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ABSTRACT

Non-protein amino acids (NPAAs) are amino acids not normally used in protein
synthesis. However, a small subset of this type of amino acid, known as amino acid
analogues, can be mistakenly utilised in protein synthesis due to their structural
similarity to a canonical protein amino acid. This process has been implicated in the
development of neurodegenerative disease. This research set out to investigate the
toxicity and mechanisms of two lesser studied NPAAs which enter the human food chain
and have the potential to contribute to the development of disease. These were L-
norvaline (Nva), an analogue of the branched chain amino acids that is usually found in
dietary supplements consumed by bodybuilders, and L-azetidine-2-carboxylic acid (Aze),
an analogue of L-proline that is produced by sugar beets and enters the human food as

a dietary supplement and as fodder for livestock.

Initial experiments sought to identify whether either Nva or Aze induced cell death using
metabolic and imaging assays. Both NPAAs were cytotoxic to human neuroblastoma
cells, confirming the rationale behind the present investigation and providing the
impetus for further research. Cell death pathways were also investigated, and death was
determined to be necrotic following Nva exposure, and both necrotic and apoptotic
following treatment with Aze. The toxicity of these NPAAs to mitochondria was then
characterised using immunofluorescence microscopy and bioenergetic flux assays.
These revealed, for the first time, that Nva and Aze cause mitochondrial dysfunction.
Distinct morphological changes and bioenergetic failure were common to both
conditions, however, for Nva bioenergetic failure was only observed in the presence of

a nitric oxide synthase inhibitor due to Nva’s secondary action as an arginase inhibitor.

Finally, a proteomic characterisation of cells exposed to both NPAAs was performed to
further elucidate the molecular mechanisms involved in their toxicity. This was the first
study to perform this analysis in human cells treated with either NPAA and revealed
disruptions to processes that precede protein translation. Changes to proteins involved

in the processing of DNA and RNA during cell cycle progression indicate, for the first

Vii
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time, that NPAA exposure exerts toxic effects upstream of protein translation. These
results identify Nva and Aze as NPAAs with significant potential for toxicity that should,
therefore, be consumed with caution. Furthermore, these results add to the existing

knowledge of the mechanisms of both these individual NPAAs, and amino acid

analogues in general.
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CHAPTER ONE: OVERVIEW OF THE THESIS

1.1 Introduction
Neurodegenerative disorders are a subset of diseases that are characterised by the

progressive loss of neurons in the brain . Pathologically united by this common feature,
diagnosis of a particular neurodegenerative disease is dependent on the neurological
symptoms that manifest, which correspond to the loss of neuronal function in a
particular subset of neurons. Neurodegenerative diseases are one of the leading causes
of death and disability worldwide, and with onset typically occurring later in life, the
disease burden is set to increase as the global population ages 2. Some examples of
common neurodegenerative diseases include Alzheimer’s disease, Parkinson’s disease,
and motor neuron disease, characterised by loss of function in neurons of the cerebral
cortex, substantia nigra and motor cortex respectively 2. In addition to their progressive
nature, an incomplete understanding of their pathogenesis and, consequently, the lack
of effective treatments are major contributors to the disease burden of

neurodegenerative diseases.

In addition to the loss of neuronal function, molecular hallmarks that correspond with
each neurodegenerative disease exist. These include senile plaques, neurofibrillary
tangles and inclusion bodies, which are all forms of aggregated protein 3. While there is
conclusive evidence linking protein aggregation to the development of
neurodegenerative disease, the molecular mechanisms behind the initial formation of
insoluble protein aggregates are far reaching. As a result, neurodegenerative diseases

4. Familial cases of

are often classified into two subtypes, familial and sporadic
neurodegenerative diseases are characterised by a family history of the disease and the
aetiology is primarily attributed to a genetic mutation. Sporadic diseases are not
characterised by a family history and environmental triggers, or a combination of
environmental and genetic factors, may play a causal role 4. Although approximately
90% of cases are sporadic, due to the long latency of neurodegenerative diseases and

the complex interaction between environmental and genetic factors, there is immense

difficulty identifying environmental causes >”. In light of the rising disease burden of
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neurodegenerative diseases and the absence of a cure, significant emphasis must be
placed on understanding the genetic, lifestyle and environmental factors whereby these

diseases occur.

One compound, a non-protein amino acid (NPAA) called L-B-N-methylaminoalanine
(BMAA), has been identified as a potential environmental factor based on its structural
similarity to a protein amino acid and ability to enter the human food chain . This NPAA,
and several others, have been extensively studied and found to elicit toxic effects both
in vitro and in vivo. Of the hundreds of NPAAs readily available in nature, this work
sought to identify and investigate lesser-known NPAAs that, like BMAA, are analogues
of protein amino acids and are known to enter the human food chain. Using these
criteria, L-norvaline (Nva) and L-azetidine-2-carboxylic acid (Aze) were identified as
potential environmental factors due to their presence in human dietary supplements.
Thus, this thesis is an investigation into the toxicity and mechanisms of Nva and Aze on

human neuronal cells.

1.2 Aims of the Thesis

The previous section identifies the two NPAAs that are the subjects of this dissertation.
The overarching aims of this thesis were to investigate the potential toxicity of these
two NPAAs and where toxicity was detected, identify the mechanisms whereby toxicity
was elicited. In order to address these overarching aims, a series of sub-aims were
created and they are as follows:
e Aim One: Determine whether either of the two NPAAs induce cell
death in SH-SY5Y neuroblastoma cells
e Aim Two: Investigate the effects of Nva and Aze on mitochondrial
function
e Aim Three: Determine whether necrotic, apoptotic or autophagic cell
death pathways are activated
e Aim Four: Perform a holistic proteomic investigation of cells exposed

to both NPAAs

18



This thesis will present the first in-depth toxicological studies of Nva and Aze in a human
cell line. In addition, it describes the first proteomic and subsequent pathway analysis

studies of human cells exposed to these NPAAs.

1.3 Dissertation Organisation
Following this chapter, this dissertation is organised in the following manner:

- Chapter two: Critical review of research into NPAAs. It aims to provide
background information on the scope of previous research into NPAAs,
mechanisms of human exposure to NPAAs and the associated cellular responses
they may induce.

- Chapter three: This chapter describes, for the first time, the toxicity of Nva and
aims to, in part; address aims one, two and three of this dissertation. This chapter
is published in Toxicology In Vitro in a manuscript entitled ‘Cytotoxicity and
mitochondrial dysfunction caused by the dietary supplement I-norvaline.’

- Chapter four: This chapter describes the toxicity of Aze and completes aims one,
two and three of this dissertation. It is published in Amino Acids under the
heading ‘Cell death and mitochondrial dysfunction induced by the dietary non-
proteinogenic amino acid l-azetidine-2-carboxylic acid (Aze).’

- Chapter five: This chapter provides the first proteomic investigation of the
effects of Nva and Aze on human cells and addresses aim four.

- Chapter six: This is the final chapter of this dissertation and contains concluding

remarks and future directions.
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CHAPTER TWO: CRITICAL REVIEW
2.1 Amino Acids

Since the discovery of the first amino acid in the nineteenth century, the study of these
unique compounds has been essential to our understanding of the human body °°,
French vegetable chemists Louis-Nicolas Vauquelin and Pierre Jean Robiquet identified
L-asparagine from asparagus and though unsure of the exact chemical nature of the
substance, guessed that it contained carbon, hydrogen, oxygen and nitrogen 1. It wasn’t
until later that an amino acid was defined as a molecule consisting of an amino (—NH3)
group, a carboxylic acid (-COOH) group and a unique side chain known as an R group
(Figure 1.) 2. The unique R side chain is responsible for the variability amongst amino

acids in nature and enables them to perform the essential function of making up

proteins from the translation of genetic information *3.

R

H O

\

>N C—C
H OH
H

/

Figure 1. Structural representation of an amino acid molecule.
The molecule consists of an amino (—NH3) group, a carboxylic acid (-COOH) and an R side

chain.

In the following century, it was hypothesised that proteins originated from the bonding
of the amino group of one amino acid to the carboxyl group of another, forming a
peptide bond and allowing for the formation of polypeptide chains >4, This hypothesis
was eventually proven and earned Fred Sanger a Nobel Prize in Chemistry for his
identification of the amino acid sequence of the protein insulin, solidifying the role of

amino acids as one of the chemical foundations of life °.
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The 20 amino acids (Table 1.) that are involved in protein synthesis are known as protein,
proteinogenic, natural or canonical amino acids . However, there are over a thousand
naturally occurring amino acids and the protein amino acids only represent a small
fraction (~2%) of them 7. In addition to protein synthesis, the protein amino acids are
also responsible for a range of functions including energy supply as oxidative substrates,
precursors of cell signaling molecules '8, gluconeogenesis and lipogenesis *° . All protein
amino acids have a distinctive side chain bonded to the carbon atom adjacent to the
carboxylic acid group, the a-carbon 2. The variety of the protein amino acids with their
different R side chains provides a set of building blocks with diverse structural and

chemical properties that allow for the large functional capacity of proteins 2.

Nine of the protein amino acids are classified as nutritionally essential amino acids
because the human body inadequately produces them. They must be obtained through
diet either as the free amino acids or as components of an ingested protein which are
then released by enzymatic hydrolysis during digestion 2°. Non-essential amino acids are
adequately produced in the human body, while conditionally essential amino acids are
normally produced in sufficient amounts but may not be effectively produced in certain

groups (e.g. children) or during stress (e.g. reproduction, disease) 2922,

Table 1. Classification of protein amino acids

Protein Amino Acids Essential to Humans
Alanine No

Glutamic Acid Conditionally
Cysteine Conditionally
Aspartic Acid No

Phenylalanine Yes

Glycine Conditionally
Histidine Yes

Isoleucine Yes

Lysine Yes

22



Leucine Yes
Methionine Yes
Asparagine No
Glutamine No
Arginine Conditionally
Serine No
Threonine Yes
Tryptophan Yes
Tyrosine Conditionally
Valine Yes
Proline No

2.2 Non Protein Amino Acids

While protein amino acids are more widely recognised and have been extensively
studied, non-protein amino acids (NPAAs) account for the hundreds of other naturally
occurring amino acids *’. Though not used in protein synthesis, NPAAs play an important
role in cellular metabolism. Some NPAAs are converted to protein amino acids while
others serve as metabolic intermediates in the production of other compounds ?2. For
example L-3,4- dihydroxyphenylalanine (L-DOPA) is a precursor of the neurotransmitter
dopamine 23, It is for these reasons that some NPAAs are used in medicines and
nutritional supplements. L-DOPA has been used therapeutically for over 45 years to
increase dopamine concentrations during treatment of Parkinson’s disease (PD) 2 and
recently, the use of supplements containing NPAAs to promote amino acid and hence,
protein synthesis has increased 2>2¢. NPAAs also occur naturally in plants that are
consumed by humans and animals such as the legumes, jack bean and lentils *” and also

play a role in protecting plants from predators 2.

Despite their many positive uses, a small subset of NPAAs called amino acid analogues
(Table 2.) are known to inhibit biological processes. This arises from their structural

similarity to protein amino acids °. These NPAAs have a similar shape, size and charge

23



to their corresponding ‘parent’ amino acid %2. For example, the similarity between the

parent protein amino acid tyrosine and its analogue L-DOPA is shown in Figure 2.

Table 2. Table listing amino acids, their analogues and origins in nature. *Indicates an

isomer of the analogue of interest.
Amino Acid Analogue
Serine

(BMAA),

L-B-N-methylaminoalanine

L-2, 4-

diaminobutanoic acid (DAB)*

Phenylalanine L-m-Tyrosine

L-azetidine-2-carboxylic acid

L-B-N-oxalylamino-L-alanine

(guandinooxy)

butyric acid (L-Canavanine)

Proline

(Aze)
Glutamate

(BOAA)
Arginine L-2-amino-4
Tyrosine L-3,4-

Dihydroxyphenylalanine

(L-DOPA)
Valine or Leucine

or Isoleucine (L-norvaline)

L-2-Aminopentanoic acid

24

Origin
Derived from cyanobacteria and

diatoms %°

Plant derived:

Fescue grasses

(Fescue spp.) 3°

Plant derived:

Lily of the Valley (Convallaria
majalis)

Mushroom

(Clavaria miyabeana) 3!

Sugar Beets & Garden/Table Beets
(Beta vulgaris) 32

Derived from leguminous plants:
Grass pea (Lathyrus sativus) 33
Derived from leguminous plants:
Jack beans (Canavalia spp.)3*

Wild Potato (Hedysarum alpinum) 3>
Derived from leguminous plants:

Velvet bean (Mucuna pruriens) 36

Synthesised as a by-product of
amino acid biosynthesis in bacteria

or synthetically 3’



L-Tyrosine

L-DOPA

HO

HO

Figure 2. Structural representation of the protein amino acid L-tyrosine and L-DOPA.
L-DOPA has an identical chemical structure to the protein amino acid L-tyrosine except

for the extra hydroxyl group (OH) on carbon 3 of the aromatic ring %%.

2.3 Toxicity of NPAAs
The earliest systematic studies into the toxicity of NPAAs took place in plants during the
1960s 3%3°, Amino acid analogues synthesised by plants were found incorporated into
the cellular proteins of competing plants and predators 34. As a consequence of this
process, dubbed misincorporation, herbicidal and insecticidal properties were observed
in what is thought to be an evolutionary trait 4941, At the heart of this toxicity lies the
ability of an NPAA to replace its corresponding parent protein amino acid during protein
synthesis. This ability is dependent upon the similarity of an NPAA to a protein amino
acid in regard to the following characteristics:

1) Molecular size

2) Molecular shape and stereochemistry

3) The ability to form the same hydrogen bonds as the protein amino acid
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Even if these criteria are met, the toxicity of NPAAs can be prevented by the presence
of high concentrations of a protein amino acid. Therefore, in order to be toxic an NPAA
must be present at a concentration capable of outcompeting the parent protein amino
acid in a biological process. The toxic effects of analogues can be induced by disrupting
protein synthesis and therefore decreasing the abundance of normal proteins produced
and resulting in a loss of function, or by increasing the abundance of abnormal proteins

produced that then deviate from their normal functions or become insoluble 2,

2.3.1 NPAAs and Bacteria

The discovery of the antimetabolite action of NPAAs prompted investigations into their
effect on the growth of microorganisms and provided the earliest evidence for bacterial
misincorporation 28. Overall, amino acid analogues were found to inhibit the growth of
bacteria 28. The NPAAs L-norleucine and L-p-fluorophenylalanine, L-leucine and L-
phenylalanine analogues respectively, were found to incorporate into the proteins of
Escherichia coli (E. coli) and reduce enzymatic function #2. The L-proline analogue Aze
has demonstrated growth inhibitory activity in E. coli and was detected in hydrolysed
protein fractions 3. More recently, diminished growth rates at concentrations as low as
250 uM were accompanied by misincorporation into recombinant myelin basic protein
in E. coli **. In addition, the relatively low substitution of 3 out of 11 L-proline sites was
shown to cause configurational changes to the protein in the form of severe bends and
partial uncoiling in the polypeptide chain #4. This sheds light in regard to the ratio of
misincorporation of NPAAs to protein amino acids and provides evidence for the
macromolecular changes caused by NPAAs. Interestingly, growth inhibition was not
observed when a media containing L-proline was used, suggesting preferential
incorporation and the possibly protective role of protein amino acids in the presence of

their analogue 4344,

Though synthesised by several strains of bacteria #>%, Nva inhibited the growth of
mutant strains of E. coli #’. In a more mechanistic study, Cvetesic et al. found Nva binds
to bacterial elongation factor Tu (EF-Tu), which facilitates transport of aminoacylated-

tRNA synthetases to the ribosome during protein synthesis #¢. The unique role of
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aminoacyl-tRNA synthetases in NPAA’s mechanism of action is discussed further in
section 2.6.1. Nva was found to incorporate into recombinant human hemoglobin
expressed in E. coli in the place of L-leucine in a study that confirmed the presence of
Nva using several analytical methods including mass spectrometry, peptide mapping
and Edman protein sequencing *°. Nva substitution of L-leucine was also analysed using
a kinetic assay and although hemoglobin was detected almost immediately, Nva
misincorporation was not detected until 6 h had passed %°. A potential explanation for
this difference may be the ‘speed-accuracy trade-off’ outlined by Johansson et al. in
relation to bacterial protein synthesis whereby proteins utilising non/near-cognate
ternary complexes, such as EF-Tu/Nva, proceed at a slower rate than those utilising

complexes containing cognate amino acids *° .

2.3.2 Plant Defence

While plant NPAAs have roles in signalling and nitrogen storage 7, they are also
implemented by plants as a survival strategy. For instance, plants can release certain
chemicals called allelochemicals into the environment that have a negative impact on
the growth of other surrounding plants. This form of plant biological warfare is known

as allelopathy °.

The use of NPAAs as allelochemicals has been documented in many plants. These
include fine-leaf fescue grasses, Festuca rubra and Festuca arizonica, which deposit L-
m-tyrosine into surrounding soil to prevent the growth of competing plants. This
defence mechanism has enabled fescue grasses to flourish on roadsides with little
competition for space 3°. In studies by Bertin et al. the phytotoxic activity of L-m-tyrosine
on lettuce (Lactuca sativa) roots and shoots was observed and the detection of L-m-
tyrosine in hydrolysed root proteins of inhibited plants suggests misincorporation 3. L-
DOPA is also a potent allelochemical, with actions on cucumber (Cucumis sativus),
soybean (Glycine max), maize (Zea mays), barnyardgrass (Echinochloa crus-galli) and
lettuce >2-4, In addition, Nva inhibits chrysanthemum (Chrysanthemum indicum) growth

t41

when applied to the flowering plant ** while Aze inhibits the growth of barley (Hordeum

vulgare) >, wheat (Triticum aestivum) seedlings °®, pea (Pisum sativum) root segments
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>7 and thale cress (Arabidopsis thaliana) *2. In thale cress it was found that the substrate
specificity of the prolyl-tRNA synthetase isoform AtPro-RS-Cyt was nearly identical for L-
proline and Aze, suggesting misincorporation as the mechanism of growth inhibition 2.
Though inhibitory effects on plants have not been investigated, the cyanotoxin BMAA
has also been shown to accumulate in wheat seedlings *°. The effects of multiple
analogous NPAAs on plants suggest a fundamental biological process, such as protein

synthesis, as the mechanism of their allelopathy.

2.3.3 NPAA Exposure in Mammals

2.3.3.1 In Vitro

Since mammals may be exposed to many of the NPAAs that have exhibited
antimetabolite activity in bacteria and plants, further investigation into the toxicity to
mammals has been warranted. Unsurprisingly, in most cases where antibacterial and
herbicidal activity was observed, cytotoxicity has also been observed. As early as 1959,
it was found that the L-arginine analogue L-canavanine inhibits the growth of Walker
256 rat carcinosarcoma cells in L-arginine deficient media . Furthermore, L-canavanine
was detected in protein lysates via chromatography following hydrolysis. A more recent
study using primary rat neurons and astrocytes found both L-canavanine and Aze
induced dose-dependent increases in toxicity ¢, while Aze exposure has also led to dose-

dependent increases in protein degradation in rat reticulocytes 2.

BMAA toxicity has been investigated in several cell culture models. In human SH-SY5Y
neuroblastoma cells, BMAA binds to intracellular proteins and induces cytotoxicity at
concentrations of 1 and 2 mM 3. Another study that utilised the same cell line but lower
concentrations (0.5 mM) of BMAA and a shorter treatment time found that BMAA
exposure led to proteotoxic stress in the form of endoplasmic reticulum (ER) stress,
caspase activation and increased lysosomal enzyme activity ®*. This proteotoxic stress
was either completely or partially restored by co-incubation with L-serine at the ratio of
10:1 BMAA: L-serine, suggesting misincorporation as a potential mechanism . Indeed,

in a subsequent study the authors detected an increase in radiolabeled BMAA binding
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to SH-SH5Y proteins in a time dependent manner 8. Studies using primary rat glial cells

and human neurons also detected cytotoxicity via lactate dehydrogenase release %,

Nva has also been the subject of several in vitro studies however, in contrast to other
analogous NPAAs, the primary objective of these studies has been to investigate any
potential therapeutic effects stemming from Nva’s action as an arginase inhibitor and
the potential for misincorporation has been ubiquitously overlooked . In human
tumour cells that underwent nutrient starvation to induce apoptosis, Nva demonstrated
antiapoptotic activity in a manner that almost doubled in response to a 4-fold increase
in Nva concentration (1 mM to 4 mM) . In rat PC12h pheochromocytoma cells, Nva
significantly increased neurite outgrowth at concentrations ranging from 1 — 20 mM 7°,
In both cases, the effects of Nva were attributed to the suppression of arginase and
subsequent increases in nitric oxide (NO). Ming et al. discovered an alternative
mechanism when studying Nva in a primary human endothelial model of inflammation.
Nva inhibited the induction of inflammatory adhesion molecules in an arginase and NO
independent manner. Instead, the study concluded that the anti-inflammatory
properties of Nva were at least partially due to the inhibition of the ribosomal protein
S6 kinase B-1 signalling pathway 7. To date, there has been no investigation into the

potential for Nva toxicity as a result of misincorporation.

2.3.3.2 In Vivo

Numerous reviews have documented the toxic effects of human and animal exposure
to NPAAs 387274 Among these toxic NPAAs is L-canavanine which has been shown to
cause Systemic Lupus Erythematosus (SLE), an autoimmune disease, in primates when
L-canavanine-containing alfalfa seeds were ingested 7. Furthermore, L-canavanine was
linked to the death of the American wilderness explorer Chris McCandless in 1992 when
wild potato (Hedysarum alpinum) seeds that made up his diet were found to contain the
NPAA 3>, One of his final diary entries described himself as, ‘extremely weak and unable
to move’, and blamed the potato seeds for his condition 3. Cattle allowed to forage on
the L-canavanine-containing jack bean also experienced progressive weakness and

stiffness of their hindquarters 7®. Also in livestock, the NPAA mimosine (B-[N-(3-hydroxy-
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4-pyridone)]-L-2-aminopropanoic acid) led to hair loss and growth retardation in animals
ingesting mimosine containing seeds or leaves of Leucaena plants as their main dietary
source 7778, Teratogenic effects, including decreased fetal growth and external skeletal
abnormalities, have been observed in hamster fetuses treated with Aze 7°. These effects
were attributed to Aze’s mimicry of L-proline and the authors suggested the skeletal
abnormalities observed were due to Aze incorporation into collagen, which normally

consists of ~23% L-proline and its derivative L-hydroxyproline .

In a similar vein to in vitro studies conducted using Nva, the primary objective of in vivo
studies has been to use Nva’s arginase inhibition to restore dysfunction in various
disease models. Nva promoted vasodilation in a rat model of endothelial dysfunction
caused by NO deficiency 2!, and this can also lead to disturbances in osteogenesis 8.
Sobolev et al. treated osteoporotic mice with 10 mg/kg/day Nva in combination with the
cholesterol lowering drug rosusvastatin for 4-weeks and observed both a decrease in
endothelial dysfunction and a protective effect on bone tissue formation . Changes to
the vascular endothelium has also been implicated in hypotension during metabolic
syndrome and 50 mg/kg/day Nva administration over a 6-week period was found to
ameliorate fructose-induced hypotension in male rats while preventing impaired NO
generation 84, Since metabolic syndrome increases the risk of diabetes and subsequent
arginase overexpression %, De et al. investigated Nva as a treatment for erectile
dysfunction due to decreased NO levels. After 30 days, they found that diabetes-induced

sexual dysfunction was significantly improved following Nva treatment at 10 mg/ kg/day

86

Metabolic dysfunction has also been hypothesised to contribute to the development of
Alzheimer’s disease (AD) & and consequently, Nva treatment has been studied in a
mouse model of AD. A 6-week treatment of 40-50 mg/kg/day Nva significantly improved
memory deficits in 3xTransgenic mice and decreased aggregate formation in the cortex
with no reported negative side effects 8. This study is especially pertinent as recent
epidemiological studies using spatial clustering have suggested that NPAAs are an

environmental trigger for the development of sporadic neurodegenerative diseases 8°:°°,
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These conditions are classified as neurodegenerative diseases because they are
associated with neuronal death in different regions of the brain °1. The results of Polis
et al.’s study of Nva in an AD model contrasts greatly with in vivo results for studies
investigating BMAA neurotoxicity, which will be explored in more detail in the following

section 2.

2.4 Neurodegenerative Disease

One of the earliest documented neurodegenerative diseases, neurolathyrism, is caused
by an NPAA and was described by Hippocrates in around 400 BC. Throughout history,
this disease has been associated with the consumption of the grass pea Lathyrus sativus,

a BOAA containing legume 727492

. The main symptom of the disease is lower limb
paralysis caused by upper motor neuron damage 33. Unlike other neurodegenerative
disorders, onset of lathyrism symptoms have been observed in as little as 30 days after
ingestion 72. Exposure to BOAA, a close analogue of glutamate, in prolonged periods of
famine, when the grass pea is a dietary staple, leads to the development of
neurolathyrism. BOAA has been identified as the cause of neurolathyrism hotspots in
developing countries °®°3-%>, Studies of modern day cases of lathyrism show the
incidence rate of the disease is declining due to reduced grass pea consumption as it is

no longer used as a dietary staple %°7

. Furthermore, efforts have been made to detoxify
the grass pea via food processing techniques, decreasing the BOAA content, yet

preserving the nutritional value of the pea °8.

While the association between BOAA and lathyrism is historically far-reaching and well
documented, in recent times another NPAA has been linked to neurodegenerative
disease and has proven to be a more controversial candidate for toxicity. The NPAA
BMAA has been linked to the Amyotrophic Lateral Sclerosis-Parkinsonism-Dementia
Complex (ALS-PDC), which is characterised by the appearance of traits of one or more

of the diseases °°

, and Amyotrophic Lateral Sclerosis (ALS) in Guam, Japan and the
United States 2°. In the 1960s presentations of ALS-PDC reached unprecedented levels

on the West Pacific island of Guam 1% . This prompted intense scrutiny into the genetic
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background and habits of the indigenous Chamorro population. When at its peak the
incidence of these disorders was 50 to 100 times greater than those estimated for the

101 ALS-PDC also affected immigrants from

United States and other developed countries
the Philippines and Japan who had adopted the Chamorro lifestyle 1°2 suggesting that
environmental factors were involved. Studies found that cycad seeds containing BMAA
as a result of a symbiotic relationship with cyanobacteria formed a considerable portion

of the Chamorro diet 1%,

Following on from this discovery, Spencer et al. %' performed an in vivo study on
macaques, in which macaques were given BMAA by gavage for periods up to 13-weeks.
During this period, it was noted that repeated oral administration of BMAA caused ALS-
like symptoms such as stooped posture, tremor and weakness in the extremities.
Macaques treated with BMAA for the full 13-weeks experienced episodes of immobility.
Further evidence of neurotoxicity was provided when motor neuron damage developed
in mouse cortical cells treated with BMAA %3, BMAA treated rats have experienced
locomotor deficiencies, motor coordination difficulties, myoclonus, convulsions and
neuropathology consistent with neurodegenerative diseases 1°41%, This research led to
disparity amidst the scientific community as the acute symptoms observed are
inconsistent with the long-term progressive nature of neurodegenerative diseases °?.
Additionally, the high doses used in studies that observed neurotoxicity were strongly

criticised and have led to uncertainty about a possible link to disease 7.

Although in vivo studies using Nva have been approximately half the length of BMAA
toxicity studies, the lack of reported negative side effects adds to the disparity. Since
Fowden’s landmark findings that some NPAAs are antimetabolites, it has been assumed
that all analogous NPAAs would have a similar mechanism, misincorporation, and
thereby exert similarly toxic effects 38, This was disproven when van Onselen et al.
performed a side-by-side investigation of BMAA and the proven misincorporation
candidate L-m-tyrosine into metabolic activity, apoptosis, necrosis and amino acid
composition in human cells 1%, BMAA treatment did not result in significant changes

when compared to vehicle-treated controls and was not detected in purified protein
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extracts, unlike L-m-tyrosine %, The authors concluded that BMAA is not incorporated
into human proteins, a conclusion which is in direct conflict with previous studies and
guestions the mechanisms whereby the observed in vivo toxicity is exerted. To further
complicate the matter, post mortem studies have found BMAA in brains from Chamorro

people who had died from ALS-PDC and in the brain tissue of two Canadian AD patients

109

Though less established than the BMAA hypothesis, it has been hypothesised that Aze
exposure may contribute to the development of the neurodegenerative demyelinating
disorder multiple sclerosis (MS) 9. Like BMAA, spatial clustering linking worldwide MS
prevalence and the geographical distribution of Aze-containing sugar beet production,
specifically in Japan, Finland, the Middle East, Canada and Scotland’s Orkney Islands
supports this hypothesis 1°. However, a causal link has not been established, and there
have been no publications in the past five years linking Aze exposure to MS in humans.
The theory was initially supported by the observation that lambs born to ewes fed Aze-
containing sugar beet silage developed an MS-like phenotype, and is further bolstered
by the observation that Aze incorporates into myelin basic protein, potentially

disrupting myelination 11112,

While NPAAs and neurodegenerative disease are strongly associated, there is still
uncertainty about whether there is a causal link and more research is needed to
understand their potential for adverse effects. Some, like BMAA, have been studied
extensively, while others such as Nva and Aze have been studied to a much lesser extent
and warrant further investigation. Toxicity has been cited in numerous results but the
inconsistency of the data and a lack of understanding into the mechanisms involved

mean that the potential toxic effects of NPAAs are not yet fully understood.

2.4.1 Mitochondria and Neurodegenerative Disease
Several factors contribute to development of neurodegenerative disease including
genetics, ageing, metabolic dysfunction and environmental factors. Recently,

mitochondrial dysfunction has been implicated and there have been many lines of
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evidence implicating mitochondrial dysfunction in the development of
neurodegenerative diseases including ALS, AD and PD 3116, Mitochondria are dynamic
organelles at the centre of a number of complex cellular functions. The normal
functioning of mitochondria is paramount to cellular survival and their roles include, but
are not limited to, adenosine triphosphate (ATP) production, metabolite synthesis,
apoptotic regulation and synthesis of reactive oxygen species (ROS) 7. With many
essential roles, it comes as no surprise that dysfunctional mitochondria have been linked
to a number of disease pathophysiologies. Neurodegenerative diseases are among
these as neurons are particularly sensitive to changes in mitochondrial function. This is
because they are extremely energy dependent and, as post mitotic cells, are especially
sensitive to ROS. A balance between mitochondrial fusion, where long elongated
networks are formed, and fission, where mitochondria divide into two or more
independent structures, must be maintained. These processes are rapid, highly
regulated and control mitochondrial morphology, length, size, number, function and
distribution 7. Disruptions to these processes manifest as mitochondrial dysfunction in
the facets they control 1819 Mutations in this fusion/fission machinery have been

120

linked to rare neurodegenerative diseases and increasingly, mitochondrial

abnormalities are becoming a feature of more common neurodegenerative disorders.

A small number of recent studies have discovered an emerging pattern of mitochondrial
abnormalities following NPAA treatment. These include SH-SY5Y neuroblastoma cells
exposed to L-canavanine, which developed aberrant mitochondrial proteins resulting in

the loss of respiratory chain complexes 2!

. In addition, mitochondrial swelling,
vacuolisation and fragmentation have been observed in both the Purkinje cells and
spinal motor neurons of BMAA treated rats %4122, These finding were complemented
when Tian et al. reported BMAA induced changes in mitochondrial morphology
accompanied by motor neuron death 23, However, the studies are far from extensive
and mitochondrial function following either Nva or Aze exposure has never been
studied. Additionally, such studies should be performed given that mitochondrial

proteins are also susceptible to misincorporation due to the absence of the previously

mentioned tRNA proofreading steps that ensure the fidelity of protein synthesis 124, The
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increased likelihood of misincorporation in mitochondria, along with new associations
between mitochondrial dysfunction and neurodegenerative disease, suggest that

mitochondria may be a target of NPAA toxicity and requires further exploration.

2.5 Routes of Exposure to NPAAs

2.5.1 Biomagnification

Since BMAA was discovered in cycad seeds, research interest into NPAAs has fluctuated
over time. This was in part due to uncertainty about the mechanism of toxicity and how
the Chamorro initially came into contact with concentrations of BMAA high enough to
cause the disease complex °°. As additional research came to light sixteen years after
the initial ALS-PDC observations on Guam that identified BMAA biomagnification
through the Guamian food chain (Figure 3.), the idea of NPAAs as an environmental

factor in the etiology of neurodegenerative diseases gained popularity once again.

Figure 3. BMAA bioaccumulation through the Guamian food chain. BMAA was
detected in cyanobacteria at a concentration of 0.3 ug/g, increasing to 37 ug/g in
cyanobacteria symbiotic cycad roots, 1161 pg/g in cycad seeds consumed by flying foxes

and finally 3556 pg/g in flying foxes served as a traditional Chamorro feast 8.
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Biomagnification of NPAAs may increase the concentration of certain NPAAs sufficiently
enough to allow for the analogue to occasionally outcompete the parent amino acid.
Since Guam, BMAA has been shown to biomagnify in numerous aquatic species. In the

125" sharks and

last decade BMAA has been isolated in carp from New Hampshire
shellfish from Florida 124127 sharks from the Atlantic and Pacific Oceans '8, shellfish and
molluscs from France 12°13% and most recently in dolphins 31. BMAA has also been found
in the food chain in the Peruvian stew ingredient Nostoc commune 32, Ingestion of the
BOAA-containing grass pea (Lathyrus sativus) has been linked to neurolathyrism 33 but
to date there have been no studies providing evidence for the biomagnification of

Lathyrus species seeds 33,

Aze also plays a role in human nutrition, since Aze is produced by garden or table beets
134 While humans are unlikely to consume large enough quantities of beets to induce a
deleterious effect, Aze-containing by-products of the sugar beet industry are used as a
dietary supplement in meat and dairy livestock and this may serve as a secondary source

135, Rubenstein et al. reported the presence of Aze in three

of Aze to humans
commercial by-products fed to farm animals: sugar beet molasses, shredded sugar beet
pulp and pelleted sugar beet pulp 32. Like BMAA, it has been hypothesised that Aze
biomagnifies in meat and dairy products consumed by humans 19, though no studies

have currently been published confirming this hypothesis.

2.5.2 Dietary Supplements

Increasingly, NPAAs and plants containing NPAAs are becoming available for purchase
online and in supplement and health food stores. Examples of those available online in
Australia and their purported benefits are outlined in Table 3. While Aze is most likely
present in supplements in small amounts, the prevalence of powdered Nva supplements
is concerning. Additionally, Nva is increasingly appearing in patents filed by supplement
companies with the intention of using Nva in amino acid compositions to “increase

athletic performance” 136139,
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Table 3. Table listing NPAA containing dietary supplements and their purported

benefits.

NPAA

L-DOPA

L-canavanine

L-norvaline

L-azetidine-2-

carboxylic acid

Purported Benefit

Dopamine precursor &

cognitive enhancer

Improve immune system,
anti-cancer & antiviral
activity

Improve blood flow,
vasodilation, muscle
swelling & boosts

workout

Improve digestive health

& circulation

37

Product & Brand Name

Dopa Mucuna, Now Foods 40

Dopa-Mind, Life Extension 14

Mucuna Dopa, Biovea 42

DopaBean, Solaray 14
Sutherlandia Frutescens Cancer

Bush, Medico Herbs 14

L-Norvaline Powder, Cyos 4

Mega Pre Black, Primeval Labs 46

Pump, Ghost 147

Nat-Lax TNT, Specialist

Supplements 148

Dietary Fibre Blast, Belle 14°

Whole Beets Powder, Nature’s

Answer 120



Table 4. Structural representations of the dietary supplement NPAAs Nva and Aze and
their corresponding protein amino acids.

0} 9H3 0 (@) CH; O
HyC._~ HsC
HsC\/\HLOH VYLOH 3 OH HsC OH
NH
NH2 2 CH3 NH2 NH2
L-norvaline L-isoleucine L-leucine L-valine
CsH1NO2 CsH13NO2 CsH13NO2 CsH11NO2
MW: 117.1 g/mol MW: 131.2 g/mol MW: 131.2 g/mol MW: 117.1 g/mol
O
OH
H H o
L-Aze L-proline

2.6 Mechanisms of NPAA Toxicity

At present, the mechanisms whereby NPAAs elicit their toxic effects remain the largest
gap in knowledge in NPAA research. Multiple biological pathways have been suggested
as possible mechanisms but the theory of misincorporation is currently the most
popular. However, it is possible that there is more than one mechanism of action. As
analogues of protein amino acids, an understanding of protein synthesis is first required

to comprehensively examine the proposed mechanism of NPAA toxicity.

2.6.1 Fidelity of Protein Synthesis
The synthesis of proteins involves the transfer of genetic information from
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) to a completed polypeptide

chain 1°1,

Genetic information is encoded in messenger RNA (mRNA) in the form of a
degenerate triplet code and an adaptor is required to decode the information in mRNA
into the amino acid sequence of proteins 3. Transfer RNA (tRNA) acts as this adaptor in
protein translation '3 and can be aminoacylated (or chemically bonded) to its specific
cognate amino acid by an aminoacyl tRNA synthetase (aaRS), forming aminoacyl-tRNA

(Figure 4.) 132

. Since multiple tRNAs exist for each amino acid (called isoacceptors), each
aaRS has high specificity for a single encoded amino acid and for an isoacceptor set of

tRNAs 13, The ability of aaRS to select the correct protein amino acids is crucial to
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preventing errors in protein synthesis and is further supported by the induced-fit
mechanism between the amino acid, aaRS and tRNA 4, The fidelity of protein synthesis
is maintained through two proofreading steps that can either occur before (pre-transfer

editing) or after (post-transfer editing) the mis-aminoacylation of an amino acid .

In post-transfer editing, when an amino acid is mistakenly aminoacylated, the tRNA can
dissociate from the ribosome and the non-cognate amino acid is eliminated through
hydrolysis %°2. As mentioned previously, this editing mechanism is absent in
mitochondria and may leave this organelle more susceptible to errors in protein

synthesis 15216,

Following translation, the linear, nascent polypeptide chain must undergo folding into
its native 3D structure to correctly function 7. The shape of a folded protein is
determined by the physicochemical properties of its amino acid sequence, and correct
folding assumes a minimal-energy configuration, thus ensuring protein stability °8.
Misfolded proteins are proteins that incorrectly fold into non-native conformations and,
if bypassed by protein degradation machinery, tend to form insoluble aggregates that

can lead to disease (discussed below) *>°.
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Figure 4. Fidelity of protein synthesis, adapted from Rodgers and Shiozawa €0,

2.6.2 NPAA Misincorporation and Aggregation

When the proofreading mechanisms are bypassed by an amino acid analogue with
similar size and shape to a cognate amino acid, a hydrogen bond with the aaRS forms.
The analogue is then incorrectly bonded to tRNA and wrongly inserted into a growing
polypeptide chain, which grows by the removal of a water molecule and formation of a
peptide bond between two amino acids, following which the tRNA molecule is released

38,161 This incorrect insertion could potentially interrupt both protein folding and

function >4,

Analogues of larger amino acids bind more readily to tRNA synthetases
than smaller ones because the larger structure and additional molecular components
increase the chances of a part of the molecule matching the structure of the protein
amino acid. This allows for tRNA binding 8. The level of incorporation of these NPAAs

into proteins varies and the ratio of replacement is not known ®°, Furthermore, the

activation or binding of the analogue by aaRS does not guarantee protein incorporation
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13, Whether or not this aaRS misactivation and subsequent misincorporation is the cause
of toxicity is still debated for some NPAAs, such as BMAA, but is more widely accepted
for others such as L-canavanine, where binding to arginyl-tRNA synthetase and
misincorporation are responsible for the toxicity that has been observed 62, Despite the
debate, a direct link between BMAA misincorporation and toxicity has been shown.
Dunlop et al. found that radiolabeled BMAA incorporated into two mammalian cell lines
in a protein synthesis dependent manner %3, The same study found that upon protein
hydrolysis, BMAA was released, and that co-incubation with L-serine inhibited
misincorporation 3. Such definite evidence of misincorporation was accompanied by

an increase in apoptotic cell death and protein aggregation 3,

Aze is among the NPAAs that are widely accepted to misincorporate and the earliest
evidence of Aze misincorporation was in 1970 when, as previously mentioned, Aze was
found to be incorporated into the collagen of chick embryos ¢4, A further study on the
effect of Aze on hamster fetuses found it was teratogenic and hypothesised that this
was due to Aze misincorporation into multiple proteins 7°. When Dasuri et al. observed
neuronal Aze toxicity, increased levels of ubiquitinated proteins were also observed 6.
Ubiquitin is a protein that attaches to the protein substrate during the degradation of
misfolded or naturally short-lived proteins 1. The presence of ubiquitinated proteins
after Aze treatment suggests that the NPAA is interfering with either protein synthesis
or degradation in neuronal cells. Similar increased levels of ubiquitinated proteins have
also been detected in BMAA treated rat brains 1% These increases may correspond to
proteins that have had an NPAA misincorporated and can no longer be efficiently
degraded. Neurons are particularly vulnerable to damaged proteins as cell division

does not take place 16°,

Recent research into the editing domain of leucyl-tRNA synthetase (LeuRS) has
discovered an evolutionary specificity for Nva, which is readily mischarged to leucine
tRNA by LeuRS 4748167 As mentioned previously, Nva binds to EF-Tu and does so at a
rate that is similar to L-leucine 8. The inability of EF-Tu to discriminate against Nva may

have acted as the positive selection pressure for the evolution of highly specific LeuRS
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editing. This research identifies Nva as a candidate for misincorporation and highlights
the importance of Nva toxicity tests due to its increased presence in dietary

supplements.

While there is substantial evidence for the misincorporation of NPAAs during protein
synthesis, there is still debate about the mechanism by which these non-native proteins
could cause neurotoxicity in proteopathies. A study by Ozawa et al. investigated the
mechanism of L-DOPA toxicity and found that the incorporation of L-DOPA into proteins
synthesised by E. coli led to the formation of protein aggregates 1. This was dependent
on which amino acid residue was replaced in the proteins. When solvent-exposed L-
tyrosine residues were replaced by L-DOPA the protein retained its solubility. However,
replacement of internal L-tyrosine residues with L-DOPA resulted in a loss of solubility
168 The existing link between many neurodegenerative diseases and protein aggregates
strongly supports this as a mode of NPAA toxicity (Table 5.). In vitro studies with L-DOPA
and SH-SY5Y neuroblastoma cells have shown NPAA substitution, protein misfolding,
aggregation and neurotoxicity %4. In a more recent study, vervet monkey’s fed BMAA for
140 days developed B-amyloid plaques and neurofibrillary tangles ¢°. The similarity
between this behaviour and the pathogenesis of neurodegenerative disorders is further

evidence of the potential involvement of NPAAs.

This misincorporation-protein aggregation theory could explain the long period
between first exposure to BMAA and the development of neurological symptoms on
Guam, estimated to be about 20 years 17°. After the generation of non-native proteins
by incorporation, the NPAA aggregates could slowly accumulate in cells and eventually
reach a level that causes a decline in cell function. Another related theory is that the
aggregates initially formed can cause further protein aggregation through a prion-like
action 183, This theory is based upon the mechanism observed in prion diseases such as
Kuru and Creutzfeldt-Jakob disease, however, it has not been the subject of recent
research "1, In prion diseases, prions cause misfolding and aggregation of proteins after
their formation. However, their hallmark is the ability of small aggregates or “seeds” to

spread the properties of the abnormal diseased proteins to a normal protein 172, It has
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been theorised that seeding is also involved in the progression of neurodegenerative
disorders such as PD and AD, which involve the accumulation of the proteins a-

synuclein, B-amyloid and tau 3.

Similarly, protein misfolding and aggregation have been proposed in the etiology of ALS
174 While abnormal proteins and aggregation are implicated in both sporadic and
familial cases of ALS, the misfolded proteins superoxide dismutase 1 (SOD1), transactive
response DNA binding protein (TDP-43) and valosin containing protein (VCP) have been
associated with familial ALS (fALS) 17>. Since fALS only accounts for 10-15% of cases,
further research into factors that may contribute to the development of sporadic ALS
(sALS) is essential °. If misfolded NPAAs exhibited prion-like behavior, the resulting
aggregation could theoretically lead to neuronal cell death and the development of

neurodegenerative disease.

Table 5. Characteristics of proteopathies.

Adapted from 175177,
* Two of many genes identified for fALS

Disease Protein Region Most Affected Characterised By
Alzheimer’s B-amyloid Cortex, hippocampus, Amyloid plaques,
disease (AD) peptide/ tau basal forebrain, brain neurofibrillary
stem tangles
Parkinson’s a-synuclein Substansia nigra, Lewy bodies and
disease (PD) cortex, locus ceruleus, lewy neurites
raphe nuclei
Amyotrophic Superoxide Cortex, spinal cord Motor neuron
Lateral Sclerosis dismutase 1 degeneration
(ALS) (SOD1)*
Valosin
containing

protein (VCP) *
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Huntington’s Huntingtin Striatum Inclusion bodies
disease (HD)

2.7 Cellular Responses to Stress

When cells experience stress, a wide array of responses can occur, including the
activation of survival pathways or ‘stress responses’ and the initiation of various cell
death pathways. In most cases, there is an interplay between these two actions that is
dependent on the type of stressor and the severity of the stress 78, Cellular stress
triggers can be chemotherapeutic agents, irradiation, oxidation, environmental toxins,
starvation and unfolded or misfolded proteins 1’817°, |n the case of misfolded proteins,
the heat shock response and the unfolded protein response (UPR) can be utilised to
increase the activity of chaperone proteins and enhance protein folding, ultimately
reducing the severity of the stressor and allowing continued cell survival 1818 A
separate response can also occur following DNA damage and consists of both DNA
damage and DNA repair signaling pathways 17°. Failure of these responses to successfully
resolve the cellular stress leads to the initiation of cell death pathways. Investigating
which cell death pathway is activated, whether it be apoptosis, necrosis, or autophagic
cell death, can yield useful information about the type of stress present and response
induced. For example, following the heat shock response and UPR, programmed cell

182183 Furthermore, each death pathway has

death or apoptosis typically occurs
characteristic morphological features which can be observed experimentally and
different families of proteins and enzymes are associated with each cell death pathway
(Table 6). Additional pathways, such as pyroptosis, an inflammatory cell death pathway
most commonly associated with intracellular pathogen infections, are not included

given there is little evidence of their involvement in the response to NPAAs 184,
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Table 6. Cellular morphologies and proteins associated with cell death pathways
(relevant to the mechanisms of NPAAs).

Cell Death Pathway Cellular Morphology Associated  Proteins or
Enzymes
Apoptosis Cellular shrinkage and Bcl-2 family of proteins, heat
blebbing, nuclear and shock proteins, caspase
mitochondrial activation, mitochondrial
fragmentation 18>186 cytochrome c release
182,186,187
Autophagy Formation of acidic Atg proteins, Beclin 1, mTOR,
autophagic vacuoles, PINK1 189
fusion with lysosomes
and organelle digestion
188
Necrosis Cellular swelling, Serine/threonine kinase RIP1

mitochondrial swelling, %2

cell lysis/ membrane
rupture 20,191

To date, both the heat shock response and UPR have been investigated following NPAA
exposure, with misfolded proteins being the stress inducer. The UPR is activated in the
lumen of the ER following ER stress, a well-studied cellular phenomenon that includes,
but is not limited to, misfolded proteins. ER stress leading to apoptosis has been
observed following treatment with low concentrations of BMAA (0.5 mM) and high
concentrations of Aze (10 mM) in cell culture models 63%%3195 |ncreases in heat shock
response chaperones, termed heat shock proteins (HSPs), have been observed following
L-canavanine (0.6mM) and Aze (2.5-10 mM) treatment in primary cells 6-1°61%7 HSps 70
and 80 were also upregulated following Nva (0.5 mM) exposure in yeast °8. Though
both stress responses are often induced following NPAA exposure, Dasuri et al.
concluded that HSP levels are not the principle modulators of cell death when, despite
observing similar HSP increases in both neuron and astrocytes, neurons experienced
preferential cell death 1. L-DOPA exposure (0.1-1 mM) has resulted in caspase-mediated
apoptosis and the formation of autophagic vacuoles while BMAA treatment has also led
to increases in the lysosomal cysteine proteases cathepsins B and L 2464199200 \Whjle the

activation of cellular stress responses has previously been demonstrated for both Aze
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and Nva treated cells, an in depth study of the cell death pathways subsequently

activated has not yet been performed.

2.8 Methods of Assessing Cellular Stress

Cellular stress caused by NPAAs can initially be assessed using in vitro cytotoxicity assays
that determine whether an NPAA is toxic to mammalian cells in culture. The basis of
such tests is usually the quantification of viable cells following treatment using
metabolic activity assays. The MTT assay is named for the water-soluble yellow dye 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide and relies on its conversion
to insoluble purple formazan. The reduction reaction occurs in the presence of
metabolically active cells and is commonly used to measure cell viability 2°*. The MTT
assay has previously been used to study NPAA-induced cytotoxicity 1632°2 and one such
study investigated BMAA-induced cytotoxicity in the SH-SY5Y cell line that has been
selected for the present research 3. However, the popular assay has shortcomings in
that the formation of insoluble formazan crystals is in itself cytotoxic, and a comparative
study of the MTT assay and the Alamar Blue viability assay found that the Alamar Blue
was more sensitive 2°%, In contrast to the MTT assay, the Alamar Blue assay is a more
sensitive, non-toxic assay that measures the fluorescence induced by resazurin when
reduced by cellular metabolic activity 2°2%, This assay has been used in recent
publications investigating BMAA and L-DOPA induced cytotoxicity and will be utilised in

this thesis to study Nva and Aze toxicity %3204,

Once a reduction in cell viability has been identified, additional techniques can detect
various cell death pathways. As highlighted in section 2.7, necrosis, apoptosis, and
autophagy have distinctive characteristics that can be explored experimentally.
Fluorescence microscopy is a useful tool that enables the visualisation of innate cellular
events during stress 29, This is enhanced through the use of live cell imaging techniques
that allow stress responses to be measured in real-time 2%. In addition, these
observations can be quantified using readily available open-sourced software such as

FIJI 297, The stains used in fluorescence microscopy for cell death assessment are well
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characterised, and the stains Annexin V and Propidium lodide (PI) will be used to
visualise early apoptosis and necrotic cell death, respectively. Annexin V binds to
phosphatidylserine molecules on the cell membrane that are exposed during early
apoptosis, while Pl is a cell-impermeable dye that binds to DNA in the nucleus when the
cell membrane is compromised during late-apoptosis and necrosis 2%829°_|n live cells,
the LysoTracker stain will be used to visualise autophagy in real-time, although it is
important to note the stain is not selective for lysosomes as suggested by its name 219,
Instead, Lysotracker is selective for acidic organelles, and this distinction will be made

during the discussion of relevant results.

Finally, as mitochondria have been identified in section 2.4.1 as an organelle susceptible
to NPAA damage, mitochondrial function will also be assessed. During stress,
mitochondria may become dysfunctional when their ability to respond to cellular energy
demands and produce ATP via respiration is compromised 2. An analysis of
mitochondrial bioenergetics using mitochondrial respiration, or oxygen consumption
rate, as a parameter is considered the best general measure of mitochondrial function
in intact cells 211, The Agilent Seahorse Extracellular Flux (XF) Analyser is a relatively new
instrument that allows for reliable real-time measurements of mitochondrial respiration
in live cells 22, Using a series of injections during the course of the bioenergetic assay,
the XF Analyser allows for the measurement of changes to basal respiration, maximal
respiration, ATP production and non-mitochondrial respiration 212, Together, these
measurements provide a clear indication of mitochondrial function and, of all NPAAs,
only L-DOPA has been investigated using this technique in a study that found L-DOPA

induced mitochondrial dysfunction 24,
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CHAPTER THREE: INVESTIGATION INTO L-NORVALINE TOXICITY

Compound Abstract

The previous chapter revealed numerous examples of NPAA toxicity and their potential
for harm to humans. It also showed that NPAAs may also target mitochondria and
outlined the association between mitochondrial dysfunction and neurodegenerative
disease. It identified that the NPAA L-norvaline is commonly consumed by humans and
its toxicity to human cells and effect on mitochondria warrant further investigation.
These were investigated in this chapter and the chapter was published in Toxicology In
Vitro.
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ARTICLE INFO ABSTRACT

Keywords: In addition to the 20 protein amino acids that are encoded for protein synthesis, hundreds of other naturally
Non-proteinogenic amino acid oceurring amine acids, known as non-proleinogenic amino acids (NPAAs) exist. It is well known that some
Norvaline

NPAAs are toxic through their ability to mimic protein amino acids, either in protein synthesis or in other
metabolic pathways, and this property is utilised by some plants to inhibit the growth of other plants or kill
herbivores. L-norvaline is an NPAA readily available for purchase as a dietary supplement. In light of previous
evidence of l-norvaline’s antifungal, anlimicrobial and herbicidal activity, we examined the toxicity of l-nor-
valine to mammalian cells in vitro and showed that I-norvaline decreased cell viability at concentrations as low as
125 M, caused necrotic cell death and significant changes to mitochondrial morphology and function.
Furthermore, toxicity was reduced in the presence of structurally similar ‘protein’ amino acids, suggesting 1-

Supplement
Mitochondria

norvaline's cytotoxicity could be attributed to protein aminoe acid mimicry.

1. Introduction

Protein is an essential component of the human diet and is com-
posed of chains of peptide bonded ‘protein’ or canonical amino acids.
Proteolysis of dietary proteins releases these constituent amino acids for
use in de nove protein synthesis. The dietary importance of some of the
20 canonical protein amino acids has long been documented, in fact the
first amino acid discovered, asparagine, was identified from the vege-
table asparagus {Vickery and Schmidt, 1931; Hiusler et al., 2014).
However, the importance of amino acids extends beyond protein
synthesis, and they are involved in diverse cellular processes including
energy supply as oxidative substrates, precursors of cell signalling
molecules and substrates for gluconeogenesis and lipogenesis (Hiusler
et al., 2014; Crick et al., 1961; Cynober, 2013). Of the 20 protein amino
acids, nine are considered nutritionally essential because they are in-
adequately produced by the human body and must be obtained through
diet. A further five are considered conditionally essential as they may
not be effectively produced in certain groups {e.g. children) or during
stress (e.g reproduction or disease) (Hambreeus, 2014; Wu, 2009).
These amine acids are available as components of an ingested protein,
which are then released by enzymatic hydrolysis during digestion, and
as free amino acids in food. Nevertheless, over time free amino acids
have also become easily available as dietary supplements in super-
markets, pharmacies and healthfood stores. While dietary

* Corresponding author.
E-mail address: kenneth.rodgers@uts.edu.au (K.J. Rodgers).

https://doi.org/10.1016/j.tiv.2019.01.020

supplementation with amino acids in general has been steadily in-
creasing since the 1970s, the highest consumption of amino acids is
among athletes and bodybuilders since protein requirements are higher
in very active individuals and are considered to increase performance
(Bailey et al., 2011; Sharp and Pearson, 2010; Lemon, 2000). Such is
the demand for amino acids that supplements have expanded from free
‘protein’ amino acids to include compounds that act as precursors to the
protein amino acids. These compounds belong to an amine acid sub-
category called non-proteinogenic amino acids (NPAAs),

NPAAs account for hundreds of naturally occurring, mainly plant-
derived, amino acids that are not directly used in protein synthesis by
humans (Bell, 2003), In the body, some NPAAs are converted to protein
amino acids while others serve as metabolic intermediates in the pro-
duction of other compounds such as neurctransmitters and NPAA
supplement use is prevalent for both these reasons (Osowska et al.,
2004; Monte-Silva et al,, 2010}, For example, in the body the NPAA |-
citrulline is converted into l-arginine, a desirable amino acid due to its
role in increasing production of the signalling molecule nitric oxide
(NO) (Ming et al., 2004). Increased NO levels are associated with in-
creased muscle growth, vasodilation, increased blood flow and ATP
synthesis (Ming et al., 2004; Nisoli et al.,, 2004). A less well known
NPAA that has recently been utilised as a dietary supplement among
athletes due to its NO stimulating effects is l-norvaline. L-norvaline is an
inhibitor of the enzyme arginase, indirectly increasing levels of I-
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arginine in the body and increasing NO production (Hunter and Downs,
1945).

While NPAAs do have biological benefits, some are known to inhibit
biological processes. This arises from their structural similarity to
‘protein’ amine acids and as such, they are termed amino acid analo-
gues (Thompson et al., 1969) and are capable of ‘protein” amino acid
mimicry (Song et al., 2017), In plants, these toxic NPAAs have been
shown to have an evolutionary significance. Fescue grasses produce the
|-tyrosine analogue l-m-tyrosine, an herbicidal NPAA that inhibits the
growth of other plants competing for space and nutrients (Bertin et al.,
2007), In addition, the l-arginine analogue l-canavanine accumulates in
the seeds of the jack bean Canavalia ensiformis. L-canavanine is in-
secticidal and protects the plant from insect predation (Rosenthal,
2001). The similarity of these NPAAs to their corresponding ‘protein’
amino acids has been attributed to their toxicity through a process re-
ferred to as ‘misincorporation’ (Rodgers and Shiozawa, 2008). Due to
their structural similarity to protein amino acids, the NPAAs 1-m-tyr-
osine and l-canavanine are mistakenly utilised in protein synthesis, in
the places of 1-tyrosine and l-arginine respectively, with the error in
protein synthesis resulting in deleterious effects for the organism.

The dietary supplement l-norvaline is a structural analogue of the
branched chain amino acids (BCAAs) l-isoleucine, l-leucine and I-valine
(Table 1) and as such, investigation into its safety and potential for
causing adverse effects is warranted. L-norvaline is sold as a powder or
capsule and is found either individually or in multi-ingredient ‘stacked’
supplements. According to labelling, the dosage varies between 100 and
400 mg and it is recommended to be consumed daily before exercise
dissolved in 250 mL water. According to these instructions l-norvaline,
with a molecular weight of 117.15, is consumed at concentrations
ranging from 3.4-13.6 mM.

L-norvaline has already been the subject of several in vitro studies
however, in contrast to other analogous NPAAs, the primary objective
of these studies has been to investigate any potential therapeutic effects
arising from l-norvaline’s action as an arginase inhibitor. The potential
for misincorporation into proteins or other mechanisms of toxicity have
been overlooked, In human tumour cells that underwent nutrient
starvation to induce apoptosis, l-norvaline exhibited antiapoptotic ac-
tivity that almost doubled in response to a 4-fold increase in l-norvaline
concentration (1mM to 4mM) (Franek et al., 2002). In rat PC12h
pheochromocytoma cells l-norvaline significantly increased neurite
outgrowth at concentrations ranging from 1 to 20mM (Yamazaki and
Chiba, 2006). In both cases, the effects were attributed to the sup-
pressicn of arginase and subsequent increases in NO. Ming et al. dis-
covered an alternative mechanism when studying l-norvaline in a pri-
mary human endothelial model of inflammation. L-norvaline inhibited
the induction of inflammatory adhesion molecules in an arginase and
NO independent manner. Instead, the study concluded that the anti-
inflammatory properties of I-norvaline were at least partially due to the
inhibition of the ribosomal protein $6 kinase -1 (S6K1) signalling
pathway (Ming et al., 2009).

In a similar vein to in vitro studies conducted using l-norvaline, the
primary objective of in vivo studies has been to use l-norvaline’s

Table 1
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arginase inhibition to restore dysfunction in various disease models.
Osteoporotic and hypotensive rodent models experienced symptom
amelioration following 4 and 6-weekl-norvaline administration re-
spectively (Sobolev et al., 2018; El-Bassossy et al., 2013), Additicnally,
De et al. investigated l-norvaline as a treatment for erectile dysfunction
due to decreased NO levels in diabetes and observed significant im-
provements using 10 mg/kg/day (De et al., 2016). To date, there has
been no investigation into the cytotoxicity of l-norvaline and in the
present study we examine the effect of l-norvaline on the viability and
function of neuroblastoma cells through its ability to mimic structurally
similar protein amino acids.

2. Experimental materials and methods
2.1, Reagents

Dulbecco's Modified Eagle's Medium (DMEM) and Eagle's Minimal
Essential Medium (EMEM, deficient in l-isoleucine, l-leucine and l-va-
ling}, I-norvaline, l-isoleucine, I-leucine, l-valine and |-serine were from
Sigma Chemical Co., St Louis, MO. All aqueous solutions and buffers
were prepared using 18 mU water. All other chemicals and solvents
were of cell-culture grade.

2.2, Cell culture

SH-SY5Y human neuroblastoma cells (American Tissue Culture
Collection, catalogue number CRL-2266) were cultured as follows;
DMEM was supplemented with 10% heat-inactivated Foetal Bovine
Serum (FBS) (US origin, Gibco Carlsbad, CA, USA), and 100 X
GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
maintained at 37 °C with 5% €O, in 175cm? flasks until they were
plated for specific experiments, During treatment, DMEM culture
medium was substituted with I-isoleucine, I-leucine and I-valine defi-
cient EMEM. Experiments were performed between passages 16 and 28.

2.3, Cell viability

Cells were plated in 96 well plates at 30,000 cells/well, allowed to
adhere overnight, then treated in triplicate with the following con-
centrations of l-norvaline in EMEM; 125 pM, 250 pM, 500 pM, 1000 uM
and 2000 uM. Cells were treated for 24 h and then incubated with 10%
Alamar Blue cell viability reagent (Thermo Fisher) for 2 h. Fluorescence
was read at ex 570 /et 585. Protein concentration was determined with
the BCA assay (Smith et al., 1985) and fluorescence was normalised to
protein concentration. For all experiments, n refers to the number of
independent experiments performed.

2.4. Amino acid competition
Cell viahility was also measured in the presence of l-norvaline in

conjunction with l-isoleucine, l-leucine, l-valine and l-serine. Each
amino acid was added, separately, to EMEM amino acid deficient media

Structural representation of l-norvaline and its potential analogue protein amino acids.
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to increase the concentration to 1000uM. Adhered cells were co-in-
cubated with the amino acid supplemented EMEM and 500 pM 1-nor-
valine for 24 h. Cell viability was measured using the Alamar Blue assay
and normalised to protein concentration using the BCA assay.

2.5, Cell viability time cowrse

Cells were plated into 24 well plates at 60,000 cells/well, allowed to
adhere ovemight, then stained with Hoechst 33258 nuclei stain for
15min and treated in duplicate with l-norvaline at 500pM and
2000 uM in EMEM containing propidium iodide (PI) and placed in a
microscope heated chamber warmed to 37 °C with 5% CO.. Images
were captured with a high-speed charge-coupled device (CCD) camera
using the NIS-Elements acquisition software mounted on a Nikon Ti
inverted fluorescence microscope equipped with 20 objective lens
(Plan Apo NA 1.4 aperture) and the Perfect Focus System™ for con-
tinuous maintenance of focus. Hoechst was monitored with a bandpass
470 emission filter and propidium iodide was monitored at emission
636. Time-lapse images were collected every 30 min over a 24 h period
with 2 fields of view from each well imaged. Exposure time and
brightness/contrast setting were kept constant for each using the NIS-
Elements acquisition software. Images were analysed in FIJI (Schindelin
et al.,, 2012) following background subtraction with a rolling ball ra-
dius. Propidium iodide staining was measured using the mean grey
value and fluorescence was normalised to the number of Hoechst po-
sitive nuclei.

2.6. Lysosome activity

Cells were plated into 24 well plates at 60,000 cells/well, allowed to
adhere overnight, and then stained with Hoechst 33258 nuclei stain as
above. The acidotropic dye LysoTracker Red DND-99 was then diluted
in EMEM containing 1-norvaline at 500 uyM and 2000 uM and added to
wells in triplicate. A 10 pM H0, positive control was also included.
The plate was then placed in a microscope heated chamber warmed to
37 °C with 5% CO; and images were then captured using the Nikon Ti
and NIS-Elements at emission 470 for Hoechst 33258 and emission 636
for LysoTracker Red DND-99, Time-lapse images were collected every
30 min over a 24 h period with 2 fields of view from each well imaged.
Exposure time and brightness/contrast setting were kept constant for
each using the NIS-Elements acquisition software. Images were ana-
lysed in FIJI following background subtraction with a rolling ball ra-
dius. Lysosome activity was measured using the mean grey value of
LysoTracker uptake and fluorescence was normalised to the number of
Hoechst positive nuclei.

2.7. Apoptotic activity

The apoptotic activity of cells was determined using the Annexin V-
FITC Apoptosis Detection Kit (Abcam, Cambridge, UK) as re-
commended by the manufacturer. Cells were plated into 24 well plates
at 60,000 cells/well, allowed to adhere overnight, and then stained
with Hoechst 33258 nuclei stain as above. The Annexin V-FITC was
then diluted in EMEM containing l-norvaline at 500 uM and 2000 uM
and added to wells in duplicate. The plate was then placed in a mi-
croscope heated chamber warmed to 37 "C with 5% CO, and images
were then captured as above,

2.8. Gluramare conrenr

Cellular glutamate content was measured using the Glutamate Assay
Kit (Fluorometrie) (Abcam) according to the manufactors instructions.
Cells were plated into 96 well plates in triplicate at 30,000 cells/well,
allowed to adhere overnight and then treated with 2000 uM I-norvaline
for 24h prior to the assay. Fluoresence was normalised to protein
concentration using the BCA assay and cellular glutamate concentration
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was calculated against a standard curve.

2.9, Inracellular C& ™ measurement

The Ca®*-sensitive fluorescent indicator Fluo-8 acetoxymethyl ester
(Fluo-8/AM) (Abcam) was used to detect intracellular Ca®* using the
Nikon Ti inverted microscope. Cells were plated into 12 well plates at
100,000 cells/well, allowed to adhere overnight and treated with
2000 pM I-norvaline for 24 h prior to the assay. Cells were then loaded
with 4pM Fluo-8/AM in Hank's Balanced Salt Solution with Hepes
(HHBS) for 20 min at room temperature, washed twice in HHBS and
then imaged using the FITC channel every 15 s for 5 min, Fluoresence
intensity was then analysed in FIJI and calculated using the eq. F/Fq
where F is mean fluorescence intensity and Fp is baseline fluorescence.

2.10. Mirochondrial morphology

To examine mitochondrial morphology, cells were seeded on sterile
glass coverslips that were placed in 12 well plates. The next day, the
cells were treated with 2000 pM l-norvaline. At 24 h post treatment, the
cells were fixed with 2% paraformaldehyde for 20 min, quenched in
100 mM glycine for 5min, blocked in 2% bovine serum albumin (BSA)
in phosphate buffered saline (PBS) for 1 h, permeabilised in 0.5% Triton
X-100 for 5 min and incubated with mitochondrial mouse monoclonal
antibody (Abcam) overnight at 4 °C. Next, the cells were incubated with
a mouse secondary antibody conjugated to CF488A for 1 h at RT in the
dark, followed by 4',6-diamidino-2-phenylindole (DAPI) nucleic acid
stain (Thermo Fisher) for 5 min. Slides were then prepared with one
drop of VECTASHIELD ® and sealed using nail varnish. Images were
obtained at 60 X using an Olympus BX50 microscope. Images were
analysed in FIJT using the macro Mito-Morphology (Dagda et al., 2009).

2.11. Mitochondrial bioenergetics

A mitochondrial bioenergeties analysis was performed by measuring
the oxygen consumption rate (OCR) of cultured cells using the Seahorse
XFe24 Extracellular Flux analyser (Agilent, Santa Clara, CA, USA). Cells
were plated at 30,000 cells/well and left overnight to adhere. Cells
were then treated with l-norvaline at 500 uM and 2000 uM for 24 h in
the presence and absence of the nitric oxide synthase inhibitor N*-
Nitro-L-arginine methyl ester (I-NAME) (Abcam). The Mito Stress Test
(Agilent) was then performed according to manufacturet's instructions.
Cells were then washed in Seahorse assay media and prepared using the
manufacturer's protocol and kit reagents {oligomycin (1 M), FCCP
(1pM) and antimycin A/rotenone (0.5pM)). OCR values were nor-
malised to protein concentration using the BCA assay. Basal respiration,
maximal respiration, ATP production and non-mitochondrial respira-
tion were then calculated using the Seahorse XF Cell Mito Stress Test
Report Generator.

2.12. Sratistics

Statistical analyses were evaluated using GraphPad software (CA,
USA) Prism 7 version 7.03 using either one or two-way ANOVA with
Dunnett's multiple comparison post-tests to compare replicate means
between different treatments across the samples. Normality was tested
using the D'Agostino-Pearson normality test and homogeneity corrected
using the Geisser-Greenhouse cotrection. Where data was not normally
distributed the Mann-Whitney test was applied. Differences were con-
sidered significant at p < .05.
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Fig. 1. Viability of SH-SH5Y neuroblastoma cells following 24 h l-norvaline treatment. Panel A shows viability at a range of concentrations in EMEM medium. Panels
B- E show viability following 24 h treatment with 500 pM L-norvaline (Nva) in EMEM medium and supplemented with 1000 pM Lisoleucine (lle) (B),l-leucine (Leu)
(C) l-valine (Val) (D) and l-setine (Ser) as a negative control (E). Panel F shows viability as a measure of propidium iodide fluorescence intensity 1, 18, 20, 22 and
24h after 1-norvaline freatment. Normalised to nuclei counts and expressed as a percentage of control. N = 3. Error bars show SEM. *P < .05, =P < .01,

=P 001,

3. Results

3.1. Exposure of SH-SY5Y cells to Fnorvaline caused a time-dependent
decrease in cell viability

Cell viability was assessed in SH-SY5Y cells over a range of l-nor-
valine concentrations using the Alamar Blue assay (Fig. 1A). Viability
decreased to 68.5% at 125 M l-norvaline (P < .05) and decreased
further at 250pM, 500uM, 1000uM and 2000 pM l-norvaline
(P < .01).

3.2, The toxicity of I-norvaline was reduced in the presence of increased
concentrations of structurally similar amino acids

To examine the protective effects of protein amino acid analogues,
the Alamar Blue assay was performed in the presence of 500 pM l-ner-
valine and increased concentrations of the amino acids l-isoleucine, 1-
leucine, l-valine and l-serine relative to those present in the medium
(EMEM) used in the previous viability experiment (Fig. 1A). l-serine
was included as a structurally dissimilar protein amino acid. The basal
concentrations of l-isoleucine, l-leucine, 1-valine and l-serine in the
DMEM medium were 800, 802, 400, and 0 pM respectively (Fig. 1A).
The concentrations of each amino acid was increased to 1000 yM and
cell viability determined in each case relative to identical medium
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without l-norvaline (Fig. 1B-E}). In contrast to the previous data
(Fig. 1A), in the presence of increased concentrations of l-isoleucine and
l-leucine there were no significant decline in viability in the l-norvaline
treated cells relative to the control (Fig. 1B & 1C). Co-incubation with 1-
valine (Fig. 1D) significantly increased cell viability (P < .01) while
co-incubation with I-serine (Fig. 1E) did not increase cell viability in I-
norvaline treated cells (P < .001),

3.3, Time-course of l-norvaline-induced necrosis in live cells

In order to determine the time-course of l-norvaline induced toxicity
we examined the uptake of PI by live cells treated with l-norvaline (500
and 2000 uM) over a 24 h period (Fig. 1F). PI uptake is indicative of
irreversible cell membrane damage and necrotic cell death. At 2000 pM
l-norvaline there was an increase in PI uptake differing significantly
from the untreated cells after 24h (P < .01). An increase in necrotic
cell death relative to the control cells was not seen in cells treated with
500 uM l-norvaline.

3.4. Lysosome activity is unaffected by I-norvaline exposure

The number of lysosomal bodies in the cell was monitored over 24 h
of exposure to l-norvaline using the dye LysoTracker Red DND-99 in
EMEM. Fluorescence microscopy was used to visualise the lysosomes
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Fig. 2. Lysotracker Red DND-99 (A} and Annexin V (B) fluorescent intensity of SH-SY5Y neuroblastoma cells measured every 6 h over a 24 h period of I-norvaline
(Nva) treatment at 500 and 2000 pM. N = 3. Error bars show SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

and fluorescence intensity was then analysed using the software FLJI
(Fig. 2A). L-norvaline treatment did not significantly affect lysosomal
numbers, although a difference was observed in the positive control
(data not shown).

3.5. L-norvaline exposure does not cause apoptotic cell death

The apoptotic activity of cells was monitored over 24 h of l-norva-
line {2000 uM) treatment using Annexin V-FITC. Fluorescence micro-
scopy and FLJI were used to visualise and analyse fluorescence
(Fig. 2B). L-norvaline treatment did not induce apoptcsis over the
course of the treatment.

3.6. L-norvaline cytotoxicity is independent of glutamate and calcium

Gellular glutamate and calcium levels were measured following 24 h
treatment with I-norvaline (2000 pM) using fluorometric assays (Fig. 3A
& B). L-norvaline did not significantly affect glutamate concentration or
calcium fluorescence.

3.7. L-norvaline induces morphological changes to mitochondria

Mitochendrial morphology following treatment with l-norvaline at
2000 M was assessed using fluorescence microscopy (Fig. 4). Mor-
phological changes pertaining to mitochondrial shape, size and con-
nectivity were quantified using FLJI software and the macro Mito
Morphology. Mitochendrial number was not significantly affected fol-
lowing l-norvaline treatment (Fig. 5A) however mitochondrial area
significantly decreased (P < .0001) (Fig. 5B) while the mitochondrial
elongation score significantly increased (P < .0001) (Fig. 5C) and
mitochondrial interconnectivity significantly decreased (P < .001)
(Fig. 5D).

3.8. Mitochondrial bioenergetics is affected by l-norvaline treatment in the
presence of -NAME

Mitochondrial bicenergetics was analysed by measuring OCR after
24 h of I-norvaline treatment at 500 and 2000 pM. Neither basal re-
spiration (Fig. 6A), ATP production (Fig. 6B), maximal respiration
(Fig. 6C) nor non-mitochondrial respiration (Fig. 6D) were significantly
affected by the treatment. Upon the addition of 200 uM I-NAME, an NO
inhibitor, significant changes were observed to all measurements at
2000puM l-norvaline while non-mitochondrial respiration also sig-
nificantly decreased at 500puM l-norvaline (Fig. 6A-D). Basal and
maximal OCR decreased by 20.7% and 26.1% respectively. ATP pro-
duction decreased by 26.6% while non-mitochondrial respiration de-
creased by 29.9% at 500 uM and 25.5% at 2000 pM.

4. Discussion

I-norvaline is an NPAA synthesised by multiple strains of bacteria
including Bacillus subtilis (B. subtilis) and Serratia marcesens (Nandi and
Sen, 1953; Kisumi et al., 1976). In B. subtilis l-norvaline is a component
of an antifungal peptide consisting of nine other amino acids (Nandi
and Sen, 1953). Although the antifungal action of this peptide has been
documented in several test organisms including the fungal plant pa-
thogen Fusarium sp., no mechanisms for this activity have been pro-
posed.,

While investigating the fidelity of protein sythnesis, the inhibition of
bacterial growth was demonstrated in leucyl-tRNA synthetase (LeuRS)
editing defective strains of E.colf at concentrations starting at 100 uM in
the absence of competing amino acids and 300 uM when l-isoleucine, 1-
leucine and l-valine were added at threefold concentrations (Cvetesic
et al., 2014). Another study also using E. coli with a LeuRS editing
defect reported an l-norvaline IC50 of 4.2 mM (Karkhanis et al., 2007).
Plant growth inhibition has been observed in the duckweed Lemna
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Fig. 3. Glutamate concentration (A) and intracellular calcium measured by Fluo-8/AM fluorescence intensity (B) of SH-SYSY neuroblastoma cells following 24 h [-
norvaline {Nva) treatment at 2000 pM. Fluorescence intensity (F) is shown relative to baseline (Fo). N — 3. Frror bars show SEM.
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Fig. 4. Fluorescence microscopy (60 x magnification) of effects of l-norvaline on SH-SY5Y neuroblastoma cell mitochondria following 24 h reatment. Cells are
stained with an anti-mitochondria antibody (green) and nucleic acid stain DAPI (blue). Control cells are shown in the top panel and cells in the hottom panel were

treated with 2000 pM I-norvaline. Scale bar 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

minor at much lower concentrations (LDg; between 25 and 30 pM) mammalian cells. This is especially pertinent since l-norvaline is now
(Gulati et al., 1981), The consumption of I-norvaline by humans is fairly readily available for purchase and conswmption and it is common to

recent, and due to less stringent regulations on supplements compared consume up to 400 mg per day.
to pharmaceuticals, few studies have investigated its toxicity in Using the Alamar Blue assay we provided evidence that l-norvaline
A B Fig. 5. Mitochondrial morphology in SH-SY5Y neu-
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Fig. 6. Mitochondrial bioenergetics of SH-SYSY neuroblastoma cells following -norvaline treatment for 24 h in the absence and presence of the NO inhibitor I-NAME.
Panel A shows basal respiration, panel B shows maximal respiration, as measured by oxygen consumption rate (OCR), panel C shows ATP production and panel D

shows non-mitochondrial respiration. N = 3. Error bars show SEM. =P < .05, =P < .01,

is toxic to mammalian cells at concentrations as low as 125uM
(Fig. 1A). In this assay, resazurin is reduced to resorufin, which is
highly fluorescent and provides a sensitive measure of the reducing
activity in living cells. Reducing activity is dependent on the activity of
a wide range of cytosolic and mitochondrial enzymes, so the assay is a
general indicator of cell health which can be related to toxicity, via-
bility or proliferation (Rampersad, 2012). In the present studies resor-
ufin fluorescence was normalised to protein concentration, thus the
observed fluorescence was not related to proliferation. To determine if
the significant decrease in reducing activity was accompanied by cell
death we monitored necrosis over a 24 h period. By continuously
monitoring cell membrane permeability we found that necrotic cell
death was significantly increased after 24 h of l-norvaline exposure but
this only occurred with 2000 uM l-norvaline (Fig. 1F). It should be
noted that these changes were observed in cells that were cultured in
the presence of the relatively high levels of protein amino acids com-
monly used in cell culture.

If I-norvaline was mistakenly used in cytosolic protein synthesis the
presence of l-norvaline- containing proteins could potentially cause
cytosclic protein misfolding and aggregation (Chan et al., 2012), trig-
gering autophagic removal, However, after 24 h incubation with 1-
norvaline we observed no significant changes in lysosomal numbers
(Fig. 2A), Interestingly, the autophagy inhibitor mTOR is activated by
the BCAAs l-leucine and l-isoleucine (Perl, 2016; Laplante and Sabatini,
2009). It may be possible that l-norvaline is incorrectly binding to the
activation site in place of the two BCAAs, resulting in the deleterious
inhibition of autophagic removal. Similarly, when we monitored
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apoptotic cell death we found no increase when cells were exposed to
2000 1M (Fig. 2B) which is consistent with l-norvaline having an an-
tiapoptotic effect (Franek et al., 2002). It would appear that over this
time-course the cell death observed is independent of autophagic and
apoptotic cell death pathways.

By increasing the concentration of the three protein amino acids
most closely related to I-norvaline in structure (1-iscleucine, 1-leucine or
|-valine) it was possible to fully protect against the toxic effects of I-
norvaline (Fig. 1B-D). l-serine, an amino acid that has no structural
similarity to l-norvaline, had no effect on viability while increasing the
concentration of I-valine in the culture medium to 1000 pM (rather than
400 uM) resulted in an increased viability in the presence of I-norvaline.
This may be due to l-valine's reported ability to increase dendritic cell
function (Zhang et al., 2017). It is more likely that l-valine firstly in-
hibits l-norvaline's toxicity and then complements its arginase in-
hibitory effects (Carvajal and Cederbaum, 1986), resulting in a more
pronounced increase in NO production than the other BCCAs since I-
valine forms the most stable enzyme-inhibitor complex with arginase
(Fujimoto et al., 1976). It has been previously reported by Gansauge
et al. that increased NO bioavailability will increase cellular prolifera-
tion (Gansauge et al., 1997). However, as previously mentioned, in the
present study resofurin fluorescence was normalised to protein content
and therefore, we can only conclude that the combination of 1-valine
and I-norvaline provides protecticn from cytotoxicity while increasing
the activity of enzymes involved in reducing resazurin.

We have not, however, identified if l-norvaline mimics any one
specitic branched chain amino acid (BCAA) and on the contrary, our
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data suggests l-norvaline might compete with all structurally similar
BCAAs since l-isoleucine, l-leucine and l-valine all provided some pro-
tection against l-norvaline cytotoxicity whereas the structurally un-
related amino acid l-serine did not (Fig. 1E). Another possibility is that
the presence of these BCAAs inhibit l-norvaline's uptake into the cell by
blocking system L transporters, the group responsible for transporting
large, neutral amino acids such as BCAAs into the cell (Christensen,
1990). A decrease in uptake would be unlikely though given the very
modest increase in the BCAA concentrations that produced the pro-
tective effects: for I-isoleucine and l-leucine the concentration was in-
creased from 800 uM to 1000 pM and for I-valine 400 uM to 1000 uM.
Competition during protein synthesis is another potential mechanism of
protection. In fact, an E coli based kinetic assay capable of identifying
NPAAs that compromise the fidelity of protein synthesis has previously
linked I-norvaline to 1-leucine (Cvetesic et al, 2014). Cvetedi¢ and
colleagues found the protein elongation factor Tu binds l-norvaline to
LeuRS with the same affinity as l-leucine in a step that may precede
misincorporation (Cvetesic et al., 2013). A follow-up study identified 1-
norvaline as the prime physiological target of LeuRS proofreading
(Cvetesic et al., 2014). L-norvaline is also a substrate for branched-
chain aminotransferase (BCAT) which catalyses the conversion of
BCAAs and o-ketoglutarate into branched chain-c- keto- acids and
glutamate (Harper et al., 1984), Therefore we investigated whether the
cytotoxic effects of 1-norvaline were glutamate or Ca’*- mediated and
detected no significant changes to intracellular glutamate or Ca® " le-
vels (Fig. 3A & B). L-norvaline has previously been found to incorporate
into human recombinant hemoglobin expressed in E. coli in place of the
BCAA 1-leucine and the protection offered by BCAAs strongly suggests
‘protein’ amino acid mimicry as a mechanism of l-norvaline's cyto-
toxicity (Apostol et al., 1997). It is also worthwhile noting that the
present studies are the first to investigate the BCAA mimicry of 1-nor-
valine in a mammalian cell line.

Microscopy analysis of l-norvaline treated cells revealed marked
morphological changes to mitochondria (Fig. 4) and detailed image
analysis demonstrated a significant decrease in mitochondrial area and
interconnectivity as well as increased elongation (Fig. 5). Lower inter-
connectivity scores are indicative of fragmentation and higher elonga-
tion scores indicate more abstract shapes (an elongation score of 1
would be a perfect circle) (Wiemerslage and Lee, 2016). Fragmentation
contributes to mitochondrial dysfunction in diseases states such as
Alzheimer's disease (AD) while elongation has been observed during
cell cycle-mediated cell death in mouse neurons (Wang et al., 2014;
DuBoff et al, 2012). Marked morphological changes such as these
would be expected to result in mitochondrial dysfunction and a de-
crease in bioenergetics, however when we analysed mitochondrial re-
spiration, non-mitochondrial respiration and ATP synthesis (Fig. 6) we
found no significant changes suggesting the involvement of a secondary
mechanism.

In mammalian cells I-norvaline stimulates NO production which
triggers the generation of ¢GMP and indirectly fuels mitochondrial
biogenesis, increasing respiration and ATP synthesis (Nisoli et al., 2004;
Schwarz et al., 2004), To test if this secondary mechanism may have
cancelled out the damaging effects of l-norvaline on mitochondrial
function we repeated the analysis in the presence of the nitric oxide
synthase inhibitor 1-NAME. This allowed us to determine the effects of I-
norvaline on mitochondrial bioenergetics independent of its action on
the NO pathway. The observed decreases in basal and maximal re-
spiration, ATP production and non-mitochondrial respiration in the
presence of - NAME are consistent with mitochondrial dysfunction and
support the view that the NO pathway is compensating for this damage.
This observation is particulatly concerning given the association be-
tween mitochondrial dysfunction and many diseases, including neuro-
degeneration (Lin and Beal, 2006).

Metabolic dysfunction increases the risk of arginase overexpression
and has been hypothesised to contribute to the development of
Alzheimer's disease (AD) (Zhang et al., 2001; Sonntag et al., 2017).
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Consequently, 1-norvaline treatment has been studied in a mouse model
of AD. A 6-week treatment of 40-50 mg/kg/day significantly improved
memory deficits in 3xTransgenic mice and decreased protein aggregate
formation in the cortex with no reported negative side effects (Polis
et al., 2018). A 80 kg human would need to consume 3200-4000 mg/
day, 10-fold higher than the current dosage, to achieve such effects and
while the therapeutic potential of l-norvaline is promising, the results of
the current study indicate that additional studies examining neurolo-
gical function and aggregates in more detail may be warranted.

Despite presenting strong evidence of cytotoxicity and mitochon-
drial dysfunction, the exact mechanism whereby toxicity is elicited still
is unclear, as is the primary cellular target of 1-norvaline's toxic effects.
Mitochondrial tRNAs consist of non-canonical cloverleaf structures and
therefore mitochondrial proteins may be more susceptible to mis-
incorporation than cytosolic proteins (Suzuki et al., 2011; Ye et al,
2015). Due to the structural differences between mitochondrial and
cytosolic tRNAs, mitochondrial aminoacyl-tRNA synthetases (Mt aaRS)
are often prone to incorrect aminoacylation. Consequently, mitochon-
drial proofreading and the discriminatory ability of Mt. aaRS$ are con-
sidered ‘relaxed,” making them more susceptible to misincorporation
(Ye et al., 2015). Given the absence of apoptotic and lysosomal changes,
cell eyele arrest leading to necrotic cell death may also be a potential
mechanism. This would result in positive toxicity results similar to
those observed in the present study (Solhaug et al., 2012; Lee et al,,
2007; Wang et al., 2016). We recommend future studies investigate the
progression of the cell cycle following l-norvaline treatment and ex-
amine cells for nuclear or mitochondrial DNA damage that may initiate
cell cycle arrest.

5. Conclusions

We have presented evidence of toxicity and mitochondrial dys-
function that question the safety of l-norvaline consumption and re-
affirms the need to investigate the safety and efficacy of NPAAs that are
analogues of protein amino acids. Furthermore, 1-norvaline alone did
not significantly alter ATP synthesis, contradicting its purported bene-
fits and casting doubt on whether it should be consumed in the first
place. This is especially relevant given that l-norvaline dietary supple-
mentation has also been associated with reduced amino acid con-
centrations in vive (Tews and Harper, 1986).
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Abstract

In addition to the 20 protein amino acids that are vital to human health, hundreds of naturally occurring amino acids, known
as non-proteinogenic amino acids (NPAAs), exist and can enter the human food chain. Some NPAAs are toxic through their
ability to mimic protein amino acids and this property is utilised by NPAA-containing plants to inhibit the growth of other
plants or kill herbivores. The NPAA r-azetidine-2-carboxylic acid (Aze) enters the food chain through the use of sugar beet
(Beta vulgaris) by-products as feed in the livestock industry and may also be found in sugar beet by-product fibre supple-
ments. Aze mimics the protein amino acid L-proline and readily misincorporates into proteins. In light of this, we examined
the toxicity of Aze to mammalian cells in vitro. We showed decreased viability in Aze-exposed cells with both apoptotic
and necrotic cell death. This was accompanied by alterations in endosomal-lysosomal activity, changes to mitochondrial
morphology and a significant decline in mitochondrial function. In summary, the results show that Aze exposure can lead
to deleterious effects on human neuron-like cells and highlight the importance of monitoring human Aze consumption via

the food chain.

Keywords Non-protein amino acid - Azetidine-2-carboxylic acid - Mitochondria - Multiple sclerosis

Introduction

Hundreds of non-proteinogenic amino acids (NPAAs) exist
in nature and fulfil diverse biological roles. Less common
than their protein amino acid counterparts, vet more abun-
dant, NPAAs have historically been overlooked in favour
of research into the biological roles of the protein-encoded
amino acids. As secondary metabolites in plants, NPAAs
are not essential to normal growth, development or repro-
duction. In fact, in some cases, their role in plants is much
more sinister and NPAAs are thought to have evolved to
protect plants from the attacks of predators, pathogens, or
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to adversely affect competing plants (Bertin et al. 2007,
Rosenthal 2001). This phenomenon arises from the struc-
tural similarity of some NPAAs to protein amino acids, and
as such, they are termed amino acid analogues (Thompson
et al. 1969). NPAAs that are known to inhibit biclogical
processes are close structural analogues of protein amino
acids. This structural similarity to their respective corre-
sponding protein amino acids has been attributed to their
toxicity through a process dubbed protein ‘misincorpora-
tion” or amino acid ‘mimicry’ (Song et al. 2017), where the
NPAAs are mistakenly utilised in protein synthesis with the
error resulting in potentially deleterious effects (Rodgers and
Shiozawa 2008; Dunlop et al. 2011). Several other amino
acid analogues have been shown to misincorporate in place
of their parent amino acid (Rodgers and Shiozawa 2008)
and among them is the NPA A 1-azetidine-2-carboxylic acid
(Aze) (Alescio 1973). Misincorporation is a random process
in which the NPAA competes with a protein amino acid for
charging to the transfer RNA (Rodgers 2014). The NPAA
can then be inserted into any newly synthesised proteins
encoded for that protein amino acid provided it can by-pass
the proof-reading process (Song et al. 2017).
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Aze is produced by sugar beets (Beta vulgaris) and lil-
ies (Convallaria majalis) and is a structural analogue of
the protein-encoded amino acid L-proline (Fig. 1) (Fowden
1956, 1972). While the Aze containing lily also contains
acutely toxic cardiac glycosides and, therefore, eschews
human consumption (Loffelhardt et al. 1979), sugar beets do
provide an avenue for human exposure to Aze. Even though
sugar beets themselves are rarely consumed in quantities that
would warrant concern over Aze exposure, over 250 million
tonnes of sugar beets are grown annually worldwide (FAQ
2014). Such large quantities are demanded due to the role of
sugar beets as the starting material for approximately 20% of
the world’s commercial sugar production (FAO 2014). Aze
containing by-products of this process, known as sugar beet
pulp or fibre, are used primarily as feed for livestock and as
human dietary fibre supplements (Harland et al. 2009; Golini
et al. 2017; Habeeb et al. 2017). In addition to concerns over
direct human exposure, humans may be indirectly exposed
to Aze through bioaccumulation in dairy and meat products
(Rubenstein et al. 2009). Rubenstein et al. (2006) detected
Aze in four varieties of garden beets at a ratio of 1-5% Aze
to L-proline, which based on the current US National Nutri-
ent Database findings would relate to 0.49-2.45 mg Aze
per cup (246 g) of beets consumed (Rubenstein et al. 2006).
Rubenstein et al. (2009) also quantified Aze concentration
in sugar beet by-products, detecting up to 0.34 mg/100 mg.

Since Aze was first discovered in plants in the 1950s,
there has been much speculation about its ability to mimic
protein amino acids and thereby exert a toxic effect in
humans. A known plant toxin, the ability of Aze to incorpo-
rate in place of L-proline has been shown in multiple plant
models (Vaughan et al. 1974; Lee et al. 1996). In addition,
Lee et al. (1996) found that 5 mM Aze treatment induced a
heat shock-like response, which is often produced by cells in
response to abnormal protein synthesis (Rodgers et al. 2009).
Aze incorporates into the L-proline-rich myelin basic protein
of Escherichia coli (E. coli) and is toxic to chick embryos
due to incorrectly formed collagen, another L-proline-rich
protein (Bessonov et al. 2010; Lane et al. 1970; Fraser and
Deber 1985). These findings are particularly pertinent to
humans, since the worldwide distribution of the neurode-
generative disorder multiple sclerosis (MS) correlates with
regions of high sugar beet production (Poskanzer et al. 1980;

O

O

Fig. 1 Structural representations of the protein amino acid L-proline
and the non-proteinogenic amino acid (NPAA) L-azetidine-2-carbox-
ylic acid (Aze)

62

Karni et al. 2003; Sarasoja et al. 2004; Beck et al. 2005;
Rubenstein 2008). MS is a demyelinating condition and the
loss of myelin basic protein function is known to trigger
this process. Given that Aze is capable of misincorporating
into myelin basic protein and the potential for both direct
and indirect human consumption, the present study aims to
examine the effect of Aze on the viability and function of
human neuroblastoma cells.

Materials and methods
Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), Eagle’s
Minimal Essential Medium (EMEM, deficient in L-proline),
and r-azetidine-2-carboxylic acid were from Sigma Chemi-
cal Co., St Louis, MO. All aqueous solutions and buffers
were prepared using 18 mU water. All the other chemicals
and solvents were of cell-culture grade.

Cell culture

SH-SYS5Y human neuroblastoma cells (American Tissue
Culture Collection, catalogue number CRL-2266) were cul-
tured as follows; DMEM was supplemented with 10% heat-
inactivated Foetal Bovine Serum (FBS) (US origin, Gibco
Carlsbad, CA, USA), and 100 X GlutaMAX (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were maintained at
37 °C with 5% CO, in 175 cm? flasks until they were plated
for specific experiments. During treatment, DMEM culture
medium was substituted with L-proline deficient EMEM.
Experiments were performed between passages 17 and 26.

Cell viability

Cells were plated in 96 well plates at 30,000 cells/well,
allowed to adhere overnight and then treated in triplicate
with the following concentrations of Aze: 125 M, 250 uM,
500 uM, 1000 pM, and 2000 uM. Cells were treated for
24 h and then incubated with 10% Alamar Blue cell viability
reagent (Thermo Fisher) for 2 h. Fluorescence was read at
ex 570/em 585. Protein concentration was determined with
the bicinchoninic acid (BCA) assay (Smith et al. 1985) and
fluorescence was normalised to protein concentration.

Live cell imaging cell viability time course

Cells were plated into 24 well plates at 60,000 cells/well,
allowed to adhere overnight, then stained with Hoechst
33258 nuclei stain for 15 min and treated in duplicate with
Aze at 500 uM and 2000 uM in EMEM containing propid-
ium iodide (PI) and placed in a microscope-heated chamber
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warmed to 37 °C with 5% CO,. Images were captured with
a high-speed charge-coupled device (CCD) camera using the
NIS-Elements acquisition software mounted on a Nikon Ti
inverted fluorescence microscope equipped with 20X objec-
tive lens (Plan Apo NA 1.4 aperture) and the Perfect Focus
System™ for continuous maintenance of focus. Hoechst was
monitored with a bandpass 470 emission filter and PI was
monitored at emission 636. Time-lapse images were col-
lected every 30 min over a 24 h period with two fields of
view from each well imaged. Exposure time and brightness/
contrast setting were kept constant for each using the NIS-
Elements acquisition software. Images were analysed in FIII
(Schindelin et al. 2012) following background subtraction
with a rolling ball radius. PI staining was measured using
the mean grey value and fluorescence was normalised to the
number of Hoechst positive nuclei.

Acidicvesicle activity

Cells were plated into 24 well plates at 60,000 cells/well,
allowed to adhere overnight, and then stained with Hoe-
chst 33238 nuclei stain as above. The acidotropic dye
LyscTracker Red DND-99 was then diluted in EMEM con-
taining Aze at 2000 uM and added to wells in triplicate.
The plate was then placed in a microscope-heated cham-
ber warmed to 37 °C with 5% CO, and images were then
captured using the Nikon Ti and NIS-Elements at emission
470 for Hoechst 33258 and emission 636 for LysoTracker
Red DND-99. Time-lapse images were collected every
30 min over a 24 h period with 2 fields of view from each
well imaged. Exposure time and brightness/contrast set-
ting were kept constant for each using the NIS-Elements
acquisition software. Images were analysed in FIJI follow-
ing background subtraction with a rolling ball radius. Acid
vesicle intensity was measured using the mean grey value
of Lysdlracker uptake and fluorescence was normalised to
the number of Hoechst positive nuclei.

Cathepsin B activity

The activity of the lysosomal cysteine protease cathepsin
B (CatB) was measured by the linear increase in fluores-
cence following the cleavage of 7-amino-4-methylcoumarin
(AMC) from the peptide substrate Z-Arg-Arg-AMC (where
z is benzyloxycarbonyl) [as described in Dunlop Rachael
et al. (2008)]. Briefly, cells were subcultured onto 6 well
plates at 400,000 cells/well and treated in triplicate with
2000 uM Aze in EMEM for 24 h. Cultures were washed
three times in phosphate-buffered saline (PBS) and har-
vested by scraping into 200 pl. of cathepsin assay buffer
[0.1 M phosphate buffer (pH 6) containing 3 mM EDTA,
0.005% Brij 30, 1 pM pepstatin A and 5 mM benzamidine].
Cells underwent three freeze/thaw cycles and then lysates
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were centrifuged at 10,000X ¢ for 10 min to remove particu-
lates. A 20 L aliquot of the supernatant was activated with
dithiothreitol (DTT) (final concentration 2.5 mM) and assay
buffer wad added, in triplicate, to a 96 well plate. Following
addition of 50 uM substrate, changes in fluorescence (ex
360/em 460) were measured every 1 min for 29 min. Results
were normalised to protein concentration using a BCA assay
and activity was expressed as the change in fluorescence
over time (AF/t).

Apoptotic activity

The apoptotic activity of cells was determined using the
Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit (Abcam, Cambridge, UK) as recommended
by the manufacturer, Cells were plated into 24 well plates
at 60,000 cells/well, allowed to adhere overnight, and then
stained with Hoechst 33258 nuclei stain as above. The
Annexin V-FITC was then diluted in EMEM containing
Aze at 2000 1M and added to wells in duplicate. The plate
was then placed in a microscope-heated chamber warmed to
37 °C with 5% CQO, and images were then captured as above.

Mitochondrial morphelogy

To examine mitochondrial morphology, cells were seeded
on sterile glass coverslips that were placed in 12 well plates.
The next day, the cells were treated with 2000 uM Aze. At
24 h post-treatment, the cells were fixed with 2% para-
formaldehyde for 20 min, quenched in 100 mM glycine for
5 min, blocked in 2% bovine serum albumin (BSA) in PBS
for 1 h, permeabilised in 0.5% Triton X-100 for 5 min, and
incubated with mitochondrial mouse monoclonal antibody
MTCO?2 (Abcam) overnight at 4 °C. Next, the cells were
incubated with a mouse secondary antibody conjugated to
CF488A for 1 h at RT in the dark, followed by 4',6-diami-
dino-2-phenylindole (DAPI) nucleic acid stain (Thermo
Fisher) for 5 min. Slides were then prepared with one drop
of Dako and sealed using nail varnish. Images were obtained
at 60 using a DeltaVision Elite microscope and the DAPI
and FITC channels. Images were analysed in FIUT using the
macro Mito Morphology (Dagda et al. 2009). Briefly, the
green channel of cells stained with the anti-mitochondria
antibody was extracted to greyscale, inverted to show mito-
chondria-specific fluorescence as black pixels, and thresh-
olded to optimally resolve all individual mitochondria per
cell. The macro-traced mitochondrial outlines using “analyse
particles.” The area measurement refers to the average area
of all mitochondria analysed per cell and the mean area/
perimeter ratio was employed as an index of mitochondrial
interconnectivity. Mitochondrial elongation was measured
as inverse circularity. For each condition, a total of 81 cells
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were measured from three independent experiments (27
each).

Mitochondrial bicenergetics

A mitochondrial bioenergetics analysis was performed by
measuring the oxygen consumption rate (OCR) of cultured
cells using the Seahorse XFe24 Extracellular Flux ana-
lyser (Agilent, Santa Clara, CA, USA). Cells were plated
at 30,000 cells/well and left overnight to adhere. Cells were
then treated with Aze at 2000 pM for 24 h. The Mito Stress
Test (Agilent) was then performed according to manufac-
turer’s instructions. Cells were then washed in Seahorse
assay media and prepared using the manufacturer’s pro-
tocol and kit reagents [oligomycin (1 uM), FCCP (1 pM)
and antimycin Afrotenone (0.5 UM)]. OCR values were
normalised to protein concentration using the BCA assay.
Basal respiration, maximal respiration, ATP production, and
non-mitochondrial respiration were then calculated using
the Seahorse XF Cell Mito Stress Test Report Generator.
Calculations are as follows: non-mitochondrial respiration
equates to the minimum rate measurement after antimycin
Afrotenone injection, basal respiration equates to last rate
measurement before oligomycin injection subtracted from
non-mitochondrial respiration, maximal respiration equates
to maximum rate measurement after FCCP injection sub-
tracted from non-mitochondrial respiration, and ATP pro-
duction equates to last rate measurement before oligomycin
injection subtracted from the minimum rate after oligomycin
injection.

Statistical analysis

Statistical analyses were evaluated using GraphPad software
(CA, USA) Prism 7 version 7.03 using either one- or two-
way ANOVA with Dunnett’s multiple comparison post-tests
to compare replicate means between different treatments
across the samples or Welch's 7 test. Differences were con-
sidered significant at P < 0.03.

Results

Exposure of SH-SY5Y cells to Aze caused a decrease
in cell viability

Cell viability was assessed in SH-SY3Y cells over a range
of Aze concentrations for 24 h using the Alamar Blue assay
(Fig. 2a). Cell viability was unchanged at concentrations
up to 1000 pM Aze, but decreased to 63% at 2000 pM Aze
(P <0.0001).
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Time course of Aze-induced necrosis in live cells

To determine the time course of Aze-induced toxicity, we
examined the uptake of PI on live cells treated with Aze
(500 and 2000 uM) over a 24 h period (Fig. 2b). PI uptake
is indicative of irreversible cell membrane damage and
necrotic cell death. At 2000 UM Aze, there were significant
increases in PI uptake relative to untreated cells after 12 h,
181 (P<0.03), and 24 h (P < 0.01). An increase in necrotic
cell death relative to the control cells was not seen in cells
treated with 500 uM Aze. The full-time course and repre-
sentative images are included within the Electronic Supple-
mentary Material (Supplementary Figures 1 and 2)

Lysotracker intensity is increased by Aze exposure,
while lysosomal protease CatB activity decreased

The fluorescence intensity of acidic bodies in the cell was
monitored over 24 h of exposure to 2000 pM Aze using the
dye LysoTracker Red DND-99, Fluorescence microscopy
was used to visualise the acidic vesicles (Supplementary
Figure 3) and fluorescence intensity of the images was then
analysed using the software FIJI (Fig. 2¢). Aze treatment
significantly increased Lysotracker intensity compared to the
untreated cells after 18 h (P < 0.01) and 24 h (P <0.0001).
CatB activity was measured directly through the cleavage
of a fluorescent substrate peptide (Fig. 2e) and small, but
significant decrease in activity was observed in cells treated
with 2000 uM Aze for 24 h (P <0.0001}.

Aze exposure leads to apoptotic cell death

The apoptotic activity of cells was monitored over 24 h of
Aze (2000 uM) treatment using Annexin V-FITC. Fluores-
cence microscopy and FUT software were used to visnalise
and analyse fluorescence (Fig. 2d). The fluorescence inten-
sity of Annexin V-FITC was significantly increased 18 and
24 h after Aze treatment (P < 0.0001), indicating an increase
in apoptotic cell death. Representative images are included
in the Electronic Supplementary Material (Supplementary
Figure 4).

Aze induces morphological changes
to mitochondria

Mitochondrial morphology following treatment with Aze
at 2000 pM was assessed using fluorescence microscopy
(Fig. 3a—d). Morphological changes pertaining to mitochon-
drial shape, size, and connectivity were quantified using FLJI
software and the macro Mito Morphology. Following Aze
treatment, the number of mitochondria per cell significantly
decreased by 13.1% (P < 0.03) (Fig. 4a) and mitochondrial area
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Fig.2 Effects of Aze treatment on SH-SYJ3Y neuroblastoma cells:
a cells were exposed to a range of Aze concentrations and viability
after 24 h was measured using the Alamar Blue assay: b cell viabil-
ity as a measure of propidium iodide fluorescence intensity measured
over 24 h of Aze treatment using live cell imaging; ¢ Lysotracker Red
DND-9 staining measured over 24 h of Aze treatment using live cell

decreased by 17.7% (P<0.001) (Fig. 4b). The mitochondrial
elongation score was not affected (Fig. 4c¢) and mitochondrial
interconnectivity significantly decreased by 6.6% (P <0.001)
(Fig. 4d).
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imaging; d Annexin V fluorescent intensity measured over 24 h of
Aze treatment using live cell imaging; e cathepsin B activity follow-
ing 24 h treatment with 2000 pM Aze, expressed as a change in fluo-
rescence over time per pg cell protein (AF/r). N=3. Error bars show
SEM with significance relative to control represented by *P<0.05,
*%P.<0.01, **3P <3001, ****P <0.0001

Mitochondrial bioenergetics are affected by Aze
treatment

Mitochondrial bioenergetics were analysed by measuring
OCR after 24 h of Aze treatment at 2000 uM (Fig. 5a).
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Fig.3 Fluorescence microscopy
images (x 60 magnification) of
the effects of 2000 uM Aze on
SH-SYS5Y cell mitochondria
following 24 h treatment. Cells
were stained with an anti-mito-
chondria antibody (green) and
nuclei visualised using DAPI
(blue). a Control; b magnified
image of white box in a; ¢ Aze
treated cells; d magnified image
of white box in c. Scale bar

10 pm for a and ¢
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Basal respiration (Fig. 5b), which is the oxygen con-  Discussion

sumption used to meet cellular adenosine triphosphate
(ATP) demand under baseline conditions, was signifi-
cantly decreased by 19.8% (P <0.05). Maximal respira-
tion (Fig. 5¢), which is the maximal oxygen consumption
rate attained following addition of the uncoupler FCCP,
decreased by 20.7% (P <0.001). ATP production is
derived from the decrease in oxygen consumption follow-
ing oligomycin injection and shows the portion of basal
respiration used to drive mitochondrial ATP production.
This was also significantly affected with a decrease of
21.5% (P <0.03) (Fig. 5d). The oxygen consumption that
persists following antimycin A/rotenone injection, termed
non-mitochondrial respiration, was unaffected (Fig. 5e¢).

In the present studies, we observed significant decreases in
SH-SYSY cell viability after exposure to 2000 uM Aze for
24 h (Fig. 2a). The toxicity was similar to that previously
reported in Hela cells (Song et al. 2017) and it is worth-
while noting that in the study by Song et al., the toxicity
induced by 5000 uM Aze was rescued using the structural
analogue L-proline at 1000 uM, but protein amino acids
with no structural similarity to L-proline did not provide any
protection (Song et al. 2017). A cell viability time course,
employing continuous live cell imaging, demonstrated Aze
toxicity in mammalian cells as early as 12 h of Aze treatment
(Fig. 2b). In a similar study by Roest et al., much higher
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concentrations (10-25 mM) of Aze were required to induce
cell death in Hel.a cells at similar timepoints (Roest et al.
2018). The previously reported length of time required for
Aze incorporation in E. cofi was 3 h (Grant et al. 1975).
Mammalian cell studies using the NPAA beta-methylamino-
r-alanine (BMAA) reported an exponential increase in pro-
tein bound *H BMAA within 9 and 16 h treatment periods
and this was accompanied by apoptotic but not necrotic cell
death (Main et al. 2018; Dunlop et al. 2013).

Our data are consistent with a delayed cytotoxic response
due to the synthesis and accumulation of non-native pro-
teins. Aze is a weak competitor for prolyl aminoacyl-tRNA
synthetase and can become randomly incorporated into
newly synthesised proteins (Rodgers and Shiozawa 2008).
The consequences of this could be loss of protein function
or alteration in protein structure. In some cases, misfolded
proteins are rapidly degraded, but they can also resist deg-
radation and form aggregates, possibly through the inter-
action of exposed hydrophobic regions (Dunlop Rachael
et al. 2008). Protein aggregates are known to be cytotoxic
(Bucciantini et al. 2002). Significant conformational changes
to protein structure are caused by Aze insertion, and these
are discussed in detail elsewhere (Zagari et al. 1990, 1994;
Rubenstein 2008). Interestingly, Aze-containing peptides
may be oxygenated by prolyl hydroxylases resulting in
potential damage of the protein by a reverse aldol of the
hydroxyazetidine (Liu et al. 20135), contributing further to
the deleterious effects of Aze. Despite the low rate of Aze
for L-proline substitution, adverse effects of Aze have been
reported in plants (Fowden 1963; Verbruggen et al. 1992;
Lee et al. 2016a), algae (Kim et al. 2006) and in vivo models
(Lane et al. 1970; Rojkind 1973, Jonegja 1981) and occur
even in the presence of normal L-proline production (Fich-
man et al, 2015).

Since Aze can be incorporated into certain proteins in
place of L-proline, we then examined the cells to determine
if they were responding to an increased load of non-native
proteins. Consistent with this, the fluorescence intensity of
acidic vesicles detected by the Lysotracker dye significantly
increased following 18 h of Aze treatment when compared
to control cells (Fig. 2¢). A further increase was observed
after 24 h exposure. The accumulation of the Lysotracker
dye represents expansion of acidified compartments such as
late endosomal or lysosomal organelles (Huotari and Hele-
nius 2011). As one of the major systems for the degrada-
tion of misfolded proteins, protein aggregates, or damaged
organelles (Ciechanover and Kwon 2015), an increase in
the activity of the endosomal-lysosomal system may be in
response to proteins containing misincorporated Aze. The
activity of the lysosomal protease CatB, however, showed
a small but significant decrease following Aze treatment
(Fig. 2e). It has previously been reported that the activity
of the lysosomal proteinases can be adversely affected by
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the rapid delivery of damaged or aggregated proteins to the
endosomal-lysosomal system (Rodgers et al. 2004). Cells
can then respond by an increase in cathepsin delivery to
lysosomes resulting in a rapid increase in lysosomal pro-
tease activity (Rodgers et al. 2004). Inhibition of cathepsins
has previously been shown to increase Lysotracker staining
due to the accumulation of immature cathepsins, reducing
the degradative ability of lysosomes and resulting in apop-
tosis (Jung et al. 2015). Jung et al. reported an increase in
the levels of the autophagy marker lipidated microtubule-
associated protein light-chain 3 (LC3-II), independent of
cathepsin activation, which is consistent with the previ-
ous findings that Aze treatment elevates LC-II (Roest et al.
2018). We hypothesise that the accumulation of misfolded
Aze-containing proteins impairs lysosomal function and this
can also contribute to cell death.

To examine if programmed cell death played a role in
the decline in viability we observed, cells were stained with
the apoptosis marker Annexin V. On treatment with Aze the
intensity of Annexin V staining gradually increased, and was
significantly elevated after 18 h (Fig. 2d). Annexin V posi-
tive cells were previously observed following 12 h treatment
with 2500 uM Aze in primary fibroblasts (Gu et al. 2004),
Cross-talk between the endosomal-lysosomal system and
apoptotic pathway often oceurs following endoplasmic retic-
ulum (ER) stress and ER stress can induce both autophagy
and apoptosis (Nikoletopoulou et al. 2013; Ding et al. 2007).
Although the present study did not investigate ER stress,
Gu et al. (2004) used Aze to induce ER stress, and in addi-
tion, Roest et al. recently found that Aze activates both the
protein kinase RNA-like ER kinase (PERK) and activating
transcription factor 6 (ATF6) arms of the unfolded protein
response (Roest et al. 2018). Other NPAAs are also known
to induce ER stress (Okle et al. 2013; Jin et al. 2010; Main
et al. 2016). Furthermore, ER stress occurs in response to
the formation of misfolded proteins and is a common feature
of neurodegenerative disorders (Hoozemans and Scheper
2012).

Mitochondria play a key role in the regulation of apop-
tosis, and dysfunctional mitochondria have been linked to a
number of disease pathologies, including neurodegenerative
disease (Witte et al. 2014; Su et al. 2010; Wang et al. 2014).
In the present studies, we detected changes to mitochon-
drial numbers, area, and interconnectivity. The observed
decreases in size and interconnectivity are consistent with
the formation of mitochondrial fragments during apoptosis,
a process facilitated by the mitochondrial fission machinery
(Youle and Karbowski 20035; Parone and Martinou 2006),
While mitochondrial fragmentation occurs in many forms
of apoptosis, damage to mitochondrial proteins may also
contribute to the induction of apoptosis. Lee et al. reported
that cells depleted of the fusion protein mitofusin 1 were
more susceptible to fragmentation and apoptosis upon
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toxin exposure (Lee et al. 2016b). Furthermore, inhibition
of the antiapoptotic mitochondrial protein Bel-2 is known
to induce apoptosis (Mallick et al. 2016). Mitochondria are
comprised of around 1000 proteins that, with the excep-
tion of 13, are nuclear encoded, translated in the cytosol
and the precursor proteins imported into the mitochondria
{Backes and Herrmann 2017), The imported proteins gener-
ally require proteolytic processing and chaperone assisted
folding before they can assume their native conformation
(Backes and Herrmann 2017). Even intermittent protein
misfolding as could occur due to Aze incorporation could
cause proteotoxic stress in the mitochondria and cause
morphological changes as observed in the present studies.
Proteins synthesised in the mitochondria may also be more
susceptible to NPAA incorporation due to inherent differ-
ences in their proof-reading machinery, aminoacyl-tRNA
synthetases, and NPAA-induced mitochondrial protein insta-
bility has previously been demonstrated by Konovalova et al.
using r-canavanine, an NPAA present in jack beans and wild
potato (Suzuki et al. 2011; Konovalova et al. 2015). In addi-
tion to fragmentation, the number of mitochondria per cell
also decreased. Reductions in mitochendrial numbers have
also been observed in cultured mouse neurons expressing a
frontotemporal dementia-related tau mutation, suggesting
that decreased mitochondrial numbers may be associated
with early stage development of the disease (Rodriguez-
Martin et al. 2016).

Basal and maximal respirations were significantly
decreased following Aze treatment, as was ATP production
(Fig. 5). Protein dysfunction in the respiratory chain could
contribute to this decrease, and of the 13 proteins encoded
by mitochondria, the L-proline-rich ATP synthase protein 8
(Complex V subunit) might be particularly susceptible to
misincorporation with 16.2% 1-proline content (The UniProt
2018). Mitochondrial bicenergetic collapse is also a well
characterised marker of apoptotic and necrotic cell death
{Skulachev 2006; Izyumov et al. 2004). While it is clear Aze
exposure induces apoptosis, the exact cellular events that
precede this downstream response remain unknown. While
ER stress has previously been mentioned, as one potential
apoptosis evoking event, DNA damage, oxidative stress,
and damage to mitochondrial proteins are also events that
warrant investigation in the future (Roos and Kaina 2006;
Chandra et al. 2000). This is the first study to show that Aze
causes mitochondrial dysfunction and is especially impor-
tant given the link between mitochondrial dysfunction, apop-
tosis, and neurodegenerative disease, in particular MS (Dutta
et al. 2006; Mahad et al. 2008, 2009).

The results of the present study are particularly pertinent,
given that the production of Aze containing sugar beets has
been historically linked to the development of MS and it has
been been hypothesised that Aze misincorporation may trig-
ger the onset of MS in genetically predisposed individuals
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(Rubenstein 2008). MS is an antoimmune demyelinating dis-
ease of the central nervous system and came to prominence
in the middle nineteenth century, some 30 years after the
popularisation of sugar beet production (Loma and Heyman
2011; Rubenstein 2008; Murray 2009). In the same way that
a neurodegenerative disorder known as amyotrophic lateral
sclerosis—Parkinson’s dementia complex has been linked to
exposure to the cyanotoxic NPAA BMAA on Guam and has
been proposed to have contributed to clusters of amyotrophic
lateral sclerosis in New Hampshire (Caller et al. 2012), cases
of MS are increased in areas that produce sugar beets. In
Canada, the region at the centre of the Canadian sugar beet
industry coincides with the highest incidence of MS in the
country (Beck et al. 2005). Similarly, the Japanese region
of Tokachi has the highest MS prevalence in Asia (Houzen
et al. 2008). Tokachi also produces 45% of Japan’s sugar
beets (Rubenstein 2008). This pattern of high MS incidence
in synchrony with sugar beet producing regions has also
been observed in Sardinia, Scotland’s Orkney Islands, the
Middle East and Finland (Pugliatti et al. 2001; Poskanzer
et al. 1980; Karni et al. 2003; Sarasoja et al. 2004). Although
the present studies do not provide direct evidence of a link
between Aze exposure and MS, the spectrum of in vitro tox-
icity identified suggests that it has the potential to damage
the human nervous system. Further studies investigating lev-
els of human exposure to Aze and its in vivo effects would
be justified.

Conclusions

Aze is toxic to human neuron-like cells and induced mito-
chondrial damage that is accompanied by an increase in
apoptotic. The toxicity observed in this study is important,
because Aze-containing sugar beets are grown in over 40
countries for the production of sugar (Geng and Yang 2013),
and this is set to increase as sugar beets become a source
of biofuels such as ethanol (Haankuku et al. 2015). Fur-
thermore, there is significant potential for Aze to enter the
human food chain and elicit harmful effects.
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Supplementary Fig 1. Time course of Propidium lodide (Pl) staining following Aze
treatment in SH-SY5Y cells. Pl staining is shown as mean fluorescence intensity (MFI)
and normalised to nuclei number. Measurements were taken every 30 min for 24 h
following treatment with Aze 500 uM (blue) and 2000 uM (red) and untreated control
(black).
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Supplementary Fig 2. Representative images of Propidium lodide (Pl) and Hoeschst
33258 staining on SH-SY5Y cells following Aze treatment. Pl (red) and Hoeschst 33258
(blue) stained nuclei are overlayed in each image. Panels A-E show untreated cells at 1,
6, 12, 18 and 24 hours. Panels F-J show cells treated with 500 uM Aze 1, 6, 12, 18 and
24 hours following treatment while panels K-O show cells treated with 2000 uM Aze 1,
6, 12, 18 and 24 hours following treatment. Scale bar shows 50 um. All images were
captured on a Nikon Ti inverted fluorescence microscope with a 20X objective.
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Supplementary Fig 3. Representative images of Lysotracker Red DND-99 staining
(yellow) on SH-SY5Y cells following Aze treatment. Panels A-E show untreated cells at
1, 6,12, 18 and 24 hrs. Panels F-J show cells treated with 2000 uM Aze following 1, 6,
12, 18 and 24 hours. For clarity, the images are presented in yellow. For further analysis
Lysotracker fluorescence was normalised to nuclei number using Hoeschst 33258
staining (not shown). Scale bar shows 50 um. All images were captured on a Nikon Ti
inverted fluorescence microscope with a 20X objective.
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Supplementary Fig 4. Representative images of Annexin V and Hoeschst 33258 staining
on SH-SY5Y cells following Aze treatment. Annexin V (green) and Hoeschst 33258 (blue)
are overlayed in each image. Panels a-e show untreated cells at 1, 6, 12, 18 and 24 hrs.
Panels f-j show cells 1, 6, 12, 18 and 24 hrs following treatment with 2000 uM. Scale bar

shows 50 um. All images were captured on a Nikon Ti inverted fluorescence microscope
with a 20X objective.
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CHAPTER FIVE: PROTEOMIC CHARACTERISATION OF SH-SY5Y
NEUROBLASTOMA CELLS FOLLOWING NPAA EXPOSURE

5.1 Introduction

Proteomics, a combination of the terms “protein” and “genomics”, is defined as: “the
use of quantitative protein-level measures of gene expression to characterise biological
processes (e.g., disease processes and drug effects) and decipher the mechanism of
gene expression control” 23, Early proteomic studies uncovered strong functional
relationships between drug treatments, protein expression and physiological effects,
and since then the study of proteomics has been applied in research studying toxins,
termed ‘toxicoproteomics’ 2*32%4, Thus, proteomics has the potential to prove useful
when investigating the mechanisms behind NPAAs’ toxic effects as observed in the

previous chapters.

The field of quantitative proteomics is bolstered by the use of mass spectrometry, a
technique which relies upon the production, separation and measurement of
fragmented gas-phase ions of a given molecule according to their mass-to-charge (m/z)
ratios. These ions are detected in proportion to their relative abundance, and together,
this data produces a mass spectrum 2'°. Though mass spectrometry techniques have
been utilised in the field of physics dating back to the early 20™ century, it wasn’t until
the 1990s, when mass spectrometry was coupled with liquid chromatography and soft

ionisation techniques, that these techniques were applied to the field of proteomics 216,

Though there are various methods of proteome analysis, the methods described in this
chapter utilise “bottom-up” or “shotgun” proteomics, which is the characterisation of a
mixture of proteins using peptide fragments released through proteolysis. The mass
spectra derived from the peptide fragments are then compared to a database of protein
sequences for identification, following which the identified proteins can be investigated
for abundance changes using peptide abundance and bioinformatics. The converse
method, “top-down” proteomics, analyses intact proteins and can lead to difficulties

with protein fractionation, ionisation and fragmentation at the gas stage. While
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fragmentation difficulties can be overcome when top-down strategies such as electron
capture dissociation or electron transfer dissociation are used, the other difficulties are
also overcome when a bottom-up approach is used 217219, Additionally, the analysis of

smaller molecules leads to increased sensitivity 2°.

Proteomic studies that measure protein abundance changes in neurodegenerative
disease have become increasingly common as a means to further understand the
mechanisms behind disease progression. The ability to quickly and reproducibly quantify
and identify large numbers of proteins in the diseased brain and then compare them to
control brains has provided an excellent tool in the investigation of neurodegenerative
diseases. A number of protein expression alterations have been identified in various
disease pathologies using human and animal models including AD 220222 pp 223224 gnd
MS 225225 These tools are especially useful when investigating expression changes
following exposure to toxins with unclear mechanisms as they may identify the
molecular pathways involved in toxicity and can also be utilised in in vitro models of

toxicity.

As mentioned in section 2.3, many toxicological studies into NPAAs occurred prior to the
advent of proteomics and as such, relatively few NPAAs have had their effects
investigated in this manner. Fewer still have been scrutinised via bottom-up proteomics
and this is largely because mass spectrometry has mainly been solicited to detect NPAAs,
namely BMAA, in complex mixtures from environmental and patient samples. These
analytical chemistry methods are targeted and differ from untargeted bottom-up
proteomics in both instrumentation and data analysis. Sacks et al. used liquid
chromatography-mass spectrometry (LC-MS) to detect protein-associated BMAA in
brain samples from Guamanian ALS-PDC patients, a study which has provided the
foundation for much of the research into NPAAs and their link to neurodegenerative
disease 1%, In addition, Murch et al. used a triple quadrupole mass spectrometer in an
in vitro cell free protein expression system to detect incorporated BMAA 227, While both
the aforementioned studies used methods that involve the hydrolysis of proteins to

their constituent amino acids, resulting in increased sensitivity for NPAA, LC-MS based
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bottom-up proteomics has also recently been utilised to show Nva misincorporates into

E.coli proteins 228229,

Research investigating expression changes following BMAA exposure in rats has
observed decreases in the abundance of histone H2B and myelin basic proteins, which
could relate to changes in chromatin regulation, myelination and cytoskeletal function
230 Meanwhile, a study using a zebrafish model detected changes in the abundance of
proteins linked to protein homeostasis such as translation initiation factors (increased)
and ribosomal protein subunit 21 (decreased), reactive oxygen species and neuronal cell
death 231, Though BMAA has been the subject of a limited number of studies into protein
abundance changes, there is currently no data investigating the NPAAs Nva and Aze in

this manner.

Following the generation of large proteomic datasets, raw data must undergo
bioinformatic processing for functional analysis. Functional analysis, as part of an
integrated proteomics workflow, utilises various software packages and can identify
relevant pathways and interactions 232, In this chapter, this is performed by connecting
each identified protein with its associated Gene Ontology (GO) term. This process uses
an enrichment algorithm to associate proteins to hierarchically clustered terms that
relate to their molecular function, biological process or cellular local 233. Limitations of
this process are the incomplete nature of the term list and its shifting nature as new

234

discoveries are made “**. Furthermore, the majority of functional annotations are based

on computational, rather than manual, analysis of experimental results 234

. Despite
these drawbacks, functional analysis using GO terms is a valuable tool to filter,

characterise and interpret large proteomic datasets.

Of the numerous software packages available to perform GO analysis, the open-sourced
packages Biological Networks Gene Ontology tool (BINGO) and ClueGO integrates Gene
Ontology (ClueGO) were selected due to their compatibility with the freely available
data visualisation program Cytoscape. BiNGO identifies enriched terms using a

hypergeometric test and determines the probability that “x or more genes belong to a
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functional category C shared by n of the N genes in the reference set 2%.” Similarly,
ClueGO performs an enrichment test for terms based the hypergeometric distribution
235, The output of both packages is a p-value, however, following a validation study that
compared BiNGO output to clustered DNA microarray data, excessive dependence on
an exact p-value during data interpretation was warned against due to the potential for
incomplete annotation data to bias results 237. The allowance for statistical
improvements such as a false discovery rate and p-value adjustments partly mitigates
this issue and the overall conclusion was one of reliability. These techniques may be
used to complement existing findings, as they were used in this chapter, or to generate
hypotheses that can then be validated by additional experimentation. Hence, the
overarching aim of the studies presented in this chapter was to analyse the protein
abundance changes and pathways enriched in SH-SY5Y neuroblastoma cells following
exposure to Nva and Aze, in order to further understand the mechanisms at the heart

of their toxicity.

5.2 Methods

5.2.1 Reagents

Dulbecco's Modified Eagle's Medium (DMEM), Nva, Aze, ammonium bicarbonate, urea,
bovine serum albumin, tris(2-carboxyethyl)phosphine (TCEP), dithiothreitol (DTT),
formic acid and acrylamide monomers were purchased from Sigma Chemical Co. (MO,
USA). Sequence grade trypsin was from Promega (Wi, USA). Acetonitrile was high-
performance liquid chromatography grade and purchased from Sigma Chemical Co. All

aqueous solutions and buffers were prepared using 18 mU water.

5.2.2 Cell Culture

SH-SY5Y human neuroblastoma cells (American Tissue Culture Collection, catalogue
number CRL-2266) were cultured as follows; DMEM was supplemented with 10% heat-
inactivated Foetal Bovine Serum (FBS) (US origin, Gibco, CA, USA), and 2 mM GlutaMAX
(Thermo Fisher Scientific, MA, USA). Cells were maintained at 37 °C with 5% CO2 in 175

cm?2 flasks until they were plated for experiments. During treatment, DMEM culture
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medium was substituted with L-isoleucine, L-leucine, L-valine and L-proline deficient
Eagle’s Minimum Essential Medium (EMEM). Experiments were performed at passage

15.

5.2.3 Treatment

Cells were plated in 6-well plates at 400,000 cells/well, allowed to adhere overnight and
were then treated in triplicate with 2000 uM of Nva or Aze. Following 24 h treatment,
cells were detached using TrypLE and washed 3 times in phosphate buffered saline (PBS)

prior to being snap frozen in LN,.

5.2.4 Protein Precipitation and Mass Spectrometry

The cell pellet was solubilised in 8 M urea and 100 mM ammonium bicarbonate.
Disulphide bonds were then reduced in 5 mM TCEP and alkylated with 20 mM
acrylamide monomers at room temperature for 90 min. Excess alkylating agents were
then quenched in 20 mM DTT prior to sonication at 80% power on ice (3 x 30 sec) to
shear DNA. The cells were then centrifuged and a 5 pL sample of the supernatant was
diluted in ammonium bicarbonate prior to quantification with a BCA assay 238. A 50 pug
sample was then diluted using ammonium bicarbonate and trypsin (1:50 trypsin: protein
ratio) and digested overnight at 37°C. Solid phase extraction was then performed using

239

the method described by Rappsilber, Mann and Ishihama using Styrene

Divinylbenzene-Reversed Phase Sulfonate media.

Using an Acquity M-class nanolLC system (Waters, MA, USA), 5 uL of the sample (1 ug)
was loaded at 15 pL/min for 3 minutes onto a nanoEase Symmetry C18 trapping column
(180 um x 20mm) before being washed onto a PicoFrit column (75 umID x 250 mm; New
Objective, MA, USA) packed with Magic C18AQ resin (3 micron; Michrom Bioresources,
CA, USA). Peptides were eluted from the column and into the ESI source of a Q Exactive
Plus mass spectrometer (Thermo Fisher) using the following program: 5-30% MS buffer
B (98% Acetonitrile + 0.2% Formic Acid) over 90 minutes, 30-80% MS buffer B over 3
minutes, 80% MS buffer B for 2 minutes, 80-5% for 3 min. The eluting peptides were

ionised at 2000V. A Data Dependent MS/MS (dd-MS?) experiment was performed, with
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a survey scan of 350-1500 Da performed at 70,000 resolution for peptides of charge
state 2+ or higher with an AGC target of 3e6 and maximum injection time of 50 ms. The
top 12 peptides were selected fragmented in the higher-energy collisional dissociation
cell using an isolation window of 1.4 m/z, an AGC target of 1e5 and maximum injection
time of 100 ms. Fragments were scanned in the Orbitrap analyser (Thermo Fisher) at
17,500 resolution and the product ion fragment masses measured over a mass range of

120-2000 Da. The mass of the precursor peptide was then excluded for 30 seconds.

5.2.5 Generation of Protein Quantification Data

Proteins were identified with the Andromeda search engine integrated into MaxQuant
version 1.6.1 20, Protein sequences were downloaded from the human UniProt
proteome database (accessed February 5" 2018) and supplemented with frequently
observed contaminants. Trypsin specificity was set to allow for up to 4 miscleaved sites,
deamidation (of L-arginine), oxidation (of L-methionine), N-terminal acetylation and
propionamide (on L-cysteine) were set as variable modifications. Peptides and proteins
were accepted with a false discovery rate (FDR) of less than 1%. The decoy mode was
set to the default mode, ‘revert’. In this mode a reverse database of the original search
database, consisting of all protein sequences read from the end to the beginning, was

used in the target-decoy database strategy to control for false discoveries.

Proteins were quantified in MaxQuant using maximum (pairwise) peptide ratio
information from peptide ion intensities, normalised using MaxLFQ and computed as

label free quantification (LFQ) values 241,

Further analysis was performed in Perseus
version 1.6.1.3 %2, Data was loaded in Perseus and log2 transformed. Scatter plots with
Pearson correlation coefficients between LFQ intensities from biological replicates in the
experimental groups were generated, as was a numeric Venn diagram. Missing LFQ data
were then imputed with intensities with an imputation width of 0.3 and a shift of 0.8.
Proteins with significantly changed abundance were analysed with a two-tailed t-test,
where p-values were corrected for multiple testing by a permutation-based FDR with a

threshold of 0.05. A fold change cut off was determined by sO and set to 2 for Nva and

0.1 for Aze and fold changes are expressed as ‘Student’s T-test Difference,” which
83



corresponds to a log2(fold change). The fold change cut off was lowered (s0=0.1) for the

Aze dataset due to the relatively low number of unique proteins detected.

The datasets of unique proteins were then uploaded into the software platform
Cytoscape ?*3 and the apps ClueGO %3¢, ClusterONE %4 and BiNGO 23°> were used to study
GO annotations. A functional analysis was performed in ClueGO using a Fisher Exact
enrichment test, showing only showing only pathways with a p-value < 0.05 and
corrected with the Bonferroni step-down method. Protein-protein interaction network
clustering was analysed with ClusterONE. Significant clusters contained proteins that
had edge weights, determined using nodes imported from STRING version 10.5 2%,
satisfying p < 0.05 in a one-sided Mann-Whitney U test. The clusters were then enriched

for GO terms in BINGO using a Fisher Exact test with a Benjamini-Hochberg FDR of 0.05.

5.3 Results

5.3.1 L-Norvaline

5.3.1.1 Proteomic Findings

Samples collected from the control and Nva experimental groups were digested and
analysed by LC-MS/MS without any fractionation. The reproducibility of the biological
replicates was assessed by scatter plotting and the Pearson correlation coefficient was
determined using LFQ intensities (Figure 5A). The Pearson correlations calculated for the
experimental groups were deemed acceptable, ranging from 0.973- 0.986. A total of
2590 proteins were identified in averaged samples of the control group and 3137
proteins in pooled samples of the Nva treatment group respectively (Figure 5B). Of
these, 2463 were common to both control and treatment groups. However, 127
proteins were unique to the control group and 238 (> 2 peptides) were unique to the
Nva treatment. A scatter plot was used to study expression changes in the co-expressed
proteins and excluded the unique proteins of either group (Figure 5C). From this plot,
only one of the co-expressed proteins significantly changed in abundance, histone H2A

type-2A.
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Figure 5. Proteomic characterization of Nva treated cells.

Panel A shows scatter plot with Pearson correlation coefficients between LFQ intensities
from biological replicates in the experimental groups, panel B shows Venn diagram of
proteins identified. Panel C shows scatter plot of LFQ intensity ratios. One protein that
significantly changed in abundance (black) was identified by mass spectrometry with
permutation-based false discovery rate—corrected, two-tailed t test (threshold, FDR-
adjusted p-value < 0.05; sO = 2; n = 3). x axis, log2-transformed ratio of proteins in the

control over Nva treatment; y axis, —log10-transformed p-values.

5.3.1.2 Functional Annotations of Uniquely Expressed Proteins

The unique proteins identified in the control and Nva treated groups were analysed in
Cytoscape using ClueGo for enriched GO functional annotations. GO Cellular
Compartment (CC) (Figure 6) analysis of proteins unique to the control revealed the pre-
ribosome as the predominant cell localisation of proteins unique to the control group
(50%), followed by microtubule end (25%) (p <0.01), kinesin complex (12.5%) and the

nuclear inner membrane (12.5%) (p <0.05). Proteins classified as organellar small
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ribosomal subunit made up 57.14% of proteins unique to the Nva treatment, followed
by cell cortex part (21.43%), extrinsic component of the plasma membrane (7.14%),
microtubule bundle (7.14%), and Wiskott—Aldrich syndrome protein and SCAR homolog
(WASH) complex (7.14%) (p < 0.01). A full list of GO terms, p-values and protein
identifications for each condition can be found in Supplementary Tables 1 and 2 of the

Appendix.

GO Biological Process (BP) terms associated with proteins unique to each treatment
were also analysed using ClueGO (Figure 7) and in the control group, negative regulation
of supramolecular fiber (29.03%) and cleavage involved in rRNA processing (25.81%)
were among the most significantly enriched terms (p < 0.01). In the Nva treated group
microtubule polymerisation (40.74%), mitochondrial gene expression (33.33%), positive
regulation of gliogenesis (11.11%), respiratory chain complex lll assembly (7.41%),
response to nitric oxide (3.7%) and chromatin remodelling (3.7%) were all significantly
enriched terms (p <0.01). A full list of GO terms, p-values and protein identifications for

each cluster can be found in Supplementary Tables 3 and 4 of the Appendix.

Further GO BP analysis was performed using the using the apps ClusterONE and BiNGO
(Figures 8 & 9). ClusterONE detects overlapping proteins in protein-protein interaction
networks and the GO BP terms of proteins interacting within significant clusters

(p < 0.05) are shown for each condition. The colour gradient of the cluster distribution
network shows the p-value of each cluster associated with the GO term, with the darker
colour (orange) indicating a lower p-value as a means to visualise GO terms that are
significantly over-represented. The size of each node is proportional to the number of
proteins in the unique protein dataset for each treatment. A full list of GO terms, p-
values and protein identifications for each cluster can be found in Supplementary Tables

5 and 6 of the Appendix.
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nuclear inner membrane 12.5% *

kinesin complex 12.5% *

preribosome 50.0% **

microtubule end 25.0% **

——————WASH complex 7.14% *
——microtubule bundie 7.14% *

extrinsic component of plasma membrane 7.14%

organellar small ribosomal subunit 57.14% **
cell cortex part 21 .43% **

Figure 6. Enriched ClueGO Gene Ontology (GO) Cellular Compartment (CC) terms.
GO CC terms for the unique proteins in the untreated (top) and Nva treated (bottom)
groups. Percentage shows % of total enriched proteins in each group. * p < 0.05, ** p <

0.01.
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—regulation of protein autophosphorylation 3.23% *
endoplasmic reticulum organization 3.23% **

‘ " positive regulation of macroautophagy 3.23% *
~_\."DNA dealkylation 3.23% *

% “histone H3-K4 methylation 3.23% *

\_ "\ regulation of postsynaptic membrane
neurotransmitter receptor levels 3.23% *

negative regulation of supramolecular fiber
organization 29.03% **

!
positive regulation of mitotic cell cycle phase
transition 3.23% *
N “mitotic metaphase plate congression 6.45% *
“nuclear migration 6.45% *
energy homeostasis 9.68% *

cleavage involved in rRNA processing 25.81% **

chromatin remodeling 3.7% **
“response to nitric oxide 3.7% **

“respiratory chain complex Ill assembly 7.41% **

microtubule polymerization 40.74% ** - -positive regulation of gliogenesis 11.11% **

mitochondrial gene expression 33.33% **

Figure 7. Enriched ClueGO Gene Ontology (GO) Biological Process (BP) terms.
GO BP terms for the unique proteins in the untreated (top) and Nva treated (bottom)

groups. Percentage shows % of total enriched proteins in each group. * p < 0.05, ** p <

0.01.
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5.3.2 L-Azetidine-2-carboxylic acid

5.3.2.1 Proteomic Findings

Samples collected from the control and Aze experimental groups were digested and
analysed by LC-MS/MS without any fractionation. The reproducibility of the biological
replicates was assessed by scatter plotting and the Pearson correlation coefficient was
determined using LFQ intensities (Figure 10A). The Pearson correlations calculated for
the experimental groups were deemed acceptable, ranging from 0.938- 0.986. A total of
2627 proteins were identified in pooled samples of the control group and 2479 proteins
in pooled samples of the Aze treatment group respectively (Figure 10B). Of these, 2420
were common to both control and treatment groups (Figure 11). 207 proteins were
unique to the control group and 59 were unique to the Aze treatment. 55 proteins (=2
peptides) in the pool of common proteins that either significantly increased or

decreased in abundance were identified (Figure 11) and are described in Table 7.

GO BP analysis was performed on significantly differentially abundant proteins using the
using the app BiINGO in Cytoscape (Figures 12 & 13). A full list of GO terms, p-values and
protein identifications for each cluster can be found in Supplementary Tables 7 and 8 of

the Appendix.
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Figure 10. Proteomic characterization of Aze treated cells.
Panel A shows scatter plots with Pearson correlation coefficients between LFQ
intensities from biological replicates in the experimental groups, panel B shows Venn

diagram of proteins identified.
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Figure 11. Scatter plot of LFQ intensity ratios following Aze treatment.

55 proteins that significantly changed in abundance (black) were identified by mass

spectrometry with permutation-based false discovery rate—corrected, two-tailed t test

(threshold, FDR-adjusted p-value < 0.05; sO = 0.1; n = 3). x axis, log2-transformed ratio

of proteins in the control over Aze treatment; y axis, —log10-transformed p-values.
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Table 7. SH-SY5Y neuroblastoma cell proteins with significantly (p< 0.05) differentially
expressed abundance following 24 h treatment with Aze. The fold change cut off was
lowered (s0=0.1) due to the relatively low number of unique proteins in each condition.

Student's T-
test
Difference
(Log2(Fold
Protein ID Protein Name Change))
P46013 Antigen KI-67 -2.23851
P16401 Histone H1.5 -1.83337
Q99453 Paired mesoderm homeobox protein 2B -1.7255
P16402 Histone H1.3;Histone H1.4 -1.66246
P35251 Replication factor C subunit 1 -1.65702
Q14966 Zinc finger protein 638 -1.32758
G3XAG1 Zinc finger protein 512 -1.32335
Q9POMG6 Core histone macro-H2A.2;Histone H2A -1.27865
Q8NC51 Plasminogen activator inhibitor 1 RNA-binding protein -1.24885
P35637 RNA-binding protein FUS -1.20004
Q86V81 THO complex subunit 4 -1.11805
Q96AG4 Leucine-rich repeat-containing protein 59 -1.09757
Q9POLO Vesicle-associated membrane protein-associated protein A -1.0599
014813 Paired mesoderm homeobox protein 2A -1.0484
Microtubule-associated protein;Microtubule-associated
P27816 protein 4 -0.999165
Q08380 Galectin-3-binding protein -0.957201
P26358 DNA (cytosine-5)-methyltransferase 1 -0.943516
Q8WTT2 Nucleolar complex protein 3 homolog -0.928965
Lamina-associated polypeptide 2, isoform
P42166 alpha;Thymopentin;Thymopoietin -0.914497
QINWH9 SAFB-like transcription modulator -0.903877
Q5SSJ5 Heterochromatin protein 1-binding protein 3 -0.896633
095239 Chromosome-associated kinesin KIF4A -0.854056
UDP-N-acetylglucosamine--peptide N-
015294 acetylglucosaminyltransferase 110 kDa subunit -0.831539
Q8N1G4 Leucine-rich repeat-containing protein 47 -0.680112
P42765 3-ketoacyl-CoA thiolase, mitochondrial -0.669971
Q14974 Importin subunit beta-1 0.655556
000303 Eukaryotic translation initiation factor 3 subunit F 0.694747
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2,
075306 mitochondrial 0.73226
P26641 Elongation factor 1-gamma 0.779774
Q00610 Clathrin heavy chain;Clathrin heavy chain 1 0.787474
Q5H909 Melanoma-associated antigen D2 0.903817
Q8NI27 THO complex subunit 2 0.916466
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000410 Importin-5 0.962305
P08758 Annexin;Annexin A5 0.97887
Q96QK1 Vacuolar protein sorting-associated protein 35 0.986816
Q9Y295 Developmentally-regulated GTP-binding protein 1 0.99206
043592 Exportin-T 1.06496
Q9UIA9 Exportin-7 1.09344
Q92621 Nuclear pore complex protein Nup205 1.09879
J3QSV6 Ribosomal L1 domain-containing protein 1 1.15489
Q9Y2A7 Nck-associated protein 1 1.17921
Q00325 Phosphate carrier protein, mitochondrial 1.20822
Q9BZE4 Nucleolar GTP-binding protein 1 1.21908
Q63HM9 PI-PLC X domain-containing protein 3 1.22163
095373 Importin-7 1.23524
Single-stranded DNA-binding protein 2;Single-stranded
DNA-binding protein 3;Single-stranded DNA-binding protein
D6RACS 4 1.27205
PODMV9 Heat shock 70 kDa protein 1A;Heat shock 70 kDa protein 1B 1.3422
014980 Exportin-1 1.43816
Q6PL18 ATPase family AAA domain-containing protein 2 1.61961
Casein kinase | isoform alpha;Casein kinase | isoform alpha-
P48729 like 1.6946
Protein phosphatase inhibitor 2;Protein phosphatase
P41236 inhibitor 2-like protein 3 1.82563
LRWD1 Leucine-rich repeat and WD repeat-containing protein 1 1.96518
Q5SNT2 Transmembrane protein 201 2.35003
E9PFO6 39S ribosomal protein L3, mitochondrial 2.87131
Q562R1 Beta-actin-like protein 2 8.17366
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5.4 Discussion

5.4.1 L-Norvaline

This chapter aimed to perform a holistic proteomic investigation of cells exposed to Nva
and Aze in order to further elucidate their mechanisms, and this section focuses on the
changes to the proteome observed following Nva treatment. It is shown here that
despite sharing 2463 proteins (Figure 5B), only one protein, histone H2A type-2A, was
significantly reduced in abundance (Figure 5C). Histone proteins are at the core of
nuclear chromatin, which in turn is responsible for the packaging of genetic material
during gene expression 246247 Although little is known regarding histone H2A type-2A
specifically, decreased histone expression in histone H2A variants type-1 and type-K has
previously been observed following DNA damage 24¢ and such disruptions to the histone-

DNA equilibrium can lead to errors in transcription and block cell cycle progression

248,249

An analysis of the unique proteins using GO CC terms (Figure 6) identified the pre-
ribosome as the predominant cellular location of proteins present in the control but
below the limit of detection in the Nva treatment (henceforth referred to as ‘absent’),
with many overlapping with the second most common BP term, cleavage involved in
ribosomal RNA processing (Figure 7). The absence of these proteins following Nva
treatment suggests altered ribosome biogenesis. The absence of RRP1 and RRP9
homologs corresponds to the reduced processing and transport of pre-ribosomal RNA
250,251 TP18 and UTP20, components of the 90S small subunit pre-ribosome, are also
absent after Nva treatment 2°2. Furthermore, the absences of ribosome biogenesis
protein BMS1 homolog and NOP14 are associated with decreased 40S ribosomal subunit
assembly. The 40S ribosomal subunit is essential to the formation of the pre-initiation
complex and is involved in the recognition of the mRNA start codon, which initiates

protein translation 23

Further analysis of the significant clusters and their functions within the control group

implicated them in two distinct processes, spliceosomal mRNA processing and the
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mitotic cell cycle (Figure 8). The cell cycle is essential to the replication of DNA and
generation of daughter cells. Meanwhile, the spliceosome is a molecular machine
integral to the processing of nascent precursor messenger RNA (pre-mRNA) to form the
mature messenger RNA (mRNA) required for the correct translation of proteins. The
ATP-dependent steps of pre-mRNA splicing require the DExD/H box family of proteins
to unwind nucleic acids before splicing 2°* and interestingly, the ATP binding RNA
helicase DHX38 involved in this step of pre-mRNA splicing and proofreading is absent in
the Nva treated group. In addition, the nuclei encoded mitochondrial RNA splicing
machinery protein DEAH box protein 57 is also unique to the control. The splicing
stabilising protein HuB and RNA splicing cofactor SON are upregulated in the Nva treated
cells, suggesting inefficient or unstable spliceosome formation 2°°. In keeping with the
changes observed to histone H2A, SON is also involved in DNA replication and repair
256,257 These changes suggest that Nva exposure disturbs cellular RNA processing and

the molecular machinery that precedes protein translation.

Furthermore, the splicing factor hnRNP C, which is involved in internal ribosome entry
site (IRES)-dependent translation during the G2/M phase of the cell cycle, is increased
in abundance in the Nva treatment in what may be a compensatory response in the
event of missing splicing machinery 2°8, Splicing defects have been identified as one of
two mechanisms responsible for mutations in the MAPT gene that encodes tau, a
microtubule-associated protein that is associated with several neurological disorders
characterised by dementia including AD, Pick’s disease, and frontotemporal dementia

and Parkinsonism linked to Chromosome 17 2°9:260

In addition to disruptions to IRES-dependant translation during G2/M phase of the cell
cycle, further evidence of disruption to the cell cycle is presented by the absence of the
cell division progression proteins sororin and CDK4 following Nva treatment. Sororin is
required for the stable binding of sister chromatids during S and G2 phase and is very
sensitive to defects in splicing machinery 261262 Additionally, its downregulation is

known to suppress cancer cell growth 263, CDK4 is important for G1 phase progression
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and inhibitors of this protein kinase induce cyclic adenosine monophosphate G1 phase
arrest 264,

Several enriched terms in the unique to control group were related and contained
proteins involved in similar cellular processes. A quarter of enriched proteins were
microtubule end constituents and the term negative regulation of supramolecular fiber
was the most enriched BP term, also referring to microtubules. Furthermore, within the
ClusterONE significant cluster, the term mitotic spindle organisation was highly
enriched. The proteins in the first two groups, including CAMSAP2, CLASP1, KIF2C and
HDACS, relate to microtubule organisation and stabilisation during mitosis 26>268, The
third group contains proteins that are also essential to cytokinesis such as the regulator
protein PRC1, which crosslinks microtubules during spindle formation 26°, and KIF23, a
component of the central spindle complex 27°. Together the decreased abundance of
these proteins following Nva treatment further suggests disruption to the cell cycle and
downregulation or inactivation of these proteins has previously been linked to

disordered chromatid separation, G1 arrest and decreased proliferation 271273,

In addition to changes in the abundance of cytoplasmic ribosomal proteins, Nva
treatment also induced changes in abundance to mitochondrial ribosomal proteins
indicated by the enriched BP term ‘mitochondrial gene expression’ (Figure 7). Although
cell lysates were not fractionated and instead, whole cell lysates were analysed by LC-
MS/MS, GO CC analysis identified ‘organellar small ribosomal subunit’ as the term with
the most constituent proteins (Figure 6). These proteins were exclusively mitochondrial.
Nuclear gene expression produces small and large mitochondrial ribosomal subunits,
28S and 39S respectively, that make up the 55S mitoribosome and synthesise the 13
essential proteins of oxidative phosphorylation (OXPHOS) complexes 274, A total of 10
mitoribosome proteins, representing 13% of the 78 available, were unique to the Nva
treatment and related to both the small and large ribosomal subunits 27>?7¢, The
presence of mitochondrial transcription factor B2 (TFB2M), one of the basic components
of mitochondrial transcription initiation machinery, and the marked absence of

transcription termination factors suggests that, converse to cytoplasmic protein
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translation, the synthesis of the 13 OXPHOS complexes in mitochondria continues
following Nva treatment 277278, This is supported by the detection of UQCC1 and UQCC2,
proteins related to the positive regulation of mitochondrial translation that function as
assembly factors in the production of respiratory complex Ill, another enriched BP term
(‘respiratory complex lll assembly’) 27°. It is hypothesised that Nva’s previously described
action as an arginase inhibitor may be responsible, and in addition, a BP enrichment for

the term ‘response to nitric oxide’ was detected.

Other mitochondrial proteins detected via proteomics were the mitochondrial
apoptosis-related proteins BAX and endonuclease G, contradicting previous studies

where apoptosis was not detected following Nva exposure 280-282

. However, as reported
by Suzuki et al., apoptotic cells may not always externalise phosphatidyl-serine, which
was how apoptosis was measured previously 282283 Mitochondrial fission has been
previously observed after Nva treatment and, along with apoptosis, is associated with
neurodegeneration 282284 Given the historical association between NPAAs and
neurodegenerative disease, it is worth noting that several proteins and proteins
encoded by genes linked with AD and HD were uniquely identified within the Nva
treatment. These include mitochondrial proteins BAX 281, COX7A2L 28>, NDUFB3 286, CYC1
287 NDUFV3 28 and COX7A2 ¥ and the intracellular proteins LRP1 2°°, MAPK3 2% and

GNAQ 1,

The heat shock family of proteins are often expressed in response to cellular stress and
the heat shock chaperone protein HSPA8 was unique to the Nva treated cells. HSPA8
plays an important role safeguarding proteostasis in human cells and assists in the
proper folding of newly translated and misfolded proteins 2°2. The microtubule-
constituent beta-tubulin proteins TUBB3 and TUBB4A were also uniquely identified to
the Nva treatment and work with chaperones to prevent aberrant protein aggregation
in the cytoskeleton in response to ageing and neurodegenerative disease °3. In contrast
to the decreased abundance of cell division related microtubule proteins following Nva
treatment, the term ‘microtubule polymerization” was the most enriched BP term for

the Nva treated cells. While initially this may seem contradictory, polymerization
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fundamentally enables cytoskeletal reorganisation and these Nva induced changes may
be an early response to microtubule instability 2°4. Microtubules have a wide range of
functions in neurons and microtubule instability, including the previously mentioned

microtubule-associated protein tau, can result in neurological disorders 2%,

The data in this section shows that despite only identifying one protein that significantly
changed in abundance, the large number of proteins unique to each condition indicate
that the proteome of cells exposed to 2000 M Nva is subject to change following 24 h
treatment. The decrease in histone H2A type-2A is suggestive of DNA damage and the
absence of proteins involved in ribosome biogenesis proteins and the mitotic cell cycle
are indicative of Nva interference with cell cycle progression. Surprisingly, the changes
observed to mitochondrial proteins are related to the positive regulation of
mitochondrial translation, and, as supported by the enriched term ‘response to nitric
oxide’, are likely by-products of Nva’s action as an arginase inhibitor. However, several
other proteins detected following Nva treatment have been previously associated with
cellular stress and neurodegenerative disease, and it is therefore important for future
research to investigate Nva’s effect on the proteome independent of its action on
arginase. This could be performed using an NO synthase inhibitor, similar to experiments

performed in Chapter three.

5.4.2 L-Azetidine-2-carboxylic acid

From a total pool of 2420 common proteins, 55 proteins that were differentially
expressed were identified (Table 7). There were 30 proteins that significantly increased
in abundance and 25 proteins that significantly decreased in abundance following Aze
treatment. The most up and downregulated proteins were beta-actin-like protein 2
(ACTLB2) and antigen KI-67 (MKI67) respectively. ACTLB2 is a constituent of the beta-
actin isoform of actin and is located in the cytoskeleton. Beta-actin plays an essential
role in chromatin remodeling and its upregulation may be in response to abnormal
chromatin structure, which would have deleterious effects on gene expression and cell
division 2°62°7. MKI67 is a nuclear proliferation marker protein and is required to

maintain mitotic chromosomes 2%, Its downregulation would result in chromosome
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collapse in the cytoplasm following nuclear envelope disassembly and inadequate
chromosome segregation during cell division, prolonging mitosis 2°%. The changes to
both these proteins suggest Aze adversely affects cellular proliferation by interfering

with the cell cycle.

The largest subunit of the DNA replication factor C (RFC) family is the fifth most
downregulated protein, and while the RFC family is also involved in DNA repair, the
downregulated subunit 1 is mainly involved in DNA replication. This is due to its direct
interaction with proliferating cell nuclear antigen, which is then loaded onto DNA for
subsequent replication by polymerase delta 2°°. RFC subunit 1 expression has been
associated with increased cell survival following DNA damage and its reduced
abundance could be indicative of decreased cellular DNA replication and damage
responses 309301 Zinc finger (ZnF) proteins 638 and 512 are the sixth and seventh
proteins most reduced in abundance. Though ZnF proteins are a biologically abundant
and diverse family of proteins, both ZnF 638 and 512 are DNA-binding transcription
factors, and while their exact functions are poorly understood, these transcription

factors may be downregulated due to insufficient DNA replication upstream 302304

This is supported by the downregulation of histones H1.5, H1.3, H2A and chromosome-
associated kinesin KIF4A. Histones assist with chromatin formation following DNA
replication during the S phase of the cell cycle and, as mentioned previously, their
downregulation is associated with DNA damage 2443%>, Decreased histone expression at
the G1 checkpoint has been observed following DNA damage induced G1 arrest 36,
Furthermore, a component of the heterochromatin form of chromatin,
heterochromatin protein 1-binding protein 3, that maintains chromatin integrity and
regulates cell cycle progression is also downregulated following Aze treatment 3%7. These
proteins fall under the GO BP enriched terms ‘protein-DNA complex assembly’ and

‘nucleosome assembly’ (Figure 12).

Interestingly, the most enriched GO BP term amongst the upregulated proteins is

‘nucleocytoplasmic transport’ (Figure 13). This term refers to the exchange of matter
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between the nucleus and cytoplasm, and in the present study consists of several import
(importins) and export (exportins) proteins (karyopherins) 3%, These proteins make up
a system that facilitates the transport of histones, DNA and RNA polymerase and
transcription factors to and from the nucleus 3%%3%°  An increase in the proteins
responsible for the import of histones during the first step of chromatin assembly may
be a compensatory response to insufficient protein-DNA complex formation. This is
further supported by the upregulation of the nuclear pore complex protein Nup205,
which helps maintain the channel by which these proteins are transported through the
nuclear envelope, and the leucine-rich repeat and WD repeat-containing protein
(LRWD1) 319, LRWD1 binds to histones and is required for DNA replication initiation at
the G1/S checkpoint 312,

The expression of several proteins related to mRNA processing is also significantly
affected following Aze treatment. Plasminogen activator inhibitor 1 RNA-binding protein
(PAI-RBP1) and FUS are both downregulated RNA-binding proteins, and while FUS binds
to pre-mRNA and regulates splicing, PAI-RBP1 is thought to play a role in maintaining
the stability of spliced mRNA 312313, The splicing of pre-mRNA is coupled with mRNA
export and this process is also affected, as indicated by the reduced abundance of the
MRNA export factor THO complex subunit 4 (THOC4) and increased abundance of THO
complex subunit 2 (THOC2) 3%, These two THOC proteins make up the THO nuclear
export complex, which is involved in synapse development and neuron survival in
Caenorhabditis elegans, and the observed changes are indicative of altered THO
complex assembly and may also be linked to decreased mRNA export following

insufficient splicing 3%°.

Several of the upregulated proteins have been associated with neurodegenerative
disease in the literature. Significant increases in ACTLB2 and transmembrane protein
201 have been identified disease states such as AD, HD and MS, while heat shock 70 kDa

protein 1A is upregulated in the substantia nigra of PD patients 316317,
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Finally, a link to some of the seminal work into Aze toxicity was uncovered when the GO
BP term ‘negative regulation of collagen binding’ was significantly enriched. As
mentioned in Chapter two, Aze is incorporated into collagen, a L-proline rich protein,
and the upregulation of this term, which contains nucleolar GTP-binding protein 1, may
be linked to this process 164 This is supported by previous research which has found Aze
is an inhibitor of collagen synthesis in human fibrosarcoma cells, even at concentrations
(250 and 500 puM) that do not induce cell death 3!, While the analysis methods used in
the present experiment are insufficient to identify peptides containing incorporated
Aze, a method to detect protein modifications resulting from mistranslation is currently
being developed in the Rodgers lab in order to identify proteins and peptide sites

susceptible to NPAA misincorporation.

The data in this section shows marked changes to chromatin formation and
chromosome stability following treatment with 2000 uM Aze for 24 h. These are
accompanied by changes to proteins such as DNA replication factor C subunit 1 and ZnF
proteins which together suggest abnormal DNA replication and subsequent
transcription. Proteins that regulate mRNA processing are also significantly affected
following Aze treatment and may be linked to deficits in the mRNA splicing machinery.
Like with Nva, several proteins that have been associated with neurodegenerative
disease are significantly upregulated following Aze treatment, highlighting the

importance of further investigations into the neurotoxic potential of both NPAAs.

5.5 Conclusions

This chapter utilised shotgun proteomics to characterise the proteome of cells exposed
to Nva or Aze. Taken together, this data improves upon the current knowledge of the
cellular mechanisms involved in Nva and Aze-mediated toxicity. Across both NPAAs,
histone downregulation was observed, suggestive of altered chromatin formation and
abnormal cell cycle progression, which may be mediated by damage to DNA. There is
also evidence of alterations to RNA processing and mRNA splicing machinery, which

precede protein translation. Finally, a number of the alterations observed following
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NPAA exposure were in proteins positively linked to neurodegenerative disease. This
data offers new insights into the mechanisms of Nva or Aze toxicity and highlights future
areas for investigation in order to more fully understand how these NPAAs induce

cytotoxicity, and their potential to cause neurodegeneration.

106



Chapter Six:

Concluding remarks and future directions
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CHAPTER SIX: CONCLUDING REMARKS AND FUTURE DIRECTIONS

Amino acids are considered one of the chemical foundations for all life, as the variability
among their unique R side chains enables proteins to be synthesised with an enormous
diversity of functions from just 20 protein amino acids. This same variability allows for
the existence of a large pool of NPAAs, and the formation of amino acid analogues within
the wider pool of amino acids. Amino acid analogues have long been identified as
inhibitors of biological processes. From the first plant toxicity studies in the 1960s, with
bacterial studies closely following in the same decade, NPAA research has continued to
grow over the ensuing six decades. The toxicity and mechanisms of some, such as L-
canavanine, have been studied in mammals for almost this entire period and are
consequently well characterised. However, the emergence of the neurotoxin BMAA
reshaped the landscape of NPAA research and the link to neurodegenerative disease
posed by the development of ALS-PDC in Guam provided the impetus for an era of

renewed interest in NPAA toxicity.

Prior to the commencement of the present research, Nva and Aze were identified as
analogous NPAAs with significant potential for human exposure and thus, this project
aimed to investigate the toxicity and mechanisms of the two NPAAs. As a consequence,
this project has provided the first in-depth toxicological studies of Nva and Aze in a
human cell line. This overarching aim was addressed using four sub-aims. The first three
were to determine whether either NPAA induced cell death, mitochondrial dysfunction,
and which cell death pathways were activated; the results of which are presented in
Chapters three and four. Prior to the studies presented in these chapters, evidence
supporting the in vitro toxicity of Nva and Aze in humans was significantly lacking.
Though both NPAAs induced cytotoxicity, the cellular death pathways activated were
different. Necrotic cell death was observed for both Nva and Aze while apoptosis only
occurred following Aze treatment. As stated in Chapter three, this difference can be
attributed to Nva’s secondary mechanism as an arginase inhibitor and resulting
antiapoptotic activity. Few studies since Fowden’s seminal antimetabolite research in

108



1967 3 have studied more than one NPAA concurrently and studying Nva and Aze
alongside each other in the present research allowed for the distinction of molecular
events that may be occurring as a consequence of misincorporation from those that are
occurring independent of misincorporation or due to the activity of the molecule itself,
such as Nva’s action as an arginase inhibitor, which is supported by both the literature
and the data in Chapters three and five. This was further exemplified whilst conducting
studies into mitochondrial function. The studies presented in this thesis are the first to
identify that treatment with Nva and Aze leads to mitochondrial dysfunction, thus
joining the ranks of the few NPAAs implicated in mitochondrial dysfunction, namely L-
canavanine and the recently reported L-DOPA 1?1294 and presents an interesting area
for future NPAA research. It should be noted though that Nva-induced bioenergetic
dysfunction was masked by the molecule’s additional mechanism and highlights the
importance of carefully considering alternative mechanisms when designing

experiments to study the effects of NPAA misincorporation.

Finally, the present thesis aimed to perform a holistic proteomic investigation of cells
exposed to both NPAAs and, for the first time, a proteomic and pathway analysis of
human cells exposed to Nva and Aze is presented in Chapter five. It was hypothesised
that protein quality control pathways related to protein misfolding and aggregation such
as the ubiquitin proteasomal system and autophagic degradation would be upregulated
319 however, most surprisingly, the alterations in protein abundance observed related
to processes that precede protein translation. The finding that exposure to Nva and Aze
causes disruptions to the processing of DNA and RNA during cell cycle progression
represent the first reported effects of these NPAAs upstream of protein synthesis.
However, it must be noted that the results of the current proteomic investigation
require further validation and, in future, experiments assessing DNA damage through
methods such as quantitative polymerase chain reaction or agarose gel electrophoresis
would be beneficial 32°, Changes to the mRNA splicing machinery, such as those
observed in Chapter five, are associated with cell cycle defects and aberrant splicing has
been detected in tissues from patients with AD, HD and ALS 323322, Moving forward,

further analysis of the transcriptome using RNA-sequencing would expand on our
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current understanding of how these processes are affected following NPAA exposure

323

The observed cytotoxicity and alterations to the proteome, whilst contributing to our
knowledge of Nva and Aze toxicity, do little to confirm incorporation occurred under the
present conditions. Thus, future research employing radiolabeled Nva and Aze, as
utilised by Main et al. for BMAA 9, would identify whether the observed effects
transpired concurrent to or independent of misincorporation. In addition, methods that
confirm NPAA activation of aaRS such as an ATP/PPi exchange assay, which estimates
the level of substrate activation, and analytical methods that detect incorporation such
as the Mass Spectrometry Reporter for Exact Amino acid Decoding (MS-READ) approach
could be utilised 324325, Furthermore, the proteomic investigation was carried out using
whole cell lysates, rather than their fractionated subcellular components. Paulo et al.
found that subcellular fractionation resulted in greater proteome coverage than whole
cell lysate analysis, and future studies would benefit from utilising this technique to
study the proteome of NPAA treated cells in greater detail 326, All experiments presented
in this thesis were conducted using an established secondary cell line and the use of the
SH-SY5Y cell line in place of primary neuronal cells poses a limitation on the present
studies. Although they have a neuroblast-like morphology when undifferentiated, this
cell line does not express mature neuronal markers 327, Since it is not known whether
neurodegeneration targets immature or mature neurons °!, future studies would
benefit from the use of differentiated cells. When differentiated, SH-SY5Y cells are
morphologically similar to primary neurons with long dendritic processes and increased
expression of neuron-specific markers 327, Alternatively, since NPAAs have been linked
to neuron disorders, the present research could be improved upon with the use of
primary human neurons. This is because primary cultures are not derived from tumours

and are therefore more likely to exhibit the properties of neuronal cells in vivo 3%7.

Another limitation is posed by the concentrations used. The majority of experiments

were performed at 2000 uM, and this was chosen based on in vitro data available for
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other NPAAs, such as BMAA, and following an initial viability assay at a range of
concentrations as there is no data on the biologically relevant concentration for either
NPAA presently available. While the human dosage for Nva in supplements can be
calculated, it is difficult to calculate the dosage for Aze since it is usually consumed in
the form of a supplement containing raw sugar beet by-products that have not been
analysed to determine the concentration of Aze present. Future studies would benefit
from the determination of biologically relevant concentrations that could then be used
in subsequent research into the toxicity of these NPAAs. Such concentrations could be
determined using urinary amino acid profiles or quantified from blood plasma or serum,

the latter of which was used when Cox et al. studied vervets 19°.

Overall, the present research was conducted to investigate the toxicity and mechanisms
of Nva and Aze within the wider context of their potential to cause neurodegenerative
disease. Though not conclusive, the toxicity and toxic phenotype observed provide
convincing evidence that prolonged exposure to these NPAAs may contribute to the
development of disease. As such, care must be taken to limit human exposure to these

NPAAs whilst further research continues to characterise their neurotoxic potential.
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APPENDIX

Supplementary Table 1. GO CC Enrichment of Proteins Unique to Control.

GO-ID Description Term p- | Associated Proteins Found
value
G0:0005637 | nuclear inner membrane 1.02E-02 | [LBR, TMEM?201, TMPO]
G0:0005871 | kinesin complex 7.28E-03 | [KIF13B, KIF23, KIF2C]
G0:0005881 | cytoplasmic microtubule 1.06E-02 | [CLASP1, HDACS, KIF2C]
G0:1990752 | microtubule end 9.07E-04 | [CAMSAP2, CLASP1, KIF2C]
G0:0030684 | preribosome 1.29E-07 | [BMS1, NOB1, NOP14, RRP1, RRP9, UTP18, UTP20, WDR37]
G0:0030686 | 90S preribosome 8.65E-06 | [BMS1, NOP14, UTP18, UTP20, WDR37]
G0:0030688 | preribosome, small subunit precursor | 1.08E-06 | [NOB1, NOP14, RRP1, UTP20]
G0:0032040 | small-subunit processome 1.09E-04 | [NOP14, RRP9, UTP18, UTP20]
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Supplementary Table 2. GO CC Enrichment of Proteins Unique to Nva Treatment.

GO-ID Description Term p- | Associated Proteins Found
value

G0:0071203 | WASH complex 6.74E-04 | [CAPZB, SNX27, WASHC3]

G0:0097427 | microtubule bundle 3.21E-05 | [ATAT1, NUMA1, TPPP3]

G0:0019897 | extrinsic component of plasma | 1.68E-04 | [AAK1, ABL2, AKAP9, ESYT2, GNAQ, GNG2, KPNA1, LGALS7B, LYN, NUMA1]

membrane

G0:0044448 | cell cortex part 1.65E-05 | [ACTB, BCAP31, CALD1, CAP2, CAPZB, EXOC8, GPSM2, GSN, NUMA1, PCLO,
SERPINB6]

G0:0030863 | cortical cytoskeleton 1.96E-05 | [ACTB, BCAP31, CALD1, CAP2, CAPZB, GSN, NUMA1, PCLO, SERPINB6]

G0:0030478 | actin cap 1.86E-04 | [BCAP31, CALD1, GSN]

G0:0000313 | organellar ribosome 1.92E-06 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS26, MRPS28,
MRPS5]

G0:0005840 | ribosome 2.28E-04 | [EIF4AA2, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25,
MRPS26, MRPS28, MRPS5, RPS10-NUDT3]

G0:0044391 | ribosomal subunit 8.81E-05 | [EIF4AA2, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS26,
MRPS28, MRPS5, RPS10-NUDT3]

G0:0098798 | mitochondrial protein complex 1.13E-05 | [ATP5F1B, BAX, CYC1, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17,
MRPS26, MRPS28, MRPS5, NDUFB3, NDUFV3]

G0:0000314 | organellar small ribosomal subunit 1.22E-06 | [MRPS10, MRPS15, MRPS17, MRPS26, MRPS28, MRPS5]

G0:0005761 | mitochondrial ribosome 1.92E-06 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS26, MRPS28,
MRPS5]

G0:0015935 | small ribosomal subunit 1.37E-05 | [EIF4A2, MRPS10, MRPS15, MRPS17, MRPS26, MRPS28, MRPS5, RPS10-NUDT3]

G0:0005763 | mitochondrial small ribosomal subunit | 1.22E-06 | [MRPS10, MRPS15, MRPS17, MRPS26, MRPS28, MRPS5]
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Supplementary Table 3. GO BP Enrichment of Proteins Unique to Control.

GO-ID Description Term p- | Associated Proteins Found
value
G0:0031952 | regulation of protein | 1.18E-02 | [MVP, RAP2A, RAP2C]
autophosphorylation
G0:0007029 | endoplasmic reticulum organization 6.73E-04 | [LNPK, RTN4, SEC61A1, VAPB]
G0:0016239 | positive regulation of | 1.57E-03 | [GPSM1, HDAC6, PRKAA1, SPTLC1]
macroautophagy
G0:0035510 | DNA dealkylation 2.46E-03 | [ALKBH2, ALKBH5, CCDC88A]
G0:0051568 | histone H3-K4 methylation 1.42E-02 | [EHMT2, HIST1H1C, NELFA]
G0:0099072 | regulation of postsynaptic membrane | 1.37E-02 | [DLG4, HRAS, TMPQ]
neurotransmitter receptor levels
G0:1901992 | positive regulation of mitotic cell cycle | 3.48E-03 | [CCDC88A, CDCAS5, CDK4, ZMYM?2]
phase transition
G0:0051310 | metaphase plate congression 9.65E-03 | [CDCAS5, KIF2C, NDC80]
G0:0007080 | mitotic metaphase plate congression 4.66E-03 | [CDCA5, KIF2C, NDC80]
G0:0051647 | nucleus localization 1.29E-03 | [FHOD1, PTK2, TMEM201]
G0:0007097 | nuclear migration 7.78E-04 | [FHOD1, PTK2, TMEM201]
G0:0097009 | energy homeostasis 4.15E-03 | [ACACB, CHN1, PRKAA1]
G0:0050994 | regulation of lipid catabolic process 1.27E-02 | [ACACB, CDK4, PRKAA1]
G0:0071398 | cellular response to fatty acid 1.27E-02 | [CDK4, CREB1, PRKAA1]
G0:0000479 | endonucleolytic cleavage of | 1.28E-04 | [BMS1, NOP14, UTP20]
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)
G0:0042274 | ribosomal small subunit biogenesis 3.39E-04 | [BMS1, NOB1, NOP14, UTP18, UTP20]
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G0:0030490 | maturation of SSU-rRNA 7.68E-05 | [BMS1, NOB1, NOP14, UTP18, UTP20]

G0:0090502 | RNA phosphodiester bond hydrolysis, | 5.05E-04 | [BMS1, CCDC88A, NOB1, NOP14, UTP20]
endonucleolytic

G0:0000469 | cleavage involved in rRNA processing | 3.06E-05 | [BMS1, NOB1, NOP14, UTP20]

G0:0000460 | maturation of 5.8S rRNA 1.97E-03 | [NOP14, UTP20, WDR37]

G0:0000462 | maturation of  SSU-rRNA  from | 1.35E-04 | [BMS1, NOP14, UTP18, UTP20]
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)

G0:0000478 | endonucleolytic cleavage involved in | 1.57E-04 | [BMS1, NOP14, UTP20]
rRNA processing

G0:0043242 | negative  regulation of protein | 1.57E-03 | [CLASP1, HDAC6, PLEKHH2, SPTAN1]
complex disassembly

G0:1902904 | negative regulation of supramolecular | 4.67E-04 | [CLASP1, DYRK1A, HDAC6, NAE1, PLEKHH2, SPTAN1]
fiber organization

G0:0007019 | microtubule depolymerization 2.84E-03 | [CLASP1, HDACS, KIF2C]

G0:0051261 | protein depolymerization 1.18E-03 | [CLASP1, HDACS, KIF2C, PLEKHH2, SPTAN1]

G0:1901879 | regulation of protein | 3.48E-03 | [CLASP1, HDAC6, PLEKHH2, SPTAN1]
depolymerization

G0:0031110 | regulation of microtubule | 2.62E-03 | [CAMSAP2, CLASP1, DYRK1A, HDACS6]
polymerization or depolymerization

G0:1901880 | negative  regulation of protein | 1.09E-03 | [CLASP1, HDAC6, PLEKHH2, SPTAN1]
depolymerization

G0:0031111 | negative regulation of microtubule | 2.84E-03 | [CLASP1, DYRK1A, HDAC6]
polymerization or depolymerization

G0:0031113 | regulation of microtubule | 6.40E-03 | [CAMSAP2, CLASP1, DYRK1A]

polymerization
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Supplementary Table 4. GO BP Enrichment of Proteins Unique to Nva Treatment.

GO-ID Description Term p- | Associated Proteins Found
value
G0:00063 | chromatin remodeling 2.13E-04 | [ABL2, ACTB, BAZ2A, CDK2, CHD2, GATA3, HDAC1, HNRNPC, SMARCD2, TPM1]
38
GO0:00717 | response to nitric oxide 2.95E-04 | [CDK2, DNM2, EGLN1, NELFE]
31
G0:00170 | respiratory chain complex lll assembly | 2.22E-04 | [LYRM7, UQCC1, UQCC2]
62
GO0:00345 | mitochondrial  respiratory  chain | 2.22E-04 | [LYRM7, UQCC1, UQCC2]
51 complex lll assembly
G0:00100 | glial cell differentiation 1.02E-04 | [ATGS5, GFAP, GSN, HDAC1, HMGCL, LGALS7B, LRP1, LYN, MAPK3, METTL3, MTOR,
01 NFIB]
G0:00140 | regulation of gliogenesis 3.00E-04 | [ATG5, EZH2, GFAP, HDAC1, HMGCL, LGALS7B, LYN, MTOR]
13
G0:00140 | positive regulation of gliogenesis 5.67E-05 | [ATG5, GFAP, HDAC1, HMGCL, LGALS7B, LYN, MTOR]
15
G0:00224 | cellular component disassembly 7.93E-08 | [ATG3, ATG5, BAX, CAPZB, CDK2, CHMP3, ENDOG, EXOC8, GSN, GSPT2, HSPAS,
11 KPNA1, LRP1, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25,
MRPS26, MRPS28, MRPS5, SMARCD2, STMN2, TMOD3]
G0:00329 | protein-containing complex | 7.57E-07 | [CAPZB, CHMP3, GSN, GSPT2, HSPA8, MRPL13, MRPL27, MRPL40, MRPS10,
84 disassembly MRPS15, MRPS17, MRPS25, MRPS26, MRPS28, MRPS5, SMARCD2, STMN2, TMOD3]
G0:00436 | cellular protein complex disassembly 3.27E-07 | [CAPZB, GSN, GSPT2, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17,
24 MRPS25, MRPS26, MRPS28, MRPS5, STMN2, TMOD3]
G0:01400 | mitochondrial gene expression 4.47E-08 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25, MRPS26,
53 MRPS28, MRPS5, PUS1, TFB2M, UQCC1, UQCC2]
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G0:00064 | translational elongation 4.67E-06 | [EEFSEC, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25,
14 MRPS26, MRPS28, MRPS5]

G0:00064 | translational termination 1.71E-07 | [GSPT2, MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25, MRPS26,
15 MRPS28, MRPS5]

G0:00325 | mitochondrial translation 2.66E-07 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25, MRPS26,
43 MRPS28, MRPS5, UQCC1, UQCC2]

G0:00701 | mitochondrial translational | 3.27E-07 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25, MRPS26,
25 elongation MRPS28, MRPS5]

G0:00701 | mitochondrial translational | 3.99E-07 | [MRPL13, MRPL27, MRPL40, MRPS10, MRPS15, MRPS17, MRPS25, MRPS26,
26 termination MRPS28, MRPS5]

G0:00328 | regulation of microtubule-based | 2.21E-04 | [AKAP9, ATAT1, BICD2, CAPZB, CHMP3, CLIP1, GPSM2, LAMP1, NUMA1, STMNZ2,
86 process TUBB3, TUBB4A]

G0:19029 | regulation of supramolecular fiber | 2.83E-05 | [AKAP9, ARHGAP35, CAPZB, CLIP1, GSN, HSPA8, MTOR, NUMA1, PAK3, PFN2, PXN,
03 organization SMAD3, STMN2, TMOD3, TPM1, TUBB3, TUBB4A]

G0:00311 | microtubule polymerization or | 4.26E-05 | [AKAPY, CAPZB, CLIP1, NUMA1, STMN2, TPPP3, TUBB3, TUBB4A, TUBGCP3]

09 depolymerization

G0:00467 | microtubule polymerization 3.42E-06 | [AKAP9, CAPZB, CLIP1, NUMA1, STMN2, TPPP3, TUBB3, TUBB4A, TUBGCP3]

85

G0:00322 | regulation of protein polymerization 7.01E-05 | [AKAP9, CAPZB, CLIP1, GSN, MTOR, NUMA1, PAK3, PFN2, STMN2, TMOD3, TUBB3,
71 TUBB4A]

GO0:00705 | regulation of microtubule | 2.50E-04 | [AKAP9, ATAT1, BICD2, CAPZB, CHMP3, CLIP1, GPSM2, NUMA1, STMN2, TUBB3,
07 cytoskeleton organization TUBBA4A]

GO0:00512 | protein polymerization 6.37E-06 | [AKAP9, CAPZB, CHMP3, CLIP1, DNM2, GSN, MTOR, NUMA1, PAK3, PFN2, STMN2,
58 TMOD3, TPPP3, TUBB3, TUBB4A, TUBGCP3]

GO0:00311 | regulation of microtubule | 9.84E-05 | [AKAP9, CAPZB, CLIP1, NUMA1, STMN2, TUBB3, TUBB4A]

10 polymerization or depolymerization
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GO0:00322 | negative regulation of protein | 3.37E-05 | [CAPZB, GSN, PFN2, STMN2, TMOD3, TUBB3, TUBB4A]
72 polymerization

GO0:00311 | regulation of microtubule | 6.30E-06 | [AKAPY, CAPZB, CLIP1, NUMA1, STMN2, TUBB3, TUBB4A]
13 polymerization

GO0:00311 | negative regulation of microtubule | 6.53E-05 | [CAPZB, STMN2, TUBB3, TUBB4A]

15 polymerization

Supplementary Table 5. GO BP Enrichment of Significant Cluster Unique to Control.

GO-ID | Description p-value corr p- | Proteins in test set
value
51301 | cell division 5.46E-08 2.63E-05 | TPX2,PRC1,CDK4,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
42254 | ribosome biogenesis 9.95E-08 2.63E-05 | NOP14,BMS1,RRP1,UTP20,UTP18,RRP9
6996 | organelle organization 1.89E-07 3.13E-05 | EHMT2,CDCA5,KIF23,HDAC6,NDC80,HIST2H2AC,TPX2,PRC1,DLG4,B
MS1,KIF2C,HRAS,CLASP1
278 | mitotic cell cycle 2.37E-07 3.13E-05 | TPX2,PRC1,CDK4,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
22402 | cell cycle process 4.83E-07 4.91E-05 | TPX2,PRC1,CDK4,CDCAS5,KIF23,KIF2C,HRAS,CLASP1,NDC80
22403 | cell cycle phase 6.62E-07 4.91E-05 | TPX2,PRC1,CDK4,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
6364 | rRNA processing 7.21E-07 4.91E-05 | NOP14,RRP1,UTP20,UTP18,RRP9
44085 | cellular component biogenesis 7.44E-07 4.91E-05 | NOP14,DLG4,BMS1,RRP1,UTP20,HRAS,UTP18,HDAC6,TUBA4A,RRP9
,HIST2H2AC
16072 | rRNA metabolic process 8.84E-07 5.19E-05 | NOP14,RRP1,UTP20,UTP18,RRP9
22613 | ribonucleoprotein complex biogenesis 1.06E-06 5.59E-05 | NOP14,BMS1,RRP1,UTP20,UTP18,RRP9
00002 | M phase 2.22E-06 6.71E-05 | TPX2,PRC1,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
79
7052 | mitotic spindle organization 2.94E-06 6.71E-05 | PRC1,KIF23,NDC80
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280 | nuclear division 2.99E-06 6.71E-05 | TPX2,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
7067 | mitosis 2.99E-06 6.71E-05 | TPX2,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
22 | mitotic spindle elongation 3.18E-06 6.71E-05 | PRC1,KIF23
51231 | spindle elongation 3.18E-06 6.71E-05 | PRC1,KIF23
447 | endonucleolytic cleavage in ITS1 to 3.18E-06 6.71E-05 | NOP14,UTP20
separate SSU-rRNA from 5.8S rRNA and
LSU-rRNA  from tricistronic rRNA
transcript (SSU-rRNA, 5.8S rRNA, LSU-
rRNA)
462 | maturation of  SSU-rRNA  from 3.18E-06 6.71E-05 | NOP14,UTP20
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)
469 | cleavage involved in rRNA processing 3.18E-06 6.71E-05 | NOP14,UTP20
472 | endonucleolytic cleavage to generate 3.18E-06 6.71E-05 | NOP14,UTP20
mature 5'-end of SSU-rRNA from (SSU-
rRNA, 5.8S5 rRNA, LSU-rRNA)
478 | endonucleolytic cleavage involved in 3.18E-06 6.71E-05 | NOP14,UTP20
rRNA processing
479 | endonucleolytic cleavage of tricistronic 3.18E-06 6.71E-05 | NOP14,UTP20
rRNA transcript (SSU-rRNA, 5.8S rRNA,
LSU-rRNA)
480 | endonucleolytic cleavage in 5'-ETS of 3.18E-06 6.71E-05 | NOP14,UTP20
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)
34471 | ncRNA 5'-end processing 3.18E-06 6.71E-05 | NOP14,UTP20
967 | rRNA 5'-end processing 3.18E-06 6.71E-05 | NOP14,UTP20
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87 | M phase of mitotic cell cycle 3.56E-06 7.22E-05 | TPX2,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
48285 | organelle fission 3.73E-06 7.30E-05 | TPX2,CDCAS5,KIF23,KIF2C,CLASP1,NDC80
7017 | microtubule-based process 4.30E-06 8.11E-05 | PRC1,KIF23,KIF2C,CLASP1,NDC80,TUBA4A
226 | microtubule cytoskeleton organization 5.53E-06 1.01E-04 | PRC1,KIF23,KIF2C,CLASP1,NDC80
16043 | cellular component organization 6.31E-06 1.08E-04 | EHMT2,CDCAS5,KIF23,HDAC6,NDC80,TUBA4A,HIST2H2AC,TPX2,CREB
1,PRC1,DLG4,BMS1,KIF2C,HRAS,CLASP1
7049 | cell cycle 6.35E-06 1.08E-04 | TPX2,PRC1,CDK4,CDCA5,KIF23,KIF2C,HRAS,CLASP1,NDC80
30490 | maturation of SSU-rRNA 9.52E-06 1.52E-04 | NOP14,UTP20
966 | RNA 5'-end processing 9.52E-06 1.52E-04 | NOP14,UTP20
7010 | cytoskeleton organization 1.11E-05 1.72E-04 | PRC1,DLG4,KIF23,KIF2C,HRAS,CLASP1,NDC80
460 | maturation of 5.8S5 rRNA 1.90E-05 2.79E-04 | NOP14,UTP20
466 | maturation of 5.8 rRNA from 1.90E-05 2.79E-04 | NOP14,UTP20
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)
34470 | ncRNA processing 2.16E-05 3.09E-04 | NOP14,RRP1,UTP20,UTP18,RRP9
34660 | ncRNA metabolic process 5.69E-05 7.91E-04 | NOP14,RRP1,UTP20,UTP18,RRP9
43242 | negative regulation of protein complex 5.84E-05 7.91E-04 | SPTAN1,HDAC6,CLASP1
disassembly
7051 | spindle organization 9.29E-05 1.23E-03 | PRC1,KIF23,NDC80
32886 | regulation of  microtubule-based 9.87E-05 1.27E-03 | TPX2,HDAC6,CLASP1
process
43244 | regulation of  protein  complex 1.11E-04 1.36E-03 | SPTAN1,HDAC6,CLASP1
disassembly
7163 | establishment or maintenance of cell 1.11E-04 1.36E-03 | DLG4,CLASP1,NDC80
polarity
6396 | RNA processing 4.41E-04 5.30E-03 | NOP14,RRP1,DHX38,UTP20,UTP18,RRP9
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51640 | organelle localization 6.81E-04 7.99E-03 | CDCA5,HDAC6,NDC80
7018 | microtubule-based movement 1.01E-03 1.16E-02 | KIF23,KIF2C,TUBA4A
16070 | RNA metabolic process 1.31E-03 1.48E-02 | NOP14,CREB1,RRP1,DHX38,UTP20,UTP18,RRP9
43933 | macromolecular  complex  subunit 1.58E-03 1.73E-02 | DLG4,BMS1,KIF2C,HRAS, TUBA4A, HIST2H2AC
organization
70843 | misfolded protein transport 1.82E-03 1.78E-02 | HDAC6
70845 | polyubiquitinated misfolded protein 1.82E-03 1.78E-02 | HDAC6
transport
70844 | polyubiquitinated protein transport 1.82E-03 1.78E-02 | HDAC6
70846 | Hsp90 deacetylation 1.82E-03 1.78E-02 | HDAC6
10727 | negative regulation of hydrogen 1.82E-03 1.78E-02 | HDAC6
peroxide metabolic process
90042 | tubulin deacetylation 1.82E-03 1.78E-02 | HDAC6
70 | mitotic sister chromatid segregation 1.93E-03 1.85E-02 | CDCA5,NDC80
819 | sister chromatid segregation 2.03E-03 1.92E-02 | CDCA5,NDC80
51493 | regulation of cytoskeleton organization 2.15E-03 1.99E-02 | TPX2,SPTAN1,CLASP1
51276 | chromosome organization 2.27E-03 2.06E-02 | EHMT2,CDCA5,HDAC6,NDC80,HIST2H2AC
90305 | nucleic acid phosphodiester bond 2.38E-03 2.13E-02 | NOP14,UTP20
hydrolysis
70507 | regulation of microtubule cytoskeleton 2.62E-03 2.30E-02 | TPX2,CLASP1
organization
32916 | positive regulation of transforming 3.63E-03 2.88E-02 | CREB1
growth factor-beta3 production
30951 | establishment or maintenance of 3.63E-03 2.88E-02 | KIF2C

microtubule cytoskeleton polarity
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35090 | maintenance of apical/basal cell 3.63E-03 2.88E-02 | DLG4
polarity
30011 | maintenance of cell polarity 3.63E-03 2.88E-02 | DLG4
90035 | positive  regulation  of  cellular 3.63E-03 2.88E-02 | HDAC6
chaperone-mediated protein complex
assembly
90034 | regulation of cellular chaperone- 3.63E-03 2.88E-02 | HDAC6
mediated protein complex assembly
34621 | cellular macromolecular complex 3.66E-03 2.88E-02 | BMS1,KIF2C, TUBA4A,HIST2H2AC
subunit organization
51129 | negative  regulation of cellular 3.93E-03 3.05E-02 | SPTAN1,HDAC6,CLASP1
component organization
82 | G1/S transition of mitotic cell cycle 3.98E-03 3.05E-02 | CDK4,CDCA5
7612 | learning 4.45E-03 3.35E-02 | DLG4,HRAS
22607 | cellular component assembly 5.05E-03 3.76E-02 | DLG4,BMS1,HRAS,HDAC6,TUBA4A,HIST2H2AC
32910 | regulation of transforming growth 5.44E-03 3.83E-02 | CREB1
factor-beta3 production
30952 | establishment or maintenance of 5.44E-03 3.83E-02 | KIF2C
cytoskeleton polarity
6515 | misfolded or incompletely synthesized 5.44E-03 3.83E-02 | HDAC6
protein catabolic process
32418 | lysosome localization 5.44E-03 3.83E-02 | HDAC6
51494 | negative regulation of cytoskeleton 5.62E-03 3.90E-02 | SPTAN1,CLASP1
organization
10467 | gene expression 6.00E-03 4.11E-02 | NOP14,CREB1,RRP1,DHX38,UTP20,UTP18,RRP9
65003 | macromolecular complex assembly 6.64E-03 4.50E-02 | DLG4,BMS1,HRAS, TUBA4A,HIST2H2AC
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34983 | peptidyl-lysine deacetylation 7.25E-03 4.54E-02 | HDAC6
70841 | inclusion body assembly 7.25E-03 4.54E-02 | HDAC6
70842 | aggresome assembly 7.25E-03 4.54E-02 | HDAC6
35022 | positive regulation of Rac protein signal 7.25E-03 4.54E-02 | HRAS
transduction
10671 | negative regulation of oxygen and 7.25E-03 4.54E-02 | HDAC6
reactive oxygen species metabolic
process
7019 | microtubule depolymerization 7.25E-03 4.54E-02 | KIF2C
51656 | establishment of organelle localization 7.31E-03 4.54E-02 | CDCA5,NDC80
6275 | regulation of DNA replication 7.92E-03 4.85E-02 | GMNN,HRAS
9987 | cellular process 8.03E-03 4.85E-02 | NOP14,MAP2K2,EHMT2,CDCA5,RRP1,KIF23,UTP18,HDAC6,NDC80,T
UBA4A,RRPY,HIST2H2AC,TPX2,CREB1,PRC1,CDK4,DLG4,BMS1,DHX3
8,UTP20,KIF2C,HRAS,CLASP1
51726 | regulation of cell cycle 8.09E-03 4.85E-02 | TPX2,CDK4,GMNN,HRAS
51261 | protein depolymerization 9.06E-03 4.98E-02 | KIF2C
51313 | attachment of spindle microtubules to 9.06E-03 4.98E-02 | NDC80
chromosome
60632 | regulation  of  microtubule-based 9.06E-03 4.98E-02 | HDAC6
movement
10458 | exit from mitosis 9.06E-03 4.98E-02 | CLASP1
8608 | attachment of spindle microtubules to 9.06E-03 4.98E-02 | NDC80
kinetochore
51788 | response to misfolded protein 9.06E-03 4.98E-02 | HDAC6
10870 | positive  regulation of receptor 9.06E-03 4.98E-02 | HDAC6

biosynthetic process

123




60236

regulation of mitotic

organization

spindle

9.06E-03

4.98E-02

TPX2

Supplementary Table 6. GO BP Enrichment of Significant Cluster Unique to Nva Treatment.

GO-ID | Description p-value corr p- | Proteins in test set
value
6412 | translation 1.57E-09 | 2.30E-07 | MRPS17, MRPS15, MRPS25, MRPL27, MRPS10, MRPL15, MRPL13,
MRPS5
10467 | gene expression 5.84E-09 | 4.26E-07 | MRPS17, BTF3, PPIL1, MRPS15, MRPS25, MRPL27, MRPS10, SNRPB2,
MRPL15, TFB2M, MRPL13, MRPS5
44237 | cellular metabolic process 7.28E-08 | 3.54E-06 | MRPS28, MRPS17,
BTF3,MRPS26,PPIL1,MRPS15,MDH1,MRPS25,NDUFB3,MRPL27,MR
PS10,MRPL15,TFB2M,MRPL13,MRPS5,UQCRFS1,SNRPB2,CYC1
44249 | cellular biosynthetic process 1.57E-07 | 5.37E-06 | MRPS28,MRPS17,BTF3,MRPS26,MRPS15,MRPS25,MRPL27,MRPS10
,MRPL15,TFB2M,MRPL13,MRPS5
34645 | cellular macromolecule biosynthetic 1.84E-07 | 5.37E-06 | MRPS17,BTF3,MRPS15,MRPS25,MRPL27,MRPS10,MRPL15,TFB2M,
process MRPL13,MRPS5
9059 | macromolecule biosynthetic process 2.22E-07 | 5.41E-06 | MRPS17,BTF3,MRPS15,MRPS25,MRPL27,MRPS10,MRPL15,TFB2M,

MRPL13,MRPS5
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9058 | biosynthetic process 3.17E-07 | 6.61E-06 | MRPS28,MRPS17,BTF3,MRPS26,MRPS15,MRPS25,MRPL27,MRPS10
,MRPL15,TFB2M,MRPL13,MRPS5
8152 | metabolic process 1.61E-06 | 2.95E-05 | MRPS28,MRPS17,BTF3,MRPS26,PPIL1,MRPS15,MDH1,MRPS25,ND
UFB3,MRPL27,MRPS10,MRPL15,TFB2M,MRPL13,MRPS5,UQCRFS1,S
NRPB2,CYC1
42769 | DNA damage response, detection of 2.50E-05 | 4.06E-04 | MRPS28,MRPS26
DNA damage
43043 | peptide biosynthetic process 2.82E-04 | 4.12E-03 | MRPS28,MRPS26
44260 | cellular macromolecule  metabolic 3.95E-04 | 5.24E-03 | MRPS17,BTF3,PPIL1,MRPS15,MRPS25,MRPL27,MRPS10,SNRPB2,M
process RPL15,TFB2M,MRPL13,MRPS5
22900 | electron transport chain 4.47E-04 5.44E-03 | NDUFB3,UQCRFS1,CYC1
6091 | generation of precursor metabolites 6.65E-04 | 7.46E-03 | MDH1,NDUFB3,UQCRFS1,CYC1
and energy
44267 | cellular protein metabolic process 8.52E-04 | 8.88E-03 | MRPS17,PPIL1,MRPS15,MRPS25,MRPL27,MRPS10,MRPL15,MRPL13
,MRPS5
43170 | macromolecule metabolic process 1.49E-03 | 1.45E-02 | MRPS17,BTF3,PPIL1,MRPS15,MRPS25,MRPL27,MRPS10,SNRPB2,M
RPL15,TFB2M,MRPL13,MRPS5
6518 | peptide metabolic process 2.38E-03 | 2.17E-02 | MRPS28,MRPS26
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19538 | protein metabolic process 3.48E-03 | 2.87E-02 | MRPS17,PPIL1,MRPS15,MRPS25,MRPL27,MRPS10,MRPL15,MRPL13
,MRPS5

9987 | cellular process 3.54E-03 | 2.87E-02 | MRPS28,MRPS17,BTF3,MRPS26,PPIL1,MRPS15,MDH1,MRPS25,ND
UFB3,MRPL27,MRPS10,MRPL15,TFB2M,MRPL13,MRPS5,UQCRFS1,S
NRPB2,CYC1

44238 | primary metabolic process 5.32E-03 | 4.09E-02 | MRPS17,BTF3,PPIL1,MRPS15,MDH1,MRPS25,MRPL27,MRPS10,MR

PL15,TFB2M,MRPL13,MRPS5,SNRPB2

Supplementary Table 7. GO BP Enrichment of Proteins Significantly Downregulated Following Aze Treatment.

GO-ID Description p-value corr p-value |Proteins in test set
6334|nucleosome assembly 5.85E-06 7.25E-04|Q9P0OM6 | Q5SSJ5|P16402 | P16401
31497|chromatin assembly 7.06E-06 7.25E-04|Q9P0OM6 | Q5SSJ5|P16402|P16401
65004|protein-DNA complex assembly 8.82E-06 7.25E-04|Q9P0OM6 | Q5SSJ5|P16402|P16401
34728|nucleosome organization 9.20E-06 7.25E-04|Q9P0OM6 | Q5SSJ5|P16402 | P16401
6323|DNA packaging 2.36E-05 1.49E-03|Q9POM6 | Q5SSJ5|P16402 | P16401
6333|chromatin assembly or disassembly 3.15E-05 1.66E-03{Q9P0M6|Q5SSJ5|P16402 |P16401
71103|DNA conformation change 4.49E-05 2.02E-03|Q9P0OM6 | Q5SSJ5|P16402 | P16401
51276|chromosome organization 8.04E-05 3.17E-03|Q9P0OM®6 | Q5SSJ5|P35251|P16402 | P26358 | P16401
6325|chromatin organization 2.72E-04 9.51E-03|Q9POM6 | Q5SSJ5|P16402|P26358|P16401
34622|cellular macromolecular complex 1.04E-03 3.27E-02|Q9P0OM6 | Q5SSJ5|P16402|P16401
assembly
21703|locus ceruleus development 1.47E-03 4.02E-02|014813

126




34621 cellular macromolecular complex 1.61E-03 4.02E-02|Q9POM®6|Q5SSJ5|P16402|P16401
subunit organization
9987|cellular process 1.66E-03 4.02E-02(015294 | Q9NWH9|Q08380|Q5SSJ5|Q14966 | Q8N1G4|Q86V81|095

239|Q8NC51|Q9POLO|P16402 | P16401 | P42765|Q9POM6| 014813 |
Q8WTT2|Q99453|P35251|P46013|P26358

Supplementary Table 8. GO BP Enrichment of Proteins Significantly Upregulated Following Aze Treatment.

GO-ID | Description p-value corr p-value | Proteins in test set

6913 nucleocytoplasmic transport 1.43E-09 2.04E-07 Q14974|043592|Q8NI27|Q9UIA9|Q92621|000410|095373

51169 | nuclear transport 1.50E-09 2.04E-07 Q14974|043592|Q8NI27|Q9UIA9|Q92621|000410|095373

46907 | intracellular transport 1.71E-08 1.56E-06 Q14974|043592|Q8NI27]014980|Q00610|Q9UIA9|Q92621|Q9
6QK1|000410| 095373

6886 intracellular protein transport 3.81E-08 2.60E-06 Q14974|043592|014980|Q00610|Q9UIA9|Q92621|000410|09
5373

34613 | cellular protein localization 1.45E-07 6.98E-06 Q14974|043592|014980|Q00610|Q9UIA9|Q92621|000410|09
5373

70727 | cellular macromolecule localization 1.53E-07 6.98E-06 Q14974|043592|014980|Q00610|Q9UIA9|Q92621|000410|09
5373

51649 | establishment of localization in cell 2.06E-07 8.03E-06 Q14974|043592|Q8NI27|014980|Q00610|Q9UIA9|Q92621|Q9
6QK1|000410|095373

51236 | establishment of RNA localization 3.80E-07 1.04E-05 043592|Q8NI27|014980|Q9UIA9| Q92621

50657 | nucleic acid transport 3.80E-07 1.04E-05 043592 |Q8NI27]|014980|Q9UIA9| Q92621

50658 | RNA transport 3.80E-07 1.04E-05 043592 |Q8NI27|014980|Q9UIA9| Q92621

6403 RNA localization 4.40E-07 1.09E-05 043592 |Q8NI27|014980|Q9UIA9| Q92621
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51641 | cellular localization 6.40E-07 1.46E-05 Q14974|043592|Q8NI27]|014980|Q00610|Q9UIA9|Q92621|Q9
6QK1|000410|095373

15931 | nucleobase, nucleoside, nucleotide | 7.58E-07 1.59E-05 043592 |Q8NI27|014980|Q9UIA9| Q92621

and nucleic acid transport

15031 | protein transport 8.18E-07 1.60E-05 Q14974|043592|014980|Q00610|Q9UIA9|Q92621|Q96QK1|0O
00410095373

45184 | establishment of protein localization | 9.24E-07 1.68E-05 Q14974|043592|014980|Q00610|Q9UIA9|Q92621|Q96QK1 |0
00410095373

33036 | macromolecule localization 2.09E-06 3.56E-05 Q14974|043592|Q8NI27]014980|Q00610|Q9UIA9|Q92621|Q9
6QK1|000410| 095373

8104 protein localization 4.23E-06 6.80E-05 Q14974]043592|014980|Q00610|Q9UIA9|Q92621|Q96QK1|0O
00410095373

6606 protein import into nucleus 4.50E-06 6.82E-05 Q14974|Q92621|000410| 095373

51170 | nuclear import 5.27E-06 7.57E-05 Q14974|Q92621|000410| 095373

51028 | mRNA transport 1.03E-05 1.40E-04 Q8NI27|014980|Q9UIA9| Q92621

34504 | protein localization in nucleus 1.12E-05 1.40E-04 Q14974|1Q92621|000410| 095373

6605 protein targeting 1.13E-05 1.40E-04 Q14974|Q9UIA9|Q92621|000410| 095373

17038 | protein import 2.77E-05 3.29E-04 Q14974|Q92621|000410| 095373

33365 | protein localization in organelle 7.52E-05 8.56E-04 Q14974|Q92621|000410| 095373

51168 | nuclear export 9.22E-05 1.01E-03 043592 | Q8NI27|Q9UIA9

44419 | interspecies interaction between | 1.16E-04 1.21E-03 Q14974|Q8NI27|014980|000410| 095373

organisms
6810 transport 1.22E-04 1.24E-03 Q14974|075306|043592|Q8NI27|014980|Q00325|Q00610|Q9

UIA9|Q92621|Q96QK1|000410| 095373
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51234 | establishment of localization 1.39E-04 1.36E-03 Q14974|075306|043592 | Q8NI27|014980|Q00325|Q00610|Q9
UIA9|Q92621|Q96QK1|000410|095373
6607 NLS-bearing substrate import into | 1.74E-04 1.64E-03 Q149741000410
nucleus
51179 | localization 5.20E-04 4.73E-03 Q14974|075306|043592|Q8NI27|014980|Q00325|Q00610|Q9
UIA9|Q92621|Q96QK1|000410|095373
51704 | multi-organism process 9.36E-04 8.24E-03 Q14974|P26641|Q8NI27|014980|000410| 095373
33342 | negative regulation of collagen | 1.54E-03 1.23E-02 Q9BZE4
binding
6409 tRNA export from nucleus 1.54E-03 1.23E-02 043592
51031 | tRNA transport 1.54E-03 1.23E-02 043592
6405 RNA export from nucleus 1.87E-03 1.46E-02 043592 | Q8NI27
59 protein import into nucleus, docking | 3.07E-03 2.15E-02 Q92621
33341 | regulation of collagen binding 3.07E-03 2.15E-02 Q9BZE4
33572 | transferrin transport 3.07E-03 2.15E-02 Q00610
15682 | ferric iron transport 3.07E-03 2.15E-02 Q00610
6610 ribosomal protein import into nucleus | 4.61E-03 3.14E-02 Q14974
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