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Determining and Exploiting Common Interactions in the Peptidyl Transferase Center for
Enhanced Derivative and Bidentate Design
Anthony J. Briganti
ABSTRACT
It is predicted that by 2050 there will be 10 million deaths annually due to super-resistant
bacterial infections. Antimicrobial resistance (AMR) is already responsible for nearly 5
million deaths a year. Ribosomes serve as an ideal drug target being frequently targeted
by antibiotics and having a highly conserved structure with few options for resistance.
However, computer aided drug design (CADD) using ribosome crystal structures presents
several challenges and is underutilized in the field. In this work we establish a successful
protocol for antibiotic redocking and docking within the high interest sites of the peptidyl
transferase center (PTC). Molecular visualization and interaction mapping were used to
atomistically delineate binding patterns in the ribosomal PTC that could be used for
CADD. Eleven ribosome crystal structures were validated for computational testing, which
revealed derivative binding patterns in the A-site and P-site that can be used to increase
antibiotic efficacy. Ribosome overlays revealed high interaction frequency nucleotides
that were widely conserved throughout the different species and could be used to inform
bidentate design to target two pockets at once. This work serves as a basis for methods
to computationally explore drug optimization on ribosome targeting antibiotics to help

combat the rapid expansion of AMR.
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GENERAL AUDIENCE ABSTRACT
Antimicrobial resistance (AMR) to antibiotics by bacteria is a rapidly increasing problem.
Current trends predict that there will be more death due to super-resistant bacterial strains
than cancer by 2050. Ribosomes are essential cellular machinery for bacteria and make
an ideal antibiotic target. Using computational tools to optimize antibiotics with available
ribosome crystal structural data presents several challenges and is underutilized
throughout the field. In this work we establish a successful protocol for determining and
exploiting antibiotic binding patterns within the functional center of the ribosome, the
peptidyl transfer center (PTC). Nearly a dozen ribosome crystal structures were validated
for computational testing, and binding patterns were revealed within the PTC that allowed
antibiotic derivatives with increased efficacy to be developed. Ribosome validation also
helped inform new drug class design so that multiple drug sites could be targeted at once,
which were docked sharing high frequency nucleotide interactions with both parent
antibiotics. This work serves as a basis for methods to computationally explore drug

optimization on ribosome targeting antibiotics to help combat the rapid expansion of AMR.
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1 Introduction

1.1 Antimicrobial Resistance is a Growing Threat

Antimicrobial resistance (AMR) is rapidly becoming an increasingly relevant area
of science and concern. In 2019 alone there was 4.95 million deaths worldwide
determined to be directly caused by, or associated with, super-resistant bacterial
infections!. These 4.95 million deaths number 1 million more than the total deaths caused
by road injuries, tuberculosis, HIV/AIDS, and malaria combined, in the same year?. It is
predicted that by 2050 this death rate will grow to be 10 million deaths annually at its
current rate. There is a need to develop new methods and technologies to combat AMR
and keep up in the evolutionary arms race against bacteria.

Antimicrobial resistance arises from the incredible genetic plasticity of bacteria in
two ways: either by mutations in genes associated with the antibiotic6 snechanism of
action or by acquiring foreign DNA encoding resistance determinants through horizontal
gene transfer between organisms*. Mutational resistance develops after a population of
susceptible bacteria has been exposed to an antibiotic. A few members of that population
can randomly develop mutations in genes that affect the efficacy of the drug, enhancing
their survivability. Over time, all susceptible members of that population will be eliminated,
leaving behind only the subset of bacteria that mutated some level of resistance®.
Horizontal gene transfer is a frequent cause of AMR as many resistance determinants
are encoded and carried on mobile genetic elements. Bacteria that have previously
acquired resistance genes, or bacteria that possess innate resistance genes, can share
those genes with other bacterial species through transformation, transduction, and

conjugation®.



1.2 The Current State of Antibiotics

Previously, antibiotics have been seen as a major development in fighting
infectious diseases. Over 100 years ago Paul Ehrlich theorized that a starting material
could be semi-synthetically modified into drugs that travel to and bind solely to their
intended cellular target, hence acting as a
would effectively clear specific pathogenic threats without causing undo harm to heathy
tissues®. Fortunately, this is the exact desired function of modern antibiotics, which are
likely the most successful chemotherapy treatment in the history of medicine.

The state of antibiotic development has become increasingly grim as new
challenges present themselves to researchers. In both the academic and industrial
spheres antibiotic development rates have slowed dramatically since the golden age of
antibiotics in the 1950s’. According to the World Health Organization only 27 new
antibiotics for priority pathogens were in clinical development in 2021, compared to 31 in
2017. Furthermore, only 12 antibiotics have been approved for therapeutic usage since
20178. This slowed rate is down more than 56% from the previous 20 years®.

Simply put, developing novel antibiotics is no longer profitable, especially for large
pharmaceutical companies, many of which have cut funding or withdrawn completely from
antibiotic research. Clinical trials are long and costly, taking about 15 years and costing
over $1 billion to develop an antibiotic from scratch'®. Antibiotics also have low prices and
are not taken for chronic health issues in most cases, which translates to low sales. The
final nail in the coffin is AMR itself; usage of newly developed antibiotics must be severely

limited so that they can be reserved as drugs of last resort!?.



Another reason for slowed development is the diminishing effectiveness of
traditional methods for antibiotic research. Most antibiotics are derived from natural,
microbial products, made to help the organism compete with other microbes. Traditionally
these products have been found by isolating and culturing microbes from soil. However,
decades of doing this has led to the counterproductive rediscovery of known antibiotics.
Efforts have been made to investigate microbes of non-soil origins, but that also requires
new strategies for isolating and culturing neglected phyla, which is accompanied by
another entire host of challenges??.

1.3 The Prokaryotic Ribosomal PTC is an Underutilized and Attractive
Target for Antibiotics

The peptidyl transferase center (PTC) of the ribosome is among the most highly
conserved structures across all organisms and is the most common target for antibiotics??
(Figure 1.1). The PTC is primarily located in the large ribosomal subunit with some regions
extending into the small subunit. The PTC catalyzes two principal reactions of protein
synthesis: peptide bond formation and subsequent peptide release. The PTC is highly
flexible by nature'4, which leads to divergent binding mechanisms for drugs that target
this functional region and, despite its mostly conserved structure, still leads to divergent
binding for the same drug in different organisms, especially when resistance mechanisms
are involved®®. Thus, tackling the highly conserved and flexible PTC with new tools using

CADD is advantageous.



Figure 1.1 Overlay of the antibiotics used in this work within their PTC binding sites. The
A-site can be seen in green, the P-site in yellow, and the NPET in red.

The PTC is a prime drug target for combatting bacterial infection and slowing
antimicrobial resistance. A key reason for this is due to the ribosome being a nucleic acid-
based ribozyme. Nucleic acids offer only 3 mutational options for overcoming inhibition,
whereas amino acids offer 19 mutational options®. Confounding this evolutionary
blockage is the presence of non-mutable residues within the functional center of the PTC.
Mutations of G2252 and G2253 are known to be lethal for an organism3. Some
antibiotics, such as blasticidin S, take advantage of this by base pairing with these
residues, which allows for only low-level resistance to evolve through the mutation of
other residues interacting with drug functional groups. Some other highly conserved

residues, such as U2585 and A2606, do not become lethal upon mutation. However,



these residues act as substrate sensors for the PTC and are highly mobile, and therefore
cannot mutate without a corollary loss of fitness. This loss of fitness is typically greater
than the attained resistance, causing these adaptations to not persist3.

1.4 Antibiotics that target the PTC

Lefamulin was approved as the first pleuromutilin derivative designed for systemic
administration in 2019%/. Lefamulin represents a major improvement for treating
community-acquired bacterial pneumonia due to worldwide increases in macrolide
antibiotic resistance!®. Pleuromutilin class antibiotics share the same general mechanism
of action to suppress antimicrobial activity in which the 50S ribosomal subunit is targeted
and the PTC is bound with a tight fit at the A and P sites. This inhibits peptide bond
formation and protein synthesis in a highly specific manner which does not interfere with
eukaryotic ribosomes*®. Crystallographic ribosome structure overlays (Figure 1.1) show
that this binding location is shared with tiamulin, linezolid, chloramphenicol, and
clindamycin. Computational insight to inform specific binding interactions will allow for
further optimization.

Tiamulin is one of the first semi-synthetic derivatives of pleuromutilin and was
developed for veterinary usage!®. It is now commonly used to treat dysentery and
pneumonia in farm animals?°.

Clindamycin is a lincosamide class antibiotic approved for usage
against staphylococci, streptococci and pneumococci, most anaerobic bacteria and some
protozoa?!. Interest in clindamycin is increasing due to its ability reach high levels in bones
and phagocytic cells, as well as its ability to reduce toxin production in certain

staphylococci and streptococci strains??. Although clindamycin is easily absorbed orally



and reaches 90% bioavailability, it is commonly known to cause a self-limited diarrheal
response?3. Clindamycin is a PTC targeting antibiotic that binds to 50S ribosomal subunits
preventing peptide bond formation and therefore inhibiting protein synthesis?4.
Crystallographic structure overlays show this binding location to be shared with tiamulin,
lefamulin, linezolid, and chloramphenicol, making it a high interest subject for binding
rationalization and drug optimization.

Linezolid is an oxazolidinone class antibiotic approved for usage against gram-
positive infections in 2000 and is commonly used as a vancomycin alternative in
vancomycin-resistant enterococcal infections. This makes oxazolidinones one of the only
new classes of antibiotics to be used in a clinical setting in the last 40 years?®. Linezolid
inhibits protein production by targeting and binding the 50S ribosomal subunit and
preventing the formation of a functional 70S initiation complex?®. It is considered a lead
compound for antibiotic optimization and can reach nearly 100% bioavailability after oral
ingestion?’. However, it is known that resistance to linezolid can develop through
ribosomal protein mutations. Fortunately, these mutations take place far from the target
site?” and likely do not confer resistance to other antibiotics that share the binding site,
such as lefamulin, tiamulin, clindamycin, and chloramphenicol.

Chloramphenicol was the first synthetic, broad-spectrum antibiotic to be produced
in mass quantities?®. It is primarily used for eye infections such as bacterial conjunctivitis
and otitis externa, or more severe infections like meningitis, typhoid fever, and cholera.
Despite this, chloramphenicol is not used in the US due to causing fatal aplastic anemia
and suppressing bone marrow, possible due to its low specificity for bacterial ribosomes?°.

Chloramphenicol is another ribosome PTC targeting drug and inhibits protein synthesis



by binding to the A-site. Its binding position occupies a space very similar to that of
pleuromutilin class antibiotics mutilin cores, as well as clindamycin. Recent
crystallographic studies have shown that chloramphenicol may have context-specific
action when inhibiting the ribosome?3°. Computational analysis of chloramphenicol bound
in the ribosome compared to other antibiotics will reveal new modifications that will
increase its specificity for bacteria and improve its efficacy.

Macrolide class antibiotics are composed of a 12-16 membered lactone ring
usually flanked by deoxy-sugars or amino sugar residues®" 32, Macrolides are broad
spectrum antibiotics with known context specific ribosome binding3. Telithromycin is
considered a ketolide within the macrolide class antibiotics33. Ketolides are semi-synthetic
derivatives of erythromycin designed to for respiratory tract pathogens with acquired
macrolide resistance3*. Macrolides target the 50S ribosomal subunit and bind at the
nascent peptide exit tunnel and block the channel!, effectively inhibiting further protein
synthesis.

Blasticidin S is a broad-spectrum peptidyl nucleoside class antibiotic3®. Blasticidin
S targets the P-site of the PTC in the 50S ribosomal subunit and competes with the
binding of P-site tRNAs®6. This binding position is very close to the co-crystalized binding
position of the previously listed antibiotics, however, it does not overlap and, therefore, is
being considered its own pocket. The proximity of the two pockets suggests that
blasticidin S may be linked to a drug in the other pocket, effectively forming a bidentate
antibiotic.

Mechanisms of antibiotic resistance can generally be broken down into two

categori es: mechani sms targeting the fAmagic b



intended target. The antibiotic bullet can be modified by bacterial enzymes so that its
efficacy is lost, such as the case for loss of aminoglycoside drug function after
acetylation®. Anti bi otics can also be destdagamed, f o
r i n g s-ladmgnasds, which is a common mechanism of resistance for drugs in the
penicillin family38. Efflux pumps confer resistance by pumping out antibiotic molecules as
they enter the cell, especially in biofilm forming bacteria®®. The drug target itself can be
protected by mutation, modification, replacement, and collective actions by the bacterial
population. Protection by mutation is illustrated by Mycobacterium tuberculosis, which
has been observed to have rifampin resistance resulting from mutations in its RNA
polymerase genes*®. Modification of the target can also disrupt drug interactions
necessary for inhibition, like methylation of rRNA by methytransferases*'. Methicillin
resistance in Staphlococcus aureus using the protein PBP2a to replace PBP2 is a
clinically relevant example of replacement to bypass the drug target*?. Additionally, entire
populations of bacteria may take actions which lead to resistance, such as using complex
assemblies of extracellular proteins and polysaccharides to produce protective biofilms43.
1.5 The Current State of CADD on Ribosome Targeting Antibiotics

Computer aided drug design (CADD) is becoming increasingly relied on for
informative drug development. Indeed, when structural data is available, it is an integral
part of structure-based drug design to help chemists fit molecules into binding pockets
and adapt their chemical structures to match the underlying target surface. In the wake
of COVID-19, there has been a huge surge in the usage of computational methods to
investigate and develop inhibitors for a variety of protein targets. This familiarized the

world with the time and costs benefits of CADD and pointed to a bright future of its



ubiquitous use in developing drugs. At this point in its development, however,
computational studies must be paired with experimental data to ensure the development
of accurate models, especially as CADD relates to the ribosome*4, whose extremely large
size and underlying ribonucleic acid structure push the limits of current computational
methodology. Eventually, scientific communities came to an understanding that the future
of drug design was computational, and for the time being computational studies must be
designed with experimental data to ensure accurate models are being formed.

The use of CADD alongside experiment al dat
high evolutionary conservation into exploitable features for drug semisythesis. Redocking
studies and interaction maps will then reveal specific antibiotic-nucleotide interactions.
The strength of these interactions will be confirmed through computationally guided
redocking. Highly conserved, non-mutable nucleotides with strong drug interactions will
be targeted for derivative optimization. Besides helping guide synthetic work, all
computational aims will benefit from the results of experimental data, both in whole cell
assays and with in vitro transcription/translation results to bridge the observed results and

help refine the models.
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2 Determining and Exploiting Common Interactions in the Peptidyl
Transferase Center for Enhanced Derivative and Bidentate Design

2.1 Introduction

The rapid emergence of super and multi-drug resistant strains of pathogenic
bacteria is evolving into a critical world health crisis. A 2022 study estimates 4.95 million
deaths were the direct cause of, or attributed to, antimicrobial resistance (AMR)!. Without
new tools and techniques of combatting AMR deaths are likely to exceed 10 million
annually, by 205032. It is undeniable that the rate of antibiotic development has fallen since
the golden age of antibiotic discovery in the mid-20™" century” & 1°, The misuse of
antibiotics since their discovery in 1928 has led to the expansion of AMR which has
consequently drained the industry of potential profits. Antibiotic usage drives the evolution
of resistance® which was first documented in 1940 when the first strain of penicillin
resistant Staphylococcus was discovered*. Despite the quick evolution of AMR,
traditional methods were able to discover more natural antimicrobial products to use
initially, such as methicillin, discovered in 1960, and vancomycin, discovered in 1972.
Methicillin resistance was first reported in 1962, and vancomycin resistance was reported
in 198810, As traditional methods of antibiotic discovery began to fail, semisynthesis
began to take over the field. Semisynthesis of random modifications on antibiotics proved
to be time consuming and expensive for both academia and industry. Investors were
discouraged from developing antibiotics because even if a successful one was produced
it could not be introduced to the public so that it can be saved as a drug of last resort as
AMR expands. Additionally, once the antibiotic is prescribed the treatment is curative, so

a consumer cannot be charged for antibiotics long-term.
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However, prokaryotic ribosome targeting antibiotics present unique opportunities
for development. Ribosomes are the site of protein synthesis in the cell and make ideal
drug targets for suppressing bacterial infections. The ribosome is a catalytic
ribonucleoprotein complex composed of two rRNA subunits supported by proteins. One
subunit is the large 50S subunit which contains most of the catalytic center of the
ribosome, and the other is the small 30S subunit. Protein translation is initiated when 3
initiation factors (IF-1, IF-2, IF-3) bind to the 30S subunit. Then an mRNA is recruited and
aligns with the 30S subunit using its unique Shine-Delgarno sequence. The initiator N-
formylmethionyl tRNA then joins the complex and is recognized by IF-2. Recognition of
the initiator tRNA by IF-2 triggers the release of IF-3 which allows the 50S subunit to
associate with the complex. After the 50S ribosomal subunit is associated, hydrolysis of
GTP bound to IF-2 is triggered, causing the release of IF-1 and IF-2. The result upon their
release is the formation of a complete 70S ribosome initiation complex that is ready to
synthesize proteins.

Protein elongation takes place in the r i b o s @atae#ytic £enter, known as the
peptidyl transferase center (PTC). The PTC is characterized by three main sites; the
peptidyl-site (P-site), aminoacyl-site (A-site), and the nascent peptide exit tunnel (NPET)
of the exit-site (E-site) (Figure 2.1). The peptide chain starts with the initiator N-
formylmethionyl tRNA binding at the P-site. A second tRNA is guided to the PTC by an
elongation factor (EF-Tu) and aligns with the second codon of the mRNA template,
binding in the A-site. As the new amino acid is inserted into the A-site, GTP complexed
with EF-Tu is hydrolyzed to GDP. This acts as a rate limiting step the allows incorrect

aminoacyl tRNAs to dissociate from the ribosome before the amino acid is incorporated.
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After hydrolysis, EF-Tu dissociates from the ribosome and a peptide bond is formed
between the initiator methionine and the A-site amino acid. During the next step,
translocation, the ribosomal subunits move in a ratcheting motion along the mRNA
positioning the next codon in the A-site. This motion transitions the unbound tRNA from
the P-site to the E-site and moves the peptidyl tRNA from the A-site to the P-site. The
unbound tRNA is released from the E-site when a new aminoacyl tRNA is introduced to
the A-site. This process continues until a stop codon is translocated into the A-site.
Release factors recognize the stop codon and bind to the A-site inducing the release of
the peptide chain from the P-site tRNA. Translation is now complete and the ribosome

complex disassembles.

Figure 2.1 The three sites of the PTC. The sites of the PTC include the E (exit) site, which
contains the NPET (nascent peptide exit tunnel), the P (peptidyl) site, and the A (aminoacyl)
site.

13



Targeting the ribosome with antibiotics, specifically the PTC, provides several
advantages for combatting bacterial infections. Due to their simple and essential function,
ribosomes are found across all domains of life, meaning they can act as a common target
between various species of pathogenic bacteria. This is because the PTC is amongst the
most highly conserved structures found in nature*’. Several organisms have already
taken advantage of this and evolved their own antimicrobial compounds to compete in
their environments, making the PTC targeted by one of the broadest arrays of drugs. The
PTC has few mechanisms through which it can directly resist these drugs. Mutation
options are limited due to the nucleotide-based nature of the ribosome, allowing for only
3 potential mutations as opposed to 19 potential mutations in a protein. Furthermore, the
PTC has a highly conserved structure, and mutations of the PTC have been shown to
confer a fitness cost greater than the newly acquired resistance due to loss of protein
translation efficiency. In fact, many mutations in the PTC proved to be lethal. This leaves
the only option for developing AMR against PTC targeting drugs as acquiring entirely new
resistance genes through gene transfer.

The current state of CADD on ribosomes has seen little advancement over time.
Molecular docking is a foundational method for investigating ligand binding to protein
targets but has not been utilized to its full potential in RNA based structures, such as
ribosomes. In this work, we outline a validated protocol for investigating antibiotic binding
patterns in the PTC and how that can be applied to drug optimization.

2.2 Methods
Crystalized large 50S ribosomal subunits with antibiotics co-crystalized in the PTC

were acquired using RCSB (Table 2.1). All ribosome structures had a resolution of less
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than 4 A. PyMOL 2.5.0%8 was used to prepare the ribosome for molecular docking. Small
molecules, waters, and ions were removed from the environment. The crystal structure
was parsed to include all structural elements of the large 50S ribosomal subunit within 15
A of the co-crystalized antibiotic binding site. The co-crystalized antibiotic ligand was
separated from the ribonucleoprotein complex, followed by export of each object as PDB
files with relative atom coordinates preserved. AutoDock Tools 1.5.6%° was used to
prepare the structure and ligand files by adding polar hydrogens, determining ligand
torsion, computing Gasteiger partial charges, and assigning AD4 atom types. Molecular
redocking was performed with AutoDock Vina®°.

Table 2.1. All ribosome crystal structure PDB IDs, antibiotics, target sites, and grid box
center coordinates.

Antibiotic Target Site X y z

1XBP Tiamulin

3CPW Linezolid

AVAY) Clindamycin Aminoacyl 52.564 123.356 114.264
S5HL7 Lefamulin

7RQD | Chloramphenicol

:\éis g::::g:g:z 2 Peptidyl  60.307 130.797 107.596
3PIO Lankamycin 43.688 124.827 123.185
4WF9 Telithromycin NPET 43.518 125.577 123.315
5WIS Methymycin 42,921 124.848 122.857
7NSQ Telithromycin 42.415 124.895 123.835

2.2.1 Aminoacyl-Site Docking

The crystalized ribosome structures containing antibiotics in the aminoacyl-site

included tiamulin in Deinococcus radiodurans (PDB ID: 1XBP)®%!, linezolid in Haloarcula
marismortui (PDB ID: 3CPW)®2, clindamycin in Escherichia coli (PDB ID: 4V7V)%,

Lefamulin in Staphylococcus aureus (PDB ID: 5HL7)%, and chloramphenicol in Thermus
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thermophilus (PDB ID: 7RQD)3. The D. radiodurans ribosome co-crystalized with
tiamulin was used as a reference for comparing the success of A-site redocks and
derivative docks. All five structures were overlayed and aligned with the D. radiodurans
ribosome using PyMOL 2.5.0% to establish consistent coordinates for a box center while
redocking. The box was centered on the XYZ coordinates 52.564, 123.356, 114.264 with
a box size of 30 A x 30 A x 30 A (Table 2.1).
2.2.2 Peptidyl-Site Docking

The crystalized ribosome structures containing antibiotics in the peptidyl-site
included blasticidin S in T. thermophilus (PDB ID: 4V9Q)>® and in E. coli (PDB ID: 6B4V)%®.
The E. coli ribosome co-crystalized with blasticidin S was used as a reference for
comparing the success of P-site redocks and derivative docks. All structures were
overlayed and aligned with the E. coli ribosome using PyMOL 2.5.0% to establish
consistent coordinates for a box center while redocking. The box was centered on the
XYZ coordinates 60.307, 130.797, 107.596 with a box size of 30 A x 30 A x 30 A (Table
2.1).
2.2.3 NPET Redocking

The crystalized ribosome structures containing antibiotics in the exit-site included
lankamycin in D. radiodurans (PDB ID: 3PI0O)%, telithromycin in S. aureus (PDB ID:
4WF9)°8, methymycin in D. radiodurans (PDB ID: 5WIS)%°, and telithromycin in E.coli
(PDB ID: 7NSQ)®. All NPET site co-crystalized antibiotics were macrolide class
antibiotics characterized by a large central ring structure. Due to the large ring structure
AutoDock Tools 1.5.6%° could not properly determine a torsion tree root and assign

flexibility to the ligand for docking. To overcome the torsion problem, two carbon atoms
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were removed from the central ring and replaced with CG, carbon-glue, atom types using
MEEKO v0.3.05%, Removal of the carbon atoms breaks the ring and allows to AutoDock
Tools 1.5.6%° to sample bond rotations individually while adding an energy differential
between the CG atom types to maintain the shape of the bond that was removed. The
gridboxwascent ered in the middle of the macrolide
(Table 2.1). The box size was 16 A x 16 A x 16 A.
2.2.4 Nucleotide Interaction Frequency Mapping

Redocked antibiotic poses and docked derivative poses from AutoDock Vina>®
were split into individual .pdb files and uploaded to Schrodinger-Maestro 2021-2%2 in
addition to the ribosome receptor file. The poses and receptor were all preprocessed
using default settings without generating additional het states. A .csv was produced for
each set of interactions between docked poses and the nearby PTC nucleotides. An in-
house Python script converted the .csv files to graphs showing the frequency of
interaction between the docked poses and nucleotides. Interactions that occurred with at
least 70% of poses were determined to be high-frequency interactions and guided
molecular visualization analysis for determining key interactions. H-bond interactions
usually have a max distance of 3.5 A%3. To predict the occurrence of H-bond interactions
in our structure-based analysis we expanded this to 4.0 A to account for the highly
dynamic nature of the PTC. This approach was supported validated by the diversity of
poses generated in the target sites as well as our interaction frequency graphs showing
residues important for binding. Pi-stacking interactions were cutoff at 5.0 A for the same

reasons.
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2.2.5 Bidentate Design and Docking

The bidentate antibiotic ligands used for docking studies in this work were
designed originally as 2D models in ChemDraw 23.0.1. Chem3D 23.0.1 was used to
convert the 2D .cdxml files to 3D .mol files for export. The 3D structures were imported to
Schrodinger-Maestro 2021-2%2. The protein preparation tool was used to preprocess the
structures. This was followed by optimizing the H-bond orientations and full OPLS4
energy minimization. The bidentate structures were then exported as .pdbs and prepared
for docking using the same steps as previous ligands in AutoDock Tools 1.5.6%°. The grid
box for docking was centered on the XYZ coordinates 56.725, 126.427, 110.298 with a
box size of 30 A x 30 A x 30 A.

2.3 Results

2.3.1 A-Site Docking

Tiamulin was redocked into a Deinococcus radiodurans 50S ribosomal subunit
crystal structure (PDB ID: 1XBP5) with multiple pose RMSD values of less than 2 A,
validating the ribosome structure for further computational investigation and indicating
that it can be used to predict real world binding outcomes in the A-site of the PTC. Poses
1 and 2 docked with RMSD values of 1.77 A and 1.66 A, respectively, and both had a
predicted free energy of binding of -8.9 kcal/mol. Fingerprinting tiamulin revealed eight
high frequency residues: G-2044, C-2046, A-2430, C-2431, U-2483, G-2484, U-2485,

and U-2564 (Figure 2.2).
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Figure 2.2 Molecular visualization of tiamulin redocking results within the D. radiodurans
A-site antibiotic binding pocket. (A) Interaction measurements of redocked tiamulin (purple)
within the A-site overlayed with the original co-crystalized position of tiamulin (grey). (B)
Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled tiamulin skeleton structure. (D) RMSD values and predicted free
energy of binding for all redocked poses.

Lefamulin was redocked into the A-site of a Staphylococcus aureus 50S ribosomal
subunit (PDB ID: 5HL7°%) and generated two docked poses with RMSD values less than
2 A. The lowest energy pose had a predicted free energy of binding of -10.9 kcal/mol and
an RMSD value of 0.49 A. The 3" lowest energy pose had a predicted free energy of
binding of -10.5 kcal/mol and an RMSD value of 1.73 A. These redocked RMSD values
below 2 A when compared to the co-crystalized Lefamulin position reflect the ribosome
crystal struct ur e 6 s-wordbbinding tmgchahisms in egmputatonat

docking. Fingerprinting the redocked poses of Lefamulin revealed two high frequency
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nucleotides: A-2530, and G-2532. Ribosome overlays showed G-2532 to be structurally

conserved in the D. radiodurans ribosome crystal (PDB ID: 1XBP) as G-2484, which has

previously been indicated as a high interaction frequency residue with tiamulin (Figure

2.3).
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Figure 2.3 Molecular visualization of lefamulin redocking results within the S. aureus A-
site antibiotic binding pocket. (A) Interaction measurements of redocked lefamulin (purple)
within the A-site overlayed with the original co-crystalized position of lefamulin (grey). (B)
Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled lefamulin skeleton structure. (D) RMSD values and predicted
free energy of binding for all redocked poses.

Chloramphenicol was redocked into the A-site of a Thermus thermophilus 50S

ribosomal subunit (PDB ID: 7RQD3°) and the two lowest predicted binding affinity poses

had RMSD values below 2 A. The lowest energies poses had predicted free energies of
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binding of -8.5 and -8.3 kcal/mol, and RMSD values of 1.94 and 1.88 A, respectively.
Interaction fingerprints revealed seven high frequency nucleotides: A-2062, C-2063, C-
2452, A-2453, G-2505, U-2506, and A-2572. Ribosome overlays showed C-2063, C-
2452, G-2505, and U-2506 to be structurally conserved in the D. radiodurans ribosome
crystal (PDB ID: 1XBP) as C-2046, C-2431, G-2484, and U-2485 with respect to order,

which are known high interaction frequency nucleotides with tiamulin (Figure 2.4).
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Figure 2.4 Molecular visualization of chloramphenicol redocking results within the T.
thermophilus A-site antibiotic binding pocket. (A) Interaction measurements of redocked
chloramphenicol (purple) within the A-site overlayed with the original co-crystalized position of
chloramphenicol (grey). (B) Interaction frequencies mapped on a graph, interactions with over
70% of docked poses are shown in blue. (C) Atom labeled chloramphenicol skeleton structure.
(D) RMSD values and predicted free energy of binding for all redocked poses.

Linezolid was redocked into the A-site of a Haloarcula marismortui 50S ribosomal

subunit (PDB ID: 3CPW??) and generated nine poses. Its lowest predicted free energy of
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binding pose at -8.9 kcal/mol had an RMSD value of 1.66 A. Interaction maps of redocked
linezolid indicated five high-interaction frequency nucleotides: G-2102, A-2486, C-2487,
G-2540, and U-2541. Ribosome overlays show that these respective PTC nucleotides
are conserved as G-2044, A-2430, C-2431, G-2484, and U-2485 in the D. radiodurans

ribosome crystal (PDB ID: 1XBP) used for comparison (Figure 2.5).
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Figure 2.5 Molecular visualization of linezolid redocking results within the H. marismortui
A-site antibiotic binding pocket. (A) Interaction measurements of redocked linezolid (purple)
within the A-site overlayed with the original co-crystalized position of linezolid (grey). (B)
Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled linezolid skeleton structure. (D) RMSD values and predicted free
energy of binding for all redocked poses.

Clindamycin was redocked into the A-site of an Escherichia coli 50S ribosomal
subunit (PDB ID: 4V7V®3) and the lowest predicted free energy of binding pose had an

energy of -8.9 kcal/mol and an RMSD value of 0.46 A, ensuring that computational testing
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provides data predictive of the real world. Fi nger printing clindamy
interactions provided a list of six RNA bases with interaction frequencies over 70%: G-
2061, A-2062, A-2503, G-2505, U-2506, and U-2585. Of these six, four were seen to be
structurally conserved with high interactions frequency residues in the D. radiodurans
ribosome crystal (PDB ID: 1XBP). G-2061, G-2505, U-2506, U-2585, were seen as G-

2044, G-2484, U-2485, U-2564 in ribosome overlays (Figure 2.6).

=
=}

A B
& a

Interaction Propensity
o o o
= o [e]

e
N

057G
058A
059A

1

2

3

1

2

3,

4
85U
10C
611C
612C

18 ht 12

D H/ \H
Pose 1 2 3 4 5 6 7 8 9 AVG
RMSD(A) | 0.46 300 304 360 666 788 778 781 768 534
BindingAffinity o4 g4 g1 76 74 73 73 73 72 17
(kcal/mol)

Figure 2.6 Molecular visualization of clindamycin redocking results within the E. coli A-site
antibiotic binding pocket. (A) Interaction measurements of redocked clindamycin (purple) within
the A-site overlayed with the original co-crystalized position of clindamycin (grey). (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
(C) Atom labeled clindamycin skeleton structure. (D) RMSD values and predicted free energy of
binding for all redocked poses.
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2.3.2 A-Site Derivative Docking

Pleuromutilin (ple) and tiamulin (tia) series derivatives were designed in
collaboration with the Lowell lab and synthesized by Logan Breiner (Figure 2.7). The
pleuromutilin series bound into the A-site pocket overlapping their mutilin cores with the
mutilin core position of the original co-crystalized tiamulin (Figures S2.1 7 S2.11). The
main difference in binding occurs at the tail region. The sulfanacetyl tail of tiamulin from
the C14 carbon bends towards C-2046andU-256 4. The pl euromutilin s
from the C12 of the mutilin core and reach towards A-2482 and A-2040, A-2041, and A-

2042.
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Figure 2.7 Pleuromutilin and tiamulin series derivative structures and modifications. The

base structure for the derivatives can be seen in the top left. The ple series had R = OH, the tia
serieshad R = S(CH2):Net.. Twel ve modi fications were add®éd at tl
docked derivatives.

The terminal alcohol groups of ple and tia 001, 002, and 003 were all in proximity
to support H-bond interactions with A-2040, A-2041, and A-2042. The triazole ring of 001
and 002 show parallel-displaced pi-stacking interactions with A-2482. Interaction
fingerprint graphs show that A-2482 is a high-frequency interaction that is not present in
regular tiamulin binding. Pleuromutilin series 003 also exhibits this interaction in
fingerprint graphs, however, due to the length of the modification there is increased steric
hinderance, so its triazole may be sharing H-bonds with the nearby rRNA phosphate
backbone instead of pi-stacking.

The triazoles of 004 and 005 show high frequency pi-stacking interactions with A-
2482. The terminal amino is flexible enough to H-bond with the same group of adenine
residues that 001-003 binds to, but molecular visualization and interaction frequency
graphs suggest that the amines of 004 and 005 H-bond to the sugar base of G-2484.

The observations made for docking pleuromutilin series 001-006 reflected their
experimentally measured MICs in comparison to pleuromutilin. They were able to
maintain the same high-frequency interactions as the co-crystalized mutilin core
conserving most of their efficacy. Without interactions of the C14 sulfanacetyl tail some
efficacy was lost, but this was minimal due to the pleuromutilin series exchanging these
interactions for similar ones off of the C12 extension. The terminal alcohol derivatives,
ple001 7 ple003 and ple006, performed slightly better than the terminal amine derivatives
because they are better H-bond donors and can more strongly interact with A-2040, A-

2041, and A-2042.
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Pleuromutilin series 008 bound following the same trends as 001-006, with an
aligned mutilin core and with the C12 extension reaching into a new area of the A-site.
Ple008 shows higher efficacy than other ple0O01 i ple006 when inhibiting the ribosome
due to its ether group and aromatic phenyl group. In addition to coordination of the triazole
by A-2482, the ether can accept H-bonds from A-2040, A-2041, and A-2042, unlike
ple001 i ple006, which bind using H-bond donating interactions. The total length of the
modification lets the phenyl group reach further into this new pocket of the A-site and
undergo staggered pi-stacking with G-2039.

The tiamulin series bound into the A-site pocket overlapping their mutilin cores with
the mutilin core position of the original co-crystalized tiamulin (Figures S2.12 i S2.22).
The sulfanaceytl tail of the derivatives follows that of the co-crystalized tiamulin as well,
bending toward C-2046 and U-2564. The C12 modifications coordinate near A-2482 and
A-2040 1 A-2042, very similarly to the pleuromutilin series. Observations on the
coordination of tiamulin series 001-006 were consistent with observations made for the
pleuromutilin series 001-006.

The tiamulin series had higher inhibitory efficacy than the pleuromutilin series because
they were able to maintain the original binding position of tiamulin while also adding new,
strong contacts off of the C12 extension.

Ple011 showed unique docking poses due to its short aromatic modification. The
mutilin core is still centralized in the same region of the A-site as tiamulin and ple series
001-008 but rotated more extremely allowing the C12 extension to form new contacts. In
this orientation the C3 ketone of the mutilin core is less than 3 A away from H-donating

groups on G-2044, C-2046, and A-2430. Interaction fingerprints showed that these are
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high frequency interactions conserved from tiamulin binding. The C11 hydroxyl is
coordinated by donating an H-bond to A-2482. A-2482 is a new high interaction frequency
nucleotide that was not present in the interaction fingerprints for tiamulin but is present in
all docked derivative fingerprints. Ple0O11 cannot pi-stack with G-2039 like the 008
derivatives did because of its reduced length, however, its more extreme orientation
allows its phenyl group to pi-stack with A-2041. The triazole group is in range to show
either H-bond interactions or pi-stacking interactions with A-2040, A-2041, and A-2042.
Tia011 bound with a less extreme rotation of its mutilin core than ple011 due to its
sulfanaceytl tail. The C12 extension is still able to reach into the new region of the pocket
and pi-stack the phenyl group with A-2041. The triazole group is, again, in range to show
either H-bond interactions or pi-stacking interactions with A-2040, A-2041, and A-2042.
The predicted binding pose of ple012 is very similar to that of ple003, with the C3 ketone
being able to accept H-bonds from A-2430 or C-2431, and the triazole potentially forming
H-bonds with A-2482 and forming H-bonds along the rRNA phosphate backbone. The
phenyl of ple012 exhibits T-shaped pi-stacking with A-2041. Ple012 likely showed lower
efficacy than other aromatic modifications due to the lack of interactions with the C11
hydroxyl. Tia012 appears to be able to mimic the binding of ple012, but this was not seen
in docking studies. Instead, it appears that the C12 extension of tia012 opted for generally
favorable nonpolar interactions on its tail. Ple013 and tia013 were predicted to bind very
similarly to ple008 and tia008, which is likely why they share almost identical efficacies.
Ple014 and ple007 were predicted to bind similarly due to the long length and neutral

character of the modifications. The triazole appears pi-stack with A-2482 and H-bond to
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the phosphate backbone. The biphenyl rings are in range to pi-stack with C-2589. Tia014
bound following the same trends as ple014 and ple007.
2.3.3 P-Site Docking

Blasticidin S is known to bind to the peptidyl-site (P-site) of the PTC, in large 50S
ribosomal subunits, where it inhibits peptidyl-tRNA hydrolysis®4. Previous crystallographic
studies have primarily investigated the coordination of the nucleoside head region of
blasticidin S, which is believed to intercalate between C-74 and A-76 by forming Watson-
Crick style H-bonds with G-2252. This displaces C-75, distorting the P-site and ultimately
inhibiting protein translation in prokaryotic ribosomes®¢. Redocking studies of blasticidin
S into an Escherichia coli (PDB ID: 6B4V) and a Thermus thermophilus (PDB ID: 4V9Q)
ribosome crystal structure supported these observations. Blasticidin S was able to redock
with a root mean square deviation (RMSD) value of less then 2 A. An interaction
frequency graph revealed eight E. coli nucleotides that interacted with over 70% of the
redocked blasticidin poses. These nucleotides included C-74, C-75, A-76, C-2063, G-

2252, A-2439, C-2601, and A-2602 (Figure 2.8).
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Figure 2.8 Molecular visualization of blasticidin S redocking results within the E. coli A-
site antibiotic binding pocket. (A) Interaction measurements of redocked blasticidin (purple)
within the A-site overlayed with the original co-crystalized position of blasticidin (grey). (B)
Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled blasticidin skeleton structure. (D) RMSD values and predicted
free energy of binding for all redocked poses.

2.3.4 Blasticidin S Derivatives in the P-site

Two blasticidin S derivative series were designed to probe the P-site. This included
an amide series (Figure 2.9) and an ester series (Figure 2.10) modified at the C13
position. Docking of the amide series showed that a substitution of the C13 carboxylic
acid with an amide group encourages the derivatives to extend into a new portion of the
P-site binding location (Figures S2.23 i S2.31). This result is because the substituted

amide group positions itself in a pocket
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Pharmacophore models of the receptor overlayed with blasticidin S show that the
previous area occupied originally by the C13 carboxyl is negative causing unfavorable,
repulsive interactions. Substituting a relatively electropositive and H-bond donating
group, such as an amide, reorients the ligand to replace this repulsive interaction with a
more favorable, attractive one while still maintaining the intercalation between C-74 and

A-76 to displace C-75.

R= NH, HN—

~ 4

HN/ n—" HNJ—®

~ ~ ~ ~

Figure 2.9. Blasticidin S amide series derivative modifications. Blasticidin S was modified
into an amide at the C13 position, highlighted by a blue R above.
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Figure 2.10. Blasticidin S ester series derivative modifications. Blasticidin S was modified
into an ester at the C13 postion, highlighted by a green OR above.

Interaction fingerprints of phenethyl amide and P10 in the amide series showed a
new high frequency interactions with C-2064 that were not seen in the blasticidin S
fingerprint, supporting these observations. Phenethyl amide is particularly adept at
maintaining essential interactions and enhancing new ones. Phenethyl amide is uniquely
able to interact with two different aromatic sites in the receptor. The substituted phenethyl
ring occupies the aromatic site between C-74 and A-76, displacing C-75 and allowing the
blasticidin S head to exchange its usually Watson-Crick interactions with G-2252 to the
H-bonds with A-2439 and A-2602 usually associated with the guanidine tail. The
guanidine tail is then able to extend into a new region of the P-site coordinated by H-
bonds with the RNA phosphate backbone, which is where the new high frequency
interactions with C-2064 arise. P10 flips the orientation of blasticidin S so that the
guanidine tail intercalates between C-74 and A-76. This docking places the substituted

C13 amide where, similar to phenethyl amide, the blasticidin S guanidine tail site is usually
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located, replacing and maintaining its H-bond interactions with A-2439 and A-2602. This
places the blasticidin S head into a new region of the P-site, interacting with C-2064.

The blasticidin ester derivative series showed no high frequency interactions with
C-74 and A-76 (Figures S2.321 S2.40). Additionally, coordinating interactions by C-2063
and C-2064 were not seen. The expected intercalation between C-74 and A-76 appears
to be replaced by the ester modifications. The cytosine head of the ester series is
displaced into the new pocket explored by the amide series and is in proximity to make
H-bonds with the phosphate backbone of C-2601, a known high frequency interaction
nucleotide.
2.3.5 NPET Docking

Telithromycin was redocked into the NPET of a S. aureus large ribosomal (PDB
ID: 4WF9) subunit with a predicted free energy of binding of -8.0 kcal/mol and an RMSD
value of 2.27 A. Redocked telithromycin in the S. aureus NPET exhibited eight
interactions with a frequency greater than 70%. These nucleotides included U-791, A-
2085, A-2086, A-2089, G-2532, U-2636, C-2637, and C-2638 (Figure 2.11). A second
telithromycin was redocked into the NPET binding site of a E. coli large ribosomal subunit
(PDB ID: 7NSQ). The second telithromycin redocked with a predicted free energy of
binding of -8.7 kcal/mol and an RMSD value of 1.84 A. Telithromycin in the E. coli NPET
had six high frequency interactions: U-746, A-2058, A-2059, U-2609, C-2610, and C-
2611. Overlays of the E. coli NPET indicated that all six nucleotides were structurally
conserved as high interaction frequency residues in the S. aureus NPET. They were
found to be conserved as U-791, A2085, A-2086, C-2636, C-2637, and C-2638 (Figure

2.12)
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Figure 2.11 Molecular visualization of telithromycin redocking results within the S. aureus
A-site antibiotic binding pocket. (A) Interaction measurements of redocked telithromycin
(purple) within the A-site overlayed with the original co-crystalized position of telithromycin (grey).
(B) Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled telithromycin skeleton structure. (D) RMSD values and predicted
free energy of binding for all redocked poses.
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Figure 2.12 Molecular visualization of telithromycin redocking results within the E. coli A-
site antibiotic binding pocket. (A) Interaction measurements of redocked telithromycin (purple)
within the A-site overlayed with the original co-crystalized position of telithromycin (grey). (B)
Interaction frequencies mapped on a graph, interactions with over 70% of docked poses are
shown in blue. (C) Atom labeled telithromycin skeleton structure. (D) RMSD values and predicted
free energy of binding for all redocked poses.

Lankamycin was redocked into the NPET of a D. radiodurans large ribosomal
(PDB ID: 3PIO) subunit with a predicted free energy of binding of -6.5 kcal/mol and an
RMSD value of 2.70 A. Redocked lankamycin in the D. radiodurans NPET experienced
five interactions with a frequency greater than 70%. These nucleotides included A-2041,

G-2484, U-2588, C-2589, and U-2590. Overlays using the S. aureus NPET as a reference
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revealed that the high interaction frequency nucleotides were conserved as A-2085, G-

2532, U-2636, and C-2637 (Figure 2.13).
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Figure 2.13 Molecular visualization of lankamycin redocking results within the D.
radiodurans A-site antibiotic binding pocket. (A) Interaction measurements of redocked
lankamycin (purple) within the A-site overlayed with the original co-crystalized position of
lankamycin (grey). (B) Interaction frequencies mapped on a graph, interactions with over 70% of
docked poses are shown in blue. (C) Atom labeled lankamycin skeleton structure. (D) RMSD
values and predicted free energy of binding for all redocked poses.

Methymycin was redocked into the NPET of a T. thermophilus large ribosomal
(PDB ID: 5WIS) subunit and generated two poses with RMSD values around or below 2
A. Pose 3 had an RMSD of 2.33 A and a predicted free energy of binding of -6.9 kcal/mol.
Pose 5 had a slightly more favorable RMSD at 1.29 A and a predicted free energy of

binding of -6.6 kcal/mol. Methymycin redocked in the T. thermophilus NPET binding
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pocked showed six high interaction frequency nucleotides. These nucleotides included
A-2080, A-2081, G-2517, U-2621, C-2622, and U-2623. Met hymyci ndés hi gh i |
frequency nucleotides were observed to be conserved as A-2085, A-2086, G-2532, U-

2636, and C-2637 in the S. aureus NPET antibiotic binding site (Figure 2.14).
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Figure 2.14 Molecular visualization of methymycin redocking results within the T.
thermophilus A-site antibiotic binding pocket. (A) Interaction measurements of redocked
methymycin (purple) within the A-site overlayed with the original co-crystalized position of
methymycin (grey). (B) Interaction frequencies mapped on a graph, interactions with over 70% of
docked poses are shown in blue. (C) Atom labeled methymycin skeleton structure. (D) RMSD
values and predicted free energy of binding for all redocked poses.
2.3.6 Pleuromutilin-Blasticidin Bidentate Docking in the A-site and P-site

The ple-bls bidentates were docked into the A-site and P-site of the D. radiodurans
PTC to establish a basis for future bidentate studies. They docked with many high

frequency interactions conserved from pleuromutilin class and blasticidin antibiotics.
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Bidentatel was unmodified beyond the linker and had high frequency interactions with
nucleotides G-2044, C-2046, A-2430, C-2431, A-2482, U-2483, G-2484, U-2485, U-2564,
C-2063, and C-2601 (Figure 2.14). Interaction graphs of bidentate2 showed high
frequency interactions with G-2044, C-2046, A-2430, C-2431, A-2482, G-2484, U-2485,
U-2564, C-2063, U-2585, C-2601, C-74, C-75, and A-76 (Figure 2.16). Bidentate3
exhibited high frequency interactions with G-2044, C-2046, A-2430, C-2431, A-2482, G-
2484, U-2585, U-2564, C-2063, C-2601, C-74, and A-76 (Figure 2.17). Lastly, interaction
mapping of bidentate4 reveal high frequency interactions with nucleotides G-2044, C-
2046, A-2430, C-2431, A-2482, G-2484, U-2564, C-2063, U-2585, C-2601, C-74, and A-

76 (Figure 2.18).
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Figure 2.15 Molecular visualization of bidentatel redocking results within the A-site and P-
site antibiotic binding pockets. (A) Docked bidentatel (purple) within the A-site and P-site
overlayed with the original co-crystalized position of tiamulin and blasticidin (grey). High frequency
interaction nucleotides from both sites are shown as sticks. (B) Interaction frequencies mapped
on a graph, interactions with over 70% of docked poses are shown in blue. (C) The skeletal
structure of bidentatel.
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Figure 2.16 Molecular visualization of bidentate2 redocking results within the A-site and P-
site antibiotic binding pockets. (A) Docked bidentate2 (white) within the A-site and P-site
overlayed with the original co-crystalized position of tiamulin and blasticidin (grey). High frequency
interaction nucleotides from both sites are shown as sticks. (B) Interaction frequencies mapped
on a graph, interactions with over 70% of docked poses are shown in blue. (C) The skeletal
structure of bidentate2.
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Figure 2.17 Molecular visualization of bidentate3 redocking results within the A-site and P-
site antibiotic binding pockets. (A) Docked bidentate3 (blue) within the A-site and P-site
overlayed with the original co-crystalized position of tiamulin and blasticidin (grey). High frequency
interaction nucleotides from both sites are shown as sticks. (B) Interaction frequencies mapped
on a graph, interactions with over 70% of docked poses are shown in blue. (C) The skeletal
structure of bidentate3.
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Figure 2.18 Molecular visualization of bidentate4 redocking results within the A-site and P-
site antibiotic binding pockets. (A) Docked bidentate4 (orange) within the A-site and P-site
overlayed with the original co-crystalized position of tiamulin and blasticidin (grey). High frequency
interaction nucleotides from both sites are shown as sticks. (B) Interaction frequencies mapped
on a graph, interactions with over 70% of docked poses are shown in blue. (C) The skeletal
structure of bidentate4.

2.4 Discussion
This work seeks to establish a basis for carrying out CADD on ribosomal PTC
targeting antibiotics. There currently is a prominent knowledge gap for computational
methods to investigate antibiotic binding in ribosomes. Despite this, we were able to

establish a protocol for successful redocking in prokaryotic large ribosomal subunits with
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sub 2 A accuracy. It was found that this protocol could be applied to each site in the PTC
in which co-crystalized antibiotics could be found. Ultimately, we were able to validate
eleven ribosome crystal structures containing nine different antibiotics allowing for some

of the first computational drug optimization studies using ribosomal crystal structures.

2.4.1 Determining Exploitable Nucleotides and Antibiotic Binding Patterns in the
A-Site

Pleuromutilin class antibiotics tiamulin and lefamulin bind to the 50S ribosomal
subunit in the peptidyl transferase center®l: 54, Specifically, they bind into the A-site pocket
directly overlapping with linezolid, chloramphenicol, and clindamycin3% 52 53, They are
characterized by their tricyclic mutilin core which is responsible for H-bonding to A-site
nucleotides and coordinating interactions with hydrophobic regions of the PTC. The C11
hydroxyl of tiamulin H-bonds to A-2482, which places G-2044 in proximity to make H-
bonds with the C21 ester as well as the sulfur in the sulfanacetyl tail extension. C-2046
is also able to form H-bonds with the C21 carbonyl.

The tricyclic mutilin core of Lefamulin also appears to be coordinated through
generally favorable hydrophobic interactions. The C11 hydroxyl of the core coordinates
through an H-bond with A-2530, and the C3 ketone located only 4.6 A from G-2532,
suggesting H-bonds are possible with this nucleotide. This is further supported by G-2532
appearing as a high interaction frequency residue and by being conserved as G-2484 in
the D. radiodurans ribosome structure. The double bonded oxygen of the C21 carboxylic
acid has the lone electron pairs to accept two H-bonds, which it does readily from G-2044,

another highly conserved residue. The sulfur of the C14 tail is coordinated through H-
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bonds with G-2044 and U-2564. The terminal aminocyclohexanol of the tail is able to H-
bond with U-2564.

Binding of the tricyclic oxazolidinone class antibiotic, linezolid, is coordinated
largely by pi-stacking interactions3®. This was confirmed by the Haloarcula marismortui
50S ribosomal subunit structure co-crystalized with linezolid (PDB ID: 3CPW). The crystal
structure showed the oxazolidinone ring of linezolid in a position favorable for pi-stacking
interactions with U-2538. Additionally, the fluorophenyl ring stacks onto the base of C-
2486. The C1 fluorine of linezolid is coordinated in the A-site through an H-bond with A-
2486. This coordination positions the connected benzene ring to have a parallel-displaced
orientation relative to C-2487 allowing for attractive pi-stacking interactions. These
attractive interactions serve to replace the hydrophobic interactions that lock the tricyclic
mutilin core of pleuromutilin antibiotics into the A-site cleft of the PTC.

Chl oramphenicol 6s chl or i n e-bords from IG&50%th
guide its binding position in the A-site pocket. G-2505 is conserved as G-2044 in the D.
radiodurans ribosome crystal structure used as the reference in this work. The C5
hydroxyl also interacts with this conserved residue. The C2 hydroxyl is coordinated by
bonding to A-2062. The nitro group off of C9 is able to accept multiple H-bonds, namely
from A-2430 and U-2564.

Docked clindamycin shows that the ligand is largely coordinated by H-bond
interactions between its functional groups and nearby nucleotides. The C3 hydroxyl H-
bonds to A-2503. The C5 sulfur is coordinated by G-2505, which is conserved as G-2484
in the D. radiodurans ribosome structure. Additionally, G-2505 can donate an H-bond to

the C8 chlorine group. The C8 chlorine is also located 3.6 A from U-2506. This proximity
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allows for more H-bonding. U-2506 is a conserved residue with U-2485, further supporting
that it is likely taken advantage of during ribosome inhibition. The C10 ketone and C11
nitrogen accept H-bonds from G-2061, which is conserved as G-2044 in the D.
radiodurans structure.

Docking pleuromutilin and tiamulin derivatives into the A-site antibiotic target
pocket revealed several exploitable binding patterns. In both series the C12 tail
modifications bound in previously unoccupied spaces within the PTC. Three binding
patterns were seen in this region (Figure 2.19). It was observed that longer, aromatic
modifications bound more favorably and conferred high efficacy than shorter
modifications with terminal alcohols or amines. The most favorable modifications are
large, hydrophobic ones such as the hexyl of 007 and biphenyl of 014. The biphenyl is
believed to have higher efficacy in the same location as the hexyl group due to pi-stacking
interactions with C-2589. The second group, more flexible, aromatic, ether modifications,
accept H-bonds from A-2040 i A-2042 and reach deeply into the pocket to form pi
interactions with G-2039. The third group, characterized by shorter terminal alcohol or
amine modifications, are only able to reach the stretch of A-2040 7 A-2042. The alcohols
are able to form a single H-bond with A-2040 1 A-2042, conferring higher efficacy than
the amines and supporting that H-bonds in this area increase binding favorability.
Interestingly, the triazoles of all modifications were coordinated through pi-stacking

interactions with A-2482.
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Figure 2.19 Molecular visualization of the 3 binding patterns observed in A-site derivative
docking. Ple008 and ple013 can be seen in the top region extending toward G-2039 to form pi-
stacking interactions in brown and white, respectively. Ple004 and ple005 can be seen in the
middle region in with their amine functional groups in proximity to A-2040. Ple007 and ple014 can
be seen in the bottom region, exploring mostly open space, and potentially interaction with C-
2589 in teal and green, respectively.

2.4.2 Determining Exploitable Nucleotides and Antibiotic Binding Patterns in the
P-Site

Redocking blasticidin S and docking blasticidin derivatives in the P-site antibiotic
binding pocket revealed several binding patterns which can be used to guide further
derivative optimization. High frequency interactions with C-74, A-76, C-2063, C-2064, G-
2522, and A-2439 were all found to confer higher ribosomal inhibition efficacy. The amide
series docked more favorably than their ester counterparts, maintaining many of the vital
interactions found in the blasticidin redock and establishing new ones, exemplified by
derivatives P10 and phenethyl amide. Pharmacophore modeling of the binding site was

informative of several features in the pocket which may have led to the success of the
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amide series over the ester series (Figure 2.20). The region of the pocket expected to
house the new modifications is flanked by highly electronegative features surrounding an
area that would support an aromatic interaction. Docking of the amide series showed that
a substitution of the C606 carboxylic acid wit
to extend into a new portion of the P-site binding location. Amide derivatives extend into
a new portion of the P-site because the substituted amide group positions itself in a pocket
usually occupied by blasticidin S6s Clo0 carbo
overlayed with blasticidi n S show that the previous area o
carboxyl is negative, causing unfavorable, repulsive interactions. Substituting a relatively
electropositive and h-bond donating group, such as an amide, reorients the ligand to
replace this repulsive interaction with a more favorable, attractive one while still
maintaining the intercalation between C74 and A76 to displace C75. The ester
modifications are repelled from exploring this new pocket due to the electronegative
nature of the oxygen. Instead, the esters orient their cytosine head in this area. The
nitrogen rich head is able to interact favorably with the negative features, complement the

aromatic feature, and form high frequency H-bonds with the backbone of C-2601.

Figure 2.20 Docked blasticidin S derivatives in the P-site. Red spheres indicate regions of
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electronegativity detected in the pharmacophore model; orange donuts represent aromatic
features. (A) Overlays of the amide series show they orient their nitrogen modification between
the electronegative areas, allowing their cytosine head to reach toward the aromatic feature
between C-74 and A-76 consistently. (B) Overlays of the ester series show that they orient their
oxygen modification away from the electronegative areas, pushing the cytosine heads into a new
aromatic feature and aligning the modifications to replace the intercalation interactions between
C-74 and A-76.

2.4.3 NPET Docking Analysis

The macrolide antibiotics that target the nascent peptide exit tunnel face unique
limitations which hinders the ability to do CADD with them. By reducing the search space
and using carbon-glue atom types to allow for flexibility the ribosome crystal structures
containing macrolides in the NPET were all successfully redocked with poses near or
below an RMSD value of 2 A. This allowed for some exploration of antibiotic binding
patterns in the NPET of the PTC. It was found that all high interaction frequency
nucleotides were found to be conserved as high interaction frequency nucleotides in the
S. aureus NPET crystal structure except for one in the D. radiodurans and T.
thermophilusd s N.PE@& nucleotides were U-2590 and U-2623, respectively.
Interestingly, overlays show that both of these uracil residues occupy the same position
as S. aureusO C-2638, likely pointing to a rare instance of the PTC mutating. The
consistency with which this nucleotide position experiences high frequency interactions

with macrolide antibiotic indicates this residue can still be exploited for drug optimization.

2.4.4 Pleuromutilin-Blasticidin Bidentate Docking in the A-site and P-site
The ability to design and dock bidentate antibiotics allows for study into how this
new class of drug may be applied to targeting ribosomes. A newfound understanding of

binding patterns in the A-site and P-site guided modification design off of the C12
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extension of pleuromutilin. Without additional modifications, bidentatel was successfully
able to mimic the original co-crystalized binding positions of tiamulin and blasticidin S in
the PTC (Figure 2.15). This result means that our protocol can be used to validate
ribosome crystal structures for CADD, investigate exploitable binding patterns, and apply
those findings to bidentate design which then can be accurately tested in the various high
interest sites of the PTC.

All four docked bidentate designs experienced high clustering, leading to relatively
consistent poses and high frequency interactions. Vital, high frequency interactions
shared with tiamulin and blasticidin S were also found, including G-2044, A-2484 for the
A-site, and A-74 and C-76 for the P-site. Shared interactions further indicates that the
tiamulin mutilin core maintains its contacts in the hydrophobic cleft and that the blasticidin
cytosine head is in position to intercalate and displace C-75. Molecular visualization
showed that bidentates 2 7 4 were able to bind in a in flipped position to what was
expected, placing tiamulin in the P-site and blasticidin in the A-site. This flip may indicate
the versatility of bidentate antibiotics in the ribosome as linking drug appears to allow
them into new binding pockets. The flipped binding also expands the possibilities for
linking the antibiotics, as it revealed there is alternate paths in the PTC through which the

drugs can be linked differently.
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2.5 Supplemental Data
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(A) All docked poses of ple001 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.2 Docked poses of pleuromuilin series derivative ple002 in the A-site of the PTC.
(A) All docked poses of ple002 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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(A) All docked poses of ple003 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.4 Docked poses of Ieuromilin series derivative ple004 in the A-site of the PTC.
(A) All docked poses of ple004 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.5 Docked poses of pleuromutilin series derivative ple005 in the A-site of the PTC.
(A) All docked poses of ple005 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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(A) All docked poses of ple006 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.7 Docked boses ofpleurotilin series derivative ple007 in the A-site of the PTC.
(A) All docked poses of ple007 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.8 Docked poses of pleuromutilin series derivative ple008 in the A-site of the PTC.
(A) All docked poses of ple008 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.9 Docked poses of pleuromutilin series derivative ple011 in the A-site of the PTC.
(A) All docked poses of ple011 overlayed with co-crystalized tiamulin. (B) Interaction frequencies
mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.10 Docked poses of pleuromutilin series derivative ple012 in the A-site of the

PTC. (A) All docked poses of ple012 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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PTC. (A) All docked poses of ple013 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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PTC. (A) All docked poses of tia001 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.13 Docked posesof Ieumutilin series derivative tia002 in the A-site of the
PTC. (A) All docked poses of tia002 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.14 Docked poses of pIeuomutiIin series derivative tia003 in the A-site of the
PTC. (A) All docked poses of tia003 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.15 Docked poses of pIeurmutiIin series derivative tia004 in the A-site of the
PTC. (A) All docked poses of tia004 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.16 Docked poses of pleuromutilin series derivative tia005 in the A-site of the

PTC. (A) All docked poses of tia005 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.
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Figure S2.17 Docked poses of pleuromutilin series derivative tia006 in the A-site of the
PTC. (A) All docked poses of tia006 overlayed with co-crystalized tiamulin. (B) Interaction
frequencies mapped on a graph, interactions with over 70% of docked poses are shown in blue.

Figure S2.18 Docked poses of pleuromutilin series derivative tia0O07 in the A-site of the
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