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1 Introduction

1 Introduction

The rise of antimicrobial resistance among bacteria and fungi over the last decades endangers
effective health care and has a drastic influence on economy(Lee Ventola, 2015). The observed
increase of antibiotic resistance is directly caused by the misuse and overuse of antibiotics
worldwide (Mittal et al, 2020). Combined with the lack of both, investments, and progress in
the drug development pipelines for new antibiotics, the world is now facing the problem that
resistance mechanisms have evolved for nearly every antibiotic, regardless of the antibiotic
class or target (Altarac et al, 2021). Thus, there is an urgent need for new and novel classes of
antibiotics to be able to treat the increasing cases of infections with multi-resistant bacteria.

Multi-resistant bacteria are directly responsible for growing costs in the public health sector
and an increased mortality rate (O’Neill, 2014): According to WHO estimations, infections with
antibiotic resistant bacteria cause around 50.000 deaths per year in North America and Europe
and more than 700.000 deaths per year worldwide (WHO, 2019). If the misuse of antibiotics
will not be reduced and no new antibiotics are developed, the worldwide death toll due to
antibiotic resistance is expected to reach 10 million deaths annually by 2050 (Fig. 1.1). It will
thus outnumber the estimated deaths from cancer, cholera, tetanus, and measles combined
(O’Neill, 2016). The expected rise in mortality will be mostly due to the increased pressure on
the modern health care system, as simple infections will once more become potentially
deadly. Without the ability to treat simple bacterial infections with appropriate antibiotics,
basic surgical operations and even childbirth could again become life threating. The WHO
further predicts that the rise of antibiotic resistant bacteria will be responsible for a loss in the
global gross domestic product by 2-3.5 % by the year 2050. This loss is equal to the reduction
of the worldwide economic performance caused by the financial crisis in 2008-2009 (WHO,
2019).

Europe
390.000

Asia
4.730.000

North America
317.000

South America
392.000

Oceania
22.000

Figure 1.1: Estimated annual death in 2050 due to antibiotic resistant bacteria. The WHO estimates that in 2050,
there will be around 10 million deaths annually.
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Therefore, there is an urgent need to develop new antibiotics. This thesis focusses on finding
inhibitors for the enzyme CdaA, a novel antibiotic target which product cyclic-di-AMP (c-di-
AMP) is essential for gram positive bacteria (Stlilke & Kriiger, 2020). In the first section of the
following introduction, the mechanisms of currently used antibiotics and how bacteria
develop resistance against them are outlined. The second part explains the role of a novel
antibiotic target within the cell and its regulation. The last part describes several methods and
strategies used to identify compounds which interact with a protein of interest, and which can
serve as starting points for further drug development.

1.1 Antibacterial drugs and resistance mechanism
1.1.1 Antibiotic drugs

Among the different classes of available antibiotics, B-lactams, aminoglycosides, tetracyclines,
fluroquinolones, rifamycin, macrolides and folate pathway synthesis inhibitors are most
important for treating bacterial infections. These drugs target different pathways in the
bacterial cell, like DNA replication, RNA synthesis, cell wall synthesis, folate synthesis or

protein production. These antibiotics and their targets are schematically represented in Figure
1.2.

DNA replication
fluoroquinolones RNA synthesis
< rifamycins
Folate synthesis
sulfonamides, S— 4
trimethoprims ?_3 A
N
- N
PABA S —
DHF

i \ 50S

THF @ S 4
Cell wall synthesis

B-lactams Ribosmal function
50S: macrolides
30S: aminoglycosides, tetracyclines

Figure 1.2: Schematic representation of common antibiotics targets. The most commonly used antibiotics, B-
lactams, rifamycin, macrolides, tetracycline fluoroquinolones, sulfonamides and trimethoprim, as well as their
respective targets, cell wall synthesis, 505/30S ribosome, RNA synthesis, DNA replication or folate synthesis, are
shown. Image was adopted from (van Oosten, 2020).

Penicillin, the first antibiotic from the class of B-lactams is also the most famous antibiotic and
was identified by Alexander Fleming in 1928 (Alexander Fleming, 1929). All drugs within the
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B-lactam family inhibit the assembly of the bacterial cell wall membrane by binding to so-
called penicillin-binding proteins, which catalyze the polymerization of the glycan strand and
the crosslinking between the glycan strands and forms an irreversible covalent bond when
coming in contact with B-lactams (Beadle et al, 2001). Therefore, the penicillin binding
proteins can no longer catalyze the crosslinking reaction between the peptidoglycan
molecules and thus the bacterial cell wall is not properly formed, which ultimately leads to the
rupture of the bacterial cell.

Another class of antibiotics, the sulfonamides, was discovered in the early 1930s in the
laboratories of Bayer AG under the supervision of Gerhard Domagk (Otten, 1986). These
antibiotics are so-called antimetabolite drugs as they act as competitive inhibitors of the
dihydropteroate synthase, a key enzyme in the bacterial folate synthesis pathway, which
catalyzes the transformation of para-aminobenzonic acid to dihydropteroate. The folate
pathway also delivers essential precursors for nucleic acid biosynthesis. Blocking this pathway
does not lead to immediate cell death, but it does inhibit growth and cell division. Derivatives
from this family are commonly used in the treatment of allergies and coughs.

Another class of antibiotics, called trimethoprim-like drugs, also acts on the folate synthesis
pathway, but at a later stage compared to sulfonamides. Trimethoprim was first used in 1962
to battle infections with pathogenic bacteria. The target of this drug class is the enzyme
dihydrofolate reductase, which catalyses the transition of dihydrofolic acid to tetrahydrofolic
acid (Eliopoulos & Huovinen, 2001).

Other antibiotics which can be used to fight bacterial infections are found in the family of
fluoroquinolones. Members of the fluoroquinolone family inhibit DNA replication by
suppressing the DNA-ligase activity of the enzymes DNA-gyrase, topoisomerase type Il and
topoisomerase V. All of these enzymes cut the bacterial DNA and re-ligate it to introduce
supercoiling. Due to the fluoroquinolone-inhibited ligase activity, these enzymes release DNA
with single or double strand breaks, which ultimately lead to cell death (Fabrega et al, 2009).

Another class of antibiotics which influence the interaction of bacterial proteins with genomic
DNA are rifamycins. These antibiotics interact with the prokaryotic DNA-dependent RNA
polymerase and block the synthesis of RNA by causing steric clashes with the growing RNA
chain (Webhrli, 1983). Thus, they inhibit the production of RNA which eventually leads to cell
death. Rifamycine was discovered in 1957 from a Streptomyces mediterranei culture and was
used in 1958 for treating infections with tuberculosis (Sensi, 1983).

The following last three classes of antibiotics all directly interact with the ribosome, thereby
inhibiting protein synthesis. The class of tetracyclines was discovered by Benjamin Brugger in
1948 (Brugger, 1948). These antibiotics interact with the 30S ribosome subunit by reversibly
binding to its A-site. This prevents the attachment of aminoacyl-tRNA and therefore the
growth of the peptide chain (Chopra & Roberts, 2001). The first antibiotics from the class of
aminoglycosides were isolated from Streptomyces griseus in 1944 and were directly used in
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clinical tries. These antibiotics also bind to the A-site of the 30s ribosome, but instead of
inhibiting the growth of the polypeptide chain they alter the conformation of the A-site. The
effect of this alteration leads to incorrect translation of the mRNA by codon slipping (Krause
et al, 2016). The last class of antibiotics interfering with protein biosynthesis are macrolides,
which were discovered in 1952. These drugs bind near the P-site of the 50S ribosome in a
reversible manner, thereby preventing the peptidyl-transferase from adding an amino acid
and inhibiting the elongation of the polypeptide chain (Kricker et al, 2021). Independently of
the exact mechanism of inhibition, all three antibiotic classes acting on the ribosome cause
cell death.

All of the antibiotics described above originate from the “Golden Age” of the antibacterial
drug discovery and target well known, major synthesis pathways of bacterial cells (Hutchings
et al, 2019). After this era, several other antibiotic drugs have entered the market, but with
only few exceptions, these new drugs are all members of already known antibiotic classes. For
example, cephalosporins and carbapenems entered the market after this era, but they also
possess the typical structure of B-lactams antibiotics, making them susceptible to the
increasing drug resistance against this antibiotic class (Ali Syed, 2016; Papp-Wallace et al,
2011). This is also true for almost every other new drug which entered the market since then,
they act on well-known targets with just minor differences in the chemical structure of the
drug. As the mechanism of action stays the same, these "follow-ups” offer no real solution in
the fight against the rising antibiotic resistance (Melander & Melander, 2017).

1.1.2 Antibiotic resistance mechanisms of bacteria

Bacteria can acquire antibiotic resistance by mainly two different ways: The first route is by
mutations in pathways which can confer antibiotic resistance (Martinez, 2014). The second
possibility is the acquisition of antibiotic resistance via transformation, conjugation or
transposition, all of which mechanisms which are referred to as horizontal gene transfer.
Plasmid mediated uptake of extra chromosomal DNA encoding antibiotic resistance is the
most common way of how bacteria gain capability to withstand antibiotic drugs (Evans et al,
2020).

Antimicrobial resistance mechanism can be divided into four different categories: The first
mechanism it the limitation of the drug uptake. This limitation can be caused through several
mechanism of action. Staphylococcus aureus is able to thicken its cell well, hindering the
antibiotic vancomycin to enter the cell (Cong et al, 2020). Often, antibiotic drugs enter the
bacteria cell via porin channels. Members of the family of Enterobacteriaceae can reduce the
number of porin channels and therefore limit the import of the antibiotic drug (Kong et al,
2018). The amino acids of the porin channels can also be altered und thus the selectivity of
the channels can be modified to reduce the uptake of antibiotic drugs (Dé et al, 2001). Another
mechanism is the formation of a biofilm. The thick layer formed consists of polysaccharides,
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proteins and DNA and makes it difficult for antibiotic drugs to reach the bacterial cells.
Furthermore, bacterial cells in this specific state tends to reduce their metabolic rate, limiting
the effect of antibiotic drugs which target metabolism or cell division pathways (Sharma et al,
2019).

The second mechanism how bacterial cells can gain resistance towards antibiotic drugs is the
inactivation of the antibiotic. This can occur in two different ways: The first possibility is
modification of the antibiotic’s core structure. The most commonly used group of antibiotic
drugs, the B-lactam family, all share the same structural motif, a four-membered B-lactam
ring. This ring can be cleaved by proteins of the family B-lactamases, disrupting the drug’s
capability to bind to penicillin-binding proteins (Furniss et al, 2022). The other possibility is
modification by addition of chemical groups. This happens most frequently by transferring
acetyl, phosphoryl and adenyl groups, with acetylation of the antibiotic drug being the most
common modification (Blair et al, 2015).

The third mechanism of developing antibiotic resistance is the modification of the antibiotic
target within the bacterial cell. This can happen to nearly every target of antibiotic drugs
regardless of whether it is a protein or a component?? of the bacterial cell. Gram-positive
bacteria developed resistance against antibiotics from the B-lactam family by alteration of
their penicillin-binding proteins (Haenni & Moreillon, 2006). Another famous example is the
resistance of Staphylococcus aureus against the antibiotic vancomycin caused by changes to
peptidoglycan precursors (Gardete & Tomasz, 2014).

The last possibility how bacteria can develop resistance against antibiotic drugs are alterations
in their efflux system to improve their capability to export antibiotic drugs. One common
adaptation is the overexpression of export channels, which can be observed in the gram-
negative bacterium Escherichia coli (Thanassi et al, 1997). Another possibility is to gain the
ability to express specific pumps for antibiotic drugs via horizontal gene transfer, for example
a transposon element in Staphylococcus epidermidis which encodes for a member of the small
multidrug resistance efflux pump family and which can provide resistance against ampicillin,
erythromycin, and tetracycline (Fuentes et al, 2005).

It can be concluded that the possibilities for bacteria to escape antibiotic drugs are very
versatile. As a result, there is an urgent need to develop new ways to treat infections with
multi-resistant bacteria. One possibility is to use a mixture of two different drugs to treat
patients with an infection. One example for this method is how B-lactamase resistant bacteria
are treated: a combinatorial therapy consisting of a B-lactam and a B-lactamase inhibitor.
Another often-used combination is a mixture of amoxicillin, which binds to the penicillin-
binding protein and clavulanic acid, which inhibits B-lactamase proteins (Ball, 2007).

But as antibiotic resistance bacteria are on the rise, novel antibiotics with a new mechanism
of action are desperately needed. Nevertheless, search for novel antibiotic drug targets has
been very inconclusive in recent years as just two antibiotic drugs with a new mechanism of
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action have entered the market since 2000 (WHO, 2019). The antibiotic Obiltoxaximab
interacts and therefore blocks directly a pathogenic factor of the bacterium Bacillus anthracis
(Henning et al, 2018). The other, Bezlotoxumab interacts with Toxin B protein of Clostridium
difficile to neutralize the activity of this protein (Orth et al, 2014). One reason for this lack is
the low number of potential targets for new antibiotic drugs. The genomics era was thought
to deliver various new targets, but the target-directed approach failed to deliver potential new
candidates for novel antibiotics.

1.2 Nucleotide-derived second messengers in bacteria

One novel path to specifically target bacteria is the expanding diversity of second messenger
nucleotides. These metabolites are involved in the signal transduction, which is an essential
mechanism in bacteria to adapt to changes in their direct environment such as temperature,
pH or atmosphere. Therefore, bacteria possess many sensors and signal transduction
pathways to adapt in a suitable way. Key players in theses pathways are second messengers
derived from nucleotides (Thompson & Malone, 2020).

The first second messenger metabolite derived from nucleotides was discovered during
studies of the hormone epinephrine and was called cyclic AMP (cAMP). This metabolite was
identified in mammalian as well as bacterial cells (Botsford & Harman, 1992; Makman &
Sutherland, 1964). However, other nucleotides can form stable cyclic monophosphate forms
to serve in signaling pathways as well, like cyclic UMP (cUMP), cyclic CMP (cCMP) and cyclic
GMP (cGMP) (Bahre et al, 2015; Ashman et al, 1963). Investigations using nutritional limitation
gave rise to the discovery of linear second messenger guanosine-(penta)-tetraphosphate
(p)ppGpp which also originates from a nucleotide (Cashel & Gallant, 1969). In 1987, the first
metabolite descended from two nucleotide molecules was discovered and named bis-(3", 57)-
cyclic-di-guanosine monophosphate (cyclic-di-GMP/c-di-GMP)(Ross et al, 1987). In the recent
years, many second messenger metabolites derived from nucleotides were discovered in
linear, or in cyclic mono-, di-, or tri-nucleotide form (Whiteley et al, 2019; Severin & Waters,
2019).

In 2008, the structure of the DNA integrity scanning protein DisA from Thermotoga maritima
in complex with bis-(3", 5")-cyclic di- adenosine monophosphate (cyclic di-AMP/c-di-AMP) was
published (Witte et al, 2008). Since then, c-di-AMP was shown to be synthesized by a family
of proteins which share the diadenylate cyclase (DAC) domain (Commichau et al., 2019).
Importantly, it has been reported that the c-di-AMP second messenger metabolite is essential
for bacteria under standard conditions (Fahmi et al., 2017; Gundlach et al., 2017) and that it
has not been detected in humans. This renders proteins containing a DAC domain as potential
targets for the development of new antibiotics.
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1.2.1 Enzymes synthesizing c-di-AMP in bacteria

Enzymes comprising a DAC domain were detected in different species, mostly in gram-positive
bacteria from the Firmicutes and Actinobacteria groups like the human pathogens
Streptococcus pneumoniae, Staphylococcus aureus and Enterococcus faecium, but also in
gram-negative bacteria and archaea (Bl6tz et al., 2017; Corrigan et al., 2011; Romling, 2008).
These enzymes can be divided into five different classes, namely CdaA, DisA, CdaS, CdaM and
Cdaz, which all have the DAC domain in common but differ by additional domains or motifs
(Romling, 2008b; Corrigan et al, 2011; Bl6tz et al, 2017; Sureka et al, 2014). An overview of
the domain organization of c-di-Amp generating enzymes is depicted in Figure 1.3.

Figure 1.3: Overview of organization of enzymes
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DisAss;E w e m containing a dladenyI.aIte. cyclase domalln. The
conserved DAC domain is represented in red.
H1H2 HhH is a helix-hinge-helix domain, H1 and H2 are

Geas-fpe NDOS- inhibitory helices 1 and 2, PYK is a pyruvate

kinase-like domain, CC is a coiled-coiled motif,

CdaM-type
P N g while TM is a transmembrane helix. This Figure
PYK was adapted from (Commichau et al., 2019).
Cdaztype (T - ©
T™ CC

caontpe v SNSDEERD o

All DAC proteins depend on divalent cations (Mg?*, Mn?* or Co?*) and they transform two ATP
molecules into one molecule c-di-AMP and two molecules of the side product pyrophosphate
(Heidemann et al., 2019; Tosi et al., 2019; Witte et al., 2008). Another common feature is the
dimerization of DAC proteins as a prerequisite for the synthesis of c-di-AMP. Two DAC domain
monomers each binding an ATP molecule need to face each other in order to form one
reaction center (Mdller et al, 2015). While some bacteria from the Bacillus genus possess up
to three different classes of DAC proteins, many pathogenic bacteria contain just a single class
of DAC proteins (Woodward et al, 2010; Mehne et al, 2013).

1.2.2 Functions of the second messenger c-di-AMP in bacteria

The product of DAC domain containing proteins, c-di-AMP, is involved in many different
regulatory cellular processes. Notably, c-di-AMP is the first secondary messenger metabolite
identified which can influence the cell not only by regulating the activity of various proteins
but also by binding to riboswitches (Gundlach et al., 2019; Nelson et al., 2013). c-di-AMP plays
a major role in various cell processes like DNA damage sensing, gluconeogenesis, regulation
of fatty acid synthesis, cell wall homeostasis, inorganic carbon regulation, potassium ion
transport, regulating the virulence or regulation of the (p)ppGpp synthesis (Agostoni et al.,
2018; Bai et al., 2014; Gundlach et al., 2019; Jackson-Litteken et al., 2021; Kriiger et al., 2021;
Selim et al., 2021; Witte et al., 2008). In the sense of antibiotic drug design, the role of c-di-
AMP in potassium homeostasis is the most important regulatory function, as the involvement
in the osmotic regulation makes this second messenger metabolite essential (Bai et al., 2014;
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Gundlach et al., 2019; Sureka et al., 2014). Potassium ions are the most abundant cations in
cells and are the main regulators of maintaining the pH of the cell (Epstein, 2003). The
important role of c-di-AMP in potassium regulation is underlined by the fact that cells
accumulate c-di-AMP if they face a high external potassium concentration which leads to
limited uptake of these ions (Gundlach, et al., 2017).

It has been reported that c-di-AMP can influence the activity of various proteins, mostly
transporters by binding to their respective RCK_C domain. These proteins are capable of
forming a gating component in ion channels like KtrCD from Bacillus subtilis or interacting with
the transcription factor BusR to negatively regulate the expression of the glycine betaine
transporter BusAB (Bandera et al., 2021; Gundlach, et al., 2017; Pham et al., 2018). This
underlines that c-di-AMP is not only involved in regulation of potassium levels within the
bacterial cell, but also in osmolyte transport, and therefore homeostasis in general.

Another class of proteins which can bind c-di-AMP are proteins which contain the Bateman,
also called CBS, domain. Proteins with these domains are capable to bind a wide range of
adenine derivates (Meyer et al, 2007; Maya-Bernal et al, 2017; Anashkin et al, 2015). It is
important to note that just a minority of them are able to bind c-di-AMP (Devaux et al, 2018;
Gundlach et al, 2019a). These are the Mg?* transporter MgtE, the glycine-betaine-carnitine
transporter OpuCA and the protein DarB, which is involved in the regulation of the citric acid
cycle and in the regulation of another second messenger metabolite, (p)ppGpp (Gundlach et
al., 2019; Heidemann et al., 2022; Kriiger et al., 2021, 2022; Schuster et al., 2016).

As c-di-AMP is a key player in maintaining the osmolyte homeostasis, its intracellular
concentration needs to be tightly regulated, which means it also has to be broken down or
secreted. Enzymes which are able to degenerate c-di-AMP are called phosphodiesterases
(PDE). In total, four different classes of PDEs have been identified, which can degrade c-di-
AMP via hydrolysis similar to the tow-step mechanism for the synthesis (Commichau et al.,
2019; Manikandan et al., 2014).

1.2.3 CdaA, the most prevalent diadenylate cyclase

Many bacteria, mostly gram-positive bacteria, possess at least one enzyme with a DAC
domain. The most widespread and, in many pathogenic bacteria (Staphylococcus aureus,
Streptococcus pneumoniae, Enterococcus faecium), only enzyme with a DAC domain is the
cyclic-di-adenylate cyclase A (CdaA). CdaA is a membrane bound protein, which consists of
three N-terminally located transmembrane helices. These are followed by a linker in the form
of a so-called coiled-coil motif and the DAC domain (Fig 1.3). In the nearly all bacteria from
the phylum firmicutes, the gene of CdaA is placed gene cluster consisting of CdaA, a regulatory
protein CdaR and the glucosamine mutase enzyme GImM which is conserved in firmicutes
(Mehne et al, 2013; Rismondo et al, 2016; Gibhardt et al, 2020).
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The first structure of CdaA DAC domain was published in 2015 and was of the protein in
complex with ATP and a Mg?*-ion (Rosenberg et al, 2015). The crystallized construct misses its
three transmembrane helices, as this makes the handling and purification of this construct
easier compared to the full-length version. Therefore, it consists just of the N-terminal coiled-
coil motif and the DAC domain. In the following years, several structures of CdaA from
different organism in various enzymatic states were published (Heidemann et al., 2019;
Pathania et al., 2021; Tosi et al., 2019). Notably, if CdaA was crystallized in the inactive APO
state, it always exhibited a back-to-back arrangement (Fig 1.4 B), therefore it’s not clear if this
is a stable structural state or crystallization artefact (more details in the chapter Discussion).
Biochemical characterization of the different CdaAs indicated that all of them require a
divalent metal ion in order to be catalytically active. Independent of the source organism, all
CdaAs seems to be active in the presence of manganese. Staphylococcus aureus CdaA is also
functional in the presence of magnesium, as opposed to the CdaA from Listeria
monocytogenes, which is inactive in the presence of magnesium but active in the presence of
cobalt. Similarly, the related DAC-domain containing enzyme DisA is only catalytically active in
the presence of manganese or magnesium (Heidemann et al., 2019; Tosi et al., 2019; G. Witte
et al., 2008).

The DAC domains of DisA, CdaS and CdaA all share an overall similar, globular fold. The DAC
domain core is formed by seven parallel and antiparallel B-strands (f1- B7) surrounded by five
a-helices (al- a5) (Fig. 1.4 A) (Rosenberg et al, 2015; Witte et al, 2008; Hao et al, 2022).

Figure 1.4: Representation of CdaA. A Overall structure of CdaA consisting of seven central, slightly twisted B-
strands surrounded by five a-helices. AMP is bound to the active site of the enzyme. The protein structure is
depicted in cartoon mode in red and the surface is represented in light red. B Representation of back-to-back
dimer of CdaA observed in the X-ray structure (PDB-ID: 6HVL,6GYW). The protomers are as cartoon and surface
in red and salmon. The interface of the dimer is formed by the a-helix2, B-strand 2 and their corresponding
counterparts from the other protomer

The activity of the enzyme CdaA can be regulated by the two proteins which are encoded in
the previously described conserved gene cluster, CdaR and GImM. CdaR consists of an N-
terminally located transmembrane domain followed by four YobR domains (Barb et al, 2010).
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It has been shown that this protein interacts with CdaA via its Yobr domains. Depending on
the growth conditions and the cellular environment, the enzymatic activity of CdaA can be up-
or downregulated by its interaction with CdaR (Gundlach et al, 2015; Rismondo et al, 2016;
Gibhardt et al, 2020).

The second protein involved in the regulation of CdaA is the cytosolic phosphoamine mutase
GImM, which synthesizes glucosamine-1-phosphate from the precursor glucosamine-6-
phosphate. Therefore, the protein is directly involved in the peptidoglycan biosynthesis
pathway (Tavares et al, 2000). Upon complex formation with CdaA, the cyclase activity of CdaA
is greatly reduced, which marks GImM as a negative regulator of CdaA. This was shown in
different organism and by several experiments (Gibhardt et al, 2020; Pathania et al, 2021).

1.2.4 CdaA as a new antibiotic target

Bacteria can adapt rapidly to changing environmental conditions and can therefore also
quickly adapt to antibiotics, developing an arsenal of escape techniques which can be shared
via horizontal gene transfer. The WHO declared rising antibiotic resistance a “global health
concern” since bacteria and viruses can spread worldwide and are not stopped by national
borders (WHO, 2019a). Even in countries with an excellent health care system like Germany,
there are still an estimated 10.000 to 15.000 deaths each year due to a lack of efficient
antibiotics (German Federal Government, 2020). It will be not enough to just develop new
antibiotics in the fight against multi-resistant bacteria (MRSA): The over- and misuse of
antibiotics also needs to be reduced (Mallah et al, 2022). In 2017, the WHO released a priority
list, the so-called “list of the dirty dozen” in which 12 different bacteria strains are listed: For
all of these we urgently need new antibiotics to be able to treat infections, as they have
become mostly resistant against commonly used antibiotics. Although there was progress in
the last years to reduce infections with MRSA, it was nullified by the ongoing corona crisis
according to latest reports (Mallah et al, 2022). The reasons for this development vary, but it
is a fact that the number of patients infected with MRSA increased by around 15 % in the last
3 years (CDC, 2022). Summarized, there is an urgent need to develop new antibiotics to tackle
the global health problem caused by increasingly resistant bacteria.

Proteins catalyzing c-di-AMP synthesis and especially CdaA, were previously suggested as
possible targets for the development of new antibiotics (Rosenberg et al, 2015; Commichau
et al, 2019). As they occur CdaA fits the majority of requirements which a novel antibiotic
target has to fulfill, such as a high degree of conservation among different bacterial species
and that deletion of the target should lead to a decreased growth rate. Moreover, it should
not have a structural or functional homologue in the human proteome in order to avoid side
effects by the potential drug (Hughes & Karlén, 2014). So far, neither enzymes possessing a
DAC domain nor c-di-AMP were detected in humans.
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Furthermore, it was shown that proteins with a DAC domain are essential in bacteria under
normal growth conditions due to their role in controlling the potassium and general osmolyte
homeostasis (Gundlach et al., 2017; Gundlach et al., 2017b). A deletion of the gene encoding
a protein with a DAC domain also let to a higher sensitivity to B-lactams like methicillin,
oxacillin or cefuroxime. This increased sensitivity might be a result of a reduced stability of the
cell wall (Dengler et al, 2013). Moreover, in many pathogenic bacteria, like S. aureus, S.
pneumoniae, L. monocytogenes or E. faecium, CdaA is the only enzyme with an DAC domain,
rendering this protein an ideal target for the development of a new antibiotic.

1.2.5 Inhibitors of DAC containing proteins

Enzymes with a DAC domain are suitable targets for the development of new antimicrobial
drugs because they catalyze the synthesis of the essential second messenger c-di-AMP.
Substances which were able to inhibit this catalytic activity were first reported for the enzyme
DisA (Miiller et al, 2015; Zheng et al, 2014; Opoku-Temeng & Sintim, 2016b, 2016a). One of
the first inhibitors for DisA was the ATP analogue 3"-deoxy-ATP, which misses its 3"-hydroxyl
group, and therefore cannot be processed to c-di-AMP. This competitive inhibitor strongly
reduces the activity of DisA, with an ICso (50% inhibitory concentration) of 3.8 uM (Miiller et
al., 2015). Nevertheless, this can hardly be used as antibiotic drug as it is very similar to ATP
and would thus affect all proteins requiring ATP.

The screening of a 2000 compounds library revealed a well-known inhibitor for ATP-binding
enzymes, suramin, as a potential candidate for inhibiting DisA. Docking experiments showed
that this drug binds in the active site of DisA which was further proven by in vitro experiments.
Suramin is able to inhibit DisA with an ICsp of 1.1 uM (Opoku-Temeng & Sintim, 2016a).
Another compound which inhibits DisA in vitro is theaflavin digallate (TF-dG), featuring an ICso
of 3.4 uM. Interestingly, additional experiments showed that the inhibitory effect of this
compound is non-competitive with ATP, suggesting an allosteric inhibition (Opoku-Temeng &
Sintim, 2016b). The small compound bromophenol thiohydantoin (Br-TH) is able to inhibit the
cyclase activity of DisA, with an ICspvalue of 56 uM. Br-TH was discovered by screening a kinase
inhibitor library to uncover new ATP-competitive inhibitors. However, the authors stated that
the inhibitory effect of BR-TH towards the enzymatic activity of DisA is non-competitive with
ATP (Zheng et al, 2014). BR-TH was also tested against the protein CdaA from Enterococcus
faecalis. This study revealed that this compound not only exhibits inhibitory effects against
CdaA in vitro, but is also able to reduce the bacterial growth and biofilm formation in vitro.
Interestingly, docking experiments showed that Br-TH most likely binds to the active site of
CdaA, therefore serving as a competitive inhibitor against this enzyme, which is in direct
contrast to the earlier findings regarding the protein DisA (Chen et al, 2018). Screening of a
kinase inhibitor library against an N-terminal truncated CdaA construct from Streptococcus
suis revealed the strong inhibitory effect of 2,2'-dihydroxy-1,1'-dinapthyldisulfide (IPA-3), with
an ICsp value of 33.22 uM. Moreover, this compound was able to reduce the growth rate of
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various gram-positive pathogenic bacterial strains in vivo but not the growth of the gram-
negative bacterium Escherichia coli. A model from Streptococcus suis CdaA calculated by I-
Tasser was used to carry out docking simulations. These simulations, combined with a
molecular dynamics simulation, revealed that IPA-3 is most likely interacting with strongly
conserved residues in the active center of CdaA (Li et al, 2022a). All of the known inhibitors
of protein containing a DAC domain contain at least one aromatic ring (Fig. 1.5).
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Figure 1.5: Skeletal presentation of the four known inhibitor of proteins consisting of a DAC domain, Suramine,
Bromophenol-Thiohydantonin (Br-TH), theaflavin digallate(TF-dG) and 2,2'-dihydroxy-1,1'-dinapthyldisulfide
(IPA-3).

1.3 Drug design

Drug design describes the inventive progress to develop or identify a small molecule which is
able to activate or inhibit the function of a biomolecule. Several different methods exist to
reach this aim. Some of them, including high-throughput screening and structure-based drug

design are described in detail in the following part.

1.3.1 Development of inhibitors by high-throughput screening

Three decades ago, large pharma companies invested billions of dollars to set up the
infrastructure required for high-throughput screening (HTS). Enormous effort was made to
establish libraries consisting of thousands or even millions of compounds and to also establish
the robotic automation of the screening process itself (Zweigenbaum et al, 1999; Oldenburg
et al, 1998). These libraries typically consist of drug- or lead-like compounds which have a
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molecular weight of about 500 Da and follow Lipinskis rule of 5 (less than five hydrogen bond
donors and less than 10 hydrogen bond acceptors) (Lipinski et al, 2001). These libraries deliver
hits which already bind the target with an affinity in the micro-to nanomolar range and greatly
reduce the activity of the protein of interest (Szymanski et al, 2011). One significant problem
in HTS campaigns is the large number of false-positive hits, therefore all hits identified in the
screening need to be validated (Sink et al, 2010). Afterwards, the validated hits are optimized
to achieve compounds with better biological and physiochemical properties. Figure 1.6
illustrates a typical HTS approach.
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Figure 1.6: Depiction of an HTS workflow. The first step is the identification of a target which fulfills all given
requirements. The next step is the screening for inhibitory compounds by combining a suitable assay with a
compound library. The resulting hits are chemically improved to achieve better binding between the follow-up
compound and the protein of interest. Figure was adapted from (FitzGerald, 2021).

Unfortunately, many of the hits fail to make it to the market, even after several rounds of
improvements. The main reason for this is that even if libraries can contain millions of
compounds, they can lack the required complexity and insufficiently cover the available
chemical space which is needed to identify inhibitors against novel targets (Karawajczyk et al,
2015). Another reason for the failing of HTS approaches is the limited chemical flexibility of
the compounds as they are already often lead-like compounds with a relatively large size.
Moreover, drugs deriving from HTS campaigns often suffer the problem of poor solubility or
oral bioavailability (Di & Kerns, 2012).

1.3.2 Fragment-based drug discovery

Over the last 30 years, fragment-based drug discovery (FBDD) has emerged as an efficient way
to develop lead compounds which has finally led to FDA/EMA approved drugs. Today, there
are six FBDD derived drugs which are now commonly used in oncology (Hamilton et al, 2022).
These drugs are depicted in Figure 1.7.
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Sotorasib (2021) Asciminib (2021)

Figure 1.7: Structures of six approved drugs derived from FBDD. These drugs were develop using different FBDD
techniques. Remarkably, all of them are used in the treatment of different kinds of cancer. Two of them,
Pexidartinib and Vemurafenib were built from the same fragment namely 7-azaindole (Bollag et al, 2012; Zhang
et al, 2013).

Moreover, there are around 30 drug candidates deriving from the FBDD approach which are
currently tested in clinical tries against various diseases like cancer, Alzheimer’s disease and
type 2 diabetes (Wyatt et al, 2008; Artis et al, 2009; Whitley et al/, 2016). FBDD has been
adopted as a mainstream technique for drug design by large pharma companies, but it is also
used in academia as method to develop chemical lead compounds in a highly reliable way
(Kashyap et al, 2019; Murray & Rees, 2009).

The core concept of FBDD is the identification of low molecular weight compounds which bind
to the protein of interest with a low affinity and are referred to as “fragments”. These
fragments follow the “Rule of 3” (RO3) which means that they have a molecular weight below
300 Da, a logP of < 3, H-bond donors < 3 and H-bond acceptors < 3 (Congreve et al, 2003). The
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fragments which interact with the protein of interest can be identified by several techniques
for example surface plasmon resonance (SPR), isothermal calorimetry (ITC), thermal shift
assays (TSA) and mass spectrometry (MS). The evaluated fragment hits can be elaborated into
larger and more potent compounds while the key interactions are maintained. A typical FBDD
pipeline is depicted in Figure 1.8.

Structural binding Bioaffinity
mode measurements
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Figure 1.8: Depiction of a FBDD pipeline. The first step is the identification of a suitable target, followed by
choosing a convenient fragment library. After identification of fragments hits, these are improved via a loop of
identifying the exact interaction mode between fragment and protein of interest, bio affinity measurements and

improvement via rational drug design. Figure was adapted from (Mitchell, 2018).

1.3.3 Experimental methods for the detection of ligand binding

Several different methos can be applied to detect the interaction between a protein and a
fragment. Thereunder, surface plasmon resonance (SPR), isothermal calorimetry (ITC),
thermal shift assay (TSA) and mass spectrometry (MS) have been successfully used in
fragment-based drug discovery, but these methods only provide little information about the
exact binding mode and provides no platform for further rational development of the
fragments (Schiavina et al, 2022; Ye et al, 2022; Sanchez et al, 2022; Abbas et al, 2011). The
two structure-based methods nuclear magnetic resonance (NMR) and X-ray crystallography
provide more accurate information about the binding location and the interactions between
fragment and protein and also generally deliver fewer false-positive hits compared to the
other methods (Napolitano et al, 2022; Ciulli et al, 2006; Kozakov et al, 2015).

1.3.4 Surface plasmon resonance

SPR has become the most commonly used technique in fragment screening campaigns due to
the high sensitivity of this method (Lundquist et al, 2021). Other great advantages of this
method are the relatively low costs compared to other methods and also the low amounts of
protein required (approximately 50ug per fragment screening campaign) (Chavanieu &
Pugniére, 2016). In order to perform a SPR experiment, the protein of interest is tethered to
the surface of a biosensor chip. The fragments are passed over the chip and the attached
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protein while a beam of polarized light is directed towards the surface of the biosensor and
the change in the refractive index is measured. These changes can be correlated to the
combined mass of the protein of interest and the fragment, which can reveal binding events
as well as kinetic information. A number of successful SPR-based fragment screening
campaigns on different targets have been reported, including HSP70, different target of SARS-
CoV-2 and lactate dehydrogenase A (Basso et al, 2021; O’Connor et al, 2022; Ward et al, 2012).

1.3.5 Thermal Shift Assays (TSA)

TSA monitors the changes in the thermostability of a protein of interest. It can be used to find
suitable conditions for purification or storage of a protein (Huynh & Partch, 2015). Any protein
denatures at a distinct temperature, exposing its hydrophobic core and making it accessible
to a sensitive fluorescent dye. Fragments bound the protein of interest are expected to change
the thermal stability of the protein upon complex formation which results in a detectable
change of the melting point. TSA is a very rapid and easy method for fragment screening, and
it does not require large amounts of protein as a suitable protein concentration for a TSA assay
is between 0.5 — 2 uM depending on the interactions with the fluorescent dye. Nevertheless,
as the interactions between fragments and proteins are expected to be comparatively weak,
the thermal shifts will be small. A fragment is considered a hit if the melting temperature is
shifted by 1°C or more. TSA was successfully applied to find inhibitors for prolyl-tRNA synthase
and mitogen-activated protein kinase 4 (Pang et al, 2021; Krishna et al, 2013).

1.3.6 Isothermal Titration

ITC is a biophysical method which allows very precisely the determine of changes in
temperature occurring when two samples are mixed. These changes can be correlated to the
binding profile of a ligand to a receptor. ITC measures the free energy of the binding event
AG (affinity) and the enthalpy AH, which can be used to calculate the entropy AS and the
reaction stoichiometry (n). Having access to such binding profiles makes ITC to a very powerful
method in the detection of protein-ligand interaction and in the optimization of ligands.
Particularly the discrimination between the enthalpic and entropic compounds of a binding
event makes this method very valuable to identifying fragments that are more enthalpic
binders. These fragments are considered to be better starting points for further development
steps for potential drugs (Scott et al, 2009). However, this method requires relatively high
amounts of protein, which, combined with the often low solubility of fragments, means that
this method is not suitable for large scale screening. Indeed, it is better suited to confirm
potential fragment hits discovered by other approaches or to verify improved binding of
follow-up compounds (Ladbury et al, 2010). Nevertheless, this method was already used
successfully in the development of an inhibitor against acetylcholine-binding protein and is
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expected to play a major role in the discovery of new antibiotics (Lamoree & Hubbard, 2018;
Edink et al, 2011).

1.3.7 Mass spectrometry

Electrospray ionization mass spectrometry (ESI-MS) is an analytical method which consist of
the measurement of the mass-to-charge ratio of an ionized molecule to detect its molecular
weight. This technique can be applied to detect the binding of a fragment to a protein, as the
detected molecular weight will increase upon binding. Moreover, it allows the calculation of
the dissociations constant (Kp) and also the stoichiometry (n) (Pedro & Quinn, 2016). As ESI-
MS requires only small amounts of protein, is can be considered as fast primary fragment
screening technique (Vaaltyn et al, 2022). Although ESI-MS is not often used as primary
screening technique, there are some success stories for the inhibitor development against
Hsp90 (Li et al, 2020).

1.3.8 Nuclear magnetic resonance

FBDD owes a lot to NMR, as it this was the first method to deliver successes in a fragment-
based approach, also called structure-activity relationship (SAR by NMR) (Shuker et al, 1996).
NMR is a structural method which can be used to determine a 3D model of a proteins. It can
also be used to investigate the interaction between a protein of interest and a ligand (Sugiki
et al, 2018). This method, NMR spectroscopy, is based on the magnetic properties of the
atomic nuclei and can be used to gain knowledge about the surrounding chemical
environment. The two main approaches for NMR spectroscopy employed in fragment
screening are protein-detected NMR and ligand-detected NMR (Vuckovic et al, 2021; Viegas
et al, 2010). Protein-detected NMR can provide information about the binding affinity in a
mM to nM range and deliver details about the binding site between a protein and a fragment.
The drawback of this method is the large amount of labelled protein (50-200 mg) required to
perform an experiment making it inappropriate for fragment screening campaigns. Ligand-
detected NMR can be utilized by different techniques, whereby saturation transfer difference
(STD) and water-ligand observed by gradient spectroscopy (WaterLOGSY) are the most
common ones (Viegas et al, 2011; Dalvit et al, 2002). Both methods make use of an irradiation
pulse which is applied with the suitable resonance frequency for the biomolecule or the water
bulk. From the *H NMR signal the relaxation properties of the fragments can be calculated,
allowing to distinguish between bound and unbound fragments. NMR was already successfully
applied in several FBDD campaigns, developing inhibitors against HDM2, HSP90 or PDK1
(Medina et al, 2010; Fradera et al, 2022; Li et al, 2020).
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1.3.9 X-ray crystallography

X-ray crystallography is a method which can provide structural information at a very high
resolution down to an atomic level (Li, 2020). Crystallography is essential and called the “gold-
standard” in fragment-based drug design, as a structure of a complex consisting of the protein
of interest and a fragment delivers both the proof of a binding event and also exact
information of how the fragment interacts with the protein (Patel et al, 2014a). The first step
in the employment of this method is the establishment of a suitable crystallization system, as
it has to be able to deliver hundreds of crystals which reliable diffract to a high resolution.
Preferably, crystals should be grown from low salt conditions with relatively high contents of
solvent reagents, as high salt conditions may disturb the (ionic) interaction of the protein with
low-affinity binding fragments (Begley et al, 2011). Another requirement is that regions of
interest in the protein are exposed to the crystals solvent channels to ensure that fragments
can diffuse to these areas (Luan & Huynh, 2022). To obtain crystals which contain both the
protein of interest and the fragment, two main approaches are commonly used: soaking and
co-crystallization. Soaking means preparing a single fragment or pools of fragments, which are
added to the mother liquor of preformed crystals of apo-protein. The usage of fragment pools
for soaking can speed up to process, but a drawback of this method can be that the different
fragments within the pool compete for the same binding site, which will lead to fewer
fragment species identified bound to the protein. Therefore, the composition of fragment
pools has to be chosen carefully. If crystals are soaked with only a single fragment, the
workload is increased but the information about each fragment is more accurate. Exact
information about the binding mode of a fragment to a protein enables a more precise
downstream development of the fragment into a potential lead compound. Historically, the
comparatively low throughput of this method confined it to being used as a second or third
level screening method. However, due to the rise of screening possibilities at synchrotrons in
combination with the availability of more suitable fragment libraries, it can now also be used
as a primary fragment screening technology (Thomas et al, 2019). X-ray crystallography has
been used in various fragment-based drug design campaigns, for example against several
SARS-CoV-2 proteins as well as BACE-1 or Janus kinase 2 (Yamamoto et al, 2022; Antonysamy
et al, 2009; Freidel & Armen, 2021; Wyss et al, 2011).

1.3.10 Hit to lead generation

Hit-to-lead generation uses structural information as starting points for rational development
of fragments into lead compounds and finally drug candidates. (Murray & Blundell, 2010).
While NMR was the technique which was first applied to perform fragment screening and
successful hit-to-lead campaigns, nowadays X-ray crystallography is by far the preferred
structural method in FBDD (Maveyraud & Mourey, 2020). During optimization the ligand
efficiency (LE) metrics are used to determine the relative efficacy of a fragment development
step (Hopkins et al, 2014). The LE score gives the binding energy of the fragment or follow-up
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compound per atom and is calculated by converting the Kp into the Gibbs energy (AG) of
binding at 300 K and then dividing by the number of heavy (non-hydrogen) atoms (Hopkins et
al, 2004). The LE score can be understood as a tool to compare the size and the potency of a
fragment or follow-up compound. Analysis of successful hit-to-lead campaigns have shown
that the LE of the starting fragments was around 0.38 (Hopkins et al, 2014). In general, there
are three different ways of how fragments can be developed into potential lead compounds:
By merging different fragments, by linking different fragments or by growing a single
fragment. All of these methods require structural information about the interaction of the
fragments and the protein of interest and are therefore a distinct field of FBDD, namely
structure-based drug design (SBDD)(Batool et al, 2019). In Figure 1.9, two developing methods
of fragments are depicted.
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Figure 1.9: Depiction of a FBDD campaign. The first step is the identification of a target of interest. The second
step is the identification of interacting fragments. These fragments can now be further grown by structural and
medical chemistry, or different fragments can be linked together to develop a follow up compound which binds
with high affinity. Figure was adapted from (FitzGerald, 2021).

1.3.11 Fragment Linking

Fragment linking was the first successful approach to develop an inhibitor derived from
fragments (Shuker et al, 1996). For an efficient joining procedure, two fragments individually
bound in close proximity are needed. The link between these two fragments can be rigid or
flexible, but it should have a positive influence on the AG values of the final follow-up
compound (Jencks, 1981). In practice, this method is often challenging, as linkers can restrain
the follow-up compound too much. This can result in suboptimal interactions and therefore a
loss in binding affinity (Ciulli & Abell, 2007). A fragment linking approach was employed
successfully for the development of the drug Venetoclax, a BCL-2 inhibitor used in the
treatment of chronic lymphocytic leukemia (Oltersdorf et al, 2005).

1.3.12 Fragment growing

Growing describes the development of an initial hit via extension along a defined vector. It
has emerged as the most frequently used hit-to-lead strategy (Lamoree & Hubbard, 2017).
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This method is based on the stepwise growing of a fragment, targeting a new interaction with
each added extension. Structure guided development is able to fulfill special requirements of
a potential follow-up compound like adding a hydrogen donor/acceptor or filling a small
lipophilic cave with a methyl group. This method was successful employed in the development
of Vemurafenib, a selective inhibitor of the B-Raf V600E mutant kinase, which is used in the
treatment of late-stage melanoma (Bollag et al, 2012).

1.3.13 Fragment merging

Fragment merging describes the process of merging several fragment hits with overlapping
regions into a single follow-up compound with higher potency. It strongly relies on structural
information of the regions where fragments overlap. Up to this date, no drug emerging from
this method has entered the market.

1.3.14 SAR by catalogue

Another fragment optimization method is the so-called structure-activity relationship (SAR)
by catalogue. It is one of the most commonly used techniques in SBDD and can be described
as substructure or similarity search (Wilson et al, 2021). Using the initial hit, vendor catalogues
or in house databases are searched for follow-up compounds which could also bind to the
protein of interest in a similar manner. This limits this method to existing molecules, however,
this also poses the advantage that existing molecules can be rapidly acquired as they do not
need to be synthesized. This approach was used to develop inhibitor for the farnesyl
pyrophosphatase synthase, which may be used in the treatment of breast and prostate cancer
(Park et al, 2021).

1.4 Scope of the thesis

The rise of antibiotic resistance in bacteria is one of the global concerns regarding health and
wealth. The mis- and overuse of antibiotics in agriculture and during the Covid pandemic leads
to an increase of bacterial strains which are resistant to one or more antibiotic substances (Lai
et al, 2021; O’Neill, 2014). Therefore, the number of effective antibiotics is decreasing,
resulting in an urgent need to develop new antibiotics. The identification of new targets, which
inhibition can lead to cell death is a difficult task, as the target need to be essential. Moreover,
it should not have any homologue in the human system to ensure the specificity towards the
bacterial cell (Boyd et al, 2021).

The second messenger c-di-AMP was described to serve as a key factor in the regulation of
different osmolyte homeostasis pathways and is therefore essential for many pathogenic
bacteria (Stilke & Kriiger, 2020). Moreover, this second messenger is not produced in the
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human system, rendering its synthesizing enzymes as potential target for the development of
new antibiotics (Commichau et al, 2015). This work focuses on the establishment of a
crystallization system of the most abundant diadenylate cyclase CdaA which is suitable for the
performance of a crystallographic fragment screen (CFS). Therefore, crystallization
experiments employing truncated CdaA constructs originating from the organisms Bacillus
subtilis, Enterococcus faecium, Listeria monocytogenes, Staphylococcus aureus or
Streptococcus pneumoniae were carried out. After identification of such a system, a fragment
screening campaign was performed using the fragment library F2X-Entry screen. Furthermore,
a rational drug design approach was applied, using the structure of Bacillus subtilis CdaA in
complex with AMP as starting point. The fragments and compounds deriving from both
approaches was further biochemically characterized to gain insights into their inhibitory
effects towards CdaA and to identify suitable starting point for inhibitor design.
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2 Material and methods
2.1 Material

2.1.1 Fine chemicals

All fine chemicals and organic components were purchased from the companies AppliChem,
Biomol, Bio-Rad, Bld-Pharma, Enamine, Merck, Molport, Roth, or Sigma-Aldrich in the highest
available purity grade. Generally, the supplier with the lowest price was chosen.

2.1.2 Devices

Adjustable pipets

Agarose gel electrophoresis chamber
Centrifuge Allegra 21R

Centrifuge Avanti J-20 A

Centrifuge Avanti J-30 |

Centrifuge Avanti JA-20

Fine balance

Microfluidizer 110 S

Mosquito pipet robot

NanoDrop

pH-meter

Real-Time PCR Biometra Detection System CFX 96
Rotor JA-20

Rotor JA-30.50 Ti

Rotor JLA 8.100

SDS-PAGE chamber miniVE
Spectrolight 600

Table top centrifuge 5417 R
Thermomixer comfort

UV/VIS photometer

VICTOR nivo multimode microplate Reader

Eppendorf
Bio-Rad
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Satorius
Microfliuds

SPT Labtech
Thermofisher
Beckman Coulter
Bio-Rad
Beckman Coulter
Beckman Coulter
Beckman Coulter
Hoefer

Xtal concepts
Eppendorf
Eppendorf

GE Healthcare

PerkinElmer
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2.1.3 Supplemental material

24 well crystallization plates
96 well crystallization plates

Adhesive Clear gPCR Seals

Assay Plate 96 well, flat bottom, black polystyrene,

NBS

Crystal Clear tape

Multiple well plate, 96-well flat bottom with Lid
Nylon loops for crystals

Reactions tubes (0.5, 1.5, 2.0 mL)

Real-time PCR plate 96 well

Ultra centrifugal filter units

Viewseal Sealer, clear

2.1.4 Cell Media

In this work, 2YT and autoinduction media was used for cloning and recombinant protein
expression. For 2YT, the components were dissolved in desalted H,0 and autoclaved at 121 °C
for 20 minutes. Antibiotics were added as required with a final concentration of 50 pug/mL for
kanamycin and 34 ug/mL for chloramphenicol. The components for the autoinduction media
were autoclaved separately and mixed directly prior to usage. Agar plates were produced by

Hampton Research
Hampton Research
Biozyme

Corning

Henkel

Sarstedt

Molecular dimensions
Eppendorf

Bio-Rad

Milipore

Greiner

supplementing 2YT media with 1.5% (w/v) agar prior autoclaving

2YT media
1% (w/v) Trypton
1% (w/v) Yeast extract

1% (w/v) NaCl

Autoinduction medium was prepared by mixing 450 mL ZY-media with 10 mL M-mixture, 10
mL 5052-solution und 100uL Trace elements. Furthermore, ddH,O was added to a total

volume of 500 mL
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5000x Trace elements
50 mM FeCls

20 mM CacCl

10 mM MnCl;

10 mM ZnS0O4

2 mM CoCl,

2 mM NiSOg4

2 mM Na;MoO4

2 mM NaySeOs3

2 mM H3BO3

50x M-buffer
1.25 M K2HPO4
1.25 M NaH3PO4

2.5 M NH4CL

50x 5052-buffer
25% (w/v) Glycerol
2.5% (w/v) Glucose

10% (w/v) a-lactose

0.25 M NazS0O4

ZY-media

1% (w/v) Tryptone

0.5% (w/v) Yeast extract

Minimal medium was used for growth experiments with B. subtilis. These experiments were

performed by Robert Warnecke (Department of General Microbiology, Gottingen).

100x Trace elements
2.5 mM CaCl
0.5mM MnCl,
1.2 mM ZnCly
0.2 mM CuCl;
0.25mM  CoCl,

0.2 mM Na:MoO4

5x MSSM Stock

250 mM

130 mM

20 mM

4 mM

100x Iron-citrate

Na;HPO4 0.5mM FeCls
NaH>PO4 3.5mM Nas-citrate
Nas-citrate

MgS04

For the final MMSM minimal medium, 200 mL auf 5x MSSM stock, 10 mL 100x trace elements,
10 mL 100x iron-citrate, 5g glucose, 10 ml trypothophane (5 mg/mL), 10 ml ammonia solution
(20% w/v) and 5 mL KCI (1M) were mixed together and ddH,0 was added to a final volume of

1L
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2.1.5 Chromatography systems and columns

All chromatographic methods were performed using the Akta Prime system from GE
Healthcare. To load samples on the respective columns, superloops with a volume of 150 mL
as well as loops with a volume of 5 mL were used. Utilized columns are listed below.

HisTrap 5 mL Ni-NTA Sepharose GE Healthcare

Superdex 75 26/60 GE Healthcare

2.1.6 Organisms

The used E. coli strains Rosetta Il (DE3) and XLI-Blue were part of the collection of the
Department for Molecular Structural Biology, Goéttingen.

The used B. subtilis strains were part of the collection of the Department of General
Microbiology, Gottingen.

2.1.7 Plasmids

In the table below, all vectors are listed which were used for recombinant protein expression
in this work. The plasmids which were used for cloning of the L. monocytogenes and B. subtilis
constructs used in this work were a kind gift of the Department of General Microbiology,
Gotingen. Vectors which encoded for the CdaA of S. pneumoniae, S. aureus and E. facelis were
purchased as codon optimized constructs from BioCat. The only expression vector which was
used in this work was pet28a, which has an N-terminal 6x His-tag. Between the inevitable
amino acids and the protein sequence, a PreScission protease site was cloned. The sequences
of the primers used are listed in table 2.1

Name Cloning method Oligonucleotide
Pet28a_LmCdaA (102-255) Restriction site cloning TG1, TG2
Pet28a_SaCdaA (110-260) Restriction site cloning TG3, TG4
Pet28a_EfCdaA (121-270) Restriction site cloning TG5, TG6
Pet28a_SpCdaA (82-256) Restriction site cloning TG7, TG8
Pet28a_BsCdaA (103-254) Restriction site cloning TG9, TG10
Pet28a_ BsCdaA (98-260) Restriction site cloning TG11, TG12
Pet28a_ BsCdaA (94-273) Restriction site cloning TG13,TG14
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2.1.8 Size Standards

Size standards that were used during the agarose-gel electrophoresis and SDS-PAGE are listed

below
GeneRuler 1kb DNA ladder Fermentas
PageRuler Prestained Protein Ladder #26617 Fermentas

2.1.9 DNA Oligos

Table 2.1: DNA oligonucleotides used for the cloning of the plasmids mentioned in table
2.1. All oligonucleotides were purchased from Sigma-Aldrich

Name Sequence (5°-3")

TG1 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGTCAAGAATTGAGCGTGAACAGCATC
TG2 CGGGATCCTTATGTGACTAGTTCTTTAAGAAGAATT TTATGTAACTC

TG3 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGAGCAAAGATGAAGAAAAACTGATTCAGAGTG
TG4 CGGGATCCTCATTCAATCAGTTCCAGATTCAGC

TGS CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGAGCGAACAGCAGGAAGATGAAAAAATG
TG6 CGGGATCCTTAAATCAGTTCACGACGCAGAATGGCC

TG7 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGGCCGAAGAACAGATGATTCGTGC

TG8 CGGGATCCTTAACCAAACCAATGTTCTGCCAGCAG

TG9 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGACGATTGAGGCCATTACAAAAGC
TG10 GCGGGATCCTTAAAACTCGGCTTCAAGCATTTCTTTCAGC

TG11 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGACGATTGAGGCCATTACAAAAGC

TG12 GCGGGATCCTTATCTGTGAAGGTCGCCGTTCTTTGC

TG13 CTAGCTAGCCTGGAAGTGCTGTTTCAGGGTCCGGAAGCGCAGCAGAAAACGATTGAG
TG14 CGGAATTCTTACTTAAACTCGGCTTCAAGCATTTCTTTCAGC

T7 forward TAATACGACTACTATAGGG

T7 reverse GCTAGTTATTGCTCAGCGG
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2.1.10 Crystallization Screens

The following screens were used during initial screening for crystallization conditions of
different CdaA constructs.

Ammonium sulfate suite Qiagen

JBScreen Classic (1,2,4,5) Jena Bioscience
JBScreen Classic (6-8, 10) Jena Bioscience
JBScreen Nuc-Pro HTS Jena Bioscience
JCSG+ Suite Jena Bioscience
Midas Molecular Dimensions
Midas diluted Molecular Dimensions
Morpheus Molecular Dimensions
Natrix Hampton Research
Pact++ Molecular Dimensions
PGA Molecular Dimensions
ProPlex Molecular Dimensions

2.1.11 Computer programs and databases

Acedrg v13.1 (Long et al, 2017)

CCP4 suite 8.0 (Winn et al, 2011)

Coot 0.9.4.1 (Emsley et al, 2010)
Chainsaw 6.0.2 (Stein, 2008)

Dimple 11.9.1 (Wojdyr et al, 2013)
ESPript (Robert & Gouet, 2014a)
FragMAXapp (Lima et al, 2021)
LSQMAN 5.4 (Kleywegt, 1996)
Mosflm 7.4.0 (Battye et al, 2011)
Pandda v0.2 (Pearce et al, 2017a, 2017b)
Phaser (McCoy et al, 2007)
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Phenix 1.19.2-4158 (Liebschner et al, 2019)
GraphdPad Prism 6 Dotmatics

Protparam (Wilkins et al)

Pymol 2.5.3 Schrodinger LLC
SeeSar 12.1 BioSolvelt GmbH

XDS (10.1.22) (Kabsch, 2010)

2.2 Molecular biological methods

2.2.1 Polymerase chain reaction

The Polymerase chain reaction (PCR) is a powerful tool to amplify the desired regions of a
specific DNA sequence. A general PCR setup using Phusion Polymerase consists of 1 ng/uL
template DNA, 10 pmol forward and reverse oligonucleotides, 0.01 U/uL of Phusion
polymerase, 1x HF-buffer, 0.04 mM dNTP mixture and 3%5 pL DMSO added up to 50 uL with
ddH;0. A typical PCR programm is shown below

cycles temperature [°C] step time [s]

1x 98 initial denaturation 30

25x 98 denaturing 10
52-60 annealing of 30

oligonucleotides
72 elongation 15s/kb

1x 72 final elongation 300

The resulting product was purified using the PCR clean-up Kit from Machery&Nagel and
analysed by agarose gel electrophoresis.

2.2.2 Agarose Gel electrophoresis

Agarose gel electrophoresis is a commonly used method to separate oligonucleotides
according to their size. In this work, this method was used to separate the DNA fragments
resulting from PCR and enzymatic digestion. To cast a gel, TAE buffer was supplied with 1%
agarose and boiled in a microwave. After the solution were cooled down, GelRed staining
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solution were added in a ratio of 1:10000 according to the manufacturer’s instructions. The
resulting gel was transferred in the appropriate running chamber. The samples containing the
oligonucleotides were mixed with DNA loading dye in a ratio of 1:10 and loaded onto separate
lanes. The agarose geld was run with a voltage of 12 V/cm. Recipes for the TAE buffer and 10x
DNA loading dye are listed below

10x DNA loading dye TAE buffer

0.25 % (v/v) bromophenol blue 40 mM Tris pH 7.5
0.25 % (v/v) xylene glycol 20 mM acetic acid
30 % (v/v) glycerol 1 mM EDTA

2.2.3 DNA sequencing

All sequencing of DNA was performed using the service of the company Seqlab, Miyrosynth,
Gottingen. The sequence of oligonucleotides T7 forward and T7 reverse which were used for
sequencing PCR are listed in table 2.1.

2.2.4 Determination of DNA concentration

The concentration of DNA in solution was determined by absorption measurements at 260
nm using the Nanodrop. The purity was determined by calculating the ratio of the absorption
at 260 nm and 280nm. For samples comprised of pure DNA, this ratio should be around 1.8. If
the DNA samples exhibit lover values, this indicates contamination with protein.

2.2.5 Enzymatic DNA digest

In order to perform a ligation of DNA, both the PCR product and the vector DNA need to be
digested to create suitable endings of the DNA. Therefore, the oligonucleotides were
transferred into a suitable buffer and incubated with the respective restriction enzymes at 37
°C for 1hr. Afterwards, the restrictions enzymes were inactivated by incubation the sample at
80 °C for 10 minutes. Finally, the resulting samples were mixed with 10x DNA loading dye and
applied to an agarose gel.

2.2.6 Molecular cloning

The gene of interest was amplified by PCR with the appropriate oligonucleotides. The resulting
DNA as well as the destination vector were digested with restriction enzymes to create
matching ends at the 3" and 5 ends of the PCR product and cleaved vector DNA. Furthermore,
the vector was incubated with shrimp alkaline phosphatase (SAP) at 37°C for 1hr. Afterwards,
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the SAP was inactivated by incubation the sample at 65 °C for 15 minutes. The ligations set up
typically consisted of 50 ng vector DNA with a 5x molar excess of insert DNA. Furthermore, 1
pL T4-ligase and 1 pL of the supplemented 10x reaction buffer were added. DdH,0 was added
to the sample until a volume of 10 puL was reached. The sample were incubated at 4 °C for
72hrs. The entire reaction volume was transformed into E. coli XLI-Blue cells and plated on
agar plates which contained the appropriate antibiotic.

2.2.7 Transformation of chemical competent E. coli cells

To transform circular plasmid DNA into E. coli cells, 100 ng of plasmid DNA were mixed with
50 pL chemical competent cells. The sample were incubated on ice for 30 minutes, followed
by a heatshock at 42 °C for 1 min. The Eppendorf tube was placed back on ice for 2 minutes.
Afterwards, 500 pL 2YTmedia were added and the cells were incubated at 37°C and 400rpm
for 45 minutes. Finally, the reaction vessel was centrifuged at 3000x g for 1 minute, the
supernatant discarded, and the cells dissolved in 50 pL fresh 2YT media. The cell suspension
was then plated on 2YT agar plates supplied with the appropriate antibiotic.

2.2.8 Preparation of plasmid DNA

To amplify plasmid DNA for further cloning steps, sequencing or recombinant protein
expression, the plasmid of interest was transformed (2.2.7) into E. coli XLI-Blue cells and plated
onto 2YT agar plates supplied with the appropriate antibiotic. A single colony was used to
inoculate 5 mL of 2YT media with the appropriate antibiotic and incubated at 37°C overnight.
Plasmid preparation was performed with the Plasmid Prep Kit from Machery&Nagel according
to the manufacturer’s instructions. The resulting DNA samples were stored at -20 °C for
further usage.

2.2.9 Recombinant protein expression

For the recombinant protein expression, the plasmid which encodes the desired protein was
transformed into the E. coli strain Rosetta Il (DE3) (2.2.7). This plasmid is constructed in a way
in which the coding gene is under control of an inducible promotor. All the plasmids used in
this work contain the lac-promotor, which can be induced be either lactose or the lactose
derivate isopropyl-B-d-thiogalactopyranosid (IPTG). For expression, 50 mL of 2YT media were
supplemented with the appropriate antibiotic and inoculated with several colonies of E. coli
from an agar plate which carries the desired plasmid. The culture was incubated at 37 °C, 210
rpm overnight. The expression media (2.1.4) were inoculated with 2 mL from the preculture,
incubated at 37°C and 210 rpm for 2 hrs. Afterwards, the temperature was reduced to 16 °C
and the cells were further incubated for 72 hrs. As the media already contains lactose, it will
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automatically induce the expression of the target protein by itself. This method was adapted
from (Studier, 2005).

2.2.10 Cell harvest and lysis

In order to purify the target protein, the expression cultures have to be harvested and lysed.
Therefore, the expression cultures were harvested by centrifugation at 4 °C, 4800x g for 45
minutes. The supernatant was discarded, and the cell pellet resuspended in ddH;0. This
sample was again centrifugated at 4800x g, 4 °C for 30 minutes. The obtained cell pellet was
flash frozen in liquid nitrogen and stored at -20 °C for further usage.

Lysis of the cells were performed by dissolving the pellet in the appropriate lysis buffer with
an additional 10 mM MgCl,, a scoop tip of lysozyme and 0.1 U/mL DNase |. After one hour of
incubation, the cell suspension was applied seven times to a Microfluidizer 110S, in which the
cells pass a chamber at high pressure which leads to the collision of the cell membrane. The
resulting cell lysate was clarified by centrifugation at 30000x g at 4 °C for 45 minutes.
Subsequently, the supernatant was filtered by hand using a cut-off of 0.45 uM. Finally, the cell
lysate was loaded into a super loop and applied to a chromatography purifications protocol.

2.2.11 Chromatographic methods

To separate the target protein from the cell lysate and purify it to a high homogeneity, several
chromatographic steps was performed. All the columns used were stored in 20% (v/v) ethanol,
washed with 1 column volume (CV) ddH,0 and equilibrate in the appropriate buffer prior to
usage. After usage, the columns were washed with 1 CV of ddH,0 and 1 CV 20% (v/v) ethanol
before they were stored.

2.2.11.1 Histidine affinity chromatography

All of the protein constructs contained a 6x histidine tag. Therefore, the first protein
purification step performed was an immobilized metal chelating affinity chromatography
(IMAC) step using a Ni-NTA Sepharose column. The lysis-, the wash-, and the high salt-buffer
contained additional 20 mM imidazole to reduce the unspecific binding of proteins to the
column. The elution buffer contained 500 mM imidazole und was applied over a gradient of
120 mL to elute the target protein. The buffer composition in this step was 50 mM Tris/HCl pH
7.5, 500 mM NaCl.
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2.2.11.2 Size exclusion chromatography

Size exclusion chromatography is a method to separate molecules according to their size using
a porous material. Smaller molecules will enter more pores and therefore migrate slower than
larger molecules. Moreover, this method also enables a buffer exchange to store the target
protein in a suitable buffer.

2.2.12 Concentrating protein solutions

Protein solutions were concentrated by transferring them into the upper chamber of a
Millipore concentrator (Merck) with a vertical membrane which has pores of defined size. By
centrifugation, proteins with a size larger than the indicated cut-off remains in the upper
chamber, while smaller molecules, water und ions can pass the membrane. The concentration
process was continued until the desired protein concentration was reached.

2.2.13 Determination of protein concentrations

Two different methods were used to determine the protein concentration, the Bradford assay,
and UV-absorption measurements.

Bradford measurements was performed to determine the protein concentration of the pool
after the first purification step, the affinity chromatography. This method is based on the dye
Coomassie Blue-G250, which interacts with arginine or aromatic sidechains and thereby
undergoes a shift in the absorption maximum from 470 nm to 595 nm when bound to protein.
The difference in absorption is directly proportional to the protein concentration. This method
was adopted from (Ernst & Zor, 2010).

UV absorption was measured at wavelengths 260 and 280 nm using a Nanodrop. The
absorbance was used in combination with the molecular weight of the target protein and its
molar extinction coefficient to calculate the protein concentration. Furthermore, the ratio of
the absorbance at 260/280 nm gives a hint about remaining nucleotide impurifications, with
a ratio between 0.52 and 0.65 considered to be pure protein.

2.2.14 SDS-Polyacrylamide gel electrophoresis

SDS-PAGE was used to analyse the composition of a protein sample by separating the single
proteins according to their molecular weight. In this work, only separating gels with a
concentration of 15 % acrylamide were used. The gels were prepared by filling the pouring
chamber to about 80 % with separating gel solution. To ensure a straight upper edge of the
gel, isopropanol was added. After polymerization, the isopropanol was removed and the
remaining space was filled with stacking gel, followed by insertion of a 15-pronged comb. The

32



2 Material and methods

gels were stored for further usage at 4 °C. Below, the composition of the stacking and the
separating gel is listed.

SDS-PAGE separating gel SDS-PAGE stacking gel

15 % (v/v) 5% (v/v) acrylamide
0.4 % (v/v) 0.13 % (v/v) bis-acrylamide
0.375 M pH 8.80 0.125M pH 6.8 Tris/HCI

0.1 % (w/v) 0.1 % (w/v) SDS

0.1 % (v/v) 0.1 % (v/v) TEMED

0.05 % (w/v) 0.05 % (w/v) APS

Prior to SDS-PAGE electrophoresis, the samples were mixed with Laemmli buffer and applied
to the gel. Electrophoresis was run for about 70 minutes at 400 V and 35 mA. Afterwards, the
gel was stained using staining solution. This method was adapted from (Laemmli, 1970).

SDS-PAGE running buffer 2x Laemmli sample buffer

25 mM Tris/HCl pH 8.3 65.2 mM Tris/HCl pH 6.8

192 mM Glycine 0.1 % (w/v) SDS

0.1% (w/v) SDS 55 % (v/v) Glycerol
0.1 % (w/v) Bromophenol blue
5% (v/v) B-Mercaptoethanol

2.2.15 Proteolytic digestion with PreScission Protease

To remove the 6x histidine tag and the dispensable amino acids, of the multiple-cloning site
all constructs were cloned with a PreScission protease recognition site located N-terminally
between the histidine tag and the protein of interest. Therefore, PreScission protease was
added to the protein solution in a 1:100 (w/w) ratio. In order to remove divalent cations, 10
mM EDTA were also added. The protein pool was incubated at 4 °C overnight.

2.2.16 In Vivo growth assays

The respective cell strains were cultivated in rich medium overnight and diluted with MSSM
minimal medium (MM) in the morning. The cultures were cultivated at 37°C to an ODggo of
0.4. A 96-well plate was prepared with 50uL 3xMSSM, 0-100 uL of the inhibitor stock solution
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or 1x PBS. 50 uL of the preculture was used to inoculate each well to an ODggo of 0.1. The
growth rate of the cultures was monitored by measuring the ODsgo in a microplate reader.
The strain E. coli BI21(DE3) and the B. subtilis strains 168, GP989 and GP1361 were used
(Mehne et al, 2013). The B. subtilis strain 168 is the wild type-like strain, while GP989 is missing
the genes cda$ and cdaA. GP1361 is missing the genes cda$ and disA.

2.3 Biophysical Methods

2.3.1 Determination of the cyclase activity

For the determination of the cyclase activity of a protein, two different assays were carried
out. The first one is based on the detection of the final product of the reaction, c-di-AMP, via
its interaction with coralyne (Zhou et al, 2014). The second one is based on the detection of
the second product of the reaction, namely pyrophosphate. Therefore, the Malachite Green
assay kit from Sigma Aldrich was used.

2.3.1.1 Coralyne assay

This assay is based on the interaction of the product of CdaA, c-di-AMP, with coralyne. The
fluorescence of the molecule coralyne is quenched in the presence of halide ions, but coralyne
can be protected by c-di-AMP. The standard reaction setup contained 40 mM Tris/HCl pH 7.4,
100 mM NacCl, 10 mM of MnCl, 100 uM ATP and 10 uM CdaA. For carrying out ion specificity
experiments, MnCl, was substituted by the corresponding metal ion. Inhibition experiments
were carried out with a concentration of 100 uM potential inhibitor and in presence of 20 %
DMSO. The experiment was started by adding ATP to the reaction setup. Afterwards, the
sample was incubated at 37°C for 15 minutes. The reaction was stopped by boiling the
Eppendorf tube at 95 °C for 5 minutes. 250 mM KBr and 10 mM coralyne were added and
incubated at RT for 15 minutes. Subsequently, the samples were transferred to a 96 well, flat
bottom plate (2.1.3) and their fluorescence measured using a platereader. The sample was
irradiated with an excitation wavelength of 420nm (Excitation filter: 420/10 BP HH35000917)
and the emission was measured at a wavelength of 475 nm (Emission filter: 380/30 nm).
Measurements were always performed as triplicates. This method was adapted from (Zhou et
al, 2014; Heidemann et al, 2019).

2.3.1.2 Malachite Green assay

For this assay the Malachite Green assay kit from Sigma Aldrich was used. This assay can be
used to quantify the amount of free orthophosphate. As one of the products of CdaA is
pyrophosphate, the pyrophosphate can be broken down into orthophosphate, enabling its
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detection by complex formation with Malachite Green and molybdate. Figure 2.1 depicts the
reaction setup.

2 ATP %> C-di-AMP + 2 PPi 2> (3

Malachit green

PPiase : -
—_— 4 PI W Abs=620 nm

Mg2+

Figure 2.1: Schematic representation of the Malachite green assay. The first step is formation of the products
c-di-AMP and pyrophosphate catalyzed by CdaA. This reaction is stopped by the addition of EDTA. Afterwards,
MgCl2 and pyrophosphatase are added, to hydrolyze the pyrophosphate into orthophosphate. By mixing the
sample with the malachite green reagent, a complex consisting of orthophosphate, malachite Green and
molybdate is formed. The absorbance of this complex can be measured at 620 nm.

The reaction mixture contained 40 mM Tris/HCl pH 7.4, 100 mM NacCl, 10 mM of MnCl,, 100
MM ATP and 10 uM CdaA with a total volume of 100 uL. Inhibition experiments were carried
out with a concentration of 100 uM potential inhibitor and in presence of 20 % DMSO. The
reaction was started by addition of ATP and the sample was incubated at 37 °C for 15 minutes.
Afterwards, the reaction was stopped by adding EDTA to a final concentration of 20 mM. This
step is necessary as pyrophosphatase exhibits hydrolyzing activity against ATP, leading to
additional orthophosphate in the sample which does not derive from pyrophosphate.
Subsequently, 4.8 mU/uL PPiase and 20 mM MgCl, were added to a final volume of 200 pL.
The reaction setup was incubated at 37 °C for 15 minutes. According to the manufacturer’s
instructions, 80 uL reaction sample were mixed with 20 pL Malachite Green working solution
in a clear plate and incubated for 30 minutes in the dark. Finally, the absorbance at 620 nm
was measured using a platereader. Measurements were always performed as triplicates. This
method was adapted from (Sherwood et al, 2013).

2.3.2 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a method used to characterize the size distribution of
particles in a solution, for example proteins. Therefore, a laser beam is passed through a
polarizer and then channeled on the sample, which scatters the light based on the properties
of the present particles. The scattering angle of the light can be detected and gives insight on
the composition of the sample. This method was adapted from (Carpenter, 1977).

Here, DLS was used for the quality control of the purified protein in terms of its homogeneity.
Experiments were performed using a SpectroLightTM 600 (Xtal concepts) and a protein
concentration of 1 mg/mL.
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2.3.3 Binding studies of CdaA using Isothermal titration

To determine the binding affinity of BsCdaA to different substrates, ITC was employed. The
protein storage stock was diluted to a concentration of 1.2 mM and centrifuged to remove
any insolubles at 21000x g for 30 minutes. The substrate was dissolved in buffer from the size
exclusion chromatography step (10 mM Tris/HCI pH 7.5, 200 mM NaCl) to a final concentration
of 12 mM if possible and the pH was readjusted to 7.5. To the buffers, 5 mM MgCl, was added.
Before use, the protein and the substrate were preheated and degassed using the vacuum
unit of the ITC to 25°C for 10 minutes. The protein was loaded into the cell while the substrate
was kept in the syringe. The ITC which was used for these experiments was the PEAQ-ITC from
Malvern. The reference power was set to 15, while the stir speed was 740rpm. The injections
had a spacing of 150 seconds, with a duration of 4 seconds. In total, 20 injections were
performed. Data analysis was done with the PEAQ-ITC analysis software.

2.3.4 Thermal shift assay

To gain information if the identified fragments/inhibitors change the stability of the protein,
a thermal shift assay was performed. This assay is based on an interaction of the hydrophilic
core of the protein a fluorescent dye. The protein of interest with a final concentration of 1
UM was mixed with 10x fold molar excess of the potential inhibitor, which was stored in
DMSO. Therefore, the final DMSO concentration was 5 %. Furthermore, the fluorescent dye
Sypro Orange, with a final concentration 1:10000 (v/v) was used. The sample was transferred
into a 96-well plate and centrifuged (10 min, 1500x g). For the measurement of the
temperature profile, the temperature was stepwise risen from 20 to 95 °C in increment steps.
For data analysis, MaxStAF was used.

2.4 Crystallographic methods

2.4.1 High throughput screening

Initial screening for crystallization conditions were performed using a Mosquito pipet robot
(SPT Labtech) in combination with MRX96-3 well plates. The protein concentration ranged
between 4 to 6 mg/mL. Metal ions were added in 10x molar excess, while ATP was added in
20x molar excess. When ions or ATP was added prior pipetting, the sample was incubated on
ice for 2 hrs. In a general setup, two drops were pipetted in ratios of 1:1 (0.25 uL protein and
0.25 pl reservoir) and 1:0.5 (0.25 pL protein and 0.125 pL reservoir). As negative control,
reservoir was mixed with sample buffer in a ratio of 1:1 (0.25 uL to 0.25 uL) The volume of the
reservoir was 39.775 uL. After pipetting, the plates were sealed and stored at 20°C. The plates
were regularly checked for crystal growth using a binocular microscope.
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2.4.2 Optimization of Crystals

Upon identification of initial conditions where crystal could be observed, the concentration of
the single components and the protein concentration were varied in a finescreen process.
DMSO was added to some crystallization conditions, to increase the solubility of fragments in
later soaking experiments. Finescreening was performed using 24-well sitting drop vapor
diffusion plates with a reservoir volume of 500 uL, a drop volume between 1.5 and 4 uL and
varying protein:reservoir ratios. After pipetting, the plates were sealed and regularly checked
for crystal growth using a binocular microscope.

2.4.3 Soaking of Crystals

Soaking experiments were carried out with crystals of L. monocytogenes CdaA (Heidemann et
al., 2019) or B. subtilis CdaA crystals. A fragment screening campaign was carried out in
collaboration with Jan Wollenhaupt (Helmholtz Zentrum Berlin, Berlin). The F2X-Entry screen
was provided by Helmholtz Zentrum Berlin, a fragment screen consisting of 96 fragments,
dried on a 3-lens 96 well MRC low profile crystallization plate, which covers a large chemical
space and has been reported to have a high hit rate (Wollenhaupt et al., 2020). The reservoir
of each well was filled with 40 pL crystallization buffer and the desired volume to reach a
concentration of 100 mM was pipetted on the dried fragment. Afterwards, 4-5 crystals were
transferred to each drop. To reduce the evaporation during the transferring process, a novel
evaporation-protecting device was used (Barthel et al., 2021). The plate was sealed afterwards
and incubated at 20 °C overnight.

Soaking of follow up compounds or single fragments were performed using a 24-well sitting
drop vapor diffusion plate. Therefore, the compound was dissolved in DMSO with a final
concentration of 100 mM. Subsequently, 1 uL of the fragment was pipetted in the well of the
plate and dried at RT for 2 days to evaporate the DMSO. Afterwards, 500 uL crystallization
buffer was transferred into the reservoir and 1 pL was used to dissolve the fragment. 3-4
crystals were transferred into the drop and the plate was sealed and stored at 20 °C overnight.

2.4.4 Crystal harvesting and cryoprotection

Single crystals were fished with a nylon loop. If the crystallization condition was not already
preventing the solvent to form ice, the crystal was shortly soaked in crystallization buffer
supplement with a cryoprotectant reagent (glycerol, PEG400 or PEG3350). Afterwards, the
crystals were flash frozen in liquid nitrogen and stored therein.
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2.4.5 X-ray diffraction experiments

Nylon loops with crystals were mounted on a goniometer head, cooled via a nitrogen gas
stream to a temperature of 100 °K and exposed to X-rays. Datasets were collected in-house
using a MicroMax 007 rotating anode (Rigaku), at the beamlines P13 and P14 DESY Hamburg,
at the beamline 14.1 BESSY IlI, Berlin or at the beamline 1D-23.1 ESRF, Grenoble. The
established collection strategy was the collection of 360°, incremented in 0.1 ° steps. To
reduce the total collection time of datasets deriving from crystals soaked with compounds
from the F2X-entry screen, only 270° were collected with an oscillation range of 0.15°. If data
were collected inhouse, an oscillation range between 0.5 and 1° was applied, depending on
the predications of MosfIm. All datasets were checked for radiation damage using XDsstat. In
none of the collected datasets radiation damage were observed.

2.4.6 Data processing and refinement

The obtained datasets from the fragment screening campaign were automatically processed
and refined using FragMAXapp, using the apo structure of BsCdaA as search model (Lima et
al., 2021). All other datasets obtained were processed using the XDS program package
(Kabsch, 2014). The molecular replacement was performed using CdaA as search model, if a
structure was available in the PDB, or a CdaA model was modified using Chainsaw (Stein,
2008). For the replacement, Dimple or Phaser were used (Wojdr et al., 2013; Liebschner et al.,
2019). Refinement was performed using Phenix.refine and manual model adjustment in Coot.
(McCoy et al., 2007; Emsleyet al., 2010). Also, a refinement pipeline established by Piotr
Neumann (Department for Structural biology, Gottingen) was employed. Cif files were
generated using Acedrg (Long et al., 2017). R.m.s.d. values were calculated using LSQMAN
(Kleywegt, 1996).

2.4.7 ldentification of fragments

To identify fragments bound to the protein BsCdaA, the refined datasets deriving from
FragMAXapp were used. Quick search was performed using Dimple or the search for
unmodeled Blobs implemented in Coot. For identification of weakly bound fragments, Pandda
was employed (Pearce et al., 2017a; Pearce et al., 2017b). To further develop the fragments
and identify follow-up compounds which might be used as lead compounds, SeeSar was
employed. This program has a graphical user interface and uses mainly the HYDE scoring
system to evaluate the binding of a compound (Schneider et al., 2013). The program was used
with the database Molport.
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3 Results
3.1 Cloning, purification, and activity tests of CdaAs from different organism

For the crystallization of a protein the design of the respective construct, which should be
used for further experiments and crystallization trials, is important, as it influences the
chances of successful crystallization. Therefore, the first steps of this thesis were the
identification and design of constructs which were expected to crystallize in a suitable system
for a fragment screening campaign. To assess if the purified CdaAs are functional, a coralyne
assay to demonstrate the synthesis of c-di-AMP was carried out.

3.1.1 Cloning of suitable constructs for crystallization

The crystals obtained so far were all obtained in high salt concentrations, reducing the chances
of fragment binding. One goal of this work was to establish a low-salt crystallization system
for the protein CdaA in its APO state for a fragment soaking campaign and co-crystallization
of inhibitory compounds. Therefore, the CdaA of the organisms Listeria monocytogenes,
Staphylococcus aureus, Streptococcus pneumonia, Bacillus subtilis and Enterococcus faecium
were cloned into the expression vector pET-28a which encodes for a N-terminal 6x histidine
tag followed by a thrombin cleavage site and the multiple cloning site. The first decision was
to clone an additional PreScission protease cleavage site between the multiple cloning site
and the protein of interest to minimize the amount of undesired amino acids linked to the
proteins N-terminus. A careful selection of the length of a crystallization construct is necessary
as flexible regions tend to reduce the chance of crystallization and decrease the diffraction
quality (Tang et al, 2021). Moreover, sites which are potential important interaction sites for
fragments or ligands should not be covered by unstructured N- or C-terminal regions. This was
previously observed in a crystal structure of CdaA from L.monocytogenes in the APO state,
where parts of the N-terminal region occupy the active site of the protein (PDB-ID:6HVM).
Therefore, if accessible structural data (S.aureus, L.monocytogenes and B.subtilis) or
alternatively models predicted by Alphafold2 (E.faecium and S.pneumoniae) were employed
to identify potential minimal constructs without N-or C-terminal flexible regions (PDB-
ID:6YGW, 6HVM, 6HUW). This approach is illustrated below on the example of BsCdaA.
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Figure 3.1: CdaA construction to identify a minimal construct. A Crystal structure of B.subtilis CdaA (PDB-
ID:6HUW) in the putty representation where thicker and red colored regions correspond to high B-factors while
thin and green colored regions correspond to low B-factors. B represents the sequence of the construct whose
structure is represented in A. The bold letters of the amino acid sequence represent the residues which were
visible in the electron density. The pairs of scissors with the identical colored arrows represent the three different
truncations which were carried out. C shows a 15% SDS-PAGE stained with Coomassie Blue. Different constructs

expressed in E. coli were lysed, centrifuged and the supernatant (S) and pellet (P) were applied to the SDS-PAGE.
The color of the arrows below the scissors correspond to the color of the rectangles around the gel.

The structure of the B.subtilis CdaA (PDB-ID: 6HUW) in the putty B-factor representation
reveals that the C-and the N-terminal regions have elevated B-factors (Fig. 3.1A). Interestingly,
several N- and C-terminal residues show no electron density (Fig. 3.1B) which might lead to
raised B-factors of the ends and to the relatively low resolution of 2.8 A. Therefore, this
structural data was used to carry out a series of truncations, depicted by the scissors in Figure
3.1 B. The truncations were cloned as described in M&M and verified by sequencing. The
resulting constructs were used to perform expression and solubility tests. All three constructs
could be expressed in E.coli, but the largest construct was not completely soluble (Fig. 3.1C,
indicated in blue) in contrast to the other two shorter ones. Consequently, the smallest
construct was chosen as it was expected to be the least flexible and seems most promising for
crystallization experiments.
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3.1.2 Expression and purification of CdaA from different organisms

In the previous section the rationale behind the truncation of CdaA to get a construct which is
more susceptible for crystallization was explained. The next step was the establishment of an
expression and purification protocol which delivers high amounts of pure and homogenous
protein for the performance of crystallization trials. To prevent lower yields due to rare
codons, all pET-28a-PP-CdaA constructs were transformed into the E.coli strain Rosetta (DE3).
The proteins were overexpressed using autoinduction media. After harvesting, the cells were
resuspended in a buffer containing 50 mM Tris/HCl pH 7.5, 500 mM NaCl and 20 mM imidazole
and applied to a microfluidizer. The resulting cell lysates were ultracentrifuged, and the
supernatants were applied to an Ni-NTA column. During this step, a even higher salt wash step
was included to remove potential adenine-derivates bound to CdaA. The eluates were
incubated with PreScission protease to remove the N-terminal additional amino acids.
Moreover, EDTA was added to a final concentration of 10 mM in order to remove remaining
divalent cations which can bind to CdaA and cause heterogeneity of the sample. Afterwards,
the protein samples were applied to a Superdex S200 size exclusion column in a buffer
containing 10 mM Tris/HCl pH 7.5 and 200 mM MgCl,. Coupled to the SEC column was a GSH-
Sepharose column to remove the added GST-tagged PreScission protease and uncleaved
construct. Figure 3.2 A shows samples of the purified CdaA from L.monocytogenes, S.aureus,
S.pneumoniae, B.subtilis and E.faecium. Besides the CdaA constructs, no additional bands are
visible, indicating a high purity of all samples. To verify the homogeneity of the protein
samples, they were subjected to a DLS experiment. Figure 3.2 B shows exemplary the DLS
results of B.subtilis CdaA, which exhibits a high homogeneity as just one band is visible. Taken
together, the purified CdaA constructs originating from five different organism could be
purified to a high purity and homogeneity suitable for further crystallization trials and activity
assays.

[kDA]

100
70

55
40

35

Time (s)

25

15

10

1nm 10nm 100nm lum 10um 0.1mm imm
Radius

A

@

5
$

ﬂ_ycdaA
&y, 4

§ § &
§ g 4§

Figure 3.2: Quality control of purified CdaA constructs. A Coomassie-Blue stained 17.5% SDS-PAGE with samples
of the purified CdaAs from different organisms. All samples display only minor impurities. B Result of the DLS
experiment performed with BsCdaA depicted as a radius distribution plot. This experiment indicates a high
homogeneity of the purified protein.
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3.1.3 Coralyne activity test with CdaA

To prove the enzymatic functionality of the purified proteins the coralyne activity assay was
applied. In this assay, the coralyne fluorophore is protected by the c-di-AMP formed in the
cyclase reaction, leading to an increase of the measured fluorescence intensity as the reaction
proceeds as it cannot be quenched by halogens (Zhou et al., 2014). Moreover, the metal ion
specificity should be determined as previous studies revealed differences between CdaAs
from different organism (Heidemann et al., 2019; Tosi et al., 2019). All purified CdaAs show
activity in the presence of Mn?* but not in the absence of ions, proving that they are all
functional diadenylate cyclases as shown in Figure 3.3. Contradictorily with the results of
Grundling and co-workers, no cyclase activity could be determined for the CdaA of S.aureus in
presence of magnesium (Tosi et al., 2019). In fact, the CdaAs from S.aureus, B.subtilis and
E.faecium show only activity in the presence of manganese, while CdaA from L.monocytogenes
also shows slight activity in the presence of cobalt fitting to previous findings (Heidemann et
al., 2019). Surprisingly, CdaA from S.pneumoniae exhibits not only cyclase activity in the
presence of manganese, but also with magnesium and cobalt. This finding is quite interesting
and should be further investigated and will be discussed below as the sequences of all tested
CdaAs are quite similar as shown in Figure S 1. The sequence similarity of all used constructs
is between 82 and 95 %, while the sequence identity is between 65 and 79 %.

Relative Fluorescence (%)

60
10
20
H,0 Mn* Mg* Co* H,0 Mn* Mg®* Co™ H,0 Mn?* Mg?* Co* H,0 Mn?*  Mg* Co* H,0 Mn?* Mg?* Co®

LmCdaA SaCdaA SpCdaA ! BsCdaA EfCdaA

Figure 3.3: Cyclase activity of CdaA from different organisms in presence of different metal ions. The y-axis
displays the measured fluorescence of the coralyne as percentage value. The data were normalized by setting
the fluorescence in the presence of manganese ions to 100%. The y-axis displays the measured fluorescence as
percentage value. The experiment was performed in triplicates, shown are mean values, the error bars
correspond to standard deviation. All purified CdaAs exhibit activity in the presence of manganese ions while
their activity in presence of magnesium- or cobalt-ions differs.
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3.2 Crystallization experiments using truncated CdaA from different
organisms

In the previous section, different metal ion specificity of CdaA depending on the source
organism were detected. Therefore, these CdaAs were applied to crystallization trials in
presence of the best suitable divalent metal ion and the substrate ATP. Moreover, also
crystallization trials were performed to find a suitable crystallization system to produce
crystals which fit the requirements of a fragment screening campaign.

3.2.1 Crystallization of Streptococcus pneumoniae CdaA in complex with c-di-AMP and
magnesium

The finding that CdaA from Streptococcus pneumonia is the only CdaA examined in this work
to exhibit cyclase activity in the presence of magnesium was highly surprising. Therefore,
crystallization trials were carried out to gather structural information how the SpCdaA
interacts with magnesium. Before crystallization, SpCdaA was mixed with a 10x molar excess
of MgCl, and a 20x molar excess of pH adjusted ATP. The protein sample was incubated at
37°C for 30 minutes to allow for formation of active dimers and synthesis of c-di-AMP.
Afterwards, pre-crystallization trials were carried out and identify a concentration of 4 mg/ml
as most suitable concentration. A set of twelve initial crystallization screens was carried out
and incubated at 20°C. First crystals could be observed after 48 hours in various conditions
containing salts at concentrations between 0.5 and 4 M and pH values between 6 and 8.5. The

final crystals chosen were grown in a condition consisting of 100 mM Tris/HCl and 4 M NaCl
(Fig. 3.5).

Figure 3.4: Crystals of SpCdaA in presence of c-di-AMP and
magnesium. The crystals grew in a condition consisting of
100 mM Tris/HCI pH 8.0 and 4 M NaCl after 48 hrs
incubation time at 20°C. The tetragonal shaped crystals
grow to a size of 100 um in length and 50 um in diameter.
The black reference bar corresponds to a length of 200 um.

The crystals were cryoprotected with reservoir solution with additional 0.5 M NaCl and flash
cooled in liquid nitrogen. The crystals were measured at the ID-23.1 beamline of the ESRF,
Grenoble. Processing of the collected dataset revealed that SpCdaA crystallized in the
tetragonal space group P412:2; and diffracted up to 2.53 A with satisfying statistics, shown in
the supplemental table S.3. The phase problem was solved by means of molecular
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replacement using Phaser utilizing the structure of L.monocytogenes CdaA (PDB-ID:6HVL)
modified with Chainsaw to the last common atom as initial model. The structure was refined
by iterative cycles of Phenix and manual model building in Coot. The final model exhibited
Rwork/Rfree Values of 25.5 and 29.1 %, respectively. The complete data statistics are shown in
table S.3. The final model of SpCdaA consists of a back-to-back homodimer in the asymmetric
unit (Fig.S.4) Additional density was observed in the active site of one monomer, revealing the
presence of an AMP molecule and a magnesium ion. Interestingly, the SpCdaA monomer with
bound AMP forms an active dimer in a post catalytic state with its corresponding symmetry
mate. The two active sites face each other and sandwich the product of CdaA, namely c-di-
AMP. The model of the homodimer builds up from two monomers in different asymmetric
units is shown in Figure 3.6. The polder map contoured at a sigma level of 5 clearly indicates
the presence of the product c-di-AMP (Fig. 3.6A).

Figure 3.5: Structure of SpCdaA in complex with c-di-AMP. A Representation of the post catalytic dimer of SpCdaA
as cartoon, which sandwiches the product c-di-AMP presented as stick and balls. The blue rectangle presents the
polder omit map of the c-di-AMP, contoured at a sigma level of 4. B The black dashed lines mark the polar
interactions of the magnesium ion, shown as grey sphere, with the oxygen of the phosphate moiety of the c-di-
AMP molecule and the carboxylate group of Asp182. The numbers besides the dashed lines indicate distances
and are in A.
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A careful inspection of the arrangement of the homodimer revealed that the catalytically
necessary metal ion magnesium is only coordinated by an oxygen of the phosphate moiety of
the product c-di-AMP and the carboxylate group of the Asp-182 (Fig. 3.6 B). Unfortunately,
this provides no explanation why SpCdaA is the only CdaA examined here, which exhibits
activity in the presence of magnesium (Fig. 3.3). Investigation of the interaction between c-di-
AMP and SpCdaA revealed the formation of hydrogens bonds between the product and the
amino acids Asp-171, Gly-152, Arg-182 and Leu-168 which are nearly identical to the
interaction network of LmCdaA with c-di-AMP (PDB-ID:6HVM). This finding shows that the
interaction pattern of CdaA with c-di-AMP is strongly conserved.

3.2.2 Crystallization of Enterococcus faecium CdaA in complex with c-di-AMP and
manganese

As the crystallization of SpCdaA in complex with c-di-AMP and magnesium gave no further
insight into the rationale of the metal ion specificity of CdaA additional experiments were
carried out to crystallize the EfCdaA in complex with c-di-AMP and manganese. EfCdaA was
chosen as it is active exclusively in the presence of manganese, in contrast to SpCdaA or
LmCdaA which are also active in presence of cobalt (LmCdaA) or cobalt and magnesium
(SpCdaA). Before crystallization, EfCdaA was incubated with a 10x molar access of MnCl, and
a 20x molar excess of pH adjusted ATP at 37°C for 30 minutes. Through pre-crystallization
screening, a protein concentration of 5 mg/mL was identified as the most suitable for an initial
screen. A set of fourteen different crystallization screens was carried out and stored at 20°C.
First crystals were observed after four months in a condition consisting of 100 mM Tris/HCI
pH 8.0, 100 mM KCland 30% PEG400 (Fig. 3.7).

\/ Figure 3.6: Crystals of EfCdaA in presence of ATP and

MnClz. The black bar corresponds to a length of 100
pum. These crystals grew to a size of approximately 80
UM in lengths and were observed in a condition
consisting of 100 mM Tris/HCl pH 8.0, 100 mM KCland
30% PEG400 and appeared after four-month
incubation time at 20°C.

\ :
4

The crystals were fished directly from the crystallization well, as it contained 30% PEG400
which is enough to serve as cryoprotectant and flash cooled and stored in liquid nitrogen.
Afterwards, the crystals were measured at the P13 PETRA Ill, Hamburg. Processing with XDS
revealed that EfCdaA supplemented with ATP and manganese crystallized in the monoclinic
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space group P2 and diffracted up to 2.1 A resolution with satisfying statistics as shown in the
supplemental table S.3. The phase problem was solved using Phaser in combination with the
structure of L. monocytogenes CdaA (PDB-ID:6HVL) modified with Chainsaw to the last
common atom and truncated to the last common atom. The structure was refined by iterative
cycles of Phenix and manual model building in Coot. Also, a script using Phenix written by
P.Neumann was employed to improve the R values. The final model exhibited Rwork/Rfree Values
of 22.52 and 26.32 %. The complete data are shown in table S.3. The final model of EfCdaA
contains a total of 10 CdaA monomers in the asymmetric unit (Fig. S.3). These 10 monomers
formed in total 5 active dimers. The active sites of each of the monomers face the active site
of another CdaA, sandwiching a molecule c-di-AMP, Moreover, there is additional electron
density in the active site, most likely for the catalytically necessary manganese ion (Fig. 3.3).
Each of the active monomers is also involved in the formation of a back-to-back dimer.

Figure 3.7: Structure of EfCdaA in complex with c-di-AMP. All CdaA structures are represented as cartoon. The
inactive back-to-back dimer is colored as wheat and sand, while the molecules forming an active dimer with the
inactive one is colored yellow and lime. C-di-AMP is presented as sticks and is sandwiched between two CdaA
molecules.
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Interestingly, this is the first structure of CdaA where both monomers of the inactive back-to-
back dimer are involved in the formation of the active dimer. In previous structures, like
LmCdaA in complex with c-di-AMP (PDB-ID: 6HVL), or SpCdaA in complex with c-di-AMP just
one protomer of the inactive back-to-back dimer was engaged in the formation of an active
center. Here, every protomer is involved in the formation of an inactive back-to-back dimer
but also in the formation of a catalytically active dimer, demonstrating that both protomers
of the inactive dimer can be enzymatically active. Comparison with the structure of LmCdaA
with c-di-AMP reveals only minor differences (PDB-ID:6HVL). The largest difference can be
found in the conformation of the Tyr224, which is required for the cyclase activity of CdaA as
is it proposed to be essential for the substrate binding (Heidemann et al., 2019). While in the
post catalytic LmCdaA structure (PDB-ID:6VHL) the tyrosine is flipped out of the active site,
here it is flipped back, able to build r-it interactions with the adenine moiety of the c-di-AMP
(Fig. 3.8 B). This indicates that the here observed crystal structure represents a later stage of
the catalytic cycle as the LmCdaA structure.

Analysis of the interaction pattern of the manganese ion revealed that it is coordinated by an
oxygen atom of the phosphate moiety of the c-di-AMP, the carboxylic group of Asp208 and
the imidazole ring nitrogen of His207. This interaction pattern is the same as previously
described for LmCdaA and gives no additional insights into the metal ion specificity
(Heidemann et al., 2019). The interaction of the product c-di-AMP with the enzyme EfCdaA is
stabilized, besides the previously described m-m interaction, by the formation of hydrogen
bonds between the product and the residues Thr239, Gly207, Asp208 and Leu225. A nearly
identical interaction pattern was previously observed for LmCdaA and SpCdaA, emphasizing
the importance and conservation of these interactions. Moreover, these interactions could be
considered as possible anchor points for an inhibitory compound, as they are highly conserved
between different organisms (Fig. S.1).

Figure 3.8: Presentation of EfCdaA in complex with c-di-AMP and manganese A One of the five EfCdaA post
catalytic dimers from the asymmetric unit as cartoon, sandwiching the product c-di-AMP represented as sticks.
B One protomer of the active dimer in complex with c-di-AMP and manganese. The black dashed lines indicate
the polar interactions of the manganese ion, shown as dark grey sphere, with the oxygen of the c-di-AMP
molecule and the amino acids Asp208 and His207. Furthermore, Tyr224 is flipped back and stacks with the
adenine moiety of c-di-AMP.
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3.2.3 Crystallization of Enterococcus faecium CdaA in its APO-state

One of the goals of this project was the crystallization of the protein CdaA in a low-salt
condition to fulfill parts of the requirements for the performance of a fragment screening
campaign. To this end, an N- and C-terminal truncated construct of CdaA from Enterococcus
faecium (EfCdaA) was isolated in the APO-state to a high degree of purity and homogeneity
(Fig. 3.2). In a pre-crystallization screen, a concentration of 5.5 mg/ml was shown to be
suitable for crystallization. In the initial screen campaign EfCdaA was subjected to 14 different
crystallization screens and were afterwards stored at 20°C. First crystals were observed after
five to six months in a condition consisting of 100 mM Tris/HCl pH 8.5, 5 mM MgCl, and 30%
PEG400. A picture of one of these crystals is displayed in Figure 3.9.

Figure 3.9: Crystal of EfCdaA in the APO state. The
black bar corresponds to a length of 300 um. The
first crystals of EfCdaA were observed in a
condition consisting of 100 mM Tris/HCl pH 8.5, 5
mM MgClzand 30% PEG400 after five-to-six-month
incubation time at 20°C.

The crystals were fished directly from the crystallization well, as it contained 30% PEG400
which is enough to cryoprotect the crystals. Consequently, they were flash cooled and stored
in liquid nitrogen. Afterwards, the crystals were measured at the P13 PETRA Ill, Hamburg.
Processing with XDS revealed that EfCdaA crystallized in the hexagonal space group P6322 and
diffracted up to 2.45 A with satisfying statistics, which are displayed in table S. 3. The phase
problem was solved using Phaser in combination with the structure of EfCdaA, which was
previously determined as described in section 3.1.6. The structure was refined by iterative
cycles of Phenix and manual model building in Coot. Also, a script using Phenix written by P.
Neumann was employed to reduce the R values. The final model exhibited Rwork/Rfree Values
of 22.0 and 27.2 %. The complete crystallographic data are shown in the supplemental table
S.3.
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Figure 3.10: Structure of EfCdaA in its APO state. The structure exhibits the typical core composition for DAC
domain proteins, consisting of a slightly twisted core made up of seven B-strands surrounded by five a-helices.
Both protomers which form a back-to-back dimer are represented as cartoon.

Analysis of the asymmetric unit show the presence of two EfCdaA molecules. These two
protomers build a back-to-back dimer (Fig. 3.10), which was previously observed for other
CdaA in their APO state (Heidemann et al., 2019; Tosi et al., 2019). Superpositioning of the
EfCdaA structure with published CdaA structures in their respective APO state also revealed
high structural similarity, as the respective root mean square deviation (r.m.s.d.) values were
1.01, 0.68, 0.65, 0.64 A (PDB-ID: 6YGW, 6HVM 6HUW and 7L8N). Moreover, analysis of the
back-to-back dimer with the PDEePISA program reveals an interaction interface of 753 A2
between the two protomers which represents just 9.6% of the solvent accessible surface. This
interface exhibits in total 10 hydrogen bonds and 2 salt bridges with a AG of 9.4 kcal/mol
indicating a strong protein-protein interaction. Moreover, the calculated CSS score, which
indicates the probability for a crystallographic artefact, for the back-to-back interaction is 1,
suggesting that this dimer is not a crystallographic artefact.

Nevertheless, even if the protein crystallized in a low-salt condition and the active sites as well
as large parts of the surface seem accessible from the solvent channels, this crystallization
system it is not very suitable for a fragment screening campaign. The time period which is
required for the crystallization is too long and also the diffraction of the crystals were too weak
to be suitable for a campaign. Furthermore, these crystals could not be reproduced.
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3.2.4 Crystallization of Bacillus subtilis CdaA in its APO-state

The crystals of EfCdaA in the APO state do not fulfill the requirements for a fragment screening
campaign and no APO crystals for the CdaA from the human pathogens Staphylococcus
aureus, Streptococcus pneumonia or Listeria monocytogenes could be observed. Therefore,
an N- and C-terminal truncated CdaA construct from the non-pathogenic organism Bacillus
subtilis (BsCdaA) was also used as the sequence similarity of the DAC domains of these
organisms is very high (65-79%). The respective construct was purified and applied to a pre-
crystallization test. A concentration of 4 mg/mL was identified to be the most suitable for
initial crystallization screens. Therefore, BsCdaA was applied to 14 different crystallization
screens which were consequently stored at 20°C. After two days, crystals could be observed
in several conditions, consisting of variable buffer systems with different pH values, different
precipitants, and varying salts. One common additive was MgCl,. Crystals, which were found
in a condition consisting of 100 mM HEPES pH 8.0, 200 mM MgCl; and 30% PEG40 grew up to
a size of 200 um. These crystals were chosen for further structural investigations as their
crystallization condition does not require further cryoprotectant. The fished crystals were
used to collect a dataset at a MicroMax007 anode. Processing with XDS revealed that BsCdaA
crystallized in the monoclinic space group C2 and diffracted up to 1.71 A with satisfying
statistics, which are displayed in table S.3.

Figure 3.11: Structure of BsCdaA in its APO state. Analysis of the structural composition revealed that the protein
exhibits the typical DAC protein composition consisting of a slightly twisted core made up of seven B-strands
surrounded by five a-helices. Both protomers which form a back-to-back dimer are represented as cartoon. The
magnesium ion which was identified in the electron density is depicted as grey sphere.

The phase problem was solved using Phaser in combination with the structure of B.subtilis
CdaA deposited in the protein data bank (PDB-ID:6HUW). The structure was refined by
iterative cycles of Phenix and manual model building in Coot. The final model exhibited
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Rwork/Rfree Values of 16.97 and 20.64 %. Further statistics are displayed in table S.3. The
asymmetric unit consists of two protomers of BsCdaA (Fig. 3.11). Each monomer exhibits the
typical form of CdaA, a slightly twisted core made up of seven B-strands surrounded by five a-
helices. The protomers in the asymmetric unit form an inactive back-to-back dimer which was
already observed for CdaA in the APO state from different organisms (PDB-ID: 6HUW, 6HVM,
6YGW and 7L8N). Additional, one magnesium ion could be identified in the electron density,
likely deriving from the crystallization conditions. Superposition of the deposited BsCdaA APO
(PDB-ID:6HUW) structure with the structure obtained in this work using the program LSQMAN
also showed that there are only small structural differences as the r.m.s.d. value is 0.39 A for
the Ca-atoms. Analysis of the interaction between the two BsCdaA protomers showed that
the interaction area is less than 10 % of the surface of the protein, leaving a large part of the
protein solvent-exposed (761.4 vs 794.2 A2). Moreover, the calculated CSS score for the back-
to-back interaction is 0.57, indicating that this dimer could be a crystallographic artefact due
to the crystal packing. Further analysis of the crystal packing revealed that the active site is
accessible from solvent channels, hence, the packing is suitable for a fragment screening
campaign.

It can be concluded that BsCdaA fulfills parts of the prerequisites for a fragment screening
campaign as the protein crystallizes relatively fast in a low-salt condition which needs no
further cryoprotectant. Moreover, the crystal packing likely allows the soaking with
fragments, and the crystals diffract up to 1.71 A resolution at a relatively weak in-house anode.

3.3 Crystallographic fragment screen using BsCdaA

CdaA was previously rendered as potential target for the development of new antibiotics.
Therefore, a fragment screen campaign should be performed, utilizing beforehand discovered
crystallization conditions for BsCdaA. In a first step, the crystallization system should be
optimized to fit the requirements of a fragment screening campaign. Next, this campaign
should be performed, using the FX2-Entry fragment screen, a screen developed for the
purpose of identification of suitable starting point for inhibitor design. Afterwards, the
influence on the activity and thermostability of the fragments towards BsCdaA should be
determined.

3.3.1 Adapting the BsCdaA crystals to meet the prerequisites for a fragment screening
campaign

In order to perform a crystallographic fragment screening campaign, several prerequisites
have to be fulfilled. The Helmholtz Zentrum Berlin (HZB), which is specialized in the execution
of these screens, formulated in total 3 prerequisites which need to be fulfilled. 1) Reliable and
reproducible crystal conditions to produce more than 200 crystals with a size of at least 50 uM
in each dimension to enable faster transferring and fishing. 2) Soaking and cryo-conditions
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should be optimized. In the best case, the crystallization condition does not need further
cryoprotective additive as the experiment becomes less cumbersome. Moreover, the crystals
should ideally tolerate between 5-10% of DMSO during the soaking process to rise the chance
that hydrophobic fragments can be soaked into the crystal. 3) Proof of principle by soaking of
a known ligand. Before the high efforts of a fragment screening campaign are undertaken, a
known ligand should be soaked into the crystal and furthermore the binding should be proven
by solving the structure by X-ray crystallography. This approach demonstrates the
permeability of the solvent channels (Wollenhaupt et al., 2021).

The first step to address the prerequisites was to optimize the crystallization conditions for
BsCdaA in its APO state with respect to crystal size and reproducibility. Optimization trials
were carried out using a 96-well crystallization plate in combination with the mosquito pipette
robot to enable an upscaling in order to produce at least 200 crystals for the fragment
screening campaign. The original crystallization condition was already sufficient to cryoprotect
the crystals as it contains 30 % PEG400. Therefore, the pH value, the salt concentration and
the protein concentration were varied to identify the most suitable crystallization conditions.
A crystallization condition using a concentration of 6 mg/mL BsCdaA in combination with 30
% PEG400, 100 mM HEPES pH 7.5 and 100 mM MgCl, was able to reliably reproduce crystals
with a size of around 200x100x50 uM. Crystals of this size are suitable to enable an easy
transferring and fishing process.

Furthermore, DMSO was added in different concentrations to the crystallization conditions (5,
10, 15, 20, 25%). The size of the crystals increased slightly with rising DMSO concentration.
The largest crystals could be observed at a DMSO concentration of 20% with a size up to 500x
100x50 uM (Fig. 3.12 B). Remarkably, if 25% DMSO are used in the crystallization condition,
the drop forms a skin which needs to be removed prior transferring or fishing of the crystals,
increasing the total workload for a fragment screen. Five crystals were fished per DMSO
concentration and their diffraction properties were tested at the beamline 14.1 BESSY, Berlin.
The resulting datasets were equally processed using XDS in combination with a script written
by P. Neumann. Independently of the DMSO concentration the crystals diffract between 1.4
and 1.5 A resolution (Fig. 3.12A). Therefore, it was decided to use a DMSO concentration of
20% as this condition yielded the largest crystals and no skin formation was observed.
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Figure 3.12: Results of the BsCdaA crystal DMSO optimization and soaking trials. A Representation of the average
resolution of BsCdaA crystals if the crystallization buffer was supplemented with different amounts of DMSO.
The y-axis shows the average resolution and the % DMSO used in the crystallization process is shown on the x-
axis. Five crystals were tested per condition, the error bars correspond to standard deviation B Crystal of BsCdaA
in the APO state. The black bar corresponds to a length of 400 uM. The crystals grow in a condition consisting of
30 % PEG400, 100 mM HEPES pH 7.5 and 100 mM MgCl2and 20% DMSO to a size of 500x 100x50 pM. The black
bar corresponds to a length of 400 um. C CdaA monomer is displayed as cartoon in orange. In the active site,
additional electron density could be observed in which an AMP molecule could be fitted. The polder omit map
of the AMP molecule is displayed as blue mesh, contoured at a sigma level of 4.0. The AMP is represented as
stick and balls, where the atoms are colored as phosphate: orange, oxygen: red, nitrogen: blue, carbon: grey. The
polar bonds of the adenine moiety to the oxygen and nitrogen of the Leu188 backbone are depicted as black
dashed lines. The binding equals the previously observed binding mode of the adenine moiety in complex with
SacdaA (PDB-ID: 6GYX) or LmCdaA (PDB-ID: 6HVL).

To prove that the crystal packing in combination with the solvent channels allows the soaking
and binding of fragments, AMP, a known ligand of CdaA, was used. The soaking experiment
was performed overnight with a concentration of 100 mM AMP. A dataset was collected at
the 14.1 BESSY, Berlin. The resulting diffraction images were processed with XDS to a
resolution of 1.79 A with satisfying statistics (Table S.2). The phase problem was solved using
the previously determined BsCdaA APO structure in combination with Dimple. Iterative cycles
of Refmac and manual model building in Coot lead to the final model with Rwork/Rfree Values of
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19.4 and 24.6%. Complete statistics are shown in Table S.2. The asymmetric unit revealed the
expected back-to-back dimer of two BsCdaA protomers. Careful inspection of the difference
electron map revealed the presence of an AMP molecule in each of the active sites. The
structure is depicted in Figure 3.12C including the polder omit map of AMP contoured at a
sigma level of 4.0. This soaking experiment proves that the crystal packing of the BsCdaA
allows a successful soaking and binding of compounds to the active site of the protein.

Taken together, these experiments demonstrated that the crystallization system of BsCdaA
fulfills all prerequisites for a fragment screening campaign.

3.3.2 Fragment screening campaign of BsCdaA in combination with the F2X-Entry screen

For the identification of a possible starting point for the design of inhibitory compounds
against CdaA, an X-ray fragment screen was performed utilizing crystals from BsCdaA in its
APO state in combination with the fragment F2X-Entry screen. Further analysis was performed
by FragMAXapp, a program which allows the combination of different processing and
refinement programmes and finally the detection of fragment hits via PanDDA (Lima et al.,
2021). After optimizing the crystallization system of BsCdaA as previously described to allow
a fast and easy handling hundreds of crystals were produced using the Swissci 3-drop plates
in combination with the mosquito pipet robot. Crystals grew to their full size within 72 hours
and could be overserved in 80% of the wells. In total, 203 crystals were harvested of which
192 were soaked with 96 different fragments from the F2X-Entry screen at a concentration of
100 mM overnight, while 11 BsCdaA crystals were kept in the APO state. The APO crystals are
necessary for the calculation of the Ground state model necessitated by PanDDA. Of the 203
crystals, 201 data sets could be collected at 14.1 BESY, Berlin within 36 hours. The datasets
were automatically processed using FragMAXapp. The diffraction of the datasets ranges
between 1.08 and 1.87 A, averaging at 1.29 A resolution. The Riree values range between 18.8
and 28.4 % averaging at 22.7%. (Fig3.13 A & B For additional information on the resolution,
Reactors, cOMpleteness, I/sigma and CCy/; values for each collected dataset, see Table S.1.
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Figure 3.13: Diffraction limits and Rwork/Riree Value distribution of analysed datasets. A The bar diagrams show on
the x-axis the high-resolution limit (top) and the low-resolution limit (bottom) and on the y-axis the count of the
data sets. B The bar diagrams show on the x-axis the Rsree value (top) and the Rwork (bottom) and on the y-axis the
count of the datasets.

All 201 datasets were processed using panDDA.analyse and 50 datasets were classified as
interesting as the voxel approach used by PanDDa detect the possibility of the presence of a
fragment. To detect datasets from BsCdaA in complex with fragments, PanDDA calculates the
combined ground state of all the crystal structure recorded by alignment. Afterwards, the
calculated ground state is subtracted from each individual dataset. If differences between
these two stats can be recognized, PanDDa declares this finding as event. In total, 72 events
could be detected in 8 different sites. A PanDDA site is defined as a cluster of PanDDA events
in the same region that are grouped together. In figure 3.14 the different sites are indicated
in the structure of BsCdaA. PanDDa events were manually examined using panDDA.inspect
and in 64 events the respective fragment could be modelled into the PanDDA event map. The
remaining events are most likely artefacts due to low quality maps, rearrangements in the
crystal lattice due to soaking or unmodeled regions | n the event map which were too
small to allow a rational allocation of the soaked fragment. Thus, these datasets were
discarded. The fitted ligands were grouped into medium and high confidence according to
their fit in the PanDDA event map and were exported using PanDDA.export. Afterwards, the
maps containing hits were again refined using Phenix. In total, 32 different fragments were
found to interact with BsCdaA, resulting in a hit rate of 33%.
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Identified sites (front) Identified sites (back)

Figure 3.14: PanDDa summary of BsCdaA in combination with the F2X-Entry screen: The identified PanDDA
events are shown as blue dots, clustered to a total of 8 different PanDDA sites depicted as spheres. The structure
of BsCdaA back-to-back dimer is shown in the cartoon representation (front and back side).

As the number of fragments and occupied sites is quite high, it was deemed reasonable to
limit the subsequent efforts on the most promising candidates. The further development of
fragments binding specifically to BsCdaA would not be expedient, since B.subtilis is not a
pathogenic organism. To identify hits which can be used for the development of an inhibitory
compound against CdaA from different pathogenic organisms, the conversation score of CdaA
was calculated using the Consurf server. To this end, the sequence of 20 different CdaAs
originating from pathogenic organisms were used in combination with the BsCdaA APO
structure. The used sequences are listed in Table S.4. Subsequently, all models with identified
hits were superimposed on the model calculated by ConSurf. The resulting model showed that
just six different fragments bound in a highly conserved region (Fig. 3.15 A).

There are some hits displayed twice, as two crystals were measured per fragment.
Interestingly, this highly conserved region of CdaA represents the active site and dimerization
interface of CdaA, rendering the six fragments bound to this site as good starting points for
the further development of inhibitory compounds. A closer view regarding the exact
localization of the fragments of interest and also an atomic representation is given in Figure
3.15A,B&C.
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Figure 3.15: Consurf model of BsCdaA superimposed with fragment hits. A The model derived from the Consurf
surfer using the BsCdaA structure as template is represented as surface where the single amino acids are colored
according to the individual conservation score from conserved (violet) to variable (green). The fragment hits are
depicted as sticks (carbon: grey, nitrogen: blue, oxygen: red, phosphate: yellow, fluoride: cyan). Some hits are
displaced twice, as two crystals were measured per fragment. B: Close-up view of the fragments of interest
Surface representation of BsCdaA in orange. The six fragments which were previously determined to bind in the
highly conserved region of CdaA are represented as sticks. C The six fragments in their skeletal structure, whereas
carbon is colored in grey, sulfur in yellow, nitrogen in blue, oxygen in red and fluoride in green.
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Fragment AQ9 is a heterocyclic, aromatic compound which binds in the active site and forms
two polar contacts with the oxygen and nitrogen of Leu188 (Fig. 3.16). While this interaction
pattern can also be observed for the adenine moiety of c-di-AMP, the fragment forms no
stacking interactions with Tyrl87. Phenix calculated an occupancy of about 55% for this
fragment. The polder omit map and the Pandda event map are shown in Figure 3.16. Both
maps are contoured at a sigma level of 2.

Fragment BO7 consist of a phenyl ring with two extensions. No formation of polar contacts for
this fragment could be observed, but the Pro168 adapts a new conformation if the fragment
is present, allowing m-m interaction at a distance of 4 A (Fig. 3.16). Phenix calculated an
occupancy of 58% for this fragment, which was the highest occupancy observed for any of the
six fragments bound to the conserved region of CdaA.

Fragment BO8 consists of pyridine ring with an attached pyrrole ring which is further extended
with an ester moiety. This fragment forms no polar contacts with the protein, but the Tyr187
is flipped and a m-t interaction at a distance of 3.9 A could be observed (Fig. 3.16). Phenix
calculated an occupancy of 38% for this fragment.

Fragment D02 consists of phenyl ring with two attached fluoride groups, one amine group and
one sulfonamide-propane group. It binds near the active center of the protein, flipping the
Tyr187 and building up a T-shaped m-m interaction at 4.0 A with this residue (Fig. 3.16).
Furthermore, this fragment forms polar contacts with the backbone oxygen and nitrogen
atoms of Leu188 and also one polar contact with the oxygen atom of Thr202. Phenix calculated
the occupancy of this fragment with 26 %.

Fragment EO6 consists of a aza-bicyclic[3.2.1]octane ring with attached hydroxy and phenyl
groups. The hydroxy group forms a polar interaction with nitrogen atom of Asn166 (Fig. 3.16).
Furthermore, the His170 repositions below the fragment at a distance of 3 A forming CH-mt-
interactions. Phenix calculated an occupancy of 38% for this fragment.

Fragment GO4 consists of a central phenyl ring with an attached acetamide group and an ether
group. No formation of polar bonds nor other kinds of interaction could be observed for this
fragment (Fig. 3.16). Phenix calculated an occupancy of 24% for this fragment.
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Figure 3.16: Representation of fragments and the corresponding polder omit maps and Pandda event maps. The
BsCdaA structure is displayed as cartoon in grey, and the fragments are displayed as sticks. The fragments and
all amino acids involved in their coordination as well as the Tyr187 are shown in the first column. Polar
interactions with a distance up to 3.1 A are displayed as black dashed lines. The second column shows the polder
omit maps contoured at a sigma level of 2 as purple mesh. The third column show the Pandda event maps
contoured at a sigma level of 2 as yellow mesh.
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Taken together, by combining the established crystallization system for BsCdaA with the F2X-
Entry screen and automated processing using FragMAXapp, six different fragments bound to
the active and dimerization site of BsCdaA could be identified. As this site is highly conserved,
those fragments can serve as starting points for the development of inhibitory compounds
against CdaA from pathogenic organisms.

3.3.3 Influence of the fragments on the cyclase activity of BsCdaA

To investigate if any of the six identified fragments have an inhibitory effect on the cyclase
activity of BsCdaA, the coralyne assay was carried out. As the fragments are expected to be
hardly soluble in the original buffer conditions, the assay was performed in presence of 20%
DMSO. The fragment was added in a 10x fold molar excess (ImM) over the protein
concentration. Using higher fragment concentration led to the precipitation of some of the
fragments (A09, BO7, EO6 and G04).

100,00
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40,00
20,00
0,00 -
neg positive E06

Only fragments A09 and D02 lead to a reduction of the observed fluorescence, while the
remaining ones (B07, BO8, EO6 and G04) had no conceivable effect (Fig. 3.18). The influence
of D02 was the most prominent, as it reduced the measured fluorescence by about 50%. To

Figure 3.17: Cyclase activity of

BsCdaA in absence and presence of
the six identified fragments tested in
the coralyne assay. The vy-axis
displays the measured fluorescence

The data were normalized by setting
the fluorescence of the positive
control to 100%. All measurements
were performed as triplicates, shown
are mean values, the error bars
correspond to standard deviation.

Relative Fluorescence (%)

G04 BO7

confirm these results, several control experiments were carried out to prove that the
reduction in the measured fluorescence can be correlated to a reduced cyclase activity (Fig.
S.5). Unfortunately, these experiments showed that fragment D02 is able to reduce the
fluorescence of coralyne by itself, most likely due to its fluoride groups. These findings leave
the fragment AQ9 as only fragment which can reduce the cyclase activity of CdaA slightly.

As the performance of control experiments for the coralyne assay is rather highly resource
consuming, a second assay should be established to monitor the cyclase activity of CdaA.
Therefore, the Malachite Green assay was used. This assay detects the presence of free
orthophosphate at a wavelength of 620 nm, but the product of the enzymatic activity of CdaA
besides c-di-AMP is pyrophosphate. Therefore, pyrophosphatase was added to convert
pyrophosphate to the detectable orthophosphate. A scheme of the adapted assay is shown in
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Figure 2.1. Analogue to the coralyne assay, this assay was performed in presence of 20%
DMSO due to the low solubility of the fragments.
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The activity assay performed in the presence of the fragments B02, BO8, E02 and G04 showed
the same absorbance as the positive control. Remarkably, the fragment BO7 reduced the
detected pyrophosphate to a rate of 50% (Fig. 3.19). Nevertheless, as this fragment showed
no inhibition of the cyclase activity in the coralyne assay (Fig. 3.18) and the calculated
occupancy of this fragment in the structure is very low (26%), it can be concluded that this
fragment is not able to reduce the activity of BsCdaA. Surprisingly, the measured absorption
in the presence of the fragment A0S was about 25% higher than in the absence of any
fragment. This is most likely as this aromatic ring system absorbs light with this specific
wavelength.

In summary, both activity assays for CdaA applied here were prone for interactions with the
tested fragments that altered the readout. A more stable assay to determine the effects of
fragments on the cyclase activity would greatly facilitate the development of inhibitory
compounds but remains to be established. Moreover, from the six tested fragments only A09
was able to reduce the cyclase activity of BsCdaA slightly at the tested concentration. This
highlights this fragment as promising starting point for the further development of an
inhibitory compound.

3.3.4 Differential scanning fluorimetry

A thermal shift assay (TSA) was carried out to investigate the influence of the six identified
fragments from the screen on the thermostability of the BsCdaA. Binding of a fragment can
lead to a change in the melting temperature which can be observed. To ensure the solubility
of the fragments, the assay was performed in the presence of 20% DMSO. Compared to other
methods, this method is performed with a larger excess (1000-fold) of fragment, as the
estimated temperature shifts are rather small (Kranz & Schalk-Hihi, 2011).
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fragment D02 caused a decrease of about 9°C (Fig. 3.20). This large difference in the melting
temperature was unexpected, as none of the previous experiments showed an alteration of
the cyclase activity by fragment D02. These finding suggest a strong alteration of the protein
upon binding of the fragment D02. Nevertheless, its calculated occupancy in the active site of
the protein is 26%, indicating a rather weak interaction. Moreover, a second binding event for
this fragment could be observed. The binding spot is located between the N- and C-terminal
located a-helices, which might be responsible for the change in the melting temperature (Fig.
S. 2).

To sum up all prerequisites for a fragment screen campaign could be fulfilled, using an
improved crystallization system of BsCdaA. The fragment screen was performed using this
system in combination with the fragment screen F2X-Entry screen. In total, 32 different
fragments bound the BsCdaA could be identified. By identifications of highly conserved
regions in CdaA, six different fragments were found as potential starting point for inhibitor
design. The interaction between the fragments and BsCdaA were further investigated by two
different activity assays and a thermal shift assay. None of these fragments revealed and
strong interaction with BsCdaA which can be related to the binding in a conserved region.
Therefore, a second line of drug finding was employed, starting from the structure of BsCdaA
bound to AMP (Fig. 3.12C)
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3.4 Rational drug design from a natural ligand

To develop a potential inhibitory compound for the enzyme CdaA, this approach uses the
structure of BsCdaA in complex with AMP (Fig. 3.12C). As AMP should share nearly the
equivalent interaction with BsCdaA as its natural substrate ATP, mimicking of these
interactions could potentially lead to an inhibitory compound which blocks the ATP-binding
site. Therefore, a computer aided drug design (CADD) approach, utilizing the program SeeSar
in combination with structural information was employed. Identified compounds were further
investigated by biochemical and in vivo assays to determine the binding and inhibitory effects.

3.4.1 Proof of docking experiments performed with SeeSar

SeeSar is a program for the development of inhibitors and utilizes the so-called HYDE-score
(HYdrogen bond and DEsalvation energy) in a highly visual way, as it displays every atom of a
ligand in an intuitive color scheme. Moreover, an estimation of the binding affinity is given. In
a first step, a potential binding site for ligands was defined by SeeSar, using the BsCdaA APO-
structure. The predicted binding site matches the known ATP binding site characterized in
several crystal structures of CdaA (PDB-ID: 6GYX, 4RV7). Employing the docking mode of
SeeSar, the molecules ATP and AMP were docked into the binding site (Fig 3.20). The predicted
binding position of AMP matches the position in the available crystal structure (Fig. 12C).

Figure 3.20: Predicted binding sites of ATP and AMP to BsCdaA. The program SeeSar was employed to dock the
compounds ATP (A) and AMP (B) to the active site of the protein. The structure of BsCdaA is represented as
surface in pale green. The AMP and ATP molecules are represented as sticks, colored by atom type (phosphate:
orange, oxygen: red, nitrogen: blue, carbon: green).

Surprisingly, the estimated binding affinities for both ATP (mid uM range) and AMP (low mM
range) are rather low, considering that ATP is the natural substrate for CdaA.

To confirm the predicted binding affinities of ATP and AMP to BsCdaA in vitro, ITC experiments
were carried out. As the binding affinities are rather low calculated, BsCdaA was used with a
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concentration of 1.2 mM and the ligands with a concentration of 12 mM, so the usual 10-fold

excess.
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Figure 3.21: Binding titration of BsCdaA with AMP and ATP monitored by isothermal titration calorimetry (ITC).
A Cell and syringe contained 1.2 mM BsCdaA and 12 mM AMP, respectively. The calculated binding affinity of
AMP to BsCdaA is 1.77+0.09 mM. The calculated stoichiometry is 0.87. B Cell and syringe contained 1.2 mM
BsCdaA and 12 mM ATP, respectively. The calculated binding affinity of ATP to BsCdaA is 39317 uM. The
calculated stoichiometry is 0.92. For the experiments, the respective ligand to buffer and buffer to protein
controls were performed and subtracted. The fitting mode “One set of sites” were utilized

The ITC experiments showed that BsCdaA binds ATP and AMP with only weak affinity
(Kp=393+17 uM and 1.77+0.09 mM, respectively; Fig. 3.21), both with a stoichiometry near 1.

As the binding affinities determined by ITC match the predicted affinities by SeeSar, the
programs estimates can be considered as sufficiently reliable to be used for the development
of inhibitory compounds.

3.4.2 Inhibitor detection using the structure of BsCdaA in complex with AMP

Fragmentation of known binding partners is a common approach for the development of
inhibitors (Ledn et al., 2021). To apply it here, the contributions of the single components of
AMP to the overall binding were investigated using SeeSar in combination with the structure
of BsCdaA bound to AMP. AMP was split in three different compounds, namely

64



3 Results

orthophosphate, ribose, and adenine. While orthophosphate and ribose exhibited calculated
binding affinities in the high mM range, adenine is expected to bind in a low mM range. This
value is highly similar to the previously determined and estimated binding affinity of AMP to
CdaA. Moreover, the calculated LE score, which describes the binding energy per atom of a
ligand, is calculated higher for adenine compared to AMP. These findings implicate that the
major binding energy of AMP derives from the adenine moiety. Interestingly, SeeSar docked
adenine in a 180° rotated fashion compared to the adenine moiety in the crystal structure of
BsCdaA in complex with AMP (Fig 3.22A). In the BsCdaA structure the adenine moiety interacts
via the amine group with the oxygen group of Leu188 and the nitrogen at position 6 interacts
with the nitrogen auf Leul88 by the formation of hydrogen bounds. In contrast, SeeSar
predicts the adenine to interact with the protein via hydrogen bond formation between the
nitrogen at position 9 and the oxygen of Leul88 and the nitrogen at position 9 and the
nitrogen atom of Leul88 (Fig. 3.22B). To address this unexpected finding, structural
experiments were conducted by soaking BsCdaA APO crystals with adenine. All datasets
described in the following part of the thesis were equally processed and refined using XDS for
data processing and a combination of Phenix/Refmac5 and manual model building in Coot for
refinement. The corresponding tables are listed in the appendix, table S.2.

Figure 3.22: Binding mode of adenine to BsCdaA. A Binding of adenine and AMP to BsCdaA as predicted by
SeeSar. The protein is presented as surface in pale green, while the AMP and adenine are depicted as sticks. For
adeneine: C atoms in purple, N atoms in blue. For AMP: C atoms in green, O atoms in red, N atoms in blue, P
atoms in orange. B Crystal structure of adenine binding to BsCdaA represented as cartoon in orange. The adenine
is displayed as sticks and the polder omit map contoured at a sigma level of 4.5 as blue mesh. The polar bonds
of the adenine to the oxygen and nitrogen of the Leu188 backbone are depicted as black dashed lines. The C
atoms of the adenine are colored in grey, the N atoms in blue.
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The structure of BsCdaA in complex with adenine showed that the adenine binds in the
interaction pattern which was predicated by SeeSar (Fig. 23A). It can be observed that the
prediction and the structure obtained by X-ray crystallography do not only share the
interaction pattern but also exhibit an overall well matching localization of adenine.

As adenine is an essential molecule in every cell, it cannot be used as inhibitor for CdaA.
Consequently, the atomic composition of adenine should be altered in a way that the resulting
compound still can build up the same interactions as adenine but is less prone to bind to other
proteins which interact with an adenine moiety. To this end, the ReCore subprogram of SeeSar
was employed in combination with a specified database (Molport). This approach should lead
to the identification of compounds with a similar scaffold and same interaction pattern. 7H-
pyrrolo[2,3-d]pyrimidin was identified as possible follow-up compound with the same
interaction pattern as adenine. The polar bonds formed between the adenine and the
backbone of Leu188 are equal to the predicted of 7H-pyrrolo[2,3-d]pyrimidin to BsCdaA. Also,
SeeSar predicts the binding affinity in a low milli-molar range, equal to the predicted values of
adenine. Therefore, this compound was applied to soaking experiments with BsCdaA. The
resulting structure is shown at a resolution of 1.75 A in Figure 3.23. The corresponding
crystallographic and refinement statistics are shown in table S.2.

Figure 3.23: X-ray structure of BsCdaA bound to 7H-pyrrolo[2,3-d]pyrimidin. BsCdaA is represented as cartoon in
orange, the 7H-pyrrolo[2,3-d]pyrimidin is depicted as sticks and the polder omit map contoured at a sigma level
of 4.5 as blue mesh. The polar bonds of the adenine to the oxygen and nitrogen of the Leu188 backbone are
depicted as black dashed lines.

The polder omit map contoured at a sigma level of 4.5 confirms the presence of the soaked
compound, 7H-pyrrolo[2,3-d]pyrimidin in the active center of the protein. Moreover, it forms
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the same polar interactions as observed for adenine with the oxygen and nitrogen of the
Leu188 backbone.

To identify compounds exhibiting inhibitory effects towards BsCdaA and partially consist of
7H-pyrrolo[2,3-d]pyrimidin a substructure search was employed using the database of
Molport. In total, 9775 compound were identified. The compounds which were elongated uses
the N3 or N6 atom of the 7H-pyrrolo[2,3-d]pyrimidin were rejected, as these atoms are
required for the interaction with the Leu188 backbone. This reduces the number to 130
compounds. Furthermore, all compounds which possess an elongation at the C8 or C7 atom
were also rejected, reducing the number to 8 compounds. The identified compounds were
docked into the structure of BsCdaA using SeeSar. Two of the compounds were predicted to
bind in the mid-micromolar range, namely Ruxolitinib and Barcitinib (Fig. 3.25A&B).

NIK\ \ N| X A\
< LN/ )
Ruxolitinib Barcitinib

Figure 3.24: Presentation of Ruxolitinib and Barcitinib docked to BsCdaA via SeeSar. Both FDA/EMA approved
drugs were identified via an substructure search using 7H-pyrrolo[2,3-d]pyrimidin in the molport database and
were docked with mid-micromolar affinities to the structure of BsCdaA. A presents the results of the docking
experiments of BsCdaA with Ruxolitinib, B the results of BsCdaA with Barcitinib. BsCdaA is presented | the surface
mode, Ruxolitinib and Barcitinib are depicted as sticks and spheres. The atoms of both compounds are equally
colored (C atoms in grey, N atoms in blue, O atoms in red and S atoms in yellow).
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Both identified compounds are FDA/EMA approved drugs and function as tyrosine kinase
inhibitors. They share both the pyrollopyrimidin moiety connected to a pyrazol-ring and
further to a cyanid group. While Ruxolitinib has a cyclopentane group, Barcitinib instead
consists of an aziridine ring followed by a sulfone group. Both compounds were tried to soak
into BsCdaA APO crystals. Unfortunately, crystals soaked with Barcitinib exhibit no additional
density for this compound. The resulting structure of BsCdaA in complex with Ruxolitinib was
solved with a resolution of 1.25 A (Fig. 3.26A). The corresponding crystallographic and
refinement table are shown in table S.2.

Figure 3.25: Presentation of the X-ray structure of BsCdaA in complex with Ruxolitinib. The protein is shown as
cartoon in orange. Ruxolitinib is depicted as sticks A The polder omit map contoured at a sigma level of 4.5 as
blue mesh. The polar interactions of the pyrollopyrimidin to the oxygen and nitrogen of the Leu188 backbone
are depicted as black dashed lines. B The water which coordinated by the N2 atom of the pyrazol ring of
Ruxolitinib is depicted as red sphere. Further amino acid residues which are involved in polar interaction with
the water molecule are depicted as sticks. The polar interactions are indicated as black dashed lines.

The compound is localized in the active site of the protein, verified by the depicted polder
omit map, contoured at a sigma level of 4.5. Analysis with Coot revealed the pyrollopyrimidin
ring interacts with the oxygen and nitrogen of the Leul88 backbone as it was previously
observed for adenine. Furthermore, the interaction of the N2 atom of the pyrazol-ring with a
water molecule could be observed (Fig. 3.26B). This water molecule additionally forms polar
bonds with the amino acid residue Asp171 with 2.9 A and to the oxygen backbone of His172
with 3.0 A. The same interaction pattern was observed in the other monomer in the
asymmetric unit.

Taken together, the FDA/EMA approved drug Ruxolitinib was identified via defragmentation
of AMP and subsequent substructure search as potential inhibitor for BsCdaA and confirmed
to bind to the active site of the protein CdaA Bacillus subtilis.
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3.4.3 Soaking experiments with LmCdaA

To investigate if the binding mode of Ruxolitinib to BsCdaA is conserved among other
organisms, soaking experiments with crystals of LmCdaA in the APO form were performed.
Therefore, the protein was overexpressed, purified, and crystallized as published (Heidemann
et al., 2019). The soaking experiment was performed analogous to the soaking of BsCdaA and
a dataset was collected. The resulting structure was determined at a resolution of 2.85 A.
Further statistics for the dataset and refinement are listed in table S.2.

Figure 26: X-ray structure of LmCdaA bound to Ruxolitinib. A LmCdaA is represented as cartoon in grey,
Ruxolitinib is depicted as sticks, and the polder omit map contoured at a sigma level of 3.0 as blue mesh. The
polar bonds of the pyrollopyrimidin to the oxygen and nitrogen of the Leu188 backbone are depicted as black
dashed lines. B Alignment of the x-ray structures of LmCdaA (grey) and BsCdaA (orange) both depicted as cartoon.
Ruxolitinib is depicted as sticks and the colored in the teint of the respective. The overall r.m.s.d. value was
calculated with 0.78 A for alle Ca-atoms.

Careful inspection of the electron density in the active center of LmCdaA reveals the presence
of parts of Ruxolitintib (Fig. 26 A). The polder omit map contoured at a sigma level of 3 shows
that indeed the pyrazol and the pyrollopyrimidin moiety are clearly present, while the cyanide
group and parts of the cyclopentane are missing. Alignment with the structure of BsCdaA in
complex with Ruxolitinib shows that the localization of the ligand within the active center of
the proteins is identical (Fig. 26B). These findings suggest that the binding mode is conserved
between CdaA enzymes. This renders the crystallization system of BsCdaA as suitable system
for the development of potential inhibiting compounds based on structural knowledge of

Ruxolitinib and its interaction with LmCdaA and BsCdaA.

69



3 Results

3.4.4 Coralyne activity test of CdaA with Ruxolitinib

To examine the influence of Ruxolitinib on the activity of BsCdaA in vitro the coralyne assay
was employed. Different concentrations of Ruxolitinib were added to enable the
determination of an 1Cso value, employing the coralyne assay (Fig. 27A&B).
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Figure 3.27: Fluoresence of the product of BsCdaA determined using the coralyne assay in presence of increasing
concentrations of Ruxolitinib. A The x-axis shows the applied concentrations of Ruxolitinib. The y-axis shows the
normalized fluorescence. The experiment was performed in triplicates, shown are mean values, the error bars
correspond to standard deviation. The sample without Ruxolitinib was set to 100%. B This plot shows the fit of
the results from the A. Therefore, the program Graphprism was employed, and the data were fitted using
variable-slope-4-parameter model. The calculated ICso value was 2.7+0.1 uM.

The increase of Ruxolitinib concentration led to a decrease of cyclase activity, indicating an
inhibitory effect of the compound. As the activity decreases with increasing inhibitor
concentration, it can be concluded that Ruxolitinib functions as competitive inhibitor for ATP,
which is in line with the structural findings as Ruxolitinib binds in the active center of the
protein. The ICso value for Ruxolitinib was determined as 2.7+0.1 uM in this set-up.

To investigate if Ruxolitinib is also able to reduce cyclase activity of CdaA from the pathogenic
organisms S.pneumoniae, S.aureus, E.faecium or L.monocytogenes, the coralyne assay was
carried out with the respective CdaAs and a concentration of 500 uM Ruxolitinib, which equals
the previously concentration of Ruxolitinib to reduce the activity of B.subtilis CdaA at around
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It can be observed that the cyclase activity in presence of Ruxolitinib is equally reduced for the
CdaAs of E.faecium, L.monocytogenes, B.subtilis and S.aureus by around 50% (Fig. 28). The
activity of the CdaA from S.pneumoniae was less reduced with an observed decrease of 20%.

3.4.5 ITC experiments with BsCdaA and Ruxolitinib

To investigate the binding of Ruxolitinib to BsCdaA, ITC experiments were carried out. The
protein was used with the previously established of 1.2 mM while the ligand was used with a
maximum concentration of 1.2 mM due to solubility issues. The results are depicted in Figure
29.
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Unfortunately, the result cannot be used to determine the binding affinity of Ruxolintib
towards BsCdaA. On the other hand, as the DP area of each injection decreases it can be
concluded that Ruxolitinib indeed binds to BsCdaA in this experimental setup. However, this
assay needs to be further optimized to give raise to interpretable data which can be useful in
future for optimization of an inhibitor of CdaA deriving from Ruxolitinib. Possible optimization
could include different ligand/receptor concentrations, usage of DMSO, or switching the ITC
device to reach higher sensibility with lower concentrations of ligand and receptor.

3.4.6 Antimicrobial activity of Ruxolitinib

After having established Ruxolitinib as a functional inhibitor for CdaA from different
pathogenic organisms in vitro, its suitability as an antimicrobial drug was examined next. As
diadenylate cyclases are essential proteins in bacteria possessing the second messenger c-di-
AMP, the treatment with Ruxolitinib should have an observable effect on their growth. The
experiments presented in this section were conducted by Robert Warnecke, Department of
General Microbiology, AG Stililke, Goettingen.

Three different B.subtilis strains were used in growth experiments in the presence of different
concentrations of Ruxolitinib, ranging von 0-200 uM.
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Figure 3.30: Growth curves of bacterial strains in presence of different Ruxolitinib concentrations. For all
diagrams, the y-axis displays the OD600 value, while the x-axis displays the time in hours. The experiments were
performed in MSSM media supplied with 5 mM KCI. A presents the growth of the E.coli BL21 strain. B presents
the growth of wild type B.subtilis. C presents the growth of an B.subtilis strain, where the sequences encoding
for the DAC domain containing proteins DisA and CdaS are removed; CdaA is the only remaining protein with a
DAC domain. D presents the growth rate of a B.subtilis which only harbors one protein with a DAC domain, DisA.
To prove the inhibitory effect of Ruxolitinib against diadenylate-cyclase proteins, E.coli (BL21)
cells were used as control, as the genome of this gram-negative bacteria does not encode for
any diadenylate cyclases. The growth rate of E. coli BL21 was not influenced by the presence
of Ruxolitinib, indicating that none of its essential proteins was affected by the compound (Fig.
31A). The same result could be observed for the B.subtilis strain missing the diadeylate
cyclases CdaA and CdaS (Fig. 31D). This result suggests that no essential protein for the growth
rate is affected by Ruxolitinib in this strain. The B.subtilis wild-type strain which harbors the
three diadenylate cyclases CdaA, CdaS and DisA shows a slight delay in the growth rate, if
Ruxolitinib is added with a concentration of 200uM (Fig. 31B). The B.subtilis strain which only
encodes for the diadenylate cyclase CdaA (Fig. 31C) exhibits a decrease in the growth rate if
Ruxolitinib is added with a concentration of 100uM. This effect is even more pronounced,
when Ruxolitinib is added with a concentration of 200 uM. These results are further debated
in the discussion part.

In summary, it could be shown that a B.subtilis strain, which does not possess a CdaA does not
show any alterations in its growth rate, independently of the Ruxolitinib concentration, while
the strains which possess CdaA exhibit a reduced growth rate. It can be concluded that
Ruxolitinib is able to reduce the activity of the BsCdaA in vivo due to specific inhibition of the
enzyme CdaA. Nevertheless, this compound cannot be used directly as antibiotics it is already
used as cancer drug. This is further debated in the discussion part of this thesis.
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4 Discussion

Organism from all kingdoms of life need to be able to rapidly adapt to changing environmental
influences to survive. For this reason, they possess numerous signaling pathways, and,
regardless of their kingdom, the signal molecules involved are often nucleotide-based (Braun
et al, 2021; Rhoads, 1999; Gottesman, 2019). For the bacterial kingdom, the second
messenger metabolites CAMP, (p)ppGpp, c-di-GMP and c-di-AMP have been most extensively
studied, which brought to light a plethora of different pathways in which these signal
molecules are involved (Hengge et al, 2019).

The first evidence of the natural occurrence of the bacterial second messenger c-di-AMP was
discovered in 2008 (Witte et al, 2008). This discovery marked the starting point of a new
research field revolving around this metabolite, giving insights into its biosynthesis,
degradation, and its role in regulatory pathways (Corrigan & Griindling, 2013; Commichau et
al, 2015; Stilke & Kriiger, 2020). The first protein discovered to synthesize c-di-AMP was the
DNA integrity scanning protein A (DisA) from the bacterium Thermotoga maritima (Witte et
al, 2008). By evaluating structural information, it was clarified that the enzyme synthesizes its
main product c-di-AMP in a metal ion-dependent fashion from two substrate ATP molecules
(Muller et al, 2015). Therefore, eight DisA monomers, each consisting of an N-terminally
located diadenylate cyclase (DAC) domain and a C-terminally located signaling domain,
assemble as two tetrameric rings which further oligomerize as an octamer (Miiller et al, 2015;
Witte et al, 2008). It has been shown that this octamer is stable in vitro as well as in vivo,
proofing that this assembly is not just an artefact of crystallization. The two tetrameric rings
face each other in a “face to face” manner, forming four head-to-head dimeric assemblies in
total which are referred to as the catalytic units (Miiller et al, 2015; Witte et al, 2008).

Today, five different classes of proteins are known to feature a DAC domain (Corrigan &
Grindling, 2013; Bl6tz et al, 2017; Commichau et al, 2019). Nevertheless, the genome of most
bacteria, like the human pathogenic organisms Streptococcus aureus, Staphylococcus
pneumoniae or Enterococcus faecium, encodes for just a single diadenylate cyclase named
CdaA. Several studies have shown that c-di-AMP is essential under standard growing
conditions for some bacteria. However, it also has been shown that high excess of this
messenger nucleotide is harmful to cells, earning it the nickname “essential poison” (Gundlach
et al, 2017a, 2015; Woodward et al, 2010; Mehne et al, 2013; Commichau et al, 2019a).
Because c-di-AMP synthesizing proteins are essential in bacteria, while having no known
occurrence in eukaryotes, these proteins, and in particular CdaA, are potential targets for the
development of a new antibiotics (Rosenberg et al, 2015; Commichau et al, 2019).

The development of antibiotics with a new mode of action against multi resistant bacteria is
an urgent necessity to be able to fight one of the biggest threats to global health, development
and food security (WHO, 2015). Currently, around 700.000 deaths annually are caused by
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infections with bacteria, and according to the WHO, this number is expected to rise to up to
10 million in 2050 (WHO, 2019a). Therefore, this work focusses on the protein CdaA of various,
and among them human pathogenic, bacteria in which CdaA is the sole c-di-AMP synthesizing
enzyme. In this chapter the function, metal ion-dependence and oligomerization of the
protein CdaA are discussed. Moreover, the usage of kinase inhibitors as starting points for the
development of new antibiotics will be discussed with a special focus on the inhibitory effect
of Ruxolitinib on CdaA. Furthermore, inhibition by Ruxolitinib will be compared to known DAC
inhibitors IPA-3 and Br-TH (Chen et al., 2018; Li et al., 2022). Finally, the success of a fragment
screen campaign based on CdaA from Bacillus subtilis is discussed, with an outlook as to which
methods could be applied to develop the identified compounds into a possible lead
compound.

4.1 CdaA structure, function and metal-ion specificity

The first structure of the DAC domain of CdaA was published in 2015 in the form of its complex
with ATP (Rosenberg et al, 2015). Comparison of the DAC domain of CdaA and DisA had let to
the assumption that CdaA likely needs to dimerize to fulfill its catalytic function, but this first
crystal structure only represented an inactive back-to-back dimer. However, using constructs
of different length, it could be shown that CdaA from Listeria monocytogenes forms a dimer
in vitro as well as in vivo (Rosenberg et al, 2015). In the same study, it was also reported that
CdaA requires the divalent cations Mn?* or Co?* for its activity, based on HPLC/MS results.
These findings are in line with the experiments from Heidemann and co-workers who utilized
a coralyne-based assay to determine the metal-ion specificity of LmCdaA (Heidemann et al,
2019). Contrary to this, cyclase activity of DisA was only detected in the presence of Mg?* ions
(Witte et al, 2008). Furthermore, the protein DacM from Mycoplasma ovipneumoniae, which
belongs to the family of CdaM diadenylate cyclases, was reported to exhibit activity in
presence of Mg?* using a LC-MS based assay (Hao et al., 2022). Unfortunately, no further
experiments were carried out to determine if DacM also shows activity in presence of other
divalent cations. It should also be mentioned that DacM can use both ATP and ADP as
substrate (Hao et al, 2022b). The protein CdaM from Mycoplasma pneumonia showed activity
in presence of either Mn?*, Mg?* or Co?* metal ions in a coralyne based assay. Notably, the
measured activity was highest in presence of Mg?*. The same behavior could be observed for
CdaM from Mycobacterium tuberculosis (Bai et al, 2012).

These differences in the metal ion specificity of different proteins within the family of DAC
domain-containing proteins are astonishing, as the amino acid sequence of the DAC domains
of DisA, CdaA, and CdaM is very similar (Blotz et al., 2017). Heidemann and co-workers further
showed that even the specific amino acids, which are involved in the coordination of both the
product c-di-AMP and the vital divalent metal ion in the active center, are nearly identical
between DisA and CdaA (Heidemann et al, 2019). These findings underline that even if the

74



4 Discussion

DAC domains from different diadenylate cyclase families are quite similar, the exact
mechanism might differ. This behavior can even be observed within a single class of
diadenylate cyclases: While CdaA from Listeria monocytogenes was reported to be active in
presence of Mn?*, less so in presence of Co?*, and not at all in presence of Mg?*, CdaA from
Staphylococcus aureus exhibits activity with all three divalent cations (Heidemann et al, 2019;
Tosi et al, 2019). CdaAs from Streptococcus suis and Streptococcus mitis were also reported to
be active with either Mn?*, Co?* or Mg?* (Du & Sun, 2015; Rervik et al, 2020). On the contrary,
CdaA from Bacillus subtilis was reported to only use Mn?* as cofactor (Pathania et al, 2021).
Notably, the metal ion preference in each organism was determined using different assays.
While a coralyne-based assay was used for Listeria monocytogenes CdaA, an MS-based
approach was used for Streptococcus suis and Streptococcus mitis CdaAs. The activity for
Bacillus subtilis CdaA and Staphylococcus aureus CdaA was determined using a TLC-based
approach in combination with radioactively labelled ATP. Therefore, it cannot be precluded
that the specific methods used to measure activity might have influenced the differential
results obtained for various metal ions.

As these differences among organisms could possibly influence the broader efficiency of a
possible inhibitor, truncated constructs of CdaA from Listeria monocytogenes, Staphylococcus
aureus, Enterococcus faecium, Bacillus subtilis and Streptococcus pneumoniae were purified
and treated with EDTA to ensure that all divalent cations were removed. Each purified protein
was then applied to the coralyne assay. The activities of Listeria monocytogenes CdaA and
Bacillus substilis CdaA were consistent with the metal ion specificity reported previously (Fig
3.3) (Heidemann et al, 2019; Pathania et al, 2021). Enterococcus faecium CdaA only showed
activity in the presence of Mn?* (Fig. 3.3). The Streptococcus pneumoniae CdaA exhibited
activity in the presence of either Mn?*, Co?* or Mg?*, which is in line with previous experiments
performed with Streptococcus pneumonia CdaA (Fig. 3.3) (Rervik et al, 2020; Du & Sun, 2015).
Astonishingly, Staphylococcus aureus CdaA only exhibited activity in the presence of Mn?* (Fig.
3.3). This is in clear discrepancy to the findings of Tosi and co-workers, who reported activity
in the presence of other divalent metal ions (Tosi et al, 2019). These unexpected findings might
origin from differences in the purification protocols, length of the used constructs and assays
used to determine the cyclase activity. It might be worthwhile to repeat the TLC-based assay
which was carried out by Tosi and co-workers with protein prepared according to the protocol
of this work to clarify the metal ion specificity of Staphylococcus aureus CdaA. Another
strategy would be to purify the CdaA from a different member of the Staphylococcus genus,
as previous results from Streptococcus suggest that the metal-ion specificity might be
conserved within a genus.

To gain more insights into the metal ion specificity, all five CdaAs purified in this work were
used to carry out crystallization experiments. Therefore, each protein was mixed with ATP and
its favored metal-ion and incubated at 37°C for 1 h before the sample was applied to the
crystallization screen. For CdaA from Streptococcus pneumoniae and Enterococcus faecium,
these crystallization trials were successful, and the respective CdaAs were crystallized in their
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post-catalytic state, bound to the product c-di-AMP and the added metal-ion (section 3.2.1
and 3.2.2). Interestingly, Streptococcus pneumoniae CdaA crystallized as an inactive back-to-
back dimer in the asymmetric unit. While one of the protomers did not have any nucleotide
bound, the other protomer featured bound AMP (Fig. S.4). Careful inspection of the crystal
packing revealed that the protomer forms an active dimer with a symmetry mate, sandwiching
the product c-di-AMP in their interface. The same packing was already observed for the
Listeria monocytogenes CdaA in complex with c-di-AMP (Heidemann et al, 2019). However,
SpCdaA crystallized in the tetragonal space group P41212, while Listeria monocytogenes CdaA
reportedly crystalized in the triagonal space group H32. It seems that this specific kind of
forming the active center with a symmetry mate is favored by CdaA, which might be
influenced by the inactive back-to-back dimer, which is also stable in solution (Tosi et al, 2019).
Unfortunately, the post catalytic state of Streptococcus pneumoniae CdaA gave no further
insights regarding the metal ion preference of this protein, as the metal ion itself is no longer
coordinated strong enough to ensure catalytical activity (Fig. 3.6).

The CdaA from Enterococcus faecium crystalized in the monoclinic space group P2. The
asymmetric unit consists of 10 CdaA protomers, which form 5 active dimers in total.
Interestingly, every protomer is involved in the formation of an active dimer as well as in the
formation of a back-to-back dimer. Nevertheless, the formation of Enterococcus faecium CdaA
in a post catalytic state gave no further insights into its metal ion specificity, as the metal ion
(Mn?*) is not properly coordinated. The post catalytic state represented in this crystal
structure can be identified by the re-established n-rtinteraction between the catalytic tyrosine
at position 224 and the adenine moiety of the product c-di-AMP. This interaction does not
occur during the reaction, as stated by Heidemann and co-workers (Heidemann et al, 2019).
To gain more insights into the exact reaction mechanism, it would be necessary to trap the
enzyme in its active state. A suitable strategy for this would be co-crystallization with the non-
hydrolysable ATP derivates AMPCPP or Cordycepin triphosphate, however, previous
crystallization experiments lead to only Staphylococcus aureus CdaA monomers bound to
AMPCPP and Mn?*, where the metal ion is only coordinated by the AMPCPP (PDB-ID: 6GYW)
(Tosi et al, 2019). Furthermore, crystallization experiments with a mixture of ATP and a non-
hydrolysable derivate could also be performed as it might lead to a trapped intermediate
state. This could give insights into the exact reaction mechanism which is still being discussed
for CdaA (Manikandan et al, 2014; Miller et al, 2015).

4.2 Oligomerization state of CdaA and its relevance

The first structure of a protein with a DAC domain was published by Witte and co-workers in
2008 (Witte et al, 2008). Structural analysis and in vitro experiments revealed that DisA forms
stable octamers, where the protomers orient their active sites in a face-to-face manner.
Comparisons of the active site carried out by Heidemann and co-workers revealed that the
active site of CdaA is more crowded compared to DisA., As it needs to disassemble in order to
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release the product c-di-AMP the active complex of CdaA is formed just transiently
(Heidemann et al, 2019).

In 2015, Rosenberg and co-workers carried out in vitro SEC-MALS and crosslinking experiments
with CdaA from Listeria monocytogenes (Rosenberg et al, 2015). The data suggested that CdaA
forms a dimer in solution, but it was not confirmed if the dimer consists of the active head-to-
head or the inactive back-to-back form. Furthermore, the dimeric state of an N-terminal
truncated CdaA from Staphylococcus aureus was proven by SAXS (Tosi et al, 2019). Similarly,
the radii of all the CdaA proteins purified for this work suggest and determined by DLS the
assembly of a dimer in solution (Fig. 3.2). Nevertheless, the question remains whether the
observed dimer in solution is the head-to-head or the inactive back-to-back conformer.

The CdaA dimer of Staphylococcus aureus appears particularly stable in solution as the
introduction of disruptive mutations hardly affected oligomerization (Tosi et al, 2019). This
observation is in contrast to the observed transient post catalytic state of Listeria
monocytogenes CdaA (PDB-ID:6HVL), Enterococcus faecium CdaA and Streptococcus
pneumoniae CdaA (section 3.2.1 and 3.2.2)). An alternative, non-head-to-head dimer
assembly could also be observed in another class of DAC proteins, CdaS. Experiments with
CdaSs from Bacillus subtilis and Bacillus thuringiensis confirmed the formation of a hexamer in
solution, which is in line with the crystal structure of CdaS from Bacillus cereus (PDB-
ID:2FB5)(Mehne et al, 2014; Zheng et al, 2015). Unfortunately, it has never been shown if this
hexameric state is the active state of CdaS or if further oligomerization is required. In contrast,
biochemical and crystallographic data on the protein DisA prove that it forms a stable octamer
in solution, which is also its active form (Miiller et al, 2015; Witte et al, 2008). Hence, it was
suggested by Tosi and co-workers that CdaA forms an inactive back-to-back dimer in solution,
which needs to further oligomerize in order to fulfill its catalytic activity.

The various crystal structures of CdaA from different organisms, both those previously
deposited in the PDB as well as those obtained in this work (section 3.2.1, 3.2.3 and 3.2.4),
suggest the formation of an inactive back-to-back dimer. Analysis of the inactive dimers
identified in the asymmetric units showed that each active site faces outwards and that the
protomers are rotated by 45°. The interaction interface is also conserved in all structures as it
is formed by the a-helix 2, the B-strand 2 and their corresponding partners from the other
protomer (Fig. 1.4B). Moreover, this formation can be observed in both different
crystallographic space groups and also for CdaA from different organism like Staphylococcus
aureus, Listeria monocytogenes, Streptococcus mutans, Streptococcus pneumoniae, Bacillus
subtilis and Enterococcus faecium. Analysis of the complexes of various organisms using
PDBePisa revealed that a minimum of 9 hydrogen bonds is formed between the two
protomers. Moreover, the calculated CSS scores, which indicate stability of the dimer, extend
from 0.57 to 1, suggesting that this complex type is not a crystallographic artefact.
Interestingly, the interaction area of both protomers is of similar size in each organism
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(739-755A2), which can be interpreted as a further sign for the conservation of this interaction.
The exact values are listed below in table 4.1.

Table 4.1: Results of PDBePISA analysis of the CdaA back-to-back dimer interaction. Structures without PDB-ID
were structurally characterized in this work (section 3.2.1, 3.2.3, 3.2.4)

LmCdaA  SaCdaA SmCdaA BsCdaA SpCdaA  EfCdaA

PDB-ID 6HVM 6GYW 7L8N - - -
CSS-Score 0.61 1 1 0.57 0.75 1
Interface area [A?] 739.6 735.2 745.2 745.2 754.3 753.3
% from total area 9.3 9.5 10.0 9.3 9.6 9.9
Salvation energy -6.0 -4.3 -4.2 -6.1 -5.0 -4.8
[kcal/mol]

Hydrogen bonds 10 12 10 9 14 10
Salt bridges 0 2 2 0 3 2

In summary, the inactive back-to-back dimer of CdaA has been observed in several different
crystallization systems and organisms. Consequently, Tosi and co-workers have speculated
that CdaA might also form higher oligomerization states in order to form a functional
diadenylate cyclase. Such higher oligomerization states upon enzymatic activity could be
observed in the structure of Listeria monocytogenes CdaA (PDB-ID:6HVM) as well as the
structures of Enterococcus faecium CdaA and Streptococcus pneumoniae in complex with c-di-
AMP described in this work (section 3.2.1 and 3.2.2). All of this in vitro and crystallographic
data suggests that the inactive back-to-back dimer formation is not an artefact, but appears
to be conserved.

This raises the question whether the full length CdaA also forms these kinds of dimers in vivo.
Tosi and co-workers had previously introduced mutations into Staphylococcus aureus CdaA
which prohibit the formation of the back-to-back dimer, proven by SEC experiments.
Moreover, they performed activity tests with this mutated CdaA, determining that the cyclase
activity is nearly abolished (Tosi et al, 2019). However, although the mutant protein eluted at
the same volume in SEC experiments as in the wild type, TSA experiments indicated that the
protein was largely unfolded. Therefore, it cannot be stated with certainty whether the
reduction of the cyclase activity of the mutated CdaA derives from the improper folding or the
inability to form stable back-to-back dimers. To survey the folding state of the mutated
protein, it would thus be useful to carry out further experiments like circular dichroism (CD).
In 2021, the structure of GImM from Bacillus subtilis was published (PDB-ID: 70LM) (Pathania
et al, 2021). This protein is known to inhibit the cyclase activity of CdaA by direct interaction
and to occur in a shared gene cluster with CdaA and CdaR (Gibhardt et al, 2020; Gundlach et
al, 2015). Furthermore, Pathania and co-workers were able to crystallize a GImM dimer in
complex with a CdaA dimer (PDB-ID: 70LH). Analysis of the CdaA dimer showed that it also
exhibits the inactive back-to-back conformation. The GImM dimers revealed a U-shaped
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arrangement with the CdaA dimer placed in the middle as depicted in Figure 4.1. This packing
does not allow for any of the CdaA protomers to form a catalytically active dimer. Further
analysis with PDBePisa suggests that both CdaA protomers are involved in interactions with
GImM indicating that the interaction of the back-to-back dimer is inevitable to from a stable
guaternary complex (Pathania et al, 2021). These findings add to the ample evidence that that
the previously observed back-to-back CdaA dimer is not an artefact but necessary for its
regulation in vivo.

Turny, 180 °
Turn x, 90°

Figure 4.1: Presentation of the structure of Bacillus subtilis GImM in complex with Bacillus subtilis CdaA. All
molecules are depicted in the cartoon mode. The GImM molecules are depicted in marine and blue, the CdaA
protomers, which form a back-to-back dimer are colored in orange and wheat.

The next question which needs to be considered is if both protomers of a back-to-back dimer
could be involved in the constitution of an active dimer. For Listeria monocytogenes CdaA, the
engagement of one of the two protomers in an active complex could be observed, while the
other protomer bound AMP (Heidemann et al, 2019). This finding already suggests that the
second protomer is likely able to also bind the substrate ATP, as the molecular interactions
with ATP and AMP are nearly identical. Additionally, the Enterococcus faecium CdaA was
crystallized in in complex with c-di-AMP in this work (section 3.2.2). Here it can be observed
that each protomer is involved in the formation of an active head-to-head as well as an
inactive back-to-back dimer (Fig. S.3). Hence, it can be concluded that both protomers of the
inactive dimer can be simultaneously engaged in an active dimer. Nevertheless, taking into
account that CdaA is a membrane-bound protein with a linker of only approximately 20 amino
acids located in between the DAC domain and the transmembrane helices, the formation of
an oligomer consisting of more than four CdaA molecules is not very likely. As depicted in
Figure S3, the CdaA molecules in the crystal structure arrange in a helical-like structure, in
which each winding is comprised of three back-to-back dimers. The Figure 4.2A displays a
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back-to-back dimer (blue and marine), which are both involved in the formation of an active
dimer. Therefore, the N- and C-terminal ends of one of the molecules will not point towards
the membrane of the cell, which contradicts its membrane bound form found in vivo.

Figure 4.2: Presentation of CdaA in its active form bound to c-di-AMP. The first five N-terminally located amino
acids of each molecule are colored in red. C-di-AMP is depicted as sticks (C-atoms in grey, phosphate in orange,
oxygen in red and nitrogen in blue.) A represents the structure of four Enterococcus faecium CdaA molecules,
presented as cartoon. The protomers engaged in a back-to-dimer are colored in blue and marine, the two
monomers each forming an active center with one of the back-to-back dimers are colored in pale green and
yellow. B represents the structure of four Streptococcus pneumoniae CdaA molecules, presented as cartoon. The
protomers colored in blue and marine, as well as lime and yellow each form a back-to-back dimer. The CdaA
molecules in marine and yellow also form an active dimer, sandwiching between them a c-di-AMP molecule.

Recapitulatory, it is most likely that the inactive back-to-back formation found in several
crystal structures of CdaA from different organisms is the dimerization state in solution.
Furthermore, the finding indicates that this dimer form could also occur in vivo. Nevertheless,
higher oligomerization forms like hexa- or octamers which were observed for CdaS or DisA are
not likely for CdaA, as this conflicts with its membrane bound state. Hence, the active form of
CdaA is most likely a tetrameric state, which forms the transient active center, as indicated in

Figure 4.2B.

4.3 A rational structural-based approach for the identification of an inhibitor
for CdaA

Today, rising antibiotic resistance is one of the major health issues, causing around 700.000
deaths annually. This number is expected to rise to 10 million in 2050 if there will be no major
paradigm shift in the usage and development of new strategies to reduce or prohibit the
development of antimicrobial resistance (WHO, 2019). Unfortunately, since the beginning of
the Covid-19 pandemic in early 2020, efforts gained to push back rising antibiotic resistance
were nullified by improper and self-dosage of antibiotics (Khoshbakht et al, 2022). Hence,
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there is an urgent need in the development of new antibiotics to gain the upper hand in the
fight against multi-resistant bacteria. One possible target are enzymes which can produce c-
di-AMP. This second messenger nucleotide is essential in bacteria in which this metabolite is
found due to its regulatory role in osmolyte homeostasis (Bai et al, 2012; Gundlach et al,
2017a). It also plays a major role in modulating the virulence in several bacteria (Zarrella et al,
2020; Kundra et al, 2021) . Moreover, human pathogenic firmicutes often possess only a single
protein which is capable to produce c-di-AMP, rendering this enzyme an ideal new target for
the development of new antibiotics (Commichau et al, 2019).

A commonly used strategy to identify a new inhibitor of a specific protein is rational drug
design starting from a structure of the protein bound to its substrate or product. This approach
is frequently used in the development of inhibitors for proteases (Wang et al, 2019; Chan et
al, 2022). Moreover, it was also successfully used for designing inhibitors of other enzymes
like homoisocitrate dehydrogenase or hydroxysteroid dehydrogenase (Qiu et al, 2007; Wang
et al, 2019). The examples for potent inhibitors deriving from ATP are less prominent, but
there are a few examples (Toledo et al, 1999; Olivieri et al, 2022; Alexandrova et al, 2022).
Unsurprisingly, the majority of these inhibitors are designed for protein kinases and are
commonly used in cancer therapy (Bhullar et al, 2018; Gagic et al, 2020; Le et al, 2020).
Recently, there have been several approaches to screen kinase inhibitors for possible
antimicrobial effects (Schaenzer et al, 2017; Miller et al, 2009; Walsh & Fischbach, 2009).
These experiments were carried out mostly in cell cultures, so while an antimicrobial effect
was detected for some substances, the underlying mechanisms remain unclear (Johnston et
al, 2016; King & Blackledge, 2021). Furthermore, kinase inhibitors often showed cooperative
effects with other antibiotics, which in practice could make resistant bacteria more susceptible
to commonly used antibiotics like Gentamycin or Methicillin (Vornhagen et al, 2015; Johnston
et al, 2016). A recent success story is the antimicrobial compound PK150 from the company
Merck. Here, a library of kinase inhibitors was used to screen for compounds with an
antimicrobial effect and the anticancer drug sorafenib was identified as a hit able to efficiently
kil MRSA strains. Thereafter, Merck synthesized 70 different compounds based on the
structure of sorafenib and identified the compound PK150 as an antimicrobial compound with
a 10-fold higher efficiency than the origin compound, equally powerful as the antibiotic
Vancomycin (Le et al, 2020). In general, using a kinase inhibitor as starting point for drug
repurposing is becoming a common strategy (Pereira Moreira et al, 2022; Gelmedin et al,
2015)

In this thesis, rational drug design using the structure of a protein-substrate complex
led to the identification of a kinase inhibitor as suitable lead compound. The structure
of Bacillus subtilis CdaA in complex with AMP was used to investigate the active-site
interaction of AMP with the enzyme. Furthermore, the program SeeSar was employed to
perform docking experiments and to assess the importance of single atoms of the ligand with
respect to the interaction. This approach led to the identification of 7H-pyrrolo-[2,3-d]-
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pyrimidine, which should bind within the same affinity range as AMP. The predicted binding
mode was then confirmed experimentally by X-ray crystallography. Using the substructure
search of two databanks in combination with SeeSar led to the identification of the two
FDA/EMA approved tyrosine kinase inhibitors Ruxolitinib and Barcitinib as potential inhibitors
for CdaA, which both exhibited a predicted binding affinity in the micromolar range (Fig. 3.25).
Analysis of Bacillus subtilis CdaA crystals soaked with Barcitinib or Ruxolitinib revealed that
only the latter one was successfully soaked into the crystal while no additional electron density
was observed in crystals soaked with Barcitinib. The reason for this could be that Baricitinib
does not actually bind to the Bacillus subtilis CdaA. However, other factors like unfavorable
charges or the size of the solvent channels within the crystal system might have prevented
soaking with Barcitinib to be successful. Therefore, while it cannot be stated with certainty
that Barcitinib does not interact with CdaA, further experiments were carried out using
Ruxolitinib, as the structural evidence suggested more strongly that it could inhibit CdaA.
Indeed, in vitro assays utilizing the coralyne assays in combination with Bacillus subtilis CdaA
showed that Ruxolitinib reduces the cyclase activity with an I1Cso value of 2.7 uM (Fig. 28). To
investigate if these findings are unique to Bacillus subtilis CdaA or can also be observed with
other CdaAs from pathogenic organisms, Ruxolitinib was soaked into APO crystals of LmCdaA
(section 3.4.3). Moreover, the coralyne assay was used to investigate inhibitory effects of
Ruxolitinib against the CdaAs from Enterococcus faecium, Listeria monocytogenes,
Streptococcus pneumoniae and Staphylococcus aureus (Fig. 29). The results of these
experiments indicate that binding, and also the reduction of the cyclase activity of CdaA by
Ruxolitinib, is indeed conserved among different organisms.

To put this into context, it would be insightful to carry out similar experiments with the
published CdaA inhibitors Bromophenol-Thiohydantoin (Br-TH) and IPA-3 (Chen et al., 2018;
Li et al., 2022). While IPA-3 was identified using a kinase inhibitor library, bromophenol
derivatives are also known for their inhibitory effects on kinases (Wang et al, 2015). Br-TH’s
function as an inhibitor of diadenylate cyclases was discovered by Sintim and collegues (Zheng
et al, 2014). The inhibitory effect of Br-TH towards CdaA was determined using a coralyne in
vitro and an in vivo assay with Enterococcus faecalis and its respective CdaA. The in vitro
experiments showed that Br-TH can completely abolish the cyclase activity of Enterococcus
faecalis CdaA at a concentration of 90 uM. Unfortunately, no ICso value was determined. It
should also be kept in mind that no control experiments were carried out and therefore it
cannot be ruled out that coralyne is directly quenched by the halogen group of Br-TH, as it
was also shown to be the case in this thesis for the fragment D02. Nevertheless, they also
showed that Br-TH has antimicrobial effects against Enterococcus faecalis, as this compound,
applied with a concentration of 180 uM, is able to reduce the biofilm formation of this bacteria
by approximately 80% (Chen et al., 2018).

The compound 2,2 dihydroxy-1,1'dinapthyldisulfide (IPA-3) was identified as an inhibitory
compound by combining an assay based on the reagent Kinase Glo with a kinase inhibitory
library and an N-terminally truncated CdaA construct from Streptococcus suis. The suppressing
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activity of IPA-3 against the Streptococcus suis CdaA was further verified by HPLC experiments.
Furthermore, an ICso value of 33.22 uM was determined. To also investigate the inhibitory
effect of IPA-3 in vivo, bacterial growth experiments were performed. Escherichia coli cells
were used as a negative control, as this organism possesses no enzyme harboring a DAC
domain. In addition, the effect of IPA-3 on the bacteria strains Streptococcus suis, Bacillus
subtilis, Staphylococcus aureus, Streptococcus mutans and Enterococcus rhusiopahiae were
tested. Notably, Escherichia coli and Streptococcus mutans growth was not or just slightly
reduced by the compound IPA-3, which is in line with E. coli not possessing any diadenylate
cyclase activity and with c-di-AMP shown to not being essential in Streptococcus mutans
(Cheng et al, 2016). Surprisingly, IPA-3 was able to abolish the growth of Bacillus subtilis cells,
which possess three different proteins harboring a DAC domain. This indicates that IPA-3 is
not only active against CdaA, but also against other diadenylate cylases like DisA or CdaS. To
test if Ruxolitinib is similar or whether it specifically inhibits CdaA, in vivo growth experiments
with Escherichia coli and different deletion strains of Bacillus subtilis were carried out (Fig. 31).
These experiments showed that Ruxolitinib is able to reduce the growth rate of the AdisA
AcdaS and WT strain, but not the growth of the AcdaA AcdaS or Escherichia coli strain,
suggesting that Ruxolitinib is indeed a specific inhibitor of CdaA in vivo (section 3.4.6).
Therefore, Ruxolitinib is the first compound whose inhibitory effect and specificity against
CdaA has been proven in vivo.

Besides the inhibitory effect, important aspects that determine whether or not an inhibitory
compound can be further developed into a drug candidate are potential permeability issues,
easy metabolization, low bioavaibility or tolerance (McMartin, 1991). For the compound Br-
TH and the diadenylate cyclase DisA, experiments using the structure-activity-relationship
(SAR) approach were carried out. Nineteen different compounds deriving from Br-TH were
synthesized and tested in the coralyne assay. Nevertheless, no compound with an increased
inhibitory effect compared to Br-TH could be identified (Zheng et al, 2016). These efforts show
that the improvement of a compound without any structural information is a herculean task.
IPA-3 is regarded as a drug-like compound and its inhibitory effect as a kinase inhibitor against
p2l-activated kinase 1 has been proven in vitro and in vivo, rendering this compound as
potential drug for the treatment of prostate cancer (Al-Azayzih et al, 2016; Ji et al, 2016).
Unfortunately, experiments with human cells in combination with IPA-3 showed that this
compound is toxic for human peripheral blood cells and is also poorly soluble in water
(Kuzelova et al, 2014). Taken the facts together, IPA-3 could serve as good starting point for
the development of a potential inhibitor for CdaA. Nevertheless, the specificity against this
protein must be ensured. Therefore, structural knowledge of the complex of IPA-3 and CdaA
will be helpful to carry out SAR-analysis and to develop a more potent and specific inhibitor.
The findings in this thesis on the kinase inhibitor Ruxolitinib render this compound an inhibitor
for CdaA both in vivo and in vitro (section 3.4.4 and 3.4.6). Moreover, this compound is already
approved by the FDA/EMA for the treatment of myelofibrosis and in a low-dosage treatment
also for atopic dermatitis and vitiligo as it inhibits the janus kinases JAK1 and JAK2 (Sheikh et
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al, 2022; Kim et al, 2020; Harrison et al, 2012). It must be considered that there is the need to
change the structure of this compound in a way that it loses its inhibitory effect against targets
in humans, but not towards CdaA. The structural information provided by the complex of L.
monocytogenes and Bacillus subtilis CdaA with Ruxolitinib can be used as starting point for the
development of a more powerful and specific inhibitor against CdaA (section 3.4.2 and 3.4.3).

4.4 Fragment Screen using Bacillus subtilis CdaA

Crystallographic fragment screening has become a powerful tool for the efficient development
of new drugs (Patel et al, 2014). Although historically considered a slow method as every
crystal needs to be measured individually and no parallelization is possible, recent
developments regarding the synchrotron storage rings and beamline automatization enable
the collection of thousands of datasets per week (Lima et al, 2020). The advantage of this
method is that smaller and less complex chemical compounds (fragments) can be used
compared to other methods (Hajduk & Greer, 2007). Due to their simpler structure, these
fragments have a higher chance to bind to the target protein, resulting in more hits (Erlanson
et al, 2004). To complement this approach, as these small fragments bind less strongly to the
target protein than larger compounds, methods like PanDDA were development to also
identify weakly bound hits (Pearce et al., 2017a). Moreover, these fragments need no further
deconstruction and can be used directly as starting points for the development of potent and
highly specific inhibitors (Foloppe, 2011).

The first step for the execution of a crystallographic fragment screen campaign (CFS) is the
identification of a suitable target. The second step of a CFS campaign is establishing a suitable
crystallization system of the target protein in its APO state, as the success of the campaign
heavily depends on the average resolution and robustness of the crystals (Collins et al, 2018).
In this thesis, the CdaA of five different organisms were truncated in a rational manner and
applied to crystallization trials. N- and C-terminally truncated constructs from Enterococcus
faecium and Bacillus subtilis could be crystallized in their respective APO state. Unfortunately,
as the EfCdaA crystals only appeared after 5 months and diffracted to only 2.8 A resolution,
they were not suitable for a CFS campaign (Wollenhaupt et al, 2021b). The crystals harvested
from the BsCdaA construct could be reliably reproduced and diffracted to between 1.1 and
1.5 A. Regrettably, this means that solely the CdaA from the non-pathogenic organism Bacillus
subtilis crystallized in a system satisfying the requirements for a CFS campaign, despite the
similar truncations and final size of all constructs. Small differences could have led to the other
constructs not crystallizing, like slightly different lengths of their N-and C-terminal helices (Fig.
S.1).

For Bacillus subtilis CdaA, one magnesium ion is sandwiched between one protomer and a
symmetry mate, coordinated by non-conserved amino acids (Fig. 3.11). If the crystallization
conditions are set up without any magnesium, no crystals could be observed, indicating that
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this coordination is essential for crystal packing. Moreover, the crystallization system was
further optimized for a CFS campaign regarding its buffer composition as well as DMSO and
salt concentrations (Collins et al, 2018). The DMSO concentration is of particularly high
interest, as fragments are only soluble up to a concentration of 1 mM in a water-based solvent
(Baybekov et al, 2021). Therefore, different crystallization and diffraction experiments were
carried out, identifying 20% as ideal DMSO concentration for the crystallization condition
(section 3.3.1). This high percentage of DMSO should lead to a higher solubility of the
fragments and finally to a higher hit identification (Douangamath et al, 2021).

The CFS campaign was performed using the F2X-Entry fragment screen (Wollenhaupt et al,
2020). The hit-rate of the first FBDD derived drug Vemurafenib was drastically increased by
pre-screening with an activity assay, leading to a hit rate of about 42% (Tsai et al, 2008). This
rate is way higher than the normally expected hit rate of 0.5-10% in CFS campaigns (Verlinde
et al, 2009). This rate is confirmed by the latest published CFS campaigns against targets from
SARS-COV-2. Campaigns using NSP13 as their target reported a hit rate of 8%, those on NSP1
a hit rate of 5.8% and those on SARS-COV-2 main protease a hit rate of 0.6% (Gunther et al,
2021; Newman et al, 2021; Ma et al, 2022). Here, we reported a hit rate of 33% of the F2X-
Entry library against the protein Bacillus subtilis CdaA (section 3.3.2). This performance is
above average, but in line with the previously published hit rate of about 20% (Wollenhaupt
etal., 2021).

Analysis of these hits reduced the number to a total of 6 different fragments which can be
used as starting points for the development of inhibitory lead compounds as they bind to a
highly conserved region of CdaA (section 3.3.2). Unfortunately, none of the fragments show a
strong inhibitory effect on the cyclase active of Bacillus subtilis CdaA in the employed assays
(section 3.3.3). Three of the fragments are allocated in the same site where the adenine
moiety of the substrate ATP is bound (A09, GO4 and D02) (Fig. 3.15B). Therefore, it could be
worth to grow these fragments in the direction where the other parts of the ATP are bound
to further block the interaction of the enzyme with its substrate, or they can be merged by
identifying a shared scaffold. Moreover, the fragments A09, G0O4 and D02 could be linked to
the other 3 identified fragments (B07, BO8, E04) to prohibit the formation of the active center
of CdaA (Fig 3.15B). The fragment BO7 seems to be the most promising fragment for this
approach as is exhibits the highest occupancy in the respective X-ray structure (section 3.3.2)
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Figure 4.3: Presentation of Bacillus subtilis CdaA in complex with the fragments BO7, B08, G04 and the compound
Ruxolitinib. The structure of Bacillus subtilis CdaA is depicted as surface and colored in orange. The cleft which
indicates a possible growth direction of Ruxolitinib is colored in wheat. The fragments and Ruxolitinib are
depicted as sticks (carbon in grey or dark grey, oxygen in red and nitrogen in blue).

Similarly, Ruxolitinib, which was identified by rational drug design (section 3.4.2), could also
be used as starting point for the development of a potential antibiotic drug as is able to reduce
the activity of CdaA (section 3.4.4). One possibility to modify Ruxolitinib might be the
introduction of a hydroxy group at the pyrazole-ring of this compound, as the structure
showed that the nitrogen of the pyrazole ring coordinates a water molecule which is further
coordinated by aspartate 171 and histidine 172, two heavily conserved residues (Fig. 3.26 B).
This introduction of a hydroxy group based on the observed coordination of a water molecule
was previously successfully performed for the development of an HIV protease inhibitor (Yue
et al, 1987; Fischer & Riedl, 2013). The structure of BsCdaA with Ruxolitinib aligned with the
identified fragments shows that Ruxolitinib covers the space where the fragments A09, GO4
and D02 are located, as they all bind in the active center, unlike BO7, EO6 and B0O8 (Fig. 3.15B).
Therefore, it is also possible to link Ruxolitinib with one of the latter fragments via a suitable
linker to achieve a more potent and specific inhibitor for CdaA. Moreover, the cycloheptane
moiety of Ruxolitinib could be used as a starting point to grow this compound further in the
direction of the conserved cleft of CdaA to raise the specificity towards CdaA as depicted in
Figure 4.3.
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5 Summary

One of the major threats for the global health system is the increasing number of antibiotic
resistant bacterial strains. The misuse of antibiotics during the Covid pandemic aggravates
these problems. Therefore, the development of new antibiotics is mandatory to fight the rising
threat of multi-resistant bacteria.

The essential second messenger c-di-AMP was discovered in 2008 and is mainly found in gram
positive bacteria. It has been identified in several human pathogens like Listeria
monocytogenes, Staphylococcus aureus or Enterococcus faecalis. It is a key player in the
regulation of several pathways like DNA integrity scanning, cell wall metabolism or osmolyte
homeostasis. Five different protein classes are able to synthesize c-di-AMP They all have the
diadenylate cyclase domain (DAC) in common and need to dimerize to produce c-di-AMP in a
metal-ion dependent manner from two ATP molecules. The protein class CdaA consists of
three N-terminal transmembrane helices followed by the DAC domain and is often the sole
diadenylate cyclase in several human pathogenic bacteria like Staphylococcus aureus,
Streptococcus pneumoniae or Enterococcus faecium. The essentiality of c-di-AMP renders
CdaA as potential target for the development novel antibiotic substances.

The major goal of this thesis was the establishment of a crystallization system of CdaA suitable
for a fragment screening campaign in order to identify starting points for the development of
inhibitors of CdaA. Therefore, the first part of this work is focused on the crystallization of
CdaA from the soil bacterium Bacillus subtilis and the human pathogens Listeria
monocytogenes, Staphylococcus aureus, Streptococcus pneumoniae and Enterococcus
faecium. To obtain constructs well suited for crystallography, the CdaAs of these organisms
were N- and C-terminal truncated to solely consist of the DAC domain. The purity and
homogeneity of every purified CdaA were verified via SDS-PAGE and DLS. To prove the
enzymatic functionality of the purified proteins, the coralyne activity assay was applied with
varying divalent cations. All purified CdaAs exhibit activity in the presence of manganese ions
while their activity in presence of magnesium- or cobalt-ions differs. To explore these
variations, crystallization trials of the different CdaAs in presence of their favorable metal-ion
and ATP were carried out.

As a result, the crystal structure of Enterococcus faecium CdaA in complex with c-di-AMP and
manganese as well as the crystal structure of Streptococcus pneumoniae CdaA in complex with
c-di-AMP and magnesium were solved at a resolution of 2.1 A (EfCdaA) and 2.2 A (SpCdaA).
Unfortunately, both models represent a post catalytic state where the metal ion is not
coordinated in a catalytically active way, giving no further insights into the structural basis for
the differing metal ion specificity. Nevertheless, if both obtained structures are compared to
the Listeria monocytogenes CdaA structure in complex with c-di-AMPa conserved interaction
pattern with c-di-AMP could be observed, rendering the interacting amino acids as possible
targets for inhibitor design.
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5 Summary

In order to identify potential fragments which can reduce the activity of CdaA, the CdaAs from
all previously mentioned organisms were applied to crystallization trials in their APO state. For
the CdaA of Enterococcus faecium and Bacillus subtilis these trials were successful. However,
the crystallization system for Enterococcus faecium CdaA does not matches the requirements
for a crystallographic fragment screening campaign as the crystals diffracted just to 2.4 A and
required several months to grow. In contrast, the Bacillus subtilis APO crystals diffracted up to
1.6 A and were highly reproduceable. Further optimization of the crystallization condition led
to a crystallization system which is greatly suitable for a fragment screening campaign.
Through the following fragment campaign using the F2X-Entry screen, 32 unique fragments
were identified to interact with BsCdaA. Mapping these fragments on a Consurf model of CdaA
reduced the number to six different fragments which bound in the highly conserved
active/dimerization site. These fragments were also biochemically characterized using the
coralyne and malachite green assay. As none of the fragments reduced the cyclase activity of
BsCdaA, an alternative approach was carried out to identify an inhibitory compound.

Here, the structure of BsCdaA in complex with AMP, which were determined in this work
served as starting point for the identification of an inhibitory compound. By a computational
defragmentation approach employing SeeSar, adenine was identified as fragment of AMP
which is largely responsible for the biding capability of AMP. Combing the methods of
computer aided drug design and structural information gained by X-ray crystallography, the
Janus kinase inhibitor Ruxolitinib was identified as potential inhibitory compound for CdaA.
The conserved binding mode of Ruxolitinib towards CdaA was proven as Ruxolitinib exhibits
the same interaction pattern for CdaA from Bacillus subtilis and Listeria monocytogenes as it
can be concluded by the X-ray structures obtained in this work as Ruxolitinib binds in the active
site of the protein, it most likely acts as competitive inhibitor for CdaA. Moreover, the ICso
value of Ruxolitinib was determined as 2.7 uM for BsCdaA. Determining the cyclase activity of
CdaA from Listeria monocytogenes, Staphylococcus aureus, Streptococcus pneumoniae or
Enterococcus faecium in presence of Ruxolitinib also show a reduced activity, underlining the
conservation of the protein-ligand interaction. Besides the in vitro studies, also in vivo
experiments utilizing different Bacillus subtilis strains were carried out. The results from these
experiments suggest a high specificity of Ruxolitinib towards Bacillus subtilis CdaA in vivo.
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6 Appendix
Table S.1: Overview of collected datasets for the crystallographic fragment screen.
High overall | high

resolution Low comp_ 1/o (1) 1/o (1) overall high
Name [A] res[A] | Rwork[%] | Rfree[%] overall comp_high CC1/2 | €C1/2 | fragment
AOla 1,32 33,93 0,20 0,24 95,0% 91,9% 10,5 0,6 99.9* 37.9*
A01b 1,29 46,87 0,19 0,22 95,8% 94,1% 9,1 0,5 99.9* 31.9*
A02a 1,27 42,68 0,21 0,23 92,3% 90,2% 11,2 0,7 99.9* 42.4*
A02b 1,29 33,98 0,18 0,22 92,7% 90,2% 11,9 0,6 99.9* 38.1*
AO3a 1,24 46,81 0,19 0,20 97,1% 94,3% 12,5 0,7 99.9* 47.6*
A03b 1,14 46,86 0,19 0,21 92,3% 66,0% 13,0 0,5 99.9* 30.7*
A04a 1,24 46,84 0,19 0,22 95,8% 92,7% 11,8 0,8 99.9* 65.4*
A04b 1,3 37,27 0,21 0,23 98,6% 97,1% 9,3 0,5 99.8* 31.4*
AO5a 1,35 42,65 0,18 0,23 96,9% 94,8% 11,1 0,8 99.9* 40.0*
AO05b 1,29 46,78 0,20 0,23 97,4% 94,6% 10,3 0,6 99.9* 38.8*
AO6a 1,5 33,81 0,20 0,22 95,8% 90,7% 10,6 1,0 99.8* 46.3*
A06b 1,42 42,63 0,21 0,24 92,9% 92,5% 9,9 0,7 99.9* 42.8*
AQ7a 1,48 32,96 0,21 0,24 95,7% 92,4% 10,1 0,9 99.8* 44.9*
A07b 1,21 46,9 0,20 0,23 98,5% 96,7% 11,6 0,7 99.9* 44.2*
A08a 1,17 46,77 0,19 0,21 92,7% 74,0% 10,8 0,6 99.9* 38.5*
A08b 1,3 46,98 0,20 0,23 96,4% 92,8% 10,0 0,7 99.9* 39.9*
A09a 1,22 46,78 0,19 0,22 96,2% 93,8% 11,0 0,6 99.9* 41.2* X
A09b 1,29 42,67 0,19 0,23 96,8% 91,8% 10,2 0,7 99.9* 39.2* X
Al0a 1,22 42,69 0,19 0,22 97,9% 95,5% 11,8 0,7 99.9* 44.9*
A10b 1,35 33,9 0,18 0,22 94,6% 91,5% 12,3 0,8 99.9* 44.4*
Alla 1,25 42,72 0,21 0,22 99,1% 98,3% 11,7 0,7 99.9* 46.2*
Allb 1,17 46,9 0,20 0,22 89,8% 67,0% 10,9 0,6 99.9* 39.3*
Al2a 1,22 32,1 0,22 0,24 97,8% 94,6% 11,3 0,6 99.9* 40.3* X
A12b 1,21 33,93 0,19 0,22 93,0% 87,2% 9,8 0,5 99.9* 39.5* X
Apo01 1,28 42,68 0,20 0,22 97,1% 94,6% 11,2 0,6 99.9* 44.7*
Apo02 1,21 33,98 0,22 0,24 97,2% 92,7% 10,2 0,6 99.9* 40.2*
Apo03 1,27 46,9 0,22 0,24 93,8% 90,5% 10,1 0,5 99.9* 44.1*
Apo04 1,48 42,64 0,23 0,25 96,8% 94,1% 9,6 0,8 99.9* 42.4*
Apo06 1,61 46,83 0,21 0,25 98,6% 96,7% 9,2 0,7 99.8* 34.7*
Apo07 1,68 32,05 0,21 0,25 98,1% 93,5% 7,2 0,7 99.7* 34.6*
Apo08 1,46 37,28 0,18 0,22 98,0% 94,0% 11,2 1,2 99.8* 59.3*
Apo09 1,23 31,85 0,19 0,22 93,3% 86,5% 10,1 0,6 99.9* 44.1*
Apol0 1,3 34,04 0,22 0,24 94,6% 91,2% 9,9 0,5 99.9* 44.3*
BOla 1,14 46,84 0,18 0,21 98,3% 95,6% 11,0 1,1 99.9* 61.6*
BO1lb 1,56 46,83 0,21 0,23 83,6% 41,1% 13,3 0,6 99.9* 44.1*
B02a 1,11 33,93 0,21 0,22 96,7% 94,5% 12,2 0,8 99.9* 45.7*
BO2b 1,36 46,77 0,20 0,22 86,3% 53,6% 13,0 0,6 99.9* 40.8*
BO3a 1,15 42,72 0,20 0,23 93,4% 88,2% 12,1 0,7 99.9* 47.9* X
BO3b 1,22 46,73 0,19 0,22 96,8% 92,7% 8,4 0,5 99.8* 37.7* X
BO4a 1,38 46,87 0,20 0,25 97,6% 94,6% 9,1 0,9 99.8* 50.2*
BO4b 1,55 46,83 0,22 0,24 98,5% 94,6% 8,1 0,7 99.8* 41.4*
BOSa 1,66 46,68 0,22 0,28 97,5% 93,7% 13,2 0,7 99.9* 42.0*
BOSb 1,35 46,81 0,21 0,23 98,0% 94,6% 8,8 0,9 99.7* 46.0*
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BO6a 1,42 32,88 0,19 0,23 96,4% 95,0% 13,2 1,0 99.9* | 56.1*
BO6b 1,41 46,79 0,18 0,22 97,8% 92,6% 10,7 0,6 99.9* | 46.6* X
B07a 1,35 46,96 0,22 0,24 97,6% 95,6% 11,1 0,9 99.9% | 43.3* X
BO7b 1,5 42,73 0,21 0,25 94,9% 92,2% 9,0 0,6 99.9% | 33.2%
B08a 1,3 34 0,21 0,25 97,3% 93,6% 9,1 0,7 99.8* | 36.4* X
BO8b 1,25 46,8 0,19 0,22 92,8% 87,9% 10,1 0,5 99.9* | 46.7* X
B09a 1,3 42,7 0,23 0,25 95,1% 91,8% 10,4 0,6 99.9* | 46.6*
BO9b 1,22 42,63 0,22 0,22 98,6% 96,4% 10,1 0,8 99.8% | 45.2*
B10a 1,27 46,89 0,21 0,26 97,6% 90,9% 11,4 0,6 99.9* | 40.0*
B10b 1,42 47 0,20 0,23 98,9% 98,4% 11,2 0,9 99.9* | 48.1*
Blla 1,19 33,04 0,20 0,22 96,1% 92,1% 11,1 0,7 99.9% | 49.4%
B11b 1,4 46,9 0,18 0,23 94,3% 89,8% 11,6 0,6 100.0* | 45.6*
B12a 1,22 33,98 0,20 0,22 89,3% 59,3% 11,4 0,6 99.9* | 38.1*
B12b 1,22 46,85 0,19 0,22 98,5% 95,8% 9,7 0,7 99.9% | 44.8*
Cola 1,15 46,9 0,20 0,22 95,2% 90,8% 10,4 0,7 99.9* | 46.3*
CO1b 1,4 42,62 0,20 0,24 93,0% 91,0% 9,7 0,6 99.9% | 45.8*
C02a 1,35 33,95 0,19 0,22 91,9% 65,4% 15,0 0,6 100.0* | 34.5*
C02b 1,46 46,68 0,21 0,25 96,1% 93,3% 12,8 0,7 99.9% | 36.2*
C03a 1,14 37,08 0,18 0,20 98,5% 96,6% 11,2 0,9 99.9* | 43.8*
C03b 1,32 46,85 0,19 0,22 95,6% 88,8% 9,3 0,6 99.9* | 40.4*
C04a 1,5 42,72 0,20 0,23 96,7% 95,2% 9,6 0,7 99.9* | 44.9* X
C04b 1,21 33,96 0,20 0,22 97,9% 95,2% 12,7 0,7 99.9% | 43.4* X
C05a 1,39 46,87 0,19 0,24 97,5% 93,8% 9,4 0,5 99.9* | 35.8*
CO5b 1,25 46,96 0,19 0,22 84,1% 47,5% 13,3 0,6 100.0* | 41.2*
C06a 1,28 32,88 0,19 0,21 98,5% 97,2% 11,6 0,7 99.9* | 40.9* X
CO6b 1,83 46,74 0,21 0,27 98,5% 96,2% 11,0 0,6 99.9% | 42.6*
C07a 1,41 42,68 0,19 0,22 92,0% 86,0% 12,6 0,6 100.0* | 41.9* X
CO7b 1,28 33,91 0,21 0,24 97,4% 93,7% 10,3 0,8 99.8% | 49.8* X
C08a 1,25 42,67 0,20 0,22 96,7% 94,1% 13,1 1,0 99.9% | 55.7* X
C08b 1,35 47,04 0,21 0,23 96,7% 92,4% 10,0 0,6 99.9* | 43.3* X
C09a 1,25 42,68 0,18 0,21 88,1% 46,4% 14,3 0,5 99.9% | 39.0%
C09b 1,39 46,78 0,21 0,23 95,2% 93,1% 11,2 1,0 99.8* | 47.1*
C10a 1,32 30,81 0,21 0,24 97,0% 93,9% 9,8 0,8 99.9% | 41.9*
C10b 1,22 46,85 0,21 0,23 96,7% 93,6% 7,0 0,9 99.5% | 39.2*
Clia 1,32 42,71 0,21 0,23 97,7% 94,2% 9,3 1,0 99.8% | 47.3* X
C11b 1,42 46,85 0,22 0,24 98,1% 95,9% 9,1 0,6 99.9* | 39.4* X
Cl12a 1,22 33,05 0,20 0,23 98,2% 95,8% 11,1 0,7 99.9* | 46.9*
C12b 1,32 30,76 0,22 0,24 98,2% 95,9% 9,7 0,7 99.9* | 39.9*
DO1a 1,23 46,76 0,21 0,23 95,1% 91,8% 9,9 0,7 99.9% | 43.9*
DO1b 1,45 42,76 0,18 0,21 98,8% 98,1% 13,9 0,8 99.9* | 42.3*
DO02a 1,15 42,69 0,19 0,21 93,5% 88,2% 9,6 0,5 99.9% | 38.5* X
D02b 1,21 46,82 0,19 0,22 94,4% 88,8% 10,2 0,5 99.9* | 43.6* X
DO03a 1,31 33,95 0,19 0,21 97,7% 94,8% 9,6 0,6 99.9% | 40.3*
DO3b 1,17 30,71 0,20 0,22 98,3% 96,4% 9,1 0,7 99.8% | 33.4*
D04a 1,23 42,68 0,19 0,23 96,3% 92,2% 11,0 0,6 99.9* | 39.9* X
DO04b 1,25 46,82 0,20 0,24 94,7% 91,2% 9,9 0,6 99.9% | 34.6* X
DO5a 1,29 46,91 0,20 0,23 97,1% 94,6% 15,7 1,3 99.9* | 73.9*
DO5b 1,11 46,91 0,20 0,21 95,2% 92,2% 12,8 1,0 99.9% | 45.2*
DO6a 1,14 42,73 0,20 0,22 91,9% 66,9% 13,9 0,6 100.0* | 36.8* X
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DO6b 1,18 46,83 0,22 0,25 95,5% 92,8% 12,8 0,7 99.9* | 36.3* X
DO07a 1,27 37,25 0,19 0,22 90,8% 68,7% 13,3 0,6 100.0* | 39.9*
DO7b 1,25 42,66 0,18 0,21 94,8% 90,8% 11,9 0,7 99.9* | 46.8*
DO08a 1,22 46,91 0,19 0,23 94,4% 92,2% 11,1 0,6 99.9* | 36.3* X
DOSb 1,27 42,74 0,19 0,22 95,7% 93,4% 10,4 0,6 99.9% | 42.2* X
D09%a 1,14 42,66 0,19 0,21 91,2% 59,9% 10,9 0,4 99.9* | 26.4*
D09b 1,21 46,92 0,19 0,22 94,9% 75,6% 12,1 0,5 100.0* | 32.4*
D10a 1,28 33,9 0,19 0,22 89,7% 71,9% 9,6 0,6 99.9* | 37.9*
D10b 1,38 33,04 0,18 0,21 98,8% 97,8% 8,1 0,6 99.8* | 32.9%
Dila 1,21 46,81 0,18 0,21 95,6% 93,3% 9,8 0,8 99.9* | 43.3*
D11b 1,22 31,98 0,22 0,25 97,8% 95,6% 9,7 0,7 99.9* | 46.0%
D12a 1,08 46,88 0,17 0,19 98,0% 94,0% 10,8 0,6 99.9* | 38.4*
D12b 1,35 46,96 0,19 0,23 92,2% 66,5% 9,8 0,5 99.9% | 33.9%
EOla 1,08 33,96 0,20 0,22 94,8% 89,2% 12,3 0,7 99.9% | 47.5*
EO1b 1,15 33,94 0,21 0,23 98,7% 96,5% 11,9 0,6 99.9* | 35.5*
E02a 1,52 46,65 0,21 0,23 96,6% 90,1% 11,8 0,7 99.9* | 36.2*
E02b 1,48 33,78 0,21 0,22 95,0% 90,2% 12,2 0,6 100.0* | 46.3*
E03a 1,19 30,67 0,21 0,23 87,3% 45,1% 13,7 0,7 99.9% | 46.2*
E03b 1,35 34,04 0,18 0,21 94,7% 91,4% 10,8 0,6 99.9* | 36.1*
E04a 1,22 46,88 0,20 0,23 79,5% 31,1% 11,0 0,7 99.9% | 44.7* X
E04b 1,14 33,97 0,21 0,22 89,0% 58,0% 12,7 0,6 99.9* | 39.6*
E05a 1,21 33,99 0,19 0,23 95,0% 92,4% 12,6 0,8 99.9* | 36.5*
E05b 1,18 46,9 0,19 0,20 98,0% 96,2% 13,8 0,8 99.9* | 41.5*
E06a 1,35 33,91 0,21 0,24 91,4% 77,1% 13,0 0,6 100.0* | 45.8* X
E06b 1,26 371 0,17 0,20 98,0% 92,4% 12,0 0,8 99.9* | 38.0*
E07a 1,27 46,92 0,19 0,23 95,5% 91,0% 10,2 0,7 99.9% | 45.8*
E07b 1,28 46,88 0,18 0,20 87,6% 53,1% 14,0 0,5 100.0* | 31.5*
E08a 1,11 46,88 0,22 0,22 96,7% 92,3% 11,2 0,7 99.9% | 42.6* X
E08b 1,11 42,69 0,19 0,20 98,0% 92,1% 9,6 0,7 99.9* | 38.8* X
E09a 1,22 33,96 0,21 0,24 94,4% 91,5% 9,7 0,6 99.9% | 38.2*
E09b 1,35 46,91 0,18 0,22 93,7% 91,2% 13,7 0,8 100.0* | 45.0*
E10a 1,21 34,03 0,19 0,22 96,2% 93,8% 9,2 0,6 99.9% | 33.0%
E10b 1,42 46,91 0,18 0,21 82,3% 38,9% 10,3 0,6 99.9* | 40.7*
Ella 1,27 46,92 0,21 0,25 90,2% 57,9% 9,4 0,5 99.8% | 28.7*
E11b 1,39 46,81 0,20 0,22 97,0% 93,3% 11,0 0,5 99.9* | 41.4*
E12a 1,17 33,11 0,18 0,21 97,6% 95,4% 12,4 0,8 99.9% | 41.7* X
E12b 1,18 34,04 0,17 0,19 92,1% 85,8% 12,0 0,7 99.9* | 44.0* X
FOla 1,11 46,87 0,20 0,22 97,2% 95,0% 13,0 1,1 99.9% | 44.0%
FO1b 1,19 46,93 0,21 0,22 95,6% 93,0% 10,8 0,5 99.9* | 40.4*
FO2a 1,19 46,91 0,17 0,19 97,4% 93,8% 11,2 0,8 99.9% | 41.9%
FO2b 1,11 42,7 0,19 0,20 92,8% 74,0% 12,8 0,7 99.9% | 37.5*
FO3a 1,15 42,7 0,18 0,20 95,2% 74,9% 12,8 0,5 99.9* | 31.0* X
FO3b 1,42 33,92 0,19 0,23 81,8% 38,1% 14,1 0,6 100.0* | 40.0* X
FO4a 1,22 33,94 0,20 0,23 93,3% 81,5% 12,0 0,6 100.0* | 38.8* X
FO4b 1,42 42,68 0,20 0,23 96,2% 88,0% 16,6 1,2 100.0* | 66.2* X
FOS5a 1,52 32,93 0,20 0,23 85,8% 45,6% 13,4 0,5 100.0* | 31.8*
FO5b 1,41 46,97 0,18 0,23 95,1% 77,1% 12,7 0,6 99.9* | 38.9*
FO6a 1,25 34,03 0,19 0,21 97,0% 95,3% 10,5 0,9 99.9* | 44.2*
FO6b 1,22 46,87 0,19 0,21 95,9% 92,7% 10,9 0,8 99.9% | 45.1%
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FO7a 1,32 33,98 0,19 0,23 98,0% 94,1% 8,5 1,0 99.7* | 48.7*
FO7b 1,27 34,02 0,22 0,23 97,1% 93,5% 11,9 0,9 99.9% | 44.9%
FO8a 1,32 34,18 0,20 0,24 98,7% 97,1% 11,3 0,7 99.9* | 39.7*
FOSb 1,46 46,9 0,18 0,23 99,0% 98,2% 10,8 0,6 99.9% | 42.8*
F09a 1,25 32,23 0,18 0,21 97,8% 96,0% 10,2 0,6 99.9% | 39.7* X
FO9b 1,35 37,39 0,20 0,22 96,2% 93,8% 10,6 0,7 99.9% | 45.4*
F10a 1,17 46,91 0,20 0,23 98,7% 96,5% 9,6 0,5 99.9% | 34.4*
F10b 1,27 46,85 0,21 0,24 98,4% 96,8% 13,1 0,9 99.9% | 44.1*
Flla 1,14 46,97 0,20 0,24 95,6% 93,0% 12,3 0,8 99.9% | 42.4* X
F11b 1,14 31,9 0,23 0,24 98,4% 94,3% 11,6 0,6 99.9% | 34.6*
F12a 1,22 46,85 0,20 0,22 94,0% 77,1% 10,1 0,6 99.9% | 33.8*
F12b 1,08 42,73 0,19 0,21 93,5% 89,0% 9,1 0,6 99.9% | 41.3*
GOla 1,17 42,72 0,19 0,21 90,2% 59,6% 11,9 0,6 99.9% | 37.3*
GO1b 1,19 46,83 0,21 0,23 86,3% 50,8% 11,1 0,6 99.9* | 37.7*
G02a 1,21 46,87 0,19 0,22 99,0% 98,4% 11,4 0,6 99.9% | 39.0%
G02b 1,36 33,92 0,19 0,22 89,9% 66,7% 14,0 0,7 100.0* | 47.5*
G03a 1,21 46,77 0,19 0,22 92,8% 79,8% 13,3 0,8 99.9* | 48.2* X
GO3b 1,14 46,9 0,20 0,22 93,4% 86,2% 13,1 0,7 99.9% | 42.2* X
G04a 1,25 42,62 0,19 0,21 95,5% 92,0% 11,2 0,8 99.9* | 37.3* X
G04b 1,29 46,76 0,20 0,23 93,7% 86,9% 11,6 0,7 99.9% | 44.8*
GO5a 1,3 46,88 0,18 0,23 93,5% 69,9% 12,9 0,5 99.9* | 32.6*
GO5b 1,21 42,7 0,18 0,22 98,8% 97,3% 11,0 0,7 99.9% | 42.8* X
GO6a 1,17 42,61 0,19 0,21 97,1% 93,6% 8,9 0,5 99.9* | 33.0*
GO6b 1,21 30,74 0,21 0,23 95,3% 90,5% 11,4 0,6 99.9% | 35.8*
G07a 1,25 42,7 0,18 0,22 97,0% 92,8% 11,7 0,7 99.9* | 38.3*
GO7b 1,37 46,92 0,20 0,23 97,5% 89,1% 12,9 0,6 99.9% | 33.9*
G08a 1,23 37,19 0,20 0,22 91,7% 86,0% 12,8 0,7 100.0* | 46.0*
G08b 1,22 46,96 0,20 0,23 98,5% 96,6% 13,5 0,7 100.0* | 36.1* X
G09a 1,39 46,9 0,18 0,22 96,5% 91,7% 11,1 0,7 99.9* | 47.0*
G09b 1,26 46,79 0,20 0,22 96,9% 92,7% 10,1 0,6 99.9% | 39.2*
G10a 1,27 46,91 0,23 0,25 96,6% 92,4% 10,6 0,6 99.9* | 39.4*
G10b 1,3 33,98 0,21 0,24 96,6% 94,5% 11,6 0,7 99.9% | 39.0%
Glla 1,08 46,86 0,20 0,22 94,7% 91,5% 9,4 0,5 99.9* | 43.9*
G11ib 1,21 46,89 0,21 0,23 98,4% 96,9% 11,0 0,6 99.9% | 34.3*
G12a 1,11 46,86 0,19 0,21 83,7% 40,3% 12,0 0,5 99.9* | 36.2*
HO1a 1,49 42,79 0,18 0,22 93,9% 86,5% 10,5 0,5 99.9% | 43.4* X
HO1b 1,26 42,81 0,18 0,20 82,6% 39,3% 15,0 0,8 100.0* | 51.4* X
HO2a 1,4 32,31 0,20 0,21 98,8% 97,1% 12,3 0,6 99.9% | 42.3*
HO2b 1,23 33,86 0,19 0,21 98,6% 97,3% 12,1 0,9 99.9* | 44.6*
HO3a 1,53 42,76 0,21 0,24 98,1% 96,1% 13,8 0,8 100.0* | 46.8*
HO3b 1,45 42,67 0,21 0,23 97,9% 95,7% 11,6 0,8 99.9% | 44.2*
HO4a 1,37 46,69 0,22 0,25 97,0% 92,4% 11,3 0,6 99.9% | 44.7*
HO4b 1,11 33,9 0,21 0,23 95,0% 91,1% 10,8 0,8 99.9% | 37.8* X
HO5a 1,35 42,72 0,19 0,22 97,4% 96,0% 11,1 0,9 99.9* | 50.4*
HO5b 1,45 46,77 0,21 0,26 95,2% 91,4% 9,4 0,5 99.9* | 44.0*
HO6a 1,53 46,85 0,22 0,25 85,4% 45,0% 11,1 0,5 99.9* | 34.0*
HO6b 1,27 46,84 0,21 0,22 96,4% 93,0% 11,8 0,9 99.9% | 45.8*
HO7a 1,16 42,7 0,19 0,23 97,1% 94,8% 9,1 0,7 99.8* | 40.2*
HO7b 1,25 32,88 0,19 0,23 96,4% 94,3% 10,6 0,6 99.9% | 42.5*
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HO8a 1,42 42,84 0,19 0,22 84,0% 48,5% 13,9 0,7 100.0* | 43.0*
HO8b 1,3 33,96 0,21 0,23 93,3% 88,4% 11,6 0,7 99.9* | 44.8*
H09a 1,29 46,85 0,19 0,23 96,3% 94,4% 11,9 0,9 99.9% | 44.6* X
HO9b 1,27 42,75 0,19 0,21 96,7% 93,4% 11,9 0,6 99.9% | 41.4* X
H10a 1,57 33,91 0,23 0,28 96,0% 93,8% 8,5 0,5 99.8% | 41.3*
H10b 1,24 42,64 0,20 0,22 93,8% 91,6% 11,2 0,6 99.9% | 39.3*
H1la 1,36 33,98 0,21 0,23 97,9% 95,4% 7,7 0,7 99.7* | 44.8* X
H11b 1,32 33,1 0,20 0,23 98,9% 97,9% 8,9 0,7 99.8* | 41.9* X
H12a 1,29 37 0,21 0,25 93,3% 91,1% 11,1 0,8 99.9% | 47.2* X
H12b 1,08 33,89 0,19 0,22 98,9% 97,1% 11,0 0,7 99.9% | 35.4* X

Table S.2: Overview of the crystallographic data and refinement statistics of Bacillus subtilis CdaA in complex
with different ligands and Listeria monocytogenes CdaA in complex with Ruxolitinib.

Crystallographic data A100 LmCdaA+ A102 BsCdaA+ A102 BsCdaA+ | A102 BsCdaA+ |A102 BsCdaA+
Ruxolitinib Ruxolitinib AMP 7H- adenine
Pyrrolo[2,3-
d]pyrimidine
Beamline Micromax 007 Petralll, P14 BESSY Il Micromax 007 Petralll, P14
Wavelenght (A) 1.54179 0.97620 0.91840 1.54179 0.82656
Resolution range (A) 65.06-2.85 (2.95- | 46.32-1.25(1.37- | 46.76-1.8 (1.9- 42.92-1.75 67.77-1.12
2.85) 1.25) 1.8) (1.80-1.75) (1.15-1.12)
Unique reflections 8968 80315 28355 34032 121471
Redundancy 6.9 (7.1) 6.8 (6.9) 3.7 (3.9) 18.5(18.2) 5.7 (5.3)
Completeness (%) 98.5 (98.0) 97.3(95.9) 97.8(97.3) 99.8 (96.8) 99.4 (98.8)
Space group P21212; Cc2 c2 Cc2 c2
a, b, c(A) 43.28, 64.90, 119.00, 39.10, 119.04, 38.22, 118.53,39.17, |118.91, 39.59,
130.13 67.46 68.11 67.49 68.05
a, B,y (°) 90.00, 90.00, 90.00, 94.49, 90.00, 95.13, 90.00, 94.09, 90.00, 95.13,
90.00 90.00 90.00 90.00 90,00
Rmerge (%) 16.8 (135.0) 8.4 (108.4) 10.6 (81.6) 10.1 (149.6) 7.8 (89.3)
I/o (1) 10.51 (1.55) 12.05 (1.87) 10.35 (1.62) 19.97 (1.90) 11.00 (1.36)
CCip 99.8 (65.7) 99.4 (91.9) 99.8 (78.1) 100 (68.7) 99.4 (90.7)
Wilson B (A2) 59.9 19.3 21.1 23.8 16.1
Refinement statistics
Rwork/Réree (%) 0. 249/0.305 0.162/0.189 0.199/0.241 0.195/0.232 0.159/0.181
No. of atoms 5876 5032 5010 4996 5695
B-factors (A?)
Protein 54 31 27 32 24
Ligand 59 45 37 29 39
R.m.s deviations
Bond lengths (A) 0.007 0.0093 0.0041 0.0102 0.015
Bond angles (°) 1.000 0.975 0.640 1.620 1.390
Molprobity analysis
Ramachandran. favoured (%) 98.68 99.01 98.33 98.03 98.68
Ramachandran. outliers (%) 0.00 0.00 0.00 0.00 0.00
Rotamer outliers (%) 2.28 1.96 0.40 2.76 1.03
Clashscore 135 6.82 4.02 7.36 6.80
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Table S.3: Overview of the crystallographic data and refinement statistics of Bacillus subtilis CdaA, Streptococcus
pneumoniae CdaA in complex with c-di-AMP, Enterococcus feacium CdaA APO and bound to c-di-AMP.

Crystallographic data A84 SpCdaA+ A121 EfCdaA 0121 EfCdaA+ A102 BsCdaA
c-di-AMP c-di-AMP
Beamline ESRF,ID-23.1 Petralll, P14 Petralll, P14 Micromax 007
Wavelenght (A) 0.96770 0.97626 0.97626 1.54179
Resolution range (A) 43.28-2.4 (2.46- 49.58-2.45 (2.52- | 41.06-2.2 (2.26- | 29.58-1.71(1.76-
2.40) 2.45) 2.2) 1.71)
Unique reflections 17025 11890 106067 33652
Redundancy 6.9 (7.1) 37.1(39.1) 6.9(7.1) 12.47(11.03)
Completeness (%) 99.9 (100.0) 100.0 (100.0) 98.7 (99.0) 97.8 (95.6)
Space group P21212; P632, P2 c2
a, b, c(A) 86.57, 86.57, 99.16, 99.16, 68.74,213.76, 118.72, 39.82,
110.62 112.18 68.87 67.61
a, B,v(°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00, 111.34, | 90.00, 94.09, 90.00
120.00 90.00
Rmerge (%) 27.1(163.4) 38.5 (347.3) 5.2 (163.7) 10.1 (149.6)
1/o (1) 8.07 (1.82) 17.4 (3.78) 18.03 (1.21) 18.86 (1.5)
CCip 99.9 (81.6) 99.9 (79.2) 100 (47.5) 99.9 (68.3)
Wilson B (A2) 57.4 59.4 54.9 26.8
Refinement statistics
Rwork/Rfree (%) 0.224/0.252 0.220/0.272 0.225/0.263 0.169/0.206
No. of atoms 2462 2296 11340 2448
B-factors (A?)
Protein 65 67 70 34
Ligand 72 57 62 43
R.m.s deviations
Bond lengths (A) 0.009 0.015 0.008 0.003
Bond angles (°) 1.065 1.780 1.044 0.534
Molprobity analysis
Ramachandran favoured (%) 91.75 96.25 94.09 99.01
Ramachandran. outliers (%) 0.33 0.00 0.62 0.00
Rotamer outliers (%) 3.80 5.18 2.33 0.39
Clashscore 7.10 8.34 11.52 1.08
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Table S.4: Overview of organism and CdaA UniProt ID which were used to calculate the Consurf model.

Organism name uniprot ID

Listeria monocytogenes serovar 1/2a (strain ATCC BAA-679 /

EGD) Q8Y5E4

Staphylococcus sp. SB1-57 AOA897ITF9
Streptococcus canis AOA3P5XSP2

Borreliella burgdorferi AOA8F9U449
Staphylococcus argenteus AOA7U7JQN7

Borrelia miyamotoi AOA8D5SKZ9

Chlamydiae bacterium AOA6M1YNL9
Staphylococcus hominis AOA2A1IMG6F3
Enterococcus faecalis AOA1B4XQ13
Enterococcus lactis AOA8F7ZHD?2
Enterococcus durans AOA377KN92
Enterococcus faecium AOA2V2LDT6
Streptococcus pneumoniae AOA6G2IPG2
Streptococcus suis AOAONODPT7
Streptococcus mutans AOA2J9QDI4
Streptococcus sanguinis AOA5A7ZFS8
Streptococcus pyogenes AOA2WS5CLA8
Staphylococcus aureus AOA8G1LNS8S8
Staphylococcus epidermidis AOA854CVL7
Staphylococcus saprophyticus AOA380HLP3
R R E
staphylococcus GPFLKRYTSNTYS..KDEEKLEQSVSIAVOITAKGIRIENIIVFEKETGLODIIENEAMD SN T SQE MR Vil kB LT IMHT . OGTK
et et~ e s“?‘h"d‘i%?"?;éﬁﬁi"é?:"fi‘ff}Aixi.’.‘?Ff‘

110 120 130 140 150
Enterococcus I,AYLP SBSNLIPKE!‘ GTRERAZ SWAIWIVEEIARyED V ITLDNEIMAGLSQQEYLAILRRELIA. . ...
Listeria IS AASHIARASDSPFLSKEL . QT_RR‘RA THSIWIV SEETG LTKGGELFRDVSEEEL. . ... HKILLKELVT
Bacillus IIAAACKIAJISESPFISKEL . [SpRiiiN TWSLII SEETG VAKNGDLHRELTEEAL. .. .. KEMLEAEFK.
Staphylococcus BEAAAASPGABISDSPKIS . KSLEWTIEN SWAFHVI SEETG VIFDGKLRRDISNEIF..... EELLAEHWFG
Streptococcus AV TSAFRBATKNTGISKEF . [Spibiity SWALKFV SEET'G ITYNGR!‘KHNL ....................
consensus>70 IA.a..YLPLses..iske. iSEV.D..Ti!VSEETG.!Sit.dg. NS e e eTeEeaats a0 @

Figure S.1: Sequence alignment of all used CdaA construct. The sequences enconding for the CdaA of
Enterococcus faecium, Listeria monocytogenes, Bacillus subtilis, Staphylococcus aureus and Streptococcus
pneumoniae were N-and C-terminal truncated and cloned into to pet-28a vector. Alignment was performed using
the T-Coffee server in combination with ESPript 3.0 (Robert & Gouet, 2014b; Floden et al, 2016).
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Figure S.2: Bacillus subtilis CdaA in complex with the fragment DO2. The Bacillus subtilis CdaA is depicted as
cartoon and colored in wheat. The fragment D02 from the F2X-entry screen is depicted as sticks (C-atom in grey,
N-atom in blue, O-atom in red and F-atom in turquoise). It can be observed that the fragment binds in the active
site as well as between the N-and C-terminal located a-helices.

Figure S.3: Representation of the content of the asymmetric unit of Enterococcus faecium CdaA in complex with
c-di-AMP. CdaA molecules are presented as cartoon. Every protomer, except the yellow and grey one is involved
in the formation of an active and a back-to-back dimer. Overall, the molecules arrange in a helical manner. The
manganese atoms are shown as spheres in grey, while c-di-amp is presented as sticks (C-atom in grey, N-atom in
blue, O-atom in red and P-atom in orange).

96



6 Appendix

Figure S.4: Representation of the content of the asymmetric unit of Streptococcus pneumoniae CdaA in complex
with c-di-AMP. CdaA molecules are presented as cartoon in blue and marine. Both protomers are forming an
inactive back-to-back dimer. The magnesium atom is shown as spheres in grey, while AMP is presented as sticks
(C-atom in grey, N-atom in blue, O-atom in red and P-atom in orange).

Relative Fluorescence (%)

coralyne

KBr

c-di-AMP

D02

Ruxolitinib

Figure S.5: Control experiments employing the coralyne
assay. To ensure that the fragment D02 or the compound
Ruxolitinib does not interact with coralyne or interfere with
the interaction of coralyne and c-di-AMP, these control
experiments were carried out. It can be observed that the
sample with the fragment exhibit just 60% of the positive
control fluorescence, while the presence of Ruxolitinib does
not change the measured fluorescence. All measurements
were performed as triplicates, shown are mean values, the
error bars correspond to standard deviation.
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Figure S.6: ITC control measurements. A presents the buffer to protein control. B presents the results of 12 mM
AMP against the buffer. C presents the results of 11.2 mM ATP against buffer. D presents the results of 1.2 mM
Ruxolitinib against buffer. All these shown data were subtracted from the corresponding protein-ligand
measurements via point-to-point subtraction to calculate the binding affinity.
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8 Abbreviations

8 Abbreviations
°C
3’ OH
3’3’ cGAMP
3'dATP
5'pApA
A
Ala (A)
AMP
Asp (D)
ATP
Arg (R)
BESSY Il
BDC
B. subtilis
BsCdaA
Ca*
CaClz
CADD
cAMP
CBS
cC
CdaA/DacA
CdaM
CdaR

CdasS

c-di-AMP
c-di-GMP
CFS

Co?

CoClz
C-terminal

DAC

Degree Celsius

3’ hydroxyl

Adenosine-Guanosine-3',3'-cyclic monophosphate
3’ deoxy Adenosine triphosphate

5'- Phosphoadenylyl- adenosine

Angstrom (1A = 10°m)

Alanine

Adenosine monophosphate

Aspartic acid

adenosine triphosphate

Arginine

Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung

Background Density Correction factor
Bacillus subtilis

Bacillus subtilis cyclic di-AMP synthase A
Calcium ion

Calcium chloride

Computer aided drug design

Cyclic adenosine monophosphate
cystathionine-beta-synthase domain
Coiled-coil

cyclic di-AMP synthase A

c-di-AMP synthase of Mycoplasma
cyclic di-AMP synthase A regulator

cyclic di-AMP synthase S, sporulation-specific

Bis-(3'-5')-cyclic dimeric adenosine monophosphate

bis-(3’,5’)-cyclic dimeric guanosine monophosphate
Crystallographic fragment screen

Cobalt ion

Cobalt chlorid

Carboxy-terminal

Diadenylate cyclase
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8 Abbreviations

DFG Deutsche Forschungsgemeinschaft
DESY Deutsches Elektronen-Synchrotron

DisA DNA integrity scanning protein A

DMSO Dimethylsulfoxid

DNA deoxyribonucleic acid

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

EfCdaA Enterococcus faecium cyclic di-AMP synthase A
EMBL European Molecular Biology Laboratory
ESRF European Synchrotron Radiation Facility
GlmM phosphoglucoseamine mutase

Glu (E) Glutamic acid

Gly (G) Glycine

H1 inhibitory helix 1

H2 inhibitory helix 2

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HhH helix-hinge-helix domain

HZB Helmholtz-Zentrum Berlin

His (H) Histidine

ICs0 50 % inhibitor concentration

IPTG isopropyl-B-D-thiogalactopyranosid

lle (1) Isoleucine

ITC Isothermal titration calorimetry

K* Potassium ion

Ko Dissociation constant

kDa Kilodalton 1 kDa = 1.000 Dalton

LB medium lysogeny broth medium

Leu (L) Leucine

L.monocytogenes Listeria monocytogenes

LmCdaA Listeria monocytogenes cyclic di-AMP synthase A
MDR multidrug efflux pumps

Mg?* Magnesium ion

MgCl> Magnesium chloride

min minute
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Mn?* Manganese ion

MnCl2 Manganese chloride

N-terminus Amino terminal

oD Optical density

PanDDA Pan-Density Dataset Analysis

PAS Per-Arnt-Sim

PCR polymerase chain reaction

PDB Protein Data Bank

PDE Phosphodiesterase

PEG Polyethylene glycol

PETRA 1II Positron-Elektron-Tandem-Ring-Anlage Ill
Phe (F) phenylalanine

p(p)pGpp guanosine-(penta)-tetraphosphate

PPi Pyrophosphate

PYK Pyruvate kinase-like domain

RNA Ribonucleic acid

rpm Rounds per minute

SAXS small-angle x-ray scattering

SDS sodium dodecyl sulfate

SDS-PAGE SDS polyacrylamide gel electrophoresis
sec/s Second

SEC size exclusion chromatography

Ser (S) Serine

S. aureus Staphylococcus aureus

SaCdaA Staphylococcus aureus cyclic di-AMP synthase A
S. pneumoniae Strepptococcus pneumoniae

SpCdaA Strepptococcus pneumoniae cyclic di-AMP synthase A
SUMO small ubiquitin-like modifier

T. maritima Thermotoga maritima

Thr (T) Threonine

™ Transmembrane domain

TRIS tris(hydroxymethyl)aminomethane

wt Wild type

WHO World Healthcare organization
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