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CdaA is the most widespread diadenylate cyclase in many bacterial species,
including several multidrug-resistant human pathogens. The enzymatic product
of CdaA, cyclic di-AMP, is a secondary messenger that is essential for the
viability of many bacteria. Its absence in humans makes CdaA a very promising
and attractive target for the development of new antibiotics. Here, the structural
results are presented of a crystallographic fragment screen against CdaA from
Listeria monocytogenes, a saprophytic Gram-positive bacterium and an oppor-
tunistic food-borne pathogen that can cause listeriosis in humans and animals.
Two of the eight fragment molecules reported here were localized in the highly
conserved ATP-binding site. These fragments could serve as potential starting
points for the development of antibiotics against several CdaA-dependent
bacterial species.

1. Introduction

Multidrug-resistant bacteria constitute a major global health
threat in modern healthcare (Cassini ef al., 2019). Recent
reports from the World Health Organization (WHO) indicate
that antimicrobial resistance contributes to approximately
700 000 deaths globally each year, with concerns about a
potential significant rise in fatalities without effective inter-
vention (an estimated prediction of ten million deaths
annually by 2050; Asokan et al., 2019). The misuse and overuse
of antibiotics in recent decades have fueled the relentless
evolution of bacterial pathogens, severely limiting our effec-
tive antimicrobial arsenal. Consequently, there is an urgent
need for innovative antibacterial strategies to combat this
escalating global health crisis. In this context, the bacterial
cyclic di-adenosine monophosphate (c-di-AMP) signaling
pathway, which is not present in humans (Rosenberg et al.,
2015), has emerged as a promising antibacterial target
(Corrigan & Griindling, 2013; Romling, 2008; Schuster et al.,
2016). Functioning as a secondary messenger, c-di-AMP
intricately regulates essential bacterial cellular processes,
including osmolyte and potassium ion homeostasis, biofilm
formation, cell-wall integrity, DNA integrity scanning, modu-
lation of metabolism, virulence and stress response (Gundlach
et al., 2016; Mehne et al., 2013; Rorvik et al., 2020; Whiteley
et al., 2017). Diadenylate cyclases (DACs), which are c-di-
AMP-synthesizing enzymes, contribute significantly to this
intricate signaling network by catalysing the conversion of two
adenosine triphosphate (ATP) molecules into one c-di-AMP
molecule (Fig. 1) in a metal-ion-dependent manner (Witte
et al., 2008). Hence, DACs are essential in the bacterial cell.
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Remarkably, they exhibit extensive structural conservation
across diverse species (mainly Gram-positive bacteria), high-
lighting the profound importance of DACs and rendering
them attractive candidates for drug design.

Five different classes of DACs are known to date: CdaA,
DisA, CdaS, CdaM and CdaZ (Bl16tz et al., 2017; Commichau
et al., 2019; Corrigan & Griindling, 2013; Romling, 2008), of
which the first three have been structurally characterized.
They all share the highly conserved DAC domain (Fig. 1)
accompanied by regulatory domains (Commichau et al., 2019).
The DAC domain of CdaA reveals an overall globular fold,
with a central seven-stranded mixed B-sheet flanked by five
a-helices. The well conserved active site is located between
a-helix 4, B-strand 1 and B-strand 5 as well as several loops
connecting secondary-structure elements (Fig. 1). The synth-
esis of c-di-AMP requires the transient dimerization of two
ATP-loaded CdaA molecules in a face-to-face orientation, as
seen in the hexagonal CdaA—c-di-AMP complex structure in
the postcatalytic state (PDB entry 6hvl; Fig. 1; Heidemann
et al., 2019; Rosenberg et al., 2015; Witte et al., 2008). Most
bacteria that are known to synthesize c-di-AMP possess only
one class of DAC: either DisA or CdaA. The latter has been
described to be the most prevalent DAC domain-containing
protein in several bacterial species (Commichau et al., 2019),
including human pathogens such as Listeria monocytogenes,
Borrelia turicatea, Enterococcus faecalis, Staphylococcus
aureus, Mycobacterium tuberculosis and Streptococcus pneu-
moniae (Bai et al., 2012; Corrigan et al., 2011; Jackson-Litteken
et al., 2021; Woodward et al., 2010; Zarrella et al., 2020). They

possess CdaA as the sole DAC and the last three mentioned
belong to the 12 bacterial species that pose the greatest threat
to human health according to the WHO (Asokan et al., 2019).
This renders CdaA a particularly intriguing target for broad-
spectrum therapeutics, especially against multidrug-resistant
bacteria, as DACs are absent in humans (Rosenberg et al.,
2015). The recently reported biochemical and structural
details of L. monocytogenes (Lm) CdaA provide a solid
foundation for the development of a potent CdaA inhibitor
using fragment-based drug discovery (FBDD; Erlanson et al.,
2016; Wollenhaupt et al., 2021), a modern technique that is
playing an increasingly important role in the development of
new clinical candidates. This method uses small-molecule
probes or fragments, which generally possess weak binding
affinities to their target (Giordanetto et al., 2019), that allow a
thorough search of the available chemical space and provide
starting points for drug development. In combination with
X-ray crystallography, this enables structure-based drug
discovery from the outset and can lead to the development of
superior molecules.

Here, we present details of the crystallographic fragment-
screening campaign for the bacterial target Lm CdaA utilizing
the previously commercially available Frag Xtal Screen
(Huschmann et al., 2016; Jena Bioscience, MiTeGen) and eight
fragment crystal structures derived from it. The target protein
crystallized in the orthorhombic system with a noncatalytic
‘back-to-back’ homodimer in the asymmetric unit. The two
active sites (one per monomer) are exposed to solvent, which
makes them accessible to small-molecule ligands and favors
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Crystal structure of L. monocytogenes A100CdaA. (a) Biochemical reaction of DAC. (b) Overall structure of the truncated monomeric A100CdaA. The
c-di-AMP molecule, depicted in ball-and-stick mode, marks the active site. Color coding is according to conservation score: green, low; white, medium;
purple, high. (¢) Cartoon representation of the catalytically active A100CdaA dimer in its postcatalytic state with c-di-AMP bound in the active site

(PDB entry 6hvl).
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soaking experiments. Two of the identified fragments that
have been localized in the ATP-binding site of CdaA could
serve as potential starting points for antibiotic drug discovery
and for ‘growing’ the computationally designed lead candidate
comprising two substituted thiazole rings (compound 7,
Neumann et al, 2023). This in silico-designed compound
showed inhibitory potential based on ITC measurements and
is the first structurally characterized CdaA inhibitor to date.

2. Experimental procedures
2.1. Bacterial strains and growth conditions

Escherichia coli BL21 (DE3) cells, which were used for
overexpression of the protein, were cultivated in 2xYT
medium comprising 1.6%(w/v) tryptone, 1.0%(w/v) yeast
extract and 0.5%(w/v) NaCl. The transformed cells were
selected on lysogeny broth medium plates containing ampi-
cillin (100 pg ml™).

2.2. Protein expression and purification

Protein expression and purification were performed as
described previously (Heidemann et al., 2019; Neumann et al.,
2023). Briefly, the plasmid pGEXpBP33, originating from
the pGEX-6P-1 (Cytiva) vector and encoding a truncated Lm
CdaA protein (A100CdaA) with an N-terminal GST tag, was
transformed into E. coli BL21 (DE3) cells. The resulting cell
cultures were grown in 2XYT medium at 37°C. Protein
expression was induced at an ODg, of ~0.6 by the addition of
1 mM isopropyl S-b-1-thiogalactopyranoside and the cultures
were incubated overnight at 16°C. The harvested cells were
disrupted with a microfluidizer (M-110S Microfluidizer,
Microfluidics) in 20 mM Tris—=HCl pH 7.5, 10 mM EDTA, 1 M
NaCl and then centrifuged for 30 min at 4°C. The retained
lysate containing the GST-tagged target protein was loaded
onto a Glutathione Sepharose column (Cytiva) and eluted
with 40 mM reduced GSH. The tag was proteolytically cleaved
with 1:100(w:w) PreScission protease overnight at 4°C in
cellulose tubing placed in dialysis buffer (300 mM NacCl,
20 mM Tris-HCI pH 7.5). The remaining impurities and the
tag were removed using a Superdex 75 column (Cytiva)
coupled to a Glutathione Sepharose column in 20 mM Tris—
HCI pH 7.5, 300 mM NaCl. The protein was concentrated to
20 mg ml ™.

2.3. Crystallization

The sitting-drop vapor-diffusion method was applied for
crystallization. The previously reported crystallization condi-
tion for apo CdaA (Heidemann et al., 2019) was optimized in
order to yield crystals that were more suited for fragment
screening, i.e. had better diffraction properties (Neumann et
al.,2023). Crystallization trials were performed at 20°C using a
concentration of 6 mg ml~" A100CdaA in 2 pl droplets and a
1:1 protein:reservoir ratio. In order to facilitate crystal growth,
microseeding was performed. Thin crystal plates were
obtained overnight in 3.7 M NaCl, 0.1 M Na HEPES pH 8.5,

3% DMSO. The ideal DMSO concentration had been deter-
mined by previous stability tests.

2.4. Fragment soaking, data collection and structure
determination

The Frag Xtal Screen fragment-screening library (Jena
Bioscience, MiTeGen), comprising 96 fragments, each present
in a dried form in two lenses of the respective well of a 96-well
crystallization plate, was used. Solubilization of the dried
fragments was achieved by pipetting 0.5 pl of the crystal-
lization reservoir into one of the two lenses, resulting in a
nominal fragment concentration of 100 mM. The second lens
was supplemented with cryoprotecting buffer (crystallization
reservoir saturated with sucrose; Heidemann et al., 2019). The
crystallization plates were sealed and left overnight at 20°C.
Subsequently, two to four apo CdaA crystals were transferred
to each well with the solubilized fragment. All crystals were
soaked overnight, captured in SPINE-standard cryo-loops and
cryoprotected in the second drop prior to plunging them into
liquid nitrogen.

Diffraction images were collected on EMBL beamline P13
at PETRA III, DESY, Hamburg, Germany and the MASSIF-3
beamline at ESRF, Grenoble, France. All diffraction images
were processed using a custom script (Neumann & Tittmann,
2014) utilizing the XDS package (Kabsch, 2010). Structure
solution was performed using DIMPLE (Wojdyr et al., 2013)
employing programs from the CCP4 suite (Murshudov et al.,
2011; Agirre et al., 2023). The resulting atomic models were
refined using a customized self-written refinement pipeline
making use of the Phenix package (phenix.refine and phenix.
real_space_refine; Afonine et al., 2018; Liebschner et al., 2017,
2019). The refined structural models were subjected to
PanDDA (Pearce et al., 2017) to facilitate the identification of
bound fragment molecules. Selected structures with well
defined fragment molecules were manually inspected in Coot
(Emsley et al., 2010) and refined in Phenix using the default
restrained refinement strategy (isotropic ADP refinement for
all non-H atoms, automated TLS group assignment for protein
molecules, optimization of the bulk-solvent mask and weights
for stereochemical and ADP restraints). Ligand libraries were
generated with phenix.elbow. Omit electron-density maps
were calculated using phenix.polder (Liebschner et al., 2017,
Fig. 2). The identified small-molecule fragments are listed in
Table 1. Data-collection, processing and refinement statistics
are summarized in Tables 2 and 3.

2.5. Binding-site assignment of fragment molecules located
between symmetry mates

The binding sites of five small-molecule fragments from the
Frag Xtal Screen (B06, C08, C11, EO1 and E05) were clearly
localized between a CdaA molecule occupying the asymmetric
unit (chain A) and a symmetry mate of the second CdaA
molecule: chain B¥™ (Fig. 3). Initially, the inspected fragment
molecules were modeled distant from the ATP-binding site
and were therefore assigned to the CdaA molecule labeled as
chain B (model 1, Fig. 3). The refined atomic models of these
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five CdaA complexes (model 1) were slightly manipulated
to generate alternative structural models from the fragment
perspective. In these generated models, the fragment mole-
cules were placed in closer proximity to the ATP active site of
the CdaA molecule labeled chain A (model 2), as shown
in Fig. 3. Repositioning of the fragment molecules was
performed in Coot using a selected symmetry mate as a
reference. Subsequently, the two alternative structural models
(models 1 and 2) were decomposed into two components:
ligand (fragment) and receptor (protein). The receptor, which
is identical for both models, was converted into PDBQT
format using the MGL tools (Sanner, 1999). For each

map @ 3.

30
L250 ,

(@

Figure 2

receptor-ligand pair, the ligand pose (the position of the
fragment within the putative binding site) was reassessed
using the molecular-docking program Gnina (McNutt et al.,
2021) utilizing an ensemble of convolutional neural networks
(CNNs) as a scoring function. In addition, three frequently
used scoring functions, AutoDock 4 (AD4), Vina and Vinardo,
which provide a computationally predicted binding energy
(affinity), were also tested. For this purpose, we used both
Vina (version 1.2.5; Eberhardt et al, 2021; Trott & Olson,
2010) and the Gnina program, the latter without CNN
rescoring, thus simulating the Vina run. It should be noted that
the commonly used scoring functions are likely to give non-

(h)

Detailed views of the binding sites of the eight identified fragments. Protein residues within 4 A are depicted as sticks; hydrogen bonds are marked as
yellow dashed lines. The polder omit map (mF, — DF,) is shown at either the 3.30 or the 3.90 level. (a) D07, (b) B04, (c) C08, (d) B06, (¢) C11, (f) E0S,
(g) EO1, (h) HO4. For fragments bound in the active sites (a) and (b), an ATP molecule is shown for reference (depicted as a green stick model, PDB

entry 8c4o).
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Table 1

Fragment molecules.

Plate ID Fragment SciFinder name

CAS ID MW (g mol™")

B04 H Acetamide, 2-[(cyanomethyl)methylamino]-N-(6-methyl-2-pyridinyl)- 1311649-76-9 218.25
/\ . N N CHy
Z WYY
N | |
CH O U
B06 I e 2-(4-Fluorophenyl)acetohydrazide 34547-28-9  168.17
NH
C08 N o Methyl 4-(aminomethyl)benzoate hydrochloride (1:1) 6232-11-7 201.65
: 0—CHy
HCI
Cl1 NH 1H-Indole-3-ethanamine, N-[(1-methyl-1H-pyrrol-2-yl)methyl]- 289487-79-2  253.34
\ N
CH
DO7 HiC 1H-Pyrazole-4-acetamide, 1,3,5-trimethyl-N-2-pyridinyl- 1171575-61-3 244.29
CHy
N 0 N
| |
N\ Z
N N
N
HiC
E01 cl (2-Chlorophenyl)methyl carbamimidothioate 14122-38-4  200.69
NH
SJA
NH,
E05 (18,25,3S,4R ,5R)-2-Amino-4-phenylsulfanyl-6,8-dioxabicyclo[3.2.1]octan-3-ol 1212574-75-8 253.32
Butanedioic acid, 1-(2,2-dimethylhydrazide) 1596-84-5 160.17

HO04 (|2H3 o}

identical results in terms of different predicted free energies of
binding (predicted binding affinities) due to the way that they
were developed: Vinardo is an empirical (regression-based)
scoring function, AutoDock 4 is a physics-based scoring
function and Vina is a hybrid scoring function. The final
assignment of the CdaA molecule, with the estimated domi-

nant contribution to the binding event, was based on the
difference of the calculated CNN score and the lower
predicted binding affinity, providing a comprehensive and
robust basis for the selection of the most appropriate frag-
ment-binding site. The proposed binding-site evaluation is
computationally inexpensive (less then 5 s per fragment) and
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Table 2

Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Structure D07 EO01 E05 B06 B04 HO04 Cl11 C08

PDB code 8s47 8s46 8s45 8s49 8sda 8sdc 8s48 8s4b

Beamline P13, PETRA 111 MASSIF-3, P13, PETRA III MASSIF-3, MASSIF-3, MASSIF-3, P13, PETRA III P13, PETRA III

i ESRF ESRF ESRF ESRF

Wavelength (A) 0.97625 0.96770 0.97625 0.96770 0.96770 0.96770 0.97625 0.97625

Space group P2,2:2, P2:2:2, P2:212, P2,2:2, P2:2:2, P2,2.2, P2,2.2, P2,2:2,

a, b, c (A) 4422, 65.07, 39.79, 64.65,  41.75, 64.71, 41.66, 64.75,  41.70, 64.46, 43.74,64.11, 41.33, 64.68, 41.49, 64.72,
130.33 130.00 129.04 129.06 128.69 129.79 128.65 128.39

o, B,y (°) . 90,90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution range (A) 46.04-2.11 45.84-1.99 39.72-1.69 45.71-1.70 45.54-2.23 45.61-1.80 35.74-1.65 45.58-2.15
(2.16-2.11) (2.03-1.99) (1.71-1.69) (1.72-1.70) (2.30-2.23) (1.83-1.80) (1.67-1.65) (2.25-2.15)

Total reflections 295034 194674 330217 311980 123142 288916 337480 149891

Unique reflections 41687 (2736) 44268 (2726) 74809 (2708) 73647 (2829) 31404 (2885) 65236 (2875) 79766 (2847) 36215 (4603)

Multiplicity 7.1 4.4 44 4 3.9 4.4 4.2 4.1

Completeness (%) 99.76 (99.45) 99.64 (99.67) 98.91 (97.10) 99.24 (98.64)  96.06 (95.72)  99.81 (99.62) 99.51 (98.44) 99.80 (99.08)
Mean I/o(I) ) 10.08 (0.92) 11.58 (0.71) 13.10 (0.80) 10.06 (0.98) 8.04 (0.98) 13.12 (0.85) 10.42 (0.80) 5.68 (1.26)
Wilson B factor (Az) 47.56 42.80 31.04 34.57 39.00 37.16 31.89 46.01

Rinerge (%) 10.8 (265.1) 7.6 (258.9) 5.0 (205.5) 5.5 (204.6) 12.9 (148.6) 5.0 (173.9) 5.5 (180.8) 14.9 (136.5)
Rieast (%) 11.7 (286.1) 8.6 (293.3) 5.7 (235.0) 6.4 (232.9) 14.9 (174.1) 5.7 (197.1) 6.3 (206.3) 17.1 (157.3)
CCypp 99.9 (50.0) 99.9 (40.1) 99.9 (52.1) 99.8 (53.6) 99.6 (37.0) 99.8 (50.4) 99.9 (55.8) 99.3 (62.0)

T Rmeas 1s the redundancy-independent multiplicity-weighted R factor for comparing symmetry-related reflections (Diederichs & Karplus, 1997).

Table 3

Crystallographic refinement statistics.

Values in parentheses are for the highest resolution shell.

Structure D07 EO01 EO05 B06 B04 HO04 C11 C08

PDB code R 8s47 8s46 8s45 8s49 8sda 8s4c 8548 8s4b
Resolution range (A) 46.04-2.11 45.84-1.99 39.72-1.69 45.71-1.70 45.54-2.23 45.61-1.80 35.74-1.65 45.58-2.15
Reflections used, refinement 41687 (2736) 44268 (2726) 74809 (2708) 73647 (2829) 31404 (2885) 65236 (2875) 79766 (2847) 36122 (2755)
Reflections used for Rye 2083 (139) 2219 (146) 3748 (137) 3698 (142) 1572 (142) 3278 (147) 3989 (145) 1801 (126)

Ryork 0.2059 (0.4197) 0.2247 (0.4747) 0.1964 (0.5552)
Riree 0.2402 (0.5195) 0.2587 (0.4941) 0.2357 (0.6358)
No. of non-H atoms
Total 2495 2418 2604
Macromolecules 2366 2344 2416
Ligands 38 13 17
Solvent 91 61 171
Protein residues 308 305 310
R.m.s.d., bond lengths (A)  0.002 0.002 0.010
R.m.s.d., angles (°) 0.42 0.49 0.93
Ramachandran favored (%) 98.68 99.34 99.35
Ramachandran allowed (%) 1.32 0.66 0.65
Ramachandran outliers (%) 0.00 0.00 0.00
Rotamer outliers (%) 2.65 1.14 1.11
Clashscore i 1.65 2.52 2.45
Average B factor (A%)
Overall 62.68 60.48 4322
Macromolecules 62.40 60.57 43.07
Ligands 77.62 65.78 41.50
Solvent 63.74 56.01 45.50

0.1974 (0.5124)
0.2207 (0.4554)

0.2008 (0.3377)
0.2436 (0.3930)

0.2015 (0.4860)
0.2268 (0.5125)

0.1908 (0.5033)
02187 (0.5334)

0.2400 (0.4334)
0.2774 (0.4832)

2532 2485 2576 2674 2415
2383 2332 2414 2428 2326
14 33 11 19 12
135 120 151 227 77
308 304 314 311 302
0.009 0.003 0.004 0.008 0.002
0.97 0.54 0.70 0.83 0.42
98.68 97.67 99.35 98.37 96.64
1.32 2.33 0.65 1.63 3.36
0.00 0.00 0.00 0.00 0.00
1.12 0.00 0.37 1.84 2.30
3.10 2.31 1.22 2.84 1.06
47.51 50.42 54.82 44.81 53.12
47.22 50.21 54.48 44.45 5331
53.99 64.16 80.38 48.22 45.93
51.97 50.88 58.50 48.36 48.49

in addition it can easily be performed and scripted, as Gnina
and Vina do not require any dictionaries or additional para-
meters for the fragment molecules.

3. Results
3.1. Identification of bound fragments

L. monocytogenes (Lm) CdaA is a membrane-bound
protein consisting of an N-terminal transmembrane domain
(residues 1-80), a 20-amino-acid flexible linker and a DAC
domain (residues 101-255, abbreviated as A100CdaA; the
numbering corresponds to that of L. monocytogenes). In the

orthorhombic CdaA crystals, the asymmetric unit consists
of two A100CdaA monomers forming a noncatalytic dimer
with two outward-facing and solvent-accessible active sites.
Therefore, it is expected that certain fragments can bind to
both monomers. Using the Frag Xtal Screen, a 96-fragment
library, fragment screening was performed and resulted in the
collection of approximately 200 data sets (two to three crystals
per fragment, together with some apo crystals). Remarkably,
about 15% of the soaked crystals did not diffract or dissolved
during the soaking experiments, while approximately 69% of
all measured crystals diffracted to between 1.7 and 25A
resolution. The macromolecular crystallography pipeline for
refinement and ligand screening (DIMPLE) suggested only
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one structure with an unmodeled electron-density map
(bound fragment molecule) as reported by the ‘Find Blob’
function using the default settings. Therefore, further analysis
of all structures was performed with PanDDA. Manual
inspection of the DIMPLE-based electron-density maps of
the PanDDA hits revealed that all of them were placed in
prominent blobs of the mF, — DF_ electron-density map at the
+30 level that went undetected by DIMPLE. A total of eight
fragments (Table 1 and Fig. 4) were identified. The polder omit
maps for all fragments are shown in Fig. 2. Five fragments
(B06, C08, C11, E01 and E05) were bound between one CdaA
molecule (chain A) occupying the asymmetric unit and the
symmetric counterpart of the second molecule (chain B*™,;
Fig. 3). This led to ambiguity in assignment of the fragment-
binding site to a single protein molecule (chain) within the
crystal lattice. To resolve this ambiguity, the choice of binding-
site assignment to a particular CdaA molecule was aided by
a molecular docking-based approach using an ensemble of
convolutional neural networks (CNNs) as well as predicted
binding affinities to assess which protein molecule makes the
largest contribution to the binding event. The binding sites of
the remaining three fragments (C11, D07 and H04) could be
unambiguously assigned, as the first two were located in the
active site of CdaA and the last one was located on the
solvent-exposed surface of a single CdaA molecule.

3.2. Molecular docking-based assessment of the binding-site
localization

Molecular docking is a computational procedure that
predicts the conformation of a small molecule (ligand) binding
noncovalently to a receptor (protein). This prediction outputs
both the conformation and the evaluated fitness of the pose,
usually in the form of the binding affinity of the small molecule
in its predicted minimum-energy state. These features have
enabled the widespread use of this method for the virtual
screening of large libraries of compounds. Recently, a new
docking program, Gnina (McNutt et al., 2021), that uses a CNN
scoring function to re-evaluate the output poses has been
released and made available to the scientific community. It
outperforms other docking programs on redocking and cross-
docking tasks when the binding pocket is defined (McNutt et
al.,2021). This inspired us to use Gnina to assess the fitness of
the crystallographically refined positions of five fragment
molecules (B06, C08, C11, E01 and EO05) identified based on
prominent spots of the mF, — DF_ electron-density map at
the +30 level. These fragments were located between two
symmetry-related CdaA (receptor) molecules within the
orthorhombic crystal lattice. Consequently, these fragment
molecules can be formally assigned to two alternative posi-
tions on the CdaA surface, as shown in Fig. 3: close to the ATP
active site (potentially significant for drug development;
model 2) or far away from it (probably of lesser importance;
model 1). Our primary objective was to evaluate and compare
the fitness of these two alternative assignments (model 1
versus model 2) by simulating the idealized scenario in which
the ligand is bound exclusively by one of the two CdaA

molecules (no influence of the crystal lattice). We calculated
the convolutional neural network (CNN) scores with Gnina
and predicted binding affinities (Gnina and Vina; AD4, Vina
and Vinardo scoring functions) for both ligand positions
(model 1 and model 2) using the same receptor molecule
(two CdaA monomers occupying the asymmetric unit), and
compared the results (Fig. 5). The results obtained clearly
show that in the case of four ligands (B06, C08, E01 and EO05)
our original assignment (model 1) was correct considering
only the CNN scoring. In the case of fragment Cl11, the

O ATP
active site

chain B

R

chain B

(b)

Figure 3

Binding-site assignment of fragment molecules located between
symmetry-related molecules. (a¢) The asymmetric unit of the ortho-
rhombic CdaA crystal (blue semi-transparent surface) with two neigh-
boring symmetry-related dimers (cartoon representation, white semi-
transparent surface). A close-up view shows a detailed representation of
the fragment interactions (C08). (b) A 180° rotated view of (a). The
alternative assignments of the CO8 fragment molecule are depicted as
model 1 (distant from the active site) and model 2 (closer proximity to the
ATP-binding site).
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difference in the CNN score of 0.026 indicates a slightly larger
contribution of the binding event originating from the region
close to the ATP-binding site. These results are in very good
agreement with the assessed differences in predicted binding
affinity calculated using three scoring functions with the Gnina
and Vina programs (Fig. 5). The affinity-based assessment
clearly shows that the initial binding-site assignment (model 1)
was correct for all five ligands studied, regardless of the
program and scoring function used. Remarkably, both tested
programs provided different calculated affinities when the
Vinardo and AD4 scoring functions were employed. This is
most likely due to different default values of weights applied
to certain energetic terms, for example repulsion, hydrogen
bonding, hydrophobic interactions and van der Waals, that are
used by both tested programs. Despite the formal assignment
of the fragment molecules to a specific CdaA molecule (chain
A or B), the observed ACNN scores and computed binding

affinities (Fig. 5) indicate a non-negligible contribution of both
involved CdaA molecules to the binding of inspected frag-
ments. This could imply that the probability of observing these
binding events in other crystal forms or in solution might be
relatively low.

3.3. Prospects for fragment-based drug development for Lm
CdaA

Using an assessment approach based on molecular docking,
we aimed to achieve the unbiased assignment of a single
protein molecule within the crystal lattice that predominantly
contributes to the binding event. This was a prerequisite for
evaluating the usability of the identified fragment molecules
for the future development of a lead compound that will
potentially inhibit several of the bacterial species that pose a
major global health threat: in particular, those species that

Sequence conservation score

Variable

Figure 4

3 4 5
Average

6 |7 IEHEN

Conserved

The eight fragment molecules (identified binding events) mapped on the surface of the CdaA monomer and colored according to the surface-
conservation score. The individual views (90° increments) represent different views of the CdaA monomer. Two fragment molecules (B04 and D07) were
localized in the highly conserved region (active site, marked with the AMP molecule colored yellow), while the remaining six fragments (B06, C08, C11,

EO01, EO5 and H04) were identified in the nonconserved regions.
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possess CdaA as the only DAC and constitute the group of
12 bacteria that pose the greatest threat to human health
according to the WHO. Therefore, we mapped the eight
identified binding events on the surface of the CdaA monomer
colored according to the surface-conservation score (Fig. 4).
Six of the eight localized fragments (B06, C08, C11, E01, E05
and HO04) were identified in nonconserved regions on the
CdaA surface. Moreover, the first five of these were located at
nonbiologically relevant interfaces that are formed between
two CdaA monomers and result from crystal packing. This
unfavored positioning makes them unsuitable for the design of
a general lead compound that should target several bacterial
species that possess CdaA as the only enzyme synthesizing
c-di-AMP. In contrast, only two fragment molecules (B04
and DO07) localized in the highly sequence-conserved region
(active site) are promising candidates for drug design and for
further development (‘growing’) of the recently published
CdaA inhibitor (Neumann et al., 2023). These two fragments
(B04 and DO07) share the N-(2-pyridyl) moiety (Table 1),
possessing the structural pattern —N—C—NH,, which has
two adjacent N atoms that are structurally similar to N1 and
N6 of the adenine ring (Figs. 2 and 6). This chemical and

structural similarity leads to the formation of two hydrogen
bonds similar to those observed for the adenine moiety
(adenine N1-Leul88 N and adenine N6-Leul88 O). These
two conserved hydrogen bonds have been observed in several
CdaA complex structures (ADP, ATP and c-di-AMP),
regardless of the postcatalytic or precatalytic state, the well
described Tyr187 backrub motion and its 7—7 stacking inter-
actions with aromatic rings of bound ligands (Fig. 6; Neumann
et al., 2023). Superposition of ATP-bound CdaA (PDB entry
8c4o) with the structure containing fragment D07 (Figs. 2 and
6) clearly shows the structural and positional equivalence of
the —N=—C—NH, pattern. Its importance and its relevance
for binding is further confirmed by fragment B04 (Figs. 2 and
6), which shows that even the presence of a hindering methyl
group at position 6 [the N-(6-methyl-2-pyridyl) moiety] cannot
prevent the formation of these two conserved hydrogen bonds.
Remarkably, the aforementioned structural pattern was also
used as a strong donor and acceptor constraint for the
development of the bi-thiazole inhibitor (compound 7; Fig. 6),
which binds to CdaA in the micromolar range and with a Ky
~8-fold lower than that of the natural substrate ATP
(Neumann et al., 2023). Superposition of the crystal structure

Difference in the CNN score (model 2 — model 1)

0.04 1502596
0.02 |
" -0.1475 -0.05212 -0.03499 -0.13588
© C11 B06 Cco8 EO01
5 002 T I
(3]
9 .0.04 |
z
5 006
< 008
-0.1 |A < 0 favors model 1 |
-0.12
-0.14
-0.16
CJCNN score
Difference in the estimated free energy of binding
(model 2 — model 1)
16

-
N

|A > 0 favors model 1 |

-
N

N
o

A estimated free energy of binding
(kcal mol™)

c11 B06

G* = Gnina | #G* AD4 mV* AD4
V* = Vina

Figure 5

G* Vinardo mV* Vinardo mG* Vina

cos E01 E05

V* Vina

Molecular docking-based assessment of binding-site localization for five fragments located at the interface between symmetry-related CdaA molecules.
(a) Differences between the Gnina-calculated CNN scores assessed for model 2 and model 1. The negative difference indicates that the calculated CNN
score for model 1 is higher than that for model 2. (b) Differences in predicted binding affinity. Rescoring of fragment positions was calculated with the
Gnina (G*) and Vina (V*) programs using three scoring functions: AD4, Vinardo and Vina. A positive difference indicates that the estimated free energy
of binding (binding affinity) for model 1 is lower (more negative) than that for model 2 (less negative).
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Y187 backrub W
()
Figure 6

Comparison of the ATP-binding mode with fragments B04 and D07 and the in silico-designed CdaA inhibitor compound 7. The structural
—N=C—NH, pattern with two N atoms responsible for hydrogen-bond formation with the main-chain atoms of Leul88 is marked. The 7—7 stacking
interactions are shown as yellow sticks. Tyr187 and Leul88 are shown as sticks. (¢) ATP-binding mode in the active site of CdaA. (b) Superposition of
CdaA structures with bound D07 and ATP molecules. (¢) Superposition of the CdaA structures with bound B04 and ATP molecules. (d) Superposition of
the structure of compound 7 with the structures of B04 and D07 provides a solid background for the development (‘growing’) of compound 7.

of the CdaA—compound 7 complex (PDB entry 8cd4p) with
those of the B04 and D07 fragment complexes reported here
(Fig. 6) provides a solid background for the further develop-
ment (‘growing’) of compound 7. This common strategy
starting from prepositioned fragments and molecules has
already been successfully used in structure-based design to
identify high-affinity inhibitors for a variety of targets (Kick et
al., 1997; Liebeschuetz et al., 2002).

4. Discussion

To facilitate the development of antibacterial therapeutics
targeting Lm CdaA, we recently determined several CdaA
crystal structures in apo (1.45 A resolution), substrate ATP-
bound (1.97 A resolution; Neumann ef al., 2023) and post-
catalytic c-di-AMP-bound states (Heidemann et al., 2019), as
well as a complex structure with the in silico-designed CdaA
inhibitor (compound 7) at 1.2 A resolution (Neumann et al.,
2023). These structures provide insight into the metal-dependent
catalytic mechanism and confirmed the druggability of the
highly conserved active site (Figs. 1 and 4). In order to explore
the possibility of identifying additional binding pockets and to
probe the available chemical space, a crystallographic frag-
ment screen with 96 fragments was performed. Our main goal
was to explore the possibility of obtaining CdaA complexes
with non-ATP-like molecules that can be used for structure-
guided optimization and the design of new compounds, with
the future prospect of the rational design of antimicrobial
therapeutics. We opted for soaking experiments, even though
the crystallization conditions were not optimal (the buffer
contained 3.6 M NaCl) and probably affected the solubiliza-
tion of several of the compounds tested. Consequently, the hit
rate of the fragment-screening campaign (a fragment binding

to a particular site of the protein) was relatively low (~8%).
Nevertheless, despite the high-salt soaking conditions, the
localized fragment molecules showed high occupancies and
strong and well defined electron-density maps (Fig. 2). The
two fragments identified in the conserved active site of CdaA,
which share the N-(2-pyridyl) moiety, underline the impor-
tance of the —N=C—NH, structural pattern known from
the adenine ring, which seems to be crucial for binding. This
chemical and structural constraint could be beneficial for the
future development of an antibacterial therapeutic for several
bacteria that should target CdaA from different species, for
example Listeria monocytogenes, Borrelia turicatea, Entero-
coccus faecalis, Staphylococcus aureus, Mycobacterium tuber-
culosis and Streptococcus pneumoniae. The first step towards
this goal is the optimization of the abovementioned in silico-
designed CdaA inhibitor (compound 7) with the fragment
molecules (B04 and D07) reported here, which share the N-(2-
pyridyl) moiety. The optimization should be accompanied
by the structural and biochemical characterization of CdaA
from other bacterial species, preferably multidrug-resistant
E. faecalis and S. aureus. Taken together, this would be a small
step towards an important goal: the expansion of our effective
antimicrobial arsenal.

In recent years, especially since the beginning of the
COVID-19 pandemic, several crystallographic fragment-
screening campaigns have been conducted and made available
to the scientific community to facilitate the development of
new antiviral therapeutics (Boby et al., 2023). X-ray crystal-
lography is an excellent technique that provides structural
information that enables the rapid and efficient assessment of
hits that can subsequently be used for fragment-based drug
discovery. However, the binding events must be carefully
evaluated to account for artifacts such as fragment binding
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between symmetry-related protein interfaces. Therefore, the
influence of the crystal lattice on fragment binding should not
be neglected in both co-crystallization and soaking experi-
ments. In some cases, when the target macromolecule forms
oligomers that are either present in the asymmetric unit or
formed by the crystallographic symmetry, the contribution of
the lattice is beneficial. In many other cases, however, the
binding site shared by the molecules indicates that the binding
event is a product of the contribution of more than one
protein molecule. It is beyond the scope of this manuscript to
discuss the utility of such binding events for fragment-based
drug design. Regardless of this, these events are also probes of
the protein surface and could therefore provide useful insights
into preferred chemical groups, undiscovered side-chain flex-
ibility etc. Therefore, evaluating which receptor molecule is
the major contributor to the observed binding event is crucial
for successful fragment-based drug design relying on the most
reliable fragment-binding region as a starting point.
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