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Abstract

Antimicrobial resistance (AMR) poses a critical and escalating threat to global public
health. This necessitates the discovery of new antibiotics and a deeper understanding of existing
biosynthetic pathways. Tunicamycin is a nucleoside antibiotic that inhibits bacterial cell wall
biosynthesis by targeting the essential enzyme MraY. However, its clinical utility has historically
been limited by toxicity. Recent development of tunicamycin derivatives with reduced
cytotoxicity has renewed interest in elucidating the tunicamycin biosynthetic pathway,
particularly the roles of poorly characterized enzymes. One such enzyme is the TunG protein,
hypothesized to function early in the pathway through nucleotide processing.

This study aimed to characterize experimentally the biochemical activity of the TunG
protein using heterologous expression in Escherichia coli (E. coli). The tunG gene was
codon-optimized, cloned into a T7 promoter-based expression vector, and expressed in E. coli
BL21(DE3) cells. The TunG protein was purified via nickel-affinity chromatography and
analyzed by SDS-PAGE. This confirmed successful expression but revealed co-purification of
endogenous E. coli proteins. Enzymatic activity was assessed using High-Performance Liquid
Chromatography (HPLC) to monitor reactions with a range of nucleotide substrates, including
uridine monophosphate (UMP), adenosine monophosphate (AMP), thymidine monophosphate
(TMP), and higher-order uridine nucleotides under varying reaction conditions.

HPLC analyses revealed nucleotide turnover across multiple substrates; however,
comparable activity was observed in both TunG-expressing and control samples lacking the tunG
gene. Metal ion dependence, substrate specificity, and reaction condition profiles were consistent

with known E. coli nucleotidases, particularly YfbR and SurE, rather than a TunG-specific



il
activity. Diphosphate and triphosphate substrates, including UDP, UTP, and UDP-GIcNAc,
remained largely unprocessed after extended incubation, further suggesting that the endogenous
E. coli enzymes do not function as a general nucleotide phosphatase.

Collectively, these results indicate that the observed enzymatic activity arises from
endogenous E. coli enzymes rather than the TunG protein itself. However, this work narrows the
range of plausible biochemical functions for TunG and highlights the challenges of
characterizing pathway-specific enzymes outside their native biosynthetic context. Future studies
will focus on improved purification, alternative substrates, and pathway reconstitution will be

essential to fully define the role of the TunG protein in tunicamycin biosynthesis.
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I. Introduction

The “golden age” of antibiotics, which transformed medicine in the mid-twentieth
century, is widely considered to be over. The widespread and often indiscriminate use of these
drugs has accelerated the emergence of antimicrobial resistance (AMR), reducing the
effectiveness of many once-reliable treatments. Today, AMR represents one of the most
significant global public health challenges of the twenty-first century. The most comprehensive
global analysis to date estimates that antibiotic-resistant infections were directly responsible for
approximately 1.27 million deaths worldwide in 2019 and associated with nearly 5 million
deaths overall.”® Although global surveillance remains limited, more recent modeling suggests
that this burden persists at a comparable scale, with an estimated 1.14 million deaths directly
attributable to antimicrobial resistance in 2021.°

Despite this growing crisis, the discovery of novel antibiotics has slowed considerably,
necessitating alternative approaches such as the modification and optimization of existing
antimicrobial scaffolds. One promising candidate is tunicamycin, a nucleoside antibiotic with a
well-defined mechanism of action but historically limited clinical utility due to toxicity. Recent
advances in tunicamycin-derived compounds have renewed interest in understanding its
biosynthetic pathway at the molecular level. In particular, the TunG protein has been proposed to
function as a nucleotide-processing enzyme early in this pathway, although its precise
biochemical role remains uncharacterized. The objective of this study is to experimentally
characterize the enzymatic activity of the TunG protein and define its role within the

tunicamycin biosynthetic pathway. By clarifying the function of this enzyme, this work aims to



contribute to a broader effort to enable biosynthetic engineering of tunicamycin and the
development of improved antimicrobial compounds.

This thesis begins by establishing the historical context of antibiotic discovery in order to
frame the current antimicrobial resistance crisis. The first section provides an overview of what
antibiotics are and how they were discovered and developed during the early and mid-twentieth
century. Its primary focus is on historical and review literature describing the “golden age” of
antibiotic discovery and the rise of natural-product drug screening.*®*® This section demonstrates
how early antibiotic discovery relied heavily on microbial metabolites and fermentation-based
screening approaches.

The second section examines how bacteria respond to antibiotic exposure by evolving
resistance mechanisms. Using foundational microbiology research on the evolution of
antimicrobial resistance, this section explains how mutations, horizontal gene transfer, and
selective pressure allow resistant strains to emerge and spread within microbial populations.®*
These studies provide the biological basis for understanding why antibiotic effectiveness
inevitably declines after widespread clinical use.

After establishing the evolutionary mechanisms behind resistance, the third section
evaluates the scale of the antimicrobial resistance crisis today. This portion of the thesis draws on
epidemiological reports from organizations such as the World Health Organization and the
Centers for Disease Control and Prevention, as well as large-scale global burden studies, to
demonstrate the magnitude of resistant infections worldwide and the public health threat they
pose.”" These sources illustrate the growing medical and economic consequences of antibiotic

resistance.



The fourth section then explores previous attempts to address antimicrobial resistance
and explains why many strategies have proven insufficient. Using recent reviews of the antibiotic
development pipeline and global policy reports, this section discusses limitations in current
antibiotic discovery efforts, including the slowdown in novel antibiotic discovery and the
challenges associated with developing new antimicrobial drugs.***’

The fifth section introduces tunicamycin and explains why it represents a promising
scaffold for antibiotic development. The first portion provides a biochemical overview of
nucleosides and nucleotide-derived molecules to establish the structural basis of nucleoside
antibiotics (Figure 4). This background is then used to explain the chemical architecture of
tunicamycin itself, highlighting the uridyl nucleoside core, carbohydrate linkage, and variable
lipid tail that define the compound’s molecular structure (Figure 5).

The next section examines the antibacterial mechanism of tunicamycin. Using schematic
and microscopic representations of bacterial cell lysis, this portion illustrates how disruption of
peptidoglycan synthesis compromises cell wall integrity and ultimately leads to bacterial death
(Figure 6). The molecular basis of this effect is then explored through analysis of the MraY
enzyme, a membrane-associated catalyst responsible for forming the lipid-linked peptidoglycan
intermediate Lipid I (Figure 7). This step is positioned within the broader peptidoglycan
biosynthetic pathway to demonstrate how tunicamycin interrupts an early and essential stage of
bacterial cell wall construction (Figure 8). Structural differences between Gram-positive and

Gram-negative bacteria are then discussed to explain why tunicamycin exhibits stronger activity

against organisms lacking an outer membrane barrier (Figure 9).



Following this mechanistic overview, the discussion shifts to the therapeutic potential of
tunicamycin derivatives. Although native tunicamycin displays cytotoxicity in eukaryotic cells,
structural modifications of the molecule have produced derivatives with reduced toxicity that still
retain antibacterial activity. These modifications, particularly within the lipid chain and
nucleobase components, illustrate how rational redesign of the tunicamycin scaffold can
decouple antibacterial potency from host toxicity (Figures 10-11). Experimental validation of
these derivatives in vivo is then examined through the zebrafish infection model, which enables
direct visualization of bacterial burden and host response during treatment (Figure 12).
Complementary studies in murine and bovine models further support these findings,
demonstrating that tunicamycin derivatives such as TunR2 exhibit improved pharmacokinetic
properties, including increased systemic persistence, reduced toxicity, and effective distribution
across higher-order organisms (Figure 13).

After establishing tunicamycin as a promising antibiotic scaffold, the focus shifts to the
biosynthetic processes responsible for its production in bacteria. An overview of bacterial
biosynthetic pathways introduces the concept of gene clusters encoding enzyme networks that
assemble complex natural products. This framework leads into a detailed examination of the
tunicamycin biosynthetic gene cluster, whose conserved organization across multiple
actinomycete species suggests a shared enzymatic strategy for assembling the antibiotic
molecule (Figure 14).

The current model of tunicamycin biosynthesis is then presented, outlining the proposed
enzymatic sequence that converts nucleotide precursors into lipid-tailed tunicamycin homologs

(Figure 15). While this model provides a valuable framework, several enzymatic steps remain



experimentally unverified. In particular, the biochemical activity of the TunG protein remains
uncertain despite strong bioinformatic evidence suggesting a nucleotide-processing role.

The final sections therefore focus on evaluating potential catalytic functions of the TunG
protein. Sequence homology analysis strongly supports a dephosphorylase model in which the
TunG protein converts uridine 5’-monophosphate into uridine during early stages of the pathway
(Figure 16). Alternative functional hypotheses, including phosphate rearrangement via mutase
activity (Figure 17) and cyclic nucleotide formation through cyclase activity (Figure 18), are
considered but appear less consistent with available bioinformatic evidence.

Together, these sections establish the biochemical context necessary to understand
tunicamycin biosynthesis and highlight the importance of experimentally characterizing pathway
enzymes such as the TunG protein. By clarifying the catalytic role of the TunG protein within
this pathway, this work contributes to a broader effort to understand and engineer tunicamycin

biosynthesis for the development of improved antimicrobial compounds.



I1. Background
The Discovery and Development of Antibiotics

Antibiotics are chemical compounds that inhibit the growth of bacteria or kill them
outright, allowing the immune system to clear infections that would otherwise be fatal. These
compounds can be produced naturally by microorganisms, chemically synthesized, or derived
from natural scaffolds through semi-synthetic modification. The majority of historically
important antibiotics were originally discovered as natural products produced by soil bacteria
and fungi, particularly members of the genus Streptomyces.*® These organisms produce
antimicrobial compounds as part of ecological competition, and early antibiotic discovery efforts
relied heavily on screening environmental microbes for these natural metabolites.***

The modern antibiotic era began in 1928 when Alexander Fleming discovered penicillin,
a compound produced by the fungus Penicillium notatum. Although Fleming observed its
antibacterial activity, it was not until the early 1940s that penicillin was purified and
mass-produced for clinical use during World War I1.°° The success of penicillin triggered an
intense period of antibiotic discovery known as the “golden age” of antibiotics between the
1940s and 1960s (Figure 1). During this time, scientists isolated numerous antibiotic classes
including streptomycin, tetracyclines, macrolides, and glycopeptides through systematic
screening of microbial fermentation products.*® Over time, antibiotic discovery has evolved from
the passive identification of naturally occurring antimicrobial compounds to more targeted

strategies that exploit microbial biosynthetic machinery, enabling the modification and

optimization of these compounds to generate new antibiotics.



These discoveries revolutionized medicine. Diseases that had once been major causes of
death, such as bacterial pneumonia, tuberculosis, and septicemia, became treatable with
relatively simple drug therapies. Antibiotics also made modern medical procedures possible,
including complex surgeries, chemotherapy treatments, and organ transplantation, all of which
depend on reliable infection control.”

However, despite the extraordinary success of antibiotics during the twentieth century,
the rate of discovery of entirely new antibiotic classes has declined significantly since the late
1960s. Many pharmaceutical companies shifted away from antibiotic research because of
economic and regulatory challenges, and modern drug discovery approaches have struggled to
identify novel antibacterial scaffolds at the same rate as earlier natural product screening
programs.*® This slowdown in antibiotic discovery has become increasingly problematic as
bacterial pathogens continue to evolve mechanisms that render existing antibiotics ineffective.
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Figure 1: Timeline illustrating key milestones in antibiotic discovery, including the discovery of

penicillin and the subsequent “golden age” of antibiotic discovery during the mid-twentieth century.***’



The Emergence of Antimicrobial Resistance

Although antibiotics initially appeared to offer a permanent solution to bacterial
infections, microorganisms rapidly demonstrated the ability to evolve resistance. Antimicrobial
resistance (AMR) occurs when bacteria develop mechanisms that allow them to survive exposure
to antibiotics that would normally inhibit or kill them. These mechanisms can arise through
spontaneous genetic mutations or through horizontal gene transfer, in which bacteria acquire
resistance genes from other microorganisms through plasmids, transposons, or bacteriophages.”!

When antibiotics are introduced into an environment, they impose strong selective
pressure on bacterial populations. Susceptible bacteria are eliminated, while those with resistance
mechanisms survive and reproduce. Over time, resistant strains become dominant within the
population. This evolutionary process explains why resistance often appears soon after a new
antibiotic is introduced into clinical practice (Figure 2). For example, penicillin-resistant strains
of Staphylococcus aureus were reported only a few years after penicillin entered widespread

medical use.”
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Figure 2: Diagram showing the natural selection of antibiotic pressure on bacterial agents.’*?
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The Global Impact of Antimicrobial Resistance

Antimicrobial resistance has become one of the most significant global health challenges
of the twenty-first century. Resistant infections compromise the effectiveness of existing
treatments and increase the risk of complications, prolonged hospital stays, and mortality. A
comprehensive global analysis estimated that antimicrobial resistance was directly responsible
for approximately 1.27 million deaths worldwide in 2019 and associated with nearly 5 million
deaths overall.”® These numbers place antimicrobial resistance among the leading causes of death
globally.

In addition to its direct health impact, AMR poses a major economic burden. Resistant
infections require longer treatment durations, more expensive medications, and increased
healthcare resources (Figure 3). The World Health Organization has identified antimicrobial
resistance as a critical threat to modern medicine, warning that continued increases in resistance
could undermine routine medical procedures that depend on effective antibiotics.”

In the United States alone, the Centers for Disease Control and Prevention estimates that
more than 2.8 million antibiotic-resistant infections occur each year, resulting in over 35,000
deaths.”” The problem has been further exacerbated by factors such as inappropriate antibiotic
use, global travel, agricultural antibiotic usage, and disruptions to healthcare systems.*

Taken together, these trends indicate that antimicrobial resistance is not simply an
emerging problem but a rapidly expanding crisis that threatens the continued effectiveness of one

of medicine’s most important therapeutic tools.
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Infections Set To Skyrocket
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Limitations of Current Antibiotic Development Strategies

Despite widespread recognition of the AMR crisis, the development of new antibiotics
has slowed dramatically over the past several decades. Many pharmaceutical companies have
reduced investment in antibiotic research because antibiotics are typically used for short
treatment durations and therefore generate lower long-term revenue compared with chronic
disease medications. As a result, the pipeline for new antibacterial drugs remains limited.*’

Recent analyses of the antibiotic development pipeline indicate that many candidate
drugs currently in development are derivatives of existing antibiotic classes rather than entirely
new mechanisms of action. While such modifications can temporarily restore effectiveness
against resistant strains, bacteria frequently evolve resistance to these derivatives as well.*®

Public health strategies such as antibiotic stewardship programs and infection control
measures are essential components of combating AMR, but they cannot fully eliminate the need
for new antibiotics. Because bacteria will continue to evolve resistance, sustainable solutions
must include the discovery and development of antibiotics that target bacterial processes in novel
ways.

Beyond scientific challenges, economic factors play a significant role in limiting
antibiotic development. Because antibiotics are typically administered over short treatment
courses and are often held in reserve to prevent resistance, they generate substantially lower
long-term revenue compared to medications used to treat chronic conditions. As a result, many
pharmaceutical companies have deprioritized antibiotic research in favor of more profitable
therapeutic areas, contributing to a declining pipeline of novel antibacterial agents. This

economic imbalance highlights the need for alternative incentive structures, including public



funding initiatives, policy reforms, and public—private partnerships, to support sustained
innovation in antibiotic discovery and ensure that new treatments can be developed to address

the ongoing threat of antimicrobial resistance.

13
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II1. Tunicamycin - A New Frontier in Antibiotic Discovery
Brief Overview of Tunicamycin

Tunicamycin is a naturally occurring antibiotic produced by Streptomyces bacteria and
belongs to a class of compounds known as nucleoside antibiotics.?? It was first discovered in
1970 in Japan during a large-scale screening program designed to identify antimicrobial
compounds from natural products.** In this study, researchers examined the antimicrobial activity
of more than 4,000 microbial extracts and identified tunicamycin as a compound with potent
antibacterial activity.*? The discovery of tunicamycin during this type of systematic
natural-product screening reflects the broader strategy used during the mid-twentieth century to
identify antibiotics produced by soil microorganisms, particularly members of the genus
Streptomyces, which remain one of the most prolific sources of bioactive secondary metabolites.

Nucleosides are fundamental biological molecules composed of a nitrogenous base
attached to a pentose sugar, and they serve as the core building blocks of nucleotides, which in
turn form DNA, RNA, and key metabolic intermediates. As illustrated in Figure 4, nucleotides
consist of a nucleoside linked to one or more phosphate groups, and these units are assembled
into long polymers such as DNA through phosphodiester bonds. Because nucleosides are
universally required for cellular life, enzymes that interact with nucleotide substrates are highly
conserved and tightly regulated. This conservation makes nucleotide-processing enzymes
particularly attractive targets for antibiotic intervention, as molecules that mimic natural
nucleosides can interfere with essential biochemical reactions while maintaining strong

molecular recognition by enzyme active sites.?®
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Figure 4: Overview of nucleosides, nucleotides, and DNA structure, illustrating the relationship between
phosphate groups, pentose sugars, and nitrogenous bases, as well as base pairing within the DNA double

helix. Adapted from OpenStax Biology 2e and related educational resources.

Tunicamycin exploits this vulnerability by structurally resembling nucleotide
intermediates involved in bacterial cell wall synthesis, allowing it to disrupt an early and
essential step in peptidoglycan biosynthesis. This nucleoside mimicry forms the mechanistic

basis of tunicamycin’s antibacterial activity and underlies its classification as a nucleoside

antibiotic.
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Figure 5: Chemical structure of tunicamycin showing its uridyl nucleoside core (blue circle),

N-acetylglucosamine moiety (orange circle), and variable lipid tail (green circle).

Tunicamycin exploits this vulnerability by mimicking the structure of natural nucleoside
substrates used in bacterial cell wall synthesis. Figure 5 shows the chemical structure of
tunicamycin, which includes a uridyl nucleoside core linked to an N-acetylglucosamine moiety
and a hydrophobic lipid tail. This combination allows tunicamycin to interact with
membrane-associated enzymes while retaining structural similarity to native nucleotide
substrates. The lipid tail varies in length among tunicamycin homologs and contributes to
membrane association and biological activity, while the nucleoside portion enables molecular

recognition by bacterial enzymes.'”,>
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Figure 6: Bacterial cell lysis resulting from disruption of peptidoglycan synthesis, shown schematically

and by electron micrograph.

The antibacterial effect of tunicamycin arises from its disruption of peptidoglycan
synthesis, a process essential for bacterial survival. Peptidoglycan forms a rigid, mesh-like cell
wall that protects bacteria from osmotic pressure and maintains cellular shape. When synthesis of
this structure is inhibited, the cell wall weakens, allowing water to enter the cell, leading to
swelling and eventual rupture. This sequence of events is illustrated in Figure 6, which shows
both a schematic depiction of bacterial lysis and an electron micrograph comparing intact and

lysed cells.?
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Figure 7: Lipid cycle of bacterial peptidoglycan biosynthesis highlighting the MraY-catalyzed step (green

circle).

Figure 7 shows the in-depth process of bacterial cell wall synthesis. During this process,
the enzyme MraY transfers the peptidoglycan precursor Park’s nucleotide
(UDP-MurNAc-pentapeptide) from the cytosol to the membrane-bound lipid carrier bactoprenol
phosphate (C55-P), forming the lipid-linked intermediate Lipid I. Lipid I is subsequently
converted to Lipid II by MurG and transported across the membrane by the flippase MurJ for
incorporation into the growing peptidoglycan cell wall. The green circle highlights the MraY
enzyme, the step targeted by several nucleoside antibiotics. Tunicamycin inhibits this reaction by

blocking the formation of Lipid I, thereby preventing downstream peptidoglycan assembly. "'
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Figure 8: Schematic overview of peptidoglycan (murein) biosynthesis highlighting the site of

tunicamycin inhibition at the MraY-catalyzed step.

Figure 8 places this inhibition within the broader context of peptidoglycan metabolism.
By preventing the MraY-catalyzed step, tunicamycin interrupts Stage II of cell wall biosynthesis,
which ultimately leads to bacterial death. This mechanism is particularly effective in
Gram-positive bacteria, which lack an outer membrane and therefore allow tunicamycin direct

access to its membrane-associated target.’
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Murein Metabolism in Gram-Negative Organisms
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Figure 9: Comparison of peptidoglycan biosynthesis in Gram-negative bacteria, illustrating
compartmentalization of synthesis stages and limited accessibility of tunicamycin to its

membrane-associated target.

In contrast, Gram-negative bacteria possess an additional outer membrane that acts as a
permeability barrier. As illustrated in Figure 9, this outer membrane restricts tunicamycin from
reaching MraY in the cytoplasmic membrane, explaining the compound’s limited activity against
many Gram-negative species.' Gram-positive bacteria, which lack this outer membrane, are
responsible for many common infections such as skin and soft tissue infections caused by
Staphylococcus aureus and respiratory infections caused by Streptococcus pneumoniae. In

contrast, Gram-negative bacteria are major causes of urinary tract infections, pneumonia,
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bloodstream infections, and sepsis, commonly involving pathogens such as Klebsiella
pneumoniae and Pseudomonas aeruginosa. These organisms represent a major clinical
challenge. Gram-negative bacteria account for approximately 30% of healthcare-associated
infections and a majority of severe hospital-acquired infections, largely due to the protective
outer membrane and additional resistance mechanisms.?® This structural distinction between
bacterial groups highlights both the strengths and limitations of tunicamycin as an antibiotic and
underscores why structural modification or biosynthetic engineering may be necessary to
broaden its therapeutic potential.*’

Together, Figures 4-9 establish tunicamycin as a nucleoside-mimicking antibiotic that
targets a highly conserved and essential step in bacterial cell wall biosynthesis.

However, native tunicamycin interferes with eukaryotic N-linked glycosylation, making
it unsuitable for clinical use due to eukaryotic cytotoxicity and limited spectrum." In spite of
this, its well-defined mechanism of action and biosynthetic flexibility make it a compelling
scaffold for antibiotic development.?>?° Understanding how tunicamycin is assembled and how

its structure can be selectively modified is therefore critical for designing new antimicrobial

agents that retain potency while overcoming existing limitations.
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Therapeutic Uses of Tunicamycin Analogs

Although native tunicamycin is unsuitable for direct clinical use due to toxicity, its
mechanism of action and structural modularity make it a compelling scaffold for antibiotic
development. Tunicamycin inhibits MraY, an essential and highly conserved enzyme involved in
the earliest membrane-associated step of bacterial cell wall biosynthesis."!* Because this step
occurs upstream of many clinically targeted processes, MraY represents an underexploited
antibacterial target with limited preexisting resistance mechanisms.

Early investigations demonstrated that tunicamycin exhibits potent antibacterial activity
but also interferes with eukaryotic N-linked glycosylation, resulting in significant cytotoxicity.'’
These findings initially limited its therapeutic prospects. However, subsequent studies revealed
that this toxicity is not an unavoidable consequence of MraY inhibition but rather arises from
specific structural features of the molecule. In particular, interactions between the planar uracil
nucleobase and eukaryotic glycosyltransferases contribute disproportionately to eukaryotic
cytotoxicity.?” This discovery allows the engineering of tunicamycin derivatives that lack

eukaryotic cytotoxicity while retaining the bactericidal qualities (Figure 10).
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Figure 11: Comparative chemical structures of native tunicamycin and the modified analog TunR2,

highlighting differences in lipid chain composition and nucleobase structure.

Native tunicamycin exists as a mixture of congeners that differ in the length and
saturation of their N-acyl lipid chains. The parent molecule contains an unsaturated lipid tail and
a planar uracil ring, features that facilitate binding to both bacterial and eukaryotic enzymes.
Structural modification of these regions has enabled the development of tunicamycin analogs
that retain antibacterial potency while significantly reducing cytotoxicity.?>?* One such
derivative, TunR2, incorporates targeted reductions within the lipid chain and modification of the
nucleobase, demonstrating that rational redesign of the tunicamycin scaffold can decouple
antibacterial efficacy from host toxicity (Figure 11).

These advances have repositioned tunicamycin from a biologically interesting but

clinically impractical compound to a viable platform for antibiotic innovation. Modified
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tunicamycins have shown activity against clinically relevant pathogens, including
Mycobacterium species, while exhibiting improved safety profiles in both cellular and animal
infection models.?*?° Importantly, these improved safety and efficacy profiles have been
demonstrated using in vivo infection systems, including the zebrafish model illustrated below in
Figure 12, which allows direct visualization of pathogen growth and host immune responses
during treatment.

In addition, some tunicamycin derivatives have demonstrated synergistic effects when
combined with B-lactam antibiotics, an approach increasingly used to combat antimicrobial
resistance. Combination antibiotic therapy works by targeting multiple steps in an essential
pathway simultaneously, reducing the likelihood that bacteria can survive by mutating a single
target. In this case, tunicamycin analogs inhibit the early stage of peptidoglycan biosynthesis by
blocking MraY activity, thereby weakening bacterial cell wall precursor formation. f-lactam
antibiotics, in contrast, inhibit penicillin-binding proteins that catalyze the final cross-linking
steps of peptidoglycan assembly. When these drugs are used together, disruption of early
precursor synthesis sensitizes bacteria to downstream inhibition by B-lactams, amplifying
antibacterial effects and helping overcome resistance mechanisms that would otherwise limit the

efficacy of either drug alone.?’
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Figure 12: Zebrafish infection model used to evaluate the therapeutic efficacy of the tunicamycin

derivative TunR2 against Mycobacterium marinum.’

In vivo validation of tunicamycin-derived antibiotics has been achieved using the
zebrafish (Danio rerio) infection model. As illustrated in Figure 12, the optical transparency of
larval zebrafish allows direct visualization of fluorescently labeled Mycobacterium marinum and
host immune cells days past infection (dpi) and also weeks past infection (wpi). Following

bacterial uptake by macrophages, infected cells aggregate to form granulomas, a hallmark of
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mycobacterial disease progression that closely parallels aspects of human tuberculosis
pathology.’

Adult zebrafish models further enable assessment of persistent infection, therapeutic
uptake, and host survival over time.” Drug administration through gill absorption or embryonic
exposure allows noninvasive evaluation of antibacterial efficacy in vivo. Application of this
model to TunR2 has demonstrated reduced bacterial burden and improved host tolerance relative
to native tunicamycin, providing critical proof-of-concept that tunicamycin derivatives can

function as effective and safer antimicrobial agents in living systems.?’
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Figure 13: Schematic overview of pharmacokinetic experimental designs for tunicamycin compounds in

mice and cattle.®

Recent pharmacokinetic studies further support the therapeutic potential of TunR2 in

mammalian systems. In a study evaluating TunR2 in C57BL/6 mice and Holstein cattle, TunR2

exhibited a longer half-life and greater systemic persistence compared to native tunicamycin

suggesting an extended duration of antibacterial activity and the potential for less frequent
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dosing regimens.® As shown in Figure 13, panel A, C57BL/6 mice received intravenous
injections of Tun, TunR1, or TunR2 with time-course blood sampling and terminal tissue
collection, while in panel B, Holstein cattle received multiple intravenous doses of TunR2
followed by longitudinal sampling of biological fluids to assess systemic distribution.

Additionally, TunR2 demonstrated reduced toxicity while maintaining antimicrobial
efficacy, with evidence indicating minimal activation of the eukaryotic unfolded protein response
and sustained reduction of mycobacterial burden in vivo.® In large animal models, TunR2 was
shown to distribute systemically and clear over time without significant accumulation,
highlighting its potential safety and applicability in higher-order organisms.® These findings
extend the earlier zebrafish-based observations into mammalian systems and provide critical
support for the continued development of tunicamycin derivatives as viable therapeutic agents,
particularly in combination with established antibiotics such as B-lactams.

Together, these findings establish tunicamycin not as a finished therapeutic, but as a
powerful foundation for antibiotic development. By exploiting its unique mechanism of action
and leveraging biosynthetic and structural flexibility, tunicamycin-derived compounds offer a
promising route toward new antimicrobial therapies capable of addressing the growing challenge
of antibiotic resistance. Continued investigation into the biosynthetic pathway and enzymatic
tailoring of tunicamycin is therefore essential for translating this potential into clinically relevant

treatments.
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Overview of Bacterial Biosynthetic Pathways

Biosynthetic pathways describe the natural processes by which organisms produce
complex molecules through a series of enzyme-catalyzed chemical transformations. In bacteria,
antibiotics such as tunicamycin are synthesized intracellularly from simple precursor molecules
that are sequentially modified by specialized proteins. These proteins are encoded by genes
clustered together within the bacterial genome, collectively forming a biosynthetic gene cluster
responsible for antibiotic production. While the identities of many genes required for
tunicamycin biosynthesis have been established, the precise biochemical functions of their
encoded proteins remain largely uncharacterized.

In most cases, proposed enzyme activities are inferred from sequence homology, in which
the DNA or amino acid sequence of an unstudied protein is compared to those of known
enzymes to predict function. Although this approach provides valuable hypotheses, it cannot
replace direct experimental validation. As a result, key steps within the tunicamycin biosynthetic
pathway remain speculative, underscoring the need for experimental evidence of functional

characterization of individual pathway enzymes.*®
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Organization of the Tunicamycin Biosynthetic Gene Cluster

Tunicamycin is produced through a highly conserved biosynthetic pathway encoded by a
clustered set of genes found in multiple actinomycete species. In bacteria, genes involved in the
synthesis of complex natural products are often organized into contiguous gene clusters and are
frequently transcribed together as a single operon, enabling coordinated expression of the
enzymes required for biosynthesis. This operon organization has been demonstrated for the
tunicamycin biosynthetic gene cluster in Streptomyces, where transcriptional analysis showed
that the run genes are co-transcribed and regulated as a functional biosynthetic unit.” The
tunicamycin biosynthetic gene cluster therefore encodes all enzymes required to assemble the
nucleoside core, attach lipid chains, and perform tailoring modifications that produce the final
antibiotic structure.?***
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Figure 14: Comparative organization of the tunicamycin biosynthetic gene cluster in Streptomyces
chartreusis, Streptomyces clavuligerus, and Actinosynnema mirum, showing conserved gene order and

functional groupings involved in tunicamycin biosynthesis.

As illustrated in Figure 14, the overall organization of the tunicamycin gene cluster is

conserved across diverse producing organisms, including Streptomyces chartreusis,
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Streptomyces clavuligerus, and Actinosynnema mirum. Despite differences in genomic context
and species-specific regulation, the preservation of gene order and functional groupings indicates
a shared biosynthetic logic. This conservation strongly suggests that the fundamental steps of
tunicamycin assembly are universal among producing species and that insights gained from one
organism are broadly applicable.***

The gene cluster can be functionally divided into several modules, each responsible for a
distinct stage of biosynthesis. One set of genes encodes enzymes involved in generating
carbohydrate precursors, which provide the foundational building blocks for the tunicamine
core.> Another group directs the formation of the tunicamine nucleoside scaffold, a defining
feature of tunicamycin that enables molecular mimicry of native nucleotide substrates.?*
Additional genes encode enzymes responsible for attaching N-acetylglucosamine and lipid
chains, modifications that critically influence membrane association, antibacterial potency, and
toxicity.?’

This modular organization highlights an important advantage of natural product
biosynthesis: structural diversity can be generated through selective modification of individual
steps without disrupting the entire pathway. Small changes in enzyme activity or substrate
specificity can produce distinct tunicamycin analogs with altered lipid chain length, saturation, or
glycosylation patterns. Such variation underlies the natural diversity observed among
tunicamycin homologs and provides opportunities for rational engineering of improved
antibiotics.?”

Transporter genes located within the cluster further support the coordinated nature of

tunicamycin production. These genes are thought to facilitate export of the antibiotic or protect
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the producing organism from self-toxicity by limiting intracellular accumulation.>” Their
presence underscores the evolutionary pressure to balance potent antibacterial activity with
cellular self-preservation.

Together, the conserved architecture of the tunicamycin biosynthetic gene cluster
demonstrates that tunicamycin production is governed by a tightly regulated and evolutionarily
optimized pathway. Understanding the roles of individual enzymes within this pathway is
therefore essential for deciphering how tunicamycin structure is assembled. This framework
provides the foundation for examining the function of individual biosynthetic enzymes, including

the TunG protein, whose precise biochemical role remains incompletely characterized.
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Current Models of the Tunicamycin Biosynthetic Pathway

Heterologous expression and genome mining studies have defined a minimal gene cluster
sufficient for tunicamycin production; however, the precise biochemical activities of several
enzymes within this pathway remain experimentally unvalidated.>” While the overall sequence of
biosynthetic steps is well supported, many proposed enzyme functions are derived primarily
from bioinformatic prediction rather than direct biochemical characterization. As a result, current
models of tunicamycin biosynthesis represent informed hypotheses that require experimental

confirmation.
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Figure 15: Proposed biosynthetic pathway of tunicamycin in Streptomyces chartreusis, illustrating

enzymatic steps from nucleotide precursors to lipid-tailed tunicamycin homologs.*®
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Figure 15 presents a proposed biosynthetic pathway for tunicamycin assembly in
Streptomyces chartreusis, beginning with uridine-5'-triphosphate and UDP-GIcNAc precursors
and proceeding through formation of tunicaminyl-uracil intermediates prior to lipid tail
attachment. Enzymes encoded by the tun gene cluster are assigned to individual steps based on
sequence homology, genetic context, and analogy to characterized pathways. While many of
these assignments are well supported, several enzymatic roles, most notably those attributed to
the TunG and TunB proteins, remain hypothetical .**

Within this framework, the TunG protein is positioned early in the pathway as a
nucleotide-processing enzyme acting on uridine monophosphate—derived intermediates. Because
this step precedes glycosylation and lipidation reactions, the biochemical activity of the TunG
protein is likely to influence downstream pathway flux and intermediate availability.
Consequently, defining the TunG protein’s function is critical for understanding both

tunicamycin biosynthesis and opportunities for pathway manipulation.
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IV. The TunG Protein - A Key Component of the Tunicamycin Biosynthetic Pathway
Bioinformatic Evidence for the TunG Protein's Likely Function

Sequence-based analysis provides strong support for a dephosphorylase role for the TunG
protein. Using BLASTP to compare the TunG amino acid sequence against the NCBI
non-redundant database (accessed 10-26-2025), the vast majority of high-confidence matches
were annotated as dephosphorylases. Approximately 97% of the top 100 sequence alignments
display homology to enzymes that catalyze hydrolytic removal of phosphate groups, whereas

only ~3% exhibit similarity to mutases or other phosphate-rearranging enzymes.
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Figure 16: Proposed dephosphorylase activity of the TunG protein acting on uridine 5'-monophosphate

within the tunicamycin biosynthetic pathway.*’

This overwhelming bias strongly suggests that the TunG protein most likely catalyzes
dephosphorylation of uridine 5’-monophosphate to generate uridine. As illustrated in Figure 16,
such activity would position the TunG protein as a nucleotide-processing enzyme responsible for

regulating phosphorylation state early in the biosynthetic pathway. This proposed function is
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consistent with biochemical logic, as controlled dephosphorylation of nucleotide intermediates is
often required to enable subsequent glycosylation and acylation steps.*’

Taken together, the dominance of dephosphorylase-associated homology, combined with
the scarcity of alternative catalytic signatures, supports dephosphorylation of UMP as the most
likely primary function of the TunG enzyme. While bioinformatic predictions cannot replace
experimental validation, the available evidence strongly favors this model over competing

hypotheses.
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Unlikely Mutase Functional Possibility for TunG

Despite the dominant dephosphorylase signature observed for TunG, low-frequency
sequence similarity to mutases introduces a remote alternative possibility. In this model, the
TunG protein would catalyze intramolecular phosphate transfer within the ribose moiety of UMP,
relocating the phosphate group from the 5’ position to the 2’ or 3" hydroxyl groups without

removing it entirely. This speculative mechanism is illustrated in Figure 17.
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Figure 17: Proposed mutase activity model for the TunG protein involving intramolecular phosphate

rearrangement of uridine monophosphate.

However, several factors argue strongly against mutase activity as the primary function of

TunG. First, mutase-like homology constitutes only a small minority of sequence matches and
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lacks consistent conservation across TunG homologs. Second, no experimental evidence directly
supports phosphate rearrangement activity within the tunicamycin pathway. The mutase
hypothesis has largely been invoked to rationalize the accumulation of a phosphorylated
tunicamycin species (“phospho-TUN”) observed in TunL mutational studies.??

Given the overwhelming prevalence of dephosphorylase-associated homology and the
absence of biochemical validation for mutase activity, this model is considered highly unlikely
relative to a dephosphorylase function. If phosphate rearrangement occurs during tunicamycin

biosynthesis, it is more plausibly mediated by downstream enzymes rather than TunG itself.
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Cyclase Activity as a Least-Likely Functional Model

A third, mechanistically distinct possibility is that TunG functions as a nucleotide
cyclase, catalyzing intramolecular condensation of UMP to form cyclic phosphate derivatives
such as 2’',3'-cUMP or 3',5'-cUMP. Cyclic pyrimidine nucleotides have recently been identified

as signaling molecules in bacterial systems, analogous to cyclic AMP and cyclic GMP.*
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Figure 18: Least-likely cyclase activity model proposed for the TunG protein acting on uridine

monophosphate to form cyclic phosphate derivatives.

However, sequence homology between TunG and characterized uridylate cyclases is
minimal, and no features characteristic of cyclase active sites are strongly conserved. As

illustrated in Figure 18, cyclization would require formation of a phosphodiester linkage between



41

ribose hydroxyl groups and the phosphate moiety, a reaction mechanistically distinct from both
dephosphorylation and mutase activity.

Given the weak bioinformatic support and lack of pathway context suggesting a signaling
role for cyclic nucleotides in tunicamycin biosynthesis, cyclase activity is considered the least
likely functional role for TunG. While this possibility cannot be formally excluded without
experimental testing, it is presented here as a boundary case illustrating the full range of

conceivable nucleotide-modifying activities.
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Overview of TunG Experiments

Because tunicamycin is synthesized through a defined biosynthetic gene cluster,
understanding the function of each enzyme in this pathway is essential for enabling rational
engineering of the molecule. Detailed knowledge of the biosynthetic steps would allow targeted
modification of the pathway to alter structural features such as the lipid tail, nucleoside core, or
other functional groups that influence antibacterial activity and toxicity. Such biosynthetic
engineering strategies are increasingly used to generate improved antibiotic derivatives by
modifying enzyme activity within natural product pathways. Consequently, identifying the
biochemical roles of individual tun genes is a critical step toward developing tunicamycin-based
therapeutics with improved safety and broader antibacterial activity.

Despite extensive bioinformatic and pathway-level modeling of tunicamycin
biosynthesis, the biochemical function of the TunG protein remains unverified experimentally.
This knowledge gap provides the central motivation for the present work. The objective of this
study is to characterize the enzymatic activity of the product of the runG gene and to define its
role early in the tunicamycin biosynthetic pathway through direct biochemical analysis.

To achieve this, the runG gene was cloned with the addition of six tandem histidine
residues at the C terminus to facilitate purification. This construct was created in a T7
promoter-driven expression vector and heterologously expressed in Escherichia coli (E. coli).
Protein production was carried out using a BL21(DE3) expression strain, which contains a
chromosomally integrated T7 RNA polymerase gene under inducible control of isopropyl
B-D-1-thiogalactopyranoside (IPTG).!® This system enables tight regulation of transcription and

high-level expression of recombinant proteins. To minimize leaky expression and improve
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soluble protein yield, a co-expression plasmid encoding T7 lysozyme (lysS) was employed to
suppress basal T7 RNA polymerase activity prior to induction. The coding sequence for the tunG
gene was codon optimized for expression in E. coli using an algorithmic sequence optimization
strategy designed to enhance translational efficiency and protein yield.*

The expression construct, pET22b(+)-tunG-6xHis, was was designed at Drew and
created through a vendor (GenScript) using a sequence-optimized design strategy developed to
enhance recombinant protein expression efficiency.* Chemically competent E. coli cells were
prepared and transformed with this plasmid, and successful transformants were selected,
inoculated, and cultured for protein expression. Following IPTG induction, cells were harvested
and lysed to release intracellular contents, and the soluble protein fraction was isolated for
purification.

Purification of the TunG protein was achieved using nickel-nitrilotriacetic acid (Ni-NTA)
affinity chromatography, exploiting the engineered C-terminal hexahistidine tag on the
recombinant protein. Under these conditions, the His tag coordinates with immobilized nickel
ions, allowing selective retention of the TunG protein while nonspecific proteins are washed
away. Eluted fractions were collected and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) to confirm protein size, purity, and successful isolation of the
TunG protein. Fractions containing the purified protein were subsequently dialyzed to remove
imidazole and equilibrate samples into appropriate reaction buffers.

Purified TunG protein samples were then subjected to in vitro enzymatic assays designed
to distinguish between dephosphorylase, mutase, and cyclase activities. Reaction mixtures

contained defined nucleotide substrates, including uridine monophosphate (UMP), thymidine
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monophosphate (TMP), and adenosine monophosphate (AMP), along with varying pH values,
temperatures, and alternative divalent metal cofactors such as Mg*", Mn*', and Co*". Aliquots
were withdrawn at defined time points and analyzed by high-performance liquid chromatography
(HPLC) to quantify substrate depletion and product formation. Depending on the substrate used,
reactions were monitored for interconversion between nucleotide, nucleoside, and nucleobase
species, such as UMP, uridine, and uracil.

By integrating controlled recombinant expression, affinity purification, and time-resolved
enzymatic assays with chromatographic analysis, this approach enables direct interrogation of
the biochemical activity of the TunG protein. Experimental validation of the TunG protein’s
function provides a critical test of existing biosynthetic models and represents an essential step
toward reconstructing and engineering the tunicamycin pathway in heterologous hosts.
Ultimately, defining the activity of the TunG protein may facilitate rational manipulation of

tunicamycin biosynthesis to generate novel analogues with improved therapeutic potential.
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V. Methods
Preparation of Competent E. coli Cells and Heat-Shock Transformation

To enable uptake of foreign DNA, E. coli cells were rendered competent, meaning their
cell membranes were temporarily permeabilized to allow entry of circular DNA molecules called
plasmids. Plasmids are small, self-replicating DNA molecules separate from the bacterial
chromosome that can carry genes of interest, such as antibiotic resistance markers or cloned
inserts like the runG gene. Once inside the cell, plasmids replicate independently and express

their encoded genes, providing an efficient method for recombinant protein production.

Vector with the desired insert Vector added to the Growth of E.coli colonies
E.coli competent cells harboring vector on LB plate with

a selection marker.
-

Figure 19: Overview of heat-shock transformation in E. coli, illustrating plasmid uptake following brief

exposure to elevated temperature.'®
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Figure 21: Molecular model of membrane permeability changes during heat-shock transformation.?’
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Competent E. coli cells were prepared following a standard calcium chloride method.
Starter cultures were grown overnight, diluted into fresh LB medium, and incubated at 37 °C
with shaking until mid-log phase (ODsoo = 0.4—0.6). Cells were chilled on ice to stabilize
membranes, harvested by centrifugation at 4 °C, and resuspended in ice-cold 0.1 M CaCl.. This
treatment increases membrane permeability by neutralizing surface charges. After a second
wash, aliquots were stored at —80 °C until use.

Aliquots (100 pL) of competent cells were thawed on ice and mixed with 2—-3 pL of
plasmid DNA (100 ng/uL stock). The mixture was incubated on ice for 12—15 min, heat-shocked
at 42 °C for 120 s, and immediately returned to ice for 2 min. LB broth (800 puL) was added, and
the culture was incubated at 37 °C with shaking (200 rpm) for 40 min to allow expression of
antibiotic resistance genes. Portions of 1 uL, 10 uL, and 100 puL from the transformation mixture
were plated on LB agar containing ampicillin (AMP) and chloramphenicol (CAM). Plates were

incubated overnight at 37 °C.
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Figure 22: Growth of transformed E. coli colonies on LB agar containing ampicillin and chloramphenicol

following heat-shock transformation.

Following incubation, colonies that grew on selective plates indicated successful uptake
of the plasmids conferring resistance to AMP and CAM. The pLysS plasmid provided

chloramphenicol resistance, while the pET vector carrying the unG gene conferred ampicillin
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resistance. To ensure that all colonies indeed contained the target plasmids, one colony plate (100

uL transformation plate) was restreaked on a fresh AMP + CAM LB agar plate (Figure 23).

Figure 23: Restreaking of transformed E. coli colonies on selective media to confirm plasmid retention.

Restreaking is a standard verification step to eliminate colonies that may have appeared
resistant because they were physically shielded by neighboring transformants. By isolating
individual colonies, restreaking confirmed that each selected E. coli colony contained the

intended plasmids prior to downstream protein expression experiments.
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17 Promoter System

Recombinant expression of the runG gene was carried out using the T7 RNA polymerase
expression system, which allows high-level transcription of cloned genes under the control of a
T7 promoter. In this system, the host strain of E. coli BL21(DE3) carries a chromosomally

integrated copy of the T7 RNA polymerase gene regulated by the lacUVS promoter.
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Figure 24: Schematic of the T7 RNA polymerase expression system used for recombinant protein

production in E. coli BL21(DE3).t°

Upon addition of isopropyl B-D-1-thiogalactopyranoside (IPTG), the lac repressor is
derepressed, enabling transcription of the T7 RNA polymerase gene. The resulting enzyme
recognizes only the T7 promoter sequence on the expression plasmid, initiating strong

transcription of the target gene, in this case, the TunG protein (Figure 25). Because T7 RNA
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polymerase is extremely efficient, even minimal uninduced activity can lead to unwanted

background expression or protein toxicity.
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Figure 26: Regulation of T7 RNA polymerase activity by T7 lysozyme in the pLysS system.'*

To minimize this basal transcription, a T7 lysozyme (lysS) plasmid was co-expressed.
Lysozyme is an enzyme that hydrolyzes the B-(1,4)-glycosidic bonds between N-acetylmuramic
acid and N-acetylglucosamine in the peptidoglycan layer of bacterial cell walls, leading to cell
wall weakening and eventual lysis. In nature, lysozyme serves as part of the bacterial defense
and remodeling system, helping to degrade or reshape the peptidoglycan matrix. Lysozyme binds
and transiently inhibits T7 RNA polymerase until full induction occurs, thus improving control
of protein expression (Figure 27).'° In this experiment, lysozyme plays a dual role. Within the
pLysS plasmid, T7 lysozyme is expressed at low levels to partially inhibit T7 RNA polymerase,

thereby reducing “leaky” transcription of the target gene before induction with IPTG. This
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regulation improves control over recombinant protein expression and prevents premature
production of the TunG protein. Additionally, the presence of lysozyme facilitates later stages of
protein purification by making bacterial cells easier to lyse during mechanical disruption. The
weakened peptidoglycan layer enhances the efficiency of cell lysis methods such as bead
beating, allowing for higher recovery of soluble TunG protein from the cytoplasmic fraction.?!
This tightly regulated two-tier system provides rapid, high-yield expression of recombinant
proteins while maintaining low background levels prior to induction while also making cell lysis

to extract synthesized protein products easier."
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Figure 27: Overview of peptidoglycan synthesis and degradation in bacterial cell walls."”

For experimental controls, two expression conditions were used throughout this study:
pET— strains, which contained the pLysS plasmid but lacked the pET expression vector and
therefore did not produce the TunG protein, and pET+ strains, which carried both the pLysS

plasmid and the pET22b(+)-tunG-6xHis expression plasmid. These designations were used



consistently to distinguish samples lacking recombinant protein expression from those

expressing the TunG protein during downstream purification and enzymatic analyses.

56
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Centrifugation, Cell Growth, and Lysis

Centrifugation is a key step in protein and DNA purification workflows. It separates
cellular components or molecular complexes based on their size and density by spinning samples
at high speeds to generate strong centrifugal forces. In this experiment, microcentrifugation was
used to isolate bacterial cell pellets after growth and to remove insoluble debris during protein
purification and dialysis preparation. This process ensured that the soluble fraction contained the
purified TunG enzyme for downstream analysis.

Centrifugation separates components of a liquid sample by subjecting them to high
centrifugal force generated by rapid rotation around a central rotor. Under these conditions, all
particles experience an outward force; however, the rate at which individual components move
depends on their mass, size, and density relative to the surrounding medium. In biological
samples, this results in separation into two operational fractions: a pellet containing denser or
aggregated material (such as whole cells, membranes, or insoluble proteins) and a supernatant
containing soluble molecules that do not sediment under the applied conditions. As shown in
Figure 28, the pellet forms at the bottom of the tube while the supernatant remains above it and
can be carefully removed or retained depending on the target fraction. Centrifugation was
performed at 4 °C to minimize enzyme denaturation and preserve the stability of sensitive

biomolecules.
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Supernatant
~ (liquid)

Pellet

Figure 28: Formation of pellet and supernatant following centrifugation of a biological sample.?

The overall operation of a centrifuge is illustrated in Figure 29, which shows how
molecules of different sizes separate along a density gradient. During high-speed rotation, larger
or denser molecules sediment faster, forming a pellet at the bottom, while smaller or less dense
molecules remain in suspension. By controlling rotational speed and time, specific fractions

(such as soluble protein) can be isolated with precision.
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How a Centrifuge Works

sucrose
“ solution Sample
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1 2 3
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Small-size Q
DNA molecules

5 4

Medium-size
DNA molecules

Large-size
DNA molecules

Figure 29: Principle of centrifugal separation based on particle size and density.?

Figure 30 highlights the major parts of a standard laboratory centrifuge, including the
rotor, chamber, and armored casing, which together maintain balance and ensure safe high-speed
operation. Tubes must always be balanced. Each tube has a counterweight of equal mass
positioned directly opposite in the rotor. This balance prevents mechanical stress and vibration

that could damage the instrument or distort the separation process.
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Major parts in a Centrifuge

Latch Lid Armoured casing

Chamber

Control V-

Supernatant

Sample

Figure 30: Major components of a benchtop laboratory centrifuge.?

In this research, microcentrifugation was used after bacterial growth and protein
expression to collect the cell pellet containing expressed TunG protein. Cells were centrifuged at
4 °C to prevent thermal denaturation, and the supernatant was discarded. The resulting pellet was
then resuspended in a lysis buffer for protein extraction. Later steps of centrifugation were also
used to clarify lysates before loading samples onto the nickel affinity column and again before
dialysis, ensuring only soluble, purified protein was used in subsequent procedures.

Following IPTG induction, E. coli cultures expressing TunG were harvested by
centrifugation at 8000 x g for 10 minutes, and the supernatant was carefully discarded. The
resulting cell pellet was resuspended in 2 mL of 50 mM MOPS lysis buffer, pH 7.0, to maintain
physiological stability during lysis. Mechanical disruption was performed by bead beating, in

which approximately 400 mg of 0.4 mm glass beads were added to the suspension and vortexed
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vigorously for 10 minutes to rupture the bacterial cell walls to release intracellular contents and
shear DNA. After lysis, the mixture was separated from the beads by pipetting the liquid fraction
into a new microcentrifuge tube, which was then centrifuged at 14,000 rpm for 2 minutes to
pellet insoluble debris. The supernatant (soluble protein fraction) was transferred to a fresh tube,
while the pellet (insoluble fraction) was resuspended in 50 mM MOPS, pH 7.0, buffer. Both
fractions were retained for analysis. These lysate samples were subsequently analyzed by
SDS-PAGE to assess TunG expression and solubility, allowing comparison of soluble versus

insoluble protein distribution across samples.
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Figure 31: Workflow for harvesting and lysing E. coli cells expressing the TunG protein by bead beating.
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SDS Protein Gel Electrophoresis

Gel electrophoresis is a laboratory technique used to separate molecules such as DNA,
RNA, or proteins based on their size and charge. The process involves placing samples into wells
within a gel matrix, typically agarose for nucleic acids or polyacrylamide for proteins, and
applying an electric current across the gel. Because molecules carry an electrical charge, they
migrate through the gel toward the electrode of opposite charge: negatively charged molecules
move toward the positive electrode, and vice versa. The gel acts as a molecular sieve, allowing
smaller molecules to travel more quickly and farther than larger ones. In protein electrophoresis,
sodium dodecyl sulfate (SDS) is often used to denature proteins and impart a uniform negative
charge, ensuring that separation occurs primarily by molecular weight rather than shape or
charge. After the run, the separated molecules are visualized using specific stains, such as
Coomassie Brilliant Blue for proteins or ethidium bromide for DNA, revealing distinct bands
that can be analyzed to determine purity, size, or expression level of the sample.

After induction and expression, E. coli cells were harvested by centrifugation and lysed
by bead beating in a lysis buffer consisting of 50 mM MOPS, pH 7.0. The soluble fraction was
collected after centrifugation at 8000 x g for 10 min and analyzed for the presence of the

recombinant TunG protein using sodium dodecyl sulfate—polyacrylamide gel electrophoresis

(SDS-PAGE).»
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Figure 32: Diagram of the SDS-PAGE apparatus used for protein separation by molecular weight.?*

Samples were mixed with 4X Laemmli sample buffer (Bio-Rad) containing
B-mercaptoethanol, heated at 95 °C for 5 minutes to denature proteins, and loaded onto a 12%
resolving gel with a 5% stacking gel. Electrophoresis was performed at a constant voltage of 100

V until the dye front reached the bottom of the gel (~2 hours).



Figure 33: Polyacrylamide gel electrophoresis setup and representative stained gel.?!

) =y 2

65



66

. -_
97,400 » . -
66,200 > 8 -
— —
=g=
45,000 » ¥ P4
>
-
R
g ¥
-
31,000 ' -
-
e o "‘ -
21,500> e

Figure 34: Example of inducible protein overexpression in E. coli BL21(DE3) using a T7 promoter

system.?

Figure 34 serves as a reference for evaluating the expression pattern observed in the
present study. Similar to the fir4" construct shown here, induction of the runG gene with IPTG
was expected to yield a distinct band at the predicted molecular weight for the TunG protein (23
kDa), demonstrating successful transcriptional activation by T7 RNA polymerase. The contrast
between uninduced and induced lanes underscores the effectiveness of the T7/pLysS system in

tightly regulating recombinant protein expression.
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Following electrophoresis, gels were stained with Coomassie Brilliant Blue G-250 and
destained with 40% methanol, 10% acetic acid 50% deionized water solution until protein bands
were clearly visible. The molecular weight of the expressed TunG protein was estimated by

comparison with a prestained protein ladder (Invitrogen by Thermo Fisher Scientific).
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Protein Purification and Dialysis

Nickel affinity chromatography is a selective purification technique used to isolate
recombinant proteins that contain a polyhistidine tag (His-tag). The His-tag, typically composed
of six consecutive histidine residues, has a strong affinity for divalent nickel ions (Ni*"), which
are immobilized on a solid support such as agarose beads.” This property allows the His-tagged
protein to bind specifically to the nickel resin, while untagged proteins and other cellular
components are washed away.

As illustrated in Figure 35, each agarose bead is functionalized with a chelating ligand,
such as nitrilotriacetic acid (NTA), which coordinates a central Ni** ion. The nickel ion forms
coordination bonds with the nitrogen atoms of the histidine imidazole side chains on the target
protein.”® When a cell lysate containing the recombinant protein is passed through the column,
the His-tagged TunG protein binds tightly to the nickel-charged matrix, whereas non-specific

proteins lacking histidine residues are washed away with buffer.?®

CO—___
n 1/”\/\
CH
60— ?/
o
.
H,0 05 agarose
- Hzﬂ' bead

Figure 35: Coordination of Ni*" ions in Ni-NTA agarose beads used for affinity purification of

His-tagged proteins.*!
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Figure 36: Molecular interaction between a His-tagged protein and Ni-NTA resin.**

After binding, the column is washed with a buffer containing a low concentration of
imidazole (typically 10-30 mM) to remove weakly bound contaminants. The target protein is
then eluted using a higher concentration of imidazole (200-300 mM), which competes with
histidine for nickel binding sites, releasing the purified His-tagged protein from the resin.?® All
steps are performed at 4 °C to maintain protein stability and prevent denaturation. The result is

then confirmed by using gel electrophoresis.

69
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Ni-NTA His-Tag Protein Purification
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Figure 37: Workflow of Ni-NTA affinity purification of His-tagged proteins.

In this research, nickel affinity spin columns were used to purify the recombinant TunG

enzyme expressed in E. coli.”®

The lysate containing soluble protein was applied to the Ni-NTA

column, followed by washing and elution according to manufacturer guidelines. The resulting

eluate contained purified TunG protein, which was subsequently dialyzed to remove imidazole

and equilibrate the protein in a storage buffer for downstream enzymatic analysis.

Following cell lysis and centrifugation, the soluble protein fraction containing

recombinant TunG protein was purified using a nickel-affinity spin column (Figure 38). The

column contained a Ni-NTA agarose resin designed to selectively bind histidine-tagged proteins
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under native conditions. Prior to loading the lysate, the resin was equilibrated with Equilibration
Buffer (pH 7.4) consisting of 300 mM NaCl, 10 mM imidazole, and 50 mM MOPS. The clarified

lysate was then carefully applied to the column and allowed to bind under gravity flow.

Figure 38: Nickel affinity spin column used for purification of the TunG protein.

Unbound proteins and cellular debris were removed with Wash Buffer (50 mM MOPS,
300 mM NacCl, 30 mM imidazole). Elution was achieved by adding Elution Buffer (50 mM
MOPS, 300 mM NaCl, 250 mM imidazole) in 2 mL fractions, which selectively displaced the
His-tagged TunG protein from the nickel resin. Eluates were collected into microcentrifuge tubes
and kept on ice. Eluate fractions were subsequently pooled for dialysis.

Dialysis is a purification technique used to separate small molecules (such as salts,

imidazole, and buffer components) from larger macromolecules like proteins. The process relies
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on a semipermeable membrane, typically made of cellulose or regenerated cellulose, that allows
small solutes and solvents to diffuse freely while retaining larger biomolecules based on their
molecular weight.

When a protein solution is placed inside dialysis tubing and submerged in a large volume
of buffer, a concentration gradient forms between the inside and outside of the tubing. Small
molecules such as salts, urea, or imidazole diffuse out through the membrane pores into the
surrounding buffer, while proteins remain trapped inside due to their larger size. Over time, and
especially with multiple buffer changes, this diffusion process effectively exchanges the solution
inside the tubing with the desired buffer, removing impurities and equilibrating the protein
sample.

In this research, dialysis was performed following nickel affinity chromatography to
remove imidazole and exchange the TunG protein into a storage buffer. Samples were kept on ice
and centrifuged at 4 °C before dialysis to remove insoluble particles and maintain protein
stability. Performing dialysis at low temperature prevents denaturation and aggregation of the
purified enzyme, ensuring the TunG protein remains active and properly folded for subsequent

analyses.



Figure 39: i i ialysi i
g Preparation of microdialysis tubing using a perforated microcentrifuge tube cap.*
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Figure 40: Microdialysis setup for buffer exchange and removal of small molecules from protein

samples.”’

Dialysis was performed to remove excess imidazole and exchange the protein into a
physiologically compatible buffer. The purified eluate was dialyzed overnight at 4 °C using
Spectra/Por molecular porous membrane tubing (MWCO 12-14 kDa; 10 mm flat width, 6.4 mm
diameter). This molecular weight cutoff was selected to retain the TunG protein (22.7 kDa) while
allowing efficient diffusion of smaller molecules such as imidazole, salts, and buffer
components. Approximately 3 mL of eluate was sealed within the tubing and submerged in a 10

mM MOPS, pH 7.4 dialysis buffer. Dialysis was carried out for 16—18 hours with one buffer
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change to ensure complete removal of small molecules and imidazole. The dialyzed protein was

then recovered and stored on ice for subsequent SDS—PAGE analysis to verify purity.

Figure 41: Centrifugation of protein samples at low temperature prior to dialysis.*’
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High Performance Liquid Chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC) is an analytical technique used to
separate, identify, and quantify the components of a chemical mixture. The method relies on the
differential interaction of compounds between two phases: a mobile phase, which is a liquid
solvent that carries the sample through the system, and a stationary phase, which is a solid
material packed inside the column. Molecules within the sample interact with these two phases
to varying degrees, resulting in different retention times as they pass through the column.

As shown in Figure 42, the process begins when a liquid sample is injected into the
system and carried by the mobile phase via a solvent delivery pump. The sample mixture enters
the column, where its components interact with the stationary phase. Compounds that have
stronger interactions with the stationary phase move more slowly, while those that interact
weakly elute faster. A detector positioned at the end of the column measures the concentration of
each compound as it exits, converting the signal into an electrical output that forms a

chromatogram: a graph of signal intensity versus retention time.
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Figure 42: Schematic of a high-performance liquid chromatography (HPLC) system.*

Figure 43 illustrates how each compound in a mixture separates based on its unique rate

of movement through the column. As each compound elutes, the detector records a distinct peak,

with the area under each peak corresponding to the relative quantity of that compound. By

comparing retention times and peak areas with known standards, HPLC provides both qualitative

(identity) and quantitative (concentration) information about the sample.
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Figure 43: Principle of chromatographic separation and detection in HPLC.*

In this research, SDS-PAGE was used to assess the purity and concentration of the TunG

protein following nickel affinity purification and dialysis. HPLC, by contrast, was applied to

analyze the enzymatic activity of the TunG protein on its imputed substrate, uridine

monophosphate (UMP) and other nucleotide monophosphate compounds. The technique allowed

separation and identification of nucleotide species produced by the reaction, enabling detection

of substrate utilization and potential product formation. By comparing chromatographic profiles

of control reactions (without enzyme) to those containing purified TunG protein, HPLC provided

evidence of biochemical activity and insight into the enzyme’s possible catalytic role in the

tunicamycin biosynthetic pathway.
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The HPLC system was equipped with a reverse-phase analytical column and a diode
array detector (DAD) that measured absorbance across the 200-800 nm wavelength range. This
setup enabled the inspection of each eluting peak’s absorbance spectrum, allowing for accurate
confirmation of compound identity and verification of peak assignments corresponding to
uridine-based nucleotides.

Two mobile phases were used throughout the experiment. Buffer A consisted of 20 mM
triethylammonium acetate (TEAA) adjusted to pH 6.0, while Buffer B was composed of 0.1%
formic acid in acetonitrile (CHsCN). The HPLC was run at a constant flow rate of 1.0 mL per
minute. The gradient began with 100% Buffer A until 10 minutes into the run, at which point it
was gradually adjusted to 92% A and 8% B at 18 minutes, before returning to 100% Buffer A at
20 minutes. Between runs, the system was equilibrated with 100% Buffer A to ensure consistent
separation and retention times.

To establish baseline retention times and facilitate compound identification, standard
solutions of UMP, UDP, and UTP were prepared and analyzed under identical chromatographic
conditions. These retention times provided the basis for identifying peaks corresponding to
nucleotide species in subsequent experimental samples.

For reaction samples, to ensure what compound the peaks corresponded to, spike tests
were performed, in which a sample was run multiple times without any substance added and with
other substances “spiked” in to observe which peak increases in size. The peak that increases in
size corresponds to the retention time of the substance that was spiked into the sample.

Two primary reaction mixtures were prepared for HPLC analysis: a control reaction and a

complete reaction containing the purified TunG enzyme. The control reaction consisted of 780
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pL of deionized water, 1000 uL of 50 mM MOPS buffer (pH 7.4), 200 pL of 10 mM MgCl., and
20 uL of 50 mM substrate solution, with no enzyme added. The complete reaction contained 580
uL of deionized water, 1000 uL of 50 mM MOPS buffer (pH 7.4), 200 uL of 10 mM MgCl., 20
uL of 50 mM of substrate, and 200 puL of the TunG enzyme solution. Both reactions were
incubated under identical conditions. Samples were taken at regular intervals before being
centrifuged briefly to remove any insoluble material. The clarified supernatants were then
injected into the HPLC system for analysis, allowing for the separation and detection of
nucleotide species to determine substrate utilization and product formation in subsequent
analyses.

To assess enzyme stability over time, additional reactions were prepared in which all
components except the nucleotide substrate were combined and incubated at room temperature
for 20-40 hours prior to substrate addition. After this pre-incubation period, the substrate UMP
was added to initiate the reaction. These samples were processed in parallel with standard
reactions to evaluate whether prolonged incubation affected the catalytic activity of the TunG

protein.
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VI. Results
Expression and purification of the TunG protein

SDS-PAGE was used to evaluate expression, solubility, and purification of the TunG
protein across multiple experimental runs. Protein samples from Run F (pET+) and Run H under
both pET— and pET+ conditions were analyzed following induction, cell lysis, nickel affinity
purification, and elution.

In Run F (pET+), a distinct protein band was observed at approximately 22.7 kDa,
corresponding to the expected molecular weight of the TunG protein (Figure 44). This band was
visible in post-induction and soluble (supernatant) fractions and was retained through nickel
affinity purification, appearing prominently in early elution fractions. Additional protein bands at

other molecular weights were also observed in the elution fractions.
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Figure 44: SDS—PAGE analysis of recombinant TunG protein expression and purification from E. coli
BL21(DE3) pET+ cells (Run F+). Lanes include molecular weight marker (M), post-induction lysate,
soluble supernatant, insoluble pellet, spent load, wash fractions (W, and W,), elution fractions (E,, E,, and
ER), and remaining elution volume (ER). A band at approximately 23 kDa is observed in post-induction,

supernatant, pellet, and elution fractions.
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For Run H, SDS-PAGE gels were analyzed for both cells lacking the pET expression
plasmid (H—) and cells containing the pET-tunG-6xHis plasmid (H+; Figure 45). In both
conditions, a protein band was observed near 22.7 kDa. However, the band corresponding to this
molecular weight appeared more intense in the pET+ condition relative to the pET— condition
across comparable fractions. Both H— and H+ gels showed multiple additional protein bands

across a range of molecular weights, including within elution fractions.
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Figure 45: SDS-PAGE analysis of Run H comparing pET— and pET+ conditions.
Coomassie-stained SDS—PAGE gels showing fractions collected during Run H for cells lacking the
pET-TunG plasmid (H—, top) and cells containing the pET-funG-6xHis plasmid (H+, bottom). Lanes

include molecular weight marker (M), post-induction lysate, supernatant, pellet, column flow-through

85
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(spent), wash fractions (W), and elution fractions (E). The expected molecular weight of the TunG protein

(22.7 kDa) is indicated.



Chromatographic Identification of Nucleotide Standards

To establish reference retention times for nucleotide, nucleoside, and free base species
analyzed in this study, individual standards were examined by HPLC under identical
chromatographic conditions. Uracil-based compounds (uridine monophosphate, uridine, and
uracil) produced distinct and reproducible peaks with unique retention times (Figure 46).
Adenine-based compounds (adenosine monophosphate, adenosine, and adenine) likewise
resolved into discrete peaks that were readily distinguishable from one another (Figure 47).
Thymine-based compounds (thymidine monophosphate, thymidine, and thymine) exhibited
similarly distinct retention profiles (Figure 48). Collectively, these standards established a
reference set of retention times for phosphorylated nucleotides, nucleosides, and free bases

across all three nucleobase families examined.
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Figure 46: HPLC chromatograms of uracil-based nucleotide and nucleoside standards. Representative
chromatograms show from top to bottom uridine monophosphate (UMP), uridine, and uracil analyzed

under identical chromatographic conditions.
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Figure 47: HPLC chromatograms of adenine-based nucleotide and nucleoside standards. Representative

chromatograms show from top to bottom adenosine monophosphate (AMP), adenosine, and adenine

analyzed under identical chromatographic conditions.
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Figure 48: HPLC chromatograms of thymine-based nucleotide and nucleoside standards. Representative
chromatograms show from top to bottom thymidine monophosphate (TMP), thymidine, and thymine

analyzed under identical chromatographic conditions.

Spike tests were then performed using reaction samples to confirm compound identities
within experimental chromatograms. A representative reaction time-point sample was analyzed
without addition of standards (“Normal”) and then reanalyzed following spiking with individual

reference compounds (Figure 48). Upon addition of uracil, uridine, or uridine monophosphate, a
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selective increase in peak area was observed at the corresponding retention time relative to the
untreated sample. No new peaks were introduced outside the expected retention windows for the
added standards. This approach confirmed the assignment of uracil-based species present within

reaction mixtures and validated the retention time mapping established using purified standards.
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Figure 49: HPLC spike tests used to assign nucleotide identities within a reaction time-point sample.

Together, the standard chromatograms and spike tests provided a consistent framework
for identifying nucleotide species in subsequent reaction analyses. These assignments were used
throughout the remainder of the study to compare control and enzyme-containing reactions and

to track changes in substrate and product profiles over time.
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Comparison of Control and TunG-Containing Reaction Profiles

Time-course HPLC analysis was used to compare nucleotide profiles between control
reactions and reactions containing the TunG protein. For all chromatograms, peak areas were
calculated automatically by the HPLC software using integrated absorbance signals, reported as
milli-absorbance units multiplied by time (mAU-s). Peak areas corresponding to uridine
monophosphate (UMP), uridine, and uracil were extracted at each time point and plotted as a
function of incubation time.

For Run F+, comparison of the control reaction and the complete reaction containing
purified TunG protein revealed time-dependent changes in peak areas (Figure 50). In the control
reaction, the UMP peak area decreased gradually over the course of the experiment, while the
uridine peak area increased over time. The uracil peak remained low throughout the incubation
period. In the TunG-containing reaction, UMP peak area also decreased with time, accompanied
by the appearance and subsequent increase of uridine and uracil peak areas. These trends were

observed consistently across all sampled time points.

UMP Control Normal

== UMP Conc. == Uridine Conc Uracil == UMP Conc. == Uridine Conc Uracil
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Figure 50: Time-course HPLC comparison of a UMP control reaction and a TunG-containing reaction

(Run F+). Peak areas for UMP, uridine, and uracil are shown as a function of incubation time.
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To further compare reactions derived from different expression conditions, HPLC profiles
were analyzed for control, H—, and H+ samples from Run H (Figure 51). In the control reaction,
the UMP peak area remained relatively stable over time, with smaller changes observed for
uridine and uracil. In the H— reaction, UMP peak area decreased over time, while uridine and
uracil peak areas increased, reaching maxima at intermediate time points before declining. In the
H+ reaction, similar time-dependent changes were observed, with decreasing UMP peak area and

increasing uridine and uracil peak areas across the incubation period.
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Figure 51: Time-course HPLC comparison of UMP reactions under control, H—, and H+ conditions. Peak

areas for UMP, uridine, and uracil are plotted over time for each condition.

Across all conditions shown in Figures 50 and 51, peak areas were determined using
identical integration parameters and chromatographic methods, enabling direct comparison of
time-course profiles between control, H—, and H+ reactions. These data establish the temporal
behavior of nucleotide species under the tested reaction conditions and provide a basis for

subsequent comparison of reaction outcomes under varying experimental parameters.
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Effect of Reaction Conditions on Chromatographic Profiles

The effect of reaction conditions on nucleotide conversion was evaluated using

time-course HPLC analysis under varying enzyme, temperature, pH, and metal cofactor

conditions.

Variation in enzyme concentration affected the magnitude of chromatographic changes

observed over time. Reactions containing lower amounts of enzyme (1/2 and 1/4 enzyme

conditions) displayed slower changes in UMP, uridine, and uracil peak areas compared to

reactions containing the full enzyme concentration (Figure 52).
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Figure 52: Effect of enzyme concentration on UMP reaction time courses (full enzyme, 1/2 enzyme, and

1/4 enzyme).

Incubation temperature also influenced chromatographic profiles. Reactions performed at

28 °C, 34 °C, and 37 °C showed distinct time-dependent changes in nucleotide peak areas, with



higher temperatures generally associated with more rapid changes in UMP and product peak

areas (Figure 53).
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Figure 53: Effect of incubation temperature on UMP reaction time courses (28 °C, 34 °C, and 37

°C).

The effect of pH on reaction profiles was assessed by comparing reactions conducted at

pH 6.0, pH 7.0, and pH 8.0. Across these conditions, UMP, uridine, and uracil peak areas

changed over time, with differences observed in the relative rates and extents of these changes

(Figure 54).
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Figure 54: Effect of pH on UMP reaction time courses (pH 6.0, 7.0, and 8.0).

Metal cofactors also influenced chromatographic outcomes. Reactions conducted in the

presence of Mg?', Mn?', or Co?" displayed distinct time-course profiles for UMP, uridine, and

uracil peak areas (Figure 55). Comparison of reactions performed with MgCl. versus MgSO. as

the magnesium source showed similar chromatographic trends over time, indicating comparable

reaction profiles between the two magnesium salts (Figure 56).
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Figure 55: Effect of divalent metal cofactors (Mn?" and Co?") on UMP reaction time courses.
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Additional reactions using alternative nucleotide substrates further demonstrated
condition-dependent chromatographic changes. AMP reactions showed time-dependent
decreases in AMP peak area with corresponding changes in adenosine and adenine peak areas
relative to controls (Figure 57). Similarly, TMP reactions displayed changes in TMP and

thymidine peak areas over time when enzyme was present compared to control reactions (Figure
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Figure 57: Time-course HPLC analysis of AMP control and AMP reaction samples.
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Figure 58: Time-course HPLC analysis of TMP control and TMP reaction samples.
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Stability of the TunG Protein

Protein stability was assessed by incubating TunG in reaction buffer without substrate
prior to initiating the reaction by substrate spiking. In the first experiment, UMP was added after
46.5 hours of protein incubation at room temperature, resulting in rapid UMP depletion and
normal accumulation of uridine and uracil (Figure 59). A second experiment using a shorter

pre-incubation period of 22.4 hours produced a comparable reaction profile (Figure 60).
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Figure 59: TunG stability assay following substrate spiking after 46.5 hours of protein incubation without

substrate.
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Figure 60: TunG stability assay following substrate spiking after 22.4 hours of protein incubation without

substrate.

In both cases, there was an immediate onset of substrate turnover following spiking.
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Reaction Profiles for Diphosphate and Triphosphate Uridine Substrates

To evaluate TunG activity toward higher-order uridine nucleotides, time-course reactions

were performed using uridine diphosphate (UDP), uridine triphosphate (UTP), and uridine

5'-diphospho-N-acetylglucosamine (UDP-GIcNAc) as substrates.

Across all three substrates, substantial amounts of starting material remained detectable

even after extended incubation periods of up to 600 hours. In UDP reactions, the parent

nucleotide persisted throughout the time course, with only limited accumulation of downstream

uridine or uracil products (Figure 61). Similarly, UTP reactions showed minimal depletion of the

triphosphate substrate and little to no showcase of efficient conversion to lower-phosphate or

nucleoside species (Figure 62).
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Figure 61: This figure shows the UDP reaction time course. HPLC time-course analysis of UDP

incubated with TunG shows persistence of UDP signal with minimal formation of downstream uridine or

uracil products over extended incubation.
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Figure 62: This figure shows the UTP reaction time course. Chromatographic profiles of UTP reactions
demonstrate sustained UTP signal with little depletion or conversion to lower-phosphate or nucleoside

species during long-term incubation with TunG.

Reactions containing UDP-GlcNAc also retained significant levels of intact substrate
after 600 hours at room temperature (Figure 63). Only minor changes in chromatographic

profiles were observed over time.

UDPG Control UDPG Reaction
== UMP Conc. == Uridine Conc. Uracil == UDPG Conc. == UMP Conc. == Uridine Conc. Uracil UDPG Conc.
4000.0 4000.0
3000.0 3000.0
e 2
2 2
E 2000.0 E 2000.0
«© @
<3 2
< <
1000.0 1000.0
0.0 0.0
00 100.0 200.0 300.0 400.0 500.0 00 100.0 200.0 300.0 400.0 500.0
Time (Hours) Time (Hours)

Figure 63: This figure shows the UDP-GIcNAc reaction time course. HPLC analysis of UDP-GIcNAc
reactions reveals substantial retention of intact substrate after prolonged incubation at room temperature,

with minimal product accumulation.
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VII. Discussion
Summary of Key Findings

The goal of this study was to characterize the biochemical function of the TunG protein, a
putative enzyme in the tunicamycin biosynthetic pathway. Recombinant expression and
purification of the TunG protein were achieved using a T7-based expression system, and
enzymatic activity was evaluated through time-course HPLC analysis of nucleotide substrates
under a range of reaction conditions.

Although consistent nucleotide turnover was observed in multiple assays, several lines of
evidence suggest that the catalytic activity detected in these experiments does not originate
primarily from the TunG protein itself. Instead, the results are most consistent with activity from
endogenous E. coli nucleotidases that co-purified with the TunG protein during nickel affinity
chromatography. Likely candidates include YfbR (~22 kDa), SurE (~26 kDa), and YjjG (~29
kDa), all of which are known nucleotide-processing enzymes present in E. coli."!

SDS-PAGE analysis of purified samples revealed multiple protein bands in addition to
the expected TunG band (~22-23 kDa), including bands corresponding to molecular weight
ranges consistent with these endogenous nucleotidases. In particular, the overlap in molecular
weight between TunG and Y{bR complicates their separation, while additional bands at higher
molecular weights are consistent with the presence of SurE and Yj;jG. Together, these
observations support the conclusion that the enzymatic activity detected in this study arises from

co-purified host enzymes rather than intrinsic catalytic activity of the TunG protein.
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Evidence for Co-Purification of Endogenous E. coli Nucleotidases

SDS-PAGE analysis of purified protein fractions revealed that the TunG protein was not
isolated to homogeneity. In addition to a band corresponding to the expected molecular weight of
TunG (~22.7 kDa), multiple additional protein bands were consistently present in the elution
fractions (Figure 44). These bands persisted despite dialysis and indicate that endogenous E. coli
proteins co-purified with TunG.

This observation is significant because E. coli is known to encode several cytosolic
nucleotidases capable of dephosphorylating nucleotide substrates. Proudfoot et al. systematically
characterized three such enzymes, SurE, Y{bR, and YjjG, and demonstrated that they exhibit
overlapping yet distinct substrate specificities and metal cofactor preferences.*' Any of these

enzymes could plausibly account for the nucleotide transformations observed in this study.
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Influence of Reaction Conditions on Observed Activity

Systematic variation of reaction conditions provided additional insight into the nature of
the observed enzymatic activity. Reactions performed at 28 °C consistently exhibited faster
conversion of UMP to downstream products than those conducted at 37 °C, where uridine never
surpassed UMP in concentration (Figure 53). Similarly, reactions at pH 7.0 showed substantially
greater turnover than those conducted at pH 6.0 or pH 8.0, conditions under which UMP
remained the dominant species throughout the time course (Figure 54).

These trends are consistent with the behavior of native E. coli metabolic enzymes, which
typically exhibit maximal activity near physiological temperature and neutral pH. In contrast,
enzymes involved in specialized secondary metabolism, such as antibiotic biosynthesis, often
display narrower or shifted optima. The strong dependence on near-physiological conditions
therefore further supports the conclusion that the dominant activity observed in these assays
reflects endogenous E. coli enzymes rather than the TunG protein.

Changes in enzyme concentration also produced effects that were inconsistent with
simple single-enzyme kinetics. While reducing the volume of enzyme aliquot slowed reactions
overall, the magnitude of the change was smaller than expected if the TunG protein were the sole
catalytic species (Figure 52). This behavior again suggests that activity may be limited by the
abundance or stability of a contaminating enzyme rather than by the concentration of the TunG

protein itself.
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Comparison of Observed Activity with Known E. coli Nucleotidases

The activity observed in this study shows strong preference for ribonucleoside
monophosphates (UMP and AMP), slower turnover of TMP, and minimal activity toward
diphosphate and triphosphate substrates (Figures 50, 57, and 58). This pattern is inconsistent
with YtbR, which is strictly specific for deoxyribonucleoside 5’-monophosphates and therefore
would not be expected to efficiently process UMP or AMP."!

Y]jG, by contrast, exhibits narrow specificity for 5'-UMP, 5'-dUMP, and 5’-dTMP, and
does not act on AMP.*' Because AMP reacted at a rate comparable to UMP in these experiments,
Y]jG alone cannot explain the observed activity.

SurE displays broad phosphatase activity and can dephosphorylate a wide range of ribo-
and deoxyribonucleoside monophosphates, with highest affinity for 3'-AMP.*' The comparable
rates observed for UMP and AMP in this study are most consistent with SurE-like behavior,
although the exact specificity does not match perfectly.

Taken together, the substrate profile suggests that the observed activity likely reflects a

mixture of endogenous nucleotidases, rather than a single enzyme species.
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Metal Cofactor Preferences
Metal ion dependence provides additional evidence supporting contamination by E. coli

nucleotidases. Proudfoot et al. reported the following cofactor preferences:*!

SurE: Mn?" > Co?" > Ni*' > Mg*'

YfbR: Co*' > Mn?*' > Cu*

YjiG: Mg® > Mn*" > Co*'

In the H-aliquots analyzed in this study, cobalt supported the fastest reaction rates,
manganese was intermediate, and magnesium was consistently the slowest (Figures 51 and 55).
This pattern closely resembles the cofactor preference of Y{bR, with possible contribution from
SurE, and is inconsistent with YjjG, which prefers magnesium.

This metal ion dependence strongly supports the conclusion that the observed activity

originates primarily from endogenous E. coli nucleotidases rather than from the TunG protein.
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Uridine to Uracil Conversion and Possible Contributing Enzymes

In several reaction conditions, accumulation of uracil was observed following the
appearance of uridine, indicating that at least one enzymatic activity capable of cleaving the
ribose-uracil glycosidic bond was present in the reaction mixtures. The TunG protein is not
predicted, based on sequence analysis or pathway context, to catalyze nucleoside hydrolysis.
Instead, this observation suggests secondary processing by endogenous E. coli enzymes that
co-purified with the recombinant protein.

Multiple E. coli enzymes have been reported to catalyze reactions involving nucleotides
or nucleosides that could plausibly account for this behavior. UshA is a periplasmic
5'-nucleotidase with additional nucleosidase activity and has been shown to convert nucleotides
to nucleosides and free bases under certain conditions*2. NagD is a cytosolic haloacid
dehalogenase-like phosphatase with broad substrate scope, including ribonucleotides**. More
recently, UmpH has been characterized as a regulated ribonucleotide monophosphatase involved
in uridine metabolism**. Additionally, the class B acid phosphatase AphA has been shown to act
on a variety of phosphate-containing substrates, including nucleotide derivatives*>*'.

The appearance of uracil in these reactions is therefore most consistent with a multi-step
process driven by contaminating E. coli enzymes rather than direct activity of the TunG protein.
This interpretation aligns with the SDS-PAGE results showing the presence of multiple

co-purifying proteins and underscores the difficulty of assigning catalytic function in partially

purified systems.
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Implications for the Identity of the Active Enzyme(s)

Comparison of substrate specificity and metal cofactor preference provides further
evidence that the observed activity is unlikely to originate from the TunG protein. Among the
three characterized E. coli nucleotidases described by Proudfoot et al., SurE, Y{bR, and Yj;G
exhibit distinct biochemical profiles.*! The rapid turnover of ribonucleotides relative to
deoxyribonucleotides, combined with comparable reaction rates for UMP and AMP, rules out
Y]jG, which does not act on AMP, and YfbR, which is specific for deoxyribonucleotides.

Metal dependence provides additional resolution. The strongest activity observed in the H
aliquots occurred in the presence of cobalt, followed by manganese, with magnesium supporting
the slowest reactions. This trend closely matches the reported metal preference of YfbR and
partially overlaps with that of SurE, while being inconsistent with YjjG, which prefers
magnesium.‘! Taken together, the data suggest that the observed activity likely reflects a mixture
of endogenous nucleotidases, with enzymes resembling YfbR and SurE contributing most

strongly under the tested conditions.
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Implications for the Function of the TunG Protein

Although the results do not support a role for the TunG protein as a simple nucleotide
monophosphatase under the conditions tested, this negative result is itself informative.
Bioinformatic analyses and pathway reconstructions place the TunG protein early in the
tunicamycin biosynthetic pathway, where it is unlikely to function as a general metabolic
enzyme. Instead, TunG may act on a specialized substrate or generate a transient intermediate
that is not stable in isolation.

It is possible that the His tag on the protein is in some way inhibiting its activity to
dephosphorylate UMP. This process is highly variable and not every protein can handle having a
His tag on it, and the TunG protein may have its active site inhibited by the presence of the His
tag due to slight alterations in its conformation.

Another possibility is that the TunG protein produces a high-energy or short-lived
species, such as a cyclic nucleotide, that is normally transferred directly to a downstream enzyme
in vivo. In the absence of this partner protein, the intermediate may rapidly decompose or revert
to starting material, leaving no detectable signature in HPLC-based assays. This type of substrate
channeling is well documented in complex biosynthetic pathways and would be consistent with
the inability to observe TunG-specific products in vitro.

An alternative explanation is that UMP and related nucleotides are not the true substrates
of the TunG protein. If the TunG protein instead acts on a modified nucleotide, sugar-phosphate
intermediate, or activated precursor unique to tunicamycin biosynthesis, then assays using

common cellular nucleotides would be unlikely to reveal its activity.
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VIII. Future Directions and Experimental Improvements

Future work should focus on improving both the biochemical purity of the TunG protein
and the relevance of the substrates tested. Additional expression trials using prolonged
low-temperature induction (for example, several days at 15 °C) followed by multiple freezing
and thawing procedures may improve protein folding and reduce aggregation. Refinement of the
lysis procedure, such as combining controlled lysozyme treatment with gentler mechanical
disruption, could reduce the release of endogenous nucleotidases while preserving TunG protein
solubility.

Incorporation of a protease-cleavable His-tag would allow removal of the affinity tag
following purification, addressing the possibility that the tag interferes with TunG protein
activity or substrate binding. Tandem purification strategies or negative selection against known
E. coli nucleotidases could further improve sample purity.

Finally, expanded substrate screening informed by pathway logic, combined with more
sensitive detection methods such as mass spectrometry or rapid-quench experiments, may be
required to detect unstable or low-abundance intermediates. Co-expression or in vitro
reconstitution of the TunG protein with downstream pathway enzymes represents an especially

promising avenue for uncovering its true biochemical role.
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IX. Conclusion

By narrowing the range of plausible biochemical functions for the TunG protein, this
study provides meaningful experimental evidence that refines current models of the tunicamycin
biosynthetic pathway. The results presented here strongly support the conclusion that the
observed nucleotide turnover arises from co-purified endogenous E. coli nucleotidases rather
than intrinsic TunG activity, indicating that the TunG protein does not function as a general
nucleotide monophosphatase under the conditions tested.

Importantly, the limitations of this study, particularly the persistence of co-purifying
enzymes, do not diminish its significance but instead contribute to the identification of TunG’s
role through a process of elimination. Even in the absence of definitive catalytic activity, the
combined analysis of substrate specificity, metal ion dependence, and reaction conditions
constrains the functional possibilities for TunG and provides a clearer framework for future
investigation.

These findings highlight the critical importance of improved purification strategies and
more controlled experimental systems for accurately characterizing pathway-specific enzymes.
By refining our understanding of TunG and its place within tunicamycin biosynthesis, this work
contributes to broader efforts aimed at engineering tunicamycin-derived compounds with
reduced toxicity and enhanced antibacterial efficacy. Such advances are particularly important in
the context of the global antimicrobial resistance crisis, where the development of novel or
optimized antibiotic scaffolds remains an urgent priority.

Antimicrobial resistance continues to erode the effectiveness of existing antibiotics,

underscoring the urgent need to understand and exploit alternative biosynthetic pathways for



114

drug development. Tunicamycin and its modified analogs represent a promising class of
antibiotics whose clinical potential depends on a detailed understanding of their biosynthesis.
This study sought to experimentally characterize the function of the TunG protein, a poorly
understood enzyme proposed to act early in the tunicamycin biosynthetic pathway.

Recombinant expression and purification of the TunG protein in E. coli successfully
produced soluble protein, as confirmed by SDS-PAGE analysis. However, these analyses also
revealed the presence of co-purifying E. coli proteins, indicating that the resulting samples were
not enzymatically pure. This lack of purity is particularly challenging because many endogenous
E. coli proteins, especially nucleotidases, share similar molecular weights and binding properties,
allowing them to co-elute with His-tagged TunG protein during nickel affinity purification. As a
result, any observed enzymatic activity cannot be definitively attributed to the TunG protein
itself, making it difficult to distinguish true TunG protein function from background activity of
contaminating proteins. Achieving higher levels of protein purity is therefore essential for
accurately determining the biochemical function of TunG, as it would allow enzymatic activity
to be definitively attributed to the protein of interest rather than to co-purifying endogenous
enzymes. Improvements in cell lysis methods, such as the use of a French press, and the
implementation of more stringent purification strategies will be critical for isolating functionally
pure TunG protein.

Subsequent HPLC-based activity assays showed nucleotide turnover across multiple
substrates and reaction conditions, but comparable activity was observed in both pET" and pET"

samples. Together with the observed metal ion preferences, substrate specificities, and



115

temperature and pH dependencies, these results strongly suggest that the detected activity
originated from endogenous E. coli nucleotidases rather than from the TunG protein itself.

Comparison of the experimental data with known biochemical profiles of E. coli
nucleotidases supports this conclusion. The observed activity patterns are inconsistent with YjjG,
partially consistent with the SurE protein, and most closely aligned with YfbR-like behavior,
particularly with respect to cobalt dependence and ribonucleotide turnover. Additionally, the
formation of uracil from uridine is best explained by secondary processing from native cellular
enzymes rather than direct TunG catalysis. As such, this work provides compelling evidence that
the TunG protein does not function as a general nucleotide monophosphatase under the
conditions tested.

Importantly, the absence of a clear TunG-specific activity does not negate its proposed
role in tunicamycin biosynthesis. Instead, the results support alternative models in which the
TunG protein acts on a specialized or unstable substrate, generates a transient intermediate that
requires immediate downstream processing, or functions only within a multi-enzyme complex.
These possibilities are consistent with the behavior of enzymes in complex secondary metabolic
pathways and highlight the limitations of studying such proteins in isolation.

Future work should focus on achieving higher levels of protein purity, exploring
alternative expression systems, and reconstituting the biosynthetic pathway in more native or
controlled environments to definitively resolve the TunG protein’s function. In particular,
implementing alternative affinity purification strategies in which TunG is expressed as a fusion
protein with a glutathione-binding tag and purified using glutathione-based affinity

chromatography may help reduce co-purification of endogenous proteins and improve isolation
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of functionally active TunG protein. More broadly, continued investment in antibiotic research
and increased awareness of the clinical and economic consequences of antimicrobial resistance
will be essential for driving innovation at both the scientific and policy levels.

Overall, this work refines the functional landscape of the tunicamycin biosynthetic
pathway by experimentally excluding several plausible but incorrect models for TunG activity. It
establishes a framework for future studies aimed at improving protein purity, identifying
biologically relevant substrates, and reconstituting pathway-specific enzyme interactions. By
narrowing the range of possible biochemical roles for the TunG protein, this study contributes
meaningful experimental insight toward the long-term goal of engineering novel
tunicamycin-derived antibiotics capable of addressing the growing threat of antimicrobial

resistance.
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