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Abstract:

Many human pharmaceuticals are derived from natural products and their semi-
synthetic analogs. The ribosomally synthesized and post-translationally modified peptides,
known as Lanthipeptides, are a structurally diverse class of natural products with potent
antimicrobial activities. One of the most extensively studied lanthipeptides is Nisin, produced
by the Gram-positive bacterium Lactococcus lactis that have attracted considerable interest as
an alternative or adjunct to existing antibiotics. Like all lanthipeptides, Nisin possesses
thioether linkages that are critical for its biological activity. These thioether linkages are formed
in a multistep enzymatic pathway involving dehydration of serine/threonine residues in
precursor peptide (NisA), followed by intramolecular addition of cysteine thiols onto the
nascent dehydration sites to form (methyl)lanthionine macrocycles. The dehydration and
cyclization reactions are governed by the enzymes NisB and NisC, respectively. The NisT
ATP-binding cassette (ABC) transporter is then required for the secretion of modified NisA
across the bacterial membrane, which is then proteolyzed by NisP to yield mature Nisin. The
ABC transporter NisT plays an important role in the biosynthesis of Nisin. NisT is unique since
it is specific to the transport of the NisA precursor peptide and is not found in other organisms.
This export mechanism is important for the activity of lanthipeptides as an antimicrobial agent,
where it exerts its effect on neighboring bacteria. Therefore, a detailed understanding of the
substrate recognition and translocation mechanism of the ABC transporter NisT, would be
beneficial for engineering and synthetic biology applications. Additionally, understanding how
NisT recognizes and transports its substrate, the modified NisA precursor peptide, could be
used in the development of biosensors or biosynthetic pathways for the production of other

analogous or modified natural products.



Here, we have shown the extensive optimization of NisT purification by screening a
wide range of detergents. Following our successful NisT purification, we analyzed and
confirmed its ATPase activity in the absence of its substrate (NisA). We also visualized purified
NisT by negative staining using Transmission electron microscopy (TEM) and discussed our
efforts toward determining the high-resolution structure determination of NisT using cryo-
electron microscopy (cryo-EM). Lastly, we present results from the initial experimental setup
of Hydrogen—Deuterium Exchange Mass Spectrometry (HDX-MS), which could help us

understand the conformational dynamics of NisT.



Résumé:

De nombreux produits pharmaceutiques humains sont dérivés de produits naturels et de
leurs analogues semi-synthétiques. Les peptides synthétisés par le ribosome et modifiés apres
la traduction, connus sous le nom de Lanthipeptides, constituent une classe structurellement
diversifi¢e de produits naturels dotés de puissantes activités antimicrobiennes. L'un des
lanthipeptides les plus étudiés est la nisine, produite par la bactérie Gram-positive Lactococcus
lactis qui a suscit¢ un intérét considérable en tant qu'alternative ou complément aux
antibiotiques existants. Comme tous les lanthipeptides, la nisine posséde des liaisons thioéther
essentielles a son activité biologique. Ces liaisons thioéther sont formées dans une voie
enzymatique en plusieurs étapes impliquant la déshydratation des résidus sérine/thréonine dans
le peptide précurseur (NisA), suivie de I'addition intramoléculaire de thiols de cystéine sur les
sites de déshydratation naissants pour former des macrocycles de (méthyl) lantionine. Les
réactions de déshydratation et de cyclisation sont régies respectivement par les enzymes NisB
et NisC. Le transporteur NisT ATP-binding cassette (ABC) est alors requis pour la sécrétion
de NisA modifi¢ a travers la membrane bactérienne, qui est ensuite protéolysée par NisP pour
donner de la nisine mature. Le transporteur ABC NisT joue un réle important dans la
biosynthése de la nisine. NisT est unique car il est spécifique au transport du peptide précurseur
NisA et ne se trouve pas dans d'autres organismes. Ce mécanisme d'exportation est important
pour l'activité des lanthipeptides en tant qu'agent antimicrobien, ou il exerce son effet sur les
bactéries voisines. Par conséquent, une compréhension détaillée du mécanisme de
reconnaissance du substrat et de translocation du transporteur ABC NisT serait bénéfique pour
les applications d'ingénierie et de biologie synthétique. De plus, comprendre comment NisT

reconnait et transporte son substrat, le peptide précurseur NisA modifié, pourrait étre utilisé



dans le développement de biocapteurs ou de voies de biosynthése pour la production d'autres
produits naturels analogues ou modifiés.

Ici, nous avons montré l'optimisation poussée de la purification NisT en criblant une
large gamme de détergents. Suite a notre purification NisT réussie, nous avons analysé et
confirmé son activité ATPase en l'absence de son substrat (NisA). Nous avons également
visualisé NisT purifié par coloration négative a l'aide de la microscopie électronique a
transmission (TEM) et discuté de nos efforts pour déterminer la détermination de la structure
a haute résolution de NisT a I'aide de la cryo-microscopie électronique (cryo-EM). Enfin, nous
présentons les résultats de la configuration expérimentale initiale de la spectrométrie de masse
par échange hydrogéne-deutérium (HDX-MS), qui pourraient nous aider a comprendre la

dynamique conformationnelle de NisT.
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1. Introduction:

A large number of human pharmaceuticals are derived from natural products and their semi-
synthetic analogs. The ribosomally synthesized and post-translationally modified peptides
(RiPPs), also known as Lanthipeptides, are a structurally diverse class of natural products with
potent antimicrobial, antiviral, and other activities®. Importantly, RiPPs possess characteristics
that render them promising targets for the engineering of novel drugs. Namely, all RiPPs are
genetically encoded, providing access to large libraries of variants for cell-based screening and
functional engineering®. Secondly, most RiPPs are post-translationally modified by
biosynthetic enzymes with relaxed substrate specificity — a property that is essential for

successful engineering®.

One of the most extensively studied lanthipeptides is Nisin, produced by the Gram-
positive bacterium Lactococcus lactis. Nisin has been commonly used in the food industry for
over 40 years without any substantial development of bacterial resistance. Like all
lanthipeptides, Nisin possesses thioether linkages that are critical for its biological activity.
These thioether linkages are formed in a multistep enzymatic pathway involving dehydration
of serine/threonine residues in the genetically encoded Nisin precursor peptide (NisA),
followed by intramolecular addition of cysteine thiols onto the nascent dehydration sites to
form (methyl)lanthionine macrocycles®. The dehydration and cyclization reactions are
governed by the enzymes NisB and NisC, respectively. The modified NisA (mNisA) is then
exported across the bacterial membrane by the exporter protein NisT, and then proteolyzed by

NisP to yield mature Nisin.

NisT transporter is an essential part of the nisin biosynthesis pathway, and its proper
function is crucial for the production of the active form of nisin®. The exporter protein NisT,

belongs to the superfamily of ABC transporters, which is composed of mainly two domains: a
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transmembrane domain (TMD) important for substrate translocation and a nucleotide-binding
domain (NBD), which binds and hydrolyses ATP to energize conformational changes used for
substrate translocation. During the substrate translocation cycle, ABC transporters undergo
significant conformational changes between inward open, occluded, and outward open states.
The NisT transporter is required for the secretion of NisA and uses the leader peptide for

substrate recognition.

1.1 Rational and Objectives of the Thesis:

A detailed understanding of the substrate recognition and translocation mechanism of the ABC
transporter NisT, would be beneficial for engineering and synthetic biology applications. For
example, in the biotechnology field, an understanding of the substrate recognition and
translocation mechanism of NisT could be used to optimize the production of nisin or to
engineer new antimicrobial peptides with improved properties. In the field of synthetic biology,
knowledge of the NisT mechanism could be used to engineer bacteria with improved secretion
systems, allowing them to produce and secrete a wider variety of peptides and other bioactive
molecules.

By understanding the secretion mechanism of NisT, researchers could potentially
design similar transporters for use in other organisms, such as yeast or E. coli, to improve
modified peptide secretion and production for industrial or therapeutic applications.
Additionally, the obtained knowledge of how NisT recognizes and transports its substrate, the
modified NisA precursor peptide, could also be used in the development of biosensors or
biosynthetic pathways for the production of other natural products.

My thesis's overall aim is the structural and functional characterization of the Nisin
transporters NisT in L. lactis. My specific objectives are:
1. High-resolution structure determination of NisT in different states.

2. Mechanistic and enzymatic characterization of the NisT exporter.

15



2. A comprehensive review of the literature:

2.1 The Emergence and Mechanism of Antimicrobial Resistance:

Antimicrobial resistance (AMR) has emerged as one of the biggest threats to global health and
is recognized as a major concern in the treatment of microbial infections’”. AMR refers to the
ability of microorganisms such as bacteria, viruses, fungi, and parasites to resist the effects of
antimicrobial drugs, such as antibiotics, antivirals, and antifungals. This resistance can occur
naturally or due to the overuse or misuse of antimicrobial drugs. As a result, the drugs become
futile and infections persist in the body, increasing the risk of spreading to other people.
Alongside devastating viral pandemics such as SARS-CoV-2, the rise of antibiotic-resistant
bacterial pathogens represents an immense threat to human health and the world economy?®.
According to a recent study, 1.27 million deaths were estimated globally due to antimicrobial-
resistant bacterial infections in 2019 alone’. Furthermore, as the development of resistance
towards existing antibiotics exceeds the development of new therapies, multiple resistant
infections are predicted to be the leading cause of death by 2050, even surpassing cancer!®!!,
Nowadays, the treatment options for infections caused by antimicrobial-resistant bacteria are
limited and most drugs in the pharmaceutical development pipeline are modifications of
existing classes of antibiotics!?.

The emergence of AMR is a complex process influenced by various factors, including
genetic mutations, the spread of resistant strains of microorganisms, and the overuse of
antimicrobial drugs in both human and animal populations'®. One of the main mechanisms of
antimicrobial resistance is the presence of specific genes, which encode for proteins that confer
resistance to antibiotics and other antimicrobial agents'4. These proteins can directly alter the
target of the antimicrobial drug, inactivate the drug, pump the drug out of the bacterial cell, or
alter metabolic pathways to prevent the drug from having an effect'®. These genetically

encoded resistance mechanisms provide the bacteria with a survival advantage, allowing them
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2.1.1

to continue and replicate even when in the presence of the antimicrobials that would typically
kill or inhibit them. These resistance genes can be transferred between microorganisms through
mechanisms such as horizontal gene transfer, which allows the rapid spread of resistance
among different species of microorganisms. Other resistance mechanisms include efflux
pumps to remove any toxic antimicrobials, inactivation of a drug where the chemical structure
of the drug is altered - rendering it inactive or less effective, and finally, mutation in the target
site of the antimicrobial, making it difficult for the drug to bind to the microorganism.
Overall, bacteria have evolved with three main sophisticated mechanisms of resistance
to survive in the presence of specific antimicrobial molecules'®. Each of these mechanisms is

described in the following sections.

Efflux pumps:

Efflux pumps are chromosomally or plasmid-encoded genes, that play a vital role in AMR!.
These pumps are commonly found in the cell membrane of Gram-positive and Gram-negative
bacteria'®. Efflux pumps are transport proteins that recognize and pump toxic substances, such
as antibiotics, out of the cell and serve as an intrinsic mechanism to protect bacteria in a hostile
environment. Among the different resistant mechanisms, efflux pumps are the fastest-acting
and most effective resistance mechanism in the bacteria!®. Six families of bacterial drug efflux
pump that contribute to the efflux pathways have been identified. These efflux pumps families
include the Adenosine 5'-triphosphate Binding Cassette (ABC) family, Major Facilitator
Superfamily (MFS), Multidrug and Toxin Extrusion (MATE) family, Small Multidrug
Resistance (SMR) family, Resistance-Nodulation-cell Division (RND) superfamily and
Proteobacterial Antimicrobial Compound Efflux (PACE) family?’. These pumps either use
Adenosine 5'-triphosphate (ATP), the cell's energy currency, or proton gradients to drive the

121

transport process of the antimicrobial outside of the cell*’. Some efflux pumps present a

specificity to certain classes of drugs, while others pump out a wide range of drugs®?. Efflux
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pumps can confer resistance to multiple classes of drugs, including antibiotics, antivirals, and
antifungals, making the microorganisms resistant to multiple drugs at once. This mechanism is
known as multidrug resistance, which makes treating infections caused by these

microorganisms even more challenging.

2.1.2 Modification of a drug target:

The modification of a drug target refers to the process of the alteration of target proteins,
enzymes, or other molecules, making them less susceptible to the antimicrobial. Modifying
drug targets is a complex process that can occur naturally or following a drug exposure®*. The
process can also be mediated by resistance genes that encode for additional enzymes or proteins
that can modify the target site of drugs, making it more difficult for drugs to bind and exert
their effect®. Moreover, some bacteria have developed mechanisms to modify their cell wall,
making them less susceptible to the action of antibiotics, such as vancomycin'®. For example,
vancomycin conferred resistance includes the alteration of the vancomycin binding site at the
C-terminal of the D-Ala-D-Ala residues peptidoglycan precursor 2*. This alteration can be
achieved by mutation in the genes that encode for the enzymes involved in peptidoglycan
synthesis. Additional mechanism is the production of modified peptidoglycan precursors such
as D-Ala-D-Lactate, which vancomycin cannot recognize as a target. This type of resistance is
known as vancomycin-intermediate resistance (VISA) or hetero-resistant vancomycin-
intermediate Staphylococcus aureus (WWISA)?. Another example includes the modification of
the target binding site of a drug, such as a mutation in the bacterial ribosome, a common
mechanism that is conferred by antibiotics such as tetracyclines and macrolides'®. Ribosome
mutation can also lead to the formation of a new binding/catalytic site to which the drug cannot

bind, thus, making the bacteria resistant to the drug?®.
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2.1.3 Inactivation of a drug:

Inactivation of a drug by bacteria is a process that occurs when bacteria break down or alter
the chemical structure of a drug, making it less effective. This drug inactivation occurs through
various mechanisms, including metabolism by bacterial enzymes or the production of enzymes
that inactivate drugs?’. For example, chloramphenicol is a broad-spectrum antibiotic that is
effective against a wide range of bacteria, including those that cause meningitis, sepsis, and
typhoid fever?®. The mechanism of chloramphenicol resistance in bacteria occurs through the
production of chloramphenicol acetyltransferase (CAT)?’, which can irreversibly inactivate
chloramphenicol by acetylating the antibiotic, preventing it from binding to the bacterial
ribosome and, and thus, inhibit protein synthesis. Another example includes the modification
of bacterial enzymes, such as the beta-lactamases family. Beta-lactamases are responsible for
the chemical breakdown of beta-lactam antibiotics such as penicillin and cephalosporins®’.
Bacteria can produce a wide range of beta-lactamases, some of which can hydrolyze a broad
range of beta-lactam antibiotics’!. Other bacteria can also produce aminoglycoside
acetyltransferases, which can inactivate aminoglycoside antibiotics such as streptomycin, and

neomycin®?.

2.2 The traditional process of drug discovery:

The problem of antimicrobial resistance has challenged the traditional drug discovery process
over the recent decades. During the conventional drug discovery pipeline, lead drug candidates
are optimized for efficacy and safety, and the most promising candidates are then tested in
clinical trials**. However, the prolonged duration of this process, combined with the ability of
microorganisms to rapidly develop new resistance to new drugs, has made it difficult to develop
new drugs that are effective against antimicrobial-resistant infections by the time they are

deemed safe to use®*. These traditional approaches are still widely used but have limitations,
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including high costs and the potential for false-positive results®*. As a result, there is a growing

interest in developing new approaches for drug discovery that are more efficient and effective.

2.3 Modern approaches for drug discovery:

23.1

As bacteria continue to develop resistance to new and existing drugs, it becomes more difficult
to treat infections and increases the risk of treatment failure!4. The current situation calls for
the development of new drugs to substitute or supplement the existing antimicrobials
repository. However, the development of new drugs, including antibiotics, is a complex and
expensive process that can take years and involves multiple stages of research and
development, clinical trials, and regulatory approvals. In recent years, there has been a decline
in the number of new antibiotics being approved, partly due to the challenges and costs
associated with developing new drugs, as well as regulatory hurdles and the emergence of
antibiotic-resistant bacteria®. As a result, the drug discovery and development pipeline has
undergone several changes to include new platforms to increase efficiency. The next section

will provide a description of these platforms.

High-Throughput Screening (HTS):

HTS is a method that uses automated equipment to screen through large numbers of chemical
compounds activity against a biological target of interest. The screened compounds can be
small molecules or biomolecules such as peptides, nucleic acids, or antibodies*®. The biological
targets include enzymes, receptors, or other proteins involved in disease manifestation. HTS
can also screen for various activities, including enzyme inhibition, receptor binding, or gene
expression modulation®’. One of the main advantages of HTS is its speed and efficiency. HTS
allows for the rapid screening of large numbers of compounds, which increases the likelihood
of identifying new drug candidates. Additionally, HTS allows for the screening of diverse

chemical libraries, which increases the probability of identifying new chemical scaffolds that
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can be developed into drugs*®. However, HTS also has some limitations. One limitation is that
it typically only identifies compounds with moderate to strong activity against the target.
Hence, HST might fail to identify compounds with a weak activity that could be further
optimized to become drugs. Additionally, HTS does not provide information about the
pharmacokinetics, pharmacodynamics and toxicity of the compounds, which are important

aspects of drug development?®.

2.3.2 Computational drug discovery:

The computational drug discovery approach involves using computer-aided methods to predict
the potential activity of compounds and design new molecules. This approach is becoming a
crucial part of the recent drug discovery as it allows for the rapid and efficient exploration of
large numbers of chemical compounds, while predicting their potential activity*®’. Several
techniques are commonly used hand in hand during computational drug discovery, including:

(1) Molecular modelling: Computer simulations to predict the three-dimensional
structure of molecules and their interactions with biological targets.

(i)  Virtual screening: Computational methods to search large libraries of chemical
compounds for those that are likely to bind to a specific target.

(ii1))  Computational chemistry: Computational methods to predict the properties of
chemical compounds, such as solubility, stability, and toxicity.

(iv)  Machine learning and artificial intelligence: These methods are used to analyze
large datasets and to identify patterns in the data that can be used to predict the
activity of compounds.

Since this platform is based on computational models and simulations, the models produced

by these predictions might not always be accurate. Additionally, computational methods can
only predict the activity of compounds in silico, and therefore, it is crucial to continue and

validate these predictions experimentally.
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2.3.3 Target-based drug discovery:

Target-based drug discovery method involves identifying specific targets in the host system,
such as enzymes or receptors, that are involved in a disease or physiological process, and then
designing drugs that interact with and modulate those targets to achieve a desired therapeutic
effect?®. The target-based drug discovery process begins with the identification of a target
protein followed by its three-dimensional structure determination by techniques such as, cryo-
electron microscopy (cryo-EM), X-ray crystallography, or Nuclear Magnetic Resonance
(NMR). Once the atomic structure is determined, computational methods can be used to search
large libraries of chemical compounds that are likely to bind to the target protein. These
compounds can then be tested experimentally to confirm their target binding ability and
whether it can modulate its activity*!. Target-based drug discovery has become an increasingly
popular approach, as advances in genomics and proteomics have made it possible to identify

and characterize specific molecular targets with greater precision.

2.3.4 Phenotypic screen-based drug discovery:

Phenotypic screen-based drug discovery is an approach that is based on the observation of the
overall effects of compounds on cells or organisms*?. Unlike target-based drug discovery,
where the focus is on identifying a specific protein or enzyme target and developing a drug to
modulate its activity, phenotypic drug discovery focuses on identifying compounds that have
a desired effect on a disease, without necessarily understanding the underlying target or
mechanism of action. In phenotypic screen-based approach, the compounds can be tested in
cell-based assays, animal models, or even in human clinical trials. The compounds that show a
net positive effect are then further characterized to understand the target and mechanism of
action®. However, phenotypic drug discovery has some limitations. One limitation is that it
can be difficult to identify the target and mechanism of action of a compound that has a positive

effect. For example, a compound may produce a desired phenotype by interacting with multiple

22



235

targets or by modulating a pathway upstream or downstream of the target. Additionally, the
target may not be present in the assay system used for screening, or it may be expressed at very
low levels or in a modified form. Identifying the target and mechanism of action of a
phenotypic hit typically requires additional studies, such as biochemical or genetic studies, to
identify interacting proteins or pathways, or target deconvolution approaches such as
chemoproteomics or RNA interference**. These studies can be time-consuming, expensive, and
might not be successful.

Despite these challenges, there are several advantages to phenotypic drug discovery,
including the ability to identify compounds with novel mechanisms of action or activity against
multiple targets, and the potential to identify drugs that are effective against complex diseases

or conditions where the underlying biology may not be well understood.

Natural products:

Natural products have been an important source of new antibiotic discovery. Natural products
are produced by microorganisms, such as bacteria and fungi, and have been used for centuries
to treat infections!®. One of the main advantages of natural products for drug discovery is the
exceptional diversity in chemical structures and biological activities that have already been
employed by nature and can perhaps be mimicked by us. Many natural products have a complex
structure that is difficult to synthesize chemically.

Natural products have been such a rich source of antimicrobials throughout history.
Many natural products, such as antibiotics and antivirals, have been discovered from
microorganisms, which produce these compounds as part of their natural defence
mechanisms*®. Natural products can be divided into several categories based on their chemical
structures, such as alkaloids, flavonoids, terpenes, and polyketides, among others*S.

The diversity of natural products is a result of evolutionary processes, where organisms

have developed a wide range of chemical compounds to survive and replicate in challenging
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environmental conditions. The diversity in producing microorganisms and their environmental
niche reflects the great diversity of natural products, particularly in their chemical structures
and biological activities. Natural product diversity is also reflected in the wide range of
biosynthetic pathways used for their synthesis. Notably, the vast majority of the natural
products producing organisms, such as microorganisms and plants, have yet to be thoroughly
investigated. Therefore, despite their abundance and diversity, the majority of natural products
have yet to be discovered and characterized. In accordance with natural products’ diversity,
different families of antibiotic compounds with various structures and mechanisms of action
can be found.

There are two major biosynthetic pathways in bacteria that are involved in the
production of natural products: non-ribosomal peptide synthesis and ribosomal peptide
synthesis*’. The two pathways fundamentally differ in their mechanism and the types of
peptides produced. The non-ribosomal peptide synthesis occurs independent of the ribosome
and involves the sequential condensation of amino acids by a multi-enzyme complex called
non-ribosomal peptide synthetase (NRPS). This pathway can produce a wide variety of
peptides, including cyclic peptides, and linear peptides. Notably, the NRPS pathway is
responsible for the production of important antibiotics, including vancomycin and daptomycin
and other bioactive compounds*®,

Ribosomal peptide synthesis, unlike NRPS, is the conventional peptide synthesis by the
ribosome and involves the translation of template mRNA into peptides. The peptides produced
by this pathway are called Ribosomally synthesized and Post-translationally modified Peptides
(RiPPs), typically cyclic or linear and often used as structural or regulatory molecules within
the organism?. Although no RiPP-based drugs are currently on the market, they received
considerable attention as viable alternatives for NRPS. While NRPS have proven to be

effective antibiotics, the increased resistance to this class of drugs has become a major concern.
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In contrast, the RiPPs, with their unique biosynthetic pathways and diverse mechanisms of
action, cannot be inhibited by the most common multidrug-resistant bacteria in evolution. In
addition, the small gene cluster size of RiPPs contributes to their emerging potential in

bioengineering and synthetic biology drug discovery applications.

2.4 Ribosomally synthesized and post-translationally modified peptides (RiPPs):

RiPPs are a large class of natural products and are well known for their structural diversity.
Following their initial translation by the ribosome, RiPPs continue to be chemically modified
by different enzymes. These modifications, such as cyclization, oxidation, methylation, and
maturation, leading to the formation of unique peptide structures that often have biological
activity. Due to their unique structures and biological activities, RiPPs have been suggested as
a promising source of new drugs, agrochemicals, and industrial enzymes. Some examples of
well-characterized RiPPs are the group of cyclic peptides called lantipeptides that include nisin,
subtilin, and cyclotides**-!.

A typical RiPP gene cluster encodes for a series of components involved in the
synthesis and modification of a specific natural product. These gene clusters usually include
genes encoding for the precursor peptide, the enzymes responsible for post-translational
modifications, including transporter and protease enzymes, and regulatory elements® (Figure
1). The precursor peptide gene encodes for the linear peptide, which serves as the template
peptide where the downstream modifications of the RiPP take place. This precursor peptide
gene is typically located near the start of the gene cluster and is transcribed and translated into
a linear peptide by the bacteria's ribosome. The post-translational modification (PTM) enzymes
are responsible for the introduction of specific modifications to the precursor peptide, such as
cyclization, oxidation, methylation, and other chemical modifications, including maturation>2,
These PMT enzymes are encoded by the genes around the middle of the gene cluster (Figure

1). Regulatory elements like promoters and terminators are usually located near the end of the
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gene cluster and are responsible for the transcription and translation of the precursor peptide
and PTMs.

Notably, the PMT enzymes responsible for RiPP modification and maturation are
typically multifunctional and can install modifications at multiple points with high specificity
within a precursor peptide substrate. These enzymes are usually composed of multiple
domains, each responsible for a specific modification, which produces a wide variety of RiPPs

with unique structures and functions.
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Transporter Precursor Modifying enzymes Protease binding ~~~ ‘/ active
| | | | I site site

Modifying enzyme

Generalized RiPP biosynthetic gene cluster
' * = Post-translational modifications
Additional tailoring
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-4, -/M Expon M

Precursor peptide —> Mature RiPP

Figure 1. The biosynthetic pathway of RiPPs adapted from Hudson et al., 2018*.

2.5 Lanthipeptides:

The largest and one of the most studied classes of RiPPs are the lanthipeptides. Lanthipeptides
are a class of cyclic peptides characterized by the presence of lanthionine or methyllanthionine
residues, which are introduced by a specific enzyme called lanthionine synthetase?.
Lanthipeptides, also called lantibiotics, are known for their wide range of activities, including
antibacterial, antifungal, and antiviral activity and have been studied extensively as a source of
inspiration for the development of new antibiotics and other bioactive compounds*

One of the most extensively studied lanthipeptides is Nisin, produced by the Gram-
positive bacterium Lactococcus lactis*. Nisin can inhibit the growth of a wide range of

bacterial genera, including Listeria, Clostridium and Staphylococcus, making it an attractive
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candidate for treating infections caused by drug-resistant bacteria as well as food preservation
applications®®. Like all lanthipeptides, Nisin possesses intramolecular thioether linkages
(Figure 2). The thioether linkages in Nisin are critical for the biological activity of the
compound: the N-terminal rings A-C bind to the pyrophosphate moiety of lipid II to inhibit
peptidoglycan biosynthesis, while the C-terminal D-E rings oligomerize and form pores in the
bacterial plasma membrane>*, which eventually disrupts the cell membrane of bacteria and

preventing them from growing and multiplying.
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Figure 2. Chemical structure of Nisin. Adapted from Wikipedia. Thioether rings are

coloured red.

2.5.1 Nisin:
Nisin is produced by the Gram-positive bacterium Lactococcus lactis as a precursor peptide
known as NisA. All genes responsible for the modification, secretion, and maturation of NisA
into the active form of Nisin are located on a single operon (Figure 3A). The nisin biosynthetic
operon includes genes that encodes for the enzymes NisB, NisC, NisT, and NisP, which are

responsible for the dehydration, cyclization, export and leader peptide cleavage, respectively.
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The presence of all the genes on a single operon allows for coordinated regulation of nisin

biosynthesis and ensures that the final product is in the optimal form for its intended use*.
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Figure 3. A) The lanthipeptide Nisin (NisA, red) operon encodes for the modification and

Leader peptide

secretion enzymes, B) Scheme of Nisin modification and secretion system. Made in BioRender.

2.5.2. Nisin’s precursor peptide modification:

The thioether linkages in Nisin are formed in a multistep reaction pathway involving the
dehydration of serine/threonine residues on the NisA precursor peptide, followed by
intramolecular addition of cysteine thiols onto the newly formed dehydration sites to form the
(methyl)lanthionine macrocycles? (Figure 4A). This process is catalyzed by the enzymes NisB

and NisC, which perform the dehydration and cyclization reactions, respectively. NisB carries
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out the dehydration in a two-step chemical mechanism involving glutamylation of Ser/Thr
hydroxyl groups, followed by elimination of the glutamate to make the dehydrated residues
(Figure 4B). NisC, on the other hand, uses a zinc ion to lower the pKa of the NisA cysteine
thiols and catalyze the formation of the five thioether bridges found in the mature form of nisin?
(Figure 4B). The catalyzation process is highly precise and specific, with the enzymes showing
excellent regio- and stereochemical control over the cyclization reactions. Once the NisA
precursor peptide is modified by NisB and NisC, it is exported across the membrane by the
NisT transporter. Next, the leader peptide is removed by the NisP protease to produce the active
form of nisin. The ATP-binding cassette (ABC) transporter NisT plays an important role in the
biosynthesis of Nisin’. NisT is unique since it is specific to the transport of the NisA precursor
peptide and is not found in other organisms. In a canonical RiPP gene cluster/operon, an ABC
transporter translocates the RiPP across the cell’s membrane. The nisin export mechanism is
important for the entire activity of RiPPs as an antimicrobial agent where it exerts its effect on

neighboring bacteria.
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Figure 4. A) The chemical modifications in Nisin biosynthetic pathway, B) Chemical
mechanism of the reactions catalyzed by the NisB dehydratase and the NisC cyclase.
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2.6 ATP-Binding Cassette (ABC) Transporter Overview:

ABC transporters are a large family of transmembrane proteins found in all domains of life.
The ABC transporter family was first discovered as a group of transmembrane proteins
involved in the uptake of amino acids by bacteria®®. These proteins were shown to have a
common structure consisting of two transmembrane domains and two ATP-binding domains,
and therefore called ATP-Binding Cassette transporters. Over time, studies on different
bacterial species and other organisms, such as yeast, plants, and animals, have revealed that the
ABC transporters family are involved in a wide range of biological processes, including
nutrient uptake and bile secretion across the cell membrane’®, detoxification of xenobiotics,
and the maintenance of ionic homeostasis®’. ABC transporters are also responsible for the
active transport of a wide range of substrates, including ions, small molecules, and

macromolecules, across cellular membranes!->®

. In humans, ABC transporters are involved in
many physiological processes and diseases, including drug resistance, lipid metabolism, and
cystic fibrosis>®. This constitutes ABC transporters as important targets for drug discovery and
the development of new therapies for a variety of diseases, including cancer and bacterial

infections®. Export

2.6.1 General structure:

3
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Figure 5. General structure of an ABC
transporter. For every transporter there are
two NBDs, two TMDs, and coupling helices
at each NBD-TMD junction. Adapted from
Rees et al., 2009'.

bind and hydrolyze ATP to provide the energy
source for substrate transport and associated

conformational changes. The TMD and NBD are
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connected by coupling helices (Figure 5), which play a crucial role in linking the
conformational changes between the TMDs and NBDs and transmitting the energy derived

from ATP hydrolysis to drive substrate transport.

The Nucleotide Binding Domain (NBD):

The NBD of ABC transporters contains several

NBD 1 NBD 2

conserved motifs and adopts a conserved fold
across the entire ABC transporter family®!. This
high degree of conservation suggests that the NBD
plays a critical role in the function of these
transporters. Each NBD can be divided into two

constituent domains: the RecA domain and the

alpha-helical domain®? (Figure 6 and 7). When
these two domains come together, they form two
Figure 6. A simplified structure of the
ATP-binding sites, which bind and hydrolyze ATP  Nucleotide Binding Domain (NBD)
to provide the energy needed for substrate transport.
Two symmetrical ATP-binding sites are formed in the interface between two NBDs. Each site
comprises several conserved sequence motifs that are critical for ATP binding and hydrolysis.
The Walker A and B motifs, named after the "Walker" consensus sequences, are two highly
conserved regions of the ATP-binding site that play key roles in ATP binding and hydrolysis®’.
The Walker A motif, which consists of a lysine residue and a histidine residue, is critical for
ATP binding, while the Walker B motif, which consists of a conserved aspartate residue, is
essential for ATP hydrolysis®. The ABC signature motif is another important component of
the ATP-binding site®, located near the Walker B motif and the ATP-binding site. It is involved

in the regulation of ATP hydrolysis, and its specific sequence and structural features are

thought to play a role in coordinating ATP binding and hydrolysis with substrate transport.
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Together, these motifs form the structural basis of the NBDs, and their specific
arrangement and interactions are critical for the efficient and regulated hydrolysis of ATP®,
By coordinating the binding and hydrolysis of ATP, these motifs play a critical role in the

functioning of ABC transporters and other ATP-dependent transporters.

P-loop or Walker A ABC signature H-motif
.GXXGXGK(S/T)... ..LSGGQ... .H...
N C
Q.. ~OOOPD...
Q-loop Walker B

Figure 7. Location of various conserved regions of the NBD. Adapted from Rees et al., 2009,

The Transmembrane Domain (TMD):

The TMD is a hydrophobic region of the transporter that spans the lipid bilayer of the cellular
membrane. It consists of several transmembrane helices, typically ranging from four to six,
connected by loops that protrude into the cytoplasm and extracellular space. The TMDs can be
arranged as homodimers or heterodimers, forming a substrate-binding pocket that allows the
transporter to recognize and bind to its specific substrate. The TMDs are highly selective and
can recognize and bind to a diverse range of substrates, including lipids, sugars, ions, and
peptides. Each TMD is composed of a-helical segments that span the lipid bilayer. One
common feature of TMD is the interaction with NBD via "coupling helices," (Figure 5) which
are relatively flexible structures that contain a universal three amino acid motif, EAA (Glu-
Ala-Ala)®. The coupling helices form non-covalent interactions with the Q-loop of the NBDs
and are thus able to respond to structural changes in the NBDs. This interaction between the
coupling helices and the Q-loop is crucial for linking the nucleotide state and conformation of
the TMDs with that of the NBDs®. The coupling helices are also thought to play a key role in
transmitting conformational changes between the TMDs and NBDs, linking substrate transport

to ATP hydrolysis®.
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2.7 ABC Transporter classification:

2.7.1

ABC transporters can be classified into two main categories based on their substrate transport
directionality across the membrane: importers and exporters. The transporters within each
group not only share similar structures, but they often share similarities in their mode of action
as well, due to the fact that ABC transporters evolved from a common ancestral gene and have
diversified over time to perform different functions®®. Additionally, many ABC transporters
within a group like E. coli BtuCD® and Archaeoglobus fulgidus ModBC® share conserved
sequence motifs and structural features that are critical for their function. These similarities
provide important clues to the function and mechanism of these transporters and facilitate the

discovery of new transporters and the characterization of their functions.

Importers:

ABC importers, also known as ATP-binding cassette permeases, are responsible for the
transport of substrates into the cell, typically against their concentration gradient. ABC
importers typically transport small molecules such as ions, sugars, and amino acids, and they
are widespread in prokaryotic and eukaryotic organisms®. The transport mechanism of
importers begins with the binding of the substrate to the periplasmic substrate-binding protein
(SBP). The SBP has a high affinity for the substrate and ensures that only the desired molecule
is transported. The binding of the substrate induces a conformational change in the SBP, which
allows it to interact with the transmembrane domain (TMD) of the transporter’’. The binding
of the substrate to the TMD induces a conformational change that triggers the NBD domain to
hydrolyze ATP. The hydrolysis of ATP provides the energy required for substrate translocation
across the membrane’!. The conformational change in the TMD causes the substrate-binding
pocket to switch from an inward-facing to an outward-facing state, allowing the substrate to be
released on the opposite side of the membrane. The ATP hydrolysis also resets the transporter

to its initial state, ready for the next cycle of transport’>. ABC importers can be classified into
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two major categories, such as Type-I and Type-II ABC importers based on their architecture

and mechanism of transport (Figure 8).
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Figure 8. Type I and Il importer. The TMDs are colored hot pink, the NBDs are in lime
and SBPs are in cyan.

Type-1 ABC importers:

Type I ABC importers are a type of ABC transporter that is involved in the active transport of
small, hydrophobic substrate molecules, such as sugars, amino acids, and compatible solutes,
across the cytoplasmic membrane’®. The most common type-I ABC importers, such as the
molybdate, maltose, and methionine systems (ModABC, MalFGK, and MetNIQ,
respectively)’#7¢, contain 5-8 helices per domain. Type I Importers include a periplasmic
substrate-binding protein (SBP) serving as an accessory protein within the periplasmic space

of Gram-negative bacterial cell. It binds to the specific substrate and brings it to the TMD for
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translocation across the inner membrane. The binding of the substrate to the SBP induces a
conformational change that allows it to interact with the TMD.

The TMDs of type I ABC importers like E. coli MalFGK and Neisseria meningitides
MetNIQ contain a low-affinity binding site for substrate located approximately halfway
through the membrane, which allows them to transport substrate molecules into the cell against
a concentration gradient’®”’. Type I ABC importers play a crucial role in maintaining cellular
homeostasis by allowing cells to import essential nutrients and remove waste products'. For
example, the Type-1 ABC importer system MalFGKo in E. coli is responsible for the uptake of
maltose and maltodextrins’®. Maltose is an essential nutrient that E. coli requires for growth,
and the MalFGK» system enables E. coli to import maltose from the external environment.
Once inside the cell, maltose is broken down into glucose and used as a source of energy.
Studies using biochemical, biophysical, and structural methods have captured several
intermediate conformations of the maltose transporter during the transport cycle, providing
insight into the mechanism of transport and the role of ATP hydrolysis in driving the

process’>7?,

Type-1I ABC importers:

Type-11 ABC importers are involved in the active transport of large and hydrophilic substrates
across the cytoplasmic membrane. Unlike type-I ABC importers, which transport relatively
small and hydrophobic substrates, type-II ABC importers specialize in transporting larger
molecules, such as proteins, lipids, and polysaccharides®. Type-II ABC importers contain
additional number of transmembrane helices (10-12 transmembrane helices per domain)
compared to type-I ABC importers®!. The additional helices in type-II ABC importers are
thought to be responsible for forming a large and hydrophobic transmembrane cavity that can
accommodate larger substrate molecules, such as proteins and polysaccharides. The orientation

of the transmembrane helices in type-Il ABC importers is also important for substrate
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2.7.2

translocation. By having all helices oriented parallel to the transmembrane cavity, type-1I ABC
importers create a continuous hydrophobic pathway for the substrate to traverse, allowing for
efficient and specific substrate transport®!.

Type-1I ABC importers have been found to be less efficient than type-I ABC importers
in terms of ATP usage®?. For example, in vitro studies of the type-II vitamin B, transporter
BtuCD have shown that it hydrolyzes approximately 100 ATP molecules per vitamin Bi»
molecule transported’®. This inefficiency in ATP usage is thought to be due to the increased
size and complexity of the substrate molecules that type-II ABC importers transport, as well as
the additional energy requirements associated with substrate translocation across the
cytoplasmic membrane. Despite the higher ATP requirements, type-II ABC importers still play
an important role in the transport of large and hydrophilic substrate molecules, such as proteins

and polysaccharides, which cannot be effectively transported by type-I ABC importers.

Exporters:

ABC exporters play a critical role in regulating the transport of a wide variety of substrates
across the cellular membrane. Like ABC importers, ABC exporters consist of two main
components: transmembrane domains (TMDs) and nucleotide-binding domains (NBDs).
However, the organization of TMDs and NBDs in ABC exporters is typically different from
that in ABC importers. In ABC exporters, the TMDs are usually located at the inner surface of
the cell membrane, while the NBDs are located in the cytoplasm. One well-studied example of
an ABC exporter is the P-glycoprotein (P-gp) transporter, which is involved in drug resistance
in cancer cells®®. P-gp is highly expressed in cancer cells, where it pumps chemotherapeutic
drugs out of the cells, rendering them ineffective. P-gp consists of two TMDs and two NBDs,
and it can transport a wide range of structurally diverse molecules out of the cell®*. Another
example of an ABC exporter is the multidrug resistance protein (MRP) transporter, which is

involved in the detoxification of xenobiotics and drug resistance in bacteria®®. MRP is capable
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of transporting a wide range of substrates, including glutathione conjugates, glucuronides, and
a variety of drugs and toxins®.

This class of transporters is divided into two main categories based on the type of
substrate transported: Type-I and Type-II exporters (Figure 9). Type-1 ABC exporters are
involved in the export of various proteins from the cell, including toxins, hydrolytic enzymes,
S-layer proteins, lantibiotics, bacteriocins, and competence factors®’. These exporters play an
important role in maintaining cellular homeostasis and protecting the cell from environmental
stressors. Type-1I ABC exporters, on the other hand, play a major role in the development of
antibiotic and chemotherapy resistance in bacteria and cancer cells®’. These transporters can
pump various drugs out of the cell, thereby reducing the intracellular concentration of the drug
and reducing its efficacy. This has made ABC exporters an important target for the
development of new antibiotics and anticancer agents. Structural analysis of prokaryotic ABC
exporters has revealed a significant amount of structural diversity, much like the structural
diversity observed in ABC importers. This diversity reflects the wide range of physiological
processes that ABC exporters are involved in, as well as the various substrate specificities and

transport mechanisms that they use.
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Figure 9. Type I and Il exporter. The TMDs are colored hot pink, and the NBDs are in
lime.

Type-1 ABC exporters:

Type-I ABC exporters also consist of two transmembrane domains (TMDs) and two
Nucleotide-binding domains (NBDs). The TMDs form a channel through which substrates are
translocated, while the NBDs provide the energy required for substrate transport by
hydrolyzing ATP. In this mechanism, the transporter alternates between an inward-facing
conformation, where the substrate binding site is facing the cytosol, and an outward-facing
conformation, where the substrate binding site is facing the extracellular environment®? (Figure
10). Substrates bind to the transporter in the inward-facing conformation and are then
transported across. Substrate transport involves conformation changes on the TMDs from the

inward-facing conformation to the outward-facing conformation. ATP hydrolysis by the NBDs
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provides the required energy to support these conformational changes®. In the typical type-1

exporter, the TMDs are responsible for recognizing and binding the substrate, while the NBDs

use the energy from ATP hydrolysis to drive the transport of the precursor peptide across the

plasma membrane.

i

Inward facing open

Substrate ATP binding

A
arrC ) Y and
hydrolysis

The type-1 ABC exporter fold was first revealed
through the X-ray crystallographic structure of the
bacterial multidrug transporter Sav1866 (Figure 11)
from Staphylococcus aureus®®. This was a significant
breakthrough in the field of ABC exporter research as it
provided the first glimpse into the molecular action
mechanism of type-I ABC exporters. The Sav1866
structure showed that type-I ABC exporters consist of
two TMDs and two NBDs, arranged in a unique "double-
psi" topology. This topology is characterized by two
TMDs that are symmetrically arranged on either side of
the two NBDs, which are located in the cytoplasm. The
TMDs of Sav1866 consist of six transmembrane helices

(TMH), five of which are long helices that extrude out

Outwardf facing open  Outward facing occluded

€3 €3 0 O

Figure 11. Crystal structure of
Savi866  from  Staphylococcus
aureus.  Obtained from PDB
(2HYD). The sixth TMH is colored

in yellow.
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from the membrane towards the NBDs. The sixth TMH is shorter and forms a loop structure
within the membrane (highlighted in yellow in Figure 11). The structure of the Sav1866
multidrug transporter served as a starting point for the study of type I ABC exporters and their

role in substrate transport.

Type-1I ABC exporters:

Type-11 ABC exporters have a different architectural design compared to type-I exporters. They
contain six short transmembrane helices per transmembrane domain, and the TMDs are
separated from the nucleotide-binding domains by a cytoplasmic loop region. Some examples
of a type I ABC exporter are the polysaccharide transporter®®, the wall teichoic acid
transporter®, and the lipopolysaccharide transporter®'. Type II ABC exporters have also been
shown to play a role in the transport of toxic compounds, such as lytic peptides®?, and are also
involved in the transport of drugs and other small molecules across the cell membrane.
Therefore, understanding the transport mechanism of the type II ABC exporters is crucial for

developing new strategies to combat drug resistance.

2.8 Lantibiotic secretion by ABC transporters:

Lantipeptides are a class of antimicrobial peptides produced by bacteria. Like nisin, they play
an important role in the regulation of bacterial populations and defence against competitors and
predators. The secretion of lanthipeptides by bacteria is mediated by ABC transporters®. In the
case of lanthipeptides, the ABC transporter acts as a pump that exports the biosynthesized
peptides from the cytoplasm to the extracellular environment, where they can exert their
antimicrobial activity®. By controlling the levels of lanthipeptides inside the cell, the ABC
transporter helps regulate the effectiveness of these peptides as antimicrobial agents*. In
addition to their role in the secretion of lanthipeptides, ABC transporters have been the subject

of diverse research due to their broad substrate specificity and their potential as targets for the
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development and secretion of new antibiotics. Understanding the mechanisms by which ABC
transporters mediate the secretion of lanthipeptides can provide important insights into the
regulation of bacterial populations and the development of new antimicrobial targets.

Based on the bioinformatical analysis, the nisin transporter (NisT) is predicted to be a
type-1 ABC exporter. The prediction that NisT is a type-I ABC exporter is consistent with the
known function of the protein as a nisin transporter and supports the idea that ABC transporters
are well-suited for transporting modified peptides across the bacterial cell membrane. Simiar
to other ABC transporters, it was suggested the TMDs of NisT are responsible for recognizing
and binding the modified NisA precursor peptide, while the NBDs use the energy from ATP
hydrolysis to drive the translocation process. Therefore, NisT allows the efficient and targeted

export of the precursor peptide, ensuring optimal secretion of Nisin.
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3. Methods:

3.1 NisT expression vector construction:

Affinity his-tagged full-length nisT gene from Lactococcus lactis (accession number: Q03203)
cloned into NICE® pNZ8148 expression vector’. The cloning of the gene into the expression
vector was performed by the Thibodeaux lab at the Department of Chemistry, McGill

University.

3.2 Bacterial strains and growth conditions:

The L. lactis NZ9000 strain was grown in M17 medium at 30°C under semi-aerobic conditions
supplemented with 0.5% glucose (GM17). For the transformation, competent cells were
prepared using the protocol derived from the Nisin expression system for the L. lactis
handbook®?. And electroporation was used for the transformation. After transformation, cells
were grown on M17 medium agar at 30°C under semi-aerobic conditions supplemented with

0.5% glucose (GM17) and chloramphenicol antibiotic at a final 10 pg/ml concentration.

3.3 Protein expression:

L. lactis NZ9000 strain was used for the homologous expression of NisT. L. lactis NZ9000
strain was transformed with pNZ8148-NisT and plated on GM17 agar plates containing 10
pg/ml chloramphenicol. After ~24-36 hours incubation at 30°C, 20 ml overnight culture was
prepared with GM17 (10 pg/ml chloramphenicol) and incubated overnight at 30°C without
shaking. 2L culture of GM17 (10 pug/ml chloramphenicol) in a 2L bottle was inoculated with
the overnight culture. After optical density at 600nm (ODeoo) reached 1.0, gene expression was
induced by adding 10 ng/ml nisin (powder from Sigma-Aldrich dissolved in 50 mM lactic acid)
and further grown for another 4 hours, at the end of which the cells were harvested by
centrifugation at 6000 g for 15 min at room temperature. The pellets were flash-frozen in liquid

nitrogen and stored at -80°C.
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3.4 Protein purification:

Frozen cell pellets were resuspended in Lysis buffer (50 mM Tris-hydrochloric acid (Tris-HCI)
pH 7.4, 300 mM potassium chloride (KCl), 5SmM B-ME (B-mercaptoethanol) with 10 mg/ml
lysozyme and protease inhibitor cocktail (Calbiochem), and incubated for 1 hr at 37°C. A total
of 10 mM MgSO4 and DNase I (10 ug/ml final concentration) were added and incubated for 5
min at 37°C and prior to cell lysis, cells were incubated on ice for 15 min. Cell lysis was carried
out in a French press pressure cell and the lysed cell suspension was centrifuged at 11,625 g
for 30 min at 4°C to remove cell debris. Subsequently, the supernatant was centrifuged at
186,009 g for 90 min at 4°C to collect the membrane fraction. Membranes were resuspended
and homogenized in binding buffer (50 mM Tris-HC1 pH 7.4, 300 mM NaCl, 10 mM
imidazole, 5 mM B-ME). Membranes were solubilized with 1% (w/v) of the lipid-like
detergents Fos-Choline-16 (FC-16) (Anatrace) for 2 hours at 4°C. Insoluble material was
further removed by centrifugation at 186,009 g for 1 hour at 4°C. The supernatant was applied
to a gravity Ni-NTA (Bio-Rad Econo-Column chromatography column, Thermo Scientific
HisPur Ni-NTA resin) 10 ml column pre-equilibrated by binding buffer with 0.0016% (w/v)
FC-16. The protein bound on the Ni-NTA resin was washed with 10 ml wash buffer 1 (20 mM
Tris-HCI pH 7.4, 300 mM NacCl, 20 mM imidazole, 0.0016% (w/v) FC-16 and 5 mM -ME),
10 ml wash buffer 2 (20 mM Tris-HCI pH 7.4, 1 M NaCl, 40 mM imidazole, 0.0016% (w/v)
FC-16 and 5 mM B-ME), 10 ml wash buffer 3 (20 mM Tris-HCI, 200 mM NaCl, 50 mM
imidazole, 0.0016% (w/v) FC-16 and 5 mM B-ME, pH 7.4) and eluted with elution buffer (20
mM Tris-HCI, 200 mM NaCl, 500 mM imidazole, 0.0016% (w/v) FC-16 and 5 mM B-ME, pH
7.4). The eluted fractions (1.5ml each) were pooled and further concentrated by an Amicon®
Ultra 100 kDa molecular weight cut-off spin concentrator. The protein was then applied onto
a size exclusion column (SEC) (Superose 6 increase 10/300 GL, Cytiva) pre-equilibrated with

10 mM Tris-HCI pH 7.4, 200 mM NaCl, 0.0016% (w/v) FC-16 and 5 mM B-ME. For detergent
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exchange, the eluted protein from the Ni-NTA column was buffer exchanged to 0.02% n-
Dodecyl-B-D-Maltoside (DDM) (Anatrace) using a spin concentrator and injected onto a size
exclusion column (Superose 6 increase 10/300 GL, Cytiva) pre-equilibrated with 10 mM Tris-
HCI pH 7.4, 200 mM NacCl, 0.02% (w/v) DDM and 5 mM B-ME, pH 7.4. The main peaks
fractions were analyzed by sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and purified proteins were further concentrated by a spin concentrator. The final protein

concentration in detergent micelles was measured by recording the absorbance at 280 nm.

3.5 Peptidisc reconstitution:

3.5.1 Preparation of Nanodisc scaffold protein reversed (NSPr):

Peptidisc also known as peptide NSPr (N’-FAEKFKEAVKDYFAKFWDPAAEKLKEAVK
DYFAKLWD-C’) was purchased from Peptidisc Biotech. The peptide was solubilized to 5

mg/ml in 20 mM Tris-HCL pH 7.4 and 200 mM NacCl.

3.5.2 In-gel reconstitution:

The target membrane protein NisT (1 uM) was mixed with increasing concentrations of
peptidisc (0-65 uM) and allowed to incubate for 1-2 minutes at room temperature. The mixture
was then supplemented with buffer A (20 mM Tris-HCL pH 7.4 and 200 mM NacCl) to bring
the final detergent concentration below its critical micelle concentration (CMC) while keeping
the final volume to 15 pl. A solution of glycerol was added to 10% final to facilitate loading
on 4-12% clear native polyacrylamide gel electrophoresis (CN-PAGE). The electrophoresis
was set constant at 25 mA for 1 hour at room temperature and then the bands were visualized

by Coomassie Blue G250 staining.
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3.5.3 On-column reconstitution:

The target membrane protein NisT and peptidisc were mixed in a 1:15 molar ratio in a total
volume of 100 u L in buffer A. The mixture was immediately injected into a Superdex 200inc

column (10/300 GL, Cytiva) pre-equilibrated with 10 mM Tris-HCI pH, 200 mM NacCl, and 2

mM B-ME. Desired fractions were collected and visualized by SDS-PAGE.

3.6 ATPase activity assay:

The ATPase activity of purified and detergent-solubilized NisT was measured using the ADP-
Glo Max assay (Promega). The ATPase reaction was performed using 1X reaction buffer at a
final concentration of 20 mM Tris-HCI1 pH 7.4, 100 mM NacCl, 10 mM MgCl,, and 0.013% of
DDM or FC-16. The enzymatic reaction was performed at room temperature for 40 minutes
and was stopped by the addition of ADP-Glo™ Max detection reagent to convert ADP to ATP
and introduce luciferase and luciferin and allow ATP detection. The quenched samples were
further incubated at room temperature for 60 minutes and measured by a plate-reading
luminometer (GloMax® discover microplate reader, Promega). All the reactions were carried
out in triplicates and ATPase rates were determined using linear and non-linear regression to

the Michaelis—Menten equation in GraphPad Prism (Version 9 software).

3.7 Electron microscopy (EM) grid preparation:

For negative stain EM, copper grids coated with carbon (CF400-CU) were glow discharged at
15 mA for 30 seconds using a Pelco easiGlow Glow Discharge unit. 5 pl of protein sample was
applied to the grid, incubated for 1 min at room temperature and excess liquid was then
removed by blotting. The grid was washed one time by placing the grid on a 30 ul droplet of
deionized water for 5 seconds and excess water was removed by blotting. The grid was stained
by placing on a 30 ul droplet of 2% w/v uranyl acetate solution for 5 seconds, followed by

blotting, and then placing on a second 30 ul droplet of 2% w/v uranyl acetate solution for 1
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min before final blotting. Grids were kept for another 10 minutes to dry completely and stored
until imaging.

For cryo-EM, C-flat holey carbon-coated grids (Quantifoil 300 mesh, 1.2/1.3) were
glow discharged at 10 mA for 20 seconds and mounted in an FEI Vitrobot MkIV set to 100%
humidity at 4°C. 5 ul of ~5mg/ml purified protein were applied to the grids and left to absorb
for 3 seconds, then blotted for 3 seconds with 1 blot force. After blotting, grids were frozen by
plunging into liquid ethane, cooling the sample fast enough to prevent the formation of
crystalline ice. Also, to capture the NisT transporter in an ATP-bound state, an ATP analog
such as adenosine 5'-O-(3-thiotriphosphate) (ATPyS) was used in 1:5 molar ratio
(NisT:ATPyS). The ATPyS was mixed with NisT just before freezing grids (1:5 molar ratio
NisT:ATPyS). And all grids were frozen with the same freezing condition described above.

After freezing, grids were stored in liquid nitrogen until imaging.

3.8 EM imaging and data collection:

Negatively stained grids were imaged on an FEI Tecnai G2 Spirit Twin transmission electron
microscope (TEM) at 120 kV at 68,000x magnification with a Gatan Ultrascan 4000 4k x 4k
CCD Camera. Cryo-EM grids were screened to assess protein aggregation state, particle
density and ice quality using an FEI Tecnai G2 F20 TEM operating at 200 kV with a TVIPS
TemCam XF416(ES) 16MP CMOS Camera. Suitable samples were then forwarded to full data
collection in the FEI Titan Krios microscope operated at 300 kV. For data collection, the Gatan
K3 direct detection camera was used in counting mode at 130,000x magnification with a
defocus range of -1.00 to -2.50 um (interval 0.25 um), which produced images with a calibrated
pixel size of 0.675A with two electrons per frame. Four different data sets were collected i.e.,
(1) NisT+FC-16_noATP, (ii) NisT+FC-16_ATPyS, (iii) NisT+DDM_noATP, and (iv)
NisT+DDM_ATPyS. And all datasets were collected with the same parameters described

above.
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3.9 Image processing:

Two different data processing software has been used for this project i.e., RELION 4.0°* and
cryoSPARC v4.0%. Motion correction and dose weighting were performed using MotionCor”®
implemented in both RELION and cryoSPARC. Contrast transfer functions were then
calculated using CTFFIND4’. Particle picking and initial particle extraction were carried out

in both RELION and cryoSPARC. Subsequent data processing is described in later chapters.

3.10 Hydrogen—deuterium exchange mass spectrometry (HDX-MS) sample preparation:

Reference/Undeuterated sample preparation (control):

To prepare the control samples in a non-deuterated buffer, NisT purified with two different
detergents (FC-16 and DDM) was concentrated to 5 uM after SEC purification using 0.5 mL
Amicon® Ultra 100 kDa molecular weight cut-off spin concentrator. Then the NisT was diluted
to a final concentration of 2 uM in reaction buffer 1 containing 10 mM Tris-HCL pH 7.4, 200
mM NaCl, 0.0016% FC-16 and reaction buffer 2 containing 10 mM Tris-HCL pH 7.4, 200 mM
NaCl, 0.02% DDM to a final volume of 50 uL.. Each reaction was prepared in triplicate. Then
the reactions were quenched immediately by adding 75 pL of quench buffer (100 mM sodium
phosphate and 0.8 M guanidine HCI (pH 1.7)) to give a final pH meter reading of 2.1. Quenched
samples were immediately flash-frozen in liquid nitrogen and stored at —80 °C until Liquid
chromatography—mass spectrometry (LC—MS) analysis.

Deuterated sample preparation:

NisT purified with DDM was first concentrated to 20 uM using 0.5 mL Amicon® Ultra 100
kDa molecular weight cut-off spin concentrator. To initiate the HDX reaction, NisT was diluted
to a final concentration of 2 uM in HDX reaction mixtures containing 10 mM Tris-HCL pD
7.0,200 mM NaCl, 1 mM AMP-PNP (when present), | mM ATP (when present), 10 uM NisA

(when present) to a final volume of 50 pL. Each reaction was prepared in triplicate. Then the
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HDX reactions were quenched after incubating for 30 minutes by adding 75 uL of quench
buffer (100 mM sodium phosphate and 0.8 M guanidine HCI (pH 1.7)) to give a final pH meter
reading of 2.1. Quenched samples were immediately flash-frozen in liquid nitrogen and stored

at —80 °C until Liquid chromatography—mass spectrometry (LC—MS) analysis.

3.11 Mass Spectrometry Data Collection and Analysis:

Frozen 125 pL of quenched reaction aliquots were thawed in a 30 °C water bath for 65 seconds
before being injected into a Waters immobilized pepsin column using a 40 pL injection loop
of the HDX manager. The immobilized pepsin column was held at 15°C or 20°C to optimize
the right condition and then the sample was passed through the pepsin column with 0.1%
formic acid in H>O at a flow rate of 100 uL./min. For the sample optimization, two different
time points were used for the digestion phase i.e., 3 min or 5 min. After a 3 min or 5 min
digestion phase, the peptides were eluted from the trap column onto a Waters BEH C18 UPLC
column (equilibrated in 95:5 (v/v) H20: acetonitrile, 0.1% FA) and separated at 0.4°C with a
linear gradient of 5-40% in 13 min and then four alternative cycles of 5% and 95% until 25
min. The sample was then ionized by electrospray ionization (ESI) using the following source
settings: capillary voltage of 2.8 kV, sampling cone = 30 V, source offset = 30 V, and
desolvation temperature = 175 °C. And the data were collected in positive ion and resolution
modes in the m/z range of 100-2000. All mass spectrometry was performed on a Waters Synapt
G2-Si with HDX technology. For the identification of non-deuterated peptides, data were

STM

collected in MSF mode, and the resulting peptides were identified using PLG software

(ProteinLynx Global SERVER 3.0.2 from Waters™).
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4. Results:

4.1. Protein expression and purification

4.1.1. NisT expression optimization:

Conditions supporting the optimal expression of NisT were screened. The condition screening
included cell density alteration at induction point and alteration of the inducer concentration.
Variation in cell density at the time of indication identified that ODgoo nm 1.0 is the optimal cell
density, due to the NisT expression compared to ODsoo nm and with minimal degradation

products compared to ODsoonm 1.5, see SDS-PAGE analysis in Figure 12.
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Figure 12. NisT expression test at different induction time. Coomassie-stained SDS-PAGE
analysis after Ni-NTA purification shows a protein band at 63kDa protein marker.

Different Nisin (protein expression inducer) concentrations of 10 ng/ml, 20 ng/ml and 30 ng/ml
were also screened to examine if a higher amount of nisin could enhance protein expression.
The SDS-PAGE gel analysis showed no significant increase in protein expression even after

increasing the Nisin concentration (Figure 13). As such, 10 ng/ml Nisin was used in all further

experiments.
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Figure 13. NisT expression test at different nisin concentration. Coomassie-stained SDS-
PAGE analysis after Ni-NTA purification shows a protein band at 63kDa protein marker.

4.1.2. NisT purification:

In any biochemical project, it is often necessary to express and purify significant quantities of
protein. The plasmid utilized for NisT expression contained the nis7T gene, fused to a ten-
histidine residue (10HNisT) tag at the C-terminus of the nis7. 10HNisT was homologously
expressed in L. lactis NZ9000 (typically, resulting in 9 grams of cell from a 2 L culture).
Initially, NisT was extracted from the membranes by 1% dodecyl maltoside (DDM) detergent
due to its mild protein denaturation properties. Unfortunately, DDM was unable to efficiently
extract NisT as evident by the elution of the DDM-extracted protein in the void volume of a

size-exclusion chromatography (SEC), suggesting that the protein aggregated (Figure 14).
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Figure 14. Purification of NisT in DDM. (A) SEC chromatogram of 10HNisT displayed a
void peak at 8 ml on a Superdex 200increase 10/300 GL column. Molecular markers, ferritin
(440 kDa), conalbumin (75 kDa), carbonic anhydrase (29 kDa) and ribonuclease A (14
kDa), are indicated by a dashed gray line. (B) A typical Coomassie-stained SDS-PAGE gel
shows a protein band between 48 and 63kDa protein marker.

A previous study reported that 1% Fos-choline 16 (FC-16, Anatrace) detergent could

be used to solubilize and purify NisT>. So, in our experiment, 10HNisT was similarly

solubilized with the FC-16 and purified by immobilized metal ion affinity (IMAC) followed

by SEC. Similar to other membrane proteins®®-1%°, 10HNisT (69 kDa) showed higher mobility

on the SDS-PAGE gel and migrated to a distance that approximately corresponds to 60 kDa

(Figure 15B). 10HNisT eluted from SEC both in the void peak and in a volume that

corresponded to a dimer in detergent micelle (Figure 15A). Subsequently, the dimeric 10HNisT

elution fractions were further concentrated and used for ATPase activity assay, peptidisc

reconstitution and structural studies.
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Figure 15. Purification of NisT. (A) SEC chromatogram of 10HNisT displayed a peak (#)
at 10 ml on a Superdex 200increase 10/300 GL column, (B) A typical Coomassie-stained
SDS-PAGE gel shows a protein band between 48 and 63kDa protein marker.

Since the zwitterionic detergents such as FC-16 are considered harsher surfactants than
the non-ionic detergents, 10HNisT was further screened with different non-ionic detergents
such as DDM, n-Undecyl-Beta-Maltoside (UDM), Lauryl Maltose Neopentyl Glycol (LMNG),
Cyclohexyl-Methyl-B-D-Maltoside (CYMAL-7) and N, N-Dimethyl-n-dodecylamine N-oxide
(LDAO). All the different detergents were exchanged individually on the Superdex
200increase 10/300 GL column. Among these screened detergents, only DDM was found to
stabilize the protein in a volume corresponding to a dimer within a micelle (Figure 16).
Accordingly, DDM exchanged 10HNisT was used for ATPase activity assay and structural

studies.
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Figure 16. Detergent screening of 10HNisT on a Superdex 200increase 10/300 GL column
after solubilized in FC-16 and purified by Ni-NTA chromatography.

Previous studies have shown that the choice of detergent can affect the structural and
functional properties of membrane protein as well as the presence of high detergent
concentration can result in an empty detergent micelle which increases the background noise

in EM images!®!

. In order to avoid and overcome this problem, membrane mimetics systems
such as nanodisc!??, peptidisc!®®, saposinA!®, SMALPS!? and liposomes'% are often used.

Here we have chosen to reconstitute 10HNisT into the peptidisc membrane mimetics system.
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4.2. Peptidisc reconstitution

4.2.1. In gel reconstitution:

The ‘in-gel’ method is a good option to determine optimal reconstitution conditions in a time-
and cost-effective fashion. The target membrane protein NisT (I pM) was mixed with
increasing concentrations of peptidisc (0-65 pM) for reconstitution and ran on a blue native
polyacrylamide gel electrophoresis (BN-PAGE). The expected molecular size of the IOHNisT
and peptidisc complex was ~240 kDa. Unfortunately, the protein was found to aggregate in

each condition tested (Figure 17).

Aggregates

Peptidiscs

Figure 17. On-Gel NisT/Peptidisc reconstitution (Peptidisc and NisT were mixed at the
indicated molar ratio)

4.2.2. On column reconstitution:

Since protein aggregation was observed in the in-gel reconstitution method, the on-column
reconstitution method was also attempted. The resulting chromatogram is shown in Figure 18A

and its fractions were analyzed by 12% SDS PAGE (Figure 18B). The analysis presented in
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Figure 18 shows that the NisT reconstituted peptidisc complex fractions were both of high

purity and homogeneity.
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Figure 18. On-column NisT/Peptidisc reconstitution (a) Size-exclusion chromatography
profiles of NisT reconstituted into peptidiscs using the ‘on-column’ method. (b) 12% SDS-
PAGE analysis of NisT in peptidisc. Peptidisc runs at the bottom of the gel and can be
visualized with Coomassie blue staining.

Since the protein purification protocol has been established, we then continued to

examine the protein folding and activity by an ATPase assay.

4.3. ATPase assay of NisT:

Since ATP hydrolysis is the hallmark of a functional ABC transporter-mediated substrate
translocation, an ATPase activity of NisT in vitro without the nisin substrate was performed.
The ATPase activity was measured in both FC-16 and DDM detergent solutions using the
ADP-Glo max assay kit (Promega). First, a protein concentration optimization assay was
performed to determine the optimal protein concentration for the ATPase assay. For this
optimization assay, a constant concentration of ATP was maintained (3 mM) in all reactions,
while the concentration of NisT was varied from 0 to 6 uM. The results have clearly indicated

a concentration-dependent activity of the NisT transporter was observed (Figure 19).
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Figure 19. NisT concentration optimization assay in varying NisT concentrations. The
result was fitted using Prism GraphPad.

After determining the optimal protein concentration, an ATPase assay was performed.
In this ATPase assay, a constant concentration of NisT was maintained (5 pM) while the
concentration of ATP was varied from 0 to 3 mM. The ATPase activity of NisT in both FC-16
and DDM detergents was measured using the ADP-Glo max assay kit (Promega) in the absence
of a nisin substrate. To determine the kinetic parameters of NisT enzyme-catalyzed reaction,
the Michaelis-Menten equation is fitted to experimental data using Prism GraphPad software.
The software uses nonlinear regression analysis to fit the equation to the data and determine
the values of Km. The Km value is a measure of the affinity of an enzyme for its substrate, and
it provides important information about the enzymatic activity of the protein'?’.

In the presence of the FC-16 detergent, the Km value of NisT was found to be 86.23uM,
indicating that the enzyme has a high affinity for its substrate, ATP. In contrast, the Km value
of NisT was found to be 372.3 uM in the presence of the DDM detergent, indicating a lower

affinity for the substrate (Figure 20). The differences in the Km values between the two
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detergents suggest that they may have different effects on the conformation and activity of
NisT. This observation stands in good agreement with the knowledge that different detergents
can alter the structure and function of membrane proteins'%®. In conclusion, the observed ATP
hydrolysis increased as a function of the ATP concentration, suggesting that the purified
protein is indeed active.

After successfully validating NisT activity in both DDM and FC-16 detergents,

structural studies were commenced.
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Figure 20. ATPase assay of NisT in varying ATP concentrations. The specific ATPase rate of
purified NisT was measured using the ADP-GloMax kit (Promega) and plotted against ATP
concentration (mM) to determine kinetic parameters. The ATPase rate was fitted by Michaelis—
Menten equation to determine the Km using Prism GraphPad software.

4.4. NisT cryo-EM data collection:

Zwitterionic detergents like FC-16 can have varying effects on the structural integrity of
membrane proteins'®!l. For example, they can alter the orientation and packing of lipid

molecules in the membrane, which can in turn affect the conformation and stability of the
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protein'®. Additionally, the specific properties of the detergent, such as its hydrophobicity and
size, can also influence its interactions with the protein and potentially cause changes to its
structure!®. Therefore, non-ionic detergent like DDM was also used in this study. Since NisT
was purified individually in both detergents, the sample quality was visualized and assessed by
negative staining in TEM (Figure 21). Since the protein is in a detergent micelle, it was difficult
to distinguish between a protein that was incorporated into a micelle vs an empty micelle. Also,
the sample was very difficult to see on the grid due to its relatively small in size. But the

samples seemed to be mostly monodispersed and therefore we continued to cryo-EM grid

screening.

o~

NisT in FC-16 NisT in DDM

Figure 21. Negative staining micrograph of NisT in FC-16 and DDM detergents.

Initially, the cryo-EM samples were prepared using the CF-2/1-Cu300M grid. During
grids screening in the Tecnai TF-20 TEM microscope, an uneven particle distribution was
observed in both FC-16 (Figure 22) and DDM grids (Figure 23), where the protein particles

were concentrated around the edge of the hole.
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NisT in FC-16

Middle of the hole Side of the hole

Figure 22. Single particle cryo-EM micrograph of NisT in FC-16 grid. (A) shows no particle
in the center of the hole (B) shows particles (in red circles) on the side of the hole.

NisT in DDM

Middle of the hole ' Side of the hole

Figure 23. Single particle cryo-EM micrograph of NisT in DDM grid. (A) shows no particle
in the center of the hole (B) shows particles (in red circles) on the side of the hole.

Hence, grids with smaller mesh sizes such as CF-1.2/1.3-Cu300M were used to

minimize the effects of the uneven particle distribution. These grids have smaller holes, which
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110

can be seen in

reduced the likelihood of protein particles being pushed toward the edges
Figures 24 and 25.

NisT in FC-16

Middle of the hole Side of the hole

Figure 24. Single particle cryo-EM micrograph of NisT in FC-16 grid. (A) shows particle (in
red circles) in the center of the hole (B) shows particles (in red circles) on the side of the hole.

NisT in DDM

L=eo0nm

Middle of the hole Side of the hole

Figure 25. Single particle cryo-EM micrograph of NisT in DDM grid. (A) shows particle (in
red circles) in the middle of the grid (B) shows particles (in red circles) on the side of the grid.
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Since NisT is an ABC exporter, a slowly hydrolyzable ATP analog, such as adenosine
5'-O-(3-thiotriphosphate) (ATPyS) was added to the protein sample just before the grid
freezing. By using ATPYS, in the protein sample, the hydrolysis rate of ATP is significantly
reduced, and the conformational changes associated with ATP hydrolysis are minimized. This
strategy helps to capture the transporter in different conformational states, and some might be
more suitable for single-particle cryo-EM analysis. Following the optimizing the uneven
particle distribution, 4 datasets [(1)NisT+FC16 with ATPyS (ii)NisT+FC16 without ATPyS
(i11)NisT+DDM with ATPyS (iv)NisT+DDM without ATPyS] were collected comprising
~7000 recorded movies in each. One representative micrograph from each of the datasets is

shown in Figures 26 and 27.

NisT in FC-16

Figure 26. Single particle cryo-EM micrograph of NisT in FC-16 grid with and without
ATPyS.
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NisT in DDM

e
WA

- ATPyS o + ATPyS

Figure 27. Single particle cryo-EM micrograph of NisT in DDM grid with and without ATPyS.

4.5. NisT cryo-EM data processing:

The typical cryo-EM data processing workflow involves the following steps, i.e., importing the
data, motion correction, CTF estimation, particle picking and extraction, 2D classification, 3D
reconstruction and result validation!'!. There are many software packages available for
carrying out cryo-EM image processing. Some of the commonly used software packages
include RELION®*, cryoSPARC?, SPIDER!''?, Frealign''3, EMAN!"4 and cisTEM''>. In our
case, both RELION and cryoSPARC software packages were used for image processing.

The images produced by the cryo-EM are two-dimensional projections of the molecule
from various angles, which are then processed to reconstruct a three-dimensional model of the
molecule. The raw data collected in cryo-EM is typically stored as a series of 2D images in a
file format such as MRC or TIFF. These images are often referred to as "frames" or
"micrographs" and are usually acquired at a rate of several frames per second.

The first step in cryo-EM data processing is to import these raw data files into software
specifically designed for cryo-EM image processing like RELION and cryoSPARC. Once the

import step is done, motion correction is essential for obtaining a high-quality 3D
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reconstruction of the biological sample. When imaging biological samples using cryo-EM, the
samples are embedded in a thin layer of vitrified ice, which is then imaged using an electron
microscope. However, during the image collection, the samples may shift due to factors such
as stage drift, charging, or beam-induced motion. These movements result in blurred or
distorted images, which can reduce the quality of the final 3D reconstruction''®. Motion
correction is a process that corrects these sample movements by aligning the individual
micrographs to a common reference. This process involves selecting a reference micrograph
and then aligning all the other micrographs to it using cross-correlation or other image

alignment algorithms!'!

. This ensures that all the micrographs are aligned in the same
orientation and position and that any motion-induced blur or distortion is corrected.

After motion correction, Contrast Transfer Function (CTF) estimation is performed.
The CTF is a mathematical description of the way in which the electron microscope and the

sample interact to produce the recorded image!''®

. The CTF estimation is necessary to correct
the effects of the CTF on the recorded images and to obtain an accurate 3D reconstruction. The
CTF of an electron microscope is affected by various factors such as the energy of the electrons,
the defocus of the microscope, and the spherical aberration of the lenses!!'. These factors result
in a blurring of the recorded image, which varies with the spatial frequency of the image. This
correction is necessary to obtain an accurate 3D reconstruction of the sample. If the CTF is not
corrected, the final reconstructed model may suffer from reduced resolution or might contain
artifacts and distortions affecting the interpretation of the structure.

Particle picking and extraction are crucial steps for generating a high-quality 3D
reconstruction of the macromolecular complex, which involves identifying and extracting
individual particles from the raw cryo-EM micrographs. There are several options to perform

particle picking and the choice of method often depends on various factors, including the

quality of the data, the size and complexity of the particle, and the level of automation desired.
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Among these, the common particle picking methods are manual picking, blob picker, template-
based picking and deep learning-based picking like TOPAZ!?°,

After particle extraction, 2D classification is a recommended step in cryo-EM data
processing that helps to improve the quality of the final 3D reconstruction. The goal of 2D
classification is to group similar particles based on their 2D projection images, allowing for the
removal of poor-quality particles and the selection of high-quality particles for further
processing.

For cryo-EM data sets, the researcher often starts with blob picking. In blob picking,
the particles are detected as local maxima in the micrographs using blob detection
algorithms'?!. These local maxima are essentially blobs in the image that are higher in intensity
than their surrounding pixels. The advantage of blob picking is that it can be fast and automated.
The algorithms used for blob detection are relatively simple and can be implemented
efficiently, which makes it possible to process large datasets quickly. Additionally, blob
picking can be effective for detecting particles that are relatively large and well-separated from
each other, as the local maxima tend to correspond to particle centers. However, blob picking
may not work well for small or low-contrast particles, as these may not generate distinct local
maxima'?!. Additionally, blob-picking algorithms may generate false positives if the
micrographs contain noise or other features that resemble particle centers. And in our case, the
protein size was relatively small, which made it difficult for blob-picking algorithms to
distinguish the particles from the background noise or other features in the micrographs,
ultimately leading to random/junk particle picking. Random particle picking by the blob picker
can result in a particle stack that is noisy and poorly representative of the target structure. In
order to avoid random/junk particle picking, different types of parameters can be used in cryo-
EM data processing. These parameters can include particle diameter, particle shape, contrast,

correlation coefficient, and signal-to-noise ratio. It is important to note that the choice of
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parameters will depend on the specific sample and experimental conditions and may require
some experimentation to determine the optimal values.

After picking particles from all four NisT datasets using a blob picker in cryoSPARC,
2D class averaging was performed. Unfortunately, the resulting 2D class averages were not
promising even after trying different parameters and iterative rounds of classification in the
blob-picking job (Figures 28 and 29). Parallel image processing in RELION also displayed

similar results as cryoSPARC, and therefore the RELION results are not presented in the thesis.

NisT in FC-16

 _ATPYS + ATPyS

Figure 28. Representative 2D class averages of NisT in FC-16 particle images using
cryoSPARC’s blob picker (A)without ATPyS (B)with ATPyS

65



NisT in DDM

- ATPyS + ATPyS

Figure 29. Representative 2D class averages of NisT in DDM particle images using
cryoSPARC’s blob picker (A)without ATPyS (B)with ATPyS

Next, we employed the template-based particle-picking method to refine the particle-
picking process, for which we have generated an Alphafold model!?>!23 of NisT. Since the
hydrophobic transmembrane region of NisT is surrounded by a detergent micelle, it is
important to generate a template that also contains a detergent micelle. This detergent micelle
containing template ensures that the resulting particles are correctly identified and extracted as
the detergent micelle give rise to a unique and recognizable shape that can be used to
distinguish the NisT transporter particles from other structures in the micrograph. Hence, we
incorporated the protein model in a lipid micelle containing FC-16 or DDM detergent using
the CHARMM-GUI server'?*. The generated model was then converted into a volume and was
imported to cryoSPARC as a template for particle picking (Figure 30). Even in this case, the
2D class averages did not yield classes that resembles an ABC exporter in detergent micelle

(Figures 31 and 32).
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NisT in FC-16 micelle

Figure 30. Template used for template-based particle picking method. (A) NisT alphafold
model (in pink) in a lipid micelle (light brown) containing FC-16 detergent (B)Converted
volume (in cyan).

NisT in FC-16

Figure 31. Representative 2D class averages of NisT in FC-16 particle images using
cryoSPARC’s template picker (A)without ATPyS (B)with ATPyS
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NisT in DDM

.

+ ATPyS

Figure 32. Representative 2D class averages of NisT in DDM particle images using
cryoSPARC’s template picker (A)without ATPyS (B)with ATPyS

Blob and template-based particle-picking methods are widely used in cryo-EM data
processing, but they can be limited by their reliance on predefined templates or assumptions
about the shape and size of the particles. TOPAZ, on the other hand, uses a deep learning-based
approach that can adapt to a wide range of particle shapes and sizes, and can potentially
improve the accuracy and speed of particle picking!?°. Initially, TOPAZ is trained by multiple
rounds in cryoSPARC using a small number of particle stacks as well as a template/volume
created previously. Following the training, particle picking was performed again and was
followed by 2D class averaging. Here again, the 2D class averages did not yield classes that

resemble an ABC exporter in detergent micelle (Figures 33 and 34)
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NisT in FC-16

Figure 33. Representative 2D class averages of NisT in FC-16 particle images using TOPAZ
in CryoSparc (A)without ATPyS (B)with ATPyS

NisT in DDM

S

B

- ATPyS + ATPyS

Figure 34. Representative 2D class averages of NisT in DDM particle images using TOPAZ
in CryoSparc (A)without ATPyS (B)with ATPyS

After trying multiple approaches for particle picking and 2D class averaging, it seemed
as if our samples contain only empty detergent micelles, suggesting that the transporter fold

was disrupted due to the detergent or there was an excessive amount of empty detergent
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micelles present on the grids. Previous studies have suggested that empty detergent micelles
often cause problems if they are present in large quantities on the cryo-EM grids'®'. These
empty micelles can interfere with the alignment and classification of the real protein particles
in the dataset'®'. Empty detergent micelles can also contaminate the cryo-EM grid and cause
artifacts in the reconstructed structures. For example, they may introduce additional noise or
distortions that can reduce the resolution of the reconstructed images. Detergent micelles can
be variable in size and shape, which can make it more difficult to align and classify them
accurately'?>. This can lead to lower quality 2D class averages, which in turn can affect the
resolution of the final reconstructed structure.

Apart from the structure determination of the NisT transporter, understanding the
conformational dynamics of the NisT transporter is crucial for comprehending its function and
interactions with other proteins and complexes. Conformational changes play a vital role in
protein-protein interactions, which are essential for many biological processes. For example,
during the transport cycle, the NisT transporter undergoes a series of conformational changes,
including opening and closing of its substrate-binding pocket, as well as structural
rearrangements of its transmembrane domains, to facilitate substrate binding and release. By
studying these conformational changes in detail, researchers can gain insights into the
molecular mechanisms underlying the transport process, which can help in the design of drugs
that specifically target the transporter. Furthermore, understanding the conformational changes
that occur during protein-protein interactions can also aid in the design of novel therapeutics
and drugs that selectively enhance these interactions or disrupt them, depending on the desired
outcome.

There are several techniques that can be used to study the conformational dynamics of
an ABC transporter even in the absence of high-resolution structural model including

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)!26. Hence, we have employed
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4.6.

HDX-MS to characterize the conformational dynamics, protein-protein interactions, and ligand

binding of NisT transporters.

HDX-MS Data Collection and Analysis of NisT

In an HDX-MS experiment, optimizing the digestion and liquid chromatography (LC)
conditions is crucial to generate a high-quality peptide map. A good peptide map should have

high sequence coverage, redundancy, and signal quality'?’

. The proteolytic digestion
conditions, such as enzyme type, concentration, and digestion time, should be optimized to
generate peptides of appropriate length and sequence coverage. The LC conditions, such as
column type, gradient, and mobile phase, should also be optimized to ensure good separation
and detection of peptides!?®. The quality of the peptide map determines the accuracy and
precision of the HDX-MS results, which in turn affects the reliability of the structural
information obtained.

Hence, different trap and digestion conditions were examined to get a good peptide map

coverage of the NisT reference samples in both FC-16 and DDM detergents (Table 1).

Table 1. Listed different MS conditions tried for the NisT reference sample.

Detergent MS conditions | PLGS Coverage | Dynamx Dynamx
coverage with | coverage with
1 replicate 2 replicates
F6-16 2 uM NisT 3 min trap 93.2 47.8 47.1
15 C digestion
DDM 2 uM NisT 3 min trap 91.2 73.6 -
15 C digestion
DDM 2 uM NisT 5min trap 97.3, 90.8 85.3
15 C digestion
DDM 2 uM NisT 5min trap - 92.0 85.5
20 C digestion
F6-16 1uM 3 min trap - 30.3 -
15 C digestion
F6-16 1uM 5 min trap - 66.7 -
15 C digestion
F6-16 1uM 5min trap - 72.7 -
20 C digestion
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The sequence coverage map obtained from the NisT/DDM reference sample by LC-
MS is 85.3% and 85.5% with 5 minutes of trap/15°C digestion and 5 minutes of trap/20°C
digestion respectively (Figure 35 and 36).
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Figure 35. The coverage map was recorded for NisT/DDM with 5 minutes of trap/15°C
digestion.
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Figure 36. The coverage map was recorded for NisT/DDM with 5 minutes of trap/20°C

digestion.

But, in the NisT/FC-16 reference sample, only 47% of the peptide coverage map was

obtained (Figure 37), which requires further optimization.
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Figure 37. The coverage map was recorded for NisT/FC-16 with 3 minutes of trap/15°C
digestion.

Achieving a good peptide map coverage of reference samples is essential for obtaining
accurate and reliable HDX-MS data, and careful consideration should be given to the choice
of enzyme and digestion conditions to ensure optimal results. In our case, NisT in the presence
of DDM gave a good sequence coverage of 85%, indicating that a large portion of the NisT
sequence was identified and analyzed by mass spectrometry. However, it is not a complete
sequence coverage, and there may be some regions of the protein that cannot be analyzed due
to the limitations of the LC-MS method, or the digestion conditions used. However, in the case
of the NisT in the presence of FC-16 reference sample, only 47% of the peptide coverage map
was obtained. This low percentage of sequence coverage suggests that further optimization of

the experimental conditions is necessary to improve the digestion and peptide recovery.



5. Discussion:
Membrane proteins are essential for many biological processes and are targets for numerous
pharmaceuticals'?’. However, the study of these proteins is challenging, mainly due to their
hydrophobic nature and the difficulties associated with extracting them from the membrane.
The optimization of the membrane protein expression and purification is a challenging process
but necessary to obtain a high yield of the protein for biochemical or structural analysis. When
attempting to solubilize and stabilize membrane proteins, it is vital to carefully select the
appropriate detergent. Because different detergents have different affinities for different parts
of the protein, the wrong detergent can result in protein denaturation, aggregation or loss of its
functionality!’. Several factors should be considered when selecting a detergent suitable for
solubilizing and stabilizing membrane proteins'*°. The first factor is the size of the detergent
micelle. It is necessary to choose a detergent that can form small micelles that can efficiently
solubilize the protein, but not so small that it cannot protect the protein's hydrophobic regions.
The second factor to consider is the structure of the protein. Some detergents are better suited
for certain protein structures, such as alpha-helical or beta-barrel proteins!?!. The third factor
to consider is the detergent properties. The hydrophobic and hydrophilic properties of the
detergent should match the properties of the protein being studied. The choice of detergent will
depend on the specific protein and the desired experimental conditions. Therefore, it is
necessary to select a detergent that is best suited for the specific structure of the protein under

investigation'3°,

In the case of NisT, extensive optimization of the purification process was conducted
by screening a wide range of detergents to identify the most effective ones. In previous studies
as well as our study, NisT was found to be active and stable in FC-16 detergent, suggesting
that FC-16 detergent is suitable for solubilizing and stabilizing the protein during the

purification process’. However, FC-16 is not always the preferred detergent for the
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solubilization of membrane proteins due to its harsh nature. The fact that NisT is also stable
and active in DDM, a commonly used non-ionic detergent, presents an alternative and milder
approach for solubilization that will be more flexible for downstream applications. To further
validate the stability and activity of NisT, we performed the ATPase assay of NisT in both
DDM and FC-16, suggesting that NisT is functional and able to catalyze the hydrolysis of ATP.
This ATPase activity assay serves as an important validation suggesting that the purified
protein is indeed properly folded. In the future, it is important to record the ATPase activity of
NisT in the presence/absence of NisA, NisB, and NisC to determine if protein-protein

interactions influence the ATP hydrolysis rate.

After successfully validating NisT activity in both DDM and FC-16 detergents, we
initiated a structural study using cryo-EM to gain structural insights into its molecular
architecture. However, during the image processing, we encountered difficulties to obtain high-
quality 2D class averages from the cryo-EM datasets. To address these issues, we tested
different strategies in efforts to improve the particle selection and downstream 2D class
averages including template-based particle picking and TOPAZ picking as alternative methods

for particle selection.

Template-based particle picking involves using a high-resolution reference structure to
search for and extract particles from the micrographs'®!'. Template-based particle picking is a
widely used method in cryo-EM for identifying and extracting particles from micrographs.
While this approach can be effective, it also has several limitations'?2. One of the limitations
of template-based particle picking in cryo-EM is the potential for introducing bias in the
selection of particles. The use of a reference structure can introduce a degree of subjectivity
into the particle-picking process, as the choice of the reference can influence the particles that

are selected. This can be especially problematic if the reference structure is incomplete or
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incorrect and may lead to the selection of only a subset of particles, potentially skewing the
final results. Despite the potential of bias introduction, template-based particle picking in cryo-
EM remains a valuable method as it can be effective in identifying and extracting particles
from micrographs, particularly when a high-resolution reference structure is available. One
advantage of template-based particle picking is that it can be more accurate than other methods,
particularly when the reference structure is not well-resolved and matches the particles in the
micrographs. This can result in higher quality 2D class averages and a more complete dataset,
leading to a more accurate 3D structure. Finally, template-based particle picking can be
combined with other methods, such as ab-initio reconstruction or focused classification, to
increase the diversity of particle populations and reduce potential biases. By using multiple
references or combining template-based particle picking with other methods, researchers can
obtain more accurate and complete datasets, and increase the resolution and accuracy of the
final 3D structure. Hence, we generated a model of NisT and detergents complex using
Alphafold'?>!?* and CHARMM-GUI'** and used it as a template for particle picking. While
this approach helped in identifying particles, the quality of the 2D class averages remained

suboptimal.

Furthermore, when traditional methods like blob and template-based picking failed to
produce satisfactory 2D class averages, we explored TOPAZ for particle picking. TOPAZ is
an automated particle-picking tool that uses a deep learning-based approach to identify and
extract particles from cryo-EM micrographs'?°. One of the advantages of TOPAZ is its high
speed and accuracy. It can quickly identify particles in micrographs, even in noisy or low-
contrast images, and accurately extract them for further processing. Another advantage of
TOPAZ is its ability to detect and remove false positives, which can be particularly important

when dealing with complex datasets or noisy micrographs'?°. By reducing the number of false
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positives, TOPAZ can produce more accurate and reliable results, leading to a higher-quality
3D structure. However, TOPAZ also has its own limitations. It requires a large amount of
training data to achieve high accuracy, and the quality of the dataset can depend on the quality
of the training data. Additionally, it may not perform as well on samples with significant
conformational heterogeneity or low particle density. Despite its limitations, we have utilized
TOPAZ. However, even after multiple rounds of training in cryoSPARC using a small number
of particle stacks as well as a template/volume created previously, the collected cryo-EM

datasets resulted in suboptimal 2D class averages.

After all these rigorous optimizations in the cryo-EM image processing pipeline, we
suspect that the problem might be with the sample itself. One of the reasons could be the
presence of a high concentration of empty detergent micelles on the cryo-EM grids. During
concentrating the protein, not all detergent micelles pass through the spin concentrator even if
the molecular cutoff is higher than the detergent micelle size. There could be different reasons,
sometimes the detergent micelles can adhere to the membrane of a spin concentrator during the
concentration process, especially if the detergent concentration is too high. Another reason
could be that the detergent micelles have become too large or too stable to be disrupted by the
centrifugal force applied during the concentration process. This can occur if the detergent
concentration is too high or if the detergent has formed large aggregates or micelles due to
factors such as pH, temperature, or ionic strength. Regardless of the cause, the presence of
empty detergent micelles on cryo-EM grids represents a real problem as they can interfere with
the visualization of the protein of interest. The empty micelles can scatter electrons and create
noise in the cryo-EM images, which can make it difficult to obtain high-quality reconstructions
of the protein structure. To mitigate this issue, membrane mimetic systems such peptidisc'®3,

nanodisc'?, saposinA!% SMALPS'% and liposomes'? can be used.
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Hence, here we have used peptidisc to reconstitute NisT, where the on-column peptidisc
reconstitution showed a NisT/peptidisc complex population on the SEC chromatogram,
suggesting the NisT dimer is properly folded and stable. An ATPase assay of the peptidic-
reconstituted NisT is required to further confirm its activity. Also reconstituting NisT with
nanodisc would be a desirable option to continue and explore as it has several benefits in
comparison to detergent micelles. Incorporation of NisT into nanosidcs can help to stabilize
the protein complex and prevent its denaturation or aggregation as it provides a more natural
environment for the protein complex, where it is surrounded by a lipid bilayer similar to those
of biological membranes. According to our challenges in determining the high-resolution
structure of NisT in detergents, both peptidiscs and nanodiscs serve as promising alternatives.
Moreover, peptidiscs or nanodiscs have a lower tendency to disrupt protein-protein

interactions, they can be important for determining the structure of NisT!%3,

In addition to determining the structure of the NisT transporter, we employed HDX-
MS to better understand the conformational dynamics of NisT. Peptide coverage determination
is an important step prior to a successful HDX-MS experiment. Peptide coverage refers to the
proportion of the protein sequence that is covered by the peptides generated during HDX-MS
sample preparation. The higher coverage of the protein sequence, the more comprehensive the
HDX-MS analysis will be. In our case, NisT in the presence of DDM gave an 85% sequence
coverage map, indicating that a large portion of the NisT protein sequence can be identified
and analyzed by mass spectrometry. But, for NisT in FC-16 reference sample, only 47% of the
peptide coverage map was obtained. There are several possible reasons for the lower sequence
coverage obtained with the NisT in FC-16 sample. First, the different detergent used in the
sample preparation (FC-16 instead of DDM) may have altered the protein structure and/or
affected the enzymatic digestion, leading to reduced peptide recovery. Second, the digestion

conditions used for the NisT in FC-16 sample may not have been optimized for this particular
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sample, and alternative digestion conditions or enzymes should be tested to improve the peptide
coverage. These attempts should include digestion conditions optimization, using different
proteases or enzymes, or adjusting the LC-MS parameters. Additionally, the use of alternative
mass spectrometry techniques such as top-down or middle-down fragmentation may provide a
more comprehensive analysis of intact protein structures and help to fill in any gaps in the
sequence coverage. Furthermore, HDX-MS can be used to investigate the conformational
dynamics of NisT upon binging NisA and other interacting binding partners like NisB and

NisC.

80



6. Final conclusion and summary:

Biosynthetic enzymes are powerful tools for producing structurally complex molecules of
biomedical relevance using renewable resources. They are capable of assembling complex
molecules from simpler building blocks, and they can do this with high efficiency and
selectivity. This makes them powerful tools for producing structurally complex molecules,
such as pharmaceuticals, using renewable resources. One example of biosynthetic enzymes in
action is the production of the Nisin. Nisin is a small peptide antibiotic that is produced by the
bacterium Lactococcus lactis, through a process known as ribosomally synthesized and post-
translationally modified peptides (RiPPs). It is used as a food preservative and has potential
therapeutic applications as well. The biosynthetic pathway for Nisin involves the action of
several enzymes, including NisB, NisC, NisP, and NisT. Investigation into the role of
biophysical processes in the nisin biosynthetic pathway can provide a blueprint for the
investigation of other RiPP biosynthetic pathways leveraging similar cryoEM and MS-based
quantitative approaches.

The research presented in this thesis represents a significant step toward a
comprehensive understanding of the structure and function of the NisT transporter protein. The
successful optimization of protein expression and purification allowed for the acquisition of
high-quality protein samples, which were then used for functional and structural analyses. The
ATPase assay demonstrated that the protein is active while the initial cryo-EM structural
studies presented revealed that further optimization is still required to obtain a high-resolution
structure. This observation highlights the complexity of the NisT and the challenges associated
with membrane proteins characterization using cryo- EM. Ultimately, a more detailed
understanding of the structure of the NisT transporter protein could provide insights into its
function, which could have important implications in the development of novel antimicrobial

agents.
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