modification pattern from the recombinantly purified substrates.
Nevertheless, the fact that several substrates exist that are significantly better pupylatable than free
lysine or any other surface lysines, implying that PafA has a preference for certain lysines or their
surroundings. This indicates the presence of a preferred pupylation motif. However, no clear motif
can be deduced from all the identified targets and it is still an open question how the Pup ligase
recognizes its substrates.

With the PafA:Pup structure, I could show that it is possible to characterize low affinity
interactions using crystallography. The use of the PafAPup fusion construct increased the local
concentration sufficiently to form a homogeneous one-to-one complex suitable for crystallization
(Barandun et al, 2013). The same strategy is in principle also applicable to characterize the
interaction with a substrate. This would require the covalent attachment of PafAPup to a substrate
followed by structural characterization. One way to achieve this would be the specific crosslinking of
cysteine-variants of PafA and Pup followed by a pupylation reaction to produce a stable
ligase:substrate complex (Figure 27a). I performed initial tests with all combinations of the PafA
variants S28C, K29C, V123C together with the Pup variants R56C, V59C and K61C (Figure 27b)
using the crosslinker 1,8-bismaleimidodiethyleneglycol (BM(PEG)2) which is specific for cysteines at
neutral pH. Crosslinking followed by a pupylation reaction with the substrate PanBMtb produced a
stable PanB-Pup:PafA complex (Figure 27c). This avenue will now be pursued preparatively using
different substrates to set up crystallization experiments.
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Figure 27 Crosslinking cysteine variants of PafA and Pup followed by pupylation reaction produces a stable
PafA:substrate complex. (a) Schematic representation of the overall reaction scheme. PafA is shown in blue and Pup is
shown in red. (b) PafA (PDB 4bjr), shown in spheres is colored according to conservation from white (non-conserved) to blue
(conserved), in complex with Pup (red). Residues that were replaced with cysteines are shown in green (PafA) and lime (Pup).
c) Crosslinking reaction of PafA-K29C with Pup-K61C followed by a PanB pupylation reaction.

The structure of PafA in complex with Pup was solved with an inactive variant of PafA (D64N).
The reason for this was, that expression of the ligase fused to its own modifier always resulted in
unspecific modification of E. coli proteins. It might be possible to exploit this observation. The
presence of a highly expressed and very good pupylation substrate during expression of the PafAPupE fusion construct could result in a covalent PafA-Pup-substrate complex.
Good pupylation substrates that are preferentially modified at a single lysine are PanB, FabD, or
PckA. I cloned several co-expression constructs featuring the hexa-histidine tagged fusion construct
of PafA-Pup (Barandun et al, 2013) and the above mentioned substrates bearing a Strep-tag. A
tandem affinity purification starting with nickel affinity chromatography followed by Strep-affinity
chromatography should result in an enrichment of substrates that are pupylated with PafAPupE.
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PanB is a decameric protein and is modified at only one single lysine per protomer.
Coexpression of this protein together with PafAPupE followed by tandem affinity purification resulted
in a complex with 50 % of the PanB monomers modified with PafAPupE (data not shown). The lysine
that is pupylated is very close to the same lysine in the next PanB monomer and steric hindrance is
the most likely explanation for the incomplete pupylation.

To avoid this problem, I applied the same strategy to the substrates PckA-Strep or FabD-Strep.
However, this resulted in multiple modified lysines per molecule as judged from the ladder of high
molecular weight species on SDS-PAGE (data not shown). To circumvent this problem, I generated
a FabD variant with all surface lysines mutated, which however proved to be insoluble. Another
variant I generated, where three lysines were changed to arginines FabD-K3R-Strep (K35R, K122R,
K181R) was still highly soluble. Coexpression of this K3R variant with the PafAPupE fusion construct
followed by the above described tandem affinity purification resulted in a very pure and
homogeneous sample that is now being screened for crystallization conditions (Figure 28).

Figure 28 Coexpression of the hexa-histidin tagged PafAPupE fusion construct with the strep-tagged FabD-K3R
followed by tandem affinity purification. (a) Schematic representation of the constructs used for coexpression. The Pup
ligase (blue) is N-terminally tagged with a cleavable hexa-histidine tag (light green: hexa-histidine, dark green: Tev recognition
site) and C-terminally via a flexible linker (grey: GSASGT) with the C-terminal half (27 amino acids) of PupE (light blue). (b)
Coexpression followed by nickel affinity purification, TEV cleavage and Strep affinity purification results in enrichment of FabDK3R modified at lysine 173 with the PafA-PupE fusion construct via an isopeptide bond.
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5.5

Concluding remarks
According to the world health organization World Health Organization (WHO), one third of the

world’s population is latently infected with Mycobacterium tuberculosis, the causative agent of
tuberculosis (WHO, 2013). The emergence of multidrug resistant Mtb strains is a major problem and
new drugs including new drug targets are urgently needed. The Pup-proteasome pathway is
essential for persistence of Mycobacterium tuberculosis inside the host macrophages (Darwin et al,
2003), making the system to a very attractive drug target. While it is challenging to selectively inhibit
only the prokaryotic 20S proteasome and not its structurally conserved eukaryotic homologue (Lin et
al, 2009), the Pup modification enzymes Dop and PafA are not present in in eukaryotic cells and are
also absent in most members of the human microbiome. These facts make the pupylation system
including the Pup ligase PafA a very attractive drug target.

Aside from the medical point, the pupylation system and its key enzymes are mechanistically and
structurally very interesting since they differ from the eukaryotic ubiquitin system. The Pup ligase
PafA, structurally not related to eukaryotic ubiquitin-ligases, belongs to the family of carboxylate
amine ligases. This modification system thus evolved independent of ubiquitination with a γ-glutamyl
cysteine synthetase or a glutamine synthetase as the likely evolutionary ancestor of the pupylation
enzymes (Iyer et al, 2008).

Summary!

conserved, !
open active site!
K

γ-carboxylate amine !
ligase fold!

diglycine motif points !
E64 into active site!

IDPs with different !
binding partner!
exist also in bacteria!

Pup binding groove !
potential drug target!
K

arrangement prevents!
Intra-molecular attack!
Figure 29 Concluding remarks. View into the Pup-binding groove of PafA. The PafA:Pup structure (PDB 4bjr) is shown in
surface representation colored according to conservation from white (low conservation) to blue (highly conserved). Pup's Cterminal end, shown in red cartoon, folds into two short helices when interacting with PafA. The N-terminal end is shown with
a dotted line indicating disordered behavior.

The structure of the prokaryotic ubiquitin-like ligase PafA in complex with Pup and ATP provides
the first mechanistic insights into the mode of recognition of Pup by its ligase at atomic resolution
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(Barandun et al, 2013). The structure illustrates, how the C-terminal half of the intrinsically disordered
Pup folds into two helices, wrapping around half of the enzyme and pointing its C-terminal residue the point of ligation - into the active site where ATP is located. The active site itself is shallow and
open, enabling the interaction with hundreds of different substrates. Possible inhibitors specific for
the PafA/Dop family of enzymes could target unique features like the Pup-binding groove, the open
active site cradle or the nucleotide binding pocket that is formed on one side by the PafA/Dop
specific C-terminal domain (Özcelik et al, 2012).
The structural and functional characterization of the prokaryotic ubiquitin-like protein ligase PafA
and its interaction with Pup also proves another example that not only eukaryotic cells but also
bacteria use intrinsically disordered proteins to provide multiple interaction modes with multiple
binding partners. In addition, the two structures of PafA with its interaction partners provide a solid
basis for further biochemical studies.
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7.1

Appendix
Abbreviations

Å

Angström

AAA

ATPases Associated with diverse cellular Activities

Acel

Acidothermus cellulolyticus

ADP

Adenosine diphosphate

AMC

7-amino-4-methylcoumarin

Apg12

Autophagy-related protein 12

Arc

AAA ATPase forming ring-shaped complex

ATP

Adenosine triphosphate

BM(PEG)2

1,8-bismaleimidodiethyleneglycol

Cglu

Corynebacterium glutamicum

DNA

Deoxyribonucleic acid

DÖ

Dennis Özçelik

Dop

Deamidase/Depupylase of Pup

DUB

Deubiquitinating enzymes

E64

Glutamate at position 64

ESI

Electrospray ionization

FabD

Malonyl CoA acyl carrier protein transacylase

Fo–Fc

Electron density difference map

fwd

Forward

GE

General Electric

Glu

Glutamate

GS

Glutamine synthetase

H1, H2

Helix-1, Helix-2

HMQC

Heteronuclear Multiple-Quantum Correlation

HSQC

Heteronuclear single quantum coherence spectroscopy

IDP

Intrinsically disordered protein

IMAC

Immobilized-metal affinity chromatography

IPTG

Isopropyl β-D-1-thiogalactopyranoside

Isg15

Interferon-induced 15 kDa protein

ITC

isothermal titration calorimetry

JB

Jonas Barandun

K48-Ub

Lysine-48 of ubiquitin

KD

Dissociation constant

99

kDa

Kilo Dalton

mDa

Mega Dalton

Mg

Magnesium

mg

Milligram

ml

Milliliter

mM

Millimolar

Mpa

Mycobacterial proteasomal ATPase

MS

Mass spectrometry

Msc

Master of Science

Mtb

Mycobacterium tuberculosis

Nedd8

Neural precursor cell expressed developmentally down-regulated
protein 8

100

nm

nanometer

NMR

Nuclear magnetic resonance

PafA

Proteasome accessory factor A

PAGE

Polyacrylamide gel electrophoresis

PanB

3-methyl-2-oxobutanoate hydroxymethyltransferase

PckA

Phosphoenolpyruvate carboxykinase

PCR

Polymerase chain reaction

PDB

Protein data bank

PEG

Polyethylene glycol

PhD

Doctor of Philosophy

PISA

Proteins, Interfaces, Structures, and Assemblies

pKa

Logarithm of the acidity constant

PknA

Transmembrane serine/threonine-protein kinase A

prcB, prcA

Proteasome beta subunit, Proteasome alpha subunit ,

Prof

Professor

PSI

Paul Scherrer Institute

PTI

Photon Technology International

PTM

Post-translational modification

Pup

Prokaryotic ubiquitin-like protein

PupE

Prokaryotic ubiquitin-like protein with a C-terminal glutamate

PupEF

Fluorescein-labeled Pup

PupQ

Prokaryotic ubiquitin-like protein with a C-terminal glutamine

R28A

Arginine at position 28 mutated into alanine

rev

Reverse

RMSD/r.m.s.d.

Root mean square deviation

rpm

Revolutions per minute

Rpn11

Regulatory particle non-ATPase 11

SAD

Single wavelength anomalous dispersion

SDS

Sodium dodecyl sulfate

SigH

Sigma-H factor

SLS

Swiss light source

SUMO

Small ubiquitin-related modifier

TB

Tuberculosis

TEV

Tobacco etch virus

Ub

Ubiquitin

Ubl

Ubiquitin-like

Urm1

Ubiquitin-related modifier 1

WHO

World Health Organization

XDS

X-ray detector software

β1, α1

Secondary structural elements: beta sheet 1, alpha helix 1

γGCS

γ-glutamyl-cysteine synthetase

μl

Microliter

μM

Micromolar
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7.2

Protein sequences

7.2.1

Pup

PupCglu (cg1689)
Aminoacids:

64

Mr =

6830.2 Da,

ε280 =

1490 M-1cm-1

10
20
30
40
50
60
MNAKQTQIMG GGGRDEDNAE DSAQASGQVQ INTEGVDSLL DEIDGLLENN AEEFVRSYVQ
KGGE

PupMtb (Rv2111c)
Aminoacids:

64

Mr =

6944.3 Da,

ε280 =

1490 M-1cm-1

10
20
30
40
50
60
MAQEQTKRGG GGGDDDDIAG STAAGQERRE KLTEETDDLL DEIDDVLEEN AEDFVRAYVQ
KGGQ

PupAcel (Acel_1187)
Aminoacids:

71

Mr =

8104.6 Da,

ε280 =

1490 M-1cm-1

10
20
30
40
50
60
MPEKDTGGQH RATRRTEEHD ETIDEATATS DVQERREKLD ADVDAILDEI DDVLEENAEE
70
FVRSYIQKGG E
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7.2.2

PafA

PafACglu(cg1688)
Aminoacids:

482

Mr =

53801.0 Da,

ε280 =

50880 M-1cm-1

10
20
30
40
50
60
MSTVESALTR RIMGIETEYG LTFVDGDSKK LRPDEIARRM FRPIVEKYSS SNIFIPNGSR
70
80
90
100
110
120
LYLDVGSHPE YATAECDNLT QLINFEKAGD VIADRMAVDA EESLAKEDIA GQVYLFKNNV
130
140
150
160
170
180
DSVGNSYGCH ENYLVGRSMP LKALGKRLMP FLITRQLICG AGRIHHPNPL DKGESFPLGY
190
200
210
220
230
240
CISQRSDHVW EGVSSATTRS RPIINTRDEP HADSHSYRRL HVIVGDANMA EPSIALKVGS
250
260
270
280
290
300
TLLVLEMIEA DFGLPSLELA NDIASIREIS RDATGSTLLS LKDGTTMTAL QIQQVVFEHA
310
320
330
340
350
360
SKWLEQRPEP EFSGTSNTEM ARVLDLWGRM LKAIESGDFS EVDTEIDWVI KKKLIDRFIQ
370
380
390
400
410
420
RGNLGLDDPK LAQVDLTYHD IRPGRGLFSV LQSRGMIKRW TTDEAILAAV DTAPDTTRAH
430
440
450
460
470
480
LRGRILKAAD TLGVPVTVDW MRHKVNRPEP QSVELGDPFS AVNSEVDQLI EYMTVHAESY
RS

PafAMtb (Rv2097c)
Aminoacids:

452

Mr =

51384.0 Da,

ε280 =

52370 M-1cm-1

10
20
30
40
50
60
MQRRIMGIET EFGVTCTFHG HRRLSPDEVA RYLFRRVVSW GRSSNVFLRN GARLYLDVGS
70
80
90
100
110
120
HPEYATAECD SLVQLVTHDR AGEWVLEDLL VDAEQRLADE GIGGDIYLFK NNTDSAGNSY
130
140
150
160
170
180
GCHENYLIVR AGEFSRISDV LLPFLVTRQL ICGAGKVLQT PKAATYCLSQ RAEHIWEGVS
190
200
210
220
230
240
SATTRSRPII NTRDEPHADA EKYRRLHVIV GDSNMSETTT MLKVGTAALV LEMIESGVAF
250
260
270
280
290
300
RDFSLDNPIR AIREVSHDVT GRRPVRLAGG RQASALDIQR EYYTRAVEHL QTREPNAQIE
310
320
330
340
350
360
QVVDLWGRQL DAVESQDFAK VDTEIDWVIK RKLFQRYQDR YDMELSHPKI AQLDLAYHDI
370
380
390
400
410
420
KRGRGIFDLL QRKGLAARVT TDEEIAEAVD QPPQTTRARL RGEFISAAQE AGRDFTVDWV
430
440
450
HLKLNDQAQR TVLCKDPFRA VDERVKRLIA SM
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7.2.3

Dop

DopAcel(Acel_1186)
Aminoacids:

503

Mr =

56576.8 Da,

ε280 =

62340 M-1cm-1

10
20
30
40
50
60
MHRVMGIETE YGISVPHQPN ANAMAASSQV VNAYAPIGAP AQRQARWDFE EENPLRDARG
70
80
90
100
110
120
FEVAREAADP SQLTDEDLGL ANVILTNGAR LYVDHAHPEY STPEVTNPRD AVLWDKAGER
130
140
150
160
170
180
IMAEAARRAA DLPMGWTIQL YKNNTDNKGA SYGCHENYLM NRSTPFADIV RHLIPFFVTR
190
200
210
220
230
240
QVFCGAGRVG IGADGRGEGF QLSQRADFFE VEVGLETTLK RPIINTRDEP HADPEKYRRL
250
260
270
280
290
300
HVIIGDANMS EIATYLKLGT TALVLAMIED GFLSQDFSVE SPVGALRAVS HDPTLRYQLR
310
320
330
340
350
360
LHDGRRLTAV QLQMEYLEQA RKYVEDRFGT DVDDMTRDVL DRWETTLVRL ADDPMQLSRD
370
380
390
400
410
420
LDWVAKLSIL EGYRQRENLP WSAHKLQLVD LQYHDVRPDR GLYNRLVARG RMNLLVDEAA
430
440
450
460
470
480
VRTAMHEPPN DTRAYFRGRC LAKFGAEIAA ASWDSVIFDL PGRDSLQRVP TLEPLRGTRA
490
500
HVGDLLDRCR SATELVAALT GGR

7.2.4

Substrates

FabDMtb (Rv2243)
Aminoacids:

302

Mr =

30788.2 Da,

ε280 =

17990 M-1cm-1

10
20
30
40
50
60
MIALLAPGQG SQTEGMLSPW LQLPGAADQI AAWSKAADLD LARLGTTAST EEITDTAVAQ
70
80
90
100
110
120
PLIVAATLLA HQELARRCVL AGKDVIVAGH SVGEIAAYAI AGVIAADDAV ALAATRGAEM
130
140
150
160
170
180
AKACATEPTG MSAVLGGDET EVLSRLEQLD LVPANRNAAG QIVAAGRLTA LEKLAEDPPA
190
200
210
220
230
240
KARVRALGVA GAFHTEFMAP ALDGFAAAAA NIATADPTAT LLSNRDGKPV TSAAAAMDTL
250
260
270
280
290
300
VSQLTQPVRW DLCTATLREH TVTAIVEFPP AGTLSGIAKR ELRGVPARAV KSPADLDELA
NL
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PanBMtb (Rv2225)
Aminoacids:

281

Mr =

51384.0 Da,

ε280 =

52370 M-1cm-1

10
20
30
40
50
60
MSEQTIYGAN TPGGSGPRTK IRTHHLQRWK ADGHKWAMLT AYDYSTARIF DEAGIPVLLV
70
80
90
100
110
120
GDSAANVVYG YDTTVPISID ELIPLVRGVV RGAPHALVVA DLPFGSYEAG PTAALAAATR
130
140
150
160
170
180
FLKDGGAHAV KLEGGERVAE QIACLTAAGI PVMAHIGFTP QSVNTLGGFR VQGRGDAAEQ
190
200
210
220
230
240
TIADAIAVAE AGAFAVVMEM VPAELATQIT GKLTIPTVGI GAGPNCDGQV LVWQDMAGFS
250
260
270
280
GAKTARFVKR YADVGGELRR AAMQYAQEVA GGVFPADEHS F

105

106

