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Abstract

Protein Kinase A (PKA) is one of the most studied eukaryotic kinases as it plays a key
role in regulation of several metabolic pathways and genome expression. It is a main
downstream effector of cyclic adenosine monophosphate (CAMP) signalling and its regu-
lation by cAMP was suggested to be conserved among all eukaryotes possessing PKA.
Recent findings, however, revealed that PKA in Trypanosoma brucei and cruzi cannot be
activated by cAMP, whereas nucleosides and nucleoside analogues bind and activate the
kinase. Based on these findings we aimed to investigate the genome of closely related
organisms, Euglena gracilis and Leishmania donovani, looking for orthologs of regula-
tory subunits that might also display cAMP independency. We report the existence of
2 regulatory subunits (PKAR) in E. gracilis (EQPKAR1 and 2) and also in L. donovani
(LdPKAR1 and LdPKARS3). Biophysical analysis by Isothermal Titration Calorimetry (ITC)
confirmed that 3 of the 4 proteins investigated do not interact with cAMP but with nucle-
osides. Findings described in the present study highlight cAMP independency in PKA
as a phenomenon not unique to trypanosomes, but seen for other representatives of the
Euglenozoa. We show that amino acid substitutions found in highly conserved regions
called PBC (phosphate binding cassete) within the ligand binding domains alter its affinity
for cAMP or rise the affinity for alternative ligands (such as nucleosides). By X-ray analy-
sis of a co-crystal complex between EgQPKAR1 and cAMP we show binding of cCAMP to an
atypical sequence motif that misses a residue previously thought to be essential. Further-
more, characterization of two PKAR isoforms from L. donovani, LAPKAR1 and LAPKARS3,
reveal nucleoside binding of both, but not necessarily in two binding sites. In a co-crystal
complex of LAPKARS with guanosine we show that nucleosides only bind to the B site in
LdPKARS and the A site remains empty. Interestingly, we found site A of LAPKARS3 to be
crystallized in a different rotation angle (in relation to site B) when compared to the previ-
ous crystal structures of ligand bound PKAR (PDB: 1RGS, 6FTF, 6FLO). Also, the aB/C
helix that connects site A and B was found in an unusually stretched conformation that
resembles a PKAC-bound state, or the "holoenzyme" conformation, even in the absence
of PKAC. Our study suggests the existence of a broad variety of PKAR isoforms in the
Euglenozoa, providing a glimpse on the evolution of this ancient signalling protein.

Vii






Zusammenfassung

Protein Kinase A (PKA) ist eine der am besten erforschten Proteinkinasen in Eukaryon-
ten. Uber das Mitwirken an verschiedenen metabolischen Prozessen sowie der Genex-
pression, hat PKA eine zentrale Bedeutung fur die Zellfunktion von Metazoa und ebenso
Protozoa. Im Sauger wird die Aktivitat von PKA Uber das Binden von zyklischem Adenos-
inmonophosphat (cCAMP) reguliert, und man ging bisher davon aus, dass dieser Reg-
ulierungsmechanismus fiir alle Eukaryonten konserviert sei. Neueste Ergebnisse hinge-
gen zeigen, dass PKA in Trypanosoma brucei, nicht durch cAMP reguliert wird, sondern
dass Nucleoside und Nukleosidanaloga die Kinase binden und aktivieren kénnen. Auf
dieser Erkenntnis aufbauend, untersuchten wir vier regulatorische Untereinheiten von
PKA in den phylogenetisch verwandten Organismen Euglena gracilis und Leishmania
donovani hinsichtlich ihrer Ligandenspezifitat. Unter Verwendung von Isothermaler Titra-
tionskalorimetrie (ITC) konnten wir zeigen, dass drei dieser vier untersuchten regula-
torischen Untereinheiten kein cAMP jedoch Nukleoside binden kénnen. Der Liganden
Wechsel von cAMP hin zu Nukleosiden in PKA hat somit nicht nur in Trypanosomen
stattgefunden, sondern auch in anderen Vertretern der Euglenozoa. Der Liganden Wech-
sel in PKA korreliert mit Abweichungen in einem hoch konservierten Sequenzmotif, der
PBC (phosphate binding cassette). In Nukleosid spezifischer PKA finden wir einen Aus-
tausch einzelner Aminosauren, welche die Bindung von Nukleosiden beglinstigen, jedoch
eine Bindung von cAMP unméglich machen. Interessanterweise finden wir aber auch an-
dere Abweichungen in der Aminosduresequenz, wie beispielsweise in EQPKAR1 aus E.
gracilis, die lediglich eine Verringerung der Affinitat fir cAMP bewirken. Mittels Ront-
genstrukturanylse von EgPKAR1, konnten wir zeigen, dass trotz des Fehlens von ver-
meintlich essenziellen Aminosauren, cAMP in der C-terminalen Bindungstasche binden
kann. Des Weiteren zeigt die Charakterisierung zweier Nukleosid-bindender PKARs aus
L. donovani, LdAPKAR1 and LdPKAR3, dass zwar beide Orthologe ausschlie3lich Nuk-
leoside binden aber nicht unbedingt in beiden Bindungstaschen. Mittels Réntgenstruk-
turanalyse eines Komplexes aus LAPKAR3 und Guanosine konnten wir zeigen, dass
LdPKARS im Gegensatz zu LAPKAR1 und anderen Nukleosid-spezifischen PKARs, Nuk-
leoside nur in der C-terminalen Tasche bindet. Die N-terminale Bindungstasche hingegen
bleibt leer und &hnelt in ihrer Konformation eher einer Liganden-freien Struktur der Sauger
PKARI«. Auch eine die beiden Taschen verbindende oB/C helix zeigt eine auBergewdhn-
lich gestreckte Formation, die im Saugersystem Uberwiegend bei einer Interaktion mit der
katalytischen Untereinheit beobachtet wird. Unsere Ergebnisse implizieren die Existenz
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einer groBen Vielfalt an PKA Isoformen in Euglenozoa, welche uns einen Einblick in die
Entwicklung dieses sehr alten Signalproteins gewahren.
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Chapter 1

Introduction

1.1 Leishmania - an underestimated pathogen

1.1.1 The impact of Leishmaniasis on global health

Leishmania subspecies (spp), belonging to the class of Kinetoplastea, are parasitic pro-
tozoa that cause a variety of diseases. These range from single skin lesion in cutaneous
leishmaniasis to fulminate mucocutaneous infestation to the severest form, visceral leish-
maniasis or kala-Azar [1] [2]. Transmitted by sandflies and endemic in 97 countries ,
Leishmania spp., have the highest global dispersion among the three human-infective
kinetoplastids. These also include T. brucei and T. cruzi, and all three are highly relevant
in terms of public health [3]. Special attention has to be drawn to the severe visceral
Leishmaniasis, caused by Leishmania donovani and infantum. Varying period of incuba-
tion and potential manifestation in almost every organ often complicates diagnosis and
delays therapy with lethality up to 95% in untreated patients [4]. The high burden of dis-
ease becomes even clearer, as visceral Leishmaniasis is endemic in mostly low-income
countries with limited access to healthcare and adequate protection against transmission
such as repellents or mosquito nets. Treatment with liposomal amphotericin B or other
antiparasitic drugs often must be applied intravenous and does not necessarily erase the
parasite, so that relapses are common [2].

Thus, research on Leishmaniasis, as a prominent example of neglected tropical diseases,
with special regards to potential drug targets and the development of new therapeutics, is
of great importance and a high motivation for this study.

1.1.2 The lifecycle of L. donovani

L. donovani is a dixenous parasite, i.e. it infects two different hosts during its life cycle,
female sand flies and mammals, and has to adapt to both. Thereby, the parasite under-
goes major morphological and functional changes. In the gut of the female sand flies, the
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parasite develops into a so-called procyclic promastigote, that has an elongated shape
with an adjacent flagellum [1]. Developing further into a metacyclic stage, the parasite
locates to the anterior part of the digestive system, leading to intense pharyngeal infec-
tion in the sand fly. In this stage the parasite becomes infective to mammals and will be
transmitted during a blood meal of the fly. Injected into peripheral tissue, the parasite is
phagocytosed by mammalian macrophages and starts to round in their lysosoma, forming
an amastigote with its flagellum reduced to a remnant [5] [1] [6]. Pursued replication in the
macrophages eventually leads to rupture of the cells, allowing the parasite to egress and
infect other macrophages. Is an infected mammal bitten by a female sand fly, amastigotes
within macrophages are ingested with the blood and the life cycle starts again.

Host specific morphology is induced by environmental cues, especially temperature and
acidity, in the mammalian and insect hosts [7]. Whereas in the gut of the female sand
fly the parasite is exposed to a rather alkaline milieu and temperatures around 26°C, in
mammalian macrophages higher temperatures as well as lower pH has to be tolerated.
Mimicking these environmental changes in a host free system revealed that promastig-
otes start to differentiate to amastigotes when exposed to 37 °C and pH 5.5 [8]. This
correlates with conditions of lysosomes in macrophages [7] [8].

Adaption to the host-specific environment is therefore likely to be coordinated by vari-
ous pathways that transduce changes of outer conditions into inner cell signalling [9].
One approach to elucidate potential signalling pathways that regulate differentiation in
L. donovani was an analysis of phosphorylation trends during differentiation performed by
Tsigankov et al., 2014. In these, the authors came across a putative regulatory subunit
of PKA (LAPKARS3) due to its remarkable stage-specific phosphorylation pattern [9]. For
a second regulatory subunit of PKA in L. donovani, LAPKAR1, a correlation of expres-
sion and promastigote maturation has been observed [10]. Furthermore, its involvement
into metacyclogenesis, a transformation into highly infective metacyclic promastigotes,
has been suggested [11]. Thus, PKA in L. donovani is likely playing a role in parasite
differentiation, making it an interesting protein to be further investigated.

1.2 PKA and cAMP signalling

1.2.1 PKA - the protein and the activation mechanism

Widespread among eukaryotic organisms and known to play a crucial role in protein regu-
lation by phosphorylation, PKA is one of the best studied eukaryotic protein kinases (EPK)
and one of the main effectors of cyclic adenosine monophosphate (CAMP) [12] [13] [14]
[15]. In mammals, it is involved in different cellular processes, e.g. metabolism, gene
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regulation, and cell differentiation [16] [17] [18] [19].

In higher eukaryotes, PKA is composed of two regulatory (PKAR) and two catalytic (PKAC)
subunits. In the absence of cAMP all four subunits are assembled as build an inactive,
tetrameric RoCo holoenzyme (Fig. 1.1, left) [16].

’ ‘
f )
il

Figure 1.1: PKA activation mechanism of higher eukaryotes is shown as cartoon. Green squares represent
PKAR, red squares PKAC. On the left, an inactive holoenzyme is shown as tetrameric structure R,C,. On
the right, activation of PKA upon cAMP binding (brown circles) is shown.

Upon activation, two cAMP molecules are bound per PKAR molecule in so-called cyclic
nucleotide binding domains (CNB). cAMP has to bind to the C-terminal binding site,
CNB:B, first so that the N-terminal domain, CNB:A, becomes accessible. When cAMP
binds to CNB:A, a conformational change of the R-subunit is induced. This conforma-
tional change leads to lower affinity for the catalytic subunit and favours the disruption of
an R-C-interface [20] [21]. Consequently, C- and R-subunit dissociate, which enables the
activated catalytic subunits to interact with their substrates (Fig. 1.2, right) [16].

Of particular interest are the CNBs, that bind cAMP. These are not unique to PKA but
widespread in proteins of bacteria and eukaryotes. In archaea they are only exceptionally
present, in plants they are completely absent [22]. CNBs are around 120 amino acids
long, arranged in o helices and an eight-stranded 8 barrel, with the latter harbouring the
ligand [23]. As the name implicates, CNBs were thought to exclusively bind cyclic nu-
cleotides, and thereby mainly the ancient second messengers cAMP and cGMP. This
selectivity was explained by a highly conserved feature, the so-called phosphate binding
cassette (PCB). It is located within a loop, which is followed by a small helix between two
beta strands of the barrel, 3-strand 6 and -strand 7. Composed of 14 amino acids of the
following sequence:

F1-Ga-E3-[LIV]4-As-Lg-[LIMV]7-Xg-Xg-X10-[PV]11-R12-[ANVQ]13-A14 [24] [29]

The residues in the PBCs mainly interact with the phosphate moiety of cyclic nucleotides.
Especially, arginine in position 12 plays a crucial role upon cyclic nucleotide binding as
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Figure 1.2: Organization of cyclic nucleotide binding domain (CNB). Secondary structure of CNB:A in Rlx
(PDB: 1RGS) according to the illustration of Figure 1b in the manuscript of Berman et al, 2005 [23]. In the
insert, a segment that is defined as PBC is highlighted, taken from Figure 7 Canaves and Taylor, 2002 [24].
Consensus residues are shown in relative position to the cAMP molecule within the PBC.

it interacts with the phosphate moiety and was thought to be indispensable for cyclic nu-
cleotide binding [25] [26] [27].

1.2.2 cAMP signalling in mammalian cells

cAMP is an extensively studied second messenger that plays a crucial role when extra-
cellular stimuli are translated into intracellular response [28]. Such extracellular stimuli
like hormones or neurotransmitter bind to a G-protein coupled receptor (GPCR) in the cell
membrane. Subsequently, the GPCR associates with a G-protein. A subunit (G,) sepa-
rates in the next step and activates adjacent adenylate cyclases (AC). ACs, which produce
cAMP, interact with various downstream effectors [16]. Along with cyclic nucleotide gated
ion channels and EPACs (exchanging protein directly activated by cAMP), PKA is the
main receptor for CAMP in mammalian cells [29]. Activated PKA regulates its substrates
via phosphorylation on threonine and serine residues.

1.3 PKA and cAMP signalling in trypanosomatids

To date, there are very few studies of cAMP signalling in kinetoplastids. However, they
all find substantial differences in the cAMP signalling pathways compared to mammalian
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cells. Although the general machinery of cAMP production through ACs and cAMP degra-
dation by phosphodiesterases (PDEs) is conserved, kinetoplastids do not possess GPCR
or G proteins [30] [31].

After the discovery of the first kinetoplastid AC in T. brucei, the so-called ESAG 4, which
was identified in the expression site of the variant surface glycoprotein [32] [33], similar
ACs have also been found in L. donovani and T. cruzi [34]. Remarkably, the structure
of kinetoplastid ACs differs significantly from the structure of mammalian ACs. Instead
of two membrane spanning cassettes consisting of six transmembrane domains and two
intracellular catalytic domains each, kinetoplastid ACs possess only a single transmem-
brane domain flanked by a N-terminal extracellular domain and a C-terminal intracellular
catalytic domain [35]. Although it has been suggested that the N-terminal domain takes
on the role of GPCRs, to date no possible ligand has been identified that would bind to
this domain [36]. The importance of ACs for the parasites becomes clear as a lethal phe-
notype was observed upon knock down of ESAG4 and two further ESAG4 like ACs in
T. brucei [33], and AC activity was shown to be important for early host infection [37]. In
T. cruzi, ACs have been suggested to play a role in cell differentiation in the insect host
[38].

Together with ACs, PDEs are crucial for cAMP homoeostasis in the cells, as they degrade
cAMP. PDEs can be divided into classes I, Il and lll, according to their individual catalytic
domains [39]. In kinetoplastids, we find only class | PDEs and these can further be subdi-
vided into PDE-A, PDE-B, PDE-C and PDE-D, with at least one copy of each PDE present
in the genomes of T. brucei, T. cruzi and Leishmaina spp. [39] [40] [41]. High synteny
among the three parasites was found for PDE-B of which two paralogs, PDEB1 and 2,
exist [41]. In T. brucei, PDEB1 and 2 were seen to be essential for the parasite as simul-
taneous knock-down led to cell death in bloodstream forms [42]. A similar phenotype was
observed after inhibition of trypanosmal PDEs by CpdA (tetrahydrophthalazinone com-
pound A) [43] [44]. These findings highlight the importance of cCAMP homoeostasis and
presumably cAMP signalling for the parasites.

With focus on downstream effectors of cAMP, attention has to be drawn to PKA. In mam-
mals, four functionally non-redundant PKAR isoforms, Rla, B and Rlla, B are present. In all
three parasitic trypanosomatids, we find one copy of a regulatory subunit to be conserved.
In Leishmania and T. cruzi a second PKAR ortholog, PKARS type, has been identified
and interaction with a catalytic subunit C3 has recently been shown for LAPKARS from L.
donovani [Fischer Weinberger, manuscript in preparation]. Compared to the mammalian
R subunits, the regulatory subunit in trypanosomatids has a longer N-terminus that lacks
a dimerization/docking domain [45] and whether PKA in kinetoplastids can be activated
by cAMP has long been subject of research.

In T. brucei, PKA could not be activated by cAMP [46] [47] [45]. Instead, cGMP led to
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kinase activation, but only at concentration >100uM [47] [48]. Considering the absence of
PKG, guanylate cyclases and cGMP in trypanosomatids [49] and the high concentrations
of cGMP required, PKA activation by cGMP is unlikely a physiological phenomenon [50].
For T cruzi, the existence of a cAMP responsive PKA (TcPKA) has been reported by
Huang et al., 2006 [51]. However, cCAMP responsiveness of this protein has to be care-
fully scrutinized. The catalytic subunit (TcPKAc) has been expressed in mammalian cells
and could interact with mammalian R subunits, as earlier reported for PKAC in T. brucei
[52]. Contamination of the preparation with mammalian R subunits can therefore not be
excluded, and it remains unclear whether kinase activation by cAMP was measured for a
holoenzyme formed between TcPKAc and mammalian R subunit or TcPKA.

For Leishmania, several studies suggest activation of PKA by cAMP: Overexpression of
a globin-coupled heme containing adenylate cyclase in L. major led to accumulation of
cAMP and increase in PKA activity, letting the authors conclude that cAMP would likely in-
duce the kinase [53]. For L. donovani it has been reported that recombinantly expressed
and purified LAPKAR1 binds cAMP in both binding sites (Ky = 7.15uM and K4 = 5.6uM
in CNB:A and B, respectively) [11]. Considering a significant lower binding affinity of
mammalian Rla for cAMP (Ky4 = 28nM [45]), cAMP as a physiological activator of PKA in
L. donovani has at least to be regarded with caution.

Although cyclic nucleotide dependency of PKA in kinetoplastids has long been ques-
tioned, it was only recently that Bachmaier et al. had found an alternative activator of
PKA in T. brucei [45]. In their study, they show that cell permeable nucleoside analogues
are able to bind and activate PKA, in vivo and in vitro [45]. Further results from our lab
show cAMP independency of PKA also for T. cruzi and that both, PKA from T. brucei and
T. cruzi, can be activated by nucleosides (George Githure, Yuri Volpato, manuscript in
preparation). For other organisms, cAMP independency of PKA has not been reported
and ligand specificity of the second regulatory subunit, PKAR3, found in Leishmania spp.
and T. cruzi has not been determined to date.

Characterization of PKAR orthologs in the direct neighbours of trypanosomes, i.e. Leish-
mania spp., as well as their more distant relatives is of high interest. Here, we want to
investigate whether all orthologs in trypanosomatids are cAMP independent and whether
other organisms outside the trypanosomatids also possess CAMP independent PKA that
can be regulated by nucleosides or other so far unidentified ligands.

1.4 The phylum Euglenozoa

Phylogenetically related but not a direct neighbour to T. brucei, perfect candidate for our
investigations is the free-living algae E. gracilis, found in ponds and other standing water.



1.4 The phylum Euglenozoa

It has acquired a chloroplast by endosymbiosis of a green alga, which results in the phys-
iological composition of the Euglena cell in a mixotrophic organism. Hence, it does not
rely on a single source of nutrition [54] [55]. It is one of the best studied organism from the
euglenids that form, together with kinetoplastids and the two smaller groups, diplonemids
and symbiotids, the Euglenozoa.

Euglenoza are a monophyletic group of single celled flagellates belonging to the Excavata
[56] [54]. Representatives of these group can be discriminated by the means of their nutri-
tion, free-living or parasitic lifestyle or natural habitat. Whereas most of kinetoplastids and
diplonemids show either nutrition by parasitism or predation, feeding via photoautotrophy
is exclusively found in some organisms of the euglenids [57][58] [59]. A parasitic lifestyle
seems to have evolved several times within kinetoplastids and is not restricted to the
three human infective trypanosomatids [60]. Quite the contrary, as we find the mosquites
parasitizing Paratrypanosoma confusum as well as plants parasitizing Phytomonas to be
included in this group [61].

Nevertheless, the highest scientific interest is in the human infective species of kineto-
plastids, Leishmania, T. brucei and T. cruzi with save and efficient drugs badly needed
against these deadly pathogens.

Understanding the evolution of the ligand switch of PKA in Euglenozoa can enable future
studies on potential inhibitors of parasitic PKA. Due to the high homology of PKAR in all
three human infective trypanosomatids, interfering with the activation mechanism of PKA
by blocking the parasite specific PKA can be a promising approach to develop a single
drug against all three parasites. Phylogenetic analysis can be of good use as they help
us to identify residue substitutions that are correlated to the ligand switch of PKA. Con-
sidering these critical residues in the developmental process of a potential PKAR inhibitor
might be the key to highly affine binders that do not induce a conformational change of
the R-subunit as required for PKA activation.

For this work, we chose two PKAR isoforms from free-living Euglena gracilis and parasitic
Leishmania donovani, respectively, with the following question to be addressed:

1. Do we find cAMP independent PKA orthologs beyond trypanosomes?

2. Can we correlate ligand specificity to sequence and structural aspects of PKA in E.
gracilis and L. donovani?

3. Are we able to determine where and when in evolution a cAMP independent PKA has
appeared?

4. Can these insights suggest ways to target the unconventional PKAR of kinetoplastids
for drug development?






Chapter 2

Methods

2.1 Material

2.1.1 Plasmids

Table 2.1: Plasmids that were used in this thesis

Protein Construct Cloning sites | Selection marker | Origin

EgPKAR1(109-401) pUCIDT_AMP_EgPKAR1(109-401) BamHI/ Notl | Ampicillin IDT Integrated DNA Technologies, Inc., USA
EgPKAR2(183-483) pUCIDT_AMP_EgPKAR2(183-483) BamHI/ Notl | Ampicillin IDT Integrated DNA Technologies, Inc., USA
TbPKAR(199-499) pET_Duet_6xHisTbR(199-499) BamHI/ Notl | Ampicillin Yuri Volpato

LdPKAR3(1-647) PET_Duet6H/TEV_LdPKARIike BamHI/ Notl | Ampicillin Meanie Obermeier, Eleni Polatoglou
LdPKAR1(1-502) pET_Duet_LdPKAR BamHI/ Notl | Ampicillin Eleni Polatoglou

eGFP pET11_6HIS_Sumo3_eGFP BamHI/ Notl | Kanamycin Kristina Malenica

EgPKAR1(109-401) PETM11_6HIS_Sumo3_EgPKAR1(109-401) BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR1(109-292) PETM11_6HIS_Sumo3_EgPKAR1(109-292) BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR1(255-401) PETM11_6HIS_Sumo3_EgPKAR1(255-401) BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR1(255-401)_S347A pETM11_6HIS_Sumo3_EgPKAR1(255-401)_S347A BamHI/ Notl | Kanamycin Veronica Ober

EgPKART1(255-401)_C354A pETM11_6HIS_Sumo3_EgPKAR1(255-401)_C354A BamHI/ Notl | Kanamycin Veronica Ober
EgPKART1(255-401)_S347A_C354A || pETM11_6HIS_Sumo3_EgPKAR1(255-401)_C354A_S347A | BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR2(183-483) PETM11_6HIS_Sumo3_EgPKAR2(183-483) BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR2(183-361) PETM11_6HIS_Sumo3_EgPKAR2(183-361) BamHI/ Notl | Kanamycin Veronica Ober

EgPKAR2(327-483) pETM11_6HIS_Sumo3_EgPKAR2(327-483) BamHI/ Notl | Kanamycin Veronica Ober

LdPKAR3(321-647) pETM11_6HIS_Sumo3_LdPKAR3(321-647) BamHI/ Notl | Kanamycin Veronica Ober

LdPKAR1(200-502) pETM11_6HIS_Sumo3_LdPKAR1(200-502) BamHI/ Notl | Kanamycin Veronica Ober

Charts of pUCIDT_AMP, pETM11_6HIS_Sumo3 and pET_Duet plasmids are shown in

Fig. S1 and S2.
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2.1.2 Oligonucleotides

Table 2.2: Oligonucleotides used for plasmids listed above

ATT TTG CAT ATT GCG TTG CAG AAT CTC TTC CAT

Primer Sequence Plasmids

EgPKAR1(109-292)_FW ACA GAC CGG TGG ATC CAT GTA TGT AGA CCG TCG TAG AGG AGT GA | pETM11_6HIS_Sumo3_EgPKAR1(109-292)

EgPKAR1(109-292) RV ATC AGC GGC CGC CTA AAG GGC GTC GGC CAT CGT CAT A pETM11_6HIS_Sumo3_EgPKAR1(109-292)

EgPKAR1(255-401)_FW ata ttG GAT CCA TTC TGC TGA CTC AGA CGA TGC GCA AGC GGA pETM11_6HIS_Sumo3_EgPKAR1(255-401)
GAC AAT ATG AGG ACT TCC TTG CAC AGG TGC CCC

EgPKAR1(255-401)_RV TGC GGC CGC TTACTC TTG GAC TTC CTC ACG AGG AGC TGA ATA pETM11_6HIS_Sumo3_EgPKAR1(255-401

PETM11_6HIS_Sumo3_EgPKAR1(255-401)_S347A

pPETM11_6HIS_Sumo3_EgPKAR1(255-401)_S354A_C354A

_ )

_ )
pETM11_6HIS_Sumo3_EgPKAR1(255-401)_C354A

_ )

| )

TGT TCA ATC AGC CCG CAG TGG CAACCG TAGTT

EgPKAR1(255-401)_S347A_FW AAC ATT CTG GGC CCC AAA GAT TTC TTC GGC GAG ATG GCA TTA pETM11_6HIS_Sumo3_EgPKAR1(255-401)_S347A
ATG TTC AAT CAG CCC TGT GTG GCA
EgPKAR1(255-401)_C354A_FW ACA TTC TGG GCC CCA AAG ATT TCT TCG GCG AGA TGA GTT TAA pETM11_6HIS_Sumo3_EgPKAR1(255-401)_C354A

EgPKAR1(255-401)_S347A_C354A_FW | ACA TTC TGG GCC CCA AAG ATT TCT TCG GCG AGA TGG CAT TAA
TGT TCA ATC AGC CCG CAG TGG CAA CCG TAG TTA GCG AG

pETM11_6HIS_Sumo3_EgPKAR1(255-401)_S354A_C354A

EgPKAR2(183-361)_FW AGA CCG GTG GAT CCA TGT CGA GAC GCC GCA CTG pETM11_6HIS_Sumo3_EgPKAR2(183-361)
EgPKAR2(183-361)_RV ATG AGC GGC CGC CTA CAG AGC ATC GGC GAT CTG pETM11_6HIS_Sumo3_EgPKAR2(183-361)
EgPKAR2(327-483)_FW AGA GGG ATC CGG AGA AAT GAT GAC TCG GCG CAA ACA GT pETM11_6HIS_Sumo3_EgPKAR2(327-483)
EgPKAR2(327-483)_RV GTG CGG CCG CCT AGG CTG CGT CTATTG ATG A pETM11_6HIS_Sumo3_EgPKAR2(327-483

LdPKAR3(321-647, TAG TGG ATC CCA GCG CCC AAG CCG CGG

pETM11_6HIS_Sumo3_LdPKAR3(321-647)

LdPKAR3(321-647, att atg cgg ccG CTT ACT GGA CCG CCG C

PETMT1_6HIS_Sumo3_LdPKAR(321-647)
PETM11_6HIS_Sumo3_LJPKART(199-592)
| (

)_FW
)_RV
LdPKAR1(199-592) FW TAG TGG ATC CGG CCG GGC TCG TCG CCA GAC AG
LdPKAR1(199-592) RV att atg cgg ccG CCT ACG CGC TCT CGT G

PETM11_6HIS_Sumo3_LdPKAR1(199-592)

2.1.3 Enzymes

Table 2.3: Purchased enzymes used for cloning

Products Company

Restriction enzymes: BamHI , Notl, Apal | New England Bioloabs (NEB), USA
Ligase: T4 DNA Ligase New England Bioloabs (NEB), USA
DNA Polymerase: Q5 Polymerase Promega, USA

2.1.4 Molecular biology kits

Table 2.4: Purchased kits for cloning and protein expression

Name Purpose Company

Hi Yield® Plasmid Mini DNA Isolationkit DNA purification Sid-Laborbedarf GmbH, Germany
PureYield™ Plasmid Miniprep System DNA purification Promega, USA

Hi Yield® Gel/PCR DNA Fragment Extraction Kits || DNA recovery from gel / after PCR | Suid-Laborbedarf GmbH, Germany
QuickFold ™ Protein Refolding Kit protein refolding Athena Environmental Sciences, Inc. ,USA

2.1.5 E. coli strains

Table 2.5: E. coli strains used for cloning and protein expression

Name Purpose of use Resistance source
E. coli XL10 Gold Plasmid cloning Tetracycline and Chloramphenicol | NEB
E. coli Rosetta (DE3) || Protein expression | Chloramphenicol NEB
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2.1.6 Antibiotics

Table 2.6: Antibiotics used for cloning or protein expression

Name Stock concentration
Chloramphenicol | 50 ug/ml Ethanol
Kanamycin 34 pg/ml H,O
Ampicillin 100 pg/ml H,O

2.1.7 Buffers for protein purification and sample preparation

Table 2.7: Listed buffers are used for protein purification, protein stability assays and Isothermal titration
calorimetry (ITC)

Name Components
resuspension buffer || 50mM Hepes pH 7.5; 50mM NaCl; 30mM Imidazole
elution buffer 50mM Hepes pH 7.5; 50mM NaCl; 250mM Imidazole
minimal buffer 50mM Hepes pH 7.5; 50mM NaCl
buffer A [62] 250mM Citric acid; 375mM Hepes, 500mM CHES
buffer 15 50mM Tris-Cl pH 8.5; 240mM NaCl;

10mM KCI; 2mM MgCl,; 0.4 M sucrose; 10mM DTT
buffer 10 50mM Tris-Cl pH 8.5; 9.6mM NaCl;

0.4mM KCI; 2mM MgCL2; 2mM CaCl2; 0.5M Arginine;

0.75M Guanidine-HCI; 0.4M Sucrose; 10mM DTT
crystallization buffer || 100mM NaCl; 10mM Hepes pH 7.0 or 7.5; 1mM DTT
PD10 buffer 8M Urea, 10mM Hepes pH 8.0, 50mM NaCl — sterile filtered

2.1.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-Page)

Purity of protein samples is analysed by gel electrophoresis in 12% polyacrylamide gels.
Protein samples are mixed 6:1 with Laemmli buffer and boiled for 5 minutes at 95°C
before loading onto the gel. Protein samples were run for 60 minutes at approximately
100V. Gels were stained overnight in Colloidal Coomassie staining solution and destained
the next day using deionized water.
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Table 2.8: Components for SDS-PAGE and gel staining

Components

Separating gel

2.4ml Acrylamide/Bisacrylamide 37, 5:1 ;
1.5ml separation gel buffer (1.5M Tris-HCI pH 8.8, 0.4% SDS);
2.1ml ddH20; 20l 10 % APS; 4ul TEMED

Stacking gel

0.39ml Acrylamide/Bisacrylamide 37, 5:1;
0.75ml stacking buffer (0.5M Tris-HCI pH 6.8; 0.4% SDS);
1.85 ml ddH20; 15ul 10% APS, 3ul TEMED

Laemmli buffer

1.2g SDS; 6mg Bromophenol blue;
4.7 ml Glycerol; 1.2ml 0.5M Tris pH6.8; 2.1ml ddH»0; 0.93g DTT

Running buffer (1X)

3g Tris base; 14.4g glycine; 1g SDS; ddH»O to 1000m|

Staining solution [63]

0.4g CBB G-250;
100g aluminium sulfate-(14-18)-hydrate; 200ml 96% ethanol;
47ml 85%orthophosphoric acid; ddH,O to 2000m|

2.1.9 Software

1) NCBI Blast (https://blast.ncbi.nim.nih.gov/Blast.cgi)
2) MEGA 7 (https://www.megasoftware.net)
3) Schrodinger Release 2017-4: Maestro, Schrodinger, LLC, New York, NY, 2017.

5) Jalview v2.10 (Waterhouse et al. 2009)
6) Phenix-1.12-2829 (Adams et al, 2010)

(1)
(2)
3)
(4) PyMol: The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC
(5)
(6)
(7)

7) Coot v0.8.8 Turtle bay (ccp4) (Emsley et al., 2010)

2.2 Methods

2.2.1 DNA cloning protocols

Origin of plasmids EgPKAR1(109-401) and EQPKAR2(183-483) were de novo syn-
thesized and inserted into a pUCIDT_AMP_vector by IDT (Integrated DNA Technologies,
Inc., USA) (Fig. S1). DNA sequence was obtained from Dr. Thankgod Ebenezer from
the Euglena gracilis genome project (http://euglenadb.org/). Originally, both PKAR sub-
units were identified as EG_transcript_11236 (corresponding to EQPKAR1) and EG_tran-
script_8206 (corresponding to EQPKAR2) in the transcriptome from E. gracilis. Both con-
structs were N-terminal truncated, corresponding to a A 1-91 deletion mutant of Rlq,
and codon optimized for expression in E. coli [26] (genes designed and optimized by Yuri
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Volpato). Synthesized genes were cloned into pETM11_6His_Sumo3_eGFP plasmid (ob-
tained from Kristina Malenica, originally purchased from EMBL, Protein Expression and
Purification Core Facility), in which they were N-terminal fused to a His-tagged small ubig-
uitin related modifier (SUMO).

Truncations and mutants of EgPKAR1 and EgPKAR2 were amplified from
pETM11_6His_Sumo3_EgPKAR1(109-401) and pETM11_6HIS_Sumo3_EgPKAR2(183-
483) (Tab. 2.1). EgPKAR1(255-401) and EgPKAR2(327-483), for individual expression
of binding site B, correspond to the truncation of Rlo(G316R, A336T) (aa 234-381) [64].
EgPKAR1(109-255) and EgPKAR2(183-359), for individual expression of binding site A,
incorporate binding site A and additionally the oA helix of binding site B. Both proteins
were C-terminal truncated after the helix ending sequence motif, A-D-A-L. We thereby
preserve a supposed inter-domain interaction between D190 in «ACNBB and R264 in
«CONBA seen for other PKAR subunits [65].

LdPKAR1(199-502) (LinJ.13.0160) and LdPKAR3(321-647) (LinJ.34.2680) were ampli-
fied from pET_Duet_LdPKAR and pET_Duet_6H/TEV_LdPKARIike (cloned by Eleni Po-
latoglou and Melanie Obermaier). Both genes were originally amplified from gDNA of the
strain Lo8 (subclone from S1). Genomic DNA was obtained from Joachim Clos.
pET_Duet 6xHisTbR(199-499), for expression of TOPKAR(199-499) (Tb927.11.4610, orig-
inally amplified from gDNA), was generated by Yuri Volpato.

PCR and insert preparation For generation of protein truncations, DNA was ampli-
fied by polymerase chain reaction (PCR) from existing plasmids (Tab. 2.1, upper part).
Primers were designed in CLC Main Workbench (QUIAGEN Bioinformatics, Germany)
and purchased from Merck KGaA, Germany.

Table 2.9: Components of the PCR mastermix

Component

5x Q5 PCR reaction buffer (NEB, Germany) 5l

10mM dNTPs (Roche, Germany) 0.5 ul
Template DNA 1ng
Forward Primer 2.2 10 uM
Reverse Primer 2.2 10 uM
Q5® High-Fidelity DNA Polymerase (NEB, Germany) || 0.25 ul
Nuclease free water up to 25 yl

All components of the PCR master mix were mixed at room temperature and amplification
steps were carried out at the following temperatures:
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Table 2.10: Temperatures and duration for each step of the PCR

Process Temperature [°C] | Time [s]
Initial Denaturation || 98 30
Elongation 98 10

72 35-40
Final extension 72 120
Hold 12 unlimited

PCR products were digested with BamHI and Not andchecked to be of expected size by
agarose gel electrophoresis. For purification, a commercial Gel/ PCR clean up kit was
used (Tab. 2.4).

Plasmid generation PCR products were inserted into a pET11_6HIS_Sumo3_eGFP
vector, digested with BamHI-HF and Notl-HF. Removal of the eGFP insert was achieved
by agarose gel electrophoresis. Ligation of insert and linearized backbone occurred
overnight, at 16°C, or for one hour, at room temperature.

Components (for 20ul volume) volume [ul]

T4 DNA Ligase (NEB, USA) 1 (400 Units per ul )

T4 DNA Ligase buffer (10x) (NEB, USA) || 2

Nuclease free water to a final volume of 20yl

Backbone 50ng

Insert linsert(kb) _, 3x50n
backbone(kb) g

Transformation For transformation, XL10 competent cells (E. coli) were used (New
England Biolabs (NEB)). Cells were incubated for 20 min on ice in presence of 10ul ligation
preparation. Heat shock was applied at 42°C for 45 seconds, followed by another 2
minutes on ice. For recovery, transformed cells were incubated in 500ul LB at 37°C,
shaking at 150 rounds per minute for 35-45 minutes. Recovered cells were plated on
agar plates (containing 50ul/ml Kanamycin or 50ul/ml Ampicillin) and incubated overnight
at 37°C. Positive clones were picked and incubated in 10ml LB + 10ul Kanamycin (Stock
solution: c=50mg/ml) or 10ul Ampicillin (Stock solution: ¢ = 100mg/ml). Cells were shaken
overnight, at 37°C, 150 rom. DNA was purified using a commercial kit according to the
attached protocol (Tab. 2.4). Absence of point mutations or other sequence alterations
is ensured by Sanger Sequencing carried out by the service unit "sequencing service" of
the genetics department at LMU. DNA is stored at -20°C until used for transformation of
E. coli Rosetta (DE3) for protein expression.
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Cloning of EgPKAR1(255-401) Mutants pET11_6HIS_Sumo3_EgPKAR1(255-401)
and pUCIDT_AMP_EgPKAR1(109-401) were digested with BamHI and Notl, and the cod-
ing sequence of EgPKAR1(255-401) was placed into the opened pUCIDT_Amp vector
(Tab. 2.1, Fig. S1). C-terminal amplifications, including aa 339-401, were generated
from pUCIDT_AMP_EgPKAR1(255-401) with the respective mutations, S347A, C345A
and the double mutant, S347A;C354A, inserted in the forward primer. As reverse primer,
EgPKAR1(255-401)_RV was used (Tab. 2.2). PCR fragments were digested with Apal
and Notl and inserted into pUCIDT_Amp_EgPKAR1(255-401). Linearized plasmids still
contained the N-terminus of EQPKAR1(255-401), so that the new PCR products replace
the original C-terminus. Thereafter, all three plasmids, were digested with BamHI and
Notl and inserts transferred into a pET_Sumo3 vector (Fig. S2). Positive clones were
confirmed by sequencing.

2.2.2 Protein purification

Expression and protein recovery from cells For protein expression, E. coli strain
Rosetta (DE3) was used, which contains an inducible system of T7 RNA polymerase ex-
pression. After induction with IPTG (Isopropyl-3-D-thiogalactopyranosid), T7 RNA poly-
merase is transcribed. A T7 promoter placed in front of the open reading frame (ORF)
in the pET_Duet and pET_Sumo vector is recognized by the polymerase, initiating tran-
scription of the inserted gene. Cells that contain both the inducible T7 RNA polymerase
expression system and the plasmids with our gene of interest were selected by antibiotics
(Kanamycin or Ampicillin and Chloramphenicol). Chloramphenicol resistance is mediated
by a strain specific plasmid. Kanamycin resistance is obtained with the pET_Sumo vector,
Ampicillin resistance with the pET_Duet vector.

In order to optimize protein expression, different concentrations of IPTG and temperatures
during expression were tested for EgPKAR1(109-401), EgPKAR2(183-483),
LdPKAR1(200-502) and LAPKAR3(321-647). For all tested proteins, best expression con-
ditions were: Induction with 0.1mM IPTG and expression over night at 16°C. Under these
condition, approximately 50% of the expressed protein was soluble and could be purified
in native state.

A preculture was grown from 250ul freshly transformed bacteria suspension or a sin-
gle colony in 25ml LB (lysogeny broth) medium with 25ul Chloramphenicol and 25ul
Kanamycin or Ampicillin (concentration of stock solution: Table 2.6) at 37°C, 150 rpm
overnight. 15 ml of preculture are diluted in 800ml! LB (+ 800ul Kanamycin or 800ul Ampi-
cillin and 800ul Chloramphenicol). Cells are grown at 37°C, shaking with 150 rpm, until
ODggg = 0.6—0.9. After induction with 0.1mM IPTG, cells are incubated at 16°C overnight,
shaking with 150 rpm. Cells were harvested by centrifugation at 10.000g for 30 minutes.
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Obtained cell pellets are resuspended in minimal buffer (Table 2.7). Cells were pelleted
again at 35009 for 30 minutes and either stored at -20°C until further use or directly pre-
pared for purification. All further purification steps were carried out on ice to minimize
protein degradation.

Cell pellets were resuspended in resuspension buffer (Tab. 2.7), containing 500 ul of
PMSF (stock solution: 57mM) (protease inhibitor) and 500 ul DNAse (stock solution: 17
ug/ml). For lysis of cell walls, resuspended cell pellets were passed twice over a french
press at maximum pressure of 1500psi. Cell detritus was pelleted at 20000g for 30 min-
utes. Supernatant was sterile filtered and loaded onto a HisTrap™ High Performance
5ml (GE healthcare, United Kingdom) at a flow rate of 1ml/min. Remaining, non bound
protein within the HisTrap column was removed by washing with resuspension buffer at a
flow rate of 4ml/min for 2-3 minutes. The protein was eluted manually with 10ml elution
buffer. Protein concentration was determined measuring UV-absorbance at 280nm with
a nanoDrop photometer (Thermo Fisher Scientific.Inc, USA). Recombinant expression of
each protein led to yields of 20-70mg of soluble, native protein.

Cleavage and removal of Sumo3 Fusion protein Proteins that were transcribed from
a pET11_6HIS_Sumo3 vector were N-terminal fused to a SUMOS3, which had to be re-
moved before further experiments. Expressed protein were therefore cleaved by sentrin-
specific protease 2 (SENP2). Expression and purification of the SENP2 protease was
done by Miguel Guirao Ortiz. Aliquots of 2.7mg/ml were stored at —80°C until further use.
Cleavage occurred overnight at 4°C, after SENP2 protease was added to the protein at a
ratio of 1:500. During cleavage, protein was dialysed in 500-1000ml of minimal buffer to
remove remaining imidazole from the elution buffer. SENP2 and SUMOS were removed
using immobilized metal ion chromatography. 2ml of PureCube 100 Ni-NTA Agarose
(Cube Biotech, Germany) were washed with 10ml ddH,O and again with 10ml minimal
buffer. Dialyzed and cleaved protein was incubated for 30 minutes in the Ni-NTA agarose.
HIS-tagged SENP2 and SUMOS were captured by the Ni+ ions in the resin and the pro-
tein of interest is recollected in the flow through. The column was washed with 4ml of
minimal buffer, followed by three fractions of 2ml minimal buffer that contained 20, 40 and
60mM imidazole, respectively. Each fraction was collected and analysed by SDS PAGE.
Fractions of washing steps, that still contained protein of interest, were pooled with the
flow through and processed in dependency of further use.

For Isothermal titration calorimetry (ITC), collected protein was concentrated or diluted to
a final protein concentration of 1-4 mg/ml and stored at -80°C until further denaturing and
refolding procedure, as shown in section 2.2.2. For crystallization, collected protein was

16



2.2 Methods

concentrated to 1ml and further purified by size exclusion chromatography on a Superdex
200 column.

Gel filtration chromatography For crystallization or isothermal titration calorimetry (ITC),
gel filtration chromatography (SEC) was carried out as additional purification step. Gel fil-
tration chromatography was performed on a Superdex 200 Increase 10/30 GL column
inserted into an AKTA pure (GE healthcare Life sciences, Germany). Gel filtration was
carried out at 4°C and an alarm for the pre-column pressure exceeding 2MPa was set.
The protein solution was concentrated to 1ml using Amicon Ultra centrifugal filter units
Ultra-15, MWCO 10 kDa (Sigma Aldrich, Germany) at 4°C. Protein aggregates were re-
moved by centrifugation at 20000g for 5 min and the protein was loaded manually into a
1ml injection loop on the AKTA. Protein was injected at a flow rate of 0.1 to 0.25ml/min,
followed by additional 2ml of the respective elution buffer to empty the injection loop com-
pletely. The protein sample was eluted at a flow rate of 0.5 to 0.6ml /min in either crys-
tallization buffer for crystallization or in minimal buffer for ITC. Collection was performed
automatically in fractions of 1ml or manually according to a peak in UV-absorbance at
280nm, measured by an internal UV detector. Purity of the protein sample was addition-
ally checked by SDS PAGE.

Representative chromatograms and confirming SDS gels of all proteins used in ligand
binding studies or for crystallization are shown in Figure S3.

Preparation of APO protein for isothermal titration calorimetry (ITC) For accuracy
of ligand binding assays, a correctly folded, ligand-free (Apo) state of he protein had to
be guaranteed. Proteins from L. donovani and E. gracilis were purified via HisTrap and
separated from Sumog3 fusion protein as described in paragraph 2.2.2. TbPKAR(199-
499) from T. brucei, which was fused to a 6HIS_Tag, but not to a Sumo3 protein, was not
cleaved before ITC. The remaining preparation steps are equal for all protein.

Protein that was stored in minimal buffer at -80°C after cleavage or HisTrap purification
was denatured in 8M urea. Denatured protein was separated from small molecules in-
cluding metabolites coming from the E. coli expression (such as cAMP and nucleosides)
by a PD-10 column (GE healthcare, United Kingdom). The protein was eluted in 3ml PD
10 buffer and could either be stored at —80°C for further usage or was directly prepared
for refolding. Refolding occurred overnight at 4°C. Therefore, 3ml of sample were put into
a dialysis bag and dialysed against 500ml buffer 15 (EgPKAR1, EgPKAR2, LdPKAR1,
TbPKAR including truncations and mutants of the respective) or 500ml of buffer 10 (LdP-
KAR3) (Tab. 2.7). The protein was recovered from the dialysis bag after 12-14 hours of
dialysis and centrifuged at 20.000g (5min, 4°C) to pellet aggregated protein. Supernatant
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was further purified via SEC in order to guarantee purity of protein and remove remaining
aggregates. SEC was performed as described in 2.2.2. Prepared protein had to be used
the same day.

Preparation of LAPKAR1 did not require an additional gel filtration (SEC) step after re-
folding. Refolding occurred nearly to completion and only few aggregates were observed.
Once overnight refolding took place against buffer 15, the only required step to prepare
the protein for ITC was a buffer exchange. Therefore, the protein was loaded onto a
PD10 column (GE healthcare, United Kingdom) and eluted in 3ml minimal buffer. Sample
preparations were shown to be pure and of expected size by SDS PAGE.

2.2.3 Nano differential scanning fluorimetry (nDSF)

To monitor protein stability, a valid parameter is the melting Temperature Tyy. T is de-
fined as temperature, in which half of the protein is denatured while the other half re-
mains folded. For our purposes, to evaluate buffer conditions and potential ligands, we
used nano differential scanning fluorimetry (nDSF) on a Prometheus NT.48 (NanoTem-
per Technologies, Inc., Minchen) that allows a label-free monitoring of Ty. We thereby
gain information how certain compositions of protein solution influence protein stability,
enabling us to screen for optimal buffer conditions, but also for binding of potential ligand
candidates.

Approximately 10ul of protein samples were set into High Sensitivity glass capillaries
(Prometheus NT.48 Capillaries nanoDSF Grade High Sensitivity, PR-C006, Nanotemper)
and placed on a metallic plate that would heat up according to preset values.

In all our experiments, temperature was increased by 2°C every minute, reaching from 20
to 90°C. During the heating process, an internal detector measures light emission of two
wavelengths, 330 and 350nM, mainly send out by tryptophan but also tyrosine residues
in the protein. A ratio of both values (F350/F330) is constantly determined and drawn as
function of temperature. Whether this ratio shifts towards the red (A = 350nM) or blue
spectrum (A = 330nM) depends on the position of the tryptophan residues within the pro-
tein. In most cases, tryptophan residues are hidden inside the protein when secondary
structure is preserved because, as hydrophobic amino acids, they avoid surrounding wa-
ter molecules and are more likely to form hydrophobic interactions such as Van der Waals
interactions or n stacking with other residues in the inside. Due to the loss of secondary
structure in the context of temperature increase, more tryptophan residues are exposed at
the surface, resulting in a shift of the emitted light towards the red spectrum. The opposite
would be the case, if tryptophan residues are buried inside the protein upon temperature
increase and a shift of light emission towards the blue spectrum could be observed.

In this experiment we obtain a melting curve and its first derivative is calculated by an in-
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built software. T is defined as turning point of the sigmoid melting curve and accordingly
as vertex of the first derivative. Hence, Ty of all inserted protein samples can be com-
pared directly after the experiment, allowing us to rank buffer conditions or tested ligands
according to their influence on protein stabilization.

Screen for ligand candidates Ligand screens were performed for EQPKAR1(109-401),
EgPKAR2(183-483), LAPKAR3(321-647) and LAPKAR1(200-501). Protein samples were
diluted to 300ug /ml and incubated with potential ligands at a concentration of 1 mM.
Both protein and ligand candidate were diluted in the same buffer (minimal buffer). The
following ligands, which we know interact with other cNMP independent PKAR subunits,
were tested. Results are shown in Figure S6 and Table S2.

Table 2.11: Listed small molecules were tested in regard to ligand protein interactions. Ligand screens were
performed for EgPKAR1(109-401), EQPKAR2(183-483), LAPKAR1(200-502) and LdAPKAR3(321-647)

Protein Ligand

EgPKAR1 || cAMP; cGMP; Inosine; Guanosine; Adenosine; cAMP + cGMP; cAMP + Inosine
EgPKAR2 || cAMP; cGMP; Inosine; Guanosine; Adenosine; cAMP + Inosine

LdPKAR3 | cAMP; cGMP; Inosine; Guanosine; Adenosine; Uridine; Thymidine; cCAMP + Inosine
LdPKAR1 || cAMP; cGMP; Inosine; Adenosine; Guanosine

Screening and success control for protein refolding As accurately refolded protein is
essential for ITC binding assays, refolding conditions were screened in 15 different buffers,
compiled in a commercial Quickfold™ protein refolding kit (Tab. 2.1.4). Proteins were
denatured in 8M urea and diluted in PD10 buffer to a final concentration of 0.5-1.5 mg/ml.
5ul of protein solution were added to 495 ul buffer, which was prepared according to the
instructions attached to the kit. All samples were incubated for one hour. Measurements
were carried out on a Prometheus NT.48 (NanoTemper Technologies, Inc., Germany).
Refolding of protein was successful in buffer 15 for EQPKAR1, EQPKAR2, LdPKAR1, and
all their respective mutants or truncations, and buffer 10 for LAPKARS.

2.2.4 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) experiments were carried out on a Malvern MicroCal
PEAQ-ITC (Malvern panalytical, Netherlands and UK). Binding assays with ITC not only
proves ligand binding, but also offers information about binding affinity, molar ratio of lig-
and and protein, as well as changes in enthalpy (AH), entropy (-TAS) and Gibbs Free
energy (AG).
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Small molecules, identified as potential ligand in nDSF experiments, were titrated in de-
fined volumes into a reaction cell, containing the protein of interest. Heat changes oc-
curring within the reaction cell, caused by ligand binding to the protein, were constantly
detected by an integrated electrode and compared with a reference cell, filled with water.
When a difference in temperature is detected between the reference and measuring cell,
a heater readjusts the temperature of both cells and at the same time plots the differential
power (DP) needed to perform the temperature adjustment. An integration of DP over time
for all the injections matches the total heat released (AH) during ligand titration. From the
binding curve, enthalpy AH and binding affinity and N-value can be derived directly. AH
is shown as heat released per mole of bound ligand, resulting in a sigmoid binding curve.
Binding affinity, expressed in the binding constant Ky, can be derived from the binding
curve directly as it corresponds to the slope of this function. Molar ratio of ligand to pro-
tein reached at the inflection point of the isotherm is expressed as N-value and represents
stoichiometry of ligand to protein under ideal conditions. Gibbs energy AG and entropy
—TAS were derived indirectly with the following equations:

(1) AG = RTIn[?—g (with R ideal gas constant, T Temperature and standard reference
concentration ¢© = 1mol/L )
(2) AG=AH-TAS

Calculations were done by an internal software of the Malvern MicroCal PEAQ-ITC.
Proteins were purified and prepared as described above (s. paragraph 2.2.2) and purity
was guaranteed by SDS PAGE (Supplements, Fig. S3). Protein was concentrated to
5-15 uM and diluted in minimal buffer for ligand binding assays.

For binding assays with Toyocamycin and 7_cyano_7_Deazainosine (7CN), Dimethyl-
sulfoxide (DMSQO) had to be added, as both nucleoside analogues could not be dis-
solved in minimal buffer. In order to minimize final buffer mismatches, the same con-
centration of DMSO in the ligand preparation was added to the protein. 50 mM Toy-
ocamycin and 50mM 7CN, respectively, were dissolved in 100% DMSO. To obtain a
working concentration of 100 uM, a 500-fold dilution of ligand was needed, meaning that
2 ul stock solution (in 100% DMSO) were added to 998 ul of minimal buffer. In the same
manner , 2ul of 100% DMSO were added to 998 pl of protein to adjust final concentrations
of DMSO in protein and ligand sample.

All experiments were carried out at 25°C, including either 19 injections of 2 ul or 13 injec-
tions of 4ul with 150s equilibration between two injections. Reference power was set to
8-10ucal/s. To distinguish the effect of ligand dilution and buffer mismatch from heat re-
leased during binding, ligand to buffer titration were used as control for all measurements.
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Reaction cell was filled with 300yl protein solution, the syringe was loaded with 50 ul lig-
and sample. Between experiments, reaction cell and syringe of the MicroCal PEAQ-ITC
were cleaned using the setting "rinse with water".

2.2.5 Protein crystallization

For protein crystallization, high amounts of pure protein were required. Proteins that were
purified from E. coli were therefore concentrated after removal of the Sumog3 fusion pro-
tein and an a size exclusion chromatography was performed as described in paragraph
2.2.2. Afterwards, the protein was again concentrated to 12-20mg/ml with an Amicon Ul-
tra centrifugal filter units Ultra-15, MWCO 10 kDa (Sigma Aldrich, Germany) and purity
was confirmed by SDS PAGE (Supplements, Fig.S3).

The method used for initial buffer screenings was the sitting-drop vapour diffusion. For
sitting drops screenings, equal volumes (100 nl) of concentrated protein ( >10 mg/ml) and
reagent solution were mixed and placed over a reservoir of reagent solution in the same
chamber. Due to different concentrations of reagent in sample and reservoir solution, wa-
ter will evaporate from the sample and a vapour equilibrium between both solutions will
be formed. Thereby, saturation of protein within the drop increases. The slow removal of
water eventually leads to a highly coordinated arranging of protein molecules forming a
crystal in the end.

Reagents in the respective solutions depended on chosen in-house screens of the Max
Planck institute of biochemistry, Munich, Crystallization Facility, where crystallization was
carried out. The following buffer screening kits were used: MAGIC 1, MAGIC 2, IND, and
NPG at two temperatures (4°C and 19°C). 0.1ul protein was mixed with 0.1ul screening
solution and drops were placed on a 96 well plate using a nanoliter crystallization robot
(Phoenix). For monitoring crystallization progress, drops were constantly imaged for 5
weeks and pictures provided online in real time by the facility. Conditions that lead to
positive hits in the first crystal screening were then expanded using optimization grids,
varying conditions such as pH or concentration of precipitation agents to improve crystal
size and geometric arrangement.

Crystallization of EQPKAR1 (c=12mg/ml) was successful in presence of 1mM cAMP in
different conditions and at different temperatures. Crystals grew within a week at 19°C in
25% PEG 3000 and 0.1M MES pH 6.5.

Crystals of LAPKARS (c=17 mg/ml), grew within 10 days at 19°C in 50mM MES pH 6.0,
14% PEG 8000 and 0.2M Sodium malonate. It is of note that the protein was shown to be
co-crystallized with guanosine (as shown by its electron density) even though no ligand
was added to the final solution.
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Data collection and structure solving Crystal handling and diffraction data collection
(both in-house and in the Swiss Light Source beam line PXIl) were performed by Dr.
Jerome Basquin, PhD (MPI, Biochemistry).

Phases for the co-crystal structure of EQPKAR1 with cAMP were obtained by molecular
replacement using the structure of mammalian Rla bound to Rp-cAMPs (PDB: 1NE4) as
a search model.

A first structure of LAPKARS3 was solved ab initio by the sulphur SAD method [66] (data
not shown). A second structure at higher resolution was then solved by molecular re-
placement obtaining phases from the first structure of LAPKARS.

Structure refinement For structure refinement, the software refine phenix-1.12-2829
was used. Model building was done manually in coot-ccp4 - 7.0 and for all structural
figures MacPyMOL, Version 1.5, was used (2.1.9). Quality of structure refinement was
mainly evaluated by R and Rye (Tab 3.3, Sektion 3.4). Constraints due to stereo chem-
istry were controlled by computation of Ramachandran plot.

Molecular docking For Molecular docking, the program Glide as part of Maestro, Ver-
sion 2017-4 and provided by Schrédinger GmBH was used [67] [68]. Molecular docking
was performed on proteins listed in Table 2.12.

For comparison to ITC data obtained for EgPKAR1(255-401)_S347A,
EgPKAR1(255-401)_C354A and EgPKAR1(255-401)_S347A,C354A, molecular docking
to EgPKAR2(255-401) was performed. As template the crystal structure of
EgPKAR1(109-401) in complex with cAMP (PDB: 6RSX) was used and in silico truncated
so that it corresponds to the truncation of EQPKAR1(255-401). Mutations were inserted
after energy minimization for each mutant individually.

For docking to LAPKARS, the crystal structure of LAPKARS3 in complex with guanosine
(PDB: 6TFC) was used as a template.

All proteins were prepared using the implemented software Protein Preparation wizard
and energetically minimized using an OPLS3 field. Ligands were extracted from the min-
imized structure and prepared before docking using the LigPrep Tool. Ligands that were
not present in the crystal structure were generated using the 3D builder tool before ligand
preparation. Receptor grids were built for each mutant individually with the centre of the
grid matching the position of the cognate ligand. Constraints, hence, obligatory formed
interactions between docked ligand and protein, were chosen as shown in Tab. 2.12
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Table 2.12: Receptor grids for molecular docking were defined using listed amino acids as constrains

Protein Ligand Site | Constraints Must match
EgPKAR1(255-401 cAMP B N335, G344, S347 3
EgPKAR1(255-401)_S347A HOH:46, V355,E345

( )

( )_
EgPKAR1(255-401)_C354A
EgPKAR1(255-401)_S347A_C354A

)
)
)

LdPKAR3(321-647
LdPKAR3(321-647
LdPKAR3(321-647

N

Guanosine | B E560 OE1, E560 OE2, A569, 1559
Inosine B E560 OE1, E560 OE2, A569, 1559
Adenosine | B E560 OE1, E560 OE2, A569, 1559 | 2

N

Docking strategy demanded at least half of chosen constraints to be fulfilled for all docking
experiments. Docked poses were incorporated in the project and values for Emodel and
Glide Gscore, which correlates with ligand binding free energy, were calculated. Best
poses were selected according to lowest Emodel and Glide Gscore was used to compare
best poses of different ligands.
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Chapter 3

Results

3.1 PKAR isoform genes in the phylum Euglenozoa — origin of
diversity in ligand specificity

Protein sequence analysis indicate the presence of cyclic nucleotide independent
PKA in various lineages of the Euglenozoa Recent findings from Bachmaier et al.
2019 [45], and unpublished data from our group show that PKAR isoforms from T. brucei
and T. cruzi are unable to bind cyclic nucleotides. Instead, nucleosides and their ana-
logues bind and activate the kinase [45] [George Githure, PhD Thesis]. Switched ligand
specificity has been shown to correlate with sequence deviations from the canonical lig-
and binding motif in the PBCs, that was defined by Canaves and Taylor, 2002 (Fig.3.1)
[24]. In PKA from T. cruzi (PDB: 6FTF) and T. brucei (PDB: 6FLO), a glutamate in posi-
tion 5 of the PBC provokes a steric clash with cAMP but interacts with the ribose ring of
nucleosides [45]. Also, an arginine in position 12, which binds to the negatively charged
oxygen in the phosphate moiety of cAMP, is lost in both orthologs. Thus, in T. brucei and
T. cruzi, a phosphate binding cassette (PBC) has changed into a ribose binding cassette
(RBC).

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Cyclic nucleotide binding F G E Lv A L v X X X P/V R AQ A
motif IM NV

Nucleoside binding motif X G E L E X X X X X X X X X

Figure 3.1: Consensus motifs of cyclic nucleotide and nucleoside binding PKA isoforms Consensus
motif of cyclic nucleotide binding PBC according to Canaves and Taylor, 2002 (upper part) [24]. Residues
that confer selectivity for nucleosides are shown beneath and coloured in blue. Corresponding residues in
the cyclic nucleotide binding motif are coloured in red.

As cAMP independency was biochemically verified for two representatives of Kinetoplas-
tida [69] [45] [George Githure, Yuri Volpato, manuscript in preparation], we wondered
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whether cAMP independent PKA can also be found in other Kinetoplastida or even out-
side Kinetoplastida, in more distant protists. We therefore analysed various sequences
of PKAR in representatives of the Euglenozoa for deviations from the canonical PBC
motif, with particular attention to the mutations found in PKAR from trypanosomes (Fig.
3.1). We found the sequence that deviates from mammalian consensus to be distributed
among different lineages of the Euglenozoa. Other putative binding sequences, which dif-
fer from both sequences introduced in Fig. 3.1, were also found [24] [45] [George Githure,
PhD Thesis]. Based on these survey results, we chose previously uncharacterised PKAR
isoforms from E. gracilis, EQPKAR1 and 2, and L. donovani, LAPKAR1 and LdPKARS,
for biochemical characterization in order to verify ligand specificity and potential ligand
candidates.

Binding assays with ligand candidates of PKAR like genes in pathogenic and free-
living protozoa Initially, preliminary ligand screens using nano Differentiation Scanning
fluorimetry (nDSF) were performed in order to test the binding of candidate ligands for
each PKA ortholog (Fig. S6, Table S2).

Isothermal titration calorimetry (ITC) was applied to confirm binding of ligands, which pre-
sented a positive thermal shift in the nanoDSF experiment, and to determine the specific
binding properties. For accurate determination of ligand binding parameters, an APOQO, i.e.
ligand-free, state of the protein was required. Therefore, the protein was denatured after
expression in and purification from E. coli, separated from internal bound small molecules
and subsequently refolded as described in the method section 2.2.2. Refolded protein was
compared to native protein using nDSF. Accurate refolding was concluded when melting
temperatures of refolded protein corresponded to those of native protein in presence of
potential ligands (Fig. S4). Figure 3.2 shows representative binding data that was de-
rived from titration of the identified ligand candidates to the respective PKA isoform or
individual domains there of in ITC. Binding affinity, expressed as dissociation constant Ky,
N-value, which approaches stoichiometry of ligand to protein under optimized conditions
(accurate determination of protein and ligand concentration; 100% activeness of protein
sample), and thermodynamic parameters are calculated as average of three independent
measurements and listed in Table 3.1.

Here we show that three out of four tested PKAR subunits bind nucleosides (Fig. 3.2) but
no cAMP (Fig.S7).

LdPKART1 from L. donovani, resembles the former characterized nucleoside dependent
PKAR isoforms from T. brucei and T. cruzi. In correlation with specific thermal shifts of
each nucleoside (Fig. S6), LAPKAR1 shows the highest affinity for inosine (K4 = 59nM)
followed by guanosine(Ky = 173nM) and adenosine (Kyq = 1487nM) (Fig. 3.2, G; Tab.
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Figure 3.2: Protein-ligand interactions of different PKAR subunits analysed by ITC for (A) EQPKAR1(109-
401) and its individual domains (B,C) as well as (D) EQPKAR2(183-483) and its individual domains (E,F); (G)
LdPKAR3(321-647) and (H) LdPKAR1(200-502) were obtained from Isothermal titration calorimetry (ITC)
experiments. In (A-H) differential power (DP) measured between sample and reference cell is shown as a
function of time in the upper plots. Isotherms beneath illustrate the total amount of heat released (corre-
sponding to integrated peak areas in the plots above) per mole of ligand. Cartoons above the binding plots
illustrate schematically the respective protein truncation matching the colour code introduced in Figure 3.1.
Three ITC measurements were done from at least two independent protein preparations. For separated do-
mains of EgPKAR1 and EgPKAR2 only one protein purification was analysed and binding properties were
calculated from a technical triplicate.
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Table 3.1: Ligand binding parameters for different PKAR isoforms. Three ITC measurements were done
from at least two independent protein preparations. For separated domains of EQPKAR1 and EgPKAR2
only one protein purification was analysed and binding properties were calculated from a technical triplicate

Purified protein Ligand Kg = SD [nM] | AH [kcal/mol] | AG [kcal/mol] | =TAS [kcal/mol] | N-value

EgPKAR1(109-401) cAMP 56 + 18 —-16+1.1 -99+0.2 5.8+0.9 2.0+03
cGMP 397 +£63 -10+0.9 -8,7+0.1 1.6+1.0 1.4+0.1
Inosine No binding

EgPKAR1(109-292) cAMP 150 + 29 -10+0.6 —-9.3+0.1 1.1+0.7 0.9+0.1

EgPKAR1(255-401) cAMP 60+ 16 —22+1.4 -99+0.2 12+1.2 0.8+0.1

EgPKAR1(255-401)_S347A cAMP 157 + 52 —22+1.3 -9.3+0.2 127 +1.4 0.6+0

EgPKAR1(255-401)_C354A cAMP 274 £ 42 —-21.0+0.6 —-9.0£0.1 11.7+£0.7 1.0+0.1

EgPKAR1(255-401)_S347A_C354A || cAMP 405+ 85 —-20+0.8 -8.7+£0.1 11.0+£0.9 1.1+02

EgPKAR2(183-483) Inosine 860 + 227 -33+3.7 -8.3+0.2 25+3.8 0.8+0.1
Guanosine | 859 + 167 —24+8.6 -8.3+0.1 15.3+ 8.6 1.1+03
Adenosine* | 10000 + 4000 | —20 +4.1 —-6.9+0.2 14+ 4.0 0.5+0.2
cAMP No binding

EgPKAR2(183-361) Inosine 1337 + 463 —-22+2,3 -8.0+0.2 14.3+2,5 0.6 £0.1

EgPKAR2(327-483) Inosine 11+6 -28.0 £0.2 -10.9+0.3 17+0.3 1.2+0.1

LdPKAR3(321-647) Inosine 13+5.3 —21+42 -11+£0.2 11+4.0 0.84 +0.1
Guanosine | 4.1 +1.7 —-28+25 -115+0.3 16+2.7 1.0+0.1
Adenosine | 235+ 71 —26.6 £ 0.1 -9.1+0.2 18 +£ 0.1 0.7 +0.1
cAMP No binding

LdPKAR1(200-502) Inosine 59 +17 —-29+7 -9.9+0.2 19+7 1.6+04
Guanosine | 173 + 58 —-22+43 -9.3+0.2 13.1+4.1 1.5+0.3
Adenosine | 1200 + 300uM | =16 + 2.6 -8.1+0.1 82+26 2+0.1
cAMP No binding

x Data from two independent runs only

3.1). With a ligand to molar ratio of N > 1.5, the calculated stoichiometry is compati-
ble with the expected number of 2 binding sites. LAPKARS, a second PKAR isoform from
L. donovani, differs from LAPKAR1 in that a slightly higher affinity for guanosine
(Kq = 4.1nM) than inosine (K4 = 13nM) was detected in ITC and the molar ratio of lig-
and to protein approximates 1 for all tested ligands. Adenosine has the lowest affinity
with K4 = 235nM (Fig. 3.2,G). Preference for guanosine over inosine and adenosine was
already indicated in preliminary ligand binding screens using nDSF (Fig. S6, Tab. S2).
Although measured stoichiometry of ligand to protein with N ~ 1 differs from expected
number of binding sites, ligand binding to only one site and preference for guanosine was
also suggested by the crystal structure of LAPKAR3 (Chapter 3.4). Thus, cAMP indepen-
dency of PKA is also found in other Kinetoplastida.

In E. gracilis, we find a nucleoside and cyclic nucleotide specific isoform of PKA to coexist
in one organism. EGPKAR2(183-483) binds best to inosine and guanosine (K4 = 860nM),
and has very low affinity for adenosine (K4 = 11uM) (Fig. 3.2, D). Furthermore, the
measured stoichiometry does not resemble the expected number of binding sites (N =~ 1
for inosine and guanosine). EQPKART, on the contrary, displays high affinity for cAMP
(Kg = 56nM) with 7-fold lower affinity for cGMP (K4 = 397nM), and binds both ligands
in two binding sites (N=2.0 and N=1.4, for cAMP and cGMP, respectively; Fig. 3.2, A).
EgPKART1 resembles a classic cAMP dependent PKAR with slightly lower binding affinity
for cAMP compared to Rla of B. taurus (Kq = 28 £ 5nM) [45]). Concluding, cAMP inde-
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pendency of PKA is not restricted to Kinetoplastida, but extended to their more distant

relatives (Fig. 3.3).
' Cyclic nucleotide binding CNB

' Nucleoside binding RBC

Kinetoplastida Diplonemida Euglenida

| O No ligand bound
| | 08

Bodonida Trypanosomatida

; T.brucei ;
T.cruzi L. donovani

: e Bachmaier et al. 2019; George Githure, Yuri Volpato
* *

* .
manuscript in preparation

Figure 3.3: Ligand binding specificities of investigated PKAR orthologs from representatives of the Eugleno-
zoa. Ligand specificity is indicated according to the colour code on the right. PKAR isoforms marked with an x
were not investigated in this but other studies from our lab [45], [George Githure and Yuri Volpato, manuscript
in preparation].

3.2 The nucleoside specific EQPKAR2 isoform

The structure of EQPKAR2 was homology modelled to investigate whether the binding
mode of nucleosides is conserved among all nucleoside dependent PKA isoforms. Struc-
tural modelling was done by Okke Melse as part of a cooperation with the group of Prof.
Dr. Iris Antes and will be shown for comparison in this thesis.

The model was built using the crystal structures of PKAR from T. brucei (PDB: 6FLO)
and T. cruzi (PDB: 6FTF) as templates. Inosine was modelled as ligand into both binding
pockets. For refinement, molecular dynamics (MD) simulations were performed on the
inosine bound model of EQPKAR2. In these, two different states, an open and a closed
state, of the protein were observed. The closed state corresponds to the B-state, i. e.
ligand bound state, of PKAR in mammals and kinetoplastids [26] [45] [George Githure,
Yuri Volpato, manuscript in preparation], whereas the open state corresponds more to the
H-state that was observed for mammalian PKAR in complex with a catalytic subunit [21]
[70] [71]. Since the open state was the more stable of both during MD simulations, it was
chosen as refined homology model of EQPKAR2.

Overall organization of EQPKAR2 is compatible with T. brucei and T. cruzi (Fig. 3.4). It
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consists of two tandem binding domains, site A and B, which are connected over an elon-
gated oB/C helix. Both sites harbour inosine as potential ligand candidate. Interestingly,
the conformational state of EQPKAR2 differs from TbPKAR and TcPKAR. Although in-
osine was modelled into both domains, EQPKAR2 more closely resembles ligand-free
mammalian PKARIl« than ligand-bound TbPKAR or TcPKAR [21] [45]. However, the
opened conformation of EQPKAR2 explains well the ligand binding behaviour that we
observed for EQPKAR2(183-483) (Fig. 3.2 D, E, F; Tab.3.1). Therefore, the structure of
both binding sites will be discussed in detail in the following.

Bsite

TbPKAR TcPKAR EgPKAR2

Figure 3.4: Overall organization of TOPKAR from T. brucei (PDB: 6FLO), TcPKAR from T. cruzi (PDB: 6HY)
and EgPKAR2. Helices are coloured in cyan, loops in purple and -sheets in red. oB/C helix that connects
the two binding sites is coloured in dark cyan. Inosine bound to the binding sites is shown as grey spheres.
The model of EQPKAR2 was done by Okke Melse, Group of Prof. Dr. Iris Antes.

Binding site A of EQPKAR2 Inosine in binding site A is not completely buried inside the
protein but rather solvent exposed (Fig. 3.5, centre). Similar to ligand binding in PKAR
from T. brucei and T. cruzi, two glutamates, E292 and E294, are the main interactors
with the ribose moiety. However, an important part of ligand binding seems to be miss-
ing as aromatic capping of the purine base does not occur according to the model. Fig.
3.6 shows an alignment of PKARIx from B. taurus (PDB: 1RGS), TbPKAR from T. brucei
(PDB: 6FLO) and EgPKAR2 on binding site A (aa 113-262 of BtPKARIx). An aromatic
capping residue, as it is located in the «A helix®NBB in the structures of B. taurus (green)
and T. brucei (magenta), is missing in EQPKAR2 (grey). The corresponding residue from
sequence alignment, D352 (grey), is not placed in direct proximity to the ligand, but at a
greater distance from site A due to a straightened oB/C helix.

These findings correlate with a low binding affinity for inosine to EQPKAR2(183-361), a
truncation of EQPKAR2, which includes only the binding site A. K4 for inosine was approxi-
mately 1.3uM (Fig. 3.2,E), which is compatible with an overall low ligand binding affinity for
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3.2 The nucleoside specific EQPKARZ2 isoform

Figure 3.5: Surface representation of EQPKAR2 (grey) and inosine (cyan). Residues that contribute to a hy-
drogen network around inosine (cyan) in site A (left) and B (right) of EQPKAR2 are shown as sticks. Hydrogen
bonds are shown as black dashed lines.

nucleosides of EQPKAR2(183-483) (K4=860nM for inosine and guanosine, respectively,
Fig. 3.2,D, Tab. 3.1).

Binding site B of EQPKAR2 In binding site B, we find an extensive hydrogen network
and aromatic capping of the ligand that is reflected in high binding affinity to the individual
domain, EQPKAR2(327-483) (K4g=11nM; Fig. 3.2, F).

Similar to binding site A, the hydrogen network is mainly formed by two glutamates, E415
and E417, and completed by backbone interactions (Fig. 3.5, right). Main difference,
however, is a capping motif (Y462 and F464) that is localized at the C-terminal end of the
oG helix. In PKAR from T. brucei and T. cruzi, the capping motif is at the beginning of an
additional oD helix [45] [George Githure and Yuri Volpato, manuscript in preparatio]. An
additional structural motif that corresponds to the oD helix is also present in EQPKAR2,
although it does not form a helix in the model (Fig. 3.7, left). Nevertheless, Y462 may
directly interact with the purine ring via p-shaped n-stacking and F464 engages in a T-
shaped r-stacking with the purine base (Fig. 3.7, right).
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Figure 3.6: Alignment of PKAR subunits from T. brucei (PDB: 6FLO, magenta) and E. gracilis, EQPKAR2,
(grey) to aa 113-262 of PKARI« from B. taurus (PDB:1RGS, green). Ligands in binding site A are shown as
sticks in the respective colour of the macromolecule. The capping residue of binding site A in PKAR from
T brucei (Y370) and B. taurus (W260), and the aligning residue in the sequence of EQPKAR2 (D351) are
shown as sticks.

Figure 3.7: oD helices of TbPKAR from T. brucei (magenta) and TcPKAR from T. cruzi (rose) are compared
to the C-terminus of EgPKAR2 (grey) (aa 462-469) in an alignment of TOPKAR and TcPKAR to the B site
of EQPKAR2 (aa 349-470) (left). Residues contributing to the capping motif of binding site B are shown as
sticks. On the right, the C-terminal capping motif in EQPKAR2 is shown. Surface representation was chosen
for the bound ligand (inosine, cyan), the capping residue Y462 and F464.

Thermodynamic signatures of EQPKAR2(183-361) and EgPKAR2(327-483) Differ-
ences in binding site A and B are reflected in their thermodynamic signature (Fig. 3.8,
Tab. 3.1). In both truncations, ligand binding is enthalpically driven (AH < 0), counter-
acting an unfavourable change of entropy (TAS > 0). The change in entropy is higher
for EQPKAR2(327-483) (-TAS = 17kcal/mol), site B, than EQPKAR2(183-361), site A
(=TAS = 14kcal/mol). Intensive hydrogen bonding in EQPKAR2(327-483), site B, due to
contributions of the C-terminal structure motif cause a strong change of enthalpy (AHBSite =
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Figure 3.8: Thermodynamic signatures of inosine binding to EQPKAR2(183-483) (left), EQPKAR2(183-361)
(centre) and EgPKAR2(327-483) (right), determined by ITC. Bar plots illustrate the thermodynamic signature
composed of changes in enthalpy AH (blue), entropy —TAS (red) and Gibbs free energy AG (green) in
kcal/mol.

—28kcal/mol, AHASte = _p2kcal/mol) that exceeds the negative entropic effect. This re-
sults in a higher release of Gibbs Free energy AG in site B than site A.

3.3 Characterization of EQPKAR1 in comparison with
mammalian PKAR1«

EgPKART1 is a second PKAR subunit encoded in the genome of E. gracilis. We could
show that unlike EQPKAR2, EgPKAR1 binds cAMP with high affinity and in both binding
sites (N=2, Tab. 3.1). While CNB:A of EgPKAR1 resembles a classic cyclic nucleotide
binding domain, CNB:B exhibits an unusual cyclic nucleotide binding motif that deviates
from the canonical PBC motif defined by Canaves et al. 2002 [24]. To investigate how
cAMP can bind to the unusual pocket in CNB:B, crystallization of EQPKAR1 in complex
with cAMP was targeted. Due to successful crystallization of N-terminal truncated PKAR
subunits, such as mammalian PKARI«(91-379) (PDB:1RGS) [26] and yeast Bc1(168-416)
(PDB: 30F1) [65], we also chose to use an N-terminal truncated protein for crystallization,
that we had analysed for cAMP binding already (Fig. 3.2, A-C).

3.3.1 Structural determinants of ligand specificity in EQPKAR1

EgPKAR1(109-401) was expressed in and purified from E. coli in native, i.e. non-denatured
state as described in section 2.2.2. Purification by size exclusion chromatography led to a
symmetric peak that indicated a mono disperse sample and purity of the protein was con-
firmed by SDS PAGE (Fig. 3.9). Crystallization was carried out at Max Planck institute of
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biochemistry, Munich, Crystallization Facility, as described in section 2.2.5. A representa-
tive image of the protein crystal that led to the structure is shown in Figure 3.9. Collection
of X-ray diffraction data was done by Dr. Jerome Basquin, PhD, from MPI, Crystallization
Facility. The structure was solved to a resolution of 1.6 A. Initial phases were obtained by
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Figure 3.9: Native protein was purified from E. coli for crystallization. The line above the higher peak marks
the collected fraction that was shown to be pure and of expected size by SDS PAGE (right). The peak marked

with an « is caused by aggregated protein and was not collected. A picture of a representative protein crystal
of EgPKART1 is shown on the left.

molecular replacement and multiple cycles of refinement were performed (chapter 2.2.5).
Data collection and refinement statistics are provided in Section 3.4, Table 3.3.

The overall structure of EQPKAR1 resembles the structure of mammalian Rlx (91-379)
and aligns with a root mean square deviation (rmsd) of 1.52 [26] (Fig. 3.10). It is com-
posed of two tandem cAMP binding domains (CNB:A and B) that are connected over an
aB/C helix and a cAMP molecule is bound in each domain. Both binding domains consist
of an «A helix, followed by a {3 barrel with a highly conserved phosphate binding cassette
(PBC), and two further helices, «B and oC. In CNB:A, B and «C, are connected, to form
a bridge between the two CNB domains.
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Figure 3.10: Overall structure of EQPKAR1 (grey) aligned to Rla (rose, PDB: 1RGS) is shown. cAMP binding
to PBC:A and B of both structures is highlighted with ligand and key residues shown as sticks.

Canonical PBC in binding site A of EQPKAR1 With its overall structure mainly con-
served, uniqueness of this protein lays in its binding to cAMP, particularly in the uncon-
ventional PBC:B. PBC:A, on the other hand, is a good example for a canonical PBC (Fig.
3.11).

Figure 3.11: Ball and stick model of cAMP (green) binding to CNB:A of EgPKART1 (grey). Residues, which
interact with the ligand are shown as sticks, hydrogen bonds are indicated as black dashed lines.

Here, we find cAMP to be bound in syn conformation with the phosphate moiety pointed
towards the PBC and the purine ring towards the solvent surrounding. Similar to mam-
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malian Rla, the purine ring is capped by an aromatic residue (Y283). Phosphate moi-
ety and ribose are bound over various hydrogen bonds. Particularly noteworthy are the
conserved residues, E223 and R232. The former binds the ribose 2’-OH, the latter the
phosphate moiety of cAMP. Further backbone interactions involve A225, G222 and A233.
Particular importance was attached to the conserved arginine in the PBC, as its absence
would significantly lower the affinity for CAMP or even prevent ligand binding [23] [72] [27]
[24].

cAMP binds to CNB:B of EQPKART1 in a new ligand binding motif cAMP binding to
PBC:B, which lacks the conserved arginine described above, is highly interesting. Figure
3.12, (centre), shows the hydrogen bond network (black dashed lines) around cAMP in
CNB:B of EgPKAR1. For structural comparison, CNB:B of Rla (PDB: 1RGS) is shown on
the left. Superposition of both highlights shared hydrogen bonds (black dashed lines) and
those only found in CNB:B of EQPKAR1 (purple dashed lines).

N335 c354 R333R‘

\ N335 l \
_ V355N =
= \‘/ § o < /
see- o P3530 AR P353/0
l' 4 w643
w64?3 o’ (
¥ % Qss2
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BtPKARo_CNB:B EgPKAR1_CNB:B Superposition

Figure 3.12: On the left, PBC:B of mammalian Rla (amino acids and cAMP in rose) and in the centre, PBC:B
of EQPKAR1 (amino acids in grey, cAMP in green) are shown. On the right, PBC:B of mammalian Rla and
EgPKART1 are superimposed. Hydrogen bonds, present in PBC:B of EgPKART1, but not in Rle, are coloured
in magenta instead of black. Black arrows mark residues, critical for binding to Rl«, that have been substituted
in EgPKART1.

In both structures, cAMP binds in syn conformation and similar interactions to purine ring
and ribose moiety are formed: The purine ring is bound via r-stacking to Y392 (Y371 in
Rlo) with an additional interaction, absent in Rlo, between N335 and N7 of the purine ring.
Hydrogen bonds to the ribose moiety are formed with E345 (E324 in Rlx) and G344/N
(G323/N in Rlx). Main difference lies in the binding of the phosphate moiety (Fig. 3.13).
In our structure, we find a key residue of mammalian Rla PBC:B, namely R333, to be
replaced by a cysteine (C354). In EgPKAR1_CNB:B, the phosphate moiety of cAMP
is captured between C354 and S347, which replaces A326 in Rlo. Additional hydrogen
bonds are formed with the backbone nitrogen of V355 and a highly coordinated water
(Fig. 3.13).
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Mammalian Rla PBC:B EgPKAR1 PBC:B

Figure 3.13: Comparison of PBC:B in mammalian Rla and EQPKAR1. Residues localized in the PBC:B
of mammalian Rla (left, rose) and EgPKART (right, grey) that interact with the phosphate moiety of cAMP
(green) are shown as sticks. Hydrogen bonds are indicated as black dashed lines.

Cyclic nucleotide binding affinities in CNB:A and B To compare binding affinity for
cAMP in the canonical and divergent PBC of EgPKAR1, truncations of EgQPKART,
EgPKAR1(109-292) and EgPKAR1(255-401) were generated for expression of individ-
ual domains. Ligand binding was investigated for both constructs by ITC.

Obtained K4 values for EQPKAR1(109-292), CNB:A, and EQPKAR1(255-401), CNB:B, are
150nM and 60nM, respectively (Fig. 3.2, B and C; Table 3.1). Thermodynamic signatures
of cAMP binding to EQPKAR1(109-292) and EgPKAR1(255-401) reveal an enthalpically
driven binding process that has to overcome an unfavourable entropy in both sites (Fig.
3.14, left). The enthalpy of cAMP binding to EGPKAR1(109-292), CNB:A, is reduced
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Figure 3.14: Thermodynamic signatures of CAMP binding to EQPKAR1(109-401) (left), EQPKAR1(109-292)
(centre) and EgPKAR1(255-401) (right). The representation of AH, AG and —TAS corresponds to Figure
3.8.
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by half in comparison to EQPKAR1(255-401), CNB:B. Counter directed entropy is lower
in CNB:A than CNB:B (-TAS¢gng:a = 1.1kcal/mol and =TASgng.g = 12kcal/mol). These
findings suggest a more flexible interaction between cAMP  and
EgPKAR1(109-292), CNB:A, and are in good agreement with the literature reporting
about a noticeably higher off-rate (5-10 fold) of cAMP from CNB:A than from CNB:B in
mammalian PKA [73] [74] [27] [75]. Moreover, higher ligand binding affinity in CNB:B
than CNB:A is compatible with experiments performed by Lorenz et al., 2017, on isolated
CNB:A (ECsp = 151 + 39nM) and B (EC5q = 3.6nM) of mammalian PKARI« using Sur-
face plasmon resonance (SPR) [64]. However, in comparison to CNB:B in mammalian
PKARIq, affinity for cAMP in EQPKAR1(255-401), CNB:B, is reduced by approximately 17
fold (ECso M *CNBB _ 3 6nM and Ky4FIPKAR255-401) _ gonM). Thus, we clearly demon-
strated that cAMP binds to both CNB domains of EQPKAR1, but with significant lower
binding affinity to EQPKAR1(255-401), CNB:B, than to the isolated CNB:B of mammalian
Rlo due to the divergent ligand binding motif.

3.3.2 Contribution of key residues to ligand binding affinity in EQPKAR1

The surprising extension of the consensus for cAMP binding sites motivated a direct in-
vestigation of the role of residues localized in the key positions of PBC. Therefore, we gen-
erated mutants with either S347, C354 or both mutated to alanine. Additionally, molecular
docking was carried out on the crystal structure of EQPKAR1 with respective mutations
inserted in silico as described in the method section 2.2.5.

It was seen that all mutants are still able to bind cAMP with a reduced ligand binding
affinity (Tab. 3.2 and Fig. 3.15). Compared to EgPKAR1(255-401) (left panel), we
measured 2.5-fold lower binding affinity in the single mutant EQPKAR1(255-401)_S347A
and 4.5-fold lower binding affinity in EQPKAR1(255-401)_C354A. Mutating both residues
to alanine caused a 6.5-fold decrease in binding affinity. Thus, despite the absence
of two residues, whose side chains are involved in ligand binding, cAMP still binds to
EgPKAR1(255-401) _S347A C354A in the nano molar range.

Interestingly, single residue substitution in mammalian PKARIx had significant higher
impact on ligand binding affinity. Herberg et al., 1996, described a single site mutant
of bovine Rla with R333K in PBC:B, in which the affinity for cAMP decreased 5-fold
and the molar ratio of monomeric R-subunit to bound cAMP decreased to 1 (the wild
type of PKAR1a was capable of binding 2 mole of ligand per mole of R-subunit) [27].
From these findings, the authors conclude that cAMP cannot bind to the mutated CNB:B
in Rlo(R333K) [27]. The similar mutant, EQPKAR1(255-401)_S347A_C354A, still binds
cAMP and its binding affinity is only reduced 6.5-fold. These differences might be due
to the different amino acid in position 12 of the PCB (lysine in Rla(R333K) and alanine
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in EgPKAR1(255-401)_S347A_C354A). K333 could have stronger influence on tertiary
structure of the binding site than the smaller alanine has. Furthermore, in Herberg et al.,
1996, a full size construct of mammalian rRlx was used, whereas in our study CNB:B was
expressed individually. It has to be considered that due to cooperative binding, mutations
inserted into CNB:B could negatively influence ligand binding in CNB:A. This could lead
to a greater loss of binding affinity in EQPKAR1(109-401), where both CNBs are incorpo-
rated.

Support for our binding data is gained by molecular docking using Glide enclosed in the
program Maestro, Schroedinger suite Version 2017-14. For docking of cAMP to mutated
CNB:B of EgPKART1, the crystal structure was truncated in silico (aa 255-401) and the
respective mutations were inserted. Best poses for each mutant were chosen according
to lowest emodel and are shown in Fig. 3.15. Glide Gscore (GG) for poses with lowest
Emodel is listed in Tab. 3.2. Glide Gscore is a value for estimated energy release upon
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Figure 3.15: cAMP binding to EgPKAR1(255-401), EgPKAR1(255-401)_S347A, EgPKAR1(255-401)_-
C354A and the double mutant EQPKAR1(255-401)_S347A_C354A (from left to right) was studied using ITC
and molecular docking using Glide incorporated in Maestro (Schroedinger GmBH). Best docking poses were
chosen on base of lowest Emodel and are shown above the binding data. Emodel and calculated Gscore
(GG) for best poses is shown beneath. Binding data were derived from ITC experiments. Measurements
were done in technical triplicates from one protein preparation.

ligand binding and should approximate experimentally determined AG. In our case, cal-
culated GG exceeds measured AG, but resembles the order of mutants ranked according
to their ligand binding affinity. To critically evaluate our docking results, a second experi-
ment, using MM/PBSA, was done by Okke Melse [76]. Values for calculated AGy are
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also shown in Tab. 3.2. Values from the MM/PBSA calculations are noticeably higher

Table 3.2: Comparison of experimentally determined AG, calculated Gscore obtained by molecular docking
using Glide, Maestro, and AGgc using MM/PBSA(x).

Mutant N Kg £ SD [nM] | AG [keal/mol] (ITC) | Gscore (GG) [kcal/mol] || AGcqc [keal/mol] (x)
EgPKAR1(255-401) 0.8+0.1 | 6016 -9.9+0.2 -12.0 —-49.8+2.8
EgPKAR1(255-401)_S347A 06+0 157 £ 52 -9.3+0.2 -11.3 —-49.0+2.5
EgPKAR1(255-401)_C354A 1.0+£0.1 | 247 +42 -9.0+0.1 -10.9 —-48.4 +2.7
EgPKAR1(255-401)_S347A_C354A || 1.1 £0.2 | 405+ 85 -8.7+0.1 -10.3 —46.5+2.5

x Experiments done by Okke Melse

than experimentally determined AG, since in calculation of AGgg conformational en-
tropy (—TAS) was not taken into account. Nevertheless, the method is of good use for
comparison of relative binding free energies between similar structures or ligands [76].
Thus, with focus on the ranking of mutants according to AGggc, results from MM/PBSA
are compatible with experimental data and Glide Gscore from molecular docking.
Concluding, the co-crystal structure of EQPKART1 reveals a highly coordinated binding of
cAMP, also in the unconventional PBC:B. Besides additional binding of the adenine ring,
binding of the phosphate moiety is ensured by several backbone interactions that might
explain how key residues of the classic cAMP binding domain can be replaced.

3.4 Evidence for a single nucleoside binding domain in
LdPKAR3

Exclusive binding of nucleosides to LAPKARS from L. donovani was found by nDSF and
could be confirmed in ligand binding assays using ITC as described in section 3.1. Using
the ITC data, we found that the measured ligand-to-protein stoichiometry did not corre-
spond to the two expected binding sites (N =~ 1). Therefore, crystallization of N-terminal
truncated LAPKAR3(321-647) in complex with guanosine was attempted and the struc-
ture was solved to a resolution of 2.0 A. Crystallographic data and refinement statistics
are provided in Table 3.3. After expression in and purification from E. coli, size exclusion
chromatography (SEC) was performed and the purity of LAPKARS3 was confirmed by SDS
PAGE (Fig. 3.16).
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Table 3.3: Data collection and refinement statistics for EQPKAR1(109-401) and LAPKAR3(321-647). Values
for the best resolution shell are shown in parentheses.

Protein EgPKARH1 LdPKAR3
PDB 6RSX 6TFC
Cell dimension
a,b,c (A) 80.586, 80.586, 110.755 211.898, 211.898, 72.41
o By Y (o) 90,90,120 90,90,90

Data collection
Resolution Range (A)
Space group
X-ray wavelength (/D-\)
Unique reflections
Reflections used for R-free
Multiplicity
Completeness (%)
Mean /o
Copies per ASU
I:‘merge
Rpim(withinl+/I-)
CC1/2

43.38— 1606 (1.664 — 1606)
P61
0.999910
52599 (4906)
2569 (255)
20.0 (19.6)
99.17 (93.02)
14.33 (0.44)
1
0,073 (8.069)
0.24(2.581)
1.000 (0.443)

57.54— 1963 (2.033 — 1963)
141
1000030
112763 (9404)
1996(166)
13.4 (12.6)
98.23 (82.57)
9.26(0.72)

4
0.127 (2.99)
0.52(1.241)
0.996 (0.302)

Refinement statistics

I:"‘work (%)
I:‘free

0.1923 (0.5454)
0.2163 (0.5639)

0.1988 (0.4833)
0.2310 (0.4999)

Average B-factor (A?)

Protein atoms 42.25 56.34
Solvent atoms 49.15 57.03
Ramachandran plot (%)
Favored/Allowed 98.11/1.89 98.45/1.38

Overall organization of LAPKAR3 corresponds to other crystal structures of PKAR (Fig.
3.17). It is composed of two sequential binding domains, A site and B site, of which
each contains a B-barrel and a helical subdomain. The arrangement of helices and 8-
sheets matches mammalian Rlx [26] [23], with an additional «D helix in the B site that
is also present in PKAR from T. brucei and T. cruzi [45] [George Githure, Yuri Volpato,
manuscript in preparation]. Interestingly, the C-terminus in LAPKAR3 is even longer than
in PKA from trypanosomes with additional 13 amino acids after the oD helix.

Another unique feature of the structure of LAPKARS is that only the B site binds a lig-
and. This correlates with an arrangement of the two binding domains that neither re-
sembles the structure of ligand bound PKAR, e.g. TbPKAR (PDB: 6FLO), TcPKAR
(PDB:6HYI1) or mammalian Rl (PDB: 1RGS), nor the ligand unbound state of PKAR,
to date only solved for Rla (PDB: 2QCS) [21]. Alignment of LAPKAR3 to cAMP bound Rl«
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Figure 3.16: Native protein was purified from E. coli for crystallization. The line above the higher peak marks
the collected fraction that was shown to be pure and of expected size by SDS PAGE (right). The peak marked
with an = is caused by aggregate protein and was not collected. A representative protein crystal of LAPKAR3
is shown on the left. The asymmetric unit was built by four molecules of LAPKARS and is shown as pymol
illustration on the upper left.

(cyan; PDP: 1RGS) and cAMP unbound Rla (magenta, PDB: 2QCS, Chain B) on bind-
ing site A (aa 334-475 of LAPKARS), is shown in Fig. 3.17. It reveals an intermediate
state of LAPKARS (grey) that does not fully align neither to a ligand bound nor to a lig-
and free PKAR ortholog. Complete reorganization of mammalian PKARIl« upon ligand
binding results in an angle of 125° between the «B/C helices of Rlo_cAMP bound and
unbound. This angle is reduced to 30° between the o B/C helices of LAPKARS3 and
Rlo_cAMP unbound. Our data suggests that LAPKARS3 does not undergo complete struc-
tural reorganization upon ligand binding due to a missing ligand in the A site.

Binding site A appears empty in the crystal structure and in conformational H-state
associated with high affinity for PKAC binding In site A, instead of a ligand, we find
a structural motif that is known to positively influence the affinity for a catalytic subunit in
mammalian PKA [70] [21] [71]. In Figure 3.18, A site from LdPKARS is aligned to a dele-
tion mutant of Rlx(91-244) in complex with PKAC (PDB: 3FHI). The N-terminal N3APKAR
motif and the F-helixPXAC are shown. The N-terminal N3A motif is a structural domain
that precedes the p-barrel of binding site A and is composed of an oN helix, followed by
a 34ploop and the oA helix of the A site [21][71]. In ligand-free mammalian Rla, also
called H-state of Rlo, the N-terminal N3A moves inward and closer to PBC:A. Thereby,
PBC:A and the N3A motif form a hydrophobic docking surface for a catalytic subunit [21]
[70][77][78].
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R1a_cAMP
unbound

LdPKAR3_
Guano

R1a_cAMP
bound

Bsite

Figure 3.17: Left panel: Overall structure of LAPKARS (grey) with guanosine (purple) bound to the B site.
Right panel: LdAPKARS aligned to Rlo_cAMP bound (PBD: 1RGS, cyan) and Rla holoenzyme conformation
(PDB: 2QCS, Chain B, purple) on CNB:A (aa D334-R461). Dashed lines indicate angles that are formed by
the oB/C helices of Rlo_ cAMP unbound and LdPKARS (red) or the «B/C helices of Rla_cAMP unbound and
Rle._cAMP bound.

F-helixBtPKAC Y439

V251

aA-helix

aN-helix

Figure 3.18: Alignment of LAPKAR3 (grey) to Rla(91-244) (cyan) that docks to the F-helix of PKAC (black)
(PDB: 3FHI) [70]. Residues that contribute to an interface between Rl«(91-244) and the catalytic subunit are
shown as sticks in cyan or black. Corresponding amino acids in LAPKAR3 are shown as grey sticks and
hydrogen bonds are shown as black dashed lines.
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In our structure, we find the N-terminal N3A motif to be directed towards RBC:A, as seen
in the ligand-free state of Rla. In this constellation of N3A motif and RBC:A, an interaction
between D434LdPKARSpec:A gnd H363L4PKARSNA can be formed. This hydrogen bond
corresponds to an interaction of E200 and N133 in the ligand-free conformation of Rlx
(PDB: 2QCS, chain B) in complex with the catalytic subunit [21]. Furthermore, residues
that contribute to a hydrophobic docking surface for the catalytic subunit in mammalian
Rla (cyan sticks) are conserved in LAPKAR3 and similarly directed (highlighted as grey
sticks) [70] [21]. Thus, our data indicates that binding site A of LAPKARS3 does not harbour
a ligand but exhibits a structure motif associated with high affinity for a catalytic subunit in
mammalian PKARIe.

High affinity binding of guanosine in binding site B  Unlike site A, site B harbours a
ligand that we could identify as guanosine due to clear electron density in all four chains.
Electron densities of ligand and interacting residues in chain A are shown in Fig. 3.19.
Since we did not add any ligand before crystallization and best binders according to
ITC experiments, inosine and guanosine, do not differ much in their binding affinity, it
was highly interesting that we found only guanosine in the crystal structure of LAPKARS.
Nevertheless, the structure of LAPKARS explains high affinity for both nucleosides, ino-
sine and guanosine, and reveals a guanosine-specific interaction, which makes a slightly
higher affinity for guanosine than for inosine understandable.

Figure 3.19, right, shows the hydrogen network that is formed between protein and ligand.
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Figure 3.19: On the left, electron density maps were modelled for LAPKARS based on the 2Fo-Fc map (1o
blue map) and for the ligand based on Fo-Fc map (3c green map). On the right, the hydrogen network
(indicated by black dashes) surrounding guanosine (magenta) bound to LAPKARS in the B site (grey) is
displayed. Structural waters are shown as red spheres.
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3.4 Evidence for a single nucleoside binding domain in LAPKAR3

The ribose ring is orientated towards RBC:B, whereas the aromatic ring is placed between
aC and oD helix. Comparable to nucleoside binding domains in TOPKAR and TcPKAR,
the ribose ring is captured between E560 and Q558 with an additional backbone inter-
action to G557/N. Q558 replaces a glutamate in position 5 of the RBCs in PKAR from T.
brucei (PDB: 6FLO) and T. cruzi (PDB: 6FTF) and binds guanosine over a water molecule.
Unlike PKAR from T. brucei and T. cruzi, aromatic residues, located in the oD helix, do
not interact with the ligand via n-stacking. Instead, the purine ring is bound over hydrogen
bonds to Y612/N and T608. Y612 binds to the keto group on the purine ring of guanosine
and T608 to the amino group on C2 via the free electron pair of its hydroxyl group.

By molecular docking of guanosine, adenosine and inosine to binding site B of LAPKARS,
we showed that the interaction of Y612/N with the keto group on the purine ring can
be formed with guanosine and inosine, whereas the interaction with T608 is guanosine-
specific (Fig. 3.20). With adenosine neither of these interactions is formed, explaining its
lower binding affinity compared to inosine and guanosine (Tab. 3.1). The missing con-
tribution of Y612/N to the binding of adenosine and T608 to the binding of inosine and
adenosine results in a reduction of binding free energy that is expressed in lower Glide
Gscore. The lower Glide Gscore is compatible with measured AG in ITC experiments
(Tab 3.1, Fig. 3.20).

Thus, highest binding affinity for guanosine (Ky = 4nM) is supported by the results of
molecular docking. They furthermore explain why the binding of inosine to LAPKARS is
almost equally good (K4 = 10nM), since only one hydrogen bond cannot be formed with
inosine that can be formed with guanosine.

Ve
AN
) |
ﬁ‘ i BN
T608 T608 " "/ 'l ¢ T608
-* *
Ly Ly )
S ey E560 @
T608/0 T608/0 ) o
; ! E ¥ 'S =7 760810
T~ Y612 ~ Y612IN
Y612
Guanosine Inosine Adenosine
Emodel = -100 Emodel = -89.6 Emodel = -86.9

GGschore = - 10.2 kcal/mol
AG = -11.5 kcal/mol
RMSD = 0.326

GGschore = -9.4 kcal/mol
AG = -11 kcal/mol

GGschore = -7.8 kcal/mol
AG =-9.1 kcal/mol

Figure 3.20: Molecular docking of guanosine (left), inosine (centre) and adenosine (right) to bindng site B
in LdAPKARS was performed using Glide incorporated in Maestro(Schroedinger GmBH). Best docking poses
were chosen on base of lowest Emodel and calculated Gscore (GG) of best docking pose is shown beneath.
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With our co-crystal complex of LAPKAR3 and guanosine we confirmed ITC data, in which
ligand binding to only one site was indicated. In thermal denaturation assays using nDSF,
guanosine leads to the highest stability of the protein (Fig. S6) and its tight interaction
with the B site of LAPKARS can be structurally explained.

Interactions of the extended C-terminus with both binding sites in LAPKAR3 In
contrast to PKAR subunits of mammals, PKAR subunits from kinetoplastids were shown
to have an additional oD helix at their C-terminal end [45] [George Githure, Yuri Volpato,
manuscript in preparation]. It forms a closing lid to trap the ligand in binding site B and its
closing over the RBC:B was proposed to be an essential part of the activation mechanism
[45] [George Githure, Yuri Volpato manuscript in preparation].

Interestingly, we find an even longer C-terminus in LAPKARS, with additional 13 amino
acids that follow the oD helix. It incorporates three proline pairs that stretch the C-terminal
fragment and prevent it from forming secondary structure. Figure 3.21 shows a structural
(left) and a schematic (right) representation of LAPKARS3 with focus on the C-terminus.
In direct proximity to binding site B, the C-terminus contributes to the closing of the oD
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Figure 3.21: On the left, overall structure of LAPKARS is shown. Prolines that are localized in the C-terminus
are shown as grey spheres. Guanosine in binding site B is shown as spheres in magenta. Residues that
undergo interdomain interactions are shown as sticks. Hydrogen bonds are indicated as black dashed lines.
On the right, a scheme of LAPKARS is shown, corresponding to the pymol illustration on the left. Binding
site A and B are indicated as grey pies, secondary structure is partially implied in helices (cylinder) and beta-
sheets (arrows). Amino acids that are indicated as sticks in the pymol illustration are shown as small blue
pentagon or black dots for prolines. Guanosine in binding site B is indicated as red circle. The x marks an
interdomain interaction, which is shown in Figure 3.22.

helix. Unlike in the crystal structures of TOPKAR and TcPKAR, there is no aromatic
n—stacking with the ligand in LAPKAR3. These stacking interactions are indispensable to
keep the oD helix closed in TOPKAR and TcPKAR. In the structure of LAPKARS, we find
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3.5 Cell permeable nucleoside analogues bind to LAPKAR1 and LAPKAR3

the C-terminus to partially overtake this role in LAPKARS by forming hydrogen bonds with
residues localized in the RBC:B (P623C-terminus anq v566/NRBCB gng De25/NC-terminus
and H564/0RBCB),

Furthermore, our data suggests that the C-terminus might hinder a ligand to bind in site
A by interacting with the N3A motif in binding site A (Fig. 3.22). D631C-terminus pingg
to R586 in the B helix of binding site B and S367 in the 31gloop of binding site A (Fig.
3.22). This forms an interdomain interaction that stabilizes the inward directed position of
the N3A motif and thus the ligand-free state of binding site A.

C-terminus

Figure 3.22: Interaction between site A, site B and C-terminus marked with * in Fig. 3.21, right. Site A is
coloured in magenta, site B in cyan and the C-terminus in grey. Interacting residues are shown as sticks,
hydrogen bonds are indicated as black dashed line, prolines are shown as grey spheres.

3.5 Cell permeable nucleoside analogues bind to LAPKAR1
and LAPKAR3

Two cell permeable compounds, toyocamycin and 7_cyano_7_deazainosine (7CN), were
tested on LAPKAR1 and LAPKARS3 in ITC experiments. Both were shown to be high affin-
ity binders and potent activators of TbOPKA in T. brucei [45]. The aim of this approach was
to verify that both compounds bind LAPKARS3 and LdPKAR1 and thus could serve as a
tool for kinase activation in vivo to investigate PKA function in this pathogen.

For comparison, binding of both nucleoside analogues to ToPKAR(199-499) was re-
peated (published by Bachmaier et al., 2019). In Figure 3.23, a representative curve for
the binding of 7CN or toyocamycin is shown for all three proteins. Table 3.4 summarizes
the obtained binding data.
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Figure 3.23: Binding of 7CN and toyocamycin to (A) LdAPKART1, (B) LdAPKAR3 and (C) TbPKAR was studied
by ITC. lllustration of binding data matches the representation in Figure 3.2, Section 3.1.

Table 3.4: Binding properties of 7CN and toyocamycin binding to LAPKAR1, LAPKAR3 and TbPKAR. Values
are calculated from at least three independent measurements. Proteins were prepared at least two times.

Organism:PKA Ligand Kg £ SD [nM] | AH [keal/mol] | AG [keal/mol] | —=TAS [kcal/mol] | N-value
LdPKAR1(200-502) || 7_cyano_7_deazainosine | 201 4 87 —-20+2 -9.2+0.3 11+2 1.7+0.4
Toyocamycin 611482 17 £ 1* -8,5+0.1 8.8+ 1.3* 1.3+0.2*
LdPKAR3(321-647) || 7_cyano_7_deazainosine | 1.0 + 0.6 -18+2 -124+0.5 53+25 1.1+0.0
Toyocamycin 3.8+2.1 —-25+1 -11.5+04 14+1.0 0.8+0.1
TbPKAR(199-401) 7_cyano_7_deazainosine | 36 + 12 -19+4 -10.2+0.2 8.3+4.0 1.3+0.2
Toyocamycin 67 + 42 -28+2 -9.9+05 18+3 0.7+ 0.1
x Data based on two independent runs only

TbPKAR(199-401) has a 2-fold higher affinity for 7CN than for toyocamycin (K4 = 36nM
for 7CN and K4 = 67nM for toyocamycin). These values are in a similar range as pub-
lished results (K4(7CN) = 8nM and Kg(toyo) = 58nM) and confirm that both nucleoside
analogues bind with high affinity to TOPKAR [45].

LdAPKAR1 has a significantly lower binding affinity for both compounds (K4(7CN) = 201nM
and K4(Toyo) = 611nM). As for TbPKAR, 7CN is the better binder of both and possibly
also the better activator, since a 36-fold higher activation potency of 7CN compared to
toyocamycin was shown for TOPKAR [45].

LAPKARS3 displays high affinity for both compounds with Ky = 1nM for 7CN and
Kg = 3.8nM for toyocamycin. Consistent with ITC data obtained for purine nucleosides,
ligand to protein stoichiometry indicates binding in only one site (N ~ 1). Whether a
holoenzyme formed between LdPKARS and a catalytic subunit can be activated by these
compounds remains questionable, as it is not yet clear whether ligand binding to both
sites is required for PKA activation in kinetoplastids.

Concluding, we show that 7CN and toyocamycin bind to LdAPKARS3 and LdPKAR1 in vitro
and in all available binding sites. As neither of the compounds is specific for only one of
the two isoforms, it might not be possible to discriminate between the two orthologs in
vivo. Therefore, further preliminary experiments will be required to enable in vivo investi-
gations on LAPKAR1 and LdPKARS3 individually.
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Discussion

cAMP independency of PKA in Kinetoplastida has long been indirectly suspected [46]
[79], but only recently have in vivo activators of PKA in T. brucei been identified [45].
Since these activators are nucleoside analogues, it seemed likely that also nucleosides
could have an effect on the kinase. The highest potency for kinase activation in vitro and
also highest binding affinity was observed for purine nucleosides, especially inosine and
guanosine [George Githure, Yuri Volpato, manuscript in preparation].

In order to understand the ligand switch on a molecular level, co-crystallization of PKA
from T. brucei with nucleosides and nucleoside analogues was performed. These crystal
structures revealed, how nucleosides can be tightly bound, but cyclic nucleotides would
clash with certain residues in the binding pocket [George Githure, Yuri Volpato, manuscript
in preparation]. This observation was supported by experiments showing that the ligand
change could be reversed by inserting mutations in both binding sites. With the muta-
tion of three residues in RBC:A, E311A, T318R, V319, and RBC:B, E345A, N442R and
V443A, respectively, kinase activation could be induced by cAMP (EC5y = 33uM) with a
10 fold higher ECs5 for inosine (ECsq = 300uM) [George Githure, Yuri Volpato, manuscript
in preparation].

Altered ligand specificity could also be shown for PKAR1 in T. cruzi and both paralogs,
LdPKAR1 and LAPKARS, in L. donovani, and is likely to be conserved among Trypanoso-
matida [George Githure, Yuri Volpato, manuscript in preparation] [This work]. To investi-
gate whether the ligand switch also occurred in more distant relatives of trypanosomes,
PKA sequences from representatives of the Euglenozoa were screened for deviations
from the classic CAMP binding motif [24] (Screens done by Cormac Kinsella). Two PKA
subunits from E. gracilis were found, that were predicted to differ with regard to their lig-
and specificity. In this work, we were able to verify the predictions biochemically, using
Isothermal titration calorimetry (ITC) and structural analysis.
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4.1 Are nucleosides the endogenous ligands of cNMP
independent PKA?

With more PKAR orthologs showing cAMP independency but nucleoside binding, the
question arises of whether nucleosides are the actual endogenous ligands and whether
they are part of an intracellular signalling pathway. Therefore, binding affinities for nucle-
osides of our investigated orthologs have to be considered (Tab. 4.1).

Table 4.1: Comparison of ligand binding affinities in different PKA orthologs.

PKAR ortholog || Organism cAMP | K4 Inosine | K4 Guanosine | Ky Adenosine
Rlo* H. sapiens | 28nM | - - -

TbPKAR* T. brucei - 14nM 78nM 80nM
LdPKAR1 L. donovani | - 59nM 173nM 1157nM
LdPKAR3 L. donovani | - 10nM 21nM 235nM
EgPKAR2 E. gracilis - 831nM 931nM 11000

* Kg values were taken from Bachmaier et al., 2019 and Yuri Volpato, PhD Thesis

Mammalian Rla, which serves as a reference model in this work, displays high binding
affinity for its endogenous ligand cAMP (Kq4 = 28nM). K4 values that were determined for
inosine binding to TOPKAR and LAPKAR1 are comparable to mammalian Rla (K4 = 14nM
and Ky = 59nM, respectively). LdPKARS shows slightly higher affinity for guanosine
(Kg = 4nM) than inosine (Ky = 10nM), but both ligand candidate bind even better to
LdPKARS than cAMP to mammalian Rla. Hence, high affinity binding of nucleosides to
investigated PKA from Kinetoplastida makes them promising ligand candidates.

In contrast, EQPKAR2 from E. gracilis has significantly lower affinity for nucleosides than
its orthologs in kinetoplastids. In comparison with mammalian Rle, EQPKAR2 has a 30-
fold higher K4 for inosine than Rlo for cAMP. Since we would expect an endogenous ligand
to bind with similar high affinity to EQPKAR2 as cAMP does to mammalian Rlo, the role
of nucleosides as endogenous ligands for EQPKAR2 must be questioned. Instead, as
detailed in section 4.2.3, EQPKAR2 is possibly involved in an alternative activation mech-
anism, in which activation may not be controlled by ligand binding.

In the other organisms, nucleoside mediated PKA signalling is at least conceivable, al-
though the question arises whether nucleosides serve as second messengers in the
same way as cAMP. As kinetoplastids lack the ability of purine synthesis, their nucleoside
metabolism is dependent on purine uptake from the host [80]. PKA in trypanosomatids
might therefore function as a nucleoside sensor rather than nucleosides as intracellular
second messengers. Thus, it could mediate changes in metabolism or differentiation that
have been shown to be dependent on extracellular nucleoside supply. For example, it was

50



4.2 LdPKARS3, a novel type of PKAR-like isoform in pathogenic L. donovani

shown that metacyclogenesis in L. donovani can be triggered by an absence of purines
[81]. Starvation-induced metacyclogenesis led to an increase of LAPKAR1, suggesting its
involvement in differentiation of metacyclic promastigotes [11].Thus, PKA could act as a
nucleoside sensor, mediating the effect of purine absence on metacyclogenesis.
However, it remains elusive to date how PKA is controlled within the parasites. It was
shown that activation of TOPKA can be induced by cell permeable nucleoside analogues
in vivo [45] and that nucleosides display high affinity as well as high activation potency
on PKA in T. brucei and L. donovani in vitro. Whether intracellular changes of nucleoside
concentration correlate with PKA activity or whether the actual endogenous ligand is not
yet identified remains highly speculative and requires further investigations.

4.2 LdPKARS, a novel type of PKAR-like isoform in pathogenic
L. donovani

4.2.1 The role of LAPKARS in the life cycle of L. donovani

In parallel to this work, functional analysis of LAPKARS we carried out in collaboration
between the groups of Prof. Michael Boshart and Prof. Dan Zilberstein, Technion in
Haifa, Israel. Prof. Dan Zilberstein kindly provided us with unpublished data, which will be
compared with the results of this work in the following.

LJAPKARS3 localizes to the cytoskeleton of the parasite LdPKARS3 was discovered in
screenings for post-translationally modified cellular proteins [82]. Together with its para-
log, LAPKART1, it was characterized as a nucleoside binding protein in this work and both
are suggested to be involved in the life cycle of L. donovani [10] [11][9] [Fischer Wein-
berger et al., manuscript in preparation].

A knock out of LAPKARS in L. donovani provokes a strong morphology phenotype, dis-
abling promastigotes to retain their elongated slender form [Fischer Weinberger et al.,
manuscript in preparation]. This could be correlated with the co-localization of LAPKARS3
with subpellicular microtubules in cell [Fischer Weinberger et al., manuscript in prepara-
tion]. In promastigotes, localization of LAPKARRS is restricted to the cortical region in be-
tween nucleus and flagellar pocket, whereas in rounded amastigotes, LAPKARS can be
detected on the entire cortex [Fischer Weinberger et al., manuscript in preparation]. Inter-
estingly, LAPKARS3 is absent in salivarian trypanosomes that lack the ability of amastigote
forming. Stage specific localization as well as stage specific phosphorylation patterns of
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LdPKARS, which have been described earlier, support the hypothesis of its involvement
in cell differentiation and will be discussed in the following [9] [83].

N-terminal phosphorylation pattern suggests a role in differentiation In order to
simplify expression and work on LdPKARS, its long and non-conserved N-terminus was
truncated. In mammalian RI and RIl, the N-terminus carries a dimerization/docking do-
main, which is essential for homo dimer building and localization of the protein in certain
cellular compartments over A-Kinase anchoring proteins (AKAPs) [84]. These mediate
the association of various enzymes and substrates in order to facilitate their interaction
[78] [85] [86].

The N-terminus in LAPKARS differs strongly from the N-termini of mammalian isoforms
in terms of size and conserved domains, e.g. it lacks a dimerization/docking domain.
However, it has several phosphorylation sites, some of which are (de)phosphorylation
according to a stage-specific pattern, as shown in Fig. 4.1.

@ rhosphorylated in amastigotes
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. constitutively phosphorylated
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Figure 4.1: Phosphorylation sites that were identified by Tsigankov et al. (2013 and 2014) are shown for the
respective domain of LAPKARS, in which they are localized. Circles above indicate stage specific phospho-
rylation according to the colour code on the right.

Of in total 16 phosphorylation sites, 10 are localized N-terminal, preceding the inhibitory
sequence. The remaining six are distributed in a linker between inhibitory sequence and
RBC:A. The majority of those are phosphorylated constitutively. Stage specific phospho-
rylation sites are S349 and T390, as only found to be phosphorylated in promastigotes,
and S3, S123, T254 and T262, only in amastigotes [83]. Augmentation of phosphoryla-
tion was shown to be independent of protein abundance and can be considered stage
specific.

Of particular note is T262, an amastigote-specific phosphosite that is possibly phosphory-
lated by PKA itself on a PKA-specific phosphorylation motif (R-X-X-S/T). Phosphorylation
of T262 increases strongly during the first five hours after perception of a differentiation
signal [9]. Since rounding of cells usually starts 5 to 7 hours after exposure to a differenti-
ation signal, significant changes in phosphorylation abundance during the first five hours

52



4.2 LdPKARS3, a novel type of PKAR-like isoform in pathogenic L. donovani

might be correlated with the initiation of amastigote morphogenesis [8] [Fischer Wein-
berger et al., manuscript in preparation]. Phosphorylation on T262 might therefore be
part of an (auto)regulation mechanism of PKA to increase its activity in early differentia-
tion.

4.2.2 Structure-derived model of an alternative kinase activation
mechanism

Having successfully crystallized LAPKARS3 in complex with guanosine, we could show
that LAPKARS binds nucleosides only in bindings site B whereas site A remains empty.
Due to this clear deviations from beforehand characterized PKAR subunits, tandem affinity
purification of LAPKARS with the catalytic subunits C1 and C3 from Leishmania tarentolae
was performed (experiments done by George Githure). These results prove the capacity
of LAPKARRS to interact with catalytic subunits. Thus, it fulfils the criteria of a regulatory
subunit of PKA.

Nevertheless, deviations in sequence and structure let us question whether the activation
mechanism is completely conserved for LAPKARS. Therefore, new features of sequence
and structure and their potential influence on an alternative kinase activation mechanism
will be discussed for this novel type of PKAR-like isoforms.

Inhibitory sequence in LAPKAR3 Sequence analysis of LAPKARS reveals the clas-
sic organization of PKAR, consisting of N- and C-terminus, and two binding domains
positioned in between. Nevertheless, peculiarities in certain sequence motifs are ob-
served, such as Inhibitory sequence (IS) and RBC:A. IS normally forms the sequence
motif R — X — X —-S/T/G/A — ¥ (with ¥ = hydrophobic residues) and is essential to distin-
guish between Rl and RIl isoforms. Rl isoforms carry a serine or threonine in the P-site
(bold residues in IS motif) of the IS, on which they can be phosphorylated by PKAC. The
IS in Rl isoforms, on the contrary, is only a pseudo substrate for PKAC, as the P-site is
occupied by a glycine or alanine [20] [87]. Additionally, RI isoforms exhibit a serine in
position P+2 that can be phosphorylated by PKG and is therefore an essential residue of
PKA/ PKG crosstalk [88] [89].

Due to its inhibitory sequence, we conclude that LAPKARS resembles an Rl like isoform.
However, in LAPKARS, the first arginine of the IS is replaced by a serine (Tab. 4.2), form-
ing a S-R-X-A-¥ motif. R94 and R95 in a deletion mutant of Rlo are important for inhibition
of the catalytic subunit because they interact with several residues in the active site cleft
[70]. R94 in Rl of B. taurus shows intense binding to the C-subunit including ion pairs to
E127C in a glycine-rich loop and a hydrogen bond to T51€ [70]. These two residues are
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conserved in PKAC1 (Accession (TriTryp): LINF_350045100) and C3 (Accession: LINF_-
180016200) of Leishmania infantum. As R94R!* is replaced by $324 in LAPKARS3, similar
intense binding to the glycine-rich loop most likely cannot be established.

However, LAPKARS is not the first putative PKAR subunit with an atypical inhibitory se-
quence, as a T-R-X-S-¥ motif was found in ParaR from Paramecium tetraurelia [24]. Pos-
sible consequence of the altered inhibitory sequence can be a looser interaction between
R and C subunit, resulting in a more flexible protein complex.

Different roles of binding site A and B in LAPKAR3 It is known that binding site A
and B have different functional roles in the activation mechanism of PKA. Therefore, their
different conformational states in our crystal structure are of great importance to assess
whether a kinase activation might be altered for LAPKARS.

Ligand binding to CNB:B is described as “gatekeeper” function, necessary to induce a
conformational change, that leads to accessibility of CNB:A for ligands in mammals [70].
On the other hand, CNB:B is not necessarily required for R/C interaction, as a trunca-
tion of mammalian Rl«(91-244) lacking CNB:B could be co-crystallized in complex with a
catalyitc subunit [70]. Moreover, it was shown that ligand binding to CNB:A is the critical
step to complete the dissociation of R and C [27] [90] [21]. This activation mechanism
is likely to be conserved in nucleoside binding regulatory subunits from T. brucei and T.
cruzi [45].

In LAPKARS, we find a ligand only in binding site B, whereas binding site A crystallized in a
ligand-free or H-state, which has a high affinity for a catalytic subunit [77][70]. Especially,
the oB/C helix is nearly extended and outwards orientated, so that it could contribute to
an R/C- interface maintaining the interaction between regulatory and catalytic subunit [21]
[77]. We therefore consider it rather unlikely that small conformational changes induced
by ligand binding to binding site B are effective enough to disrupt the interface between
LdPKARS and PKAC. It is conceivable that LAPKARS is able to bind ligand and catalytic
subunit at the same time. This hypothesis is supported by the observation that a holoen-
zyme complex formed between PKAC1 from L. donovani and LAPKAR3(1-647), purified
from a Leishmania tarentolae expressing system (LEXY), could not be activated by nu-
cleosides (experiments done by George Githure, data not shown).

Furthermore, guanosine that was bound after purification from E. coli could not be re-
moved without denaturation of the protein, although a high excess of inosine was added
to compete for binding (data not shown). This observation suggests that guanosine is
bound constitutively to LAPKAR3, whereas protein activation is overtaken by alternative
mechanisms.

Constitutive binding of guanosine in binding site B and inaccessibility of binding site A
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for ligands might be favoured by the extended C-terminus of LAPKARS. The C-terminus
closes binding site B by securing the oD helix and helps to maintain the N3A motif in
an inward moved position, a key criterion of ligand-free PKARIx (Cf. section 3.4, Fig.
3.22) [77]. In addition, the C-terminus could contribute directly to the R/C interface, as
it contains various proline pairs and hydrophobic residues. With their flat, hydrophobic
surface, prolines interact with aromatic rings and increase the rigidity of the peptide they
are placed in [91].

An alignment of LAPKAR3 to the complex of Rlu(91-244):C allows us to imagine a pos-
sible holoenzyme, in which guanosine is still bound to the B site of LAPKARS (Fig. 4.2).
The C-terminus takes a position close to the N3A motif of CNB:A, but also to the F-helix
of mammalian PKAGC, allowing us to speculate that it directly expands the interface via its
prolines and additional hydrophobic amino acids.

mPKAC Asite

LdPKAR3

B site

C-terminus

Figure 4.2: LdPKARS was aligned to a Rlo(91-244):C complex (PDB: 3FHI). Of the Rlx(91-244):C complex
only the catalytic subunit (gold) is shown. LAPKARS is coloured in grey with guanosine (stick representation,
magenta) bound to the B site. The C-terminus of LAPKARS is coloured in black and proline pairs are shown
as sticks.

Possible influence of protein phosphorylation on kinase activation Concluding, we
propose a model, in which the C-subunit remains attached to the R-subunit, even in the
presence of ligands in the B site. LAPKARS3 and PKAC might be associated in a looser
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complex that enables the C-subunit to be active, although it is trapped in a holoenzyme
complex. Support for this hypothesis is gained by the postulation of an intermediate state
of PKARIx and PKARIlx binding to PKAC [88] [92] [93] [94]. The observation of active
PKAC in a holoenzyme complex challenges the previous model, in which holoenzyme
activation requires dissociation of the Ro,C» complex.

Moreover, alternative regulating mechanism with special regards to protein phosphory-
lation were discussed in these works, completing our knowledge of the PKA activation
mechanism. Particular to emphasize is the phosphorylation of S101 by PKG in PKARI«
that weakens the interaction between IS of PKARIx and the active site cleft of PKAC. This
alteration on S101 in PKARIx, mimicked by the phosphomimetic mutation S101E, does
not impede holoenzyme formation but leads to augmented PKAC activity in absence of
cAMP [88]. As shown in Figure 4.1, Tsigankov et al. found the corresponding amino acid
in LAPKAR3, S329, to be constitutively phosphorylated [83]. It is conceivable, that phos-
phorylation of S329 has a similar diminishing effect on binding tightness in LAPKARS, as
it has on PKARIa-PKAC.

On base of our own and also aforementioned findings in the literature, we propose an
activation model of PKA in L. donovani that does not require dissociation of LAPKAR3
and the catalytic subunit. An explanatory model of activation can be, that R and C consti-
tutively stay associated, only switching between a looser and a tighter conformation. This
could possibly be provoked by post translational modifications that induce the transition
from active to inactive state and back. To address this question in future, a holoenzyme
crystallization approach along with kinase activation assays will help to understand the
mechanisms underlying this somehow conserved and somehow new regulatory subunit.

4.2.3 Comparison of LAPKAR3 to the homology model of EQPKAR2

A homology model of the structure of EQPKAR2 was built on the base of PKAR from T.
cruzi (PDB: 6FLO) and T. cruzi (PDB: 6FTF) by Okke Melse (Group of Prof. Dr. Iris
Antes). Comparison of EQPKAR2 to LAPKARS reveals highly similar tertiary structure.
Figure 4.3 shows an alignment of EQPKAR2 to site A of LAPKARS3 (aa 334-484). Eg-
PKAR2 thereby resembles LdPKAR3 in organization of binding site A. Despite inosine
binding to RBC:A of EQPKAR2, the A site is widely opened to the adjacent solvent sur-
rounding. Moreover, the oB/C helix of EQPKAR2 is stretched, aligning well to the «B/C
helix in LAPKARS.

Regarding the astonishingly low binding affinity in site A of EQPKAR2 (K4 = 1.3uM) and
high solvent exposition of the ligand, mostly due to the missing capping residue, we con-
sider the association of ligand and protein in binding site A rather unstable. These obser-
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vations make us speculate that, if the alternative kinase activation mechanism is true for
LdPKARS, it might be similar for EQPKAR2. Hence, a kinase activation mechanism that
does not require dissociation of C and R subunit may not be restricted to LAPKAR3, but
may in fact widespread within the Euglenozoa.

position of capping residue
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Figure 4.3: Alignment of EQPKAR2 (yellow) to A site (aa 334-484) of LAPKARS (grey). Ribose binding
cassette A (RBC:A) of EQPKAR2 is shown as ball and stick model on the right. The model of EQPKAR2 was
done by Okke Melse (group of Prof. Dr. Iris Antes).

4.3 Evolution of PKA in distant eukaryotes

Many other unicellular eukaryotes, for example Plasmodium falciparum or Yeast, only pos-
sess a single regulatory subunit [95] [65]. Most species in the Euglenozoa have at least
two PKAR isoforms. Similar to the development of four distinct PKAR isoforms in mam-
mals, Rl(o, 3) and Rll(a, B), we suggest a subdivision in functionally non-redundant PKAR
isoforms has taken place in Euglenozoa [96] [97], but here with respect to ligand speci-
ficity. By subdivision into certain ligand specificity types, we can distinguish four different
types present in the Euglenozoa (Fig. 4.4): The first, represented by EQPKAR1, binds
exclusively cyclic nucleotides. The second, which has not been dealt with in this work, is
represented by PKAR from Diplonema papillatum and binds nucleosides in the B site and
cyclic nucleotides in the A site [Yuri Volpato, PhD Thesis]. The third, represented by EgP-
KAR2 and LdPKAR1, and fourth, represented by LAPKARS3, bind exclusively nucleosides
but the latter only in binding site B.
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cNMP binding
nucleoside binding
CNB B CNB B CNB B no binding revealed

Figure 4.4: Schematic representation of four PKAR subtypes. The two CNB domains (circles) are connected
over an oB/C helix (black line). Ligand specificity of the respective sites is indicted according to the colour
code on the right. (1) cNMP dependent PKAR (2) Dual specificity type (DpPKART1) (3) nucleoside type PKAR
(4) PKARS type.

4.3.1 Distribution of PKAR ligand specificity types within the Euglenozoa

Sequences of different PKAR orthologs from representatives of the Euglenozoa were
compared in a multiple sequence alignment using Muscle integrated as web service in
Jalview 2.10.4b1 (Fig. S5). Ligand binding specificity was predicted on base of sequences
that were found in the PBCs or RBCs, respectively. Were these compatible with the cAMP
binding motif defined by Canaves and Taylor, 2002, we considered the ortholog to be
cAMP specific [24]. Did the PBC motifs, however, correlate with the derivative sequence
that was found in nucleoside dependent PKAR, we predicted the ortholog to be nucleoside
specific. The PKAR3 type was assigned to those orthologs whose sequence in RBC:A
was neither compatible with a cAMP nor a nucleoside specific motif, but that carried a
nucleoside-specific binding motif in RBC:B. A mixed type, as seen for DpPKAR1, was not
found in any other organisms. Compared PKAR orthologs are shown in Figure 4.5. Their
predicted ligand specificity is indicated according to the colour code on the right.

We find the cAMP dependent type, the nucleoside type and the PKAR3 type in differ-
ent organisms, with the nucleoside dependent PKAR being the predominant type among
the compared species. cAMP dependent PKARs are present in all three classes, hence
Kinetoplastida, Euglenida and Diplonemida, but seem to be lost after the branching of Try-
panosomatida. Interestingly, in Diplonema papillatum, cAMP dependency is integrated
in a mixed type, DpPKART1, that binds both, cyclic nucleotides and nucleosides. Fur-
thermore, it has no clear selectivity for cAMP or cGMP, as both bind equally good to
DpPKAR1 (K4 = 3.1nM for cAMP and K4 = 3.5nM for cGMP) (Data not shown, Yuri Vol-
pato, PhD Thesis). The CNB domain in DpPKAR1 could therefore represent an ancient
domain that has not yet developed specificity for certain cNMPs.

After the branching of euglenids, a PKARS type appears in diplonemids and kinetoplas-
tids. It can be found in both free-living and parasitic organisms, but is absent from try-
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Figure 4.5: Distribution of PKAR subtypes in the phylum Euglenozoa. Ligand specificity of PKAR orthologs
was predicted on base of multiple sequence alignment using Muscle integrated as web service in Jalview
2.10.4b1 (Fig. S5) and is indicated according to the colour code on the right. Ligand binding specificity was
biochemically proven by ITC or crystallography for orthologs marked with an x.

panosomatids, which cannot form an amastigote cell stage [Fischer-Weinberger et al.,
manuscript in preparation].

4.3.2 Loss or gain of PKAR ligand specificity types in euglenozoan
phylogeny?

The distribution of ligand specificity types shown in Figure 4.5 requires a model of gene
loss or gain within the Euglenozoa. The appearance of new PKAR isoforms is likely due
to gene duplication events with a vertical transfer of duplicated genes to descending lin-
eages. An alternative would be horizontal gene transfer, i.e. between two simultaneously
existing species. Therefore, genetic events behind the presence or absence of certain
ligand specificity types and possible benefit associated with such events will be discussed
in the following.

Possible development of a nucleoside binding type by gene duplication in the last
common ancestor of the Euglenozoa Sequence analyses of PKA orthologs in various
representatives of the Euglenozoa suggest that a nucleoside specific PKA is the prevail-
ing form of the phylum. A cyclic nucleotide and a nucleoside specific type of PKAR most
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likely were present at the time of the separation of the Euglenozoa, as we find them to
co-exist in the same organisms, for example E. gracilis, Bodo saltans or Paratrypanosoma
confusum.

Distributed among most lineages and found in the earliest eukaryotes, we consider it likely
that the cyclic nucleotide dependent type of PKAR is the more ancient of both [98]. Hence,
a gene duplication event in the last common ancestor of the Euglenozoa can explain the
origin of the second, nucleoside binding type, comparable to the evolution of mammalian
isoforms Rl and RII [65].

EgPKAR2 could represent an early isoform that has undergone the ligand switch because
its affinity for nucleosides is comparatively low. Trypanosomatids later developed the abil-
ity to respond to nucleoside binding and activation on a low nano molar level [George
Githure, PhD Thesis].

The chimeric DpPKAR1 from Diplonema papillatum might also be an early nucleoside
binding isoform, since it still binds cAMP in CNB:A. Moreover, co-existence of a cyclic
nucleotide specific and a nucleoside specific domain in one protein might indicate domain
shuffling of CNBs that have acquired different ligand specificity.

Absence of a cNMP dependent type in various trypanosomatids Shown represen-
tatives of the trypanosomatids do not possess a cNMP dependent type of PKA according
to our sequence analysis in Figure 4.5.

The absence of of a "classical" PKA can not be correlated with a parasitic lifestyle as
we find a cNMP dependent PKA to be present in P. confusum, the most basal branch of
Trypanosomatida and a parasite of mosquites [99] [61].

Instead, the loss of a cNMP binding PKA might be associated with the appearance of
other cAMP downstream effectors in Trypanosomatida. A genome wide RNAI screen in
T. brucei identified certain genes whose knock-down resulted in resistance to elevated
cAMP levels [44]. These were than named cAMP Response Proteins or CARPs [44].

Of these, CARP1 (Th927.11.16210) has two complete cyclic nucleotide binding domains,
and has been shown to bind cAMP (Radek Omelianczk, Eleni Polatoglou, unpublished
results). cAMP binding was also shown by affinity chromatography for an ortholog of
CARP1in T cruzi (TcCLB.508523.80) [100]. Interestingly, the protein could be displaced
from cAMP coupled beats by cAMP as well as cGMP indicating a low specificity for ei-
ther of the two cyclic nucleotides. However, conservation of CARP1 also in Leishmania
[44] suggests that the development of alternative cAMP downstream effectors is a shared
feature among the three parasites, and might be paralleled with the loss of a CAMP de-
pendent PKA.

A second reason for the loss of a cAMP dependent PKA in trypanosomatids might be
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the role of cAMP in host infection. Elevated cAMP levels produced by adenylate cyclases
of lysed T. brucei in early host infection are known to activate host PKA. This results
in inhibited synthesis of TNFa, a cytokine that is necessary to control parasitemia [33].
Leishmania spp. also induce elevated cAMP levels in macrophages to weaken the innate
immune response [101]. High levels of cAMP that are produced to fight the hosts im-
mune system could interfere with the parasites own signalling system, making the loss of
a high affinity cAMP dependent PKA necessary. However, given the presence of a cAMP
machinery for production (ACs) and degradation (PDEs) in trypanosomes, the second
argument is less likely, as cAMP signalling certainly occurs in these organisms.

The development of nucleoside dependent PKAR3 in Trypanosomatida A PKARS3
type is found in diplonemids and kinetoplastids, but seems to be absent in euglenids. This
observation indicates that a PKARS type is either an ancient type that has been lost in
euglenids or it developed after euglenids branched from the remaining Euglenozoa.
Nucleoside specificity of binding site B suggests that PKAR3 may have evolved from a
nucleoside specific type in which site A was replaced. Whether the non-functional site A
of LAPKARRS is an actual new domain, or whether it developed from either a cAMP binding
or a nucleoside binding domain, remains unclear.

Moreover, it is questionable whether all orthologs of the PKARS type do not bind ligands
in site A. In Bodo saltans, we find an ancient relative of LAPKARS that misses the pro-
longed, proline enriched C-terminus, a hallmark of LAPKARS3. As we discussed in section
4.2.2, the C-terminus might favour a ligand-free state of binding site A. Its absence could
therefore lead to a restored ligand binding capacity of the A site in this ortholog.

A PKARS type can be found in Leishmania subspecies as well as most of their monoxe-
nous, insects parasitizing relatives [61]. It is also present in T. cruzi, but not in T. brucei.
T. brucei, unlike Leishmania spp. and T. cruzi, is not an obligate intracellular parasite, but
survives in the bloodstream after transmission to mammals [102]. Hence, involvement of
PKARS in cell morphology could explain why it is such an essential protein in Leishmania
spp. and T. cruzi, but dispensable for T. brucei [Fischer Weinberger et al., manuscript in
preparation)].

Does a ligand change in PKA correlate with the origin of parasitism in Euglenozoa?
The loss of redundant or non-essential proteins is consistent with the so-called streamlin-
ing of parasite genomes [103]. Whereas Bodo saltans has three ligand specificity types
of PKAR, most of the trypanosomatids have lost at least one and in case of T. brucei even
two ligand specificity types. Assignment of the respective PKAR subtypes to a free-living
or parasitic lifestyle is not possible, as all three types were found in parasites as well as
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free-living organisms. However, attribution of certain genes to parasitic or non-parasitic
lifestyle seems to be quite challenging for the Euglenozoa, as even homologs of viru-
lence associated genes of trypanosomes can also be found in euglenids and diplonemids
[104]. Thus, rather than the development of parasitism-specific genes, genes present in
free-living and parasitic species could have been adapted and repurposed during evolu-
tion to match the requirements of a parasitic lifestyle [104].

These considerations can also be made for PKA. PKA in parasitic trypanosomatids, a
high affinity nucleoside binding protein, could be involved in nucleoside sensing. Since
kinetoplastids lack the ability of purine synthesis, uptake from host or environment is es-
sential [80] [105]. PKA could be part of a regulation mechanism that controls purine
uptake from the host. Such regulation mechanism would not be required for euglenids
and diplonemids, which are fully capable of purine synthesis [104]. Therefore, PKA likely
has a different, but yet unknown function in these organisms.

Thus, nucleoside specific PKA could have been repurposed from a low affine protein with
yet unknown function in free-living Euglenozoa to a high affine nucleoside sensor in par-
asitic trypanosomatids.

4.4 Can ligand specificity of CNB domains be predicted from
primary sequence?

Predicting protein properties on base of amino acid sequence has always been tempting,
as it simplifies our work tremendously. However, we clearly experienced the limitations
of this method, as we could disprove cAMP dependency of certain PKAR orthologs, al-
though their sequences were altered only marginally [45] [George Githure, Yuri Volpato,
manuscript in preparation).

By comparison of our findings with previous knowledge about key residues in PKAR iso-
forms, we gain a deeper understanding of how single amino acid substitutions alter ligand
binding properties significantly. Table 4.2 provides an overview over various amino acids
whose functions are known for PKARIla. Critical substitutions in PKAR isoforms from
E. gracilis and L. donovani are listed and highlighted when their function was determined
in this work by site directed mutagenesis.

Our data indicates that only a rough assignment to ligand selectivity types is possible.
We are able to distinguish with reasonable certainty between cNMP dependent and inde-
pendent PKAR, as a substitution of an alanine by a glutamate in position 5 of the PBC
makes it impossible for cNMPs to bind (Tab. 4.2) [45]. All the nuances that cause prefer-
ences within a certain ligand group, as exemplary seen for LAPKARS preferentially binding
guanosine, were not predicted on base of sequence. Furthermore, the new cAMP binding
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Table 4.2: Functional important residues in PKARIx and their substitutions in other PKAR isoforms are
summarized. References, in which residue and function have been described, are shown on the right.

Domain Critical residues Substitution Function Reference
in PKARI« from B. taurus | LAPKAR3 | LdPKAR1 | EQPKAR1 | EgPKAR2
Inhibitory sequence || R94 S324 Inhibiton of PKAC [70]
A97 A227 T206 G115 T188 (Pseudo-)substrate site
Linker region S99* S329 S177 S191 P+2, phosphosite for PKG [94][88]
A100 R/C-Interface [70]
E101
V102
Y103
Y106
31ploop N133 H363 Interaction with E200pkaR|« [26][21]
Vi34 R/C-Interface [70]
L135
LACNBA E143 R/C-Interface [70]
PBCCNBA E299 D434 E310 E223 E292 Ligand binding [26][21]145]
A202 G436 E312 A225 E294
Y205 Y439 Y315 Y228 Y297 binds Y274PKAC [65][70][21][106][107]
R209 N443 A319 R232 A301 cAMP binding
A210 ligand binding
«B/CCNBA R230 R/C-Interface [70]
L233
M234
T237
L238
R241 binds E200%, D2677 K213C [65]
«ACNB : B W260 H494 Y371 Y283 D352 Capping residue CNB:A [21] [45]
E361 Salt bridge
D261 Int. with R241PKAR [65]
PBCCNEB E324 Q588 E434 E345 E315 ligand binding This work
A326 E560 E436 S347 E317 George Githure, PhD thesis
R333 A567 T443 C354 R424
oCONBEB R366 R601 R476 R387 R457 Salt bridge [21]
o DCNBB T608 LdPKARS spec. int. with guano | This work
Y371 Y609 V483 Y392 Y462 Capping residue CNB:B [70]21]
Y485 F464 Capping motif [45] [George Githure, Yuri Volpato,
Y486 Y465 (nucleoside bind. domain) manuscript in preparation]

xalso referred to as S101 [88]

motif found in CNB:B of EgPKAR1 has not been expected as such on base of sequence.
Hence, prediction of ligand selectivity would be oversimplifying and not considering all the
aspects we gained from biochemical experiments.

Conversely, sequence helps us to interpret our biochemical data: A missing capping
residue in EQPKARZ2 explains low binding affinity in binding site A; T608 that specifically
interacts with the amine group of the guanine base, explains preference for guanosine
over other nucleosides in LAPKAR3 (Tab. 4.2).

The more we compare our biochemical data with variations we find in sequence, the more
precise our predictions might get, allowing us to distinguish between more than just cNMP
dependent or independent in future.
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Chapter 5

Conclusion and perspectives

5.1 Conclusion

In this work, we showed that cNMP independency of PKA is not restricted to trypanosomes,
but also found in their more distant relatives. Similar to former characterized PKAR in
T. brucei and T. cruzi, cNMP independent PKAR in E. gracilis and L. donovani also binds
nucleosides instead.

A nucleoside specific PKA seems to be the prevailing form in the phylum Euglenozoa
according to sequence comparison. We thereby have to distinguish between a fully nu-
cleoside dependent and a PKAR like type, which binds nucleosides only in one binding
site.

Interestingly, not only do we find different ligand specificity types to co-exist in the same
organism, but even in the same protein, namely DpPKAR1 from D. papillatum. We con-
clude that ligand selectivity of PKA is not necessarily defined for the whole regulatory
subunit, as expected, but only for the single binding site.

In these, we found structural determinants that not only explain selectivity for either nu-
cleosides or cyclic nucleotides, but also preference for certain ligands within one ligand
group. Furthermore, investigation of the single binding sites enabled us to identify a new
cAMP binding motif of PKA, expanding the canonical motif that was thought to be essen-
tial for cAMP binding [24].

We learnt that ligand prediction on base of sequence similarities can be misleading and
needs to be confirmed by biochemical analysis. To date, we can distinguish with quite
certainty between cNMP and nucleoside dependency of PKA, but further predictions of
ligand selectivity are rather vague. Nevertheless, it is clear that cNMP dependency is not
universal for PKA and predicted ligand specificity has to be critically scrutinized. Even
single amino acid can change ligand specificity radically.
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5.2 Outlook

Main focus of future investigations will lay on LAPKARS, a new PKAR subtype whose ac-
tivation mechanism might differ noticeably from the so far postulated model.

Therefore, future experiments will give attention to the holoenzyme formation between
LdPKARS and catalytic subunits of L. donovani with a hopefully successful crystallization
approach. Thereby, we hope to verify our hypothesis that LAPKARS is able to bind guano-
sine and a catalytic subunit at the same time and dissociation of R and C is not required
for activation.

Moreover, ligand binding assays on the isolated site A of LAPKAR3 would be an interest-
ing experiment in the future. With EgQPKAR2, we characterized a regulatory subunit for
which ligand binding could be proven in both isolated binding sites, but that structurally
resembles LAPKARS. It is therefore conceivable that ligand binding to site A in LAPKARS
may not be possible for the full length protein, but very well for a truncation that leaves
only site A. Furthermore, it has to be taken into consideration that other ligands, which
were not tested in this work, are able to bind to site A.

Along with pursued in vitro studies, the role of LAPKARS in the life cycle of L. donovani
will be elucidated. Therefore, kinase activation assays in vivo will be necessary, which
may be realized due to high affinity binding of the cell permeable compounds 7CN and
toyocamycin to LAPKARS.

A second topic will be the extension of phylogenetic analysis of PKA in eukaryotes onto
other phyla, as cAMP independency might have evolved more than once.

Furthermore, by means of a statistical coupling analysis (SCA), we hope to identify amino
acid positions within protein sequence whose appearance is evolutionary linked. Since
these co-evolving residues are often also functionally linked, we hope to identify a cluster
of mutations responsible for the ligand switch in PKA that lead us a bit closer to the aim
of accurate ligand prediction on base of sequence.
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EPKAR_TT_pUCIDT_AMP
EGPKAR1(109-401) 3.671bp

EPKAR_MT_pUCIDT_AMP

2500
2000
!
ori

Figure S1: Charts of pUCIDT_AMP_EgPKAR1(109-401) (left) and pUCIDT_AMP_EgPKAR2(183-483)
(right)

pETDuet-6xHisTevTbR(199-499)

PETM11-SUMO3GFP
6.314bp

6.290bp

uuuuu

AmpR

PBR322 origin

Figure S2: Charts of pET11_6His_Sumo3_eGFP (left) and pET_Duet_TbPKAR(199-499) (right). Other con-
structs in this work have been inserted into a pET_Sumo vector
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Figure S3: Representative curves of (A) denatured and subsequently refolded proteins for ITC-experiments
and (B) native protein for crystallization were purified using gel filtration chromatography. Lines above the
respective peaks mark collected fractions, which were confirmed to be pure by SDS PAGE (right). (*)-labelled
peaks are caused by aggregates of unfolded protein. Pictures of crystallized EQPKAR1 and LdAPKARS are
shown as inserts in the respective chromatogram
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Figure S4: Denatured and subsequently refolded protein (APO) was compared to corresponding native,
folded, protein (black) using nDSF. Incubation with ligand is indicated according to the colour code on the
right. Corresponding melting temperatures, Tm, of each protein sample is listed in Table S1. For LdAPKAR3
(3rd plot), fluorescentic emission at A = 330nm was monitored instead of the ratio of fluorescentic emission
at 350 and 330 nm

81



Supplementary material

Table S1: Melting temperatures, Tm, of native and refolded protein in pre- and absence of ligands are
compared by nDSF. In addition of 1mM ligand, similar Tm for native and refolded protein was obtained,

indicating accurate refolding of the protein

Protein

State and Ligand

Tm [°C]

EgPKART

Apo, ligand free
APO+cAMP
Native+cAMP

46.6
64.1
65.0

EgPKAR2

Apo, ligand free
Native
APO+Inosine
Native+Inosine

42.2
48.9
60.0
58.8

LdPKAR3

APO, Ligand free
Native
APO+Guanosine
Native+Guanosine

52.1
56.6
62.2
62.5

LdPKAR1

APO, ligand free
Native
APO+Inosine
Native+Inosine

51.8
58.8
67
66.9

HsPKARlalpha/1-381
HsPKAR2alpha/1-382

SAEVYTEEDAASYVRK--VIPKDYKTMAALAKA I EKNVLFSHLDDNERSDI FDAMFSVSFIAGETVIQQGDEG-DNFYVIDQGETDVYVNNE--
CAETYNPDEEEEDTDPRYV IHPKTDEQRCRLQEACKDI LLFKNLDQEQLSQVLDAMFERIVKADEHV1DQGDDG-DNFYVIERGTYDILVTKDNQTR

WATSVGEGGS|
SVGQYDNRGS|

BSPKAR1/1-546
EgPKAR1/1-401
PCPKAR1/1-553
DpPKAR1/1-541
BSPKAR2/1-499
EgPKAR2/1-483
LdPKAR1/1-502
THPKAR/1-499
TcPKAR/1-503
CIPKARL/1-503
PCPKAR2/1-500
LepPKAR1/1-503
BSPKAR3/1-458
LdPKARlike/1-647
TcPKARIike/1-558
CIPKARIike/1-647
LepPKARlike/1-722

HSPKARIalpha/1-381
HsPKAR2alpha/1-382
BSPKAR1/1-546
EgPKAR1/1-401
PCPKAR1/1-553
DpPKAR1/1-541
BSPKAR2/1-499
EgPKAR2/1-483
LPKAR1/1-502
THPKAR/1-499
TcPKAR/1-503
CIPKAR1/1-503
PCPKAR2/1-500
LepPKAR1/1-503
BSPKAR3/1-458
LdPKARlike/1-647
TcPKARIike/1-558
CIPKARlike/1-647
LepPKARlike/1-722

HsPKARIalpha/1-381
HsPKAR2alpha/1-382
BSPKAR1/1-546
EGPKAR1/1-401
PCPKAR1/1-553
DpPKARI/1-541
BSPKAR2/1-499
EGPKAR2/1-483
LPKAR1/1-502
TBPKAR/1-499
TCPKAR/1-503
CIPKARL/1-503
PCPKAR2/1-500
LepPKAR1/1-503
BSPKAR3/1-458
LdPKARIike/1-647
TcPKARIike/1-558
CPKARIike/1-647
LepPKARIike/1-722

SSEGTQALMKTNAVFK--NIPKTKEQGDRLLTAINQCPLFRILDTSDIKVLFNAFEKEDFSSNTSI|FDQGDEG-DKFYLVDHGRCHVAVKDTQGREV-HSLFLGDGDT|
SETTVEIHSPSKVVKK----QLNPETKAR I EKCLRGNILFRSLGEDSLEVVYSSMFEKTAEAGHF IMKQYDEG-DNFYVIESGTCNILIQPNPDAEPVHKST IGPGAS|
SGEGTCTFLQAPSNVK--RVSKSSEQAERLWLAMEGSALFKTLEKTEMKYLFNAFEMEQFKAGRV I FDQGDPG-NRFFLIDNGRCEIVVRDAEGFVT-FNTFVGIGDT|

SCAPFNEEEVKTFTPP--VHEKDPRTAAYLTELLKANLLFTHLHDAEMKVVVAALFKNEYEEGEV IMKQDDEG-DNMYT IAKGSVDI IVNGT -~ -
RSEGIDPEEAKKYVPP--VIEKSEAETRLICELLSRNVLFGFLTSKDLKGVAGAMQQK | FYKDDVVMAQGS IS-NTLY | IQFGNADI IKEGQ--
SAEVMQCHS I ETYCPL--TVPKSEGVQAQLTTILLKNPLFSHLLPEELQRFVQVMFCTRWVGGQHI IEFGTPG-ENFYVLTKGQVEIVKEGQ- -
RVEGIDPEAAKNYVPP-~VHEKSQEDTOMICELLSHNVLFGFLGSKDILTVAGAMYREEFVKDECI I EFGQTHCDKLYVIQSGEADI IKEGQ--
RGEGIDPEKAKSYVAP--YFEKSEDETALILKLLTYNVLFSFLDSRDLMTVAGAMWRYEFKQDDC IMEAGQTTCDKLY | IQDGKADI IKEGQ- -
RSEGIDPEKAKLYQAP-~-YFEKSEDEMNLITKLLTHNVLFSFLNTKDIKVVAGAMQRAT FKHDDC IMEAGQTTCNKLY | IQSGHAD I IKEGQ- -~
RVEGIDPEAAKNFVAP--VHEKSAEETELICELLRHNVLFGFLASRDIQTVAGAMYREEFVKDECI I EYGEKNCNKLYVIQSGQADI IKEGQ--
RSEGIDPEKAKQFVAP--KFPKSAEEEQLICDLLMHNVLFSFLTSKDIRVVAGAMQRVTFNKGDNIMKQGQASCDKLY | IQEGQAE I LKEEQ-- -

SDSSLDIDEARIASFP--TTPKSQEKMKT | SRVLVRHFLFSTLDDSDIAKFASIMDVEKFEAGTQILEKGHTN-DTFFIVLDGEAETTVVNEDGAE
SARSIGAEEMMSTEFP--TAAKSSEAASFIMKVLEKHFLFSFLDDKELHKLAMVMNTEDFPEGIKVLVKGETN-SKFY11LDGSATITMFEDDPDRI-ETESLQKGSY]
SDSTLDIDEARIANFP--TTPKSQNKVKT | SRVLVRHFLFSTLDDSDIARFASIMDLEKFEAGEKLLAEGELN-DTFY | |LDGEAETTELNDAGES
SDSTLDIDEARIANFP--TTPKSQNKVKT I SRVLVRHFLFSTLDDNDIAKVASVMDLERFEAGENVLTKGEPN-DTFYIVLDGEAETTEVNEAGEE

223 LWG IDRDSYRR I LMGSTLRKRKMY EEFLSKVSILESLDKWERLTVADALEPVQFED-GQKIVVQGEPGDEFFIILEGSAAVL-QRRSENEEFVEVGRLGP SDY|

229 LWGLDRVTFRR | I VKNNAKKRKMFESFIESVPLLKSLEVSERMK VDV IGEKIYKD-GERIITQTKS-

----NKDGGN-QEVEIARCHKGQY|

386 CWW I DRDTYRGMLLKETMRKRDKY I KFLESVP LFQNVDAY EKAR I ADVLEVQEVQGRGAV I IREGEPGDTFYLIEEGEVKFETMKDGEVFERRK- -~ --
244 LWALDRDTFRR I LLTQTMRKRRQY EDFLAQVP LFEALTSY ERMTMADALQP CTFKD-KEIVVKEGEDGGSFY I 1 1DGKMKV--NQTLNG-RIHT INILGPKDF|

306 CWWIDRETYRGILLKTTTKKRERY | SFLKNMT | FQSATEYELARIADVLEPREFSQQAAV I IREREHGDVFFIVEEGEVMFV-

--KDGKEMSHRG--GPGSF|

381 TWG I DQDTYRN I VMSVS I KRRNEYQEVLSKISFLSPLQQYEILQLADALETQEWES-GDFILRYGDEGEYMY | I LSGEVEVI-GRDGS--RKVKVCRWGQGS H|
335 TWALDRETYRNLVMGTA IRRRETYMKHLEAVP FLESLGSYEKLQVADALSSDEYQA-GDHI |
313 AWA | SRNDYQHLM I GEMMTRRKQFVDFLSRIPFTGHLNMDEKLQIADALEMKAFDD-GEQV I
332 AWVLDRETYRNLVMGSCIRRRETYMSMLAKVP FLQSLDAY ERMQ I ADALT SDEFAA-GDY I |
331 AWALDRDTYRHLVMGSAIRRRETY IQFLTNIPFLSGLDNYEKLQLADALSSDEFEP-GDY I I
332 AWVLDRDTYRNLVMGTAIRRRETY IQF LANVP FLGGLDSYEKLQLADALSSEEFSP-GEY I |
332 AWVLDRDTYRNLVMGSCIRRRETYVAMLTKVP FLQSLDDY ERMQIADALT SDEFEA-GDY I |
336 AWY LERETYRNLVMGT S IRRRETYMKLLENVSFLQSLDNY EKMQVADALSSEEFKP-GEY I |
332 AWVLDRDTYRNLVMGSCIRRRETYVSMLAKVP FLQSLDDYERTQIADALT SNEFNP-GDY I |
295 VCSIDRSSYQSLCSRASLEKRATYEGFLSQVQTLKSLTPTERLQIADALKTSKYRK-GDRLI
455 CASLERRTYKMITSRAMEDKRRRYVDFLSSLPVFAGVSSHQLEDVAERLKEDSYVQ-GQRV I
368 CATLERNTYKIVVSRAEEEKRQRY FSFLENAPFIKDLPAQERLKIAEALKEDKYTE-GDK I |
439 CASLERRTYKMITSRAMEDKRTKY IGFLGSLPLFAGLSPYQLECIAESLKEDTYVA-GQRVI
506 CASLQRRTYKMITSRAMEEKRRKY I DFLASIPLFDGLSASELERVAESLKEDTYVE-GQKV ITYGVPNHWLHIVMEGTLRVM-APDVNGAEEREVSVVQRGHF

357 RVLGPCSDILKRNI - - -QQ)
347 RLLGP CMD IMKRN | - - - S Hj
518 SYLGP LDD I LRRNA- - - EQ]
376 ALLGPMEE | LQRNM- - - QN
527 SYLGP FDNILRRNA- - - EQ]
513 LCLGP | EEKLRKNV-DT EAf
468 MCLGPV I ELLKRNT - HHP K|
446 F SMGP VMDLLKRNT - - - EV|
465 MCMGP VMDV LKRNS - T SAK|
464 MCLGPV IDVLKRTS-QQPN
465 MCLGP V I DVLKRCA-DDPK|
465 MCMGP VMD | LKRDS - S SAK|
469 MCLGP VI DVLRRNT - SDPK|
465 MCMGP VMD | LKRDS - S SAK|
429 KV IGPAKEFLQRQAATDE |
500 FFPMEARERLIRAVEEEET,
502QLIGTAKELLDREVKEDAS|
573 LVP SQVRERLVSLVEDDAH|

641 VLPRGVREKLVRLVEEDAT|

LVKMFGSSVDLGNLGQ- -

- - - VADDGRPADRTQSS | DAA-

[QNVLKTGAAQP SYVDDV-
QNVLQHQHRKNDATEEL-
INQ | LKQAKPM ---
QNVLRHQHLKP EAAEEL-
RQTQKSA----
QKRMHSGTRPPLDTTPP FDAPPSHL
RRTMVGTSAPREDPTPSFDAPPEYL

HSRVRSASPPAFDMTPPFDAPSASVQKSLRQRESDQSEGSPAASATPP

RYSLRQHESA
SKLNVPLKL--

RYDTEGEWMF | | LEGVVEVF-GRDSEG-QSTKVCEFKEGDY|

TVPLVTGNT|

VVVPLIRGST

RQGDDCATMY | VQDGCAV I S-RVTEDG-DVVDLGPRTVGDY
HYDEEGEWLY | | |EGTVEV |-GRDAAG-NKTKVCEFHSGDH
RYGEEGEWLY | | LEGSVDVV-GRDDDG-NEKHVWEFGKGDH
HYGEEGEWLY | IMEGTVEV | -GRDADG- EPTKVCEFTQGDH
HYDEEGEWLY | | | EGEVEV |-GRDAEG-KETKVCNFASGDH
KYDEDGEWLY | LI EGSVEV | -GRDANG- EKKKVCEFHEGDH
HYDEEGEWLY | | | EGTVEV |-GRDTEG-KETKVCEFSSGDH
RYGDVGKWFY | IVEGTVEVV-GRDEAG-KEVSVCTFTVGQP|
AAGVPNHWLH I IMEGSVCVM-APDGESGDMKEVALLHPGDF
RYGEKVDWLHI IVEGTADV |- GRNEEG- EEEYVVTKNVGEC]
TYGVPNHWLHI IVEGTLRVV-YTDEDG-QEREVAVMHRGQL]

PPSE
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Figure S5: Multiple sequence alignment of PKAR in representatives of the Euglenozoa using MUSCLE in-
tegrated as webservice in Jalview2.10.4b1 [108] [109]. Highlighted segments, from N- to C-terminus, are

Inhibitory sequence, PBC:A, PBC:B, and C-terminal capping motif.

Positively charged amino acids are

coloured in red, negatively charged in purple. Aliphatic amino acids are shown in blue, besides glycines
that are coloured in orange. Polar, but uncharged side chains are coloured in light green except for prolines
(yellow). Aromatic residues and histidine are highlighted in dark cyan.

82



2 Supplemental material - Chapter 3.1

EgPKAR1 native
« CAMP

o

—— cGMP

F350/F330

- Adeno

40 60 80
Temperature [°C] —— Guano

40 50 60 70 80
Temperature [°C]

= |no

— EQPKAR2 native

o
3
a

—— cAMP
cGMP
Adeno

F350/F330

o
3
=

=}
n

20 40 60 80
Temperature [°C]

—— Guano

30 40 50 60 70

= |no
Temperature [°C]

«— LdPKARS3 native

o
o
n

° —— cAMP
©20.80
s = CcGMP
©0.75
— Adeno
0700 40 60 80 == Guano
5I0 GIO 7I0 Temperature [°C]
= |no

Temperature [°C]
—— LdPKAR1native

0.85

e CAMP

§o.so
%075 —— cGMP

8

L 0.70 - Adeno

0.65
20 40 60 go=—Guano

T T Temperature [°C]
50 60 70 = |no

Temperature [°C]

Figure S6: Melting curves were obtained for EQPKAR1(109-401), EQPKAR2(183-483), LAPKAR3(321-647)
and LdPKAR1(200-502) from nDSF experiments. Graphs in the inset display the fluorescent emission of
the protein as a function of temperature. Main plots show the first derivative of the corresponding graphs in
the inset. Minima or maxima of the derivatives define the melting temperature Tm. Protein were fused to a
SUMOS-Tag and purified one time. Addition of potential ligand candidates (c=1mM) is indicated on the right
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Table S2: Melting temperatures, Tm, of native protein incubated with 1TmM of listed ligands were obtained
from nDSF experiments. For ATy [°C], the difference of T of native protein and Tr, of the same protein in
addition of small molecules was calculated

Protein Ligand Tm [°C] | ATm [°C]

EgPKARH1 Native 56.1 -

cAMP 67.2 11.1

cGMP 62.2 6.1

Inosine 55.4 -0.7

Guanosine 55.8 -0.3

Adenosine 55.6 -0.5
EgPKAR2 Native 46.3 -

cAMP 46.1 -0.2

cGMP 46.2 -0.1

Inosine 55.9 9.6

Guanosine 52.4 6.1

Adenosine 48.9 2.6
LdPKARS3 Native 55.1 -
cAMP 55.1 0
cGMP 55.1 0

Inosine 59.8 4.7

Guanosine 62.1 7.0

Adenosine 57.3 2.2
LdPKAR1 Native 58.8 -
cAMP 58.8 0

cGMP 58.9 0.1

Inosine 66.9 12.1

Guanosine 62.2 3.4

Adenosine 61.8 3.0
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Figure S7: Negative binding results for (A) EQPKAR1(109-401), (B) EQPKAR2(183-483), (C) LAPKAR3(321-
647) and (D) LAPKAR1(200-502) were obtained from ITC experiments.Measurements were done in triplicates
from at least two independent protein preparations

84



3 Supplemental material - Chapter 3.3

3 Supplemental material - Chapter 3.3

EgPKAR1_CNB:A EgPKAR1_CNB:B

Figure S8: Electron density maps for EgPKAR1 CNB:A and B. The molecular model of the protein was built
inside the 2Fo-Fc map (10, blue) electron density map whereas the ligand was built into the omit map (Fo-Fc,
30, green). Waters are indicated as red spheres
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