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1.INTRODUCTION



- Drug Discovery

The discovery of molecules that could be used for drug development is one of the main activities contributing
to the improvement of human and non-human health. The road to drug discovery is a long one and can
sometimes prove to be tough and competitive. The process can be broadly divided into four main phases: (i)
target selection and validation; (ii) compound screening and lead optimization; (iii) preclinical studies; and
(iv) clinical studies®.
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Figure 1. Graphical representation of the steps involved in drug discovery?.

The first step is therefore to identify the target of a specific disease. Its validation is done using different
types of analysis such as genomics and proteomics, aided by bioinformatic predictions, which have made a
considerable improvementin the field of research in recent decades. Next comes the screening of molecules
capable of binding to the target. Very often a virtual screeningis performed, but there are now several
molecular assays that allow high throughput screening of small molecules collected in libraries of chemical
or natural compounds. Once a chemical class of molecules capable of bindingto the chosentargethas been
identified, structure-activity and in silico studies in combination with cellular functional assays allow to
improve the activity of the compound. This may be possible, forexample, by making chemical modifications
to certain groups identified in the structure of the compound. These 'new molecules' must be validated by
molecular assays and are thentested in in vivo studies in animal models. This step is extremely important as
pharmacokinetic investigations and toxicity tests are carried out. Finally, the drug candidate, which
successfully passed all preclinical tests, moves onto clinical trials.

The clinical study involves three phases: Phase |, safety testing of the drug with a small number of human
subjects?; Phase I, efficacy testing of the drug with a small number of people with the target dise ase?; and
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Phase Ill, efficacy studies with a larger number of patients?. If the drug passes all three phases, itis reviewed
by agencies such as FDA and EMA for approvaland marketing.

Fromthe above, it may seem thatdrugdiscoveryis a 'modern'science or activity, which has taken off thanks
to modern molecular biology techniques. Actually, these have only helped to improve the search for
candidate moleculesfor drug development. Infact, in the last 100 years, many drugs have been discovered
that have radically changed the practice of medicine and impacted many aspects of our culture, and their
discovery was achieved with a target- and mechanism-agnostic approach that relied on ethnobotanical
knowledge, often fuelled by serendipity?. Since the 19th century, experimental biological and medical
research by Claude Bernard, Louis Pasteur, Robert Koch, Paul Ehrlich, and Joseph Lister, and advances in
organic chemistry, have advanced the modern discovery of drugs, many of which are now well-known and
act by a variety of mechanisms. These drugs are currently used in the treatment of diseases ranging from
bacterial infections to psychiatric illnesses and various types of cancer. In addition, they have enabled many
surgical procedures, such as cell and solid organ transplantation?. The first 100 years of modern drug
discovery were driven by chemocentric approaches, i.e., approaches based on a specific compound or class
of compounds that served as a starting point for further optimization. These chemotypes were discovered
through ethnobotanical knowledge or derived from ligands and natural substances?. Examples are aspirin,
ergotamine, penicillin, and steroid hormones. In the case of aspirin, for example, Johann Andreas Buchner
extracted salicin from the bark extract of the white willow tree (Salix alba) in 1828. However, its effects were
already well known in Europe and North America for relieving pain, treating inflammation and fever. It was
Felix Hoffman, a chemist at Bayerin Germany, who, through his systematicsearch for derivatives of salicylic
acid in 1897, succeeded in synthesizing acetylsalicylic acid, known since 1899 as Aspirin®3.

Currently, drug discovery uses a spectrum of generation/optimization approaches ranging from hypothesis-
driven strategies that associate specific molecular targets with disease states (target-based drug discovery,
or TDD) to biological/compound-driven approaches that are mechanism-agnostic and based on empirical
observations (phenotypicdrug discovery, or PDD)* Inrecent years, there has been a shift in the use of various
approaches.

While forthe past three decades, target-based drug discovery (TDD) - in which the starting point is a defined
molecular target that is hypothesized to play animportant role in disease - has been the dominantapproach
for drug discovery in the pharmaceutical industry, in recent years, there has been aresurgence of interestin
phenotypic drug discovery (PDD) approaches, which do not rely on knowledge of the identity of a specific
drug targetor a hypothesis aboutitsrole in disease®.

The breakthrough came in 2011, when a paper published by David Swinney® highlighted how most first-in-
class smallmolecule drugs (FICs) were discovered empirically through phenotypic drug discovery (PDD), while
most followers were discovered using target-based drug discovery (TDD).

The power of this approach is due to rapid advances in various technologies for cell-based phenotypic
screening in recent years, including the development of induced pluripotent stem cell (iPS) technologies’,
gene-editing tools such as CRISPR-Cas?, organoids, and imaging assay technologies®.

Despite the many technologies developed and used for drug discovery, it is striking how the rate of drug
development against new target families is significantly lower. This is why over the years several studies have
focused on trying to establish with confidence the number, characteristics, and biological diversity of
approved drugtargets®.

John P. Overington, Bissan Al-Lazikani, and Andrew L. Hopkins, in their work, propose a consensus number
of 324 drug targets for all classes of approved therapeuticdrugs, reconciling previous reportsinto a current

and comprehensive survey®. Their work grouped the targets in detail, including target names, target class,
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cellular location, and United States Adopted Names (USAN) or launch dates. Of these, 266 are proteins
derived from the human genome, and the rest are bacterial, viral, fungal, or other pathogenictargets. Small
molecule drugs modulate 248 proteins, of which 207 are targets encoded by the human genome?®. A very
interesting factorthat emerged from this detailed study, but also from previous literature, is that many drugs
are referred to as 'dirty drugs', meaning that they have a clinically relevant polypharmacology. This
characteristic can be explained by similarities either in the key pharmacophores at the binding sites of
proteins from different families'® orin the physicochemistry of the equivalent residues lining the binding site.

Using databases such as SCOP19 and PFAM20, the authors were also able to identify family relationships
between alldrugtargets by analyzing the presence of specificdomains. As we can see from the image below,
analysis of the gene-family distribution of drug targets for both small molecules and biologics reveals that
more than 50% of drugs target only fourkey gene families: class | GPCRs, nuclear receptors, ligand-gated ion
channels, and voltage-gatedion channels®.

O Rhodopsin-like GPCRs

[0 Nuclear receptors

O Ligand-gated ion channels

O Voltage-gated ion channels

O Penicillin-binding protein

O Myeloperoxidase-like

O Sodium: neurotransmitter symporter family
O Type Il DNA topoisomerase

O Fibronectin type lll

O Cytochrome P450

Figure 2. Gene-family distribution of currentdrug substances®.

The targets with the largest number of approved drugs are the glucocorticoid re ceptor and the histamine
receptor H1°. The protein kinase family has become one of the most important drug targets of the 21st
because dysregulation of their activity is linked to numerous diseases, including cancer. For this reason, there
are currently 68 FDA-approved therapeuticagents targeting around two dozendifferent protein kinases, and
six of these drugs were approvedin 2021!!. A noteworthy feature shared by many targets is their location,
meaning that 60% of drug targets are located on the cell surface, although being ~22% of all proteinsin the
human genome?®. A study by the National Institute for Health Care Management Research and Educational
Foundation (NIHCM Foundation)? found that, of 361 new molecular entities (NMEs) approved by the FDA
between 1989 and 2000, 76% targeted a previously drugged domain and only 6% targeted a previously
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undrugged domain; the remainder has unknown targets (4%) or is believed to have no distinct molecular
target underlying its action (17%)°.

Currently, the identification of new drug candidates in a target-agnostic manner includes high-throughput
screening of different chemicalllibraries, fragment-basedscreening, rational drug design, use of target family
knowledge, and in silico drug discovery methods.



- Protein-Protein Interactions (PPIs)

Protein-protein interactions (PPls) are of great importance because they mediate numerous biological
functions, involved in virtually all cellular processes, including metabolic cycles, DNA transcription and
replication, enzymaticactivity, signaling cascades, apoptosis, and other processes. Itis estimated that there
are between 130,000 and 650,000 types of PPIs in the human interactome 314, PPIs play a key role in both
physiological and pathological conditions and represent a potential source of therapeutic targets, as a
disturbance in the dynamicbalance of proteins often leads to a dysfunction that, at a systemiclevel, signifies
pathology.

Modulation of PPIs by peptidesis a technique already 'tried and tested'in nature. Many organisms use
naturally occurring peptides to inhibit, compete and regulate interactions. Examples include the peptide
Extracellular Death Factor (EDF), which interposes itself between the binding of the anti-toxin MazE to the
toxin MazF?'®, thus activating this enzyme that triggers the cell death process. Alternatively, BH3 domain
peptides in anti-apoptotic proteins compete with the internal interactions of a helix with the same binding
groove in apoptotic proteins such as Bcl-xL, thus preventing apoptosis*®?’.

Nowadays, however, the possibility of inhibiting the interaction between two proteins is not just limited to
the humaninteractome, butthe conceptis growing and expandingto include viral and bacterial organisms.
It is important to define from the outset what kind of PPl we are dealing with:

e PPIs can occur between identical or non-identical chains®. Oligomers of identical or homologous
protein units can be organized in an isologous or heterologous manner!® with structural
symmetry82° An association is defined as isologous when the same surface on both monomers is
involved in the interaction, whereas it is defined as heterologous when different interfaces are
involved®®.

e PPIscan be eitheran obligate or non-obligate complex. Inthe former case, protomers are not found
as stable structures on their own in vivo (e.g., the dimer of the Arc repressor is essential for DNA
binding), whereas in non-obligate interactions protomers exist independently (e.g., antibody-antigen
complexes). Obligate interactions are usually permanent, whereas non-obligate interactions may be
transientor permanent?®,

e PPlsmay be permanent, i.e., they are very stable interactions, and the proteinstend to existonly in
the complexed form; or they may be transient, where in vivo association/dissociation dynamics are
observed. Within this classification, we can distinguish subcategories of PPls. There are weak
transientinteractions with dynamic oligomeric equilibrium in solution (the interaction breaks down
and forms continuously), and strong transient interactions that require a molecular trigger to shift
the oligomeric equilibrium?,

However, itis importantto emphasize thatit is not possible to draw up a table in which the different PPIsare
divided and listed. There is, therefore, no clear-cut classification, as everything depends on the surrounding
cellular environment at a given time. What we see is therefore a continuum between obligatory and non-
obligatory interactions.

PPIs can take place between two globular proteins with preformed surfaces (a), between two globular
proteins with an induced binding surface (b), between arigid globular protein and a peptide (c), betweena
flexible globular protein and a peptide (d), orultimately between two peptides (e).



Figure 3. Structural classification of protein-protein interaction (modified by 21).

The interaction between two proteins involves a surface area of between 1,000 - 6,000 A2. Generally, the
interface consists of a central region and an edge region?2. Another type of classification applies to PPI
interfaces. These can be classified as follows: narrow (surface area < 2500 A2) / wide (surface area > 42500
A?) and tight (K4 < 200 nM) / loose (K4> 4200 nM) based on their affinity?>2*. The 'narrow and tight' interfaces
are the most suitable for the design of small molecule inhibitors?4.

The concept of the 'hot spot' was first introduced by Clackson and Wells?>. They identified at the interface of
interaction between human growth hormone (hGH) and its bound receptor (hGHbp), asmall set of residues
critical for the interaction?*. ‘Hot spots' represent on average 9.5% of the residues at the interface and most
of them are located in the central regions?®. In PPIs, we often find "hot segments", which is an extension of
the hot spot concept to a continuous binding epitope that dominates the interaction?’. A characteristic
feature of hot spots is the presence of particular amino acid residues. Systematic analyses have revealed a
high presence of Tryptophan (21%), Arginine (13.3%), and Tyrosine (12.3%) residues?®. To a lesser extent,
polar residues such as Aspartic acid and Histidine are also fairly present?®. The presence of these particular
amino acids is related to the conformational change that enables them to accommodate small molecules?®.
In addition, these particular residues can form bonds with ligands driven by various forces, including
hydrophobic, hydrogen bonding, m-mistacking, and electrostaticinteractions??.

There are several methods useful for studying the PPl interface. Most information is derived from
conformational differences between unbound and bound proteins/structures®. However, sometimes this
information is not available, so computational methods such as flexible molecular docking and molecular
dynamics (MD) simulations are used?*. Another type of analysis is scanning alanine mutagenesis?>2528 in
combination with X-ray crystallography. This method makes it possible to identify PPl 'hot spots' by
measuring the impact of each residue on the binding affinity to the partner protein by serially mutating each
residue atthe interface into alanine. However, this only highlights contributions due to the energy of mutual
interaction within a protein-protein complex?. Itis, therefore, necessary to make sure that those identified
are indeed the binding sites for small molecules. The druggable sites of a protein have additional topological
characteristics that are appropriate for binding a small ligand. The druggable site of a protein can be
determined by finding consensus sites that are characterized by their ability to bind a variety of fragments or
small organic "probes"?*. Consensus sites can be identified using the MSCS?° (Multiple Solvent Crystal
Structure) approach and fragment screening techniques3® (such as "SAR by NMR"!). By combining
computational solvent mapping (finding energetically accessible hot spots) with conformational sampling
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(considering flexibility to accommodate drug-sized molecules), Kozakov et al.3?> demonstrated that druggable
sites tend to have a hydrophobic concave scaffold from which branch polar groups that can bind organic
molecules. Metz et al.3®* managed to coordinate the aspects of energy and plasticity. With this approach they
identify hot spots, transient pockets and determinants of small-molecule binding at the PPl interface.

The importance of PPIs, their extensive study, and theneedto develop new drugsto combat various diseases
have led to the growth of research on inhibitors of protein-protein interactions. Works in recent years has
highlighted classes of PPls that are particularly susceptible to inhibition by small molecules. Aninhibitor that
disrupts the interaction between a globular protein and a single peptide or peptide chain on the partner
protein, for example, binds in pockets on the surface of the globular protein, leaving noroom forthe partner
protein to make the bonds necessary forthe native interaction.

Protein-proteininteractions can be modulated mainly by orthosteric orallosteric mechanisms. An orthosteric
or allosteric modulator can also differentiate into a disruptor or a stabiliser34.

1. Orthosteric PPI Disruptors. The formation of the protein complex is inhibited by direct competition
at the interface. Most of the PPl inhibitors currently in clinical trials belong to this class and act on
therapeutictargets such as proteins of the IAP family3°, MDM236-3%, and HIV integrase“°.

2. Allosteric PPI Disruptor, the formation of the protein complex is inhibited by a molecule bound to
the protein at a remote site of the interface. One complex modulated by this mechanism is the
interaction of the c-Myc-MAX heterodimer, a pleiotropic transcription factor involved in the
regulation of proliferation and therefore an interesting anti-cancer target*.

3. Orthosteric PPl stabilizer, the affinity of the interaction is increased through the binding of a small
molecule to a newly formed binding site at the PP interface. Well-known examples of orthosteric
stabilizers are the immunosuppressants rapamycin and FK506 isolated from Streptomycetaceae*.

4. Allosteric PPI stabilizer, the affinity of the interaction increases through the binding of a small
molecule to a remote site of the interface. One protein susceptible to allosteric stabilization is the E2
ubiquitin ligase Cdc34a3*.

Another mechanism to modulate protein-protein interaction is mediated by dynamicinterfacial modulators,
which in addition to modifying the affinity between the targeted interacting proteins, also act as allosteric
modulators of the individual components of the protein complex by influencing their dynamics, which are
crucial for protein function®?. An example of dynamic interfacial modulators is a set of inhibitors of
dihydropteroate synthase (DHPS), a dimeric bacterial enzyme that is targeted by sulphonamide antibiotics,
which have many undesirable side effects such as allergies or brain damage *3.

Target-based drug discovery, using various assays to screen large chemical libraries, has struggled to find
ligands that inhibit protein-protein interactions (PPIs)**. Several databases are currently available, such as
TIMBAL?, 2P21%¢, and iPPI-DB*’, which collect both structural data of the druggable sites of different PPIs, but
also small molecules thatare possible PPlinhibitors'’.

The development of a molecule capable of accessing several hot-spot pockets on the surface of a protein,
while keepingthe physicochemical properties within conventional limits for drug discovery projects, can be
challenging?'. Asmentioned above, drug discoveryis a very laborious path, as is the identification and design
of small molecule inhibitors.
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To analyse the binding mechanism and effect of PPI modulators, there are various screening methods, using
many biochemical and biophysical assays, such as Thermal Shift (TS)*?, Surface plasmon resonance (SPR)*,
Ligand- or protein-based nuclear magnetic resonance (NMR)>°, X-ray crystallography®?, Isothermal titration
calorimetry (ITC) °2, Forster Resonance Energy Transfer (FRET)>3, and Bioluminescence Resonance Energy
Transfer (BRET)>4.

Severalstrategies can be used to identify compounds capable of disrupting specific PPls:

- High-throughput screening (HTS) is a well-proven method for identifying hits against classical drug
targets but has a relatively low success rate for PPIs. Most of the libraries used for screening are
based on compounds that act primarily on conventionaldrug targets?*. These are notable to occupy
the chemical space required to inhibit the interaction between two proteins?*. At the same time,
however, HTS is useful for identifying starting points to target PPls2*. Large pharmaceutical
companiessuch as Roche, Bristol-Myers Squibb, Pfizer, and Abbott, seeing the potential of HTS, are
placing increasing emphasis on PPI targeting programmes®°. Therefore, they are looking to expand
their screeninglibraries by adding molecular diversity and complexity. There are two different types
of libraries that can be used in HTS: random libraries of different drug-like structures, which are
usefulin cases where there is a new target where no lead is known and which can be derived from
natural products from reptiles, marine organisms, microorganisms and plants; and focused libraries,
which are based on the structuralinformation provided by the input molecule (leador naturalligand)
and provide a richer base of information for the design of preferred structures®®. Despite the
limitations that HTS can present, this methodology has led to the identification of molecules that
mimic a non-continuous epitope consisting of side chains on an a-helix, as in the successful screening
against MDM?2-p5323:26:40.57-61 7in A-Fts74452 and human papillomavirus (HPV) E2-E1%3. Most HTS hits
are active at sub-micromolar or low-micromolar concentrations.

- Fragment screening and Fragment-Based Drug Design (FBDD) have proved to be good approaches
for the search for PPl inhibitors. They are based on the construction of new lead structures from
small molecular fragments taking the advantage of both random screening and structure-baseddrug
design®. FBDD leads to weak to moderate (5mMto 1 uM) binding of the desired target by screening
libraries of fragments containing hundreds to thousands of small, low molecular weight fragments,
typically less than 200 Da?*%5. Compared to HTS, FBDD and fragment screening seem to be better
approached to detect inhibitors of protein interactions. Successful approaches to fragment
identification and optimization include structure-activity relationship (SAR) by NMR, X-ray
crystallography, and tethering. SAR by NMR uses heteronuclear single quantum correlation (HSQC)
1H-15N NMRas a screeningtoolto identify fragments that bind to a site of interest on a protein %,
The tethering method, on the other hand, exploits the formation of disulphide bonds. A cysteine
mutation is placed nearthe small molecule binding site, and this mutant protein is interrogated with
a mixture of disulphide-containing fragments. At equilibrium, those fragments that bind to the target
and form a disulphide will be highly bound to the protein. Subsequent use of mass spectrometry
easily reveals protein-fragment conjugates®®. Animportant example of an inhibitor discovered with
this strategy is the Bcl-xL inhibitor ABT-263 (Navitoclax, 1) as a novelanti-canceragent®7°. Tethering
has allowed the identification and improvement of modulators against interleukin-2 (IL-2). In
particular, it allowed the identification of SP4026, a mimic of IL-2R receptor hotspot residues’>72,
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Rational design, the rational design of PPl inhibitors has focused on efforts to mimic peptides using
many different strategies’. Much work has been based on mimicking three main recognition motifs
found to modulate PPIs: a-helices, B-row, and reversal?!. Most of the binding energy comes from
hydrophobicinteractions. Of considerable interest to pharmaceutical industry are cyclic peptides and
severalcompanies have focused on the formulation of cyclic peptide libraries”. Libraries of synthetic
cyclic peptides (ormacrocycles) can be generated and screened by functional assays. One methodto
generate cyclic peptide libraries is the circular split-intein binding of peptides and proteins
(SICLOPPS), which exploits intein splicing for the generation of cyclic peptide libraries in cells”#. This
strategy has the great advantage of being able to generate massive libraries composed of millions of
different compounds.

Virtual screening is a computational screening method whose approach can be either structure-
based”® or ligand-based’®. Structure-based virtual screening uses docking and scoring to select
molecules that have a good binding affinity to target proteins. The ligand-based approach prioritizes
molecules according to their suitability for the pharmacophore or their chemical similarity. A very
important feature is the low cost and high throughput of this type of screening. Virtual screeningis
an evolving type of screening. Many research groups are devising and launching software to analyse
and detect PPl inhibitors. For example, Dr. PIAS”? is software that identifies similarities in pocket
structure from a database of known PPl inhibitors and targets. Meireless et al.”® introduced the
ANCHOR system to identify 'anchor' residues that are deeply buried at the time of binding. Virtual
screening is also able to consider the binding dynamics of a protein. Using virtual screening, very
important information can be learned, such as the greater propensity of druggable PP sites to form
surface pockets compared to non-PPlsites. In addition, predicting the ability of some PPl interfaces
to accommodate small molecules through dynamic pocket formation could help in targetselection.
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- FORSTER RESONANCE ENERGY TRANSFER (FRET)

Forster Resonance Energy Transfer (FRET) was first described in the 1920s by Cario, Franck, and Perrin. Inthe
late 1940s, Forster and Oppenheimer independently formulated a quantitative theory of energy transfer
between a pair of point dipoles. The theory was verified by Stryer and Haugland in the late 1960s and they
coined the term "spectroscopic ruler" for FRET. FRET provides accurate spatial measurements and detects
molecular complexes over distances from ~10 A to 100 A7 and enables the definition and detection of a
variety of biological organizations and cellular events such as protein folding®, substrate interactions®,
enzyme kinetics®?, and intercellular signalling®3.

FRET is a non-radiative energy transferthat occurs by dipole-dipole coupling from an excited state donor (D)
fluorophore to a ground state acceptor (A; another fluorophore or a quencher) when appropriate spectral
overlap and proximity requirements are satisfied®*. Due to its inherent inverse-sixth-power distance
dependence, FRET spectroscopy is useful for nanoscale proximity detection with a typical range of roughly
1-10 nm (and up to ~20 nm for some atypical FRET pairs)?.

The energy transfer mechanism of FRET is similar to Near Field Communication (NFC): interactions between
radio antennas or chromophores take place at a distance shorterthan the wavelength of the emitted light.
Inthe near-field region, the donor chromophore emits a photon that isimmediately absorbed by the acceptor
chromophore; this photon is unreliable because its existence violates the conservation of energy and
momentum; forthis reason, FRET is referred to as non-radiative transfer®®.

Absorption
Fluorescence

Tﬁ S
Donor Acceptor

Figure 4. Jablonski diagram. lllustration of the coupled transitions involved between donor emission and acceptor

absorbance in FRET (modified from?86).

The efficiency of energy transfer (E) is a quantitative measure of the number of quantathat are transferred
from D to A. E is essentially the ‘quantumyield’ of energy transfer, which is defined as follows:

_ thenumber of quanta transferred fromD to A
B the number of quanta absorbed by D
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According to the theory of Forster, the rate (kT) and efficiency (E) of energy transfer can be written as:
E= Kr
~ K7+ KF +KD

Equation 1. The efficiency of energy transfer?®,

Where K; is the rate constant of fluorescence emission of the donor, and K; is the sum of the rate constants
of all other deexcitation processes of the donor.

The distance between donorand acceptorgreatly influences the efficiency of FRET, is:

E 1
= T \6
[1+(z)’]
0
Equation 2. A distance lower than Ro has an efficiency close to the maximum value, if instead is (much) higher than Ry,

the efficiency s close to zero®>.

Ro is characteristic for eachinteraction and indicates the distance at which the efficiency is 50%. R, depends
both on the spectral superposition integral of the donor emission spectrum and the acceptor absorption
spectrum, and on the relative orientation of the donoremission dipole moment and the acceptorabsorption

dipole moment (Figure 5)%°.
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Figure 5. Left: FRET efficiency as a function of the distance between the donor and the acceptor fluorophores; notice
the linearity of the FRET efficiency values at distances near Ro. Right: absorption and emission spectra of the donor
(cyan) and acceptor (green). The overlap between donor emission spectrum and acceptor absorption spectrum is

highlighted by green shade®”.

To quantify FRET one of the most widely used methods is fluorescence -lifetime imaging microscopy (FLIM),
where the fluorescence lifetime of the donoralone (tD) or coupled with the acceptor (tDA) is measured ®.

E=1-(24)
D
Equation 3. The efficiency of FLIM?®7,

The application of FRET technologyis very broad and is applied to analyse conformational changes?®® (static
or real-time), interactions between membrane molecules®, protein structure®?, PPIs®2, and nucleic acid-
protein complexes®3.
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The greenfluorescent protein (GFP) of the jellyfish Aequorea victoria is widely used to study interactions in
vivo®*, and mutations to its sequence have led to the development of new non-invasive fluorescent markers
with different spectral properties®>°®. Originally, the first chromophore pair was blue fluorescent protein
(BFP) as donor and GFP as acceptor®®. The BFP is a mutant of GFP (Try66His) and has an excitation peak in
the ultraviolet (UV)°7°® with the drawback of causing strong cellular autofluorescence noise and scattering.
Therefore, attempts were made to create GFP mutants to obtain fluorescent proteins. Examples are : Cyan
Fluorescent Protein (CFP) (Tyr66Trp), characterized by an excitation peak at 436 nm and an emission peak at
476 nm®; Yellow Fluorescent Protein (YFP) (Thr203Tyr) characterized by redshifting spectra, with an
excitation peak at 516 nm and an emission peak at 529 nm?®>°%; and Red Fluorescent Protein (RFP) discovered
from corals, with a long excitation tail’®®. CFP-YFP pair allows monitoring very large distances, and despite
cross-talk in the excitation and emission spectra, it has been the most widely used FRET pair.

For the study of PPIs, as in the case of Bcl-2 Bax, the chromophores are fused to different proteins and we
speak of intermolecular FRET®”. When chromophores are fused to the same molecule, we have
intramolecular FRET*.

Unfortunately, FRET has some limitations in the physical process and signal measurement. The excitation of
the chromophore has to take place by an external source of illumination, such as a laser, leading to an
elevation of the noise floor. This can occur in two ways: direct excitation of the acceptor chromophore and
photobleaching mechanisms, causing loss of signal. Using FRET as an assay in HTS can lead to false negatives
due to the risk of damaging photosensitive compounds, preventing any subsequent characterization. Finally,
cell structures, especially membranes, tend to absorb external light, inducing autofluorescence that
annihilates the signal'®?. To overcome these drawbacks, Bioluminescence Resonance Energy Transfer (BRET)
has been developed®’.
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- BIOLUMINESCENCE RESONANCE ENERGY TRANSFER (BRET)

The Bioluminescence Resonance Energy Transfer (BRET) is a naturally occurring phenomenon that can be
observedinthe sea pansy Renilla reniformis, and other organisms.
The BRET methodis based onthe Forsterresonance energy transferand involves resonance energy transfer
between alight-emitting enzyme and afluorescent acceptor. This technique is considered very versatile and
is also a widely used method for monitoring protein-protein interactions in living cells as well as
conformational changes within proteins or molecular complexes®®.

Whereasin FRET the donoris a fluorophore that transfersits excited-state energy to the acceptor, another
fluorophore that emits fluorescenceat alongerwavelength, in BRET a luciferase is used as the energy donor.
The use of the luciferase instead of the fluorophore avoids the consequences of donor excitation in FRET,
such as tissue damage by excitatory light, photobleaching, and simultaneous excitation of the acceptor by
the donorexcitatory light. However, in both methods, donor and acceptor are genetically or chemically fused
to proteins or compounds understudy.

Bioluminescence occurs when the luciferase emits light in the presence of its corresponding substrate. The
fluorophore, usually a fluorescent protein, absorbs light at a given wavelength and re-emits light at a longer
wavelength and the transfer of energy leads to the excitation of the acceptor fluorophore, which re -emits
light at a longer wavelength.

Therefore, the emission spectrum of the donor must overlap with the excitatio n spectrum of the acceptor.

A necessary condition for resonance energy transferto occur is that the donor and acceptor are fairly close
together(<10nm). If the distance between donorand acceptoris greaterthan 10 nm, only the donor signal
is detected, whereas, if the 10 nm distance is met and the two proteins interact, a BRET signal can be
detected.
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Figure 6. BRET-based assay: the energytransfer can occur only when the donor and the acceptor are sufficiently close
(modified from192)
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Figure 7. Representation of the emission spectrum of the donor that overlap with the excitation spectrum of the

acceptorio?,

To study protein-protein interactions, one proteinis fused to the donorand the otherto the acceptor.

The BRET signal strengthiis influenced by three parameters:

1.

Distance between donor and acceptor. It is inversely proportional to the intensity of the transfer
signal: the energy transfer decreases progressively as the distance between the donor and the
acceptor increases from 1 to 10 nm, which turns out to be the maximum distance for the Forster
resonance energy transferto take place (Figure 6)°1-193,

The relative orientation of BRET partners, due to the dipole-dipole nature of the resonance energy
transfer mechanism. Lack of BRET signalling between two proteins does not mean they are not
interacting. The weakening or complete absence of BRET signaling may be due to the incorrect
orientation of donor and acceptor. Therefore, to overcome this problem, it is essential to test
different combinations in which the proteins of interest are fused to donorand acceptorat the C- or
N-terminal ends and to use different linker peptides characterized by high flexibility. The strategy
often usedisto change the insertion site of the donorand acceptorin the protein of interest. (Figure

OB 06 68

Optimal transfer Weak transfer No transfer

Figure 8. Different orientations of BRET partnersi02,

3.

Acceptor/donor ratio. As we know, protein interactions take place in finite spaces such as cell
organelles, cellmembranes, cytoplasm, or extracellular space. The finite space and increasing protein
expression can lead to accidental encounters between proteins and a non-specific BRET signal would
occur because the proteins are more likely to collide. To verify the specificity of the signal, BRET
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donor saturation assays are performed, where a fixed amount of luciferase is co-expressed with
increasing amounts of acceptor-tagged protein®-1% |f the BRET signal is specific, it increases
hyperbolically and reaches a plateau representing complete saturation of all donor-acceptor
molecules.
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Figure 9. Representation of the acceptor/donor ratio02,
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Figure 10. Donor saturation assay for analysis to set up a P212 BRET-based screeningassay'0°,

Since 1999, the BRET methodology has beenincreasingly used in laboratories and several new substrates and
new donor/energy acceptor pairs have been developed©?. In BRET1, the original version, coelenterazine h
was used as the substrate for Renilla 36-kDa luciferase (Rluc). Maximum Rluc emission is observed at 480
nm, an appropriate wavelength for excitation of YFP, which re-emits light at 530 nm?*°, YFP variants with
identical excitatory properties are YFP topaz106108111112 YEP citrine!!3-11>, YFP venus®311®, and YPet!17118,
BRET2, a variant of BRET1, uses DeepBlueCTM or coelenterazine 400a, a chemical derivative of
coelenterazine h that shifts the maximum light emission of Rluc to 395 nm1°211% Appropriate acceptors are
GFP2and GFP10with excitation and emission maxima of 400 and 510 nm, respectively %2, The advancement
gained with version 2 was a greater spectral separation of the donor and acceptor emission peaks.
DeepBlueCTM, however, has up to 300 times less light emission'!*. BRET3 is based on the use of firefly
luciferase (from Photinus pyralis) as a donor'®2, This 62 kDa luciferase emits light at 565 nm in the presence
of its substrate D-luciferin, ATP, O,, and Mg2*120-122 Different acceptors are used: the 24 kDa fluorescent
protein DsRed (ex: 558 nm/em: 583 nm); Cy3-labelled peptides (ex: 547 nm/em: 563 nm) or Cy3.5 (ex: 591
nm/em: 604 nm)23124 Another BRET version uses quantum dots (QDs) as acceptors. QDs are semiconductor
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nanocrystals excited at any wavelength from UV to 530 nm, and their light emission wavelength, which
depends on their diameter, can cover the blue to near-infrared spectrum??®. They are therefore suitable
energy acceptorsforassays based on BRET1 and BRET21°2,

Otherluciferases have been cloned from marine organisms for application in BRET assays. One of these, the
NanolLucluciferase (NLuc), was developed from Oplophorus gracilirostris, is characterized by a small size (19
kDa) and a specific activity about 150-fold higher than RLuc!26-131; NLuc can be combined with YFP or other
mutated versions, such as YPF topaz, Citrine, Venus and YPet.
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- History and evolution of Antibiotic and Antimicrobial Resistant

Antibiotics are the wonder drugs of the 20th century. The term antibiotic comes from ancient Greek ( anti
and bios) and means 'against life'. In the mid-nineteenth century, Louis Pasteur observed that some
microorganisms destroy others - a phenomenon later known as antibiosis 132. Selman A. Waksman, in 1943,
was the first that proposed the definition of “antibiotic” to “denote any class of organic molecule that inhibits
or kills microbes by specific interactions with bacterial targets, without any consideration of the source of
the particular compound or class” 33,

Antibiotic agents can be classified according to their mode of action:

- Bactericides, which completely kill bacterial cells, but no lysis or cell rupture occurs. They bind tightly
to their cellular targets and are not removed by dilution?34,

- Bacteriolytic, which completely kills bacterial cells through cell lysis. Such compounds may inhibit cell
wall synthesis ordamage the cytoplasmic membrane®34,

- Bacteriostatic, which inhibit growth but do not kill. These often inhibit protein synthesis through
binding to ribosomes. Their binding to the target is not tight, and when the concentration of the
antibiotic is lowered, it is released from the ribosome, and growth resumes?34,

Antibiotics generally target an enzyme or process that is essential for bacterial growth and survival, while
causing little or no harm to the eukaryotichost. At the molecular level, the antibiotic molecule binds to the
target at a particular site, forming a molecular complex that blocks its functions!3*. The targets of antibiotics
currently in use are DNA replication and repair, DNA transcription, protein synthesis, cell wall biosynthesis,
and cytoplasmic membrane function.

In general, antibiotics and other chemotherapeutic agents are grouped according to their mechanism of
action or, more usually, their chemical structure3*. The main classes of antibiotics include quinolones, which
inhibit DNA replication; various drugs, such as the antituberculous drug rifampicin, which inhibits DNA-
directed RNA polymerase; tetracyclines and aminoglycosides, which inhibit protein synthesis by binding to
the 30S ribosomal subunit; macrolides, lincosamides, chloramphenicol, and analogues which inhibit protein
synthesis by binding to the 50S ribosomal subunit; B-lactams, which inhibit cell wall biosynthesis;
glycopeptides, thatinhibit cell wall synthesist34-13,

The use of particular substances to treat infectious diseases is much more deeply rooted in time than we may
think. From the Assyrians and Babylonians to the Europeans, there are traces of the use of “nature's magic
bullets”. An example was the fortunate discoveryin Northern Italy, in 1991, of the “Ice Man” who lived some
5322 years ago®3”138, Medical studies have identified the presence of a ball made of the fungus Piptoporus
betulinus, among his belongings. This ball of Piptoporus betulinus would have served to expel the parasite
Trichuris trichura from the rectum of the man. Piptoporus betulinus contains oils that are toxic to metazoans,
have antimicrobial activity against mycobacteria, and contain toxicresins that are powerful laxatives**2. Many
references to the benefits of using mushrooms and moulds come from the ancient Egyptians, Greeks, and
Romans also. In an early 17th century writing, a Buddhist nun's intervention against what was later known
as an infectious disease is described: she dried 3 to 4-week old scabs of mild smallpox patients and asked
people who were well to inhale the powder so that she could prevent the disease in the rest of the
population!®*2, The first person who documented the use of moulds to treat infections was John Parkinsonin
his book “Theatrum Botanicum”, published in 1640'3°. From 1870 to 1890, several observations were made
that mould had antibacterial activity. In 1897, Ernest Duchesne observed how Arabian grooms treatedsaddle
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sores with mould and decided to analyse it. He characterized it as Penicillium notatum and used it to
successfully treat induced typhoid in guinea pigs*°. Salvarsan was the first antimicrobial agent in the world
and it was synthesized by Enrlich in 1910. This agent was utilized as a remedy for syphilis**'. Alexander
Fleming was considered the “Medicine’s accidental hero”. Two cases of serendipity struck Fleming's
laboratory. The first was when, while working at St. Mary’s Hospital in London, he demonstrated a “zone of
inhibition” around bacterial growth#?, Due to an accidental sneeze, drops of lysozyme fell onto a petri dish
containing a bacterial culture. Around the mucus, the culture did not grow. Lysozyme was later shown to
have antibacterial activity only against non-pathogenicbacteria. The second wasin 1928 when, returningto
his laboratory after some time, he found mould in the Staphylococcus plate he had left uncovered. Between
the mould and the staphylococci was a blue-green spotted mould, identified as Penicillium notatum. The
culture filtrate, capable of killing the bacteria, was called “Penicillin” 32142, |t was not until 1940 that penicillin
became available as an antimicrobial agent, saving many lives of soldiers engaged in World War Il. At the
same time, sulphonamides were beginning to make their way into the world of antimicrobial agents. In 1933
Prontosil, a combination of sulphonamide and dye was used to successfully treat a boy dying of
staphylococcal septicemia. Sulphonamides allegedly saved the lives of Winston Churchill and the son of
Franklin D. Roosevelt'*?. These continuous discoveries and observations led to the Golden Age of antibiotic
discovery. From 1940 to 1970, there was a peakin the discovery and also in the synthesis of new compounds.
Initially, as with streptomycin and vancomycin, the primary source was other naturally occurring
microorganisms. Indeed, streptomycin was isolated in 1944 from Streptomyces griseus*** and vancomycin
was extracted in 1952 from Streptomyces orientalis and used in patients from 1958 onwards*3. While new
antibiotics such as cephalosporins (1960), ampicillin (1961), and B-lactams (1976) were being developed, this
period also saw the emergence of a parallel and conflicting pathway of pathogen resistance to antibiotics
(Figure 11).

Emergence of drug-resistant bacteria Development of antimicrobial agents

— 1928 Discovery of penicillin
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Figure 11. Trend of development of antimicrobial agents and emergence of drug-resistant bacteria 41,

Thus, if on one side some diseases caused by bacterial infections were being eradicated, on the other hand

some diseases recurred that could nolonger be treated with antibiotics that previously had a positive effect.
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Increasing misuse of antimicrobial agents, including in sectors such as agriculture and aquaculture, has
increased the emergence of antimicrobial resistance (AMR). To date, antibiotic resistance has caused more
than 7 million deathsannually and the situation could worsen by 2050, whenthe number of deaths peryear
could be around 10 million*#4-%%¢, Due to increased tolerance and resistance to antibiotics, there has beena
spread of multi-drug resistant 'ESKAPE' pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacterium baumannii, Pseudomonas aeruginosa, and Enterobacter spp.). In addition,
multi-drug resistance is now also common in pathogens such as Staphylococcus aureus and Mycobacternium
tuberculosis.

The first mechanism of antibiotic resistance was reported in 1944 in anisolate of Staphylococcus aureus, that
was able to inactivate penicillin by producing penicillinase. This mechanism was similar to that noted four
years earlier in Escherichia coli**’-14°, Around the mid-1950s in Japan, genetically transfectable antibacterial
resistance was identified, introducing the concept of the possible presence of antibiotic genes diffusible by
bacterial conjugation in an entire population of pathogenic bacteria331°9151, Since the mid-1960s, the
identification of new and effective antibiotic scaffolds using the traditional Waksman platform approach has
been challenging®>2-1>4, This platform was created by microbiologist Rutgers Selman Waksman, and involved
the screening of soil actinomycetes on a stacked bacteria field. Actinomycetes are bacteria that commonly
produce antibiotics in their soil environmentand the development of an inhibition zone on the plate allowed
the identification of microbes capable of producing antibiotics. Streptomycin was identified using this
methodology.

Bacterial resistance may be intrinsic or acquired. In the first case, bacteria are naturally insensitive to the
antibiotic and this may be due to the absence orinaccessibility of the target by the antimicrobial. An example
would be the outer membrane of Gram-negative bacteria. In the second case, however, an initially sensitive
bacterium becomes resistant through mutations or the acquisition of genetic material. Conjugation is the
most common way in which resistance genes are picked up. The formation of a bridge allows cell-cell contact,
thus transferring the genetic material, which occurs through mobile geneticelements: plasmids, transposons,
or integrons.#.

Bacteria use several strategies to combat antibiotics (Figure 12):

a) Deactivation of antibiotics. Many resistance enzymesare capable of degrading or modifying different
classes of antibiotics, such as B-lactams, aminoglycosides, phenolics, and macrolides**>. Modification
can occur by adding chemical groups to the key active centers of the antibiotics, impairing their
activity and preventing the antibiotics from binding to their targets, partly due to steric hindrance >,
A prime example of an enzyme capable of modifying the antibiotic is B-lactamase, which includes
serine-B-lactamase and metallo-B-lactamase. Aminoglycoside antibiotics are also particularly
susceptible to modification due to their many exposed hydroxyl and amide groups?®®.
Aminoglycoside-modifying enzymes (AMEs) comprise three main classes: acetyltransferases,
phosphotransferases, and nucleotidyltransferases!>%1°7,

b) Modification of targets. One example is the chloramphenicol-florphenicol resistance
methyltransferase (cfr), which could specifically methylate A2503 in the 23S rRNA, thus conferring
resistance to five classes of antibiotics: phenolics, pleuromutilins, streptogramins, lincosamides, and
oxazolidonones!*®!39 The cfr gene is also usually found on conjugative plasmids, facilitating their
wide intra- and inter-species spread?®®°. Bacterial resistance to colistin has also developed. Initially,
resistance to colistin was limited to chromosomal changes such as pmrA/pmrB activation of
arnBCADTEF and pmrE, which collectively modifies LPS by the addition of 4-amino-4-deoxy-L-
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arabinose. Recent studies have identified the mobilized colistin resistance gene (mcr) in bacteria of
both animal and human origin¢!. A phosphoethanolamine encoded by mcr transferase can add
phosphoethanolamine to lipid A, thereby reducing colistin binding by lowering the negative charge
of the LPS*>2,

Prevention of intracellular accumulation. This type of resistance can be implemented by
downregulating porins or replacing porins with more selective channels*2, This leads to the reduced
permeability of the OM, limiting the entry of antibiotics into bacterial cells. This mechanism, for
example, is implemented against carbapenems in Enterobacterales'®?. Efflux pumps are mainly
responsible for the resistance of Gram-negative pathogens to many clinically used drugs. There are
two types of efflux pumps: efflux pumps with strict substrate specificity (e.g. Tet pumps), and
multidrug-resistant (MDR) efflux pumps, which carry a wide range of structurally different
substrates?>2. An example of MDR efflux pumps is the resistance division pump (RND), which is a
clinically relevant efflux transporter with a wide range of substratesin almost all Gram-negative
bacterial pathogens!>2. Among others, the RND pump is encoded by a plasmid carrying a new
tmexCD1-topr)1 gene cluster. This has been identified in Klebsiella pneumoniae, and confers
resistance to several drugs including tigecycline®3,
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Figure 12. Molecular mechanisms of antimicrobial resistance in bacterial pathogens 152,
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- Bacterial DNA Replication

DNA replication is a necessary and fundamental process of genomic duplication. The transmission of genetic
instructionsis essentialtoall living organisms and viruses®*. This process requires extreme precision, speed,
and fidelity and involves numerous protein factors. For example, in in vitro experiments, the rate of base
incorporation in E. coli is ~1000 bp/s, while the rate of spontaneous base-pair substitutions isabout 2 x 10°1°
mutations per nucleotide per generation®#1%5, The numerous proteins involved forma multi-protein complex
called “Replisome”. The activity of the replisome is carried out through a hierarchy of weak functional
interactions (Kd values range from low pMto high uM) and irreversible steps involving nucleotide hydrolysis
or incorporation®®,

Replication consists of 3 different stages: initiation, elongation, and termination.

The initiation step is highly controlled to ensure that chromosomes are only duplicated once per cell division.
Bacterial chromosomes are circular double-stranded DNA (dsDNA) with a single initiation locus, oriC. The oriC
is comprised of an array of “DnaA boxes”, that ensure the recognition of the origin by DnaA, the initiator
protein. Another important element is the AT-rich DNA unwinding element (DUE) for strand separation®’.
DnaA boxes are bound by DnaA-ATP and DnaA-ADP. The two DNA template strands are then separated in
the AT-rich region. After separation of the strands, thetwo single-strand DNA (ssDNA) are stabilized by Single-
Strand Binding proteins (SSB). SSB is a monomeric protein that is associate in tetramers. DNA wraps itself
tightly around SSB (these proteins also interact with other proteins involved in the replication) 8. Two DnaBe-
(DnaC)¢ complexes are recruited and loaded on the separated ssDNA. DnaB is DNA-unwinding helicase and
DnaC is the helicase loader. Helicase activity causes positive supercoils of the DNA in the front.
Topoisomerases eliminate supercoils by transiently cutting through the DNA skeleton. Inthis way, the DNA
linking numberis changed. Topoisomerases are divided into the following categories: i) type IAand IB, which
cut a single strand and do not require ATP hydrolysis; - ii) type I, which cut both strands and require ATP
hydrolysis'®®. DnaG primase, a DNA-dependent RNA polymerase, interacts with the N-terminal of DnaBs,
promoting the dissociation of DnaC. At this moment, DnaBs moves to the apices of the bubble to form two
replication forks, while DnaG synthesized RNA primers for an extension by DNA polymerase 164169170,

DNA polymerase lll holoenzyme (HE) is the major replicative polymerase involved in the elongation step, in
E. coli. This multiprotein complex involves 10 different proteins. Proteins are organized as follows: aef
polymerase core, B, sliding clamp, and 68t1,y:.,6'Yx clamp loader complex. These three assemblies are
functionally distinct but physically interconnected!®. B, sliding clamp is loaded, by clamp loader, onto the
primer terminus synthesized by DnaG. The interaction between clamp and polymerase core ( a, the subunit
with polymerase activity, and €, the 3’-5' proofreading exonuclease) takes place using a short linear clamp-
binding motif (CBM) to the two symmetrically related CMB-binding pockets of 3, sliding clamp. Pol Il can
synthesize DNA at high speed, ~1000 Nt/s, and with high processivity, >150 kb 166169171,

Genomic stability also depends on the correct termination of replication. In E. coli replication ends at the
region opposite to oriC. Here there are 10 termination sites (Ter), which consist of 23 bp. Their sequence
determines the binding affinity to the monomeric termination protein Tus'’2. Tus binds to Ter with high
affinity. The ten Tersites are arranged in groups of five, with op posite orientations. The replisome passes the
first group and is blocked at the second. The two replication forks converge atthe terminalregion and there
is proper segregation of the chromosomes?*®.
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- Bacterial DNA Replication as Antibiotic Target

Only two classes of antibiotics, in current clinical use, inhibit the process of DNA replication: quinolone and
aminocoumarin. These drugs inhibit the action of DNA gyrase, a type |l topoisomerase that introduces
negative supercoilsin DNA ahead of replication forks to enable continued strand separation by the helicase
during DNA replication?7%173,

Aminocoumarin comes from coumarin. The derivates of coumarin are used in various fields of medicine. The
main sources of the coumarin system are plants from the families of Rutaceae, Rubiceae, Asteraceae,
Apiaceae, Oleaceae, Fabaceae, Solanaceae, and Hippocastanaceae, as well as bacteria of Aspergillus and
Streptomyces strains'’4,

In 1950 Novobiocin, a derivative of coumarin, was the first inhibitor of type IIA bacterial topoisomerases that
was introduced in clinical use. Novobiocin was a product of Streptomyces spheroides and Streptomyces niveus
fermentation’3. Antibacterial activity is due to its ability to bind to the B subunit of DNA gyrase in bacteria
and inhibit DNA supercoiling by blocking ATPase activity'’4-’¢, The problem with Novobicin and other
coumarin derivatives was their poor activity on Gram-negative bacteria, their toxic hyperbilirubinemia, and
additional problems, such as poor ADME characteristics73177,

The second class of antibiotics that inhibit the DNA replication of bacteria, is quinolones. This class is known
to have a dual-target: DNA gyrase and topoisomerase IV. The dual action of the antibiotic class is explained
by the sequence homology between the genes encoding gyrA and gyrB (gyrase) and parC and parE
(topoisomerase IV)1®-18_Quinolones and fluoroquinolones (the main subclass of quinolone antibiotics in
use) bind the enzyme-DNA complex and stabilize the DNA strand breaks created by DNA gyrase and
topoisomerase IV. The drug-enzyme-DNA complex causes the stop of the replication fork. The antibacterial
activity of this class could take place in two stages: (1) conversion of the topoisomerase -quinolone-DNA
complex into an irreversible form; (2) generation of a double-strand break by denaturation of the
topoisomerase!®®. |n addition to the emergence of bacterial resistance to these compounds, toxicity has also
been observed. The major adverse effects include phototoxicity, CNS disturbances, tendonitis, and cardiac
QT prolongation®”3.

Consideringthe inactivity and toxicity of the antibiotics | have just described; researchers have shifted their
attention to the search for new molecules using various drug discovery techniques. The bacterial replication
system s essential for the viability of all organisms, and different protein complexes act at different stages.
Forthis reason, the whole process is considered an attractive system forinvestigation®”. There are currently
inhibitors of proteins involved in bacterial DNA replication, which | will list below. The proteins of interest
will also be briefly introduced, to highlight their functional domains and the different interactions they
establish with other proteinsin the replicative apparatus. Only the SSB and bacterial sliding clamp inhibitors
will be discussed in subsequent chapters.

- DnaA protein is highly conserved among Gram-positive and Gram-negative bacteria'®®. Its role is to
recognize and assemble at sites within oriC and to unwind a region within oriC to allow the entry of
the complex DnaB-DnaC'®”. DnaA is a multifunctional protein: i) binds DnaA boxes and othersites (T,
| and C sites) that are present within oriC; ii) binds adenine-containing nucleotides, acid
phospholipids, and other chromosomal sites; iii) binds other numerous proteins; iv) self-
oligomerizest®’,
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The protein consists of four different domains, through which it can interact with other different
proteins!®7189-1% and with itself, as it self-interacts in the oligomerization process(first domain)91%-
201 contacts the B and y phosphates of the bound nucleotide, chelates the magnesiumion complexed
to ATP, and binds and hydrolyzes ATP (third domain)2°2-2%4, The other two domains are binding
motifs: the second domain mediates interaction between the first and third domains, while the
fourth domain mediates binding of DnaA to oriC87:205-210,

Inhibitors of this protein belongto the class of bis-indoles, which compete with ATP binding. The bis-
indoles bind to the third domain of DnaA. Of interestis that an increase in the length of an aliphatic
alkyl side chain introduced on bis-indoles correlates with an increase in their inhibitory activity,
suggesting thatthese alkyl chains bind to a hydrophobicsurface nearthe ATP-binding pocket87:212,

The helicase DnaB. Different studies have revealed the dynamicmovement of the N- and C-terminal
domains of DnaB during DNA unwinding. The C-terminal domains of hexameric DnaB are closest to
the junction between single-stranded and duplex DNA in an artificial replication fork?!2-2'4_Each C-
terminal domain binds and hydrolyses nucleotides to drive DNA translocation and unwinding 132>
218 Translocation occurs in the 5 >3’ direction on the single-stranded DNA to which DnaB is
bound?6219-221 The DNA strand passes through the central cavity of DnaB, apparently interacting
with specific residues lining the cavity during movement while the other parental DNA strand is
excluded??2223, DnaB interacts with DnaA, DnaC, DnaG, and t subunit of DNA polymerase |l
holoenzyme??+225, Myricetin, a flavonol, inhibits the ATPase activity of E. coli DnaB by a non-
competitive mechanism??®, A study on DnaB from Klebsiella pneumoniae showed that myricetin

impairs ssDNA-stimulated ATP hydrolysis??’.

DnaG. This protein is responsible for the synthesis of oligonucleotide primers. DnaG consists of three
functional domains: (i) helicase-binding domain, at the C-terminus, which interacts with DnaB; (ii)
RNA polymerase domain (RPD), responsible for primer synthesis22¢-22; (jii) zinc-binding domain
(ZBD), which binds DNA and may be able to recognize sites in template DNA to initiate primer
synthesis?33234, Observations made by FRET analysis, crosslinking experiments and gel filtration
assayssupporta model in which two or possibly three DnaG molecules are bound to DnaB. Through
their specific interactions, these molecules cooperate to select the site on the parental DNA from
which toinitiate primer synthesis. In particular, the ZBD of a first primase molecule can interact with
the RPD of a second primase molecule that is boundto the DNA3223% The inhibitors of this protein
belong to different chemical classes: phenolic monosaccharides and furans, imidazoles, and
pyrimidine derivatives. Their mechanisms of action are not yet wellunderstood. The first group may
inhibit primase binding to ssDNA%¢. The second group was identified by in silico docking of
compoundstothe RNA polymerase domain?3’,

DNA Polymerase Il Holoenzyme. This enzyme is essential for the viability of bacterial organisms. As
described above, DNA Polymerase Il Holoenzyme is organized into three subunits: agB polymerase
core, B,-sliding clamp, and 6&t,y;.,8’U) clamp loader complex. The three components of aeb
polymerase have three different roles. a subunit has the active site for DNA polymerization. This
subunit establishes severalinteractions, including the one with B,-sliding clamp (which | will discuss
later). The protein a interacts with the single-strand DNA template and t subunit of the clamp loader
complex. Gram-positive bacteria with a low GC content uses two separate DNA replicases to copy
the chromosome?3%2%4, One, named PolC, is thought to synthesize both the leading strand and also
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the lagging strand®®’. € subunit has 3’-to-5' exonuclease activity. The role of this subunit is to
eliminate an incorrectly inserted nucleotide so that DNA synthesis can proceed. In DNA polymerase
Il of E. coli the active site of the polymerase is located in a polypeptide separated fromthe & subunit
containing the proofreading exonuclease domain.

The clamp loader is composed of §, &,), xand three copies of DnaX protein24>-247 The full version of
this protein forms t; the truncated version of this protein forms y. The §, & subunits, and DnaX
protein are AAA+ proteins292248249 The function of the complex is to load the sliding clamp onto
DNA?®’, The binding of ATP by the 6 subunit and its subsequent hydrolysis is coordinated with
conformational changes in both the sliding clamp and the clamp loader?41:24>-247 Qnce the sliding
clamp is loaded onto the DNA, it associates with the central subset of DNA polymerase Ill and can
then proceed with the elongation phase of replication. The T subunitinteracts with the a subunitto
dimerize the central subset of DNA polymerase lll so that synthesis of the main and lagging strands
is simultaneous?*°. Two protomers of the t subunit also interact with the DnaB helicase to increase
both the rate of nucleotide incorporation and the rate of unwinding by the DnaB helicase 187250252 |n
addition, DNA polymerase is stabilized on DNA by the interaction between the ) subunit and
SSB2532%4 Inhibitors of this system are nucleotide analogs. The 6-anilinouracil, benzylguanine and 3-
deazaguanine derivatives inhibit both DNA polymerase Ill and PolC of Gram-positive bacteria by
interfering with the base pairing of dGTP with the cytosine base in the parental DNA, trapping the
DNA-bound polymerase in an inactive complex!®7:238255257  BisQuinols (quinazolin-2-ylamino-
quinazolin-4-ols) interfere with the binding of the enzyme to DNA87:258,

- DNALigase. In E. coliwe find two DNA ligases: DNA ligase A and DNA ligase B. The first binds Okazaki
fragments, while the second actin the base excision or mismatch repair pathway. Both the enzymes
use NAD* as a cofactor. Several DNA ligase A inhibitors that compete with the NAD* binding site have
been identified?>°-%°: 6-azaindazoles as AMP-competitor inhibitors2%®; adenosine analogues?67-%%,
arylamino compounds, that inhibit by a non-competitive mechanism?®32¢%; glycosyl ureides,
glycosylamines, and tetracyclic indoles26%:263,

- Protein-Protein interactions in bacteria

Many PPIs play crucial roles in bacterial viability, in fact, DNA replication, transcription, and bacterial
translation, as well as many other processes, are determined by important protein-protein interactions.
Targeting the interactions betweentwo proteinsis, therefore, another strategy to fight antibiotic resistance,
and in addition interactions between proteins haverevealed an abundance of druggable antibiotic targets ™.
One of the mechanisms of resistance implemented by bacteria is to modify the target of the antibiotic,
causing a decrease in the affinity between antibiotic and target, which however continues to maintain its
biological function. This results in resistance that is amplified in a population?’°. If a mutation occurs at the
protein-protein interface on one of the interacting proteins, in particular a hot-spot residue, it leads to
inhibition of the drug, but also of the partner protein, leading to continued disruption or reduced protein-
protein affinity?’°. For bacteria to overcome PPlinhibition by a small molecule and still maintain homeostasis,
two simultaneous complementary mutations on two distinct proteins are required?’°. The probability of
complementary double mutations is significantly lowerthan that of a mutation based on a single enzyme 27,
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- Protein-Protein Interactions in bacterial DNA replication as a
potential new antibiotic target

If until now molecules that target the enzymatic activity of potential targets involved in replication have been
listed and analysed, now we must consider molecules that target protein-protein interactions. As mentioned
above, PPIs are involved in many processesimportant for bacterial viability, and from a genetic point of view,
there is animportant difference in the conservation of proteinsinvolved in bacterialinformational processes.
The DNA replication protein sequences are moderately conserved, unlike those involved in RNA transcription
and protein translation, which are much more conserved?”®,

Comparing the genomes of E. coli and Bacillus subtilis, they share 11-49% sequence identity concerning the
proteins that make up the basic replication module?”?.

Within the replication system itself, sequence motifs comprising enzyme active sites as wellas whole proteins
containing them are much more conserved than regions mediating protein-protein interactions”°.

Notable exceptions, however, are the protein-protein interaction systems present in the SSB and B,-sliding
clamp, which are highly conserved across bacterial genera.

- Single-stranded DNA-binding protein (SSB)

SSB plays an essential role in bacterial replication. After the action of helicases, SSB binds to ssDNA and
protectsit from nucleases. In addition, SSB acts in DNA recombination and repair and inhibits the formation
of aberrant DNA structures. The active form of SSBis a homotetramer!®’,

SSB interacts with a variety of proteins through a domain near its C-terminus?’2273, This linear motif (LM) is
conserved across 280 bacterial speciesandis characterized by NH,-DDDIPF-COOH motifin E. coli*’°.

SSB interacts directly with the a and x subunits of the DNA polymerase Il holoenzyme?253:254274=280 \yith DNA
polymerases I, IV, and V of E. coli*®'-283, with proteins (PriA, PriB, and PriC) that function in the restart of
collapsed replication forks?74278279.284-287 gnd with primase?’>288, The interaction of SSB with the primase
stabilizes the binding between the primase and the primer it has synthesized. This ensures the association of
the primase with DnaB?228-231.289-2%4 The SSB-y interaction interrupts the SBB interaction with the primase,
allowing the release of the primase and subsequent loading of the sliding clamp onto the DNA 253:254275.277
An advantage that makes SSB an excellent targetis also its significant structural difference from its euka ryotic
counterpart (replication protein A, RPA) 2%,

By screening 50,400 compounds from Chemical Diversity, Maybridge, and Chembridge using high-speed
fluorescence polarisation and subsequent dose-dependent assessment of SSB/Exonuclease | (Exol) complex
destruction, Keck's research group identified four inhibitors, CFAM, BCBP, BOTP, and MPTA of SSB-Exol
bindingin E. coli*®*. The I1Cs, values of the four compoundsranged from 8 to 80 uM?°®. Crystallography showed
that only CFAM interacts with the LM residues presentat the C-terminus of SSB. This molecule also has the
lowest 1Csq value. Bacterial growth inhibitory activity was tested against a panel of bacterial strains that
included Gram-positive microorganisms like Listeria monocytogenes, Staphylococcus aureus, and Bacillus
subtilis, and the Gram-negative pathogens E. coli (wt and imp4213), Neisseria gonorrhoeae, Neisseria
meningitidis, and Neisseria lactamica®®?, with good results. In addition, MIC values were determined against
one Gram-positive (B. subtilis) and one Gram-negative (E. coliimp4213) model. The MIC values against B.
subtilis were 40, 11, 16 uM for CFAM, BCBP, and MPTA, respectively, while the MIC values against the
membrane-compromised E. coli were 36, 62, and 10 uM, respectively?°®. Voter's research group, on the
otherhand, focused on PPl inhibitors of Klebsiella pneumonia SSB. Starting with a library of more than 72,000
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compounds from Life Chemicals Inc. (Munich, Germany), and using orthogonal fluorescence polarisation
assays, they identified nine selective inhibitors of the SSB/PriA interaction with ICso values of <40 uM?2%,
Oakley and his research group instead implemented a fragment-based drug discovery (FBDD) approach to
identify disruptors of the SSB-DnaG interaction?®®. Using SPR competition assay and saturation-transfer
difference NMR (STD-NMR), thirty fragments were initially identified. Subsequent structure optimizations
based on the physico-chemical properties of the identified fragments resulted in a fragment with a good
dissociation constant (Kp = 1.2 mM).

- B-sliding clamp

The dnaN gene encodes the sliding clamp, the processivity factor of the polymerase core. It works as asliding
platform and tethers the DNA polymerase to the template during replication3%. It increases the processivity
and speed of replication by ~5000-fold and 100-fold, respectively3°1-35,

The B,-sliding clamp protein is a ring-shaped homodimer that is composed of two monomersin a head-to-
tail arrangement to generate two identical interfaces3°. Each monomer (B-sliding clamp) has a molecular
weight of 40.6 kDa and the structure (Figure 13) has been determined at a resolution of 1.85 A3°¢,
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Dimer interface

Figure 13. Ribbon representation of the crystal structure of the B»-sliding clamp (PDB entry 1MM])300.306,

Structural studies revealed that B,-sliding clamps have a pseudo-sixfold symmetry3°, Each monomer consists
of three domains that retain little primary structure but have good retention of tertiary structure. Each
domain consists of two a-helices and two four-stranded antiparallel B-sheets; adjacent a-helicesand a long
curved B-sheet provide the interdomain interactions®. In Figure13, each monomer domain is represented
by a different color: domainlin green, domain Il in blue, and domain Il in magenta3°. The outerdiameter of
the ring is 80 A, and the inner diameter is 35 A, which easily accommodates double -stranded DNA3%®.306307,
Binding betweenthe B,-sliding clamp and DNA occurs through interactions between the positively charged
residues within the clamp and the negatively charged DNA backbone. A hydrophobicgap between domains
II'and Ill is also evident. In addition, residues lle272 and Leu273 are highlighted because they are essential
for interaction at the B-dimer interface and a double mutation would result in a monomeric protein3°, In
evolutionary terms, the architecture and mechanism of processivity clamps are well conserved?4>:3%-311 Both
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B,-sliding clamp, bacteriophage T4 gp45, and eukaryotic PCNA form planar ring structures with six similarly
folded domains, although there is no detectable sequence similarity between the clamps3°. Clamp proteins
run on DNA and bind many proteins. The B,-sliding clamp interacts with all five E. coli DNA polymerases®?
322 |n addition, it interacts with replication initiation factors DnaA32% and Had??*; mismatch repair proteins
MutS and MutL; and DNA ligase A3°. Of particular note are the interactions that B-sliding clamp establishes
with & subunit of the clamp loaderand a subunit of the DNA polymerase Il core. § binds B-sliding clamp via
the hydrophobic pocket and modulates the affinity of the clamp loader for B-sliding clamp, allowing clamp
loading3?®. a, as described above, is the core of the replicative polymerase and the direct interaction between
B-sliding clamp and the a subunit confers processivity to the polymerase32°,

In 2001 Dalrymple et al. identified a universal protein-protein interaction motif in eubacterial DNA replication
and repair system: a pentapeptide with the consensus QLsLF (where s is a small amino acid) at, or near, the

316 Aswecan see in Figure 14, a similar sequence has also been

C-terminus of known eubacterial PoIB proteins
found in the eubacterial PolC family and in members of the DnaE family, at positions equivalent to each other.
Peptide sequence variants have also been identified in most eubacterial members of the UmuC and DinB1
families, with a significantly lower level of conservation of the proposed B-binding motifs than in the above
families®!®. From the alignment of all B-sliding clamp interacting protein sequences using the consensus
sequence, the percentage occurrence of amino acids was analysed and it was seen that in position one Gin
is present 76.4% of the time and in position two Leu is present 41.6% of the time. A position not well
determined by the presence of only one amino acid is position three, where for 34% of the times a Ser is
present and for 22.8% an Asp. For the last two positions, fourth and fifth, instead, Leu is found in 81.2% of
the sequencesand Phe in 76.8%. In this way, it was possible to determine the composition of the consensus
sequence: QL[SD]LF3%,

Through yeast two-hybrid assay and mutagenesis experiments, the abilities of the various B-sliding clamp
binding motifs to interact with the protein were analysed. Specifically, about the a subunit, it was seen that
B-sliding clamp-mediated B-galactosidase expression was directed by regions of a (DnaE) containing the
binding motif (QADMF) for B-sliding clamp but was not observed whenthe B-sliding clamp binding motif was
absent. The functionality of the proteins listed in Figure 14 was analysed in the same way and it was seen
that they too had different activity if mutationsin the binding sequence for B-sliding clamp were present®®.
Averyinteresting piece of information derived fromthese experiments is that, by mutagenising the a-subunit
sequence in the consensus sequence (QLDLF), the expression of B-galactosidase increases. Subsequently,
Dohrmann et al**’ conducted mutagenesis experiments on the sequence of the a subunitand then wenton
to quantify the KD of binding between the wt form of the a subunit (QADMF) and B-sliding clamp and
between the variants of the a subunit and B-sliding clamp by Surface plasmon resonance. Through these
experiments, they managed to confirm the previous finding, i.e., that by mutating the wt sequence of a to
QLDLF thereis an incredible increase in B-sliding clamp binding strength of about 120-fold, while mutating it
to AAAKK significantly reduces B-sliding clamp binding. Subsequently, the same assay was conducted by Yin
et al*28, but on the consensus sequence (QLDLF) using fluorescence polarization (FP) assay, and they noted
that mutations at the level of the last two amino acids (QLDLF - QLDGG) led to a strong decrease in binding
strength.

Phylogeneticanalysesrevealed thatthe residuesthatfold the binding site are highly conserved. Altogether,
these results identify an evolutionarily conserved binding pocket for protein binding onto B-sliding clamps3%.
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Figure 14. (Modified) Alignment of the regions containing the putative B-binding peptides from members of the

eubacterial PolB, PolC, DnaEl, DinB1, UmuC, and MutS1 families316,
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Figure 15. (A) Representation of B2-sliding clamp co-crystallised with the consensus peptide. (B) Zoom of the
consensus peptide. PDB 3Q4J328,

Figure 15 shows B,-sliding clamp co-crystallized with the consensus peptide. The structural analysis identified
and analysed the B sites that interact most closely with the peptide. The consensus pentapeptide
AcyQ;L,D5L4F5 in complex with E. coli B-sliding clamp was published by Yin and his research group322. In this
structure the N-terminal sub motif Ac,Q; L, dipeptide occupies subsite I, making three H-bonds to the amide
backbone of M362, P363, and R365, and an H-bond to a bridging water molecule (W,)328. The side chain of L,
is involved in hydrophobicinteractions with P363. The non-polar C-terminal L,Fs dipeptide sub motif occupies
subsite | and makes interactions with the hydrophobicside chains of L177, V247, V360, and M362328,

The B,-sliding clamp has three key characteristics that make it an attractive target for the development of
new antibiotics: (i) it is essential for DNA replication and repair; (ii) it is highly conserved among different
bacterial pathogens; (iii) its structure differs fromits eukaryoticcounterpart.

For this reason, there are studies that have already identified B-sliding clamp inhibitors:

1. Georgescu et al. used fluorescence anisotropy trituration screening to identify an E. coli B-sliding
clamp inhibitor from the Rockefeller University chemical library of 30,600 molecules and identified
the compound RU7, a rhodanine, with a Ki=10 pm?33°,

2. Wijffels et al. used a virtual screening of two different databases, National Cancer Institute and an
in-house collection of 32,000 compounds. They were able to identify a biphenyl molecule that
showed an ICso = 40 uM332,

3. Yin et al. initially analysed 352 compounds from Zenobia's First Pass Screen fragment library by
fragment-based screening using x-ray crystallography. They identified 4 compoundsthat did not have
high affinity when analysed in vitro using a competition assay between consensus peptide and B,-
sliding clamp. In an attempt toimprove their binding affinities, they then performed a docking-based
screening followed by a fluorescence polarisation (FP) assay of the selected candidates. The most
promising molecule was a tetrahydrocarbazole derivative (Molecule 8) that completely occupies
subsite | of E. coli sliding clamp. This molecule can inhibit replication by 100% at 250 uM and has a
MIC of 313 uM for Gram-negatives (E. coli and Acinetobacter baylyi) and of 156 uM for Gram-
positives (Staphylococcus aureus and Bacillus subtilis). One year later, further SAR investigations by
the same research group led to the identification of another tetrahydrocarbazole derivative that
showed a>4-fold increase in its affinity for E. coli sliding clamp332,

33



Yin and Oakley's group, based on evidence that non-steroidal anti-inflammatory drugs (NSAIDs) have
antimicrobial activity, studied the binding affinity of some NSAIDS (nonsteroidal anti-inflammatory
drugs), whose mechanism was unknown, for B,-sliding clamp of E. coli. Using fluorescence
polarisation-based competition assay they analysed 20 commercial NSAIDS, of which vedaprofen,
bromfenac, and carprofen show Ki< 300 uM. These three compounds also have higher antibacterial
activity assessed against two Gram-negative (E. coliand Acinetobacter baylyi) and two Gram-positive
(Staphylococcus aureus and Bacillus subtilis) bacteria, and Vedaprofenis the most active compound
that had a MIC of 156 uM against Gram-positive bacteria. Of these, inhibition of DNA polymerase
activity in vitro was verified: Vedaprofen and Bromfenaccompletely inhibit at 500 uM and Carprofen
at 1 mm333,

Another approach for searching for inhibitors of the protein-protein interaction was to use the
structure of the natural pentapeptide QL(S/D)LF as a model. Wolff's group succeeded in identifying
a short peptide with a higher affinity for B-sliding clamp (ICso = 1.12 uM, measured by surface
plasmon resonance). They attempted to improve the peptide's performance by replacing the leucine
residue with a cyclohexyl-L-alanyl group (Cha), and by incorporating two chlorine atoms into the
terminal benzyl ring of phenylalanine. The resulting peptide was shown to have a 15-fold higher
binding affinity for the sliding clamp than the first peptide and to reach the 10 M range (ICso = 0.077
§M) 334,

Lgbner-Olesen and co-workers performed a study in which a library of 900,000 cyclic peptides was
generated intracellularly using the circular split-intein binding of peptides and proteins (SICLOPPS)™.
The aim was to identify molecules capable of inhibiting PPls in the B,-sliding clamp of Staphylococcus
aureus. They were able to identify three peptides capable of disrupting the DnaN-DnaN interaction;
two of them inhibited Staphylococcus aureus growth with MIC values of approximately 50 pM?335,
Kling et al. focused their study on tuberculosis. They identified griselimycin and its metabolically
more stable analogs (methyl-griselimycin, MGM, and cyclohexyl-griselimycin, CGM) as active
compounds against Mycobacterium tuberculosis with MIC values of 1, 0.6, and 0.06 pg/mL
respectively. Surface plasmon resonance (SPR) showed that the compounds bind with high affinity
to Mycobacterium tuberculosis sliding clamp (K, ranging from 1.0 x 102° M to 2.0 x 10° M). No
binding was detected between the same compounds and the human sliding clamp. Griselimycin and
cyclohexyl-griselimycin bind the hydrophobic pocket between domains Il and 111336,

Pandey et al selected 5 E. coli B,-sliding clamp inhibitors found by Yin and co-workers, 4 from the
study by Yin et al.3*2, and 1 from the study by Yin et al.33** and showed that they also inhibit the B-
clamp/DNA ligase interaction of Helicobacter pylori. Only two molecules, 5-chloroisatin and
difluorobenzamide, are shown to inhibit the growth of the bacterium with MICvalues of 18 uM and
824 uM respectively3?¥’,

B-sliding clamp characteristics and all the studies done so far suggestthat it is a good target for the research
of new antibiotics, as it interacts with many proteins andits function is very important for bacterial viability.

Of particular relevance is the interaction it establishes with the a subunit: in fact, destroying this interaction
would lead to the interruption of the replicative process and therefore the interruption of bacterial
proliferation. Setting B-sliding clamp as a target of possible antibiotics would allow hitting a wide range of

bacterial organisms, as the protein is highly conserved between Gram-positive and Gram-negative bacteria
and, in addition, is different from its eukaryotic counterpart, so antibiotics would affect only prokaryotic
organisms. The presence of studies that have been able to identify molecules that target B-sliding clamp
could be helpful for the development of molecules with increased antimicrobial activity and having a target,
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still notlargely studied, involved in aninteraction between proteinsis an attractive starting point, as it could
be less subject to mutations that would lead to the onset of resistance.
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2.AIM OF THE PROJECT
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Over the last two years, the health crisis that hit the world has forced many research groups and
pharmaceutical companies to put aside research on very important topics that could cause growing problems
as the years go by, such as the increasing bacterial resistance to antibiotics. The discovery and use of
antibiotics to treat human and non-human infections are threatened by the presence of more and more
pathogenic bacteria that are resistant to the antibiotics currently in use. This calls for the development of
new drugs capable of hitting new targets. Unfortunately, research and development of a new drug is an
expensive and sometimes lengthy process. Nowadays target-based discovery represents a very interesting
approach toidentify molecules capable of interacting with and modulating the biological activity of the target
of interest. This approach is based on the screening of large libraries of small molecules to identify 'hit
compounds' targeting a protein of interest. Of particular interest are protein-protein interactions (PPIs) as
they may represent a new target for novel classes of antibiotics because they mediate numerous biological
functions, both in physiological and pathological conditions. A PPl inhibitor can bind in pockets on the surface
of a protein, leaving no room forthe partner protein to make the necessary bonds for native interaction.

Replication is an essential process for the propagation of all organisms and is a very interesting
pharmacological target. Interest has beenfocused on the bacterial interaction between the B-sliding clamp
protein and the a-subunit of DNA polymerase Il Holoenzyme. The B-sliding clamp is the processivity factor
of the polymerase core, while the a-subunit presents the active site for DNA polymerization and the direct
interaction between these two proteins ensure the processivity of the polymerase. Avery interesting point
to note is that several other proteins, involved in both DNA replication and repair, interact with B-sliding
clamp using a highly conserved binding motif, called the consensus sequence, which is also conservedin the
portion of the a-subunit that interacts with the B-sliding clamp.

Given the biological importance of the B-sliding clamp, this thesis aims to identify compounds capable of
targeting the B-sliding clamp and thereby interfering with the interaction that the protein establishes with
the a-subunitand, eventually, with the otherinteracting partners.

To do so, we used a high-throughput (HT) platform, with a screeningyield of up to 800 compounds/day and
combined in vivo and in vitro sequential assays as a new antibiotic discovery pipeline.

The proposed pipeline includes:

1. yBRET (yeast Bioluminescent Resonance Energy Transfer) assay, a highly sensitive in vivo HT assay,
which allows to reproduce the B-sliding clamp - a interaction in the hyper-permeable strain Aerg6 of
yeast Saccharomyces cerevisiae and to search for compounds that inhibit the interaction, while
monitoring the toxicity of these compounds towards a eukaryotic model organism. The efficiency of
different yeast growth conditions and donor/acceptor ratios were compared to identify the optimal
conditions to performthe screening. The assay allowed the screening of two libraries of pre-existing
compounds and one library of compounds selected in silico. This latter library was obtained by virtual
screening, which employed a pharmacophore modelbased on the consensus peptide previously co-
crystallized with B-sliding clamp, and a ligand-based pharmacophore modelthat was constructed by
incorporating features derived from already known inhibitors of the interaction, such as
tetrahydrocarbazole derivative (Mol8)333, the RU7 derivative of rhodanine33° and vedaprofen®*
targeting B-sliding clamp subsite |. The first of these molecules was used as areference compound in
the following assays.

2. in vitro assays to validate and further characterize the inhibitory activity of hit compounds and of
their analogs.
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3. in vivo bacterial assays to assess the ability of selected compounds to inhibit the growth of Gram-
negative and Gram-positive bacteria.

This strategy has previously provento be an excellenttoolforthe identification and characterization of new
molecules capable of inhibiting a bacterial PPI:in fact with this discovery platform, antimicrobial molecules

capable of inhibiting the protein-protein interaction between the B’- subunit and the initiation factor o’° of
bacterial RNA polymerase were identified332.
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3.RESULTS AND DISCUSSION
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OPTIMIZATION AND VALIDATION OF THE a SUBUNIT / B-SLIDING CLAMP
INTERACTION AND CONSENSUS SEQUENCE / B-SLIDING CLAMP INTERACTION
IN THE YEAST BRET PLATFORM

- asubunit- 3-sliding clamp INTERACTION

Construction of fusion proteins for BRET analysis

The a-subunit of E. coli bacterial DNA polymerase Il has two portions at the C-terminal end (aa 736-1160),
identified through double-hybrid experiments, involved in interaction with the B-sliding clamp: the first
binding motif includes residues 920-924 (QADMF)316, while the other region includes two binding sites at
amino acids 920-924 and 1152-1160°12,

To perform BRET it is usually necessary to try all possible combinations of fusion proteins. In this case, being
B-sliding clamp the most promising target of the inhibitor molecules, this protein has been fused to the
sequence of YFP and expressed constitutively, to allow inhibitors to bind to the target before the protein-
protein complex is formed®®. The expression of the donorfusion proteinis instead induced, after addition of
the candidate compound, by inducer supplementation. The donor fusion proteins are expressed under the
control of the GAL1 galactose-inducible promoter (p415), while the acceptor fusion protein under a
constitutive promoter (p416, GPD promoter), in the hyperpermeable Aerg6 strain of the yeast S. cerevisiae
to maximize the uptake of the luciferase substrate and small molecule compounds.

We decided to analyse fragments of the a-subunit that contained one or all the binding regions of the B-
sliding clamp: aa 736-991 portion (containing only the first binding motif) and the more extensive aa 736-
1160 portion (containing both binding regions). Each of these two a-portions was cloned in-frame to NLucin
the p415 vector, in both C- and N-terminal combinations, measure B-sliding clamp binding strength by means
of BRET signal. The full-length sequence of B-sliding clamp, the target of potential inhibitors, was cloned in-
frame to YFP in the p416 vector with both C- and N-terminal orientations.

We performed a preliminary test, inducing the expression of the donor fusion protein with 2% galactose for
2 h, to select the combination with the higher BRET signal (Tables 1 and 2).

30 °C Constructs mBRET
a (aa736-991)-NLuc p415 / B-sliding clamp-YFP p416 18
NLuc-a (aa 736-991) p415 / B-sliding clamp-YFP p416 86
2% gal | a (aa736-991)-NLuc p415 / YFP-B-sliding clamp p416 5
NLuc-a (aa 736-991) p415 / YFP-B-sliding clamp p416 18

Table 1. BRET signals are obtained with differentcombinations of a (aa 736-991) subunit / B- sliding clamp interaction
constructs.
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30 °C Constructs mBRET
o (aa736-1160)-NLuc p415 / B-sliding clamp-YFP p416 16
NLuc-a (aa 736-1160) p415 / B-sliding clamp-YFP p416 120
2% gal | o (aa736-1160)-NLuc p415 / YFP-B-sliding clamp p416 22
NLuc-a (aa 736-1160) p415 / YFP-B-sliding clamp p416 33

Table 2. BRET signals are obtained with differentcombinations of a (aa 736-1160) subunit / B- sliding clamp interaction
constructs.

The orientation of both YFP and NLuc affects the BRET signal, being the NLuc-a and B-sliding clamp-YFP the
most effective orientations. NLuc-a (aa 736-1160) fragmentresultedin a strongerinteraction signal.

A minimum threshold value of 100 mBRET is set to be considered suitable for small molecule screening, thus,
based onthe results of this preliminary experiment, we selected the interaction construct com bination NLuc-
o (aa736-1160) p415 / B-sliding clamp-YFP p416 to be usedin subsequentanalyses.

MODULATION OF EXPRESSION AT DIFFERENT GALACTOSE CONCENTRATIONS AT 30°C

To optimize the BRET assay, we monitored the BRET signal inducing the donor fusion prote in of the selected
interaction using different galactose concentrations (Table 3).

30 °C NLuc-a (736-1160 aa) p415 / B-sliding clamp-YFP p416
% gal NLuc mBRET
2 124600 120
0.5 156443 107
0.1 123503 103
0.05 121396 75
0.025 79506 72
0.01 14567 68
0.005 8114 29
Raffinose 163 0

Table 3. Nluc expression and mBRET values in response to different galactose concentrations for the NLuc-a (736-1160
aa) p415/ B-sliding clamp-YFP p416 interaction.

The BRET signal increases proportionally as the concentration of the inducer increases. Given the results,
0.5% galactose was chosen to perform BRET assay, because more reproducible BRET values were detected
using this galactose concentration than under other conditions.

EVALUATION OF a (736-1160 aa) / B-sliding clamp INTERACTION SIGNALSPECIFICITY

A donor saturation assay was performed to verify the specificity of NLuc-a (736-1160) / B-sliding clamp-YFP
interaction. In this assay, the donor constructis expressed constitutively, and for this reason, the a-sequence
(736-1160) was cloned in frame at the C-terminus of the NLuc in the p190 vector under the control of the
constitutive TEF promoter. Meanwhile, the acceptor construct is expressed in an inducible manner: the
complete sequence of the B-slide clamp was cloned in frame at YFP N-terminus in the p215 vectorunderthe
control of a galactose-inducible promoter (GAL1). This test is performed at 20 °C because it is the optimal
temperature for proper folding of YFP and for the maturation of its chromophore, and the acceptor fusion
proteinis induced for 24 hours to allow the YFP chromophore to complete its maturation. We measured the
BRET signal at increasing galactose concentrations, and, as shown in Figure 16, the BRET signal of the Nluc-a
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(aa 736-1160) / B-clamp-YFP interaction is described by a hyperboliccurve, demonstrating the specificity of
the interaction.

300+

mBRET
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0.00 0.05 0.10
[galactose] %

Figure 16. Energy donor saturation curve of the NLuc-a (736-1160)/ B-sliding clamp-YFP interaction.

Another way to test the specificity of the interaction is to check the influence of mutations of key residues
on BRET signal. Two mutant versions of the a protein were created, specifically mutating the QADMF binding
site sequence between aa 920-924. A mutant version was created that should reduce the binding affinity
towards B-sliding clamp by about 130 times compared with the wild type3?7: at the level of QADMFsequence,
Q920 and D922 were replaced with alanine residues, and M923 and F924 were replaced with lysine
residues®?’. The second mutant version should increase the binding affinity towards B-sliding clamp by
approximately 120-fold compared to the wild type. This mutation involved changing aa A921 and M923 to
leucine3?,
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Figure 17. BRET signal comparison between wild-type and mutant combinations. The expression of the donor fusion
proteins is induced for 2 h with 0.5% galactose (mean SD; error bars representSD, n=3)

The BRET signal of the mutant versions was compared with the wild-type signal (Figure 17). The BRET assays
confirmed the specificity of the binding between a and B-sliding clamp, validating the results found in the
literature. Concerning mutations onthe a amino acid chain, the AAAKK mutation reduced the BRET signal by
84%, while the QLDLF mutation increased the signal by 267%.
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- Consensus sequence / 3-sliding clamp INTERACTION
CONSTRUCTION OF FUSION PROTEINS FOR BRET ANALYSIS

B,-sliding clamp of bacterial DNA polymerase Il interacts with several proteins within the cell. Through the
alignment of interacting B-sliding clamp protein sequences from different bacterial organisms, Dalrymple et
al. identified a five-amino acid sequence, QL[D/S]LF, called the “consensus sequence” representative of the
B-sliding clamp binding domain3®. It is known from the literature that addition of dipeptides representative
of the DNA polymerase Il a-subunit sequence at both ends of the consensus results in an increase in the
binding strength between the consensus and B-sliding clamp33°,

The consensus sequence IGQLDLFGV, comprehensive of dipeptides at C- and N-terminal, was cloned in frame
to the NLucin the p415 vector in both C- and N-terminal orientations, while the full-length B-sliding clamp
sequence was cloned in frame to the YFP in the p416 vectorin both orientations (Table 4).

30 °C Constructs mBRET
Consensus-NLucp415 / B-sliding clamp-YFP p416 205
2% gal | NLuc-consensus p415/ B-sliding clamp-YFP p416 245
Consensus-NLucp415 / YFP- B-sliding clamp p416 74
NLuc-consensus p415/ YFP- B-sliding clamp p416 101

Table 4. BRET signals were obtained with different combinations of consensus sequence / B- sliding clamp interaction
constructs.

High BRET signals were obtained regardless of the orientation of the partners. As in the case of a / B-sliding
clamp interaction, the major influence on mBRET values is given by the fusion orientation of the acceptor.
When YFP is placed at the C-terminus of the B-sliding clamp, mBRETs increase approximately 2.6-fold
compared to when it is placed at the N-terminus. Although to a lesser extent, NLuc orientation also affects
the BRET signal. The value of 100 mBRET is obtained for three out of four interactions analysed and, in this
case, we selected the interaction NLuc-consensus p415 / B-sliding clamp-YFP p416 for further
characterization.

MODULATION OF EXPRESSION AT DIFFERENT GALACTOSE CONCENTRATIONS AT 30°C

In orderto optimize the BRET assay, we monitored the BRET signal of the selected interaction following the
induction of the donorfusion protein with different galactose concentrations (Table 5).

30 °C NLuc-consensus sequence p415 / B-sliding clamp-YFP p416
% gal NLuc mBRET

2 83303 270
0.5 126560 245
0.1 116270 249
0.05 91425 245
0.025 47368 249
0.01 11424 234
0.005 6435 226
Raffinose 4659 194
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Table 5. Nluc expression and mBRET values in response to different galactose concentrations for the NLuc- consensus
sequence / B-sliding clamp interaction.

Modulation of Nluc expression is observed in response to different inducer concentrations, but a low
modulation of BRET signal is detected at any galactose concentration. Considering these results, 0.5%
galactose was selected since more reproducible BRET values are detected during the assay than under other
conditions.

EVALUATION OF consensus sequence / B-sliding clamp INTERACTION SIGNAL SPECIFICITY

The specificity of the Nluc-consensus / B-clamp-YFP interaction was verified by a donor saturation assay. To
this end, the consensussequencewas cloned in frame at the C-terminal of the NLucin the p190 vector, while
the full-length sequence of B-sliding clamp was cloned in frame at the N-terminal of YFP in the p215 vector

(Figure 18). This assay was performed underthe same conditions are the same as those described in section
2.1.3.
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Figure 18. Energy donor saturation curve of the NLuc-consensus sequence / B-sliding clamp-YFP interaction.

The BRET signal of the Nluc-consensus sequence / B-clamp-YFPinteraction is described by a hyperbolic curve,
which confirms the specificity of the interaction.

To further validate the specificity of the consensus sequence / B-sliding clamp interaction, the QLDLF
sequence was changed to the QLDGG sequence, which should reduce the binding affinity towards B322. Yin
et al. has conducted site-specific mutagenesis assays to analyse which of the amino acids have a greater
influence on B-sliding clamp interaction by measuringthe K322, Of particular note are the mutations at the
level of amino acids fourand five when replaced with a Gly residue, and for this reason, we decided to make
the mutation simultaneously at the level of both amino acids and evaluate the binding strength in yBRET
(Figure19).
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Figure 19. BRET signal comparison between wild-type and mutant combinations. The expression of the donor fusion

proteins was induced for 2 h with 0.5% galactose (mean +SD; error bars representSD, n=3).

The BRET signal using the mutant version was reduced by 97% compared with the signal of the wild -type
version, thus confirming the specificity of binding between the consensus sequence and the B-sliding clamp.
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SCREENING OF SMALL MOLECULES LIBRARIES

The screenings of small molecules with possible antibacterial activity were performed with the NLuc-a (736-
1160) p415 / B-sliding clamp-YFP p416 interaction at 0.5% galactose concentration. Although the consensus
sequence / B-sliding clamp interaction displayed a stronger BRET signal, we preferred to test the molecules
on the native interaction, as it can be inhibited more easily according to the K, values of the two different
interactions. Indeed, through Isothermal Tritation Calorymetry (ITC) assay, the strength of the B-sliding clamp
/ consensus sequence interaction was evaluated as Ky = 0.61 uM3*?, while the K, for the B-sliding clamp / a
subunitinteraction was 1.5 uM3*%,

Molecules were tested in yBRET at a final concentration of 20 uM, added to exponentially growing yeasts
before donor proteininduction, and the BRET signalis read aftera 2-hr incubation at 30 °C. From this primary
screening, molecules were selected if they showed have inhibitory activity against the interaction greater
than 15% and simultaneously did not reduce the NLucsignal by more than 50%, because they would then be
deemed as toxicto yeast cells.

The selected molecules were re-assayed in a secondary screening at two different concentrations: 20 uM to
reconfirmthe previously obtained data and 10 uM to verify their activity at lower concentration.

The assays were carried out in white 96-well plates organized so that the first and last columns contained
positive and negative controls (3% DMSO) and each of the remaining 80 wells contained yeasts treated with
a differentmolecule.

- National Cancer Institute Library (NCI) and Compounds Australia Library-
1 (CA, Griffith University)

The first two libraries screened were the National Cancer Institute (NCl, Bethesda, MD, USA) library,
consisting of 1596 molecules, and the Compounds Australia Library-1 (CA, Griffith University), consisting of
5000 molecules338,

From the NCI library, the primary screening identified 50 molecules with inhibitory activity against the
interaction above the 15%, but all molecules proved to be toxicto yeast cells and, therefore, were not further
considered.

From Compounds Australia Library-1, nine molecules capable of inhibiting the interaction were initially
identified, and three molecules (C239-0797, F393-0093 and F726-1337) were reconfirmed in secondary
screeningand then furthertested.

- IN SILICO selection of compounds of the Griffith library and yBRET

screening

Small non-peptide ligands able to inhibit the a subunit / B-sliding clamp interaction have already been
identified330-334342 byt still they are less potent than peptides designed on sequencesinferred from native
partners3?7328331339  Gjven the limited exploitability of peptides, usually characterized by poor
pharmacokinetic properties, a drug discovery campaign aimed at identifying new a-p interaction inhibitors
could provide new molecules with antibacterial activity that might be further developed as potential new
drugs.

The best-characterized region of interaction between the B-sliding clamp and the a subunit is about 20 A
long and can be described as composed of two subsites, a larger subsite | and a smaller subsite Il. In some
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crystal structures, these subsites are separated by the side chain of M362. Depending on the dimension of
the co-crystallized ligand, in other crystal structures, the M362 side chain is displaced, and the ligand can
undertake interactions with both subsites.

Compounds to be screened as a-B-sliding clamp protein-protein interaction inhibitors through the yBRET
assay were derived from the “Open Collection Scaffolds” library and from an academic library provided by
Compounds Australia (Griffith University).

Compounds were selected through a mixed approach which took into consideration i) fitting to
pharmacophore models and ii) complementarity with B-sliding clamp surface evaluated with docking
calculations.

As a preliminary phase in the selection of compounds to be evaluated, molecules with molecular weight
lower than 250 were discarded, given the high molecular weight of known protein-protein interaction
inhibitors and the extended contact surface between DNA polymeraselll a-Bproteins. The ligands were then
transformed into their 3D structure. The following were taken into account: i) all chiral compounds with
known stereochemistry, which were built with the indicated configuration; ii) all stereoisomers of
compounds with unknown stereochemistry; iii) according to calculations with Epik (Schrodinger software),
all protonation states available at pH =7.4+2.

Compounds belonging to the Compounds Australia Library-1, which had already been tested on a-f proteins
of DNA polymerase Ill, were not considered in the construction of the second library.

Two pharmacophore models were prepared and used for compound selection. The first modelwas based on
the maininteractions undertaken by an optimized consensus sequence peptide derivedfrom a portion of the
a-subunit (Figure 5) contacting B-clamp residues342,

In the crystal structure (PDBid 3Q4L), in which the peptide is bound to the B-subunit, subsitesland Il of the
B-sliding clamp are both occupied by the peptide and the M362 side chain is peripherally displaced and does
not separate the two subsites. The pharmacophore modelbuilt on the peptide coordinates comprises seven
features, three of which are hydrophobic and four polar. The radius of the hydrophobic features was
increased (3 A) with respect to the more restricting polar interactions (1 A) which are additionally
characterized by a directional component, to favourthe selection of compoundshaving lipophilic substituent
able to occupy the corresponding regions of the B-clamp.

47



Figure 20. Pharmacophore model based on the main interactions established by an optimized consensus peptide
(orange carbon sticks), co-crystallized with the B-sliding clamp (PDB id 3Q4L). Spheres represent pharmacophoric
features. Larger green spheres identify hydrophobic features located in subsite | (L4 and 3,4-dCIFs) and subsite Il (Chay).
Blue and red spheresidentify H-bond donor and acceptor sites of the peptide, respectively. The radius of each sphere
is proportional to the tolerance accepted for functional groups fitting the specific feature.

The second pharmacophore modelwas based on interactions undertaken by small-molecule ligands (Figure
6) co-crystallized with the B-sliding clamp. A tetrahydrocarbazole derivative (compound 5b), a rhodanine
(RU7) and vedaprofen were selected for the construction of the pharmacophore330333334 Some of the
selected interactions are common to the differentligands, some are peculiarto a specific ligand. Overall, the
crystallized inhibitors bind subsite | and the region immediately below it in the representation in Figure 9.
The pharmacophore model comprises 6 features, 4 polar and 2 aromatic/hydrophobic sites. Three anionic
features are present, as selected crystallized ligands undertake interaction with different basic B-sliding
clamp residues.

(PDB id 4MJP)

Figure 21. Ligand-based pharmacophore model obtained from interactions undertaken by small molecules co-
crystallized with B-sliding clamp and targeting subsite I. Reference PDB structures are 40VH for tetrahydrocarbazole
derivative (compound 5b)333, 3D1F for compound RU7339 and 4MJP for vedaprofen334, The crystal structure of the
tetrahydrocarbazole in complex with the B-sliding clamp is shown (PDB 40VH, gray ribbons and sticks). Additionally,
arginine residues borderingthe subsite | are shown in the conformation captured in the crystal of the B subunit bound
with vedaprofen (PDB id 4MJP, green sticks). Features: orange sphere, aromatic ring; green sphere, hydrophobic
feature; blue and red spheres, H-bond donor and acceptor sites, respectively.

Pharmacophore screening was conducted by requiring structures to match at least three features.
Compounds meeting this requirement were classified according to the number of matched pharmacophoric
features, and then ranked with the built-in scoring function (Phase fitness score).Screening based on the first
pharmacophore (built on the optimized consensus peptide) resulted in the identification of 24,351 structures
from the ChemDiv library, 20,064 from the Enamine library, and 456 from the CA Academics library. The
ligand-based pharmacophore model resulted in the identification of 17,218 structures from the ChemDiv
library, 11,651 from the Enamine library, and 215 from the CA Academics library, ranked according to their
phase fitness score.
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The selected structures were then docked to the B-sliding clamp (PDBid 3Q4L). The purpose of docking was
to identify compounds that could fit the B-sliding clamp binding site and exclude those structures that
sterically clash with the protein and are likely characterized by poor or no binding affinity. Once docked, a
short energy minimization was performed to relieve minor steric clashes. For each compound, the value of
the scoring function GlideScore (GScore) was recorded, which, is taken as an indication of the possibility to
interact with the binding site or to collide with the B-sliding clamp.

To define the set of compoundsto be screened on recombinant E. coli proteins by BRET assay, a customized
consensus function was set up, taking into account both the Phase fitness score (indicating the quality of
each structure's fitting to the pharmacophore sites) and of the GScore (indicating the structure's stereo-
electronic complementarity with the protein counterpart). Structures were ranked according to the
consensus scoring function and the top 4000 non-redundant compounds were selected from the peptide
pharmacophore and 935 compounds from the ligand-based pharmacophore screening. Top-ranked ligands
identified according to the consensus score tend to occupy subsite |, although compounds selected through
the peptide pharmacophore may also occupy the entire B-clamp binding site (subsite | and subsite II).
Additionally, 25 compounds were selected based on their structural similarity to three molecules previously
identified from Compounds Australia Library-1.

Afterin silico selection, 4960 potential inhibitors of the interaction between the a-subunit and B-sliding clamp
were identified. The molecules were pooledin a targeted small-molecule library, the Compounds Australia
Library-2 (CA, Griffith University). From the primary screening, where all the molecules are tested at the
concentration of 20 uM, 53 molecules were identified that could inhibit the interaction of interest and at the
same time are not toxic to the yeast cells. Subsequently, the 53 molecules were retested in secondary
screening, and only three molecules were confirmed.

The six hits (three from Compounds Australia Library-1and three from Compounds Australia Library-2) were
purchased from ChemDiv (San Diego, CA USA) along with 29 structural analogues (Table 6), to more
extensively investigate the inhibitory activity of these chemical classes. For information on the structure, see
Table 11.
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Small molecule
library

HIT
commercial ID

NO
structural
analogs

Analogs
commercial ID

Compounds Australia
Library-1

C239-0797

F393-0093

F726-1337

Compounds Australia
Library-2

D479-0063

D428-0018

D428-0071

D479-0091

L862-1652

L862-1364

L862-1373

L862-1593

L862-1654

L863-2005

L863-2164

L863-2310

L010-0518

19

D430-0343

D576-0080

L010-0068

L010-0480

L010-0495

L010-0504

L010-0548

L011-0481

L011-0498

L011-0513

L367-0038

L367-0072

L367-0497

L533-0208

L533-0362

L534-0053

P510-0634

P510-0674

P843-0212

Table 6. List of selected hits with structural analogues.
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In vitro VALIDATION

All molecules and structural analogues were tested in two differentin vitro assays: Protein Thermal Shift and
Competitive Enzyme-Linked Immunosorbent Assay (ELISA). The Protein Thermal Shift allows to verify that
the target of the molecule is B-sliding clamp; the Competitive Enzyme-Linked Immunosorbent Assay (ELISA),
allows to identify molecules able to displace the interaction of interest.

For both these assays, the tetrahydrocarbazole derivative (Molecule 8 or Mol8) was used as reference
compound.

To perform these in vitro assays, E. coli B-sliding clamp, a-subunit, and consensus sequence proteins were
expressed and purified.

- Proteins Expression and Purification
B-sliding clamp

The B-sliding clamp protein sequence was cloned in frame with the MycTag sequence, which is required for
the ELISA assay, and with a six-histidine tag (HisTag), which is required forthe purification step. The two Tags
were cloned at the C-terminalend of the protein sequence. The entire B-sliding clamp sequence was cloned
into pET28 (b) vector, expressedin E. coliBL21 CodonPlus strain for 20 hours at 20 °C with 1 mM IPTG, purified
through affinity chromatography and the eluted fractions stored in 20 mM Tris-HCl pH 7.5, 0.5 mM EDTA,
20%(v/v) glycerol.

kDa M ONI FT Fractions
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Figure 22. SDS-PAGE of B-sliding clamp-MycTag purification. The protein has a molecular weight of 42 kDa. (M = marker;
NI = notinduced; | =induced; FT = Flow Through).

Using the Lambert-Beerformula, the concentration of the protein was deduced. Through the calculation of
€ = 16180 M cm™ in ProtParam and the OD,g, nm obtained from spectrophotometric measurement, the
concentration of our protein after purification (Figure 22) was 3.7 ug/pLgiving a yield of 56 mg of protein per
litre of culture.

a subunit

We initially proceeded with the expression and purification of the same portion (736-1160) used in the yBRET
assays. The a (736-1160) sequence was cloned into pET28 (b) in frame with the six-histidine tag (HisTag) and
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expressedinthe E. coli BL21 CodonPlus strain for 20 hours at 20 °C with ImM IPTG in LB medium and for 24
hoursat 20 °Cin autoinduction medium.
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Figure 23. SDS-PAGE of a (736-1160) subunit expression. The protein has a molecular weight of 48 kDa (M = marker; |
= induced; P=pellet; S=Supernatant; LB=Luria-Bertani medium; AUTO= Autoinducer medium).

The protein resulted insoluble underboth expression conditions (Figure 23).

The protein was then expressed in a BL21 (DE3) strain carrying the pKJE7 (Takara3) plasmid. This plasmid
encodes for multiple molecular chaperones (DnaK of 70 kDa, Dnal of 40 kDa, and GrpE of 22kDa), known to
work cooperatively in the protein folding process. The chaperone-coding genes are under the control of araB
promoter. Thus, the expression of target protein and chaperones can be induced individually if the target
gene is placed under the control of another promoter. We then proceeded with expression for 20 hours at
20 °Cin LB, with the addition of 20% arabinose to induce expression of the chaperonins and 1 mM IPTG to
induce expression of the a subunit (aa 736-1160) protein.
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Figure 24. SDS-PAGE of a (736-1160) subunit expressionin pKJE;. (M= marker; NI=not induced; | = induced; P=pellet;
S=Supernatant).
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In this condition of expression, there is an improvement in the solubility of the protein, and it was purified
with affinity chromatography, as described above.

kDa M NI P S Fractions

Figure 25. SDS-PAGE of a (736-1160) purification in the pKJE; strain. (M = marker; NI = not induced; | = induced;
P=pellet; S=Supernatant).

Two proteins were purified after the affinity chromatography: one, displayinga molecular weight of 48 kDa,
is the protein of interest, while the mostabundant one, is the chaperonin Dnal, which has a molecular weight
of 40 kDa. An anion exchange chromatography was carried out to separate the proteins by exploiting their
differentisoelectricpoints: pl a(736-1160) = 6.12 and pl Dnal = 7.98.

kDa M NI I Fractions

Figure 26. SDS-PAGE of anionic exchange step of a (736-1160) protein. (M = marker; NI = not induced; | = induced;).-
However, alsoin this case, it was not possible to separate the two proteins.

A final attempt to purify the protein was made expressing a (736-1160) in the Origami strain of E. coli, which
greatly enhances disulphide bond formation in the cytoplasm, but once again the protein was found to be
insoluble.
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It is probably the case that the cut made at the level of the 736 amino acid in the a sequence does not allow
the protein to fold correctly, so thatit requires external help to adoptits correct conformation. The entire a
sequence was then clonedintothe pET28 (b) vectorin frame with the six-histidine tag (HisTag), expressed in
the E. coli BL21 CodonPlus strain for20 hours at 20 °C with 1ImM IPTG, and the solubility of the protein was
verified before the purification step. Animprovement in protein solubility was immediately noticed. As can
be seen from Figure 27, after sonication, most of the protein, which in its full-length form has a molecular
weight of 140 kDa, is in the soluble fraction.

Figure 27. SDS-PAGE of o (1-1160) expression. (M = marker; NI = not induced; | = induced; P=pellet; S=Supernatant).
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Figure 28. SDS-PAGE of a (1-1160) purification. (M = marker; NI = not ninduced; | = induced).

54



The purification through affinity chromatography did not lead to a pure protein (Figure 28), and this was the
case even afteran additional step of anion exchange chromatography.

We tried to separate the protein of interest from all other proteins via gel filtration purification, taking
advantage of their different molecular weights, but again the protein was not pure (Figure 29).
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Figure 29. SDS-PAGE of a (1-1160) gel filtration. (M = marker; Pool=fractions collected from the previous purification).

The latterassay highlighted how the proteintends to be purified along with many other proteins. This is most
likely due to the role of the protein itself, which is part of the core of the agb polymerase, and thus it is
difficult to separate this subunit from the other two. In addition, the protein establishes many other
interactions, making the purification process even more difficult. Therefore, we did not obtained a protein
suitable for use in the in vitro ELISA assay, and as an alternative we decided to express the consensus
sequence QL[D/S]LF.

NLuc-consensus sequence

Having analysed the interaction between the B-sliding clamp and the consensus sequence in yBRET, we
decided to express and purify the consensus sequence in frame with the Nluc sequence, since such a small
sequence needs acarrier, and in frame with a six-histidine tag (HisTag), which is required forthe purification
step. Tests performed in yBRET had also showed that the presence of NLucdoes not affect the binding of B-
sliding clamp to the consensus sequence. The entire NLuc-consensus sequence was cloned into the pET28(a)
vector, expressedin the E. coli BL21 CodonPlus strain for 4 hours at 30 °C with 1ImM IPTG, purified through
affinity chromatography and the eluted fractions stored in PBS and 20%(v/v) glycerol.
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Figure 30. SDS-PAGE of NLuc-consensus sequence purification. The protein has a molecular weight of 29 kDa (M =
marker; S=supernatant).

Using the Lambert-Beerformula, the concentration of the protein was deduced. Through the calculation of
€ = 25440 M cm™ in ProtParam and the OD,g, nm obtained from spectrophotometric measurement, the
concentration of our protein after purification (Figure 30) was 3.47 ug/ulL giving a yield of 55 mg of protein
perlitre of culture.

- Protein Thermal Shift Assay

The Protein Thermal Shift (PTS) assay is based on the principle that proteins unfold at a critical temperature.
At lower temperatures, proteins adopt a native state that generally consists of a compact and predictable
tertiary structure. At higher temperatures, proteins denature, losing secondary and tertiary elements and
forming a molten globule or aggregates. Thermal stability is an intrinsic property derived from the protein
sequence and defines the temperature at which thermal denaturation occurs.

The stability of a proteinis related to its unfolding Gibbs free energy, AGu, which istemperature-dependent,
so the stability of most proteins decreases as temperature increases; as temperature increases, AGu
decreases and becomes zero at equilibrium, when folded and unfolded proteins have equal concentration.
The temperature at which this state occurs is the melting temperature (Tm) 3%,

In this assay, the thermal stability of a protein, and consequently its Tm, can be measured by monitoring the
denaturation of the protein using a fluorescent dye (such as SYPRO Orange or ROX) while progressively
increasing the temperature of the sample. These dyes are often exploited for their ease of use: when
denaturation begins, proteins tend to expose hydrophobic residues buried in the inner core of the protein
and these hydrophobicresidues, when exposed to the solvent, interact with the dyes usedin the PTS assay,
allowing the detection and measurement of a measurable fluorescent signal**.

The thermal stability of a protein is an important characteristic that can be used to assess the stability of a
protein undera range of pH and buffers conditions.

If a molecule binds to a protein, in most cases the free energy contribution of the ligand causes an increase
in AGu, which can lead to an increase in Tm, and, for this reason, the PTS can be used to id entify biological
ligands, a characteristic that makes it suitable also as a primary screening method for protein targets that
lack a suitable functional or binding assay to identify leads for drug discovery31®. This connection between
binding and thermalstability allows ligands to be identified based on their effect on the Tm of the protein.
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We used PTS to verify that B-sliding clamp was the target of both the hits identified by the BRET assay and
their structural analogues.

The PTS testset-upincludes a first step to assess the Tm of B-sliding clamp, by assaying different quantities
of protein to identify the amount at which the Tm is most stable. 2 ug, 3 ug, 4 ug, and 5 pg of B-sliding clamp
were tested; 4 ug of protein resulted the most reliable condition showing a Tm of 57 °C.

The second step is necessary to verify that the solvent in which the molecules are resuspended, DMSQO in this
case, does not alter the Tm of the protein, so that any temperature variation identified when the molecules
are assayed againstthe protein of interest can be traced back exclusively to the activity of the molecule.
The Tm of B-sliding clamp was determined in the presence of 1%, 2%, and 3% DMSO and all three
concentrations of solvent did not affect the Tm of the protein.

The 35 molecules (6 hits + 29 analogues) and Molecule 8 (reference compound)weretested at 100 uM in 1%
DMSO. Molecule 8%2 is a tetrahydrocarbazole bound to subsite 1 of the B-subunit (PDB id 4N9A), that is
analogue to compound 5b332. Molecule 8 (ChemDiv) was used instead of compound 5b, which is not
commercially available. ATm was calculated using the Boltzmann method3**.
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Figure 31. Protein Thermal Shift (PTS) assay results of B-sliding clamp in the presence of hits and analogues molecule.
*: hits identified with the yBRET screening. Specifically, the first three derived from screeningon Compounds Australia
Library-1, and the other three from screening on Compounds Australia Library-2. Structural analogues follow the
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corresponding hits. Molecule 8 (in red) is the reference compound. ATmB (ATm was calculated using the Boltzmann
method) is reported as average of 4 replicates. Error bars: standard deviation

Fifteen moleculesinduced an increase in B-sliding clamp Tm of at least 0.5 °C, indicating their specificity for
the target (Figure 31).

This assay suggests that three hits identified by yBRET assay, C239-0797, F726-1337 and L010-0518,
belongingto three different chemical classes, inhibit the interaction between the B-sliding clamp and the a
subunit because by specifically binding the B-sliding clamp. In particular, for the molecule L010-0518, which
is the progenitor of the series of molecules represented with the pink colour (Figure 31), this ability is also
confirmed forits structural analogues. Two other hits instead, F393-0093 and D479-0063, did notdisplay any
binding activity in this assay, and for the latter, the entire class of analogues did not appear to bind the B-
sliding clamp. The hit L862-1652, on the other hand has no affinity for the protein, but four out of seven
structural analogues induced an increase in Tm of the B-sliding clamp.

- Competitive Enzyme-Linked Immunosorbent Assay (ELISA)

To validate the yBRET results we also analysed the ability of all molecules to displace the interaction of
interest with Competitive Enzyme-Linked Immunosorbent (ELISA) assay. Due to the difficulty in purifying the
a-subunit, the assay was optimized with the interaction B-sliding clamp-MycTag/ Nluc-consensus sequence.
The interaction was first reproduced in ELISA using three molar concentrations of Nluc-consensus sequence
(250 nM, 500 nM, and 1 uM) and four different concentrations of B-sliding clamp-MycTag (250 nM, 500 nM,
1 uM, and 2 uM) combinatorially. All combinations tested showed detectable and stable signals. The
nonspecific signal was monitored using the interaction between B-sliding clamp-MycTag and NLuc as
negative control. The highest signal reliability was obtained when both proteins Nluc-consensus sequence
and B-sliding clamp-MycTag were assayed at 250 nM.

All molecules were initially tested at 100 uM. Ten molecules that could inhibit the interaction of at least 20%
were identified. The fairly permissive threshold (20%) was chosen based on the lower K, of the B-sliding
clamp / consensus sequence interaction3*® compared with the K, of the native B-sliding clamp / a subunit
interaction34!,
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Figure 32. Molecules ability to inhibit B-sliding clamp / consensus sequence interaction, assayed in the ELISA assay.
Compounds are shown in the same colour code as described for the PTS assay (Figure 31). (mean £SD; error bars
representSD, n=3). Molecule 8 (in red)is the reference compound.

The most active compounds L862-1364, L863-2005, and D576-0080 were selectedto evaluate theirinhibitory
capacity in a dose-response ELISA assay.

The percentage of inhibition was calculated at twelve different concentrations ranging from 0.5 uM to 150
M. For Molecule 8 the percentage of inhibition was calculated at fourteen different concentrations, from
0.5 uM to 350 puM.
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Figure 33. Inhibitory activity on the B-sliding clamp / consensus sequence interaction of the most active molecules is

evaluated at differentconcentrations in the ELISA assay. IC50 is calculated as a measure of molecule potency.

Molecule 8:1Cs0=ndr2=0.5812

L862-1364:1C50=16.15 uMr2=0.8481
L863-2005: 1C50=88.52 uMr2=0.9098
D576-0080: IC50=58.91 uM r2=0.9798

For Molecule 8, an attempt was made to calculate the ICs, with this assay, but this was not possible because,
at the concentrations tested, the molecule has not yet reached the plateau of activity, i.e. the concentration
value at which its activity is maximum, and the program is not supplied with the necessary data. While the
molecules identified by this study reached a plateau of activity at 100 uM, Molecule 8, despite being tested
at higher concentrations, up to 300 uM, was unable to reach it. This may presumably be due to a lower

activity of the molecule towards the interaction of interest.

The purpose of the ELISA assay is to analyse the ability of molecules to hamper the interaction of interest.
They were thereforeinitially tested ata concentration of 100 uM, allowing the identification of ten molecules
belonging mainly to two different chemical classes that are particularly active towards the interaction. As can
be seen fromthe histogram in Figure 16, the molecules belongto the chemical classesthat also stood out in
the PTS assay. They are part of the series of molecules identified with the green and pink colour, while the
molecules belonging to the other chemical classes are inactive in this competitive assay. Molecules L862-
1364, L863-2005, and D576-0080 showed aninhibitory activity in the range of uM (ICs, values from 16.15 to
88.52), which was nevertheless betterthanthe reference Molecule 8.
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- Ligand Docking

A binding hypothesis can be drawn for the two most potent compounds in the ELISA assay, L862-1364 and
D576-0080, which are structural analogues of compounds initially selected from the screening on the first
pharmacophore model derived from the optimized consensus peptide. Each compound was aligned on the
pharmacophore model and two energy-minimizations of the protein-ligand complexes were run with the
OPLS3e force field implemented in MacroModel. In the first energy-minimization distance restraints were
kept on the atoms undertaking hydrogen bonds, while in the final one no restraints were applied, and the
ligands were free to move. The protein was kept fixed during minimization, except for the residue side chains
within 5 A from the ligand.

Figure 34. Putative binding mode of L862-1364 inside the binding pocket of the B-subunit. Green and red spheres
representhydrophobic and hydrogen bond acceptor pharmacophore sites, respectively. Hydrogen bonds are evidenced
with yellow dashes.

L862-1364, the most potent compoundin the series of tiazo-pyrimidindione derivatives, is bound to subsite
Il (Figure 34). Two pharmacophore points are maintained after energy-minimization: a carbonyl oxygen of
the pyrimidindione ring, whichis H-bonded to the backbone nitrogen of R365 (red sphere in Figure 34), and
the hydrophobic site of subsite Il occupied by the propyl chain. In crystal structures of proteins interacting
with the B-sliding clamp the latter hydrophobicinteraction is generally established by residues, such as
leucine, bearing short alkyl groups3*®. Additionally, a hydrogen bondis undertaken by the ligand with H175,
and the p-chloro-phenyl group is accommodated close to the hydrophobicre gion of subsite I.
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Figure 35. Putative binding mode of D576-0080 inside the binding pocket of the B-subunit. Green spheres represent
hydrophobic regions included in the pharmacophore model, and hydrogen bond acceptor and donor features are
represented by red and cyan spheres. Hydrogen bonds and n-mt interactions are evidenced with yellow and blue dashes,

respectively.

The most potent compound D576-0080, due to its elongated shape, is able to bind both subsites | and Il
(Figure 35). In subsite I, one of the hydrophobic sites is occupied by the anisole fragment, while the amide
nitrogen undertakes a hydrogen bond with G174 backbone. On the other side of the binding pocket, a
pyrimidine nitrogen undertakes a hydrogen bond with the backbone nitrogen of R365 and the pyrrolidine
ring occupies the hydrophobic region of subsite II, similarly to the cyclohexyl-alanine of the optimized
consensus peptide and the propyl chain of the thiazo-pirimidinone L862-1364.
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In vivo CHARACTERIZATION

- Growth Inhibition Assay on Non-Pathogenic Bacteria
Once all the molecules were characterized in the in vitro assays, we analysed their activity in vivo, directly on
bacteria, through a growth inhibition assay. Bacterial growth was monitored for 8 hours, in the presence of
two different molecule concentrations: 20 uM and 100 uM. The inhibitory activity of all molecules was tested
against two non-pathogenic bacteria: Gram-negative E. coli, in the presence of 2 pg/mL of Polymyxin B
nonapeptide (PMBN) to increase the permeability of the outer membrane, and Gram-positive B. subtilis. To
exclude possible toxicity on a eukaryoticorganism, molecules were also tested onthe yeast S. cerevisiae.
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E. coli B. subtilis w303
20 uM 100uM | 20 pMm 100uM | 20 pM 100 uM
[Molecule 8] © 0 24 85 0 0
C239-0797 0 30 7 8 0 23
F393-0093 0 0 0 6 7 22
F726-1337 0 3 14 0 9
D479-0063 0 1 0 0 0 2
D428-0018 0 12 10 7 0 9
D428-0071 0 19 0 1 0 2
D479-0091 0 11 16 7 0 8
L862-1652 47 na 28 na 29 na
L862-1364 0 26 41 21 25 26
L862-1373 25 12 0 12 39 11
L862-1593 2 4 9 0 0 13
L862-1654 0 3 2 0 0 0
L863-2005 0 9 1 0 0 20
L863-2164 0 12 8 0 0 0
L863-2310 0 4 2 21 0 0
L010-0518 0 0 3 0 32 43
D430-0343 0 24 14 16 0 25
D576-0080 99 93 14 92 0 24
L010-0068 0 0 3 13 0 0
L010-0480 17 0 0 0 3 54
L010-0495 0 0 7 0 13 16
LO10-0504 0 0 0 0 0 22
LO10-0548 0 0 0 0 0 13
L011-0481 100 na 0 24 14 47
L011-0498 100 82 0 26 0 36
L011-0513 0 0 21 5 0 38
L367-0038 0 0 0 0 0 5
L367-0072 0 0 13 0 2 8
L367-0497 0 0 0 0 2 10
L533-0208 0 0 16 21 18 13
L533-0362 0 0 28 7 0 26
L534-0053 0 0 25 0 0 20
P510-0634 0 0 7 0 0 3
P510-0674 0 0 13 0 0 0
P843-0212 14 0 4 0 0 0

Table 7. Percentage growth inhibition activity at 8 h for molecules tested at 20 uM and 100 uM, on Gram-negative E.
coli DH10 in the presence of Polymyxin B nonapeptide (PMBN), on Gram-positive B. subtilis (WB80ON), and S. cerevisiae
(W303). Hits identified by the yBRET assay are in bold, and below are their respective structural analogues. Specifically,
the molecules in white are the hits identified by screeningon Compounds Australia-1, and in green, blue and pink are
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the three identified by screening on Compounds Australia-2 with their structural analogs. Molecule 8 (in red) is the
reference compound.

None of the molecules corresponding to the first 5 hits and corresponding homologues showed strong
inhibitory activity against the two prokaryotic organisms. Molecules L862-1652 and L862-1364 at 20 pM
inhibited the growth of E. coli and B. subtilis by 47% and 41% respectively but resulted toxic against S.
cerevisiage. On the other hand, molecules D576-0080, L011-0481 and L011-0498, analogues of the 6™ hit,
completely inhibited the growth of E. coli already at 20 uM, while being non-toxicto S. cerevisiae. When
tested at 100 uM, molecule D576-0080 was also able to inhibit the growth of B. subtilis, although it also
displayed a 24% inhibitory activity against the eukaryoticorganism underinvestigation.

The molecules were also tested on E. coli in the absence of PMBN, but none of them showed activity, and
even the activity of the molecules that were found to be the strongestin presence of 2 ug/mLPMBN dropped
in its absence (datanoshown).

- Minimum Inhibitory Concentration (MIC) And Minimum Bactericidal

Concentration (MBC)
For the three molecules that were particularly active against E. coli and B. subtilis, MIC and MBC values were
calculated against both of these organisms. Again, PMBN was added to the final concentration of 2 pg/mLto
E. coli cells.

Escherichia coli Bacillus subtilis
MIC | MBC MIC MBC
PMBN 2 pg/mL
D576-0080| 25uM 25 uM 25 uM 25 uM
L011-0481| 10puM 10um nd nd
L011-0498 5uM 25 uM nd nd

INBIEENRS] souv [ 100um | 100p4M | nd

Table 8. MIC and MBC values on E. coli and B. subtilis. (nd=not detected)

The molecules were tested at nine different molar concentrations (0.5 uM - 100 pM), and MIC and MBC
values were determined against both of these non-pathogenic bacteria. Confirming the data obtained in the
previous assay (see Table 7), the molecules proved to be particularly active against E. coli and with MICand
MBC values lower than the reference molecule (Molecule 8). The MIC and MBC values give us information
on the mode of action of the different compounds. While molecules D576-0080 and L011-0481 have
bactericidal activity at 25 uM and 1 uM respectively, molecule L01-0498 is bacteriostatic up to 5 uM but
becomes bactericidal at 25 puM. A similar difference can be found for Molecule 8, which is bactericidal at a
concentration of 50 UM and bacteriostatic at 100 uM. Asfaras the activity of the molecules against B. subtilis
is concerned, it was only possible to calculate both values for compound D576-0080, because the other
molecules most likely had to be tested at higher concentrationsto be active. This molecule is bacteriostatic
at 25 uM, while Molecule 8 has bactericidal activity at 100 pM.

We determined MICand MBC also against two strains of the Gram-positive pathogen Listeria monocytogenes
(LMG21264 and LMG13305, table 9) and against two strains of the Gram-negative pathogen E. coli (DSM
10973 and DSM 9025, data no shown).
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Listeria monocytogenes
MIC MBC MIC MBC
LMG21264 | LMG21264| LMG13305 | LMG13305
D576-0080| 50uM 100 pM 50 uM 50 uM
L011-0481 nd nd nd nd
L011-0498 nd nd nd nd

- nd nd nd nd

Table 9. MIC and MBC values on Listeria monocytogenes. (nd=notdetected)

In the case of Listeria monocytogenes, it was possible to calculate MIC and MBC values only for molecule
D576-0080, thusresultingto be the molecule with highe st activity also in this case as well, with bacteriostatic
activity at 50 uM and bactericidal activity at 100 uM for the LMG21264 strain and bactericidal activity at a
concentration of 50 uM forthe LMG13305 strain.

The experiment conducted on the two pathogenicstrains of E. coli was not successful, because both strains
were found to be particularly resistant to PMBN (MIC> 64 ug/mL) and the molecules, in the absence of PMBN
activity, were inactive against the bacterium.
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4.CONCLUSION
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Currently, many of the known p-sliding clamp inhibitors are peptides selected by virtual
screening330:332334337.339 gnd a variety of information has been obtained through in vitro analyses, e.g. SPR,
including Kp, K; and ICs values, but very often there is zero or little information on the in vivo activities of
these compounds, including information on possible toxicity on eukaryotic cells. Very often these compounds
have better activity against Gram-positive bacteria. Molecule 8332, derived from a compound identified by
fragment-based screening using x-ray crystallography, has known antibacterial activity against bacterial
organisms, with betterresults against Gram-positive bacteria, and for this reason, for greater completeness
of its studies, it was chosen as the bibliographic reference compound in our assays.

Following in the footsteps of the study carried out on the E. coli B' - 67° interaction33, a high-throughput
platform combining sequential in vivo and in vitro assays was also applied in this study as an antibiotic
discovery pipeline, applied to the search for small molecules capable of preventing the E. coli interaction
between the B-sliding clamp protein and the a-subunit, proteins involved in bacterial DNA replication and
part of the larger DNA polymerase Il holoenzyme protein complex.

The interaction was successfully reproduced forthe in vivo yBRET assay, where a yBRET strain was optimised
for the identification of molecules preferentially targeting the B-sliding clamp, resulting in a pipeline with
high-throughput screeningof two different types of libraries: untargeted and target. While the former library
consists of random small molecules (or molecules not selected on this target), the latter comes from in silico
screening, where molecules were selected based on their physicochemical characteristics, to increase the
probability to find molecules binding the B-sliding clamp target.

Fromthe yBRET screening, atotal of six hits were identified, three belonging to the untargetedlibrary (C239-
0797, F393-0093, and F726-1337) and three belonging to the targeted library (D479-0063, L862-1652, and
L010-0518), capable of inhibiting the interaction of interest and all molecules belong to different chemical
classes, which are also different from the chemical classes to which the already known B-sliding clamp
inhibitors belong. Of the 3 molecules resulting from the screening of the targeted library, 29 structural
analogs were also acquired (3 for D479-0063, 7 for L862-1652, and 19 for L0O10-0518), for a total of 35
moleculesto be tested in subsequent assays. See table 6 for more information.

All candidates and the reference molecule were validated and characterised in two different in vitro
experiments: the Protein Thermal Shift (PTS) test, to analyse the specificity of the molecules and their
analogues for the B-sliding clamp, and the ELISA test to analyse the ability of the molecules to hamper the
interaction of interest.

The molecules were subsequently also characterised for their ability to inhibit the bacterial growth of two
non-pathogenic organisms, E. coli and B. subtilis, and for the compounds active and non-toxic towards S.
cerevisiae, MIC values on pathogenic and non-pathogenic bacteria were also calculated, yielding values in
the low to medium pM range. To determine the mode of action of the molecules, MBC assays were
conducted.

Of the compounds identified by screening the untargeted library, C239-0797, F393-0093, and F726-1337,
belonging to 3 different chemical classes, only the C239-0797 molecule stood out in the in vitro assays; in
fact, in both PST and ELISA assays we saw good activity: in the first assay, it abundantly exceeds the
temperature threshold that we set to identify molecules with a good affinity towards B-sliding clamp, in the
second assay, on the other hand, although with a low percentage of inhibition of the interaction, it is a
molecule that manages to bind the target, inhibiting the B-sliding clamp/consensus sequence interaction. On
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the other hand, unfortunately, the molecule appears to be inactive at the concentrations tested against
bacterial organisms.

Of the compounds identified by screening the targeted library, D479-0063, L862-1652, and L010-0518, which
also belong to 3 different chemical classes and for which several analogues have been acquired, we find
different situations. For the first class of compounds, D479-0063 and analogues, we have no relevant data
both in vitro and in vivo, leading us to consider this class as a false positive resultfrom the yBRET screening.
This is different for the molecule L862-1652 and analogues, where good results were found in the in vitro
assays. In the PTS, 3 structural analogues, but not the hit L862-1652, exceeded the temperature threshold
that allows us to identify molecules with a good affinity towards B-sliding clamp and in particular, the
molecules L862-1364 and L863-2005 inhibited the interaction in ELISA by more than 80%, thus allowing us to
calculate ICsq values, which are 16.15 uM and 88.52 uM respectively. Again, unfortunately, the molecules
were not shown to be active against bacteria. Finally, good results in both in vitro and in vivo assays were
obtained with the class of molecules headed by the molecule L010-0518: 11 molecules bind specifically to B-
sliding clamps in the PTS assay and of these, 5 are active in the ELISA assay. Of particular interest is the
molecule D576-0080, which has the highestinteraction inhibition value in ELISA, i.e. 100%, and an ICs, value
of 58.91 uM. In this class of compounds, in vivo, three molecules, D576-0080, L011-0481, and L011-0498,
were shown to completely inhibit the growth of E. coli, and only the first of the three was also capable of
completely inhibiting the growth of B. subtilis. For these three molecules, MIC and MBC values were also
calculated on pathogenic and non-pathogenic bacteria, obtaining values in the low-to-medium uM range,
promising values compared to those of the already known B-sliding clamp inhibitor compounds.

Results obtained from the PTS assay highlighted three chemical classes that may bind to the target, while
excluding chemical classes that could presumably be false positives of the yBRET assay.

The ELISA assay, optimised with the B-sliding clamp / consensus sequence strong interaction (with the NLuc
protein as a carrier), partly confirmed the results obtained with the PTS assay. Some of the molecules that
showed ability to bind the target can displace the interaction of interest, although with low potency, most
likely due to the different K, of the B-sliding clamp / a subunit and B-sliding clamp / consensus sequence
interactions. In this assay, the molecules with the highest inhibitory activity belonged to the two chemical
classes identified in the PTS assay, although none of the hits identified by the yBRET assay recurred in these
assays. This could still be due to the different Ky of the two interactions used in the two different assays.

For the two strongest compounds in the ELISA test, L862-1364 and D576-0080, a binding hypothesis could
be made. L862-1364, the most potent compound in the series of thiazo-pyrimidindione derivatives, is bound
to subsite II. The most potent compound D576-0080, due to its elongated shape, can bind both subsites | and
II. The pyrrolidine ring occupies the hydrophobicregion of subsite Il, similarly to the cyclohexyl-alanine of the
optimised consensus peptide and the propyl chain of the thiazo-pyrimidinone L862-1364.

Moleculesidentified as active in binding the target or inhibiting the interactionin in vitro assays are probably
unable to cross the bacterial membrane barrierand their reduced functionality against bacteria may be due
to this reason. Onthe other hand, molecules capable of inhibiting bacterial growth were bactericidal against
the organisms tested, but their antibacterial activity decreased in the absence of the membrane
permeabiliser PMBN.

Furtherexperiments willbe conducted to better characterize the most potent chemical class here identified.
These will include the purchase of new analogues to identify molecules with higher activity and for SAR
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studies; the Isothermal Titration Calorimetry, to quantify the affinity to the target; and the in vitro replication
assay, as functional validation. These results will be used for structural design of more potent inhibitors.

In parallel, these new antimicrobials will be assayed for their antimicrobial activity against other bacterial
strains, including the 'ESKAPE' bacterial pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and Enterobacter species) and other
bacteria that are resistantto currently available antibiotics.
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5.MATERIALS AND METHODS
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e Chemicals

D(+)-galactose and D(+)-raffinose were purchasedfrom ACROS Organics (Geel, Belgium).Yeast nitrogen base
without amino acids and Bacto peptone were purchased from BD Biosciences (Franklin lakes, NJ). D(+)-
glucose, Bacto yeast extract, dimethylsulfoxyde (vehicle control),3,3'5-triiodo-L-thyronine sodium salt (T3),
and the differentamino acids complements were purchased from Sigma (St. Lo uis, MO).

e Reagents

Coelenterazine h was purchased from Interchim (Montlugon, France) and Nano-Glo Luciferase Assay
Substrate from Promega (Madison, WI). The antibodies used are anti-Myc (#ab1261; Abcam, Cambridge, UK).

e Equipment

TriStar? LB942 Multidetection Microplate Reader luminometer (Berthold Technologies, Bad Wildbad,
Germany) microplate reader was used with the following emission filters: ® NLuc: counting time, 2.00 s;
emission filter (No. 39450), 480 nm (10 nm); ¢ YFP: counting time, 2.00 s; emission filter (N0.39451), 530
nm (£12.5 nm). Measurement operation is performed by well, and each plate is read three times in a cycling
manner.

Affinity chromatography for purification was performedin a pure AKTA system and a 5 mL HiTrapQFF nickel
column was used.

QuantStudio™ 3 Real-Time PCR Systems.
e Strains

S. cerevisiae erg6 yeast strain (BY4742 background: MATa; his3A1; leu2A 0; metl5A 0; ura3A O;
YMLOOS8c::kanMX4) was obtained from Open Biosystems (Huntsville, AL, USA) and employed in the yBRET
system.

E. coli DH10B™ T1R strain (F- mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl endA1l araD139
A(ara,leu)7697 galU galK - rpsL nupG tonA) (Invitrogen); exploited for vector construction, bacterial growth
inhibition assay, MIC and MBC assays.

E. coli BL21-CodonPlus (DE3)-RILstrain (F-ompT hsdS(rB—mB — ) dcm+ Tetr gal A (DE3) endA Hte [argU ileY
leuW Camr); exploited for protein overexpression (Agilent Technologies). These competent cells carry extra
copies of the arg U, ile Y, and leu W tRNA genes. Te tRNAs encoded by these genes recognize the AGA/AGG
(arginine), AUA (isoleucine), and CUA (leucine) codons, respectively.

E. coli BL21(DE3) pKIJE7 strain F — , ompT, hsdSB ( rB — mB — ), gal, dcm; DE3 lysogen contains T7
polymerase upon IPTG induction. This strain is deficient of lonand omp-t proteasesandis therefore suitable
forthe expression of non-toxic proteins. In particular, this strain could co-expressthe plasmid of interest and
the plasmid and pKJE; (Takara3). The two different plasmids are designed to enable the efficient expression
of multiple molecular chaperones known to work cooperatively in the protein f olding process.

E. coli Origami(DE3)pLysS strain A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139ahpC galE galK rpsLF'[lac*
lacl? pro] (DE3) gor522::Tn10 trxB pLysS (Cam?F, Str®, Tet?); these host strains are K-12 derivates that have
mutationsin both the thioredoxin reductase (trxB) and glutathione reductase (gor) genes.
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B. subtilis WB80ON strain (nprE aprE epr bpr mpr::ble nprB::bsr Avpr wprA::hyg cm::neo; NeoR); exploited
for bacterial growth inhibition assay, MICand MBC assays.

S. cerevisiae W303-1A strain (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11, 15) was used for growth
inhibition assay.

L. monocytogenes LMG 21264, and L. monocytogenes LMG 13305 were acquired from Belgian co-ordinated
collections of Micro-organisms.

E. coli DSM 10973, and E. coli DSM 9025 were acquired from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures.

e Vectors

All sequences used in this study were amplified with PCR and inserted in frame with the donor or the acceptor
using Cpol restriction enzyme digestion and DNA ligation. The centromeric vectors p415 (LEU2, GAL1
inducible promoter) and p416 (URA3, GPD constitutive promoter) were used to express the chimeric
proteins3#*. TRP1 selectable marker gene cannot be employed with ergé mutant strain, because trpl-ergé6
double mutantis syntheticlethal. Donor proteins were cloned into p415, and acceptor proteins were cloned
into p416. Both C- or N-terminal fusion vectors are available upon request. Vector p190 (LEU2, TEF
constitutive promoter) and p215(URA, GAL1) were usedto express chimeric proteins in the donor saturation
assay.

PET 28b (+) was used for: i) the expression of dnaN genein E. coli as fusion with MycTag at the C-terminal
end and N-terminal His Tag®/thrombin/T7eTag® configuration plus an optional C-terminal His Tag sequence,
respectively. i) the expression of dnaE genein E. coli as a fusion with N-terminal His Tag®/thrombin/T7 Tag®
configuration plus an optional C-terminal His Tag sequence.

PET 28a (+) was used for the expression of consensus sequence in E. coli as a fusion with Nluc sequence at
the C-terminal and an N-terminal HiseTag"/thrombin/T7¢Tag" configuration plus an optional C-terminal
HiseTag sequence.

e  BRET calculation and screening analysis protocol

The BRET ratio was calculated by dividing the signal measured at 530 nm by the signal measured at 480 nm.
Then, the BRET signal was calculated as the BRET ratio subtracted by the BRET background ratio (obtained
whenthe donor protein was expressed alone)and multiplied by 1000to express results in milliBRET (mBRET):
BRET = (BRET ratio —Background BRET ratio) x 1000,

The assortment rationale takes into account three factors: (i) an interaction inhibition of at least 15% on
average, compared to the untreated plate-specific controls; (ii) a median mBRET percentage of below 85%
compared to the median calculated on the non-treated plate-specific controls: (iii) an SSMD statistic
considered to be at a minimum "weak inhibition" (SSMD is the ratio of the mean to the standard deviation
of the difference between a test compound and a negative reference group with no specific
inhibition/activation effects).

¢ Small molecule libraries

Molecule 8 was purchased from ChemDiv (San Diego, CA USA).
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Two libraries were available in our laboratory: Australia Compound Library-1, and National Cancer Institute
(NCI), which contained compounds of synthetic and natural origin.

The compounds of Australia Compound Library-2 were selected through in silico screening (details in
paragraph 3.2).

e Expression and purification of B-sliding clamp and NLuc-consensus and Expression of sequence a
(736-1160) subunita subunit full length

- B-sliding clamp and NLuc-consensus sequence

Induction was performed in E. coli BL21-CodonPlus (DE3)-RIL strain for both the protein, but for B-sliding
clamp the induction was carried out overnight at 20 °C, while, for NLuc-consensus sequence the induction
was carried out for 4 hours at 30 °C. Both inductions were performed with the addition of 1 mM isopropyl-
b-D-thiogalactopyranoside (IPTG), followed by sonication to lyse cell. The soluble proteins were then purified
by affinity chromatography using a pure AKTA system with HiTrapQFF nickel column (5 mL, GE Healthcare).
50 mL of supernatant from 1 L of bacterial lysate were loaded onto the column previously equilibrated in
buffer A (Tris-HCI 25 mM pH 8; NaCl 0.3 M; imidazole 20 mM), and elution of the protein was carried out with
30 mL imidazole linear gradient to 500 mM in the same buffer. Finally, 2 mL fractions are collected and
analysed by UV-vis spectrophotometry and SDS-PAGE.

- a(736-1160) subunit

Induction was performed in E. coli BL21(DE3) pKJE7 strain with overnight induction at 20 °C and with the
addition of 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), and 0.5 mg/mL of L-arabinose, followed by
sonication to lyse cell. The chaperone genes were downstream of araB promoter. The soluble protein was
then purified by affinity chromatography using a pure AKTA system with HiTrapQFF nickel column (5 mL, GE
Healthcare). 50 mL of supernatant from 1 L of bacterial lysate was loaded onto the column previously
equilibrated in buffer A (Tris-HCI 25 mM pH 8; NaCl 0.3 M; imidazole 20 mM), and elution of the protein was
carried out with 30 mLimidazole lineargradient to 500 mM in the same buffer. After affinity chromatography,
anionic exchange was carried out utilizing two different buffers were usedfor this purpose: i) Tris-HCI 25 mM
pH 8; ii) Tris-HCl 25 mM pH 8 + 2 M NaCl. The purity of the proteins was checked on SDS-PAGE.

- asubunitfulllength

Induction was performed in E. coli BL21-CodonPlus (DE3)-RIL strain with overnight induction at 20 °C and
with the addition of 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), followed by sonication to lyse cell.
The soluble protein was then purified by affinity chromatography using a pure AKTA system with HiTrapQFF
nickel column (5 mL, GE Healthcare). 50 mL of supernatant from 1 L of bacterial lysate was loaded onto the
column previously equilibrated in buffer A (Tris-HCI 25 mM pH 8; NaCl 0.3 M; imidazole 20 mM), and elution
of the protein was carried out with 30 mL imidazole linear gradient to 500 mM in the same buffer. After
affinity chromatography, the protein was subjected to anion exchange chromatography and was used two
different buffers:i) Tris-HCI 25 mM pH 8; ii) Tris-HCI 25 mM pH 8 + 2 M NaCl. Afterthis step, the protein was
subjected to gel filtration chromatography on a Superdex 200 Increase 10/300 GL column (24 ml, GE
Healthcare). Bovine serum albumin (66 kDa), ovalbumin (44.3 kDa), and lysozyme (14.5 kDa) were used as
calibration standards. The purity of the protein was checked on SDS-PAGE.
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e Protein Thermal Shift assay

In each well of the RP, LF, SEMI Sk, 96 well plate (0.2mL) (#AB19700 from BlOplastics) were added 5 pL of
Ptrotein Thermal Shift™ Buffer. 12.5 pL of 4 ug of B-sliding clamp in 20 mM Tris-HCl pH 7.5, 0.5 mM EDTA
was incubated with 1 pl of the compounds at 100 uM (or DMSO as control) for 1 hour at 37 °C and added to
the wells. The Protein Thermal Shift™ Dye was diluted to 8X in 20 mM Tris-HCl pH 7.5, 0.5 mM EDTA, and 2.5
pl of the solution was added to each well. After pipetting up and down 10 times to mix well, the plate is
sealed with MicroAmp® Optical Adhesive Film, spinned at 1000 rpm for 1 minute and placed onice, protected
from light. Using QuantStudio™ Design & Analysis Software, the file of execution of the experiment was set
up and by QuantStudio™ 3 Real-Time PCR Systems the experiment was conducted. The data related to the
melting temperature, are analysed by Protein Thermal Shift™ Software v1.4. Each experiment was performed
in quadruplicate. In total have been prepared: ¢ 4 replicates of each reaction; ¢ 4 replicates of no protein
controls (NPCs); 4 replicates of ligand only controls (LOCs).

e ELISA assay

The NLuc-consensus sequence was diluted to 250 nM in phosphate-buffered saline (PBS), and 100 pl of the
solution was added into NUNC Maxisorp microtiter plate wells. Following overnight incubation at 4 °C wells
were washed three times with 300 ul of PBS and blocked with 400 pl of 1% (w/v) BSA in PBS at RT for 2 h.
Plates were then washed threetimes with wash buffer (PBS, 0.3% (v/v) Tween-20). 100 pl of 250 nM B-sliding
clamp-MycTag diluted in PBS was incubated with 3.5 ul of the compounds at different concentrations (or
DMSO as control) for1 hourat 37 °C and added to the wells followed by incubation at RT for 1 h. Wells were
washed three times with 300 pl of wash buffer, 100 uL of goat anti-Myc tag antibody (1:50000 in PBS) were
added, and the plate was incubated at RT for 1 h. Interactions were detected by the addition of 100 ul of
ABTS substrate to each well. The signal was measured, after 15 minutes of incubation at 30°C, reading
absorbance at 415 nm using a microplate reader (TriStar? LB 942, Berthold Technologies). The inhibitory
activity of each compound was then calculated as I1Cso value.

e Antimicrobial activity

The antimicrobial activity of hit compounds was evaluated by monitoring bacterial growth in the presence of
two different molecule concentrations. Bacteria were grown at exponential phase before growth inhibition
testand then diluted to ODggo nm = 0.006. W303-1A yeast strain was grownin YPD (Yeast peptone Dextrose)
at 30 °C until ODgyo nm = 0.5 before growth inhibition assay. Bacterial (or yeast) growth was monitored for 8
h in the presence of molecules dissolved in DMSO, or of an equivalent quantity of DMSO as negative control
(5% DMSO final concentration). The assay was conducted in triplicate in a 96-well plate by monitoring the
growth of the cells every 30 minutes, reading the absorbance with a microplate reader (TriStar? LB 942,
Berthold Technologies). Polymyxin B Nonapeptide used on Gram-negative bacteria was purchased from
Sigma-Aldrich (Saint Louis, USA).

e  Minimum Inhibitory Concentration (MIC) And Minimum Bactericidal Concentration (MBC)

The antimicrobial activity of D576-0080, L011-0498, and L011-0481 was determined by the minimum
inhibitory concentration (MIC) assay. The assays were performed in 96-well microplates in 20% MH broth in
PBS. A mid-log phase bacterial suspension at 3 x 10° CFU/mLin 20% MH broth was used, and the microplates
were incubated at 37 °Cfor 24 hours. The MIC value was taken as the lowest concentration of compound
that results in complete inhibition of visible bacterial growth after an appropriate incubation time. Results
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are derived from at least two independent experiments performed in triplicate. For Listeria monocytogenes
strains, the assay was conductedin LB broth.

For minimum bactericidal concentration (MBC) 8 uL from each well is taken and deposited on Petri dish
containing MH agar medium. Subsequently, plates are incubated for 24 hours and growth observed. The MBC
value was taken as the lowest concentration of an antibacterial agent that results in killing a particular
bacterium after an appropriate incubation time.

e Statistical analysis

To calculate I1Cs, for inhibitory activity in ELISA assay was conducted in triplicate, using at least ten different
compound concentrations. Datawere analysed in Prism (GraphPad SoftwareInc.) using nonlinear regression
curve fitting.

Student T-test was used to find significant differences when comparing compound inhibitory activities.
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Table 10. List of oligonucleotides used in this study.

Primer name (restriction enzyme

Sequence (5’->3’) restriction enzyme underlined

B-sliding clamp FW (BamHI)

TAAATATAAAGGATCCATGAAATTTACCGTAGAACGTGAGC

B-sliding clamp RE no stop codon (EcoRl)

AATTATTTTAGAATTCCAGTCTCATTGGCATGACAACAT

B-sliding clamp FW (EcoRl)

TAAATATAAAGAATTCATGAAATTTACCGTAGAACGTGAGC

B-sliding clamp RE stop (Xhol)

AATTATTTTACTCGAGtcaCAGTCTCATTGGCATGACAACAT

B-sliding clamp RE stop (Sall)

AATTATTTTAGTCGACTCACAGTCTCATTGGCATGACAACAT

B-sliding clamp FW (Cpol)

TAAATATAAACGGTCCGATGAAATTTACCGTAGAACGTGAGC

B-sliding clamp mutagenesis internal Cpol site

TGAGCGGTCCATTAGGTGGTC

B-sliding clamp mutagenesis internal Cpol site

GACCACCTAATGGACCGCTCA

B-sliding clamp for cloning in pET 28 vector FW (Ncol)

TAAATATAAACCATGGCGGTCCGATGAAATTTACCGTAG

B-sliding clamp with partial MycTag RE

TCCTCGCTAATCAGCTTCTGTTCCGGACCGATCAGTCTCATTGG

MycTag for fusion (Not! and Cpol)

AATTATTTTAGCGGCCGCCAGGTCTTCCTCGCTAATCAGCTTCTGTTCCGG

o to amplified fromaa 736 FW (Cpol)

TAAATATAAACGGTCCGATGATCAACGCTGAACTGGCGAT

a (736-1160) RE no stop codon (Cpol)

AATTATTTTACGGACCGATGTCAAACTCCAGTTCCACCTGC

a (736-1160) RE with stop codon (Cpol)

AATTATTTTACGGACCGTCAGTCAAACTCCAGTTCCACCTGC

Mutagenesis QADMF - QLDLF of a FW

GAAGCTATCGGTCAGCTGGATCTGTTCGGCGTGCTGG

Mutagenesis QADMF -> QLDLF of a RE

CCAGCACGCCGAACAGATCCAGCTGACCGATAGCTTC

Mutagenesis QADMF - AAAKK of o FW

CGCCTTTTTTCGCGGCCGCACCGATAGCTTCCGCTTTCG

Mutagenesis QADMF - AAAKK of o RE

GCGGCCGCGAAAAAAGGCGTGCTGGCCGAAGAG

a (1-1160) for In-Fusion cloning in pET28 (Ndel/Notl) FW

CGCGCGGCAGCCATATGATGTCTGAACCACGTTTCGTAC

a (1-1160) for In-Fusion cloning in pET28 (Ndel/Notl) RE

TGCTCGAGTGCGGCCGCTTAGTCAAACTCCAGTTCCACCT

consensus sequence FW stop codon

GTCCGATCGGTCAGTTGGATTTGTTCGGCGTGTGACG

consensus sequence RE stop codon

GACCGTCACACGCCGAACAAATCCAACTGACCGATCG

consensus sequence FW no stop codon

GTCCGATGATCGGTCAGTTGGATTTGTTCGGCGTGATCG

consensus sequence RE no sto codon

GACCGATCACGCCGAACAAATCCAACTGACCGATCATCG

Mutagenesis QLDLF->QLDGG FW stop codon

GTCCGATCGGTCAGTTGGATGGTGGTGGCGTGTGACG

Mutagenesis QLDLF->QLDGG RE stop codon

GACCGTCACACGCCACCACCATCCAACTGACCGATCG
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Table 11. Structures of molecules tested in both in vitro and in vivo assays. The molecules designated with an asterisk
are the hits identified after the yBRET assay. Specifically, the first three are from screening on Compounds Australia
Library-1, and the other three are from screening on Compounds Australia Library-2, and the molecules following the
molecules with an asterisk are their structural analogs. Molecule 8 (in red) is the reference compound.

Molecule Structure
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6. Abbreviations

hGHhuman growth hormone

2P2| Protein—Protein Interaction Inhibition

ADME Absorption Distribution Metabolism Excretion
AMEs Aminoglycoside-modifying enzymes

AMR Antimicrobial Resistance

ATP Adenosine Triphosphate

BFP Blue Fluorescent Protein

bp base pairs

BRET Bioluminescence Resonance Energy Transfer
BSA Bovine Serum Albumin

CBM Clamp-binding motif

CFP Cyan Fluorescent Protein

CFU Colony-Forming Unit

CGM Cyclohexyl-griselimycin

Cha Cyclohexyl-L-alanylgroup

CNS Central Nervous System

CRISPR-Cas Clustered Regularly Interspaced Short Palindromic Repeats
Da Dalton

DHPS Dihydropteroate Synthase

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

Dr. PIAS Druggable Protein-protein Interaction Assessment System
dsDNA double-stranded DNA

DUE DNA unwinding element

EDF Extracellular Death Factor

EDTA Ethylenediaminetetraacetic Acid

ELISA Enzyme-Linked Immunosorbent Assay

EMA European Medicines Agency

FBDD Fragment screeningand Fragment-Based Drug Design
FDA Food and Drug Administration

FIC First-in-class

FLIM Fluorescence-Lifetime Imaging Microscopy
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FP Fluorescence Polarization

FRET Forster Resonance Energy Transfer

gal Galactose

GAL1 Galactose-Inducible promoter

GFP Green Fluorescent Protein

GPCRs G protein-coupled receptors

GScore GlideScore

gyr gyrase

HE Holoenzyme

hGHbp human Growth Hormone bound receptor
His-Tag Histidine tag

HIV Human Immunodeficiency Virus

HPV Human Papillomavirus

HSQC Heteronuclear Single Quantum Correlation
HT High-Throughput

HTS High-Throughput Screening

i.e.in example

IAP Inhibitors of Apoptosis

IC5o Half MaximalInhibitory Concentration

IL-2 Interleukin-2

iPPI-DBinhibitors of Protein-Protein Interaction Database

iPS induced Pluripotent Stem cell

IPTG Isopropyl B- d-1-thiogalactopyranoside
ITC Isothermal Titration Calorimetry

LB Luria-Bertani

LM Linear Motif

MBC Minimum Bactericidal Concentration
mBRET milliBRET

MD Molecular Dynamics

MDR Multidrug Resistant

MGM Methyl-Griselimycin

MH Mueller Hinton

MIC Minimum Inhibitory Concentration
MSCS Multiple Solvent Crystal Structure

NAD Nicotinamide Adenine Dinucleotide
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NFC Near Field Communication

NIHCM Foundation Health Care Management Research and Educational Foundation

NLuc Nanolucluciferase

NMEs New Molecular Entities

NMR Nuclear MagneticResonance
PBS Phosphate-Buffered Saline

PDD Phenotypic Drug Discovery
PFAM?20 Protein Families (database)
PMBN Polymyxin B Nonapeptide
PPIs Protein-Protein Interactions
PTS Protein Thermal Shift

QDs Quantum Dots

RFP Red Fluorescent Protein

Rluc Renilla luciferase

RNA Ribonucleic Acid

RND Resistance-Nodulation-Division
RPA Replication Protein A

RPD RNA Polymerase Domain

RT Room Temperature

SAR Structure—Activity Relationship
SCOP19 Structural Classification of Proteins
SICLOPPS Split-Intein Circular Ligation Of Peptides and Proteins
SPR Surface Plasmon Resonance

SSB Strand Binding Proteins

ssDNA single-strand DNA

STD-NMR Saturation-Transfer Difference NMR
TDD Target-based Drug Discovery
Ter Termination sites

Tm Melting Temperature

TS Thermal Shift

USAN United States Adopted Names
UV Ultraviolet

wt wild type

yBRET yeast BRET

YFP Yellow Fluorescent Protein
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YPD Yeast peptone Dextrose

ZBD zinc-binding domain
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