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II. ABSTRACT 

The protozoan parasite Trypanosoma brucei encounters changing environments dur-

ing its  complex life-cycle involving a mammalian host and the tsetse fly vector. The 

mammalian life cycle stage (bloodstream form = BSF) inhabits the bloodstream and 

tissue spaces, which represents a highly stable and tightly regulated environment in 

terms of pH, temperature and nutrients. Due to the stable supply of glucose in mam-

malian blood the BSF parasite relies on glycolysis for energy generation. In contrast to 

that, the environment in the tsetse fly (procyclic form = PCF) varies along the alimen-

tary tract. Insects are poikilotherm and the pH varies between the three main fly tis-

sues, including the midgut, the proventriculus and the salivary glands. Furthermore, 

transmission to the tsetse fly is accompanied by a severe change in nutrient availabil-

ity. Glucose is rapidly consumed in the tsetse fly midgut, glycerol might be transiently 

released during breakdown of erythrocyte membranes after the blood meal while 

amino acids are highly abundant. These environmental changes during transmission 

from the mammalian host to the fly vector and its different tissues requires metabolic 

reprogramming and is accompanied by morphological changes. Proline metabolism 

takes place in the mitochondrium, while glucose and glycerol are metabolized in spe-

cialized peroxisomes, the so-called glycosomes. The changes need to be initiated via 

signaling events. Protein kinases in general are involved in the signaling cascades that 

transduce environmental signals into a cellular response. We could confirm that one 

of the protein kinase A (PKA) catalytic subunits (PKAC2) localizes to glycosomes of fly 

stage trypanosomes and identified metabolic enzymes regulated in abundance upon 

PKAC2 knockout. Therefore, we focused on unraveling a potential regulatory role in 

carbon metabolism. We found that depletion of the glycolytic carbon sources leads to 

increased phosphorylation of a protein band by PKA or a related kinase in vivo. Using 

a series of PKA knockouts we could show that the phosphorylation event observed by 

glucose and glycerol-depletion is a PKA mediated event that depends on PKAC2, but 

not on the regulatory subunit (PKAR). Using a phosphoproteomic approach, we could 

map the phosphorylation event to the two residues T122 and S123 on PEX14, a key 

component of the glycosomal import machinery. To address the question of physiolog-

ical relevance, we generated homozygous phosphoablative and phosphomimetic mu-

tants and compared for glycosomal protein content upon glycerol-depletion. We dis-

cuss the potentially important-regulated candidates, including the phosphatase PIP39, 

a known regulator of trypanosome development.
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III. ZUSAMMENFASSUNG 

Der einzellige Parasit Trypanosoma brucei durchläuft in seinem komplexen Lebens-

zyklus einen Säugerwirt und die TseTse Fliege (= Vektor), was zu schwankenden Um-

weltbedingungen führt. Im Säugerstadium (Blutstromform = BSF) befinden sich die 

Parasiten in der Blutbahn und in Gewebe Zwischenräumen, die eine sehr stabile und 

streng regulierte Umgebung in Bezug auf pH-Wert, Temperatur und Nährstoffe dar-

stellt. Aufgrund der stabilen Versorgung mit Glukose im Blut ist der BSF-Parasit auf 

die Glykolyse zur Energiegewinnung angewiesen. Im Gegensatz dazu schwankt die 

Umgebung im Verdauungstrakt der Tsetse Fliege. Insekten sind poikilotherm und der 

pH-Wert variiert zwischen den besiedelten Organen der Fliegen, dazu gehören der 

Mitteldarm, der Proventriculus und die Speicheldrüsen. Darüber hinaus geht die Über-

tragung auf die Tsetse-Fliege mit einer starken Veränderung der Nährstoffverfügbar-

keit einher. Glukose wird im Mitteldarm der Tsetse-Fliege schnell konsumiert, Glycerol 

kann während des Abbaus der Erythrozytenmembranen nach der Blutmahlzeit vo-

rübergehend freigesetzt werden, während Aminosäuren extrem abundant sind. Diese 

Umweltveränderungen während der Übertragung vom Säugerwirt auf den Fliegenvek-

tor und seine verschiedenen Organe erfordern eine metabolische Anpassung und wer-

den von morphologischen Veränderungen begleitet. Der Prolinstoffwechsel findet im 

Mitochondrium statt, während Glukose und Glycerol in spezialisierten Peroxisomen, 

sogenannten Glykosomen, verstoffwechselt werden. Diese Änderungen müssen über 

Signalwege initiiert werden. Proteinkinasen sind an diversen Signalkaskaden beteiligt, 

die Umweltsignale in eine zelluläre Antwort umwandeln. Wir konnten zeigen, dass eine 

der katalytischen Untereinheiten der Proteinkinase A (PKA, hier: PKAC2) im prozykli-

schen Stadium eine zusätzliche glykosomale Lokalisation zeigt und konnten metabo-

lische Enzyme identifiziert, die als Reaktion auf PKAC2-Knockout in ihrer Expression 

reguliert werden. Daher fokussierten wir uns darauf, eine potenzielle regulatorische 

Rolle der PKA im Kohlenstoffstoffwechsel zu identifizieren. Der Entzug von glykolyti-

schen Kohlenstoffquellen führt zu einer erhöhten Phosphorylierung einer Proteinbande 

durch PKAC2 oder einer verwandten Kinase. Mit Hilfe einer Reihe von PKA-Knockouts 

konnten wir zeigen, dass das durch Glukose- und Glycerol-Depletion beobachtete 

Phosphorylierungsereignis von der PKAC2, aber nicht von der regulatorischen Un-

tereinheit (PKAR), abhängig ist. Durch Phosphoproteomics konnten wir das Phospho-

rylierungsereignis den beiden Positionen T122 und S123 auf PEX14 zuordnen, einer 

Schlüsselkomponente der glykosomalen Importmaschinerie. Um die Frage der physi-

ologischen Relevanz zu beantworten, haben wir homozygote phosphoablative und 
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phosphomimetische Mutanten generiert und die Abundanz glykosomaler Proteine 

nach Glycerol-Entzug verglichen. Abschließend diskutieren wir die potenziell Import-

regulierten Kandidaten, einschließlich PIP39, einer Phosphatase, die eine Schlüssel-

rolle in der Entwicklung der Trypanosomen spielt. 
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1 INTRODUCTION 

1.1 Metabolic adaptation 

All living organisms are exposed to their respective environments. These environments 

often change either due to natural rhythms or unexpected perturbations. The organ-

isms therefore need to sense and adapt to these changes, often by modifying their 

metabolic pathways. Plants for example are exposed to fluctuating weather conditions 

and must cope with a variety of stresses, like heat, draught, or light availability. Addi-

tionally, they need to switch their metabolism from photosynthesis during daytime to 

respiration at night on a daily basis.  

Cell populations, for example bacterial biofilms are exposed to a changing environ-

ment. While the biofilm is growing, metabolites and nutrients form gradients throughout 

this structure leading to different cell layers and metabolic activity of the residing cells 

(Crabbe et al., 2019). Many pathogenic organisms are exposed to dramatic environ-

mental changes during transmission or when entering an intracellular state.  

Not only pathogenic or parasitic, but also free-living organisms are exposed to their 

surroundings and need to respond accordingly, for example by exponential growth 

during permissive times and formation of spores and cysts during restrictive times (re-

viewed in (Stewart, 2015)). 

1.1.1 Metabolic adaptation during Trypanosoma brucei differentiation  

Overview of the life cycle 

Trypanosoma brucei is a protozoan parasite and causative agent of sleeping sickness 

in humans and Nagana in cattle. It is characterized by a complex life cycle involving 

two hosts providing very different environments. In the mammalian host, two types of 

so-called bloodstream forms (BSF) are known: the long slender BSF divide in the mam-

malian bloodstream until a high level of parasitemia is reached. At that point, the cells 

undergo differentiation to cell-cycle arrested short stumpy forms, which is induced by 

a quorum sensing mechanism of the stumpy induction factor (SIF). This differentiation 

process limits the parasitemia and allows host survival (reviewed in (Rojas and 

Matthews, 2019)). Furthermore, these cells are metabolically primed for the uptake by 

the insect vector, the tsetse fly (Glossina spec.) (reviewed in (Kabani et al., 2009; 

MacGregor et al., 2012)). During the bloodmeal, the tsetse fly ingests both forms of 

parasites. The long slenders mostly die off, while the short stumpys differentiate further 

into procyclic forms (PCF) in the tsetse midgut (Rico et al., 2013). Procyclic forms 
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first six (PCF)/seven (BSF) enzymes of glycolysis are located within this organelle 

(Gualdron-Lopez et al., 2013a) and constitute up to 95% of all protein content (Misset 

et al., 1986) in BSF, hence the name glycosome. In PCF cells, the first six enzymes 

compose up to 50% of all protein content (Hart et al., 1984). In higher eukaryotes, the 

glycolytic pathway is localized within the cytosol. Proper localization of these enzymes 

is extremely important in Trypanosoma brucei, especially in BSF which heavily rely on 

glucose as an energy source due to complete downregulation of mitochondrial energy 

generation pathways. Proper import of proteins is ensured by the glycosomal import 

machinery comprised of the so-called PEX proteins. The import machinery is con-

served compared to that of peroxisomes. Glycosomal proteins are marked by a perox-

isomal targeting signal (PTS). There are two types of PTS, the PTS1 and PTS2. The 

PTS1 is a C-terminal tripeptide sequence (SLK or a variation thereof (Opperdoes and 

Szikora, 2006)) that is recognized by the receptor protein PEX5. In contrast, PTS2 is 

a 9 amino-acid motif located close to the N-terminus: [RK]-[LVI]-X5-[HQ]-[LA] 

(Opperdoes and Szikora, 2006) which is recognized by the receptor PEX7. After bind-

ing of the cargo, the receptor proteins interact with a docking/translocation complex in 

the glycosomal membrane. The docking/translocation complex is comprised of at least 

two components: PEX13 and PEX14. Depending on the organism studied, further PEX 

proteins can be involved. The docking occurs via PEX14/PEX5 interaction and is con-

served in most eukaryotic organisms (Smith and Aitchison, 2009) and results in the 

release of the cargo proteins into the glycosomes. PTS2 carrying cargo is hypothe-

sized to interact with the docking/translocation complex via interaction of PEX7 with 

PEX5 (Gualdron-Lopez et al., 2013a). The PEX5 receptor is finally recycled from the 

membrane by an ubiquitinylation-dependent mechanism (Gualdron-Lopez et al., 

2013b) (Figure 5). RNAi-mediated knock-down of PEX14 is lethal in BSF and PCF 

when glucose is present in the medium (Furuya et al., 2002; Haanstra et al., 2008; 

Kessler and Parsons, 2005). This effect can be explained by the lack of feedback reg-

ulation in kinetoplastid glycolysis. The first two steps of glycolysis (hexokinase and 

phosphofructokinase) consume ATP, which is later recovered and can be utilized to 

fuel the initial enzymatic reactions (See Figure 2, Figure 3). Similarly, glycerol degra-

dation requires ATP in the first reaction by glycerol-kinase. Most eukaryotic systems 

have feedback regulation mechanisms to avoid extremely high activities of these ATP-

consuming enzymes and the resulting ATP-depletion (Aleshin et al., 1998; Locasale, 

2018). Trypanosomes lack these regulations but use compartmentalization instead. 

Glycosomal ATP-consuming and ATP-producing reactions are in equilibrium. This 

equilibrium is disturbed when glycolytic enzymes are mislocalized to the cytoplasm and 

cause a severe ATP-depletion. In PCF, the effects are less pronounced when the 
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mechanisms to fight reactive oxygen species by a modified glutathione, called trypa-

nothione and parts of the trypanothione detoxification system are localized in glyco-

somes (Müller et al., 2003). 

1.2 Nutrient sensing by protein kinases 

Nutrients are essential for growth and development of all living organisms. However, 

they are not always available in unlimited amounts. Therefore, changing levels need 

to be sensed in order to cope with fluctuations. A number of kinases have been demon-

strated to be involved in nutrient sensing and regulation of downstream metabolic pro-

cesses. Procaryotes for example use the two-component systems for transformation 

of extracellular information into an intracellular response. The first step (component) of 

this system is a membrane-bound histidine kinase that phosphorylates a response-

regulator in response to a specific stimulus. This usually results in a change of gene 

expression to cope with the newly sensed environmental conditions (Mascher et al., 

2006).  

In eukaryotes, nutrient sensing pathways involve multimeric kinase complexes. AMP-

activated protein kinase (AMPK) is a heterotrimeric Ser/Thr kinase that acts as a cel-

lular energy sensor (Davies et al., 1994; Ross et al., 2016). Kinase activity is regulated 

by the AMP to ATP ratio (Corton et al., 1994). When AMP concentrations are elevated, 

the molecule allosterically activates AMPK by causing a conformational change, ren-

dering the Thr172 in the activation loop accessible for phosphorylation by other kinases 

(Carling et al., 1987). Phosphorylation of this threonine residue is crucial for AMPK 

activity (Hawley et al., 1996; Stein et al., 2000). Upon activation, AMPK can phosphor-

ylate substrates involved in catabolic processes and thereby activate them, which re-

sults in increased ATP synthesis. Additionally, the kinase inactivates proteins involved 

in anabolic processes by phosphorylation (reviewed in (Garcia and Shaw, 2017)). 

Physiologically, AMPK was shown to be activated in response to glucose starvation in 

pancreatic beta cells, which results in an ATP-deficit (Salt et al., 1998). Alternatively, 

AMPK activity can be regulated by nucleotide-independent mechanisms. The phos-

phorylation of Thr172 can be catalyzed by CAAMK in response to elevated Ca2+ levels 

(Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005). Moreover, phosphoryla-

tion of the C-terminus of AMPKα subunit by Protein kinase A (PKA) was shown to 

inhibit its activity (Heathcote et al., 2016; Horman et al., 2006; Hurley et al., 2006).  

Another kinase involved in metabolic sensing, is the Ser/Thr kinase mTOR, which was 

shown to participate in the regulation of cell growth in response to nutrient availability 

(reviewed in (Saxton and Sabatini, 2017)). This kinase is part of the mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2). In the context of metabolic sensing and 
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adaptation, mTORC1 is more relevant, while mTORC2 mainly focuses on regulation 

of cell proliferation. In the mammalian system mTORC1 predominantly promotes ana-

bolic processes, like protein synthesis (Holz et al., 2005), de novo lipid synthesis 

(Porstmann et al., 2008) and nucleotide synthesis (Ben-Sahra et al., 2013; Robitaille 

et al., 2013), mainly by phosphorylation of transcription factors, which subsequently 

alter gene expression (reviewed in (Ma and Blenis, 2009)). Activity of mTORC1 also 

increases translation of the transcription factor HF1α, which upregulates enzymes of 

the glycolytic pathway (Duvel et al., 2010). These anabolic processes are only pro-

moted during growth permissive phases, which lead to mTORC1 activation by growth 

factors (reviewed in (Kim et al., 2013)). In contrast to that, the kinase is inhibited by 

intracellular and environmental stresses, like low energy or nutrient levels and oxida-

tive stress. One of the upstream acting components in this case, is AMPK. It can sense 

low energy levels and is activated by AMP/ADP (Corton et al., 1994). AMPK can then 

directly inhibit mTORC1 (Gwinn et al., 2008; Inoki et al., 2003; Shaw et al., 2004).  

This example shows that these pathways are often interconnected. The signaling net-

work is very well described in the baker yeast Saccharomyces cerevisiae. This organ-

ism prefers glucose as the primary carbon source but can also survive on non-ferment-

able carbon sources. A complex of AMPK (Snf1 in yeast) and the protein phosphatase 

PP1 (in yeast termed Reg1/Glc7 à regulatory and catalytic subunits) regulates nuclear 

and cytoplasmic localization of the zinc-finger protein Mig1. At high glucose levels, 

Mig1 localizes to the nucleus and represses expression of genes involved in aerobic 

respiration, gluconeogenesis as well as transporters of non-fermentable carbon 

sources (De Vit et al., 1997; Treitel and Carlson, 1995). When glucose levels drop, 

Snf1 is activated by phosphorylation of Thr210 in the activation loop (McCartney and 

Schmidt, 2001) and can subsequently phosphorylate Mig1 on multiple sites (DeVit and 

Johnston, 1999; Ostling and Ronne, 1998; Treitel et al., 1998). This phosphorylation 

results in cytoplasmic localization and induction of the repressed genes (De Vit et al., 

1997). Glc7 acts antagonistically to Snf1 and presumably promotes Mig1 nuclear lo-

calization by dephosphorylation and hence inhibition of Snf1 (Sanz et al., 2000). In 

addition to that, AMPK represses TORC1, leading to downregulation of protein synthe-

sis at nutrient-restrictive times (reviewed in (Saxton and Sabatini, 2017)). TORC1 acts 

in parallel with Protein kinase A (PKA) to regulate expression of ribosomes and genes 

involved in protein synthesis to determine the growth rate in response to nutrient avail-

ability (Kunkel et al., 2019). While TORC1 appears to set expression levels for steady-

state growth conditions, PKA is responsible for boosts during times of transition 

(Kunkel et al., 2019). When glucose becomes available after periods of starvation, 

cAMP levels transiently increase (Kraakman et al., 1999; van der Plaat, 1974) and lead 
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to PKA activation. This triggers a downstream response that favors protein synthesis 

(Lippman and Broach, 2009; Zurita-Martinez and Cardenas, 2005).  

1.3 Protein kinase A (PKA) 

1.3.1 The PKA signaling pathway  

1.3.1.1 PKA activation mechanism  

Protein kinase A is one of the best studied kinases since its discovery by (Walsh et al., 

1968) and conserved from single cellular organisms to primates. PKA has been exten-

sively studied in the past three decades (reviewed in (Taylor et al., 2021)) and by now 

serves as a prototype for AGC protein kinases. It is composed of a regulatory (R) and 

a catalytic (C) subunit and most organisms encode multiple isoforms of each. In higher 

eukaryotes, the regulatory subunit dimerizes via the dimerization/docking (D/D) do-

main and each of these regulatory subunits binds one catalytic subunit to yield a het-

erotetrametric holoenzyme (R2C2). In the holoenzyme conformation, the kinase is in-

active. The PKA catalytic subunit (PKAC) is usually trapped in the R2C2 holoenzyme 

in a fully active conformation. Two phosphorylation sites are crucial for this activity, 

Thr197 in the activation loop and S338 on the C-terminal tail. The activation loop is a 

conserved structure amongst AGC kinases and phosphorylation of Thr197 is crucial 

for kinase activity and stability (Taylor et al., 2012b). During recombinant expression 

in E. coli Thr197 phosphorylation of PKAC is an autophosphorylation event (Shoji et 

al., 1979; Steinberg et al., 1993; Yonemoto et al., 1993). In vivo, PDK1 typically cata-

lyzes the activation loop phosphorylation of AGC kinases after PDK1 interaction with 

the AGC kinase C-terminal tail. In the context of PKA, it was demonstrated that phos-

phorylation of S338 on the C-terminal tail is required for this interaction (Romano et 

al., 2009). To dissociate the PKA holoenzyme and release the catalytic subunits, bind-

ing of cyclic adenosine monophosphate (cAMP) to the regulatory subunit is required. 

Each regulatory subunit possesses two cyclic nucleotide binding domains (CNBs), 

which need to bind cAMP for PKA activation. Upon increasing concentrations, this mol-

ecule binds to the CNBs and causes a series of conformational changes that lead to 

R-C dissociation and downstream phosphorylation of PKA substrates (Taylor et al., 

2008). The increase of cAMP levels is usually triggered by a cascade starting at the 

activation of G-protein coupled receptors (GPCR), which trigger the activation of an 

adenylate cyclase (AC) and result in cAMP synthesis. After PKA is activated, the signal 

is terminated again by cAMP degradation via phosphodiesterases (PDE). Together 

these components constitute the canonical cAMP/PKA signaling pathway (Figure 6A). 

In kinetoplastids, like T. brucei we observe some deviations from this well-conserved 
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binding (Bachmaier et al., 2019; Githure, 2014) (Figure 6B). The changes in the CNB 

pockets were also identified in other kinetoplastid species and binding of nucleosides 

to PKAR subunits of T. cruzi and Leishmania donovani could be demonstrated in vitro 

(Ober, 2021). The binding of nucleosides and analogs was shown to trigger dissocia-

tion and phosphorylation of downstream substrates at a nanomolar range (Bachmaier 

et al., 2019; Wu, 2021). This indicates a decoupling of cAMP and PKA pathways in 

kinetoplastids. Upstream regulatory elements of this pathway have not yet been iden-

tified and it is unclear how PKA activation by nucleosides is regulated in vivo. 

 

1.3.1.2 How is subunit specificity conferred? 

The genomes of most organisms encode for multiple subunits of PKAR and PKAC and 

in most organisms PKA has pleiotropic functions (Peng et al., 2015; Shabb, 2001). 

Under the assumption that specific subunits/holoenzymes have specific functions, 

there is a need for mechanisms to ensure that the correct subunits are activated in the 

correct place and time to trigger the desired downstream response. Spatial and tem-

poral regulation is often achieved by compartmentalization through A kinase anchoring 

proteins (AKAPs) (reviewed in (Calejo and Tasken, 2015)). These proteins interact 

with the PKAR subunits via the N-terminal dimerization/docking (DD) domain (re-

viewed in (Taylor et al., 2012a)) and target PKA to a specific site of action. This can be 

either a specific compartment, membrane, or cellular structure (reviewed in (Calejo 

and Tasken, 2015)). There are different classes of AKAPs in the mammalian system, 

forming interactions with either one of the two regulatory subunits or both (reviewed in 

(Welch et al., 2010)). This means the holoenzyme specificity is conferred via the reg-

ulatory subunit. The T. brucei genome only encodes one regulatory subunit and there 

are no canonical AKAPs either. In Saccharomyces cerevisiae, the situation is quite 

similar. The genome encodes for one regulatory subunit (Bcy1) and three catalytic 

isoforms (Tpk1, Tpk2, Tpk3) (Toda et al., 1987). Here, the localization of the different 

subunits is dynamic and responds to environmental fluctuations, like glucose starva-

tion or heat (Griffioen et al., 2000; Tudisca et al., 2010). The regulatory subunit Bcy1 

was demonstrated to form protein interactions which are important for subcellular lo-

calization (Galello et al., 2014; Griffioen et al., 2001). Interaction of Bcy1 with Zds1 

leads to enhanced cytoplasmic localization, a downstream effect of glucose-starvation. 

The interaction with Zds1 can be enhanced via phosphorylation of serine clusters in 

the N-terminus of Bcy1 (Galello et al., 2014). Other interaction partners were shown to 

tether Bcy1 to the mitochondria or the Ras complex (Galello et al., 2014).   
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Recent findings indicate the presence of catalytic kinase anchoring proteins (C-KAPs) 

as well, which are described as proteins binding to the catalytic PKA subunits. These 

proteins include substrates and pseudosubstrates and can influence localization and 

activity of the kinase (reviewed in (Soberg and Skalhegg, 2018)). In most reports, the 

interaction sites of PKAC with the C-KAPs are not mapped. One exception is the inter-

action of mammalian PKACα1 with AKIP1. Here, interaction takes place on the N-ter-

minal residues 15-30 (Sastri et al., 2005). In general, most interactions of the PKA 

catalytic subunits are mediated through the N- and C-termini, which are also the most 

variable regions of the protein (Kannan et al., 2007; Sastri et al., 2005). The C-terminal 

tail is a conserved structure in AGC kinases in general and is usually phosphorylated 

on several sites. Structural analyses have shown that the C-tail of AGC kinases inter-

acts with the catalytic core and influences kinase activity (Kannan et al., 2007). There-

fore, subunit-specific phosphorylations in this region could influence the activity and 

confer specificity. On the N-terminus, post translational modifications (PTMs) seem to 

influence localization, activity, and interactions (Tholey et al., 2001). The N-terminus 

of mammalian PKAC is usually disordered and becomes ordered upon myristoylation 

of Gly1. Some splice variants lack this myristoylation site, which was hypothesized to 

alter activity and localization (Breitenlechner et al., 2004; Cembran et al., 2012; Zheng 

et al., 1993). PTMs on the N-terminus of yeast Tpk2 were shown to affect nuclear and 

cytoplasmic localization (Haesendonckx et al., 2012; Solari et al., 2014). On Tpk2, the 

catalytic domain and intrinsically disordered regions play a role in the localization to 

cytoplasmic foci and a prion-like domain on the N-terminus is responsible for localiza-

tion (Barraza et al., 2017; Barraza et al., 2021; Tudisca et al., 2012). In T. brucei PKA, 

the catalytic cores are conserved, and the major differences between the three 

isoforms lie on the termini. The N-terminal myristoylation sites known from mammalian 

PKA are missing, but there are many phosphorylation sites, especially on PKAC1, 

which could contribute to subunit-specific features. 

1.3.1.3 PKA subunits in T. brucei 

The T. brucei genome encodes one regulatory PKA subunit (PKAR (Schulte zu 

Sodingen, 2000)) and three catalytic isoforms (PKAC1/2/3 (Bachmaier and Boshart, 

2013; Klöckner, 1996)). All catalytic isoforms have been shown to interact with PKAR 

in immunoprecipitation experiments (Bachmaier et al., 2019; Kramer, 2004). Expres-

sion of the PKA subunits is partially developmentally regulated. PKAR is expressed in 

BSF and approximately twofold downregulated in PCF (Bachmaier, 2015; Schulte zu 

Sodingen, 2000). PKAC1 is exclusively expressed in BSF, while PKAC2 is predomi-

nant in the procyclic stage. Interestingly, these two subunits share over 90% sequence 
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identity and cannot be distinguished by an antibody generated against PKAC1. There-

fore, they are often referred to as PKAC1/2. The differences between these two subu-

nits are located mainly on the extreme N- and C-terminus (Bachmaier and Boshart, 

2013). PKAC3 shares only approximately 55% sequence homology with PKAC1/2 and 

is expressed throughout the T. brucei life cycle (Bachmaier, 2015; Kramer, 2004). All 

T. brucei PKA subunits have been shown to localize preferentially to the flagellum 

((Krumbholz, 2006), tryptag.org). The N-terminus of PKAR is significantly longer than 

the mammalian orthologues (Schulte zu Sodingen, 2000), which is a kinetoplastid spe-

cific feature. By a series of truncations, it was shown that the N-terminus was neces-

sary and sufficient to target the kinase to the flagellum, where it interacts with the par-

aflagellar rod (PFR), a structural component of the flagellum (Krumbholz, 2006). This 

localization might also explain the altered motility observed in PKAR RNAi and knock-

out lines (Krumbholz, 2006) in BSF. This motility defect was also observed after de-

pletion of PKAC1/2 by RNAi. Reverse genetic analyses in BSF cells showed that RNAi 

against PKAR is lethal (Bachmaier, 2015; Kramer, 2004). However, it was possible to 

generate a PKAR null mutant that only shows a mild growth phenotype (Bachmaier, 

2015; Pepperl, 2007). A possible explanation for this discrepancy could be the differ-

ence in kinetics. RNAi leads to rapid gene depletion. In contrast, the knockout was 

generated by depletion of one allele first, which might lead to adaptation processes 

that allow survival after removal of the second allele. Further, the PKAR knockout ini-

tially showed a slender to stumpy differentiation phenotype, which was lost shortly after 

successful cell line generation (Bachmaier, personal communication), indicating quick 

adaptation processes. In BSF, the absence of PKAR leads to the downregulation of 

PKAC1/2, while levels of PKAC3 remain unchanged (Bachmaier, 2015; Pepperl, 

2007). Attempts to generate a PKAC1 knockout were not successful and RNAi-medi-

ated knock-down led to severe growth phenotypes (Bachmaier, 2015; Kramer, 2004). 

RNAi mediated knock-down of PKAC1/2 in BSF resulted in a mild differentiation phe-

notype from stumpy to PCF (Bachmaier, 2015). A comprehensive RNAi and knockout 

series of all PKA subunits by (Kramer, 2004) showed a failure in the last step of cyto-

kinesis. These observed phenotypes of motility and cytokinesis are perfectly in line 

with the flagellar localization of PKA. The flagellum is essential for cellular motility, as 

shown by knock-down of structural components (Bastin et al., 1998). Additionally, in 

BSF impaired motility results in a cytokinesis phenotype that is characterized by the 

failure of cell segregation in the final step of cytokinesis, which is lethal in BSF 

(Broadhead et al., 2006; Ralston et al., 2006). This is exactly the same phenotype we 

observe for PKA genetic disruption. Based on this, we hypothesize that the cytokinesis 

phenotype is a consequence of the impaired motility in BSF trypanosomes. This 
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hypothesis is supported by the less severe phenotypes observed in strains that are 

cultured in a viscous matrix of methylcellulose. Here, wild type trypanosomes exhibit a 

directional swimming behavior that is enabled by the physical properties and the re-

sistance provided by the matrix. A full list of all PKA phenotypes can be found in Table 

1. In summary, PKA is involved in cell motility and cytokinesis in the BSF stage. De-

pletion of PKAR and PKAC1 is not well tolerated and causes growth phenotypes. The 

only available knockouts in PCF are ∆PKAR and ∆PKAC3, which have no obvious 

phenotypes. Knockout of PKAC3 in PCF only caused a mild growth phenotype which 

was lost after prolonged time in culture. There was no effect on expression of any other 

PKA subunits or on cytokinesis (Schulte zu Sodingen, 2000). 

Several environmental activation cues have been identified for PKA in BSF, which re-

sult in downstream phosphorylation of a PKA reporter substrate (Kramer, 2004). The 

most prominent one was activation by low temperatures, termed cold shock. Further 

investigations showed that cold shock activation was dependent on PKAR and PKAC1 

(Bachmaier, 2008; 2015; Pepperl, 2007). Other environmental conditions that in-

creased substrate phosphorylation were hypotonic conditions and mild acidic pH (Kra-

mer 2004). Both of these triggers were independent of PKAR and appeared to work 

via PKAC3 (Bachmaier, 2008; Malenica, 2016). The effects were abolished by inclu-

sion of the PKA-specific inhibitor peptide PKI (Cheng et al., 1986), indicating that the 

effects were dependent on PKA. So far, all known PKA activators, including nucleoside 

analogs and environmental stimuli, have only increased detectable substrate phos-

phorylation in the bloodstream form stage. PKAC1/2-specific triggers (nucleosides and 

cold shock) have no effect in the procyclic stage (Bachmaier, 2015). Effects of pH 

fluctuations and changes in osmolarity were not investigated in much detail. In fact, up 

to now, no PKA activators have been identified in PCF that cause downstream sub-

strate phosphorylation.  
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1.3.1.4 Known and potential functions of PKA in single cellular parasites 

In multicellular organisms, PKA has pleiotropic functions, which are often tissue spe-

cific. PKA is involved in regulation of gene expression by phosphorylation of transcrip-

tion factors, like cAMP response element binding proteins (CREBs) (reviewed in 

(Moody, 2019; Ortega-Prieto and Postic, 2019)). It is also known to regulate metabo-

lism. In hepatocytes, PKA regulates glycolysis and gluconeogenesis by phosphoryla-

tion of a carbohydrate response element binding protein and phosphofructokinase 

amongst other enzymes involved in these pathways (Ortega-Prieto and Postic, 2019; 

Pilkis et al., 1988). In addition, it promotes glycogen breakdown to glucose-6-phos-

phate by activation of glycogen phosphorylase via phosphorylase kinase and inhibition 

of glycogen synthase (Han et al., 2016). Besides carbohydrate metabolism, it  regu-

lates lipolysis in adipocytes (reviewed in (London et al., 2020)).  

In yeast, PKA is involved in the glucose repression pathway (introduced in 1.2). In 

parasitic single cellular organisms, PKA was often associated with differentiation. In 

the pathogen Giardia lamblia, inhibition of PKA activity by the PKA-specific inhibitor 

peptide PKI (Cheng et al., 1986; Scott et al., 1986), resulted in impaired differentiation 

from the dormant cyst stage to the active trophozoite (Abel et al., 2001). In Toxoplasma 

gondii, TgPKAC3 was shown to be involved in differentiation from replicative tachyzo-

ites to quiescent bradyzoites (Sugi et al., 2016). In Leishmania donovani, the phos-

phorylation level of LdPKAR3 changes during promastigote to amastigote differentia-

tion (Tsigankov et al., 2014; Tsigankov et al., 2013) and is accompanied by a rapid 

dephosphorylation of RXXS/T substrates, re-phosphorylation only occurs during pro-

mastigote maturation (Bachmaier et al., 2016). Moreover, inhibition of LdPKA by PKI 

reduced macrophage infection rates (Malki-Feldman and Jaffe, 2009). Additionally, the 

unconventional LdPKAR3-LdPKAC3 holoenzyme was shown to bind the subpellicular 

microtubules at the cell cortex and is important to maintain elongated cell shape in 

promastigotes (Fischer Weinberger et al., 2021). Furthermore, starvation conditions, a 

trigger for metacyclogenesis, were shown to cause upregulation of LdPKAR1, suggest-

ing a function in this process. LdPKAR1 overexpression accelerated autophagy, a pro-

cess necessary for metacyclogenesis (Bhattacharya et al., 2012). Recently, LdPKAC1 

was demonstrated to be involved in the arginine deprivation response pathway (ADR) 

(Zilberstein and Myler, 2021). Under arginine depletion, a high affinity arginine trans-

porter is upregulated (Darlyuk et al., 2009). The ADR is essential for virulence in vivo 

(Goldman-Pinkovich et al., 2020) and involves LdTOR kinase for regulation (Madan et 

al., 2021). In Leishmania mexicana, LmPKAC1 deletion was not successful, indicating 
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that it is an essential gene (as in T. brucei) and the localization was cell-cycle depend-

ent (Baker et al., 2021). It was further demonstrated that LmPKAC3 is required for 

survival as amastigotes in vivo and in vitro (Baker et al., 2021). In plenty of intracellular 

parasites, PKA is involved in host invasion or egress. The T. cruzi TcPKAC was 

demonstrated to interact with and phosphorylate multiple members of the trans-sli-

adase superfamily, a group of proteins involved in adherence and invasion of host cells 

(Bao et al., 2010). In Plasmodium falciparum, conditional knockout of PfPKAC1 re-

sulted in reduced growth and a deficiency in host invasion (Wilde et al., 2019). This is 

mediated by abolishing of phosphorylation of the apical membrane protein 1 (PfAMA1), 

a crucial event for successful invasion (Leykauf et al., 2010; Prinz et al., 2016). In 

Toxoplasma gondii, TgPKAC1 is involved in the regulation of host cell egress together 

with Protein kinase G (Jia et al., 2017; Uboldi et al., 2018).  

1.4 Aims of the thesis 

The main topic of this thesis is the identification of downstream functions of PKA in 

procyclic T. brucei. A special focus is put on the regulation of metabolism and nutrient 

sensing. One of the catalytic subunits (PKAC2) was reported in the high confidence 

glycosomal proteome (Guther et al., 2014). This observation led us to hypothesize that 

TbPKA might play a role in carbohydrate metabolism, as was shown in yeast or mam-

malian hepatocytes (see chapter 1.2, 1.3.1.4). Responding to changes in nutrient avail-

ability is mainly important during differentiation from bloodstream form to procyclic cells 

and in the PCF stage where a variety of carbon sources can be used for energy gen-

eration (depicted in Figure 3). Further, (Guevara et al., 2019) recently reported that 

glucose-deprivation activates PKA in Trypanosoma equiperdum, a closely related spe-

cies, thus strengthening our hypothesis.  

Besides investigating the suspected role in metabolism, we also used unbiased ap-

proaches to search for downstream targets and substrates of the kinase and potentially 

propose some functions of TbPKA. For this purpose, we employed BioID for the iden-

tification of proteins interacting with the different subunits in BSF and PCF. By including 

all subunits expressed in the respective life cycle stage as bait proteins we were hoping 

to further address the question of redundancy amongst the catalytic subunits. Why are 

there three isoforms? Do they have specialized functions? Will we observe a big over-

lap in BioID interactomes or subunit-specific sets of proteins? Can we draw conclu-

sions from these datasets in terms of functions? Moreover, a special focus was set on 

the comparison of PKAC1 and PKAC2, two subunits sharing extremely high degrees 

of homology, yet a life-cycle-dependent expression profile.  
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Oligonucleotides 

Oligo 
ID 

Name Sequence Gene Origin 

KM001 
BamHI_PKAC1
_f  

TGGTAGGATCCATGAC-
GACAACTCCCACTGGT 

PKAC1 This thesis 

- PKAC1 rev NotI 
ACTATGCAA-
TAGTTTAGCGGCCGCCTAAAAACCA 
CGGAATGCAAC  

PKAC1 G. Githure 

KM002 
BamHI_PKAC3
_f  

TGGTAGGATCCATGAAGTCG-
GATGGGTGCCT 

PKAC3 S. Kramer 

- PKAC3 rev NotI 
ACTATGCAA-
TAGTTTAGCGGCCGCCTAAAAACCAC-
GGAATGCAAC 

PKAC3 G. Githure 

KM018 
BamHI-
PKAC2_fwd 

TGGTAGGATCCATGCCTGTAGCCAC-
GTCGACG 
 

PKAC2 This thesis 

KM019 PKAC2-NotI_rev 
GAAGATGCGGCCGCCTAAAACCCAC-
GGAACTCCAATTGT 

PKAC2 This thesis 

KM073 
NcoI-
PKAC3_fwd 

GGTGTTCCATGGTGAAGTCG-
GATGGGTGC 
 

PKAC3 This thesis 

KM124 
XbaI-pETM11-
SUMO-C3_fwd 

TCCTTTCTAGAAATAATTTTGAT-
TTAACTTTAAGAAGGAGATATAC-
CATGAAGTCGGATGGGTGCCT 

PKAC3 This thesis 

KM009 
BsaI(XbaI)-GS-
PKAC1_f  

AGCGCAGAGAA-
GCTCGAGGGTCTCTCTAGAG-
GATCAGGATCTGGATCAGGATCGGG-
TAGTATGACGACAACTCCCAC 

PKAC1 This thesis 

- 
PKAC1-
BamHI.l. 

CTAAGGATCCCTAAAAACCAC-
GGAATGC 

PKAC1 S. Kramer 

KM013 
BsaI(XbaI)-GS-
PKAC2_f 

AGCGCAGAGAA-
GCTCGAGGGTCTCTCTAGAG-
GATCAGGATCTGGATCAGGATCGGG-
TAGTATGCCTGTAGCCACGTCG 

PKAC2 This thesis 

KM014 
PKAC2-
BamHI_r 

TCTAACGGATCCCTAAAACCCAC-
GGAACTCCAA 

PKAC2 This thesis 

KM005 
XbaI-GS-
PKAC3_f  

AGCGCAGAGAAGCTCGAGTCTAGAG-
GATCAGGATCTGGATCAGGATCGGG-
TAGTATGAAGTCGGATGGGTGC 

PKAC3 This thesis 

- 
PKAC3-
BamHI.l. 

CTGGGGATCCTCAGATCCTCGTG-
TATTC 

PKAC3 S. Kramer 

KM125 SpeI-BLE_fwd 
GTCTCCACTAGTgATGGCCAAGTT-
GACCAGT 

phleomycin 
resistance 
gene 

This thesis 

KM129 BLE-StuI_rev 
GTTGGTAGGCCTTCAG-
TCCTGCTCCTCGG 

phleomycin 
resistance 
gene 

This thesis 

KM127 SpeI-BSD_fwd 
CTTCTTACTAGTgATGGCCAA-
GCCTTTGTCT 

blasticidin-
S-de-
aminase 

This thesis 

KM130 BSD-StuI_rev 
GGTT-
GTAGGCCTTTAGCCCTCCCACACATA 

blasticidin-
S-de-
aminase 

This thesis 

KM169 SpeI-puro_fwd 
GTGTCCACTAGTATGACCGAGTACAA-
GCCCAC 

puromycin-
N-acetyl-
transferase 

This thesis 
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KM170 puro_rev TCAGGCACCGGGCTTGCG 
puromycin-
N-acetyl-
transferase 

This thesis 

KM077 
C2 UTR_rev_C2 
KO.Seq 

atgcgcaatgccgaacccaaatt 
PKAC2 
3’UTR 

This thesis 

KM080 
PKAC2_fwd2_C
2 KO 

TGCAAACGGATCACACGAAAC PKAC2 This thesis 

- pBlas_up CTTCTCGATCTGCATCCTGG 
blasticidin-
S-de-
aminase 

M. Panzer 

KM120 Phleo_fwd GTGCACTTCGTGGCCGAG 
phleomycin 
resistance 
gene 

This thesis 

- puro_upper AGCAACAGATGGAAGGCCTC 
puromycin-
N-acetyl-
transferase 

M. Hahn 

KM179 
PKAC1_2-
ACT5'_fwd_CRI
SPR repair 

GGTGACTGATTTTGGTTTTGCTAA-
GAAGGTGACGGATCGTACCTATAC-
GTGGGCACAG-
CAAGGTCTTCTGAAATT 

Actin UTR This thesis 

KM180 
ACT 3'-
PKAC1_2_rev_
CRISPR repair 

GTCCTTTGCTCTGAATTAC-
CTCAGGTGCAAGA-
TACTCAGGTGTCCCACATAATACTG-
CATAGATAACAAACGCAT 

Actin UTR This thesis 

KM171 
pPOT tag-
ging_PKAC2_fw
d 

TTTTGTTGCATACGTAAGTC-
TACATTTATTTATACATTATTCTTTTTT-
GACAGAGCTTGAG-
CAGGTACTGGTAGTGCGGAGTATAAT
GCAGACCTGCTGC 

pPOTv4 This thesis  

KM172 
pPOT tag-
ging_PKAC2_re
v 

AAGTCAC-
TCAGCTTCCATCCCGATGTGTCAGGT
TTGGTAAACACATACGTTT-
GCGGTTCCGTCGACGTGGC-
TACAGGCATACCTGAC-
GACCCTCCACC 

pPOTv4 This thesis 

KM038 
XhoI-Ty1-
eGFP_fwd 

CTCGAGCCGCCAC-
CATGGAGGTCCATACTAACCAG-
GACCCACTTGACAGCAAGGGCGAG-
GAGCT 

eGFP This thesis 

KM027 
eGFP-GS-
HindIII (rev) 

CCTCTCAAGCTTGAGAACCAC-
CTCCCCCCTTGTAGAGCTCGTCCAT 

eGFP This thesis 

KM177 
HindIII-
PEX14_fwd 

GCTGTTAAGCTTccATGTCTTT-
GCTGCTGTCG 

PEX14 This thesis 

KM178 
PEX14-
KpnI_rev 

TGTTGGGGTACCCGGAT-
TTCATAAGGCGAA 

PEX14 This thesis 

KM181 
BsaI-
(PA)PEX14_rev 

AGAGAAGGTCTCtGTAAA-
gcAGcGTGACGCCGGGATTG 

PEX14 This thesis 

KM182 
BsaI-
(PM)PEX14_rev 

AGAGAAGGTCTCtGTAAttcttcGTGAC-
GCCGGGATTG 

PEX14 This thesis 

KM183 
BsaI-
PEX14_L124_f
wd 

AGAGAAGGTCTCTTTACTTTAC-
GCGCCACAAG 

PEX14 This thesis 

KM184 
PEX14*-
KpnI_rev 

GTTTGTGGTACCTCAA-
GCTGCCTCGCCGCC 

PEX14 This thesis 

KM189 
PEX14 (nt456-
476)_rev 

CCGCCAATCACGGCAGCACC PEX14 This thesis 

KM190 
PEX14 (nt276-
296)_fwd 

CCGAATAGCCAGCACATGAC PEX14 This thesis 
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2.1.2 Plasmids 

Plasmids for bacterial PKA expression 

pKM001 pETM11-SUMO3-PKAC1 

Descrip-
tion 

IPTG-inducible expression of 6xHis-SUMO3-tagged PKAC1 in E. coli 

Construc-
tion 

PKAC1 ORF was PCR amplified using primers KM001 and PKAC1 rev NotI (G. Githure) 
and ligated into pETM11-SUMO3-eGFP (EMBL) using BamHI and NotI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

- 

Selection 
markers 

34 µg/ ml kanamycin 

 

pKM003 pETM11-SUMO3-PKAC3 

Descrip-
tion 

IPTG-inducible expression of 6xHis-SUMO3-tagged PKAC3 in E. coli 

Construc-
tion 

PKAC3 ORF was PCR amplified using primers KM002 and PKAC3 rev NotI (G. Githure) 
and ligated into pETM11-SUMO3-eGFP (EMBL) using BamHI and NotI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

- 

Selection 
markers 

34 µg/ ml kanamycin 

 

pKM015 pETM11-SUMO3-PKAC2 

Descrip-
tion 

IPTG-inducible expression of 6xHis-SUMO3-tagged PKAC2 in E. coli 

Construc-
tion 

PKAC2 ORF was PCR amplified using primers KM018 and KM019 and ligated into 
pETM11-SUMO3-eGFP (EMBL) using BamHI and NotI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

- 

Selection 
markers 

34 µg/ ml kanamycin 

 

pKM051 pETM11-6xHis-PKAC3 

Descrip-
tion 

IPTG-inducible expression of 6xHis-PKAC2 in E. coli, used for anti-PKAC3 antibody gen-
eration 

Construc-
tion 

PKAC3 ORF was PCR amplified using the primers KM073 and PKAC3 rev NotI (G. 
Githure), the ORF was ligated into pETM11-SUMO3-eGFP (EMBL) using the NcoI and 
NotI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

- 

Selection 
markers 

34 µg/ ml kanamycin 

 

 pETDUET 6xHisTEV-PKAR 

Descrip-
tion 

IPTG-inducible expression of 6xHisTEV-PKAR in E. coli 

Construc-
tion 

- 

Made by G. Githure 
Lineariza-
tion 

- 

Selection 
markers 

100 µg/ml ampicillin 
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pKM057 pETM11_PKAC3 (tag-free) 

Descrip-
tion 

IPTG-inducible expression of untagged PKAC3, used for affinity purification of PKAC3 
antibody 

Construc-
tion 

PKAC3 ORF was PCR amplified using the primers KM124 and PKAC3 rev NotI (G. 
Githure), the ORF was ligated into pETM11-SUMO3-eGFP (EMBL) using the XbaI and 
NotI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

- 

Selection 
markers 

34 µg/ml kanamycin 

 

Plasmids for BioID 

pKM005 pLEW100.v5b1d_TY-BirA*-PKAC1 

Descrip-
tion 

Tetracycline-inducible expression of TY-BirA*-tagged PKAC1 in T. brucei for BioID 

Construc-
tion 

PCR amplification of PKAC1 (KM009 & BamHI-PKAC1 from S. Kramer) from pETDUET 
strep-PKAC1, cloning into the backbone using BamHI & XbaI (Insert XbaI overhang was 
produced by BsaI digestion) 

Made by K. Malenica 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 5 µg/ml phleomycin (T. brucei BSF) 

 

pKM006 pLEW100.v5b1d_TY-BirA*-PKAC2 

Descrip-
tion 

Tetracycline-inducible expression of TY-BirA*-tagged PKAC2 in T. brucei for BioID 

Construc-
tion 

PCR amplification of PKAC1 (KM013 & KM014) from genomic DNA (Mitat 1.2 wt, 
prepped by Q. Wu), cloning into the backbone using BamHI & XbaI (Insert XbaI overhang 
was produced by BsaI digestion) 

Made by K. Malenica 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 5 µg/ml phleomycin (T. brucei PCF) 

 

pKM007 pLEW100.v5b1d_TY-BirA*-PKAC3 

Descrip-
tion 

Tetracycline-inducible expression of TY-BirA*-tagged PKAC3 in T. brucei for BioID 

Construc-
tion 

PCR amplification of PKAC1 (KM005 & BamHI-PKAC3 from S. Kramer) from pETDUET 
strep-PKAC3 (G. Githure), cloning into the backbone using BamHI & XbaI 

Made by K. Malenica 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 5 µg/ml phleomycin (T. brucei BSF and PCF) 

 

PKA reverse genetics constructs 

pKM058 p∆PKAC2 phleo 

Descrip-
tion 

Replacement of PKAC2 ORF with resistance marker 

Construc-
tion 

PCR amplification of resistance casette from p∆PKAC1 phleo using KM125 und KM129. 
Ligation into p∆PKAC2 hygro (P. Hassan) using StuI & SpeI. 

Made by K. Malenica 
Lineariza-
tion 

XmnI + XcmI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 5 µg/ml phleomycin (T. brucei BSF and PCF) 
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pKM059 p∆PKAC2 blas 

Description Replacement of PKAC2 ORF with resistance marker 

Construc-
tion 

PCR amplification of resistance casette from p∆PKAC1 blas using KM127 und KM130, 
ligation into p∆PKAC2 hygro using StuI & SpeI 

Made by K. Malenica 
Lineariza-
tion 

XmnI + XcmI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 µg/ml phleomycin (T. brucei BSF)/10 µg/ml (T. brucei 
PCF) 

 

pKM088 p∆PKAC2 puro 

Descrip-
tion 

Replacement of PKAC2 ORF with resistance marker 

Construc-
tion 

puro resistance marker was PCR amplified from pHD615 TY-C2 (puro) using the primer 
KM169 & KM170 and ligated into the p∆C2 backbone using SpeI and EcoRV sites 

Made by K. Malenica 
Lineariza-
tion 

XmnI and XcmI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 1 µg/ml puromycin (T. brucei PCF) 

 

pKM071 pLEW82.v4_TY-PKAC2 (puro) 

Descrip-
tion 

Tetracycline-inducible expression of TY-PKAC2 in T. brucei, high expression level, but 
leakiness 

Construc-
tion 

First, the puro resistance casette was cut out from pHD615 TY-PKAC2 (Q. Wu) using 
SnaBI and ligated into pLEW82.v4.luc (phleo) backbone (G. Cross lab, Addgene 
#24009). The TY-PKAC2 ORF was cut out from pHD615 TY-PKAC2 and ligated into the 
pLEW82.v4.luc (puro) backbone using BamHI and HindIII. 

Made by K. Malenica 
Lineariza-
tion 

EcoRV 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml puromycin (T. brucei BSF)/1 µg/ml (T. brucei 
PCF) 

 

pKM075 pLEW82.v4_TY-PKAC1 (puro) 

Descrip-
tion 

Tetracycline-inducible expression of TY-PKAC1 in T. brucei, high expression level, but 
leakiness 

Construc-
tion 

The TY-PKAC1 ORF was cut out from pHD615 TY-PKAC1 (Q. Wu) and ligated into 
pKM071 using BamHI and HindIII restriction sites. 

Made by K. Malenica 
Lineariza-
tion 

EcoRV 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml puromycin (T. brucei BSF)/1 µg/ml (T. brucei 
PCF) 

 

 pHD615 PKAC1 3’UTR RNAi 

Descrip-
tion 

Tetracycline-inducible knock-down of PKAC1 using a PKAC1-specific fragment of the 3’ 
UTR 

Construc-
tion 

described in (Bachmaier, 2008) 

Made by S. Bachmaier 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml (T. brucei BSF)/1 µg/ml (T. brucei PCF) puromycin 
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PKA endogenous tagging 

 pPOTv4_eGFP-Linker-blast-blast 

Descrip-
tion 

Vector for amplification of resistance marker and TY-GFP-tag for endogenous tagging of 
genes  

Construc-
tion 

- 

Made by J. Street 
Lineariza-
tion 

- 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 (T. brucei BSF)/10 (T. brucei PCF) blas 

 

PEX14 project 

pKM091 p2675_TY-eGFP-PEX14 

Descrip-
tion 

Endogenous tagging of PEX14 on the N-terminus with TY-eGFP-tag 

Construc-
tion 

TY-eGFP was PCR-amplified from pETM11-SUMO3-eGFP using KM038 and KM027 
and ligated into p2675 (Kelly et al., 2007) using the XhoI and HindIII restriction sites. 
Subsequently, PEX14 was amplified using KM177 and KM178 and ligated into the re-
sulting vector using the HindIII and KpnI restriction sites 

Made by K. Malenica 
Lineariza-
tion 

SpeI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml (T. brucei BSF)/1 µg/ml (T. brucei PCF) puromy-
cin 

 

pKM096 p2675_TY-eGFP-PEX14 (S122A/T123A) 

Descrip-
tion 

Endogenous tagging of PEX14 on the N-terminus with TY-eGFP-tag 

Construc-
tion 

The mutation was introduced in the PEX14 ORF by 2 PCR amplifications using KM177 
& KM181 primers (digested with HindIII + BsaI) and KM183 & KM184 (digested with BsaI 
+ KpnI), respectively. Both products were ligated into pKM091 using HindIII and KpnI 
restriction sites. 

Made by K. Malenica 
Lineariza-
tion 

used as PCR template for CRISPR/Cas repair construct 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml (T. brucei BSF)/1 µg/ml (T. brucei PCF) puromy-
cin 

 

pKM097 p2675_TY-eGFP-PEX14 (S122E/T123E) 

Descrip-
tion 

Endogenous tagging of PEX14 on the N-terminus with TY-eGFP-tag 

Construc-
tion 

The mutation was introduced in the PEX14 ORF by 2 PCR amplifications using KM177 
& KM182 primers (digested with HindIII + BsaI) and KM183 & KM184 (digested with BsaI 
+ KpnI), respectively. Both products were ligated into pKM091 using HindIII and KpnI 
restriction sites. 

Made by K. Malenica 
Lineariza-
tion 

used as PCR template for CRISPR/Cas repair construct 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 0.1 µg/ml (T. brucei BSF)/1 µg/ml (T. brucei PCF) puromy-
cin 

 

Purine Response Element Project 

 pGR108 (blas) 

Descrip-
tion 

Plasmid used for purine response reporter assay. Expression of firefly luciferase is regu-
lated by a wild type actin 3’UTR.  

Construc-
tion 

The puromycin resistance cassette was cut out from pGR12 (kind gift of A. Estevez) using 
XbaI and ScaI and ligated into pGR108 (puro) (kind gift of A. Estevez) using SpeI and 
ScaI restriction sites. 

Made by T. Thanner 
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Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 µg/ml blasticidin (T. brucei BSF and PCF) 

 

 pGR292 (blas) 

Descrip-
tion 

Plasmid used for purine response reporter assay. Expression of firefly luciferase is regu-
lated by an actin 3’UTR containing the purine response element (Fernandez-Moya et al., 
2014). 

Construc-
tion 

The puromycin resistance cassette was cut out from pGR12 (kind gift of A. Estevez) using 
XbaI and ScaI and ligated into pGR292 (puro) (kind gift of A. Estevez) using SpeI and 
ScaI restriction sites. 

Made by T. Thanner 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 µg/ml blasticidin (T. brucei BSF and PCF) 

 

 pGR108 (blas) 

Descrip-
tion 

Plasmid used for purine response reporter assay. Expression of firefly luciferase is regu-
lated by a wild type actin 3’UTR.  

Construc-
tion 

The puromycin resistance cassette was cut out from pGR12 (kind gift of A. Estevez) using 
XbaI and ScaI and ligated into pGR108 (puro) (kind gift of A. Estevez) using SpeI and 
ScaI restriction sites. 

Made by T. Thanner 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 µg/ml blasticidin (T. brucei BSF and PCF) 

 

 pGR292 (blas) 

Descrip-
tion 

Plasmid used for purine response reporter assay. Expression of firefly luciferase is regu-
lated by an actin 3’UTR containing the purine response element (Fernandez-Moya et al., 
2014). 

Construc-
tion 

The puromycin resistance cassette was cut out from pGR12 (kind gift of A. Estevez) using 
XbaI and ScaI and ligated into pGR292 (puro) (kind gift of A. Estevez) using SpeI and 
ScaI restriction sites. 

Made by T. Thanner 
Lineariza-
tion 

NotI 

Selection 
markers 

100 µg/ml ampicillin (E. coli), 2 µg/ml blasticidin (T. brucei BSF and PCF) 

 

2.1.3 E. coli strains 

Strain Genotype Usage origin 

E. coli RosettaTM 
(DE3) 

F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE 
(CamR) 

Protein ex-
pression 

Novagen 

E. coli XL10-

Goldâ 

F' proA+B+ lacIq ∆(lacZ)M15 zzf::Tn10 (TetR)/ ∆(ara-
leu) 7697 araD139 fhuA ∆lacX74 galK16 galE15 
e14-  Φ80dlacZ∆M15 recA1 relA1 endA1 nupG rpsL 
(StrR) rph spoT1 ∆(mrr-hsdRMS-mcrBC) 

Cloning and 
plasmid 
propagation 

Strata-
gene 

E. coli TOP10 F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK 
rpsL (StrR) endA1 nupG 

Cloning and 
plasmid 
propagation 

Invitrogen 
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2.1.4  Trypanosoma brucei cell lines 

Parental/wild-type cell lines 

Nomenclature according to (Clayton et al., 1998) 

 

 AnTat 1.1 Munich 

Origin (Delauw et al., 1985) 
Descrip-
tion 

Pleomorphic wild type cell line, matrix-dependent, for more information see (Bachmaier 
et al., 2020) 

 

 AnTat 1.1 Paris 

Origin (Delauw et al., 1985) 
Descrip-
tion 

Pleomorphic wild type cell line, cultured in the lab of B. Rotureau and gained matrix-
independence, for more information see (Bachmaier et al., 2020) 

 

 AnTat 1.1 90-13 

Genotype T7POL NEO, TETR HYG 
Made by (Engstler and Boshart, 2004) 
Con-
structs 

pLEW13, pLEW90 

Selection 
markers 

4 µg/ml (BSF)/25 µg/ml (PCF) hygromycin, 2 µg/ml (BSF)/15 µg/ml (PCF) neomycin, 
G418 

Descrip-
tion 

Expression of T7 polymerase and Tetracycline repressor, pleomorphic cell line that be-
came matrix-independent 

 

 EATRO 1125 T7T 

Genotype T7POL NEO, TETR HYG 
Made by (Bringaud et al., 2000) 
Con-
structs 

pLEW13, pLEW90 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418 

Descrip-
tion 

Expression of T7 polymerase and Tetracycline repressor 

 

 MITat 1.2 single maker 

Genotype T7POL, TETR NEO 
Made by (Wirtz et al., 1999) 
Con-
structs 

single marker construct 

Selection 
markers 

2 µg/ml neomycin, G418 

Descrip-
tion 

Expression of T7 polymerase and Tetracycline repressor 

 

Cell lines used/generated in this thesis 

TbKM041 AnTat 1.1 90-13 ∆PKAC2 

Genotype T7POL NEO, TETR HYG, ∆pkac2::BSD/∆pkac2::BLE 

Clone 
used 

p2b2, p1b6 

Made by K. Malenica 
Con-
structs 

pLEW13, pLEW90, p∆PKAC2 phleo (pKM058)/p∆PKAC2 blas (pKM059) 

Selection 
markers 

4 µg/ml (BSF)/ 25 µg/ml (PCF) hygromycin, 2 µg/ml (BSF)/ 15 µg/ml (PCF) neomycin, 
G418, 2 µg/ml (BSF & PCF) phleomycin, 2 µg/ml (BSF & PCF) blasticidin 

Descrip-
tion 

Homozygous PKAC2 null mutant generated in pleomorphic BSF cell line with Tet-induc-
ible system 
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TbKM056 AnTat 1.1 90-13 ∆PKAC2 PKAC1 3’UTRTi 

Genotype T7POL NEO, TETR HYG, ∆pkac2::BSD/∆pkac2::BLE, C1 3’UTR RNAiTi PAC 

Clone 
used 

clone 1, 3 

Made by K. Malenica 
Con-
structs 

pLEW13, pLEW90, p∆PKAC2 phleo (pKM058)/p∆PKAC2 blas (pKM059), pHD615 C1 
3'UTR RNAi (S. Bachmaier) 

Selection 
markers 

4 µg/ml (BSF)/ 25 µg/ml (PCF) hygromycin, 2 µg/ml (BSF)/ 15 µg/ml (PCF) neomycin, 
G418, 2 µg/ml (BSF & PCF) phleomycin, 2 µg/ml (BSF & PCF) blasticidin, 0.1 µg/ml 
(BSF)/ 1 µg/ml (PCF) puromycin 

Descrip-
tion 

Homozygous PKAC2 null mutant with Tet-inducible PKAC1-specific RNAi, generated in 
BSF and differentiated to PCF 

 

TbKM073 AnTat 1.1 90-13 ∆PKAC1/2 

Genotype T7POL NEO, TETR HYG, ^pkac1::PAC/^pkac1::PAC, ^pkac2::PAC/^pkac2::PAC 

Clone 
used 

C6 (C4) 

Made by K. Malenica 
Con-
structs 

pLEW13, pLEW90, PCR repair template generated using primers KM179 + KM180 to 
amplify puromycin resistance cassette, including actin UTRs from pKM075 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 1 µg/ml puromycin 

Descrip-
tion 

Homozygous PKAC1/2 null mutant generated in PCF using CRISPR/Cas9, ORFs were 
disrupted by insertion of a puromycin resistance cassette. 

 

 AnTat 1.1 Munich ∆PKAC3 

Genotype ∆pkac3::BLE/∆pkac3::NEO 
Clone 
used 

A2 

Made by (Schulte zu Sodingen, 2000) 
Con-
structs 

PKAg-neo-k.o, PKAg-phleo-k.o.  

Selection 
markers 

never added after thawing 

Descrip-
tion 

Homozygous PKAC3 null mutant, generated in PCF by ORF replacement with antibiotic 
resistance cassette.  

 

TbKM080 AnTat 1.1 Munich ∆PKAC1/2/3 

Genotype ∆pkac3::PHLEO/∆pkac3::NEO, ^pkac1::PAC/^pkac1::PAC, ^pkac2::PAC/^pkac2::PAC 
Clone 
used 

F12, G12 

Made by K. Malenica 
Con-
structs 

PKAg-neo-k.o, PKAg-phleo-k.o., PCR repair template generated using primers KM179 + 
KM180 to amplify puromycin resistance cassette, including actin UTRs from pKM075 

Selection 
markers 

1 µg/ml puromycin 

Descrip-
tion 

Homozygous PKAC1/2/3 null mutant generated in PCF using CRISPR/Cas9 by disrup-
tion of PKAC1 and PKAC2 ORFs by insertion of a puromycin resistance cassette in the 
∆PKAC3 cell line (Schulte zu Sodingen, 2000) 

 

 AnTat 1.1 Munich ∆PKAR 

Genotype ∆pkar::BLE/∆pkar::PAC 
Clone 
used 

8 (PCF) 

Made by S. Bachmaier 

Con-
structs 

pBSK[PAC]Rko, pBSK[BLE]Rko 

Selection 
markers 

never added after thawing 



MATERIALS & METHODS 

 
 

30 

Descrip-
tion 

Homozygous PKAR null mutant generated in pleomorphic BSF and differentiated to PCF. 

 

 EATRO 1125 T7T RBP6Ti 

Genotype T7POL NEO, TETR HYG, RBP6Ti BLE 
Clone 
used 

Pool 

Made by S. Allmann 
Con-
structs 

pHD328, pLEW114, pLEW100v5b1d RBP6 (S. Allmann) 

Selection 
markers 

25 µg/ml hygromycin, 10 µg/ml neomycin, G418, 5 µg/ml phleomycin 

Descrip-
tion 

Inducible overexpression of RBP6 to induce metacyclogenesis in vitro. 

 

TbKM068 EATRO 1125 T7T RBP6Ti ∆PKAC2 

Genotype T7POL NEO, TETR HYG, RBP6Ti BLE, ∆pkac2::BSD/∆pkac2::PAC 
Clone 
used 

b2p2, b3p1 

Made by K. Malenica 
Con-
structs 

pHD328, pLEW114, pLEW100v5b1d RBP6 

Selection 
markers 

25 µg/ml hygromycin, 10 µg/ml neomycin, G418, 5 µg/ml phleomycin, 10 µg/ml blasticidin 
(omitted after successful selection), 1 µg/ml puromycin (omitted after successful selec-
tion) 

Descrip-
tion 

Homozygous PKAC2 null mutant generated in PCF to analyze metacyclogenesis. 

 

TbKM077 EATRO 1125 T7T RBP6Ti ∆PKAC1/2 

Genotype T7POL NEO, TETR HYG, RBP6Ti BLE, ^pkac1::PAC/^pkac1::PAC, 
^pkac2::PAC/^pkac2::PAC 

Clone 
used 

A3, A5 

Made by K. Malenica 
Con-
structs 

pHD328, pLEW114, pLEW100v5b1d RBP6, PCR repair template generated using pri-
mers KM179 + KM180 to amplify puromycin resistance cassette, including actin UTRs 
from pKM075 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 5 µg/ml phleomycin, 1 µg/ml puromycin 

Descrip-
tion 

Homozygous PKAC1/2 null mutant generated in RBP6 OE background using 
CRISPR/Cas9, ORFs were disrupted by insertion of a puromycin resistance cassette to 
analyze metacyclogenesis. 

 

TbKM066 AnTat 1.1 90-13 TY-GFP-PKAC2 

Genotype T7POL NEO, TETR HYG, TY-GFP::PKAC2 BSD 
Clone 
used 

2 

Made by K. Malenica 

Con-
structs 

pLEW13, pLEW90, PCR product amplified from pPOTv4_eGFP-Linker-blast-blast using 
primers KM171 and KM172 

Selection 
markers 

4 µg/ml (BSF)/ 25 µg/ml (PCF) hygromycin, 2 µg/ml (BSF)/ 15 µg/ml (PCF) neomycin, 
G418, 2 µg/ml (BSF & PCF) blasticidin 

Descrip-
tion 

Endogenous tagging of PKAC2 with TY-GFP based on tagging method from (Dean et 
al., 2015) 

 

TbKM001 MITat 1.2 SM TY-BirA*-PKAC1Ti 

Genotype T7POL TETR NEO, TY-BirA*-PKAC1Ti 
Clone 
used 

1 

Made by K. Malenica 
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Con-
structs 

single marker construct, pKM005 

Selection 
markers 

2 µg/ml neomycin, G418, 5 µg/ml phleomycin 

Descrip-
tion 

Tet-inducible overexpression of TY-BirA*-tagged PKAC1 for BioID 

 

TbKM002 MITat 1.2 SM TY-BirA*-PKAC3Ti 

Genotype T7POL TETR NEO, TY-BirA*-PKAC3Ti 
Clone 
used 

2 

Made by K. Malenica 
Con-
structs 

single marker construct, pKM007 

Selection 
markers 

2 µg/ml neomycin, G418, 5 µg/ml phleomycin 

Descrip-
tion 

Tet-inducible overexpression of TY-BirA*-tagged PKAC3 for BioID 

 

TbKM005 EATRO 1125 T7T TY-BirA*-PKAC2Ti 

Genotype T7POL NEO, TETR HYG, TY-BirA*::PKAC2Ti BLE 
Clone 
used 

2 

Made by K. Malenica 
Con-
structs 

pHD328, pLEW114, pKM006 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 5 µg/ml phleomycin 

Descrip-
tion 

Tet-inducible overexpression of TY-BirA*-tagged PKAC2 for BioID 

 

TbKM006 EATRO 1125 T7T TY-BirA*-PKAC3Ti 

Genotype T7POL NEO, TETR HYG, TY-BirA*::PKAC3Ti BLE 
Clone 
used 

2 

Made by K. Malenica 
Con-
structs 

pHD328, pLEW114, pKM007 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 5 µg/ml phleomycin 

Descrip-
tion 

Tet-inducible overexpression of TY-BirA*-tagged PKAC3 for BioID 

 

TbGW060 AnTat 1.1 90-13 TY-PKAC1Ti 

Genotype T7POL NEO, TETR HYG, TY-PKAC1Ti PAC 
Clone 
used 

1 

Made by G. Wagner, bachelor thesis 

Con-
structs 

pLEW90, pLEW13, pKM075 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 1 µg/ml puromycin 

Descrip-
tion 

Tet-inducible overexpression of TY-PKAC1 in PCF, leaky expression 

 

TbGW061 AnTat 1.1 90-13 TY-PKAC2Ti 

Genotype T7POL NEO, TETR HYG, TY-PKAC2Ti PAC 
Clone 
used 

3 

Made by G. Wagner, bachelor thesis 
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Con-
structs 

pLEW90, pLEW13, pKM071 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418, 1 µg/ml puromycin 

Descrip-
tion 

Tet-inducible overexpression of TY-PKAC2 in PCF, leaky expression 

 

TbKM071 AnTat 1.1 90-13 TY-GFP-PEX14 

Genotype T7POL NEO, TETR HYG, TY-GFP::PEX14 PAC 
Clone 
used 

only obtained 1 clone 

Made by K. Malenica 
Con-
structs 

pLEW90, pLEW13, pKM091 

Selection 
markers 

4 µg/ml (BSF)/ 25 µg/ml (PCF) hygromycin, 2 µg/ml (BSF)/ 15 µg/ml (PCF) neomycin, 
G418, 0.1 µg/ml (BSF)/ 1 µg/ml (PCF) puromycin 

Descrip-
tion 

Endogenous TY-GFP-tagging of PEX14 in BSF and differentiation to PCF. 

 

TbKM074 AnTat 1.1 90-13 ∆PKAC2 TY-GFP-PEX14 

Genotype T7POL NEO, TETR HYG, ∆pkac2::BSD/∆pkac2::BLE, TY-GFP::PEX14 
Clone 
used 

1 

Made by K. Malenica 
Con-
structs 

pLEW90, pLEW13 

Selection 
markers 

25 µg/ml (PCF) hygromycin, 15 µg/ml (PCF) neomycin, G418, 1 µg/ml puromycin, 2 
µg/ml phleomycin (omitted), 2 µg/ml blasticidin (omitted) 

Descrip-
tion 

Endogenous TY-GFP-tagging of PEX14 in BSF and differentiation to PCF. 

 

TbKM083 AnTat 90-13 PEX14 S122A/T123A 

Genotype T7POL NEO, TETR HYG, pex14(S122A/T123A)/ pex14(S122A/T123A) 
Clone 
used 

B4 

Made by K. Malenica 
Con-
structs 

pLEW90, pLEW13, PCR repair template generated using primers KM189 and KM190 
from pKM096 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418 

Descrip-
tion 

Scar-free replacement of pex14 phosphosites by alanine to generate homozygous phos-
phoablative mutant by CRISPR/Cas9 transfection in PCF. 

 

TbKM084 AnTat 90-13 PEX14 S122E/T123E 

Genotype T7POL NEO, TETR HYG, pex14(S122E/T123E)/ pex14(S122E/T123E) 
Clone 
used 

A3 

Made by K. Malenica 

Con-
structs 

pLEW90, pLEW13, PCR repair template generated using primers KM189 and KM190 
from pKM097 

Selection 
markers 

25 µg/ml hygromycin, 15 µg/ml neomycin, G418 

Descrip-
tion 

Scar-free replacement of pex14 phosphosites by glutamate to generate homozygous 
phosphomimetic mutant by CRISPR/Cas9 transfection in PCF. 

 

 AnTat 1.1 Munich pGR108 

Genotype LUC-ACT 3’UTR BSD 
Clone 
used 

3 

Made by T. Thanner 
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Con-
structs 

pGR108 (blas)  

Selection 
markers 

2 µg/ml blasticidin (BSF and PCF) 

Descrip-
tion 

Expression of firefly luciferase under the control of an actin 3’UTR, used as a control for 
purine response experiments.  

 

 AnTat 1.1 Munich pGR292 

Genotype LUC-ACT 3’UTR_PuRE BSD 
Clone 
used 

4 

Made by T. Thanner 
Con-
structs 

pGR292 (blas) 

Selection 
markers 

2 µg/ml blasticidin (BSF and PCF) 

Descrip-
tion 

Expression of firefly luciferase under the control of an actin 3’UTR containing the Purine 
response element. Expression of the luciferase is regulated by purine levels (Fernandez-
Moya et al., 2014) 

 

 AnTat 1.1 Munich ∆PKAR pGR108 

Genotype ∆pkar::BLE/∆pkar::PAC, LUC-ACT 3’UTR BSD 
Clone 
used 

2 

Made by T. Thanner 
Con-
structs 

pBSK[PAC]Rko, pBSK[BLE]Rko, pGR108 (blas) 

Selection 
markers 

2 µg/ml blasticidin (BSF and PCF), PKAR KO selection omitted 

Descrip-
tion 

Expression of firefly luciferase under the control of an actin 3’UTR in ∆PKAR background, 
used as a control for purine response experiments. 

 

 AnTat 1.1 Munich ∆PKAR pGR292 

Genotype ∆pkar::BLE/∆pkar::PAC, LUC-ACT 3’UTR_PuRE BSD 
Clone 
used 

3 

Made by T. Thanner 
Con-
structs 

pBSK[PAC]Rko, pBSK[BLE]Rko, pGR292 (blas) 

Selection 
markers 

2 µg/ml blasticidin (BSF and PCF), PKAR KO selection omitted 

Descrip-
tion 

Expression of firefly luciferase under the control of an actin 3’UTR containing the Purine 
response element in the ∆PKAR background. Expression of the luciferase is regulated 
by purine levels (Fernandez-Moya et al., 2014) 

 

2.1.5 Antibodies 

Primary antibodies 

Name organism origin dilution 
Buffer 
sys-
tem 

Primary 
antibody 
incubation 

Anti-
PKAC1/2 

Rabbit 

Recombinantly expressed and pu-
rified PKAC1 (G. Githure) was sent 
to Pineda Antikörper-Service (Ber-
lin) for rabbit immunization up to 
210 days. Antibody was affinity pu-
rified as described in 2.2.4.3 

1:1,000 PBS 1% milk 
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Anti-PKAR Rabbit 

Recombinantly expressed and pu-
rified PKAR (G. Githure) was sent 
to Pineda Antikörper-Service (Ber-
lin) for rabbit immunization up to 
210 days. Antibody was affinity pu-
rified as described in 2.2.4.3 

1:500 - 
1,000 

PBS 1% milk 

Anti-His Mouse BioRad MCA1396 1:1,000 PBS 1% milk 
Anti-strep Mouse Qiagen, 1023944 1:1,000 PBS 1% milk 
Anti-Ty1 
(BB2) 

Mouse (Bastin et al., 1996) 1:2,000 PBS 1% milk 

Anti-PFR 
(L13D6) 

Mouse (Kohl et al., 1999) 1:2,000 PBS 1% milk 

RXXS*/T* Rabbit 
Phospho (Ser/Thr) PKA substrate 
Antibody, Cell signaling #9621 

1:1,000 TBS 
Odyssey 
blocking 
buffer 

PKAC3 Rabbit this thesis 1:250 PBS 1% milk 

RBP6 Rabbit 
(Kolev et al., 2012), kind gift from 
F. Bringaud 

1:1,000 PBS 1% milk 

PPDK Rabbit 
(Bringaud et al., 1998), kind gift of 
F. Bringaud 

1:5,000 PBS 1% milk 

BIP Rabbit 
(Bangs et al., 1993), kind gift of S. 
Kramer 

1:100,000 PBS 1% milk 

Enolase Rabbit 
(Hannaert et al., 2003), kind gift of 
F. Bringaud 

1:10,000 PBS 1% milk 

HSP60 Mouse 
(Bringaud et al., 1995), kind gift of 
F. Bringaud 

1:10,000 PBS 1% milk 

PEX14 Rabbit 
(Moyersoen et al., 2003), kind gift 
of F. Bringaud 

1:1,000 PBS 1% milk 

AMPKα Rabbit 
Phospho-AMPKα (Thr172) rabbit, 

Cell signaling, #2535 
1:1,000 TBS 

Odyssey 
blocking 
buffer 

 

Secondary antibodies 

Name Type Dilution Usage Origin 

IRDye800CW Goat anti-mouse 1:5,000 Western Blot LI-COR (#926-32210) 

IRDye680LT Goat anti-rabbit 1:50,000 Western Blot LI-COR (#926-68021) 

IRDye800CW 
Streptavidin 

IRDye-coupled 
streptavidin 

1:5,000 Western Blot LI-COR (#926-32230) 

 

2.1.6 Antibiotic stock solutions 

Antibiotic (stock concentration) Concentration used Supplier 

Ampicillin (100 mg/ml in H2O) 100 µg/ml Sigma (Cat.# A9518) 
Chloramphenicol (50 mg/ml in H2O) 50 µg/ml Sigma (Cat.# C0378) 
Kanamycin (34 mg/ml in H2O) 34 µg/ml Merck (Cat.# K21420677) 
Hygromycin (10 mg/ml in H2O) 4 µg/ml (BSF)/25 µg/ml (PCF) Sigma (Cat.# H3274) 

Neomycin, G418 (10 mg/ml in H2O) 2 µg/ml (BSF)/15 µg/ml (PCF) Capricorn (Cat.# G418-Q) 
Phleomycin (10 mg/ml in H2O T. 

brucei) 
2 µg/ml (BSF)/ 5 µg/ml (PCF)  InvivoGen (Cat.# ant-ph-

5p) 
Puromycin (10 mg/ml in H2O) 0.1 µg/ml (BSF)/1 µg/ml (PCF) Sigma (Cat.# P8830) 
Blasticidin (10 mg/ml in H2O) 2 µg/ml (BSF)/5-15 µg/ml (PCF) Capricorn (Cat.# BLA-1X) 
Tetracycline (10 mg/ml in 50% etha-
nol) 

1 – 10 µg/ml (BSF, PCF) Roth (Cat.# HP63.1) 
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2.2 Methods 

2.2.1 Trypanosoma brucei 

2.2.1.1 Cultivation of BSF trypanosomes 

Different strains of BSF trypanosomes are available in the laboratory. The most com-

monly used ones are the so-called monomorphic strains (e.g., MITat 1.2). These 

strains can be cultured as BSF but have lost their differentiation ability to PCF. In con-

trast to that pleomorphic cells (e.g., AnTat 1.1) are still able to fulfill the complete life 

cycle. To successfully culture pleomorphic cells, they need to be grown in presence of 

methylcellulose as a matrix. Some subtypes of the AnTat 1.1 strain exist that remain 

pleomorphic but became matrix independent (AnTat 1.1 Paris and AnTat 1.1 90-13). 

For more information, see (Bachmaier et al., 2020). 

2.2.1.1.1 Matrix-independent BSF 

HMI-9  Supplements 

Iscoves modified medium (IMDM) 
powder (+ L-glutamine, - Na-
HCO3), pH 7.4, sterilized through 
0.2 μM filter 

3.024 g/l NaHCO3, 136 mg/l hypoxanthine, 28.2 mg/l bathocupro-
ine sulfonate, 0.2 mM ß- mercaptoethanol, 100000 U/l penicillin, 
100 mg/l streptomycin, 182 mg/l cysteine, 10 % (v/v) heat- inacti-
vated fetal calf serum (FCS) 

 

Monomorphic BSF and matrix-independent pleomorphic strains AnTat 1.1 Munich 90-

13 and AnTat 1.1 Paris were cultured in liquid HMI-9 at 37°C, 5% CO2 in vented culture 

flasks in a humidified incubator. The cells were regularly counted using a Neubauer 

counting chamber and kept below a density of 106 cells/ml. 

2.2.1.1.2 Matrix-dependent BSF 

Methylcellulose HMI-9 
(Bachmaier et al., 2020; 
Vassella and Boshart, 1996) 

Supplements 

Iscoves modified medium (IMDM) 
powder (+ L-glutamine, - Na-
HCO3), pH 7.4, sterilized through 
0.2 μM filter 

11g/l methylcellulose (Sigma Methocel #94378), 3.024 g/l Na-
HCO3, 136 mg/l hypoxanthine, 28.2 mg/l bathocuproine sulfonate, 
0.2 mM ß- mercaptoethanol, 100000 U/l penicillin, 100 mg/l strep-
tomycin, 182 mg/l cysteine, 15 % (v/v) heat- inactivated fetal calf 
serum (FCS) 

 

Matrix-dependent cells (AnTat 1.1 Munich) were cultured in methylcellulose HMI-9 at 

37°C, 5% CO2 in vented culture flasks in a humidified incubator. Cultures were always 

thoroughly mixed before counting and after dilution. The cells were counted using a 

Neubauer counting chamber and the density was kept below 106 to avoid differentia-

tion. To recover cells from methylcellulose HMI-9, the cultures were mixed with 5 vol-

umes of PBS + 10 mM glucose and mixed by inversion. The diluted cultures were 

filtered through a folded paper filter, which collects the methylcellulose while the cells 

pass through. Cells were recovered by centrifugation at 1,400 g, for 10 min.  
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2.2.1.2 Cultivation of PCF trypanosomes 

SDM79  Supplements 

SDM79 basic medium (+/+), pre-
pared as described by 
(Brun and Schönenberger, 1979), 
pH 7.3, sterilized through 0.2 μM fil-
ter 

91 mM sodium pyruvate, 50 mM l-threonine, 265 μM l-proline, 
200 mM l-glutamine, 2.6 mM NaHCO3, 7.5 mg/l hemin, 100000 
U/l penicillin, 100 mg/l streptomycin, 10 mM glycerol, 10 mM 
glucose, 10 % heat-inactivated FCS 

SDM79 -/- (free of glycolytic carbon 
sources) 

91 mM sodium pyruvate, 50 mM l-threonine, 265 μM l-proline, 
200 mM l-glutamine, 2.6 mM NaHCO3, 7.5 mg/l hemin, 100000 
U/l penicillin, 100 mg/l streptomycin, 50 mM N-acetylglucosa-
mine, 10 % heat-inactivated FCS 

SDM79 -/+ (glucose-free) 91 mM sodium pyruvate, 50 mM l-threonine, 265 μM l-proline, 
200 mM l-glutamine, 2.6 mM NaHCO3, 7.5 mg/l hemin, 100000 
U/l penicillin, 100 mg/l streptomycin, 50 mM N-acetylglucosa-
mine, 10 mM glycerol, 10 % heat-inactivated FCS 

 

CASY-
ton 

135.7 mM NaCl; 1.3 mM EDTA; 5.35 mM KCl; 1.37 mM Na2HPO4/ 5.44 mM NaH2PO4; 
7.14 NaF 

 

Procyclic cells were cultured in standard SDM79 medium (+/+), if not indicated other-

wise, at 27°C in sealed-cap culture flasks. The cell density was determined using the 

CASY model TT cell counter (Innovatis) and kept in a range of 106 – 2*107 cell/ml.  

2.2.1.3 Freezing and thawing of stabilates 

T. brucei freezing 
medium 

Fully complemented HMI-9 (BSF)/SDM79 (PCF), supplemented with 10 % FCS 
and 10% (v/v) glycerol à sterilized through 0.2 µm filter 

 

For each stabilate 1-6 *106 (BSF)/~5*107 (PCF) cells were harvested by centrifugation 

at 1,400 g (BSF)/ 900 g (PCF), 4°C for 10 min. The supernatant was removed quanti-

tatively, and the cells resuspended in 500 µl freezing medium/stabilate. The cells were 

transferred to 1.5 ml cryotubes and frozen at -80°C in a precooled stratacooler.  

Frozen trypanosomes were thawed quickly in a 37°C (BSF)/27°C (PCF) waterbath and 

transferred to 9 ml of the respective medium. The cells were centrifuged once to re-

move glycerol from the freezing buffer and resuspended in 10 ml fresh medium. After 

a few hours of recovery, the appropriate selection antibiotics were added, and the cells 

diluted if necessary.  

2.2.1.4 Generation of transgenic Trypanosoma lines 

2.2.1.4.1 Preparation of DNA for transfection 

2.2.1.4.1.1 Isopropanol precipitation 

For stable transfection of trypanosomes, 10 µg plasmid/transfection were linearized 

overnight with the enzymes indicated in the table under 2.1.2.  Successful linearization 

was confirmed by agarose gel electrophoresis as described in 2.2.3.1.1.  The linear-

ized DNA was purified by isopropanol precipitation. Briefly, 1/10 volume of 3 M sodium 

acetate pH 7.0 was added to the DNA and vortexed briefly. DNA was precipitated by 
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addition of 1 volume isopropanol and inverted a few times. The DNA was pelleted at 

20,000 g, 4°C for 20 min, washed twice with 70% ethanol and centrifuged at 20,000 g, 

4°C for 10 min. After the second wash step, the ethanol was removed under sterile 

conditions, the pellet air-dried under the sterile bench and solved in sterile H2O at a 

concentration of 1 µg/µl.  

 

2.2.1.4.1.2 Phenol-chloroform extraction 

PCR products amplified for transfection were purified by phenol-chloroform extraction. 

200 µl PCR product were mixed with 200 µl phenol/chloroform/isoamyl alcohol in a 1.5 

ml reaction tube (tube 1) and vortexed vigorously for 1 min. The aqueous and organic 

phase were separated by centrifugation at 20,000 g, RT for 5 min. The upper aqueous 

phase was removed and transferred to a new 1.5 ml reaction tube (tube 2). 200 µl 

elution buffer (10 mM Tris/Cl pH 8.5) were added to the lower organic phase (tube 1) 

and the vortex and centrifugation steps were repeated. The upper phase was removed 

and added to the aqueous phase in tube 2.  An equal volume of phenol/chloroform/iso-

amyl alcohol was added to the pooled aqueous phases in tube 2 and the vortex and 

centrifugation steps were repeated one more time. The resulting aqueous phase was 

transferred to a new 1.5 ml reaction tube, 1/10 volume of 3 M sodium acetate pH 7.0 

were added and briefly vortexed. DNA was precipitated by addition of 3 volumes 100% 

ice-cold ethanol and frozen for 1h to overnight at -80°C. The DNA was centrifuged at 

20,000 g, 4°C for 20 min and washed twice with 70% ethanol. After the second wash 

step, the ethanol was removed under sterile conditions, the pellet air-dried under the 

sterile bench and solved in sterile H2O at a concentration of 1 µg/µl. 

2.2.1.4.2 Transfection of BSF cells (Amaxa) 

Transfection buffer 
(Burkard et al., 2007) 

90 mM sodium phosphate, 5 mM potassium chloride, 0.15 mM calcium chlo-
ride, 50 mM HEPES, pH 7.3  

 

Transfection of BSF trypanosomes was performed as described by (Burkard et al., 

2007). Briefly, 1-2*107 cells were harvested by centrifugation at 1,400 g, 37°C for 10 

min. The supernatant was discarded, the cells resuspended in the remaining liquid and 

transferred to a 1.5 ml reaction tube. After a second centrifugation (1,400 g; RT; 10 

min) the supernatant was removed quantitatively and the cells resuspended in 100 µl 

transfection buffer. They were transferred to a 2 mm gap electroporation cuvette (BTX 

#45-0125) and mixed with 10 µg linearized DNA. Cells were transfected once in the 

Amaxa Nucleofector® IIb using the program CD4+ T cells X-001. Afterwards, they 

were transferred to 30 ml HMI-9 and a 1:10 and 1:100 dilution was prepared. For each 

dilution, a 24-well plate was prepared with 1 ml aliquots of the cell suspension. The 
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plates were incubated at 37°C, 5% CO2 in a humidified incubator. After 6-12 h, 1 ml of 

HMI-9 containing the 2x antibiotics concentration was added to each well. Resistant 

clones could be detected after 5-7 days.  

2.2.1.4.3 Transfection of PCF cells (BTX) 

Based on (Merritt and Stuart, 2013), modified by S. Allmann 

Cytomix 25 mM HEPES (pH 7.6); 10 mM K2HPO4/KH2PO4; 2 mM EGTA; 120 mM KCl; 150 μM 
CaCl2; 5 mM MgCl2; 1 mM hypoxanthine; 0.5 % glucose; 100 μg/ml BSA 

 

For each transfection 1-2*107 cells were harvested by centrifugation (900 g; RT; 10 

min) and washed once in cold (4°C) cytomix. Afterwards the cells were resuspended 

in 400 µl cytomix and transferred to a 2 mm gap electroporation cuvette (BTX #45-

0125) containing 10 µg of linearized DNA. The cells were transfected once in the BTX 

Electro Cell Manipulator 630 (1.2kV; 25 μF; 186 Ω; electrode distance = 0.2 cm) and 

subsequently transferred to a flask containing 10 ml SDM79 + 20% FCS. 200 µl of the 

cell suspension were transferred to the top row of a 96-well plate and a 1:1 serial dilu-

tion was performed by pipetting 100 µl to the row below containing 100 µl medium. The 

remaining cell suspension was kept as a pool in a sealed cap culture flask. After one 

doubling time (12-20h, depending on the cell line) 100 µl of medium containing the 

doubled concentration of antibiotics was added. Depending on the population doubling 

time of the strain, resistant clones could be detected after 10-20 days.  

2.2.1.4.4 Genetic manipulation using CRISPR/Cas9 

(Protocol provided by Emmanuel Tetaud, Bordeaux, unpublished) 

Transfection buffer 
(Burkard et al., 2007) 

90 mM sodium phosphate, 5 mM potassium chloride, 0.15 mM calcium chlo-
ride, 50 mM HEPES, pH 7.3  

 

The gRNA was designed using the online tool from EuPaGDT 

(http://grna.ctegd.uga.edu/). A 20 nt gRNA for SpCas9 with 3’ NGG PAM motif, which 

showed high efficiency but no off-targets was selected. For the PKAC1/ double knock-

out, a gRNA in the active site was chosen, which is redundant for PKAC1 and PKAC2. 

For generation of PEX14 phosphomutants, a gRNA as close as possible to the phos-

phosite was chosen. All necessary components for transfection were ordered from In-

tegrated DNA technologies (IDT): 

Product Catalog # Sequence 

Alt-R CRISPR-Cas9 crRNA 
pkac1/2 

Custom 
made 

GATCGTACCTATACGTTATG (ordering without 
PAM) 

Alt-R CRISPR-Cas9 crRNA pex14 
Custom 
made 

AAAGTAAACTAGTGTGACGC (ordering without 
PAM) 

Alt-R CRISPR-Cas9 tracrRNA 1072533 Universal, not stated at IDT 
Alt-R CRISPR S.p. Cas9 Nuclease 
V3 

1081059 - 
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RNAs were solubilized to final concentration of 200 µM in the buffer provided by IDT. 

The complex was assembled in vitro prior to transfection by mixing 2.5 µl crRNA and 

2.5 µl tracrRNA in an RNase-free 1.5 ml reaction tube. The mixture was heated at 95°C 

for 5 min and subsequently cooled down to RT for 15 min. Afterwards, 3 µl Cas9 nu-

clease were added and incubated at RT for 20 min. In the meantime, 2*106 cells were 

harvested by centrifugation (900 g; RT; 10 min) and washed once in PBS. Cells were 

resuspended in 100 µl transfection buffer and mixed with the annealed crRNA-tra-

crRNA/Cas9 complex. Additionally, 5 µg of repair template were added. Construction 

of repair templates is described in the cell line specifications in 2.1.4. The mixture of 

cells, CRISPR-Cas9 complex and repair template was transferred to a 2 mm gap trans-

fection cuvette (BTX #45-0125) and transfected once using the Amaxa Nucleofector® 

IIb, program CD4+ T cells X-001. Afterwards, the cells were transferred to a culture 

flask containing 5 ml SDM79 + 20% FCS and incubated at 27°C overnight. After 16-

20 h, selection antibiotics were added, and the cells were plated by 1:1 serial dilution: 

100 µl of transfected cells were pipetted into the top row of a 96-well plate and 50 µl of 

medium was pipetted in the remaining rows. 50 µl of cells were transferred to the row 

below, mixed and transferred to the next row until the end of the plate. Depending on 

the population doubling time of the strain, resistant clones could be detected after 10-

20 days and were tested by gDNA extraction (described in 2.2.3.2), followed by ORF 

PCR. In the case of PKAC1/2 double knock-out, successfully modified clones would 

show no endogenous PKAC1 or PKAC2 ORF, but a disrupted one, which is increased 

in size by integration of the puromycin cassette. For the pex14 phosphomutants, suc-

cessful modification removes an SpeI site and was therefore screened by PCR and 

enzymatic digestion. Promising clones were subjected to sequencing.  

2.2.1.5 Differentiation of trypanosomes 

2.2.1.5.1 BSF to PCF differentiation of pleomorphic cells 

DTM (Vassella and Boshart, 1996; Ziegelbauer et al., 1990) Supplements 

33.3 mM HEPES, 116.4 mM NaCl, 5.4 mM KCl, 2.4 mM CaCl2, 1 

mM NaH2PO4, 811.5 µM MgSO4, 9.2 mM L-glutamine, 1.6 mM 

glutamate, 5.5 mM proline, 999.6 µM sodium pyruvate, 4.1 µM 

biotin, 9.9 mM glycerol, 10 mg/l phenol red, 1x MEM amino acid 

solution (Invitrogen/Gibco #11130), 1x MEM non-essential amino 

acids (Invitrogen/Gibco #11140), 1x MEM vitamin solution (Invi-

trogen/Gibco #11120) à pH set to 7.5, sterile filtered 

100000 U/l penicillin, 100 mg/l 

streptomycin, 28.2 mg/l bathocu-

proine, 14 mg/l hypoxanthine, 182 

mg/l hypoxanthin7.5 mg/l hemin, 

15% (v/v) heat-inactivated FCS 

 

To obtain short stumpy cells, BSF cultures were grown to a density of 5*105 cells/ml 

and afterwards incubated for another 36-40 h at 37°C, 5% CO2 without further dilution. 
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The stumpys were harvested by centrifugation (1,400 g; RT; 10 min), resuspended in 

5 ml DTM medium supplemented with 6 mM cis-aconitate, transferred to a sealed cap 

culture flask and shifted to 27°C. Differentiation into Procyclic cells occurred within 48-

72 h, at this point the cells were transferred to SDM79 medium.  

2.2.1.5.2 In vitro PCF to metacyclic differentiation by RBP6 overexpression 

Differentiation from procyclics to metacyclics (metacyclogenesis) can be initiated in 

vitro by RBP6 overexpression (Kolev et al., 2012). For metacyclogenesis, cells were 

adapted to glucose and glycerol-free SDM79 (-/-) for at least 4 days. Differentiation 

was initiated by RBP6 overexpression using 10 µg/ml tetracycline. Cultures were di-

luted on days 2 and 4 post-induction by mixing 6 ml culture with 4 ml fresh medium. 

Sampling was performed every 2 days over 8 days, including growth documentation, 

western blot sampling and methanol-fixation for DAPI staining. On days 0 and 4 post-

induction, samples were taken for PFA-fixation and calflagin staining.  

2.2.2 E. coli 

2.2.2.1 Cultivation 

LB medium 10 g/l tryptone, 10g/l NaCl, 5g/l yeast extract à autoclave for sterility 
LB agarose plates For agarose plates equal volumes of 2x autoclaved LB-medium were mixed 

with a melted 2x autoclaved agarose (30g/l) and ca. 30 ml aliquoted per plate  

 

E. coli cells were generally grown in LB-medium supplemented with the appropriate 

antibiotics at 37°C.  

2.2.2.2 Preparation of competent cells 

Variant of (Hanahan et al., 1991) 

CCMB80 buffer 
10 mM KOAc pH 7.0, 80 mM CaCl2, 20 mM MnCl2, 10 mM MgCl2, 10% glycerol 
à sterile filtered and stored at 4°C 

 

Bacteria were picked from a glycerol stock, spread on an agarose plate, and inoculated 

at 37°C overnight to allow recovery and promote growth. The next evening 250 ml LB 

medium were inoculated with bacteria from that plate and allowed to grow to an OD600 

~0.3 at 20°C. Cells were harvested at 3,000 g; 4°C for 10 min and resuspended in 80 

ml CCMB80 buffer. After 20 min incubation on ice, the cells were centrifuged again at 

3,000 g; 4°C for 10 min and resuspended in 10 ml CCMB80 buffer. The OD600 of a 1:5 

dilution was measured and diluted to OD600 1.0-1.5, if necessary. After 20 min incuba-

tion on ice, the cells were transferred to pre-chilled 1.5 ml microcentrifuge tubes in 

aliquots of 100 µl. Competent cells were frozen in liquid nitrogen and stored at -80°C.  
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2.2.2.3 Transformation 

For transformation, 50µl competent cells were used per reaction. They were thawed 

on ice and mixed with plasmid DNA (12-25 ng for ligations, 1 µl of plasmid preparation 

for re-transformation). The mixture was incubated on ice for 20 min and subjected to a 

45 s heat-shock at 42°C. The cells were placed back on ice for 2 min. In the case of 

ampicillin selection (100 µg/ml), the cells were directly spread on agarose plates. In 

case of kanamycin selection (34 µg/ml), 950 µl LB-medium were added and the cells 

were incubated for 45 min at 37°C before plating.  

2.2.3 Nucleic acids 

2.2.3.1 Standard cloning procedures 

2.2.3.1.1 Agarose gel electrophoresis 

TAE buffer 40 mM Tris-acetate pH 8.3, 1 mM EDTA 

 

For most purposes, 1% agarose gels were prepared by melting the agarose powder in 

TAE buffer the microwave until completely dissolved. After the mixture was cooled 

down, 1 µg/ml ethidium bromide were added for DNA staining. Gels were run at 80 V 

for 15-30 min, depending on the necessary separation and visualized by UV illumina-

tion in the BioRad Geldoc 2000. 

2.2.3.1.2 DNA amplification by PCR 

If the PCR product was intended for use in a downstream application (cloning, trans-

fection), PCR was performed using the Q5 High-Fidelity DNA Polymerase (NEB 

#M0491) according to the manufacturer’s instructions. Annealing temperature was al-

ways calculated using NEB’s Tm calculator (https://tmcalculator.neb.com/). PCR prod-

ucts for cloning were purified using High Yield PCR Clean-up/Gel extraction kit (SLG 

#30 HYDF300) according to the manufacturer’s instructions. PCR products for trans-

fection were purified by phenol-chloroform extraction (described in 2.2.1.4.1.2). 

When the PCR product was only generated for analytical purposes (integration PCR, 

colony PCR), the reaction was performed using the GoTaq DNA Polymerase 

(Promega #M3001) according to the manufacturer’s instructions. 

2.2.3.1.3 DNA modification 

Restriction digests were performed using NEB restriction enzymes according to the 

manufacturer’s instructions. Digests were planned using NEB’s online tool: 

https://nebcloner.neb.com/#!/redigest, paying attention to buffer requirements, incuba-

tion temperature and specificities of the respective enzymes.  
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When plasmid backbones were digested for cloning purposes, a simultaneous 

dephosphorylation was performed using Shrimp Alkaline Phosphatase (NEB, 

#M0371). 

2.2.3.1.4 DNA extraction form agarose gel 

Digested and dephosphorylated backbone fragments were separated by agarose gel 

electrophoresis (described in 2.2.3.1.1) and illuminated on a UV table with low intensity 

illumination. The required fragment was cut out of the gel using a scalpel and trans-

ferred to a 1.5 ml reaction tube. DNA extraction was performed with the High Yield 

PCR Clean-up/Gel extraction kit (SLG #30 HYDF300) according to the manufacturer’s 

instructions. 

2.2.3.1.5 Ligation 

DNA fragments were ligated using the NEB T4 DNA ligase (NEB #M0202) according 

to the manufacturer’s instructions. Usually, a vector to insert ratio of 1:3 was used, and 

the necessary amounts of DNA were calculated using the NEB online ligation calcula-

tor: https://nebiocalculator.neb.com/#!/ligation.  

2.2.3.1.6 Isolation of plasmid DNA 

Plasmids were usually isolated from E. coli cells by plasmid isolation kits (Promega 

PureYieldTM Plasmid Miniprep (#A1223) or Midiprep (#A2492) system, depending on 

amount of DNA needed) according to the manufacturer’s instructions.  

If a lot of plasmids were isolated from small culture volumes at the same time, an al-

kaline lysis was performed (Green and Sambrook, 2016): 

P1 50 mM Tris/Cl pH 8.0, 10 mM EDTA, 100 µg/ml RNase, store at 4°C 
P2 0.1 M NaOH, 1% SDS 

P3 1.5 M KOAc, 5% formic acid 

 

2 ml of a dense overnight culture were harvested at 13,000 g for 1 min, the pellet was 

resuspended in 300 µl P1 buffer. Cells were lysed by addition of 300 µl P2 buffer and 

inverted about 6 times. Afterwards, 300 µl neutralization buffer were added and the 

mixture was inverted a few times. The precipitates were removed by centrifugation at 

13,000 g for 3 min at RT and the supernatant transferred to a new 1.5 ml reaction tube. 

DNA was precipitated by addition of 630 µl isopropanol and inverted a few times. The 

precipitated DNA was pelleted at 13,000 g for 15 min and subsequently washed once 

with 1 ml 70% ethanol. DNA pellets were air-dried at 55 – 65°C in a heating block and 

resuspended in 50 µl H2O.  
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2.2.3.1.7 Sequencing 

Sequencing reactions were performed in-house in the sequencing service of the faculty 

of biology (http://www.gi.bio.lmu.de/sequencing) using the cycle, clean & run BigDye 

3.1 protocol. The submitted samples were prepared according to the sequencing ser-

vice’s instructions. 

2.2.3.2 Isolation of gDNA from T. brucei 

Lysis buffer 50 mM Tris/Cl pH 8.0, 10 mM EDTA, 2% SDS 

Precipitation buffer 8 M KOAc 

 

For genomic DNA (gDNA) extraction, 1-2*107 cells were harvested by quick centrifu-

gation at 8,000 g, RT for 30s. The pellet was resuspended in 200 µl lysis buffer and 

incubated in a heating block at 65°C for 10 min. Afterwards, proteins were precipitated 

by addition of 40 µl precipitation buffer, vortexed thoroughly and placed on ice for 3-5 

min. Precipitates were removed by centrifugation at 11,000 g; RT for 5 min and the 

supernatant transferred to a new 1.5 ml reaction tube. DNA was precipitated by addi-

tion of 160 µl isopropanol, followed by inversion of the tube. The DNA was pelleted at 

14,100 g, RT for 2 min and washed once with 1 ml 70% ethanol. Pellets were dried at 

65°C and the DNA solved in 50 µl H2O. 

2.2.4 Proteins 

2.2.4.1 Recombinant protein expression in E. coli 

Terrific broth 
(TB) 

12g/l tryptone, 24g/l yeast extract, 5g/l glycerol à autoclave à complete with 10% 
10x TB salts 

10x TB salts 0.17 M KH2PO4, 0.72 M K2HPO4, autoclaved 

 

Plasmids were transformed in E. coli Rosetta on LB-agarose plates containing appro-

priate selection antibiotics and 50 µg/ml chloramphenicol. A single colony was used to 

inoculate a 20 ml TB-medium and grown overnight at 37°C. The next morning, the 

OD600 was measured, and the culture diluted to OD600 = 0.0125 in 400 ml TB-medium. 

Cells were grown to a density of OD600 ~0.8 at 37°C. After that, the temperature was 

lowered to 18°C and the culture was cooled down for 30 min. Recombinant protein 

expression was induced with 0.5 – 1 mM IPTG overnight. The cells were then har-

vested at 4,000 g; 4°C for 10 min and either directly subjected to protein purification or 

the pellets frozen at -80°C 

2.2.4.2 Purification of recombinant proteins 

2.2.4.2.1 PKAC subunits from E. coli inclusion bodies  

(Adapted from application note of amersham pharmacia) 
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Lysis buffer 20 mM Tris/Cl pH 8.0, 0.1 µg/ml DNase, 1 mM PMSF (DNase and PMSF added 
fresh) 

Wash buffer 20 mM Tris/Cl pH 8.0, 0.5 M NaCl, 2 M urea, 2% Triton X-100 

Extraction 
buffer 

20 mM Tris/Cl pH 8.0, 0.5 M NaCl, 6 M guanidinium hydrochloride, 1 M ß-mercap-
toethanol 

Storage buffer 20 mM Tris/Cl pH 8.0, 0.5 M NaCl, 6 M urea, 1 mM ß-mercaptoethanol 

 

The pellet from a 400 ml culture was resuspended in 30 ml lysis buffer and lysed by 

passing through the French press twice at a maximum pressure of 1,500 psi. The ly-

sate was incubated on ice for 10 min to allow DNA degradation by DNase. Afterwards, 

the lysate was cleared by centrifugation at 10,000 g; 4°C for 10 min. The pellet con-

taining the inclusion bodies and hence the recombinant protein, was washed twice in 

10 ml wash buffer by gentle resuspending and sonication (Diagenode Bioruptor, 1-2x 

30s on ice). Finally, the inclusion bodies were solubilized in 5-10 ml extraction buffer, 

depending on the size of the pellet. Solubilization was promoted by 1h incubation at 

RT with gentle agitation. The final preparation was cleared by centrifugation at 15,000 

g; 4°C for 10 min and passed through a 0.45 µm filter. Since guanidinium hydrochloride 

precipitates in the presence of SDS and therefore interferes with SDS-PAGE, a buffer 

exchange was performed using a PD10 column as described by the manufacturer’s 

instructions. Alternatively, the samples were diluted 1:10 prior to SDS-PAGE. 

2.2.4.2.2 Purification of PKAR from E. coli by His-trap column 

Binding/washing 
buffer 

250 mM NaH2PO4, 300 mM NaCl, 40 mM imidazole, pH 8.0 

Lysis buffer 250 mM NaH2PO4, 300 mM NaCl, 40 mM imidazole, pH 8.0, 1 mM PMSF, 10 
µg/ml DNase 

Elution buffer 250 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0 

 

The pellet from a 400 ml culture was resuspended in 30 ml lysis buffer and passed 

twice through French press at a maximum pressure of 1,500 psi. The lysate was 

cleared by centrifugation at 10,000 g; 4°C for 10 min. A gravity flow Ni-NTA column 

was prepared by packing with 2 ml of bead slurry (PureCube Ni-NTA agarose from 

Cube-Biotech) and equilibrated with 10 ml of binding/washing buffer. The lysate was 

added to the column and incubated for 10 min before collecting the flow-through. The 

column was washed with 60 ml binding/washing buffer and PKAR was eluted in 6x 1 

ml elution buffer. Elutions were stored at 4°C until further use. 

2.2.4.3 Affinity purification of antibodies 

Based on (Olmsted, 1981) 

Staining solution 1% PonceauS in 1% acetic acids 

Blocking solution 5% skimmed milk powder in PBS 
Elution buffer 0.2 M glycine, 1 mM EGTA, pH 2.2 
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Affinity purification of PKA antibodies is performed to improve specificity on whole cell 

lysate detection. 300 µg recombinant protein containing the antibodies antigen were 

loaded onto a single-well SDS gel. After successful separation (described in 2.2.4.8), 

the protein was blotted onto a PVDF membrane (described in 2.2.4.10) and stained 

with 1% PonceauS in 1% acetic acid. The protein band was carefully cut out, trans-

ferred to a 15 ml centrifuge tube and destained with H2O. The stripe was blocked with 

5% milk in PBS for 1h at RT. Afterwards, the stripe was rinsed thrice with PBS, followed 

by 3 washes of 5 min. For the affinity purification, 1-2 ml of antisera were added to the 

protein stripe and incubated either for 4h at RT or at 4°C overnight. The stripe was 

washed again as described before and the antibody eluted in 1 ml elution buffer for 10 

min. The eluted antibody was transferred to a new 1.5 ml reaction tube, the pH was 

neutralized by addition of 200 µl 1M tris/Cl pH 8.0 and 200 µg BSA were added for 

stabilization of the antibody. The purified antibody was dialyzed against PBS overnight, 

exchanging the buffer thrice. After dialysis, NaN3 was added at a final concentration of 

0.02% for preservation and the antibodies stored at 4°C. 

2.2.4.4 Generation of anti-PKAC3 antibody 

For generation of a new PKAC3 antibody, a 6x-his-tagged version of the full-length 

protein was expressed from pETM11-6xHis-TEV-PKAC3 (pKM051) (described in 

2.2.4.1) and purified from inclusion bodies as described in 2.2.4.2.1. The protein con-

centration was estimated by nanodrop measurement and diluted to 2 mg/ml. To refold 

the protein, a buffer exchange was performed against 50 mM Tris pH 6.0, 9.6 mM 

NaCl, 0.4 mM KCl, 1 mM EDTA, 0.4 M sucrose, 0.75 M guanidinium chloride, 0.1 % 

Triton X-100 by dialysis overnight, including three buffer exchanges. Protein prepara-

tions from three purifications were pooled and precipitates were removed by centrifu-

gation at 15,000 g; 4°C for 10 min. Concentration of the dialyzed protein was deter-

mined by Bradford assay as described in 2.2.4.5.3. A total of 2.2 mg at a concentration 

of 0.65 mg/ml was sent for immunization to ProteoGenix, France. The protein was used 

to immunize two rabbits for 51 days.   

2.2.4.5 Protein quantification 

2.2.4.5.1 Nanodrop 

For quick protein estimation of highly concentrated samples, the nanodrop ND-1000 

was used and concentration was determined based on A280 absorbance.  

2.2.4.5.2 On SDS-gel 

For determination of low protein concentrations or proteins with impurities, a BSA 

standard was prepared and amounts of 100 – 1,000 ng were loaded on an SDS-gel 
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along with the protein, whose concertation should be determined. The proteins were 

separated (described in 2.2.4.8) and the gel stained with colloidal Coomassie as de-

scribed in 2.2.4.9. The gel was scanned in the LI-COR Odyssey® CLx and the bands 

of BSA and the protein of interest were quantified. The intensities of BSA were plotted 

against the protein amount in a linear standard curve. The protein concentration of the 

protein of interest was determined using the standard curve’s formula.   

2.2.4.5.3 Bradford assay 

For determination of low protein concentrations or complex protein mixtures (cell ly-

sates, cell fractionations) a Bradford assay was chosen. A BSA standard was prepared 

and performed in 1 ml photometer cuvettes. The standard was usually prepared in the 

range of 100 – 1,500 ng BSA/cuvette in a volume of 800 µl H2O, along with samples 

for protein quantification. Here between 1-10 µl were used, depending on the expected 

concentration. Afterwards, 200 µl Bradford reagent (Sigma Cat.# B6916) were added 

to each cuvette and mixed by pipetting up and down. Samples were incubated for 5-

60 min and absorbance was measured at OD595. The absorbance of BSA was plotted 

against the protein amount in a linear standard curve. The protein concentration of the 

protein of interest was determined using the standard curve’s formula.   

2.2.4.5.4 BCA assay 

The BCA assay (PierceTM Cat. #23225) was used for protein quantification before 

(phospho-) proteomics. The assay was performed as described by the manufacturer.  

2.2.4.6 Absolute quantification of PKA subunits in T. brucei lysates 

For absolute quantification of PKA amounts in T. brucei, recombinant PKAC1, PKAC3 

and PKAR were expressed and purified as described in 2.2.4.2.1 and 2.2.4.2.2, re-

spectively. Protein concentration in the final elution was determined in quadruplicate 

using a BSA standard on SDS-PAGE as described in 2.2.4.5.3. The recombinant pro-

tein was used to generate a subunit-specific protein standard curve ranging from 2-50 

ng (PKAR/PKAC1) and 0.2-5 ng (PKAC3). The different protein amounts were loaded 

on an SDS-gel along with 2*106 cells from BSF and PCF trypanosomes. After western 

blotting, the proteins were stained with PKA-specific antibodies, scanned in the LI-COR 

Odyssey® CLx and quantified using LI-Cor Image StudioLite. The standard curve was 

converted from ng to molecule numbers using the formula: molecules= 

NA*((ng/109)/M), NA being the Avogadro constant and M the molecular weight of the 

recombinant proteins including the tags. Molecule numbers of PKAR, PKAC1 and 

PKAC3 were determined from the standard curve and divided by the cell number to 
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obtain molecules/cell. The western blots and quantifications were performed in tripli-

cate and plotted as average ± stdev.  

2.2.4.7 Preparation of T. brucei lysates for SDS-PAGE 

6x SDS loading buffer 
(Laemmli buffer) 

350 mM Tris/HCl pH 6.8, 30 % (v/v) glycerol, 10 % (w/v) SDS, 0.6 M DTT, 
0.06 % (w/v) bromphenolblue 

 

For each sample, 107 cells were harvested by centrifugation (1,400g BSF/900g PCF; 

10 min; RT), washed once in PBS and transferred to a 1.5 ml reaction tube. The cells 

were harvested by centrifugation (8,000g; 30s; RT) and the supernatant was removed 

quantitatively. The cell pellet was resuspended in 33 µl 1.5 x SDS loading buffer. 

2.2.4.8 SDS-PAGE 

6x SDS loading buffer 
(Laemmli buffer) 

350 mM Tris/HCl pH 6.8, 30 % (v/v) glycerol, 10 % (w/v) SDS, 0.6 M DTT, 
0.06 % (w/v) bromphenolblue 

Separating gel (10%) 1.5 ml separating gel buffer (1.5 M Tris/HCl pH 8.8, 0.4 % (w/v) SDS), 2 ml 
acrylamide/bisacrylamide 37, 5:1, 2.5 ml H2O, 20 μl 10% (w/v) APS, 4 μl 
TEMED 

Separating gel (12%) 1.5 ml separating gel buffer (1.5 M Tris/HCl pH 8.8, 0.4 % (w/v) SDS), 2.4 
ml acrylamide/bisacrylamide 37, 5:1, 1.9 ml H2O, 20 μl 10% (w/v) APS, 4 μl 
TEMED 

Stacking gel 0.75 ml stacking gel buffer (0.5 M Tris/HCl pH 6.8, 0.4 % (w/v) SDS), 0.39 
ml acrylamide/bisacrylamide 37, 5:1, 1.85 ml H2O; 22.5 μl 10 % (w/v) APS, 
4.5 μl TEMED 

10x electrophoresis 
running buffer 

0.25 M Tris, 1.96 M glycine, 1 % (w/v) SDS à diluted to 1x before use 

 

Protein samples and cell lysates were mixed with 6x SDS loading buffer and denatured 

for 5 min at 95°C prior to SDS-gel loading. Gels were usually cast freshly before use. 

Proteins and size marker (NEB #P7706 or NEB #P7718) were separated at 30 mA/gel 

in Biorad Mini-PROTEAN Tetra vertical electrophoresis chambers. 

2.2.4.9 Coomassie staining of SDS gels 

Colloidal Coomassie 75 mM aluminium sulfate (18) hydrate, 10% EtOH, 0.02% Coomassie bril-
liant Blue G250, 2.35% orthophosphoric acid 

 

Proteins were separated as described in 2.2.4.8. The gels were washed in H2O for 10 

min with gently agitation. Protein bands were stained with Colloidal Coomassie over-

night and gels were destained with H2O until the background became clear. 

2.2.4.10 Western blot analysis 

10x PBS 1.37 M NaCl; 27 mM KCl; 43 mM Na2HPO4/14 mM KH2PO4 à dilute stocks 
to 1x before use 

10x TBS 200 mM Tris/Cl pH 7.6, 1.37 M NaCl à dilute stocks to 1x before use 
Anode buffer 300 mM Tris HCl (pH 10.4); 20 % (v/v) MeOH 
Cathode buffer 25 mM Tris HCl (pH 7.6); 40 mM ε-aminop cypronic acid; 20 % (v/v) MeOH 

 

Proteins separated by SDS-PAGE were transferred to a PVFD membrane (Immobilon-

FL #IPFL00010) by semi-dry western blotting. The membrane was activated by 30s 
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incubation in 100% methanol and afterwards equilibrated in H2O. The blotting “sand-

wich” was assembled as follows (bottom to top): three whatman papers (Machery 

Nagel #742118) soaked in anode buffer, PVFD membrane, SDS-gel, two whatman 

papers soaked in cathode buffer. Air bubbles and excess buffer were removed by roll-

ing over the assembly with light pressure. The transfer was performed at 0.1 A for 70 

min in BioRad’s Trans-Blot Turbo system. After blotting, the membrane was transferred 

to a 50 ml centrifuge tube with the protein side facing inwards. The membrane was 

blocked for 1h in 5% milk in PBS for standard antibodies and 5% milk in TBS for phos-

phoantibodies. Afterwards the membrane was incubated with the primary antibody in 

1% milk in 0.1% (v/v) PBS-Tween (exceptions are listed in table 2.1.5) for either 1h at 

RT or 4°C overnight. Unspecifically bound antibody was washed away during 4 washes 

of 5 min with 0.2% (v/v) PBS-Tween. Secondary antibody incubation was performed 

in 1% milk in 0.1% PBS-Tween, 0.02% (w/v) SDS for 1h in the dark. After 4 x 5 min 

washes in 0.2% PBS-Tween, the membrane was briefly rinsed in H2O and dried be-

tween two whatman papers. The signal was detected using the LI-COR Odyssey® 

CLx. Blots were quantified in the LI-COR Image Studio Lite software. The background 

was subtracted around the respective band using the median method. 

2.2.4.11 Immunoprecipitation by GFP-trap 

Adapted from Chromotek 

RIPA buffer 10 mM Tris/Cl pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 1% NP40, 1% SDC 
Dilution buffer 10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA 
Wash buffer 10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.4% NP40 

 

For each pull-down, 2*108 cells were harvested by centrifugation (900 g; 10 min; RT) 

and washed twice with serum-free SDM79. During the second wash, the cells were 

transferred to a 1.5 ml reaction tube and spun down at 8,000 g for 30s. The pellet was 

resuspended in 400 µl RIPA buffer supplemented with cOmplete EDTA-free protease 

inhibitor cocktail (Roche #4693132001) and PhosStop (Roche #4906845001). Cells 

were incubated on ice for 30 min and afterwards sonicated on ice for 2x 30s in the 

Diagenode Bioruptor. The lysate was cleared by centrifugation at 20,000 g; 4°C for 10 

min. The cleared lysate was diluted with 600 µl dilution buffer supplemented with pro-

tease and phosphatase inhibitors. Magnetic GFP-trap agarose beads (Chromotek 

#gtma-10) were equilibrated in 3 x 500 µl dilution buffer. 25 µl beads were added to 

the lysate per immunoprecipitation reaction and incubated at 4°C for 1h in an overhead 

rotator. Unbound proteins were separated using a magnetic stand. The beads were 

washed 4 x in 500 µl wash buffer, followed by 4 washes in 500 µl dilution buffer. During 

the last step, beads were transferred to a new 1.5 ml reaction tube to prevent elution 
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of proteins sticking to the tube. Finally, proteins were resuspended in 80 µl 2x SDS 

loading buffer (=12.5x compared to input) and eluted for 10 min at 95°C.  

2.2.5 Cell fractionations 

STE buffer 250 mM sucrose, 25 mM Tris/Cl pH 7.4, 1 mM EDTA 
6x SDS loading 
buffer (Laemmli 
buffer) 

350 mM Tris/HCl pH 6.8, 30 % (v/v) glycerol, 10 % (w/v) SDS, 0.6 M DTT, 
0.06 % (w/v) bromphenolblue 

 

2.2.5.1 Glycosome enrichment by differential centrifugation 

(Protocol kindly provided by F. Bringaud and slightly modified) 

For glycosome enrichment, 4*109 – 1010 cells were harvested by centrifugation (900 g; 

10 min; RT) and washed once in STE buffer. The pellet (~1 g wet weight) was resus-

pended in ca. 500 µl STE buffer supplemented with protease inhibitor cocktail (Roche 

#4693132001) and transferred to a mortar. Cells were ground in the mortar with 0.5 g 

silicon carbide/g cell pellet until ca. 90 % of cells were lysed. The mixture was resus-

pended in 7 ml STE buffer containing protease inhibitor and subjected to differential 

centrifugation. The first centrifugation step (1.000 g; 4°C; 10 min) removed intact cells 

and nuclei. The supernatant was transferred in a fresh tube and the mitochondria were 

removed at 5.000 g; 4°C; 10 min. The supernatant of the second step was transferred 

again in a fresh tube and the glycosomes were enriched in the pellet at 42.000 g; 4°C; 

10 min. This pellet was washed once in 1 ml STE buffer and the glycosomes finally 

resuspended in 200 µl STE buffer. This method enriches mainly for glycosomes, but 

the final preparation also contains flagella and traces of mitochondria and the endo-

plasmatic reticulum (ER). Due to that, additional purification steps were employed, de-

pending on the scientific question. 

2.2.5.2 Glycosome purification by Optiprep density gradient 

Ultracentrifugation through an Optiprep density gradient was used to separate glyco-

somes and flagella from such contaminants as mitochondria and ER. Therefore, the 

differential centrifugation was performed as described in the previous paragraph with 

the following exceptions: Cells were resuspended in 2 ml STE buffer supplemented 

with protease inhibitor cocktail and the protocol was only employed until the 5.000 g 

centrifugation step. In the meantime, the discontinuous Optiprep density gradient was 

prepared in a polypropylene ultracentrifuge tube (Beckman Coulter #331374) by lay-

ering 2 ml of a 50%, 40%, 34% and 28% (bottom to top) Optiprep (Nycomed pharma 

#1030061) in STE. The 5.000 g supernatant was loaded on top of the gradient and 

ultracentrifuged for 12h at 150.000 g (34.500 rpm); 4°C; ACCEL 8; DECEL 8 in the 

TH-641 rotor of the UC WX Ultra90 Sorval ultracentrifuge. After centrifugation, two 
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bands were distinguishable. The upper band contains cellular contaminants, while the 

lower band contains pure glycosomes and flagella. The lower band was aspirated with 

a syringe by puncturing the centrifuge tube and transferred to a 1.5 ml reaction tube. 

If the material was needed for protease protection assay, the glycosomes and flagella 

were centrifuged at maximum speed, 4°C for 15 min in a microcentrifuge and resus-

pended in 50-100 µl STE buffer. 

2.2.5.3 Glycosome purification by sucrose density gradient 

Two methods were used to separate glycosomes from flagella following the Optiprep 

density gradient. The first method was a second density gradient using sucrose. For 

that, the recovered Optiprep band corresponding to glycosomes and flagella was 

loaded on a discontinuous sucrose density gradient. The density gradient was pre-

pared by layering of 2 ml of a 2M, 1.85M, 1.75M and 1.7M sucrose in STE solution in 

a polypropylene ultracentrifuge tube (Beckman Coulter #331374) and the barriers of 

the layers were marked on the tube. Centrifugation was performed at 150.000 g 

(34.500 rpm) at 4°C; ACCEL 8; DECEL 8 for 12 h in the TH-641 rotor in the UC WX 

Ultra90 Sorval ultracentrifuge. Afterwards, samples of all interfaces were collected by 

aspiration with a syringe. The fractions were concentrated by methanol precipitation: 

400 µl fraction were transferred to 1.600 µl cold methanol in a 2 ml reaction tube and 

vortexed. Proteins were precipitated at 4°C for at least 4 h or overnight. Precipitated 

proteins were centrifuged at 13.000 g; 4°C for 15 min and the supernatant discarded. 

The pellets were air dried under the fume hood and resuspended in 40 µl 1.5 x SDS 

loading buffer (= 10x concentrated). Migration pattern of the protein of interest was 

compared to that of glycosomal and flagellar marker proteins.  

2.2.5.4 Protease protection assay of glycosome enriched fractions 

Based on (Francisco et al., 2017) 

Another way of separating glycosomes form flagella was by protease digestion. While 

glycosomal proteins are protected within the organelle from protease digestion, flagel-

lar proteins are quickly degraded. Glycosomal preparations were diluted to 1 µg/µl in 

STE buffer. A control without proteinase K (-PK) was used as a reference for undi-

gested proteins. Triton X-100 was added to solubilize organelles and control for digest-

ibility of the protein of interest. The reaction was assembled on ice as described in the 

following table: 

Reagent Final concentration -PK +PK +PK +TX-100 

Organelles 50 µl/reaction (ca. 50 
µg) 

50 µl 50 µl 50 µl 

20% Triton X-100 1% - - 2.5 µl 

10 mg/ml Proteinase 
K 

100 µg/ml - 0.5 µl 0.5 µl 
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The reaction was incubated on ice up to 6h, depending on the experiment. Afterwards, 

50 µl samples were collected and transferred to tubes containing 0.5 µl PMSF (50 

mg/ml in EtOH) to inactivate proteinase K and incubated on ice for 2 min. Proteins 

were precipitated by addition of 5.5 µl 100% (w/v) TCA, vortexed and incubated on ice 

for at least 30 min. Afterwards, samples were centrifuged at 11.300 g; 4°C for 15 min 

and the pellets washed in 1 ml 100% acetone. The acetone was removed quantita-

tively, and the pellets dried at 37°C. They were resuspended in 50 µl 1.5 x SDS loading 

buffer and 20 µl was used for western blot analysis.  

2.2.5.5 Preparation of glycosome enriched fractions for proteomics 

MS-buffer 100 mM Tris/Cl pH 7.8, 2% SDS, 50 mM DTT 

 

For proteomic analysis 109 cells were harvested by centrifugation (15 min; 900g; 4°C) 

and subsequently washed once in STE buffer (+/- glycerol). The pellets were resus-

pended in approx. 500 µl lysis buffer (STE supplemented with protease inhibitor cock-

tail) and transferred to a mortar. Cells were ground in the mortar with 0.2-0.3 g silicon 

carbide (SiC) until 90% were lysed. Lysates were transferred to a 2 ml reaction tube in 

a final volume of 2 ml. Unlysed cells, nuclei and SiC were removed at 1,000g; 10 min; 

4°C. The supernatant was transferred to a fresh tube and centrifuged for 10 min at 

5,000g; 4°C to remove the mitochondrial fraction.  The resulting supernatant was cen-

trifuged at maximum speed (20,627g); 4°C for 10 min to obtain a glycosome enriched 

fraction. This pellet was washed once in 1 ml STE buffer (+/- glycerol) and resus-

pended in 50 µl MS- buffer. Samples were denatured at 95°C for 5 min followed by 5 

min sonication (30s on/off cycles). Protein concentration was determined by Bradford 

assay (2.2.4.5.3) and 10 µg protein were submitted for proteomic analysis by the Pro-

teomics core facility of the LMU biocentre.   

MaxQuant Analysis  

(done by Ignasi Forne, LMU biocenter, Proteomics Core facility) 

Protein identification and label-free quantification (LFQ) was performed using 

MaxQuant 2.0.1.0 (Tyanova et al., 2016a) against the TriTrypDB-56_Tbrucei 

TREU927_AnnotatedProteins database obtained from tritrypdb.org including the fol-

lowing parameters:  MS tol 20 ppm, MS/MS tol 0.5 Da, peptide FDR 0.01, protein FDR 

0.01, Min. peptide length 7, variable modifications Oxidation (M), Acetyl (Protein N-

term), fixed modification Carbamidomethyl (C), Trypsin/P digestion, max 2 missed 

cleavages, Peptides for protein quantification razor and unique, Min. peptides 1, Min. 

peptide count 1.  
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Perseus statistical analysis 

The proteingroups.txt file was loaded into Perseus version 1.6.2.3 with LFQ intensities 

as main columns. Sequences were filtered for reverse sequences, contaminants and 

proteins only identified by site. Groups were defined for wild type and PEX14 phos-

phomutants cultured in presence or absence of glycerol. The data was log2 trans-

formed and filtered based on valid values (at least 3 of 4 replicates within one group). 

Missing values were imputed from normal distribution using the default parameters. 

Afterwards, we filtered for glycosomal proteins using the consensus of a predefined list 

obtained from Frederic Bringaud (Bordeaux) and the (Guther et al., 2014) glycosomal 

proteome. Sample groups were compared using a student’s t-test with the FDR = 0.05 

and S0 = 0.5. Normalization by Z-score was performed before clustering analyses. Only 

proteins with a fold-change of at least 1.5 were considered as potentially interesting. 

2.2.6 Microscopy 

2.2.6.1 Methanol fixation 

For methanol-fixation, 107 cells were harvested by centrifugation (900 g; 10 min; RT) 

and resuspended in 50 µl PBS. A drop of 10 µl was placed on the edge of a microscope 

slide and spread using a second slide. The slides were air dried and afterwards placed 

in 100% ice-cold methanol at -20°C for up to 10 days. This method was used for DAPI 

DNA staining and subsequent Trypanosome staging. 

2.2.6.2 PFA-fixation 

For fixation in paraformaldehyde, 107 cells were harvested by centrifugation (900 g; 10 

min; RT) and resuspended in 200 µl PBS. The same volume of 4% PFA in PBS was 

added to the cells and they were incubated for 5 min at RT. Afterwards, the fixed cells 

were washed 3 times in 1 ml PBS and finally resuspended in 50 µl. This method was 

used for imaging of fluorophore tagged lines and immunofluorescence stainings. 

2.2.6.3 Trypanosoma staging (RBP6) 

 

  

After induction of metacyclogenesis by RBP6 overexpression, trypanosomes were cat-

egorized into procyclic, epimastigote and metacyclic based on morphology and kinet-

oplast positioning. Therefore, methanol-fixed samples were rehydrated in PBS for 15 

min and afterwards stained with 0.1 ng/µl DAPI in PBS for 5 min. The slides were 

washed 3x in PBS and rinsed in H2O. Finally, a drop of mounting medium was placed 

on the slide, covered with a cover slip and sealed with nail polish. Images of each slide 

Mounting me-
dium 

4% n-propyl-gallate in 90% glycerol in PBS 
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were taken using the Leica DM750 microscope and Leica Application Suite V4 Soft-

ware. For each time-point, 100-300 cells were staged: in procyclic cells the kinetoplast 

is positioned posterior to the nucleus, in epimastigotes it is positioned either on top or 

anterior to the nucleus. In metacyclic cells, the kinetoplast is positioned at the extreme 

posterior pole of the cell.  

2.2.6.4 Imaging of GFP-tagged lines 

For microscopic analysis of GFP-tagged protein localization, 5*106 – 107 cells were 

fixed with PFA as described in 2.2.6.2. Stacks were imaged with the DeltaVision using 

the “green” filter set with an illumination of 100% for 0.15-0.2 s exposure time and 

afterwards assembles using Fiji. For fluorescent channels and POL, the option “max 

intensity” and “average” was chosen, respectively.  

2.2.7 In vivo cellular assays 

2.2.7.1 Glycerol-depletion assay 

SDM79 -/- (free of 
glycolytic carbon 
sources) 

91 mM sodium pyruvate, 50 mM l-threonine, 265 μM l-proline, 200 mM l-gluta-
mine, 2.6 mM NaHCO3, 7.5 mg/l hemin, 100000 U/l penicillin, 100 mg/l strepto-
mycin, 50 mM N-acetylglucosamine, 10 % heat-inactivated FCS 

SDM79 -/+ (glu-
cose-free) 

91 mM sodium pyruvate, 50 mM l-threonine, 265 μM l-proline, 200 mM l-gluta-
mine, 2.6 mM NaHCO3, 7.5 mg/l hemin, 100000 U/l penicillin, 100 mg/l strepto-
mycin, 50 mM N-acetylglucosamine, 10 mM glycerol, 10 % heat-inactivated FCS 

6x SDS loading 
buffer 

350 mM Tris/HCl pH 6.8, 30 % (v/v) glycerol, 10 % (w/v) SDS, 0.6 M DTT, 0.06 
% (w/v) bromphenolblue 

 

Cells were cultured in SDM79 supplemented with 10 mM glycerol and 50 mM N-acetyl-

glucosamine for at least three days prior to the assay. The cell density was kept below 

8*106 cells/ml before the assay to avoid density-dependent glycerol-depletion. For 

each sample, 107 cells were harvested by centrifugation (900 g; 10 min; RT) and 

washed once in either 1 ml SDM79 + glycerol or SDM79 -glycerol. After the wash, cells 

were harvested at 8,000g; RT for 30s and resuspended in 100 µl SDM79 +/- glycerol. 

Cells were incubated at 27°C for 1h. Afterwards, they were harvested by centrifugation 

(8,000g; RT; 30s) and resuspended in 33 µl 1x SDS loading buffer. Samples were 

denatured at 95°C for 5 min and sonicated for 5 min (30s on/off cycles, Diagenode 

Bioruptor). For each sample,6*106 cells were loaded and RXXS*/T* phosphorylation 

was detected by western blot using the anti-PKA substrate antibody (CST #9621). 
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harvested by centrifugation (8,000g; RT; 20s) and resuspended in 300 µl SDC buffer. 

The samples were immediately boiled at 95°C for 5 minutes and subsequently soni-

cated for 5 min on ice (30s on/off cycle in Diagenode Bioruptor). 275 µl were trans-

ferred to a fresh tube and frozen at -80°C until further use. For protein quantification, 

10 µl were transferred to 190 µl urea buffer and quantified using the PierceTM BCA 

Protein assay kit (Thermo Scientific #23227) according to manufacturer’s instructions. 

All samples were diluted to the same concentration in 270 µl SDC buffer prior to sample 

preparation for mass spectrometry. 

2.2.7.2.2 Sample preparation for mass spectrometry 

Reduction/alkylation 
buffer 

100 mM Tris(2-carboxyethyl)phosphine hydrochloride TCEP, 400 mM 
2-chloroacetamide pH 7-8 adjusted with KOH 

EP (EasyPhos) loading 
buffer 

6 % (v/v) Trifluoroacetic acid (TFA), 80 % (v/v) acetonitrile (ACN) 

EP enrichment buffer 48 % (v/v) TFA, 8 mM KH2PO4 

EP wash buffer 5 % (v/v) TFA, 60 % (v/v) isopropanol (ISO) 
EP transfer buffer 0.1 % (v/v) TFA, 60 % (v/v) ISO 
EP elution buffer 200 µl ammonia solution (NH4OH) to 400 µl 40 % (v/v) ACN (prepared 

fresh) 
SDB-RPS loading buffer 1 % (v/v) TFA in ISO 
SDB-RPS wash buffer 1 1 % (v/v) TFA in ISO 

SDB-RPS wash buffer 2 0.2 % (v/v) TFA in 60 % (v/v) ACN 
SDB-RPS elution buffer 20 µl ammonia (NH4OH) to 4 ml 60 % (v/v) ACN (prepared fresh) 
MS loading buffer 0.3 % (v/v) TFA, 2 % (v/v) ACN 

 

Phosphopeptide enrichment was performed as described in (Humphrey et al., 2018). 

Briefly, samples of 2.6 mg/ml protein (700 µg in total) were reduced and alkylated for 

5 min at 45°C, 1,500 rpm and subsequently digested overnight at 37°C with LysC and 

trypsin at an enzyme to protein ratio of 1:100. For Phosphopeptide enrichment, sam-

ples were thoroughly mixed with 400 µl ISO. After addition of 100 µl EP buffer, precip-

itates were removed at 2,000 g; RT; 15 min. Phosphopeptides were enriched using 5 

mg TiO2 beads resuspended in 5 µl EP loading buffer for 5 min at 40°C; 2,000 rpm. 

Beads were washed 5x in 1 ml EP wash buffer and pelleted at 2,000 g; RT for 1 min. 

Finally, they were resuspended in 75 µl EP elution buffer, transferred to a C8 stage tip 

and eluted in 2 x 30 µl EP elution buffer. Phosphopeptides were dried in a SpeedVac 

at 45°C to a volume of ~15 µl.  

Afterwards the enriched phosphopeptides as well as the proteome samples were de-

salted: 100 µl SDB-RPS loading buffer was added, samples transferred to an SDB-

RPS stage tip and centrifuged at 1,500 g; RT to dryness (ca. 8 min). The stage tips 

were washed with 100 µl SDB-RPS wash buffer 1 and subsequently with SDB-RPS 

wash buffer 2 and centrifuged to dryness at 1,500 g; RT. The (phospho-)peptides were 

eluted in 60 µl SDB-RPS elution buffer and concentrated to dryness at 40°C in a 
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SpeedVac. Samples were resuspended in 15 µl MS loading buffer and submitted to 

the Proteomics core facility in the LMU biomedical center. 

2.2.7.2.3 MS data analysis  

MaxQuant  

(Done by Ignasi Forne, proteomics core facility, LMU BMC) 

Protein identification and label-free quantification (LFQ) was performed using 

MaxQuant 1.6.14.0 (Tyanova et al., 2016a) against the TriTrypDB-46_Tbrucei 

TREU927_AnnotatedProteins database obtained from tritrypdb.org including the fol-

lowing parameters:  MS tol 10 ppm, MS/MS tol 0.5 Da, peptide FDR 0.01, protein FDR 

0.01, Min. peptide length 7, variable modifications Oxidation (M), Phosphorylation 

(STY), Acetyl (Protein N-term), fixed modification Carbamidomethyl (C), Trypsin/P di-

gestion, max 2 missed cleavages, Peptides for protein quantification razor and unique, 

Min. peptides 1, Min. peptide count 2.  

 

Perseus analysis of phosphoproteome data 

The phospho(STY)Sites.txt file was loaded into Perseus version 1.6.7.0 (Tyanova et 

al., 2016b) with LFQ intensities as main columns according to the MaxQuant summer 

school tutorials (http://www.coxdocs.org/doku.php?id=:perseus:start). Briefly, se-

quences were filtered for reverse sequences, contaminants and localization probability 

of >0.75. After expanding the site tables, groups were defined for wild type, ∆PKAC2 

and +/- glycerol. The data was log2 transformed and filtered based on valid values (at 

least 3 of 4 replicates within one group). Missing values were imputed from normal 

distribution using the default parameters. Phosphoproteomes of +/- glycerol conditions 

were compared using a student’s t-test with the FDR = 0.1 and S0 = 0.1. Phosphopro-

teomes of wild type and ∆PKAC2 were compared at steady-state levels (+ glycerol) 

using an FDR = 0.1 and S0 = 0.5. The function add linear kinase motifs was used to 

add annotations of kinases known to phosphorylate the identified motif and later 

screened for the annotation “PKA kinase substrate motif”. Enrichment analysis of GO 

terms was performed using REVIGO (Supek et al., 2011) implemented in tritrypdb.org. 

Normalization by Z-score was performed before clustering analyses. 

 

Perseus analysis of proteome data 

The proteingroups.txt file was loaded into Perseus version 1.6.7.0 with LFQ intensities 

as main columns. Sequences were filtered for reverse sequences, contaminants and 

proteins only identified by site. Groups were defined for wild type and ∆PKAC2. The 

data was log2 transformed and filtered based on valid values (at least 3 of 4 replicates 
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within one group). Missing values were imputed from normal distribution using the de-

fault parameters. Proteomes were compared using a student’s t-test with the FDR = 

0.05 and S0 = 0.1. Normalization by Z-score was performed before clustering analyses. 

2.2.7.3 Alamar Blue assay 

Alamar blue assay was used to test cytotoxicity of the PEX14 inhibitor MABNH2 (#5 

from (Dawidowski et al., 2017)) in wild-type and PEX14 phosphomutant cell lines. In-

dividual stock solutions of the compound were prepared in SDM79 (+/- glycerol) in the 

range of 100 nM – 6 µM. 100 µl of each concentration were aliquoted on a 96-well 

plate in technical triplicates for each cell line, including a background control. Cells 

were diluted to 2*106/ ml and 100 µl were added to each well, except the background 

control. Here, only medium was added. The plates were incubated at 27°C, 5% CO2 

for 48h. After incubation, 20 µl of 0.5 mM resazurin in PBS were added to each well 

and the plates were incubated for another 2h at 27°C, 5% CO2. Fluorescence was 

measured in the TECAN Infinite 200 Pro plate reader at 538 nm excitation and 590 nm 

emission. The fluorescence intensity of the technical replicates was averaged and the 

background subtracted from this value. A dose-response curve was generated from 3 

individual replicates using the non-linear regression curve fitting in GraphPad Prism.  

2.2.7.4 Purine response assays in pleomorphic cells 

HMI-9 purine-depleted Supplements 

Iscoves modified medium (IMDM) 
powder (+ L-glutamine, - Na-
HCO3), pH 7.4, sterilized through 
0.2 μM filter 

3.024 g/l NaHCO3, 28.2 mg/l bathocuproine sulfonate, 0.2 mM ß- 
mercaptoethanol, 100000 U/l penicillin, 100 mg/l streptomycin, 
182 mg/l cysteine, 2 % (v/v) heat- inactivated fetal calf serum 
(FCS) 

 

Cells were grown in methylcellulose HMI-9 and harvested by mixing with 4-5V PBS + 

10 mM glucose and passing through a folded paper filter. They were centrifuged at 

1,400g; 37°C for 15 min and washed twice in purine-depleted HMI-9. Cells were re-

suspended to a density of 8*105 cells/ml in purine-depleted HMI-9. The culture was 

split in two and one was supplemented with 100 µM hypoxanthine as a purine source. 

Both cultures were split in two again and one was supplemented with 3 µM 7-cyano-

7-deaza-inosine for PKA-activation. All cultures were incubated at 37°C, 5% CO2 for 

8h. After the incubation, 4*105 cells per sample were harvested, resuspended in 80 µl 

PBS + 10 mM glucose and transferred to a white flat-bottom 96- well plate. 80 µl of 

ONE GloTM EX Luciferase Assay system (Promega #E8110) was added to each well 

and the plate was incubated for 5 min at RT. The luminescence of each well was 

measured in quadruplicates with 1,000 ms integration time using the TECAN Infinite 

200 Pro plate reader. The mean value of the four measurements was calculated and 
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used for further analysis. The experiment was performed in biological triplicates and 

the mean values and standard deviations were calculated.  

2.2.7.5 NMR 

1 M proline 115 mg in 1 ml H2O à sterile filtered 
1 M glucose 180.2 mg in 1 ml H2O à sterile filtered 

1 M glycerol 73 µl in 927 µl H2O à sterile filtered 
1 M C13 glucose 186.11 mg in 1 ml H2O à sterile filtered 
1 M C13 glycerol 75.2 µl in 924.8 µl H2O à sterile filtered 
PBS 12 mM Na2HPO4, 3 mM KH2PO4, 150 mM NaCl, pH 7.4 + 5 g/l NaHCO3  

 

Bloodstream form AnTat 1.1 Munich was freshly differentiated into procyclics and 

transferred to SDM79 supplemented with glucose, glycerol, both or neither (glucose-

free medium contained 50 mM GlcNAc to prohibit glucose uptake from serum). 3.5*107 

cells were harvested per sample (900g; 10 min; RT), washed once in sterile PBS and 

resuspended in PBS at a final density of 2*107 cell/ml. 1 ml was transferred into 1.5 ml 

reaction tubes already containing 0.5 ml PBS + 4 mM of the respective carbon source. 

The cells were incubated for 6h at 27°C and viability was confirmed microscopically 

every hour. Afterwards, the cells were centrifuged at 2,000 g; RT for 10 min and the 

supernatants transferred to a new 1.5 ml reaction tube. Supernatants were frozen in 

liquid nitrogen and shipped on dry ice to Frederic Bringaud, (Bordeaux/France) where 

the proton NMR was performed as described in (Mantilla et al., 2017).  

2.2.7.6 BioID 

Lysis buffer 50 mM Tris/Cl pH 7.4, 500 mM NaCl, 0.4% SDS, 5 mM EDTA, 1 mM DTT, 1x 
c0mplete protease inhibitor (Roche ##4693132001) 

Equilibration 
buffer 

50 mM Tris/Cl pH 7.4, 250 mM NaCl, 0.2 % SDS, 2.5 mM EDTA, 0.5 mM DTT, 
1% Triton X-100 

10x PBS 1.37 M NaCl; 27 mM KCl; 43 mM Na2HPO4/14 mM KH2PO4 à dilute stocks to 
1x before use 

 

BioID pulldown 

Expression of BirA*-PKA was induced with 1 µg/ml tetracycline for 24h. Biotinylation 

of proteins in close proximity was induced simultaneously by addition of 50 mM biotin 

to the culture medium. For each replicate, 4*108 cells were harvested by centrifugation 

(1,400g; 37°C for BSF/900g; 27°C for PCF). The cells were washed three times in 

PBS, resuspended in 0.5 ml lysis buffer and sonicated on ice for 2x 30s in the Dia-

genode Bioruptor. Triton X-100 was added at a final concentration of 2% and the lysate 

sonicated again for 2 x 30s on ice. Afterwards, 0.5 ml 50 mM Tris/Cl pH 7.4 were added 

and the lysate was sonicated one more time as described before. The lysate was 

cleared by centrifugation at 15,000g; 4°C for 15 min. The buffer was exchanged for 

equilibration buffer using a PD10 column (GE Healthcare # 17-0851-01) as described 

by the manufacturer. The resulting eluate was concentrated to ca 1 ml using a Spin-X 
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UF 6 concentrator column (Corning # CLS431478) according to manufacturer’s in-

structions. The precipitation of biotinylated proteins was performed using 50 µl mag-

netic DynabeadsTM MyOneTM Streptavidin C1 (Thermo Fisher #65001) per reaction 

equilibrated in PBS. Binding was performed overnight at 4°C in a head over head ro-

tator. Unbound proteins were separated, and the beads washed in PBS for 5 x 5 min. 

Finally, the beads were resuspended in 40 µl Tris/Cl pH 7.5 and submitted for mass 

spectrometry to Michael Stadelmaier, AG Carell at the faculty of chemistry. 

 

Mass spectrometry 

(performed by Michael Stadelmaier, AG Carell at the faculty of chemistry) 

The supernatant was removed, and the beads resuspended in 27 µl digest buffer (50 

mM TEAB pH 8.5, 1 mM MgCl2). The beads were supplemented with 1.2 µl 100 mM 

DTT and incubated at 750 rpm, RT for 30 min. Afterwards, 1.8 µl 100 mM IAA were 

added and the beads incubated for another 10 min at 750 rpm, RT in the dark. Another 

20 µl of digest buffer were added and the proteins digested on-bead using 0.5 µg tryp-

sin in 50 mM AcOH at 37°C, 650 rpm overnight. Afterwards, the supernatant was re-

moved, and the beads washed in 20 µl digest buffer. Both supernatants were pooled 

and digested with 0.25 µg trypsin for another 3.5h at 37°C, 350 rpm. Peptides were 

purified via stage-tips using standard methods and solved in 6 µl MS solvent (0.1% 

formic acid, 2% MeCN). 3.5 µl were used for MS2 on Orbitrap (Thermo Fischer).  

 

MS analysis by MaxQuant and Perseus 

Protein identification and LFQ-quantification was performed using MaxQuant version 

1.6.0.16 TriTrypDB-33_Tbrucei_TREU927_AnnotatedProteins database obtained 

from tritrypdb.org with default settings (Tyanova et al., 2016a), except for max. allowed 

missed cleavages =3. 

Statistical analysis was performed as described for the Glycerol proteome. Valid values 

were filtered for at least 3 (BSF)/4 (PCF) in at least one group (all replicates). BirA*-

tagged lines were compared to the wild-type cell line using a student’s t-test with the 

FDR = 0.01 and S0 = 2. 
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question whether there is a balance between regulatory and catalytic subunits. Indeed, 

we found similar levels in both, BSF and PCF indicating that potentially all PKAC sub-

units can be bound in a holoenzyme in BSF. Here the PKAR to PKAC ratio seems 1:1, 

while we quantified an excess of PKAR in the PCF stage. 

We quantified molecule numbers in the range of X*104/cell. Assuming that a cell con-

tains 3*106 proteins/µm3 (Milo, 2013) and a T. brucei BSF cells has a volume of roughly 

67 µm3 (Jung, 2015) that would result in ~2*108 protein molecules/cell. Kinases com-

pose 2% (ca. 180 genes) of the T. brucei coding genome (Parsons et al., 2005). Under 

the assumption of equal expression levels among all genes, that would result in 4*106 

kinases/cell. Assuming they are expressed in equal numbers, this leaves 2,2*104 of 

each PKA subunit/cell, which is perfectly in line with the observation reported for PKA. 

However, this calculation is strongly dependent on the estimation of the total protein 

number/cell, which will vary between different references. Additionally, proteins are not 

expressed equally, e.g., structural proteins will always be more abundant than signal-

ing proteins. Based on that, we would conclude that it is not a very high abundance 

protein in general, but it could be high abundance amongst protein kinases.  

 

3.2 Generation of a PKAC knockout series 

Previous work in BSF showed essentiality of PKAC1 (Bachmaier, 2015; Kramer, 

2004). Since most of this laboratory’s work had focused on BSF, we had no information 

on PKA essentiality in the PCF life cycle stage so far. The only PKA subunit null mu-

tants available in PCF were ∆PKAR and ∆PKAC3 (cell line specification in 2.1.4), both 

of which were not essential for cell survival. Therefore, we aimed for a comprehensive 

analysis of PKAC null mutants from single to double and finally triple knockouts in 

terms of growth and differentiation potential. 
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overall intensity. Deletion of PKAC3 doesn’t seem to cause any major differences in 

phosphorylation pattern and knockout of all three catalytic subunits causes a similar 

pattern to that of ∆PKAC2 and ∆PKAC1/2. The quantification of RXXS*/T* signal in the 

PKAC1/2/3 triple knockout suggests a higher degree of phosphorylation, but this ap-

pears to be due to a blotting issue of the loading control (PFR in Figure 23A). One very 

prominent band at ca. 200 kDa is preserved throughout all PKA null mutants.  

In conclusion, this would suggest that the majority of PKA-regulated RXXS*/T* phos-

phorylations in PCF are mediated by PKAC2. However, there are still bands detected 

even in the triple knockout indicating the presence of other kinases with RXXS*/T* 

motif specificity. This would not be surprising, RXXS*/T* is the main PKA consensus 

motif but is shared with other AGC kinases (Bradley and Beltrao, 2019; Pearson and 

Kemp, 1991). 

 

3.3 Identification of possible PKA targets in PCF using a multi-omics ap-

proach 

After successful establishment of analytical tools and PKA knockouts, we proceeded 

to the functional analysis of PKA focusing on the PCF life cycle stage. We were inter-

ested in downstream targets as well as interaction partners. Since PKAC2 appeared 

to be responsible for the majority of RXXS*/T* phosphorylations (3.2.4), we put a spe-

cial focus on PKAC2.  
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Taken together, this would suggest that most substrates of PKAC2 are involved in the 

regulation of cellular processes, such as gene expression or signaling. But the conse-

quence of PKAC2 removal are changes in different metabolic enzyme levels, indicating 

that PKAC2 might affect metabolic enzymes at the level of gene expression. 

3.3.3 Interactome by BioID 

In this chapter we wanted to explore interactions of the PKA catalytic subunit with other 

proteins using BioID. The BioID method was already established in our laboratory (M. 

Gould) and used to identify interaction partners of the PKA regulatory subunit in both 

life cycle stages (Reith, 2016). By performing a BioID screen using the catalytic subunit 

as a bait, we aimed to identify some interaction partners of the catalytic subunit and 

compare them with the interactome of the PKAR subunit. This way, we could distin-

guish between interaction partners of the holoenzyme and interaction partners of the 

active catalytic subunit, such as substrates. The advantage of using BioID is the high 

sensitivity for detection of transient interactions. This type of interaction is expected 

between a kinase and their substrate. We were hoping to be able to draw some con-

clusions on PKA function based on the localization and functional annotations of the 

putative interaction partners likely to be substrates. Further, we wanted to explore the 

possibility of alternative regulatory components in PCF, since PKAR-dependent acti-

vation by nucleosides or cold shock have no effect on PKA substrate phosphorylation 

in PCF (Bachmaier, 2015; Wu, 2021). We chose to do a comprehensive analysis in-

volving all catalytic subunits expressed in their respective life cycle stage to additionally 

address the question of PKAC substrate specificity. Initially, N- and C-terminal fusion 

proteins of PKA and BirA* were generated, but C-terminal fusions were difficult to ob-

tain and showed low expression levels. Additionally, C-terminal tags on PKA catalytic 

subunits were not well tolerated in T. brucei in the past. Hence, experiments were per-

formed with the N-terminal BirA*-PKAC fusions only.  
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Since we were specifically interested in kinase-substrate interactions, we compared 

our interactomes with available PKA phosphoproteomes. For PKAC2, we checked for 

proteins that were also identified as regulated between wild-type and ∆PKAC2 (see 

chapter 3.3.2). In this comparison we only found 10 proteins, which were identified in 

BioID and differentially phosphorylated between wild-type and ∆PKAC2. For PKAC1, 

we compared the differentially phosphorylated proteins in response to 7-CN-7-C-ino-

sine (= jaspamycin) treatment, a potent PKA activator which mainly activates PKAC1 

in BSF (Bachmaier et al., 2019). Here we found 38 common hits, which are highly likely 

to be PKAC1 substrates.  

Next, we wanted to investigate whether the PKAC1 (BSF) and PKAC2 (PCF) specific 

interactions could be simply explained by life cycle regulated expression of these 

genes. The same was investigated for BSF- and PCF-specific interaction partners of 

PKAC3. For this purpose, we extracted a list of proteins from the PCF/BSF compara-

tive proteome (Urbaniak et al., 2012) which are upregulated at least 2-fold in BSF or 

PCF, depending on the comparison. These lists were compared with our interaction 

partners identified in BioID. We found that the majority of hits is not regulated between 

BSF and PCF using the parameters of at least a two-fold difference (Figure 35).  
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3.3.4 Structural modeling of PKAC1 and PKAC2 

The T. brucei genome encodes three PKA catalytic subunits, of which PKAC1 and 

PKAC2 share an extremely high similarity but are still differentially regulated through-

out the life cycle. PKAC1 and PKAC2 only differ in 19 amino acids, which are mostly 

located on the N- and C-terminus of the proteins. These two PKA subunits are not 

essential as shown before but may have specialized functions under specific condi-

tions. So far, known activators like nucleoside analogs or cold shock were shown to be 

mediated by PKAC1 (Bachmaier, 2015). However, none of these activators induce 

PKA activities in PCF, as measured by downstream substrate phosphorylation. In the 

PCF stage, PKAC2 is predominant. Additionally, we found subunit-specific interaction 

partners in the BioID interactome analysis. The majority of these interactors are not 

expressed in a life-cycle-dependent manner indicating that there is a subunit-specific 

subset of interactors. The question now is how this specificity is conferred. In this par-

agraph, we want to focus on the few key differences in amino acids between PKAC1 

and PKAC2 by structural modeling and hypothesize potential consequences of these 

differences. The structural modeling was performed using the Phyre2 server (Kelley et 

al., 2015). A model with high confidence and sequence coverage for both subunits was 

chosen for structural comparison. Both structures were superimposed and the differ-

ences highlighted. Figure 36A shows the linear protein structure where the important 

domains and differences between the subunits are highlighted. As mentioned before, 

most of them are located on the extreme N-terminus or the C-terminal AGC-kinase 

domain. Unfortunately, the extreme N-terminus could not be modeled by the software 

and therefore not be analyzed here. The differences of the amino acids are highlighted 

in the protein surface model in Figure 36B. Interestingly, the only modeled N-terminal 

difference (1) seems to structurally contribute to the AGC-kinase C-terminal domain 

once the protein is folded. The L237 in PKAC1 and F239 in PKAC2 (2) appear struc-

turally quite similar. Due to its aromatic properties, phenylalanine (F) can potentially 

contribute to protein-protein interactions, but is also buried within the structure, most 

likely not causing any major impact on functionality. The serine on position 247 in 

PKAC2 (3) is a phosphorylatable amino acid and should be highly similar to the gluta-

mate (phosphomimetic amino acid) on PKAC1 on that position, when phosphorylated. 

However, this residue is to date not reported as phosphorylated in any of the phospho-

proteomes. On position (4/5) PKAC2 has acquired two aromatic residues, which seem 

bulkier compared to PKAC1. R321 on PKAC2 (6) also appears bulkier compared to 

the small glycine in PKAC1. Right next to it, PKAC1 harbors a serine residue, which is 

also reported to be phosphorylated. The next difference is T324 on PKAC1 (7), also 
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protein interaction. Moreover, this C-terminal region is located close to the catalytic site 

and could influence substrate binding specificities. 

3.4 Possible role of PKAC2 in the regulation of metabolism 

3.4.1 Glycosomal localization of PKAC2 

The flagellar localization of all PKA subunits in both life cycle stages has been known 

for a while now (Fort et al., 2016; Krumbholz, 2006; Oberholzer et al., 2011). The 

PKAC2 subunit was the only one reported in the high confidence glycosomal proteome 

as a second location (Guther et al., 2014). Additionally, the results of the multi-omics 

approach in the previous chapter indicate a function of PKAC2 in metabolism. The 

imaging data from tryptag.org (Dean et al., 2017) for PKAC2 shows a flagellar and a 

punctuated pattern which would be compatible with glycosomes. Since this was not 

reported for BSF, we hypothesized this could be one functional difference between 

PKAC1 and PKAC2. Therefore, we tried to confirm this additional localization and ex-

plore whether PKAC1 also had the potential to localize to glycosomes or if this was a 

PKAC2-specific feature, possible due to some of the key differences highlighted in 

chapter 3.3.4.  
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of +/- glycerol conditions in the wild-type revealed 11 significantly (FDR = 0.1, S0 = 0.1) 

regulated phosphosites on 6 proteins (Figure 46B, Table 2). Using the same signifi-

cance cut-offs, we found no significantly regulated phosphorylations in the PKAC2 

knockout (Figure 46D). No proteins were significantly regulated on proteome level be-

tween +/- glycerol in the wild-type (FDR = 0.05, S0 = 0.1, Figure 46C). The most prom-

inent hit in this experiment was AMPKα1, the catalytic subunit of AMP-activated protein 

kinase. This protein was phosphorylated on 5 residues in the S/T loop, but only one of 

these phosphosites was actually in a PKA substrate motif (S533). Interestingly, the 

most prominent and visible ~50 kDa band on RXXS*/T* western blot (Figure 46A) could 

not be attributed to any of the proteins in the list of significantly regulated sites. How-

ever, we found a candidate slightly below the set significance cut-off that met all the 

criteria of the phosphoband, which are a molecular weight of ~50 kDa and glycosomal 

membrane association: PEX14.  

 

Table 2: Phosphosites regulated upon 15-minute glycerol-depletion in wildtype cells. 
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Tb927.10.5310 AMPKa1 
AMP-activated protein kinase 
alpha 

+ 5.6 -6.4 S533 RXS 80,6 

Tb927.10.5310 AMPKa1 
AMP-activated protein kinase 
alpha 

+ 5.3 -6.3 S529  80,6 

Tb927.10.5310 AMPKa1 
AMP-activated protein kinase 

alpha 
+ 6.9 -6.3 S525  80,6 

Tb927.10.5310 AMPKa1 
AMP-activated protein kinase 
alpha 

+ 5.4 -6.2 S536  80,6 

Tb927.10.5310 AMPKa1 
AMP-activated protein kinase 
alpha 

+ 6.8 -6.2 S528  80,6 

Tb927.6.3540 N/A zinc-finger protein, conserved + 6.1 -5.5 S105 RXS 41,6 

Tb927.7.7210 POMP37 
Present in the outer mitochon-
drial membrane proteome 37 

+ 5.9 -5.0 S62  77,5 

Tb927.3.1670 N/A 
hypothetical protein, con-
served 

+ 6.5 -4.3 S114  112,6 

Tb927.11.1820 N/A 
translation initiation factor 

eIF2B delta subunit, putative 
+ 7.0 -3.6 S315 RXS 68,6 

Tb927.7.2650 CAP51V 
hypothetical protein, con-
served 

+ 6.1 3.1 S147  62,2 

Tb927.7.2650 CAP51V 
hypothetical protein, con-
served 

+ 6.6 3.5 S150  62,2 

Tb927.10.240 PEX14 peroxin 14, putative  5.2 -4.5 S123 RXXS 39,9 

Tb927.10.240 PEX14 peroxin 14, putative  5.0 -4.0 T122 RRXT 39,9 

 

PEX14 is a 40 kDa protein and part of the glycosomal import machinery. It localizes to 

the glycosomal membrane, where it interacts with the cytoplasmic cargo receptors and 

mediates protein translocation through the membrane. Two phosphorylations upon 

glycerol-depletion were identified on RXXS*/T* sites.  
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differential centrifugation. For mass spectrometry, we still preferred the glycosome en-

richment method over the optimized protocols described in 3.4.1.2 because the simpler 

workflow ensures higher reproducibility between samples and less potential for protein 

contaminations. We filtered the list of identified proteins for glycosomal ones and ob-

tained 117 high confidence glycosomal proteins which we compared in abundance. 

The first thing we compared was glycosomal protein composition in presence or ab-

sence of glycerol for each cell line. Hierarchical clustering analysis showed a clear 

separation between glycosomal protein abundance of cells cultured in presence or ab-

sence of glycerol (Figure 55B). We identified 22 significantly regulated proteins in the 

wild type using a Student’s t-test with a cut-off of FDR = 0.05, S0 = 0.5 and a fold-

change of at least 1.5x (= Difference ±0.585). Of the 16 proteins upregulated in ab-

sence of glycerol most were involved in early steps of glycolysis, gluconeogenesis or 

nucleotide metabolism. Of the 6 proteins downregulated in absence of glycerol there 

was no clear enrichment for specific functions. However, the number of proteins is too 

low for a proper enrichment analysis (Figure 56A). Regulation of these hits by glycerol 

is in line with a previous proteome experiment where whole cell proteomes of cells 

grown in different carbon sources were analyzed (Ziebart, 2016). Not all of the proteins 

identified here were identified in the whole cell proteome, which is most likely due to 

higher sample complexity and different sample preparation for mass spectrometry. Ad-

ditionally, for most of these proteins, PEX14-dependent import could be demonstrated 

by (Peikert et al., 2017) (Table 3).  

Table 3: Glycosomal proteins regulated by glycerol availability in AnTat 1.1 90-13 wild type cells. Fold-
change can be calculated by 2^(Difference). Annotations include whether the protein was regulated by 
glycerol in the PEX14 phosphoablative (PA) or phosphomimetic (PM) mutants, if the protein was signifi-
cantly regulated in the whole cell proteome of (Ziebart, 2016) and whether glycosomal import was dis-
turbed by PEX14 RNAi (Peikert et al., 2017). Highlighted in green are the proteins whose glycerol-de-
pendent import regulation as lost in at least one of the PEX14 phosphomutants. n.i.= not identified, n.s. = 
not significant. 
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Tb927.11.900 4.0 -1.8 + + -1.7 - 
isocitrate dehydrogen-

ase, putative 
IDH 

citrate 

meatbolism 

Tb927.7.5680 3.0 -1.0 + + -1.6 + 
deoxyribose-phosphate 

aldolase, putative 
 

nucleotide 

metabolism 

Tb927.1.3830 4.9 -1.1 + + -1.0 n.s. 
glucose-6-phosphate 
isomerase, glycosomal 

PGI 
glycolysis, 
gluconeo-

genesis 

Tb927.7.4770 2.6 0.9 + + 0.6 - 
cyclophilin-type peptidyl-
prolyl cis-trans isomer-

ase, putative 

PPIase 
protein fold-

ing 
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Tb927.5.300 4.2 -1.2 + + n.i. n.i. 
thymine-7-hydroxylase, 
putative 

TLP5 
nucleotide 

metabolism 

Tb927.7.7500 3.6 -1.1 + + n.i. + 
thymine-7-hydroxylase, 
putative 

TLP7 
nucleotide 

metabolism 

Tb927.11.3850 3.2 0.9 + + n.i. + 
AMP deaminase, puta-
tive 

 
nucleotide 

metabolism 

Tb927.9.4200 2.5 1.4 + + n.i. n.i. 
fatty acyl CoA synthe-

tase 2 
ACS2 

fatty acid 

synthesis 

Tb927.10.6880 3.7 -1.3 + + n.s. - 
glyceraldehyde 3-phos-
phate dehydrogenase, 

cytosolic 

GAP glycolysis 

Tb927.8.7410 3.1 0.9 + + n.s. - calreticulin, putative  
protein fold-

ing 

Tb927.9.6090 3.4 -0.8 + - -1.9 n.i. 
PTP1-interacting pro-
tein, 39 kDa 

PIP39 signaling 

Tb927.8.1910 3.3 -0.9 + - n.i. n.i. 
metallo-peptidase, Clan 
MH, Family M18 

ArgE protease 

Tb927.4.1360 1.7 -0.6 + - n.s. + 
Glucose-6-phosphate 1-
epimerase, putative 

 

glycolysis, 

gluconeo-
genesis 

Tb927.10.2010 1.7 -0.7 - + n.i. - hexokinase HK1 glycolysis 

Tb927.7.1140 0.6 0.9 - + n.i. n.i. 
trypanothione/try-
paredoxin dependent 
peroxidase 3 

TDPX3 
trypano-

thion 

Tb927.5.940 2.7 0.8 - + n.s. + 
NADH-dependent 
fumarate reductase, pu-
tative 

FRD 
succinate 

metabolism 

Tb927.10.2020 3.1 -0.6 - - -2.3 + hexokinase HK2 glycolysis 

Tb927.8.7170 3.1 -0.7 - - -0.9 + 
inositol polyphosphate 
1-phosphatase, putative 

IP1Pase signaling 

Tb927.4.4070 2.3 -0.6 - - -0.7 + 
mevalonate kinase, pu-
tative 

 
isoprenoid 
synthesis 

Tb927.8.3280 3.5 -0.7 - - n.i. n.i. 

Beta-lactamase super-

family domain containing 
protein, putative 

 unknown 

Tb927.9.6100 1.6 -0.6 - - n.i. n.i. 
PTP1-interacting pro-

tein, 39 kDa 
PIP39 signaling 

Tb927.5.2080 3.7 -0.6 - - n.s. + GMP reductase GMPR 
nucleotide 

metabolism 
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considered the loss of regulation by glycerol in at least one of the mutants as the most 

interesting category to hypothesize potential physiological relevance of this phosphor-

ylation event (Figure 56D). This category yields 12 proteins which are highlighted in 

green in Table 3 and in pink in Figure 56A-C. For most of these proteins, import regu-

lation was not completely abolished, but rather reduced to a very low threshold (< 1.5 

fold-change = difference ±0.585). They were still statistically significant though (outside 

the borders of the volcano plots in Figure 56B-C). The only proteins that lost statistically 

significant regulation by glycerol were PIP39, GMP reductase and TDPX3 for the phos-

phoablative mutant and PIP39 and FRDm2 in the phosphomimetic mutant (inside the 

borders of the volcano plots). TDPX3 showed very high variation between individual 

replicates and FRDm2 is a mitochondrial protein, which is usually not expressed 

(Wargnies et al., 2021). However, FDRm2 and FRDg share a 483 amino acid core that 

is perfectly conserved between these two isoforms. The peptides identified here might 

be a mixture of both FRD isoforms. This only leaves PIP39 as a candidate where glyc-

erol-dependent import regulation was completely lost (statistically non-significant 

change) in both PEX14 phosphomutants. Additionally, comparison of the individual cell 

lines with one another was performed but did not return any significant differences with 

the selected cut-offs (Supplementary Figure 6). Furthermore, in all cell lines, PKAC2 

appears slightly enriched in the glycosomal fractions from cells grown in absence of 

glycerol, but the effect is not statistically significant. However, only a small fraction of 

PKAC2 localizes to glycosomes, while the flagellum is the predominant subcellular lo-

calization. The glycosome enrichment method used here also enriches for flagella. The 

flagellar PKAC2 fraction could mask potential differences in glycosomal import of 

PKAC2 leading to a loss of statistical significance. 

In summary, we observe loss of import regulation by glycerol for some proteins, of 

which PIP39, a Ser/Thr phosphatase involved in stumpy to PCF differentiation, is ex-

tracted as the most promising target based on the statistical analysis. Due to the overall 

low fold-changes, this needs experimental validation before further downstream anal-

ysis. 
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we did for 13C glucose, which is again explainable by competition and the higher glyc-

erol-kinase activity. 

In conclusion, this experiment confirmed the preferences in carbon source consump-

tion already known from experiments with the EATRO 1125 T7T PCF strain. We do 

not see major differences in freshly differentiated cells at the time point of measure-

ment. To answer the initial question: Yes, early procyclics can metabolize glucose and 

they even prefer it over proline. Therefore, the severe growth phenotype on medium 

containing glucose and no glycerol (Figure 42) should not be a result of energy starva-

tion. However, the cells were measured only 24h after the transfer to the new medium. 

At this time, the cells still appear healthy and motile. It is not excluded that there are 

differences later on, when the glucose-only phenotype is becoming apparent. Measur-

ing this time-point is technically challenging because the cells are obviously unhealthy 

and results would probably not be interpretable.  

3.4.3 Regulation of purine metabolism 

Previous work in this laboratory showed purine nucleosides and nucleoside analogs to 

be potent T. brucei PKA ligands (Bachmaier, 2015; Bachmaier et al., 2019; Githure, 

2014). In BSF, low concentrations of cell permeable nucleoside analogons, like toyo-

camycin or 7-cyano-7-deaza-inosine (7-CN) were able to dissociate the PKAR-PKAC 

complex (Wu, 2021) and induce phosphorylation of downstream targets (VASP re-

porter protein, RXXS*/T* substrates in general (Bachmaier, 2015; Bachmaier et al., 

2019)). In PCF however, these nucleoside analogs do not lead to increases in sub-

strate phosphorylation (Bachmaier, 2015), even though nucleosides can dissociate the 

complex (Wu, 2021). Uptake of purine nucleosides and nucleobases is essential in 

trypanosomes since they cannot synthesize them de novo. Recent work of the Estevez 

laboratory showed that purine abundance causes the repression of the nucleobase 

transporter NT8 in PCF (termed Purine Response). This response is mediated by a 

regulatory element in the 3’UTR of the NT8 gene. When fused to firefly luciferase, this 

regulatory element is sufficient to confer regulation of luciferase expression in re-

sponse to purines (Fernandez-Moya et al., 2014). When they used this regulatory ele-

ment as a bait in a pulldown experiment, they identified two RNA binding proteins, 

Purine Response Element Binding Protein 1/2 (PuREBP1/2,(Rico-Jimenez et al., 

2021)). RNAi-mediated knock-down of either PuREBP resulted in reduced/abolished 

repression of luciferase expression. PuREBP1 was identified as a PKA substrate in 

the 7-CN phosphoproteome (Bachmaier et al., 2019) and PuREBP2 was found in the 

PCF BioID pulldowns (3.3.3.2). These observations led to the question whether PKA 

could be involved in purine response signaling and was approached in collaboration 
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4 DISCUSSION 

4.1 Functions of PKA in PCF 

The main scope of this work was to unravel potential functions of TbPKA in the procy-

clic life cycle stage with a special focus on metabolism. Additionally, we wanted to 

investigate the requirement of PKA catalytic activity for basic cellular viability. 

4.1.1 Role of PKA in metabolism  

4.1.1.1 Effects of PKAC2 on central carbon metabolism 

Based on the suspected glycosomal localization by (Guther et al., 2014) and the im-

aging data provided by the tryptag database (Dean et al., 2017), we hypothesized that 

PKAC2 might play a role in carbon metabolism. After confirmation of the glycosomal 

localization by glycosome enrichment and purification (chapter 3.4.1.2), we tested this 

hypothesis by examination of the RXXS*/T* phosphorylation pattern upon switch from 

a glycolytic carbon source to amino acid metabolism. Indeed, we found phosphoryla-

tion of one prominent band under glycerol depletion. Phosphorylation of this band was 

lost in the PKAC2 knockout, but not in the PKAR knockout. Analysis of the subcellular 

localization of this band, paired with a phosphoproteomic approach (chapters 3.4.2.2.2, 

3.4.2.2.3) led to the preliminary assignment of this protein as PEX14, a member of the 

glycosomal import machinery. We could confirm PEX14 by GFP- in situ tagging in wild 

type and PKAC2 knockout cells. After GFP-pulldown, we confirmed RXXS*/T* phos-

phorylation of the fusion protein in the absence of glycerol in the wild-type, but not the 

PKAC2 knockout (Figure 51). To examine the physiological relevance, we generated 

homozygous phosphoablative and phosphomimetic mutants of both PEX14 phospho-

sites. First, we analyzed growth in medium with or without glycerol and did not observe 

any major phenotypes. Next, we hypothesized that the phosphorylation could have an 

impact on glycosomal import of a subset of enzymes. While we did not observe differ-

ences in steady-state glycosomal protein composition between wild type and the 

PEX14 phosphomutants, we did observe a loss of regulation of glycosomal protein 

abundance between cells grown in presence or absence of glycerol. This discrepancy 

could be explained by the low fold-changes of import differences in combination with 

potential adaptation mechanisms of the mutants. We thus considered the loss of gly-

cosomal protein regulation by glycerol as the most interesting feature. Furthermore, 

the proteome comparison of wild type and ΔPKAC2 showed an enrichment for meta-

bolic enzymes amongst the differentially expressed proteins which strengthened the 

hypothesis of a potential role of PKAC2 in carbohydrate metabolism (chapter 3.3.1). 
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From the pattern of up- and downregulation of enzymes, we hypothesized that PKAC2 

is involved in the regulation of glycolysis and gluconeogenesis (Figure 26). Regulation 

of these metabolic pathways by PKA is not a new concept. In yeast, PKA is involved 

in glucose metabolism. In hepatocytes, PKA regulates both these pathways by phos-

phorylation of transcription factors and the involved enzymes in glycolysis/gluconeo-

genesis (introduced in 1.2). For T. brucei, we identify regulation of metabolic enzymes 

on proteome level (chapter 3.3.1), but very few regulated phosphorylation sites on met-

abolic enzymes (chapter 3.3.2). This would indicate that the primary targets involved 

in this regulation are proteins that regulate gene expression rather than the metabolic 

enzymes themselves. Based on the BioID interactome and ΔPKAC2 phosphoprote-

ome, it does not seem like there are a lot of glycosomal phosphorylation targets. The 

most prominent metabolic target of PKAC2 which we could verify is PEX14. Open 

questions in this pathway, will be discussed in the following paragraphs. 

Glycosomal import of PKAC2 

First, how is PKAC2 imported into glycosomes? Usually, glycosomal matrix proteins 

are marked for import via a PTS1 or PTS2 signal. Neither of these are present on 

PKAC2. Initially, we hypothesized that PKAC2 might be glycosome associated rather 

than imported. This hypothesis was rejected when we observed that PKAC2 is pro-

tected from protease digestion (Figure 39). Alternatively, proteins without PTS signals 

can be imported by piggybacking. Here the interaction with a PTS-containing protein 

causes import of the whole complex, as was shown for PEPCK and UGP (Villafraz et 

al., 2021). After the discovery of PEX14 as a substrate, we propose that PKAC2 import 

is the result of this kinase-substrate interaction and therefore does not need a PTS 

signal. The fact that we cannot detect PKAR in glycosomal fractions indicates that 

PKAC2 is imported either before complex assembly or after dissociation. Whether gly-

cosomal PKAC2 fulfills a function besides the phosphorylation of PEX14 is not clear 

yet. Based on the phosphoproteomic comparison of wild type and PKAC2 knockout 

cells (chapter 3.3.2), there is no indication for glycosomal phosphorylation targets with 

a PKA substrate motif (Supplementary Table 2). However, this phosphoproteomic 

comparison was done in steady-state culture conditions on a whole cell lysate. It is 

possible that a glycosomal phosphoproteome might reveal some targets that were 

missed before due to low abundance. To our knowledge PKAC2 is the only protein 

kinase localized to this subcellular compartment and could potentially be the antagonist 

of glycosomal protein phosphatases. Given that PEX14 phosphorylation occurs during 

glycerol depletion, we would expect elevated PKAC2 import under these conditions, if 

the piggybacking model applies. Interestingly, we do observe PKAC2 import irrespec-

tive of glycerol availability (Figure 39). Yet, it is possible that import is upregulated in 
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response to glycerol depletion, as the PKAC2 abundance could not be compared 

quantitatively between both conditions. In the glycosomal proteome, we observed a 

tendency of higher PKAC2 levels in cells grown in absence of glycerol. Unfortunately, 

this effect was not statistically significant, which could be due to the dual localization 

of PKAC2 in the glycosome and flagellum and a minor contamination of the glycosomal 

fraction with flagella. Both of these cellular structures are enriched with the differential 

centrifugation method used prior to proteome analysis. Assuming that the predominant 

flagellar localization is not affected by glycerol, it would most likely quench potential 

differences in glycosomal import. Whether the import of PKAC2 is regulated quantita-

tively by changes in glycerol availability still needs to be addressed. 

PKAR-independent activation of PAKC2 

The second question is how PKAC2 is activated by glycerol depletion, especially con-

sidering that PEX14 phosphorylation is a PKAR-independent event. It is possible that 

PKAC2 needs additional phosphorylations to gain full activity. In the mammalian 

orthologue, PKAC activity is mediated by two crucial phosphorylation sites. First, S338 

in the kinase C-terminal tail is phosphorylated. This phosphorylation allows interaction 

with PDK1, which then phosphorylates T197 in the activation loop. Both of these phos-

phorylations are placed before PKAR-PKAC holoenzyme assembly, rendering an ac-

tivation mechanism that exclusively depends on PKA dissociation by ligands (Romano 

et al., 2009; Taylor et al., 2012b). In T. brucei, phosphoproteomic analyses have re-

ported plenty of phosphosites for PKAC1/2 (Nett et al., 2009; Urbaniak et al., 2013; 

Zhang et al., 2020), including the equivalents of the S338 and T197 known from mam-

malian PKA. Due to the extremely high sequence similarity, tryptic digest of PKAC1 

and PKAC2 leads to only very few subunit-specific peptides that can be analyzed by 

mass spectrometry. Therefore, only very few sites can actually be attributed to one 

subunit specifically. So far, we are only aware of two phosphoproteomic datasets avail-

able in the PCF stage, one of which is described here (chapter 3.3.2). In our dataset, 

we only identified the activation loop phosphorylation (T179 in PKAC1/T181 in PKAC2) 

and one more phosphorylation on the C-terminal tail (S315 in PKAC1/S317 in PKAC2). 

The latter could correspond to S338 in the mammalian orthologue and phosphorylation 

of both these sites should be sufficient to render an active kinase (Romano et al., 2009; 

Taylor et al., 2012b). Yet, we do not observe any downstream RXXS*/T* substrate 

phosphorylation increase by nucleoside analogs, even though PKAR-PKAC dissocia-

tion is possible (Bachmaier, 2015; Wu, 2021). So far, the only prominent PKA-depend-

ent phosphorylation event we could observe is PEX14 phosphorylation in response to 

glycerol-depletion. It is possible that some additional post translational modifications 

are needed to obtain full activity or mediate PEX14 substrate-specificity. The most 
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prominent phosphorylation target by glycerol-depletion was AMPKα1 (Table 2). We 

could confirm changes in AMPKα1 and AMPKα2 activity pattern upon this metabolic 

trigger (Figure 47). This kinase is a known regulator of metabolism and could poten-

tially act upstream of PKAC2 in this pathway. AMPKα is activated by an increase in 

AMP/ATP ratio (Garcia and Shaw, 2017). A switch from glucose/glycerol to proline 

metabolism induces a shift from glycolytic to gluconeogenetic flux (Wargnies et al., 

2018). The cytoplasmic reaction of phosphoglycerate kinase (PGK, step 10 in Figure 

3) now consumes ATP instead of generating it. This could contribute to an increase in 

AMP/ATP ratio activating AMPKα. In addition to that, mitochondrial flux is elevated 

leading to higher oxidative phosphorylation and production of reactive oxygen species 

(ROS) (Tirichen et al., 2021), which have also been reported to activate AMPKα in BSF 

trypanosomes (Saldivia et al., 2016). Activated AMPKα could place some phosphory-

lation on PKAC2 (directly or via a kinase cascade) in addition to the already established 

T181 and S317 phosphorylations to increase PKAC2 activity or substrate specificity 

towards PEX14 (Figure 60A). The fact that we did not observe any additional phos-

phosites on PKAC2 argues against this hypothesis. However, the cytoplasmic fraction 

of PKAC2 which we investigate here is minor. Therefore, changes in phosphorylation 

pattern of this protein fraction could be below detection limit of the mass spectrometry. 

Alternatively, AMPKα could place the C-terminal phosphorylation on S317, which 

would facilitate PDK1-mediated phosphorylation of T181 in the activation loop (Figure 

60B) giving rise to an active PKAC2 requiring only the two phosphorylation sites we 

were able to detect by mass spectrometry. Another possibility is that phosphorylation 

of PEX14 is not induced by enhanced activity of PKAC2, but rather by the inactivation 

of phosphatases that work antagonistically to PKAC2. In HeLa cells, treatment with 

diamide, an agent that oxidizes sulfhydryl (-SH) side chains, caused a biphasic effect 

on PKA activity measured in cell lysates (Humphries et al., 2007).  At low concentra-

tions of diamide (up to 100 µM), PKA activity was increased and inhibited at higher 

concentrations. Using a variety of phosphatase inhibitors, they confirmed that the in-

crease in PKA activity at low concentrations was the result of phosphatase inhibition 

by the oxidizing agent. Alternatively, protein oxidation can also be triggered by ROS 

as oxidizing agents. The PKAC inactivation at high concentrations of diamide is the 

result of oxidation of the cysteine residue (C199 in mammalian, C183 in PKAC2) in the 

activation loop (Humphries et al., 2005; Humphries et al., 2002). This mechanism is 
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stumpy to procyclic differentiation. In stumpy BSF PIP39 is dephosphorylated and 

thereby inactivated by the tyrosine phosphatase PTP1. Upon initiation of PCF differ-

entiation by citrate/cis-aconitate, PTP1 is deactivated leading to PIP39 phosphoryla-

tion on Y278 and recruitment to the glycosome (Szoor et al., 2010). This glycosomal 

sequestration is crucial for successful differentiation into procyclic cells. The glycoso-

mal localization is maintained in PCF, but the biological function in this stage is not yet 

fully investigated. Western blot analysis of PIP39 in BSF and PCF lysates showed a 

shift in SDS-PAGE migration, indicating that the phosphatase is phosphorylated and 

therefore most likely active (Szoor et al., 2010). Overexpression or RNAi mediated 

depletion of PIP39 had no severe growth phenotypes in standard culture conditions 

(Szöőr et al., 2019; Tripathi et al., 2019). Recently, (Tripathi et al., 2019) proposed that 

PIP39 is involved in maintenance of cellular homeostasis together with Tim50, a mito-

chondrial DxDx(T/V) phosphatase and part of the mitochondrial translocation machin-

ery. The cross-talk between these two phosphatases is supposed to be mediated via 

AMPKα. They could observe a 1.5x increase in PIP39 levels upon 8-pCPT-2Me-cAMP 

treatment (AMPKα-activator) and a decrease in PIP39 levels upon treatment with com-

pound C (AMPKα inhibitor). Furthermore, PIP39 depletion by RNAi resulted in elevated 

intracellular ROS levels, indicating that PIP39 might be involved in ROS detoxification 

(Tripathi et al., 2019). Since AMPKα activation by ROS was demonstrated in the BSF 

stage, it would not be surprising if this feature was conserved in PCF (Saldivia et al., 

2016).  

In summary, glycerol depletion leads to an increase in PKAC2-dependent PEX14 

phosphorylation. This phosphorylation event is independent of the regulatory subunit 

and hence must involve an alternative activation mechanism of PKA. We propose two 

models for PKAR-independent increase in PKAC2 activity. The first model involves an 

upstream acting kinase that is activated by glycerol-depletion and phosphorylates 

PKAC2 on the C-terminus to render it fully active or confer substrate specificity towards 

PEX14. We propose AMPKα as a potential upstream acting kinase based on the 

changes in activity upon glycerol-depletion (Figure 61). In the other model, PKAC2 

activity is not altered, but the mild increase in ROS levels causes inhibition of protein 

phosphatases. These phosphatases would otherwise remove the phosphorylations on 

PEX14, thereby leading to an accumulation of phosphorylated PEX14. Phosphoryla-

tion of PEX14 seems to lead to increase in glycosomal PIP39 protein levels. Based on 

the finding of (Tripathi et al., 2019), we could image that PIP39 is upregulated to par-

ticipate in oxidative stress defense by a yet unknown mechanism. Mitochondria are the 

main source of ROS and glycerol removal will cause an increase in mitochondrial met-

abolic flux, leading to a higher ROS production. In glycosomes, the only glycolytic 
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enzyme that are upregulated in response to depletion are hexokinase and glucose-6-

phopshate isomerase. Both of these enzymes can produce glucose-6-phosphate 

which is necessary to feed the pentose phosphate pathway (PPP). This pathway is 

important for the generation of nucleoside precursors, but also for the supply of reduc-

ing agents, such as NADPH. In T. brucei, the enzymes which produce NADPH are 

located predominantly in the cytoplasm, but also in the glycosomes (Duffieux et al., 

2000; Heise and Opperdoes, 1999). Assuming that glucose-6-phosphate can cross the 

glycosomal membrane, it should be able to feed the glycosomal and cytoplasmic 

branches of the PPP. The reducing agents generated by the PPP are critical for ROS 

detoxification by the trypanothione pathway (Kovarova and Barrett, 2016). The NADPH 

consuming step of ROS detoxification by trypanothione reductase is mainly localized 

in the cytoplasm, but the enzyme was also detected in the glycosomal proteome 

(Guther et al., 2014). Glycosomal isocitrate dehydrogenase (IDHg) was the most prom-

inently upregulated enzyme upon glycerol depletion and also produces NADH and 

NADPH during the catalysis of isocitrate to alpha-ketoglutarate (α-KG). There is no 

evidence of NAD(P)H transport through membranes in T. brucei, thus IDHg only con-

tributes to the glycosomal pool. Interestingly, we found two isoforms of thymine-7-hy-

droxylase, an α-KG consuming enzyme, upregulated along with IDHg. This enzyme 

catalyzes the modification of thymine to hydroxymethyluracil to formyluracil and finally 

uracil-carboxylic acid (Simmons et al., 2008). It is possible that IDHg is upregulated to 

supply these enzymes with the cofactor α-KG to produce modified nucleobases 

needed for epigenetic remodeling or RNA modification. Modification of RNA could have 

an effect on the transcript stability or translation initiation and thereby lead to further 

adaptations. Taken together, it appears as if the function of glycosomes shifts from 

energy generation to ROS detoxification and potentially further adaptation in the ab-

sence of glycolytic carbon sources (Figure 62).  
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steps were shown to be influenced by ROS levels (Dolezelova et al., 2020; Horakova 

et al., 2020) and PIP39 appears to influence them (Tripathi et al., 2019). So far, func-

tional analysis of PIP39 in the PCF stage is limited. This phosphatase might be im-

portant for efficient migration through the tsetse fly. This hypothesis could be tested by 

infection of tsetse flies with the PEX14 phosphomutants, ∆PKAC2 and a PIP39 de-

pleted line. Progression through the tsetse fly in vivo is accompanied by migration 

through various tissues and morphological changes. It is possible that the necessary 

adaptations for successful completion of the life cycle are triggered by metabolic sig-

nals which are conveyed to signaling proteins or complexes, such as PKA or PIP39. 

4.1.1.2 Environmental sensing through glycolytic metabolites 

In the previous paragraph, we hypothesized that the physiological relevance of PEX14 

phosphorylation could be an increase in glycosomal recruitment of PIP39, a key ele-

ment of the stumpy to PCF differentiation signaling pathway. In this scenario, the gly-

colytic metabolites glucose and glycerol would not only act as metabolites for energy 

generation, but also as environmental signals. In Figure 42 we observed that cultivation 

of freshly differentiated procyclics (early procyclics) in medium containing glucose, but 

not glycerol, led to growth arrest and eventual cell death. In addition to that, these cells 

became elongated and showed a decrease in motility. Initially, we hypothesized that 

early procyclics might not be able to metabolize glucose, but this hypothesis was re-

jected after the NMR analysis (chapter 2.2.7.5). Trypanosome differentiation is often 

accompanied by changes in morphology, motility and protein surface coat. During the 

differentiation from stumpy to procyclics, the cells change their protein surface coat 

from the variant surface glycoproteins (VSG) in BSF to procyclins in PCF. Composition 

of this PCF surface coat is affected by availability of glycolytic carbon sources and 

disturbance of mitochondrial enzyme activity in vitro (Morris et al., 2002; Vassella et 

al., 2000; Vassella et al., 2004). The main procyclin expressed in PCF is EP, a protein 

of up to 30 tandem repeats of Glu-Pro (Mowatt and Clayton, 1987; Roditi et al., 1987). 

In addition to that early PCF express the procyclin GPEET, a protein composed of 6 

pentapeptide (Gly-Pro-Glu-Glu-Thr) repeats (Mowatt et al., 1989). The latter is down-

regulated in vivo after 7 days post infection of tsetse flies. In vitro, GPEET expression 

is dependent on glycerol availability during stumpy to PCF differentiation and can be 

maintained as long as glycerol is present in the culture medium (Vassella et al., 2000). 

As soon as cells are cultured under glucose only, they undergo morphological changes 

and a transient growth arrest, which was proposed to mark a further differentiation step 

to late procyclics (Vassella et al., 2000). Alternatively, GPEET re-expression can be 

triggered by glucose-depletion (Morris et al., 2002) or by downregulation of ASCT-
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cycle enzymes (Vassella et al., 2004). Later during the differentiation to epimastigotes, 

the parasites express BARP (brucei alanine-rich proteins) on their surface (Urwyler et 

al., 2007). Finally, when they reach the salivary glands, metacyclic cells express meta-

cyclic VSGs (mVSGs). In vitro differentiation to metacyclics by RBP6 overexpression 

was demonstrated to be more efficient in glucose and glycerol-free medium (Ziebart, 

2016). In summary, many differentiation steps are accompanied by changes in surface 

coat proteins, which might be important for progression to the next host or tissue. Of 

these surface coats, GPEET is known to be regulated by metabolic state. It would not 

be surprising, if small metabolites such as glucose or glycerol would act as metabolic 

signals or an energy gauge to initiate the next step in this complex life cycle. This could 

be perceived by interconnection of metabolic pathways with signaling proteins or com-

plexes, such as PKA or PIP39. These signaling complexes could transduce these met-

abolic signals into a downstream response and initiate adaptation processes such as 

changes in morphology and surface protein coat, cell cycle arrest or remodeling of 

metabolic pathways. 

4.1.1.3 PKA and nucleoside metabolism 

Kinetoplastids cannot synthesize the purine ring de novo and rely on purine nucleoside 

import from their extracellular surroundings (Landfear et al., 2004). The T. brucei ge-

nome encodes for a variety of nucleoside and nucleobase transporters with different 

affinities and uptake rates (summary available in (Ortiz et al., 2009)). Inside the cell, 

the different purines can be interconverted (Arco and Fernandez-Lucas, 2017). One of 

these conversion enzymes, AMP-deaminase was identified as a potential interaction 

partner of all three catalytic subunits in both life cycle stages (chapter 3.3.3). Further-

more, glycerol depletion in PCF leads to PKAC2-dependent phosphorylation events 

and to a downregulation of AMP-deaminase and an upregulation of GMP reductase, 

two proteins that produce inosine-monophosphate (IMP). IMP can be further broken 

down to inosine, the most potent physiological PKA activator in BSF (Githure, 2014; 

Wu, 2021). We tested whether PKA is necessary for the purine response pathway in 

BSF (chapter 3.4.3) and observed that PKA is not essential but simultaneous activation 

can enhance the upregulation of the luciferase reporter fused to the purine-dependent 

regulatory element. In a physiological context this would suggest that PKA activation 

leads to enhanced expression of the nucleobase transporter NT8. Expression of NT8 

is dependent on the RNA binding proteins PuREBP1 and PuREBP2 (Rico-Jimenez et 

al., 2021). PuREBP1 was identified as a PKA substrate in the BSF phosphoproteome 

after induction with 7-CN, a potent PKA activator (Bachmaier et al., 2019) and contains 

one PKA phosphorylation site on S589 (Urbaniak et al., 2013). It is possible that PKA 
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phosphorylation on this site modifies the RNA binding properties and leads to a higher 

de-repression of NT8. This effect should be tested in the procyclic stage using the 

series of PKAC knockouts generated here (chapter 3.2). The purine response pathway 

was initially described in procyclic cells, which we could reproduce in our lab. We also 

observed purine response in the procyclic PKAR knockout (T. Thanner, unpublished). 

We cannot test whether PKA activators would enhance the de-repression in the PCF 

stage based on the absence of ligand inducibility of PKA in PCF. However, it is still 

possible that catalytic activity is needed for modification of the PuREBP RNA binding 

properties, but regulation may not be mediated via PKAR.  

Nucleoside transporters are extremely important for trypanosome drug targeting since 

numerous trypanocidal compounds are taken up by nucleoside transporters (Berg et 

al., 2010). In this context, simultaneous PKA activation could potentially increase up-

take efficiency of these compounds and lead to a lower effective concentration. 

4.1.2 PKA is not essential for basic cellular viability in PCF 

In addition to the potential metabolic phenotypes, we investigated PKA essentiality in 

procyclic cells by a series of single, double and triple knockouts. Removal of all PKAC 

subunits was well tolerated by the cells and showed no major phenotypes in cell via-

bility. Only the PKAC2 and PKAC1/2 knockouts initially displayed a mild increase in 

PDT which was lost after prolonged culture time. This was not observed for the triple 

knockout which was a long term procyclic culture. It might indicate that PKA is more 

crucial in the early procyclic stage shortly after differentiation. We could observe a de-

crease in substrate phosphorylation pattern (RXXS*/T*), which was mainly due to de-

letion of PKAC2. From this we concluded that PKA is not essential for basic cellular 

functions in the procyclic stage, but might be activated under specific circumstances, 

like changes in nutrient levels. Furthermore, PCFs are only one of several fly stages 

and differentiate further during progression through the different tissues. It is possible 

that PKA is needed in a later stage in vivo. A complete summary of PKA reverse ge-

netic phenotypes in PCF can be found in Table 4. In contrast to procyclics, BSF cells 

display an obvious motility and cytokinesis phenotype that corresponds with the flagel-

lar localization. Even though, PKA predominantly localizes to flagella in PCF as well, 

we do not observe any striking motility phenotypes here. The main reason for this is 

that motility and cytokinesis are decoupled in the procyclic stage (Broadhead et al., 

2006; Ralston et al., 2006). Impaired motility in PCF does not lead to cytokinesis issues 

and has no effect on cell proliferation. This would explain why we do not observe a 

cytokinesis phenotype in the PCF stage. We do not observe a striking motility pheno-

type in the PKAR and PKAC knockouts in culture, but this has not been investigated 
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in a quantitative manner and is thus not excluded yet. There is still a possibility of a 

mild motility phenotype which could potentially influence trypanosome migration 

through the tsetse fly.  

Table 4: Summary of PKA phenotypes in PCF T. brucei after genetic perturbations. 

Sub-

unit 

Refer-

ence 

T. brucei 

strain 

Gene manipu-

lation 
Phenotype 

P
K

A
R

 

(Bachmai

er, 2015) 
AnTat 1.1 ∆pkar/∆pkar 

No obvious phenotypes 

No co-regulation of other PKA subunits 

P
K

A
C

2
 

This work 
AnTat 1.1 

90-13 
∆pkac2/∆pkac2 

Growth: mild increase in PDT, lost over 

prolonged time in culture 

Loss of PEX14 phosphorylation upon 

glycerol/glucose-depletion 

No co-regulation of other PKA subunits 

P
K

A
C

1
/2

 

This work 
AnTat 1.1 

90-13 

∆pkac1/∆pkac1, 

∆pkac2/∆pkac2 

Growth: mild increase in PDT, lost over 

prolonged time in culture 

No co-regulation of other PKA subunits 

P
K

A
C

3
 

(Schulte 

zu 

Sodingen, 

2000) 

AnTat 1.1 ∆pkac3/∆pkac3 

Growth: mild growth phenotype, lost af-

ter prolonged time in culture 

Cytokinesis: no phenotypes 

No co-regulation of other PKA subunits 

P
K

A
C

1
/2

/3
 

This work AnTat 1.1 

∆pkac1/∆pkac1, 

∆pkac2/∆pkac2 

∆pkac3/∆pkac3 

Growth: no effect 

 

4.2 Redundancy of PKAC1 and PKAC2 

One of the questions we collectively tried to answer over the past years was whether 

PKAC1 and PKAC2 are redundant. These two genes share over 90% sequence iden-

tity and have most likely emerged from a gene duplication event (Kramer et al., 2007). 

The life-cycle dependent expression profiles led to the hypothesis that they might have 

specialized functions. However, the BioID interactome showed more common than 

specific interaction partners for these two subunits (chapter 3.3.3.3, supplementary 

tables 3, 5) and the GO analysis of the specific hits showed very similar functional 

annotations. Reverse genetic analysis in monomorphic BSF, showed quite similar cy-

tokinesis phenotypes for PKAC2 knockout and PKAC1/2 RNAi (Kramer, 2004).  

PKAC1 in BSF appeared to be essential in the monomorphic strain MITat 1.2, since 
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heterozygous gene deletion caused a severe growth and cytokinesis phenotype and a 

homozygous deletion was not possible to obtain (Kramer, 2004). In the pleomorphic 

AnTat 1.1 strain, RNAi has less severe growth effects and deletion of PKAC1 was 

possible when PKAC2 was inducibly overexpressed during the course of transfection 

(Wu, 2021) indicating that PKAC2 might compensate for PKAC1 deletion. However, 

these cell lines showed no growth phenotype when the PKAC2 overexpression was 

terminated. Alternatively, this could indicate that these lines have gone through some 

adaptation mechanism during genetic manipulation and do not require PKAC1 any-

more.  

The few differences we observe in the protein sequence are located on the extreme 

N- and C-termini. In mammalian PKA, these regions are important for kinase activity 

and substrate specificity (Kannan et al., 2007; Tholey et al., 2001). Structural modeling 

showed that the differences of PKAC1 and PKAC2 lead to slightly different C-terminal 

surfaces (chapter 3.3.4). Further, these regions are full of phosphorylation sites, which 

appear to be either life cycle or subunit specific. BSF phosphoproteomes identify 

higher numbers of phosphosites on PKAC1/2 compared to PCFs. The phosphosites in 

BSF could also be PKAC1-specific and absent in PCF because this subunit is simply 

not expressed. Knockout of PKAR is accompanied by a downregulation of PKAC1/2 

expression in BSF, but not in PCF. Similarly, this could be a subunit or life cycle specific 

observation, possibly as a result of the differential phosphorylation patterns. One po-

tential explanation might be that PKAC1 is less stable compared to PKAC2 when not 

bound in a holoenzyme conformation. Alternatively, some of the phosphorylations in 

BSF could destabilize the unbound catalytic subunit in BSF. The second seems more 

likely considering PKAC1 and PKAC2 overexpression experiments (Supplementary 

Figure 8). When generating TY-PKAC1 and TY-PKAC2 rescue lines in BSF ∆PKAC2, 

induction of the TY-tagged proteins leads to increase in their expression, while the 

endogenous PKAC1 is downregulated. This was observed for both, PKAC1 and 

PKAC2 overexpression, indicating that only a certain amount of catalytic subunit can 

be stably expressed at a time, possibly limited by the quantity of PKAR. Furthermore, 

we investigated whether glycosomal localization in PCF was a subunit-specific feature 

(chapter 3.4.1). Overexpression of a TY-tagged version in the wild type background 

did show glycosomal import for both PKAC1 and PKAC2. It is not excluded that the 

efficiency might be different, but in principle both are capable of import. In the context 

of metabolism, we found that glycerol-depletion causes PKAC2-dependent phosphor-

ylation of PEX14. Attempts to rescue the lack of phosphorylation in the ∆PKAC2 cell 

line with PKAC1 add-back were inconclusive due to high variability of protein expres-

sion levels and differences in sensitivity of different lots of the anti-RXXS*/T* antibody.  
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In summary (Table 5), in the cases where we were able to differentiate between 

PKAC1 and PKAC2 they appear redundant. For the rest, it was technically not possible 

to differentiate between PKAC1 and PKAC2 yet. Even though there appears to be no 

difference in terms of holoenzyme dissociation and subcellular localization, there might 

be some important residues which could contribute to differences in kinase activity or 

substrate specificity. The main remaining unknowns are whether PKAC2 can be re-

sponsive to cold shock in BSF and whether PKAC1 can cause PEX14 phosphorylation 

upon glycerol-depletion. These questions can only be answered in a genetic back-

ground that is only expressing the subunit of interest at a high enough concentration. 

Furthermore, the activation mechanism induced by cold shock remains unknown. In 

theory, this could still be a PKAC1 specific mechanism that is mediated by sequence 

differences in N- and C-terminus. In the mammalian system, solving of the PKA holo-

enzyme structures has unraveled distinct quaternary structures formed by different 

isoforms, which could form different signaling hubs (Cao et al., 2019). Given that ap-

prox. half of the interactors identified by BioID were subunit specific, this might be a 

possibility. Solving the holoenzyme structures of PKAR-PKAC1/PKAC2 by cryo-EM is 

a project currently in progress to investigate this hypothesis.



DISCUSSION 

 
 

130 

Table 5: Summary of differences between PKAC1 and PKAC2. 

Subunit PKAC1 PKAC2 

Co-regulation with PKAR in BSF Yes1 Unknown 

Co-regulation with PKAR in PCF Not expressed No2 

Essential in BSF culture 
dependent on strain 

and culture method3, 4 
No3 

Subunit specific hits in BioID 47%5 48%5 

Isoform specific phosphosites on N-
terminus (specific/identified) 

4/46 0/06 

Isoform specific Phosphosites on C-
terminus (specific/identified) 

0/06 0/56 

Flagellar localization in BSF and PCF Yes7, 8 Yes7, 8 

Glycosomal localization in PCF Yes5 Yes5 

Dissociation by nucleosides and ana-
logs 

Yes1, 4 Yes4 

Activation by cold chock Yes1 Unknown 

PEX14 phosphorylation upon glyc-
erol-depletion 

Unknown Yes5 

1 (Bachmaier, 2015); 2 (Schulte zu Sodingen, 2000); 3 (Kramer, 2004); 4 (Wu, 2021); 5 This work; 6 
(Nett et al., 2009; Urbaniak et al., 2012; Zhang et al., 2020); 7(Krumbholz, 2006); 8 tryptag.org 
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