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Abstract
Many environmental toxicants are known to increase free-radical production, which
can create cellular havoc and lead to a myriad of ailments. Antioxidants can be used to
ameliorate the prevalence of free radicals, potentially serving as prophylactics against radicalinduced disorders. Many exogenous antioxidants are phytochemicals in origin, such as ascorbic
acid, gallic acid, and ellagic acid. Some of these antioxidants can be found in traditional
medicine, like tanshinone and brazilin, which have been studied and are known to have low
cytotoxicity. Here we test the radical rescue capacity of a selected group of phytochemical
antioxidants on protein rescue models. Specifically, our focus is on neurodegenerative
disorders which hallmark is protein aggregation, such as Alzheimer’s Disease (“AD”).
Although the onset of this disorder is not well understood, protein radical damage and protein
aggregation cause cell cytotoxicity and subsequent neurodegeneration; therefore, ameliorating
radical damage can alleviate the onset of protein damage and aggregation. We will elicit protein
radical damage to test the efficacy of select compounds in eliciting a bioactive response to
protein damage and fibrilization. In addition, we will introduce a protein delivery system with
the objective of increasing the bioavailability of the phytochemicals and potentially employ
them in prophylactic treatments. Results of these assays indicate a potent antioxidant effect
from ascorbic acid and ellagic acid in the novel protein rescue models, in contrast to the
phytochemicals found in traditional medicine, which elicit a weak antioxidant response,
providing a more significant contribution via their conjugated systems in fibril inhibition and
disassociation. Results from the protein-ligand interaction in the delivery system are greatly
favored by hydrophobic interactions stemming from the protein cavity.
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Chapter 1: Introduction
1.1 Environmental factors that affect human health
The human body is exposed to a myriad of chemicals. Chronic and acute exposure to these
chemicals can impact the health and wellbeing of an individual. This chapter focuses on
environmental pollutants that exacerbate free radical production, and describes the biochemical
properties of radicals, antioxidants, and introduces phytochemicals found in traditional medicine
with the potential to act as prophylactics against radical-induced ailments. Exposure to
environmental pollutants such as tobacco smoke,[1,2] 2,4,5-trichlorophenoxyacetic acid
(herbicide),[3] polychlorinated biphenyl (plastic),[3] rotenone (pesticide),[4] organic solvents,[5,6,7]
NOx

(diesel combustion product),[5] 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-

Drug),[6,7] paraquat (herbicide),[8] maneb (fungicide),[6,8] metal particulates (Fe, Zn, Cu, Hg,
As),[2,8,9,10] quinone (aromatic hydrocarbon),[2,10] and cement dust,

[6]

can exacerbate oxidative

stress and increase radical production. Free radical damage exacerbates and plays an important
role in ailments such as hypertension, atherosclerosis, diabetic neuropathies, renal diseases,
gastroduodenal ulcers, Alzheimer’s Disease (AD), Parkinson’s Disease (PD), and Huntington’s
Disease (HD), as well as certain types of cancer.[2-5,7,8,10] Examples of environmental xenobiotics
leading to radical-associated health issues, are vehicular combustion byproducts and tobacco
smoke. These air pollutants elicit an inflammation response recruiting cytokines (leukotriene B4
and interleukin-8), proteases, and radicals, that participate in tissue destruction and loss of lung
elasticity.[1,6] The lungs are particularly susceptible to oxidative (radical) damage due to its
exposure to an oxygen rich environment.[1,6] The pesticide rotenone is another example of a wellstudied xenobiotic that induces PD via radical damage. This pesticide produces severe injury to
dopaminergic cells in the substantia nigra via inhibition of the mitochondria complex I, resulting
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in increased oxidative stress,[10,11] consequently leading to synucleinopathy and tauopathy,
hallmark signs of PD.[11] The last example presented in this section are metal particulates. These
environmental contaminants can be found as particulate matter or dissolved in water bodies.
Excess metal contaminants can disturb cellular homeostasis, resulting in radical induced
neurotoxicity. The accumulation of these toxicants is especially dangerous in the nervous system
as they can increase free radical production via Fenton reaction. In the central nervous system,
Fe2+ and Cu1+ are the main culprits for participating in the Fenton reaction. The resulting radicals
can disrupt mitochondrial function and protein folding, leading to cell neuronal loss; experts have
referred to this phenomenon as ferroptosis.[12] Other metals such as Zn can suppress Fe and Cu
adsorption, resulting in free labile metal ions circulating through the body and generating free
radicals.[13,14]

1.2 Radical function
As previously stated, environmental toxicants can produce or exacerbate radical
production. To better understand the molecular mechanism of radicals and their detriment to our
health, we must first start by describing their chemical properties. A radical is an atom, ion, or
molecule with an additional or missing electron in its valence orbital. This unpaired electron is
highly reactive and, upon encountering other molecules, it will react via homolytic cleavage or by
abstracting an electron from a metal or a compound. When the radical reacts with a molecule, the
molecule will have a radical electron in its structure and the radical reaction will continue until the
radical electron is paired with another radical electron or a “free” electron. Due to the reactive
nature of radicals, they can attack any molecule in their vicinity (proteins, nucleic acids, and lipids)
and, as such, excess radical production has been linked to increased oxidative stress, mitochondrial
2

dysfunction, DNA fragmentation, protein misfolding, autophagy dysregulation, and activation of
apoptosis.[14-16]
Physiologically, radicals are known as reactive oxygen species (ROS), these radicals
participate on important cellular functions, for example, phagocytes (immune system cells) use the
oxidative burst to produce ROS as a defense mechanism against harmful pathogens or xenobiotics.
The mechanism of radical production occurs in the vacuolar lumen, where NADPH Oxidase
reduces molecular oxygen (O2) to produce superoxide radical (•O2) and hydrogen peroxide
(H2O2).[17] An example of a ROS in cellular signaling is the nitric oxide radical (NO•), an important
intracellular messenger that activates Guanylyl cyclase, which converts guanosine triphosphate
(GTP) to cyclic guanosine monophosphate (cGMP), which is responsible for smooth muscle
relaxation.[20] Table 1 provides other examples of endogenous enzymatic processes that participate
in physiological radical production. ROS have also been implicated in several signaling pathways
and are known to indirectly modulate transcription factors.[18,19] We are not going to explore
transcription pathways as their mechanisms are quite extensive; however, Figure 1 provides a short
list of transcription factors and disease etiology associated with ROS. [17,30]
Radicals
production is
increased by:

Hypoxia, ischemia, chronic infections, cytokines, inflamation, radiation,
growth factors, chemotherapy, biotransformation of drugs and xenobiotics.

Examples of
radical activated
transcription
factors

Nuclear Factor kappa B (NF-κB), signal transducer and activator of
transcription 3 (STAT3), hypoxia-inducible factor-1α (HIF1-α), activator
protein-1 (AP-1), nuclear factor of activated T cells (NFAT) and NF-E2
related factor-2 (Nrf2).

Radical
associated
Diseases

Neurodegenerative diseases (Alzheimer's and Parkinson's), vascular and
cardiac diseases, arthereoesclerosis, obesity, pulmonary fibrosis,
inflamatory joint disease and accute respiratory distress syndrome.

Figure 1. Summary of physiological radical functions and detrimental effects in the body.
3

Table 1. Reaction mechanism and generation of endogenous radicals.

Name of radical
Reaction
process
NADPH Oxidase NADPH + 2O2 → 2●O2 +
NADP+ + H+
Nitric Oxidase L-Arginine + O2 + NADPH +
Synthase
(NOS)→
(NOS)
Nω-hydroxy-L-arginine + H2O
+ 1/2O2 + 1/2NADPH →
NO● + Citrulline + H2O

Lipoxygenase
(LOX)

LOX +Unsaturated fatty acid +
O2 → lipid peroxide radical
(Fatty acid OO●).

Xanthine
Oxidase (XO)

Hypoxanthine + 2O2+ 2H2O +
OX→ Xanthine + 2O2+ H2O2
Xanthine → Uric Acid

Myeloperoxidase MPO + H2O2 + Cl-→ OHCl
(MPO)
+H2O
NO●

4

Process
NADPH reduces molecular oxygen to
produce the superoxide radical.[17]
Produces the nitric oxide radical by a
complex reaction involving the oxidation
of the guanidine nitrogen in L-Arginine.
The first oxidation produces Nω-hydroxyL-arginine as an intermediate, which is
then further oxidized to produce LCitrulline. In the process, 2 mol of O2 and
1.5 mol of NADPH are consumed per
mole of nitric oxide radical formed [20]
Catalyzes
the
oxygenation
of
polyunsaturated fatty acids. The enzyme
has a none-heme iron in its structure. The
ferric iron (FE3+) can catalyze the
abstraction of a hydrogen from a bisallylic carbon atom of the fatty acid
(usually linoleic acid), producing a
pentadienyl radical; thereafter, molecular
oxygen reacts with the pentadienyl
radical, which leads to the formation of
the hydroperoxide product.[23]
This enzyme has a molybdenum atom
coordinated to an iron-sulfur cluster and a
flavin molecule. In the reaction,
molybdenum is reduced and there is an
oxygen
transfer
(oxidation)
to
hypoxanthine, converting it to xanthine
and, in turn, another oxidation occurs
converting xanthine to uric acid.
Superoxide anion and hydrogen peroxide
are produced in the redox process.[20]
This heme peroxidase will oxidize a
halide anion (chloride, bromide, and
iodide anions) in the presence of H2O2,
forming the corresponding hypohalous
acid.[2] Hypochlorous acid is a precursor

Cyclooxygenase
(COX)

Cytochrome
P450
Monooxygenase

of free radicals, directly oxidizing ionic
substances such as NO2− to yield a NO2●
radical[24]
aa or DGLA + 2O2 → Produces
radicals
through
the
prostaglandins + Lipid radicals oxygenation of C-15 in arachidonic acid
(C7H13O2●, C8H15O3●, C5H12●) (aa) or C-8 oxygenation in dihomo-γlinolenic acid (DGLA). This is a radicalmediated lipid peroxidation that produces
prostaglandins and a series of radicals. [25]
RH + O2 NAD(P)H +H → ROH Heme protein catalyzes the oxygenation
+ H2O +NADP+
of hydrocarbons with molecular oxygen.
The radical production happens when the
oxygen insertion occurs through the
abstraction of one hydrogen atom from
the substrate to give a radical intermediate
(R•), followed by oxygen transfer to form
C-OH [26]

Radical production can overwhelm the system and create free radicals. For example, during
mitochondrial ATP synthesis (also known as oxidative phosphorylation), electrons from the
electron transport chain can “escape” when the electron carrier does not undergo the correct
reduction. This free electron reacts with molecular oxygen to produce the ●O2 radical. It is
estimated that 1-2% of our total daily oxygen intake generates this mitochondrial superoxide
radical.[21,22] Free radicals are excess radicals that escape homeostatic biochemical transformations
or are generated via xenobiotics. Table 1 denotes simplified biochemical reaction mechanisms of
endogenous radical production; homeostatic imbalances of these processes can lead to free
radicals. There are other mechanisms by which free radical production is exacerbated, for example,
elevated levels of transition metals such as Fe2+, Cu2+, Cr4+, V2+, and Co2+ can generate radicals
via the Fenton reaction (Reaction 1). In Fenton chemistry, the transition metal react is oxidized by
reacting with hydrogen peroxide, and it generates a hydroxyl ion and a hydroxyl radical. [27,28] The
ferric iron (Fe3+) byproduct from the Fenton reaction can be reduced via superoxide radical
5

(Reaction 2) to produce Ferrous iron (Fe2+), which can once again participate in the Fenton reaction
and produce hydroxyl radicals. This chemical process is known as the Haber-Weiss reaction. An
excessive amount of copper and iron metals has been associated with Parkinson’s Disease,
Alzheimer’s Disease, and Huntington’s Disease all of which present protein damage and
aggregation in their pathophysiology. [13,14]
Fe2+ + H2O2 → Fe3+ + OH- + ●OH

Reaction 1

Fe3+ +O2●- → Fe2+ + O2

Reaction 2

Biotransformation of drugs can also contribute to an exacerbated free radical production.
For example, the consumption of methamphetamines exacerbates ROS production by causing the
release of dopamine and inhibiting its uptake. The released dopamine can undergo auto-oxidation
leading to mitochondrial dysfunction, and increase mitochondrial ROS generation.[29]
Methamphetamines can also activate α7 nicotinic acetylcholine receptor, which raises intracellular
Ca2+ levels which, in turn, activates the nitric oxide synthase to produce the nitric oxide radical
(NO•). NO• can further be oxidized by ●O2 and yield the peroxynitrite ion (-ONOO), which can
cause further neurodegeneration.[29]

1.3 Antioxidants
As previously mentioned, radicals can be detrimental to the organism, as they react with
proteins, lipids, and nucleic acids modifying their structure and damaging their function; hence,
radicals have been implicated in degenerative, chronic deteriorative, inflammatory, and
autoimmune diseases.[30,31] Radical damage can be mitigated by exogenous and endogenous
antioxidants. In general, antioxidants can neutralize a radical species by donating an electron or
6

donating a hydrogen atom via homolysis, converting the radical species into a chemically stable
molecule.
Endogenous enzymatic antioxidants (EEA) have the capacity to neutralize radicals and are
also capable of transforming radical precursors into less reactive molecules. The human body has
four classes of EEAs: catalase, peroxiredoxin (Prx), glutathione peroxidase (Gpx), and superoxide
dismutase (SOD).[32] SOD can be classified depending on their metal cofactor, for example, SOD
1 has copper and zinc as cofactors and is mainly found in the cells; cytosol, SOD 2 contains
manganese and is mainly found in the mitochondrial matrix; SOD 3 contains copper-zinc cofactors
and is found in the extracellular matrix.[33] Even though these enzymes have different metals
coordinated to their structures, they all mitigate radical damage by catalyzing the dismutation of
the superoxide radical (●O2−) into molecular oxygen (O2) or the dismutation of hydrogen peroxide
(H2O2) to water. A great advantage of EEA is their ability to catalyze several radical-neutralizing
reactions. More examples of EEA reaction mechanisms and their activity are illustrated in Table
2.
The body also generates endogenous non-enzymatic antioxidants (ENEA). These
molecules also neutralize free radicals; however, once they neutralize a single radical, their
chemical structure is changed and they cannot regenerate as EEA do. Melatonin is an example of
an ENEA. This hormone is secreted by the pineal gland, and its main function is to regulate sleep
and wakefulness cycles. Melatonin and its metabolites also exhibit potent free radical scavenging
effects and are able to downregulate pro-oxidant (inducible nitric oxide synthase) and proinflammatory enzymes (cyclooxygenase- 2).[34] Another example of ENEA are the surfaceexposed methionines. These amino acids readily react with radicals or oxidizing agents, protecting
the protein from oxidative damage and inactivation. The oxidized methionine can later be reduced
7

by the EEA methionine sulfoxide reductase, thus, proteins with low surface-exposed methionine
concentrations are more susceptible to radical damage and inactivation[35]. Other examples of
ENEA and their reaction mechanisms are denoted in Table 2.
Table 2. Reaction mechanism and function of endogenous antioxidants. Endogenous antioxidants with a
star (*) denote the EEA; the remainder are ENEA.

Endogenous
Antioxidants
*Superoxide
Dismutase
(SOD).

Reaction

*Glutathione
peroxidase
(Gpx)

2 GSH(Red) +H2O2 → GSSG(Ox) + The reaction involves the oxidation of
2H2O
selenocysteine by hydrogen peroxide
(R-SeOH), then the selenic acid is
2 GSH + R-OOH→ GSSG +R-OH reduced by two reduced glutathione
+H2O
molecules (GSH); thereafter, oxidized
glutathione (GSSG) is reduced by
glutathione disulfide reductase, using
NADPH to reduce GSSG and restore its
enzymatic activity. A secondary
reaction involved with Gpx involves
catalyzing the reduction of lipid
peroxides
to
minimize
lipid
[36]
oxidation.
2 H2O2 → 2H2O + O2 (overall This
enzyme
catalyzes
the
reaction)
decomposition of hydrogen peroxide to
Proposed mechanism
water. The molecular mechanism is not
Step I:
yet known but it is believed to occur as
3+
Porfirin-Fe (Heme core) + H2O2 a two-step reaction. In the first step, the
→ Porphyrin●+-Fe4+=O (reactive ferric porphyrin reacts with hydrogen
intermediate) + H2O
peroxide to produce a high valent iron
Step II:
and a radical cation intermediate. In the
●+
4+
Porphyrin -Fe =O + H2O2 → second step, the intermediate reacts with
Porfirin-Fe3+ + O2 + H2O
a hydrogen peroxide molecule initially
creating a proton transfer reaction to the
oxyferryl oxygen and an electron

*Catalase

Process

SOD (Ox.) + O2●- → SOD(Red)H+ + The enzyme catalyzes the dismutation
O2
of superoxide (•O2) anion into oxygen
SOD(Red)H+ + O2●- → SOD (Ox.) + and hydrogen peroxide.[33]
H2O2
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transfer to the radical cation; thereafter,
a second proton is transferred yielding
water and molecular oxygen. The
second proton transfer is not well
defined as it can be from the peroxide
molecule or a vicinal amino acid.[37]
*Peroxiredoxin 2H2O2 + Prx-(SH)2 → [Prx- This enzyme functions as a redox-active
(Prx) I-IV
(SO2H)] → + 2H2O + Prx-(S-S)
cysteine. In the active site, cysteine 47
is oxidized to sulfenic acid by hydrogen
Prx-(S-S) + 2 HS-Trx → Prx-(SH)2 peroxide. A reaction with a second
hydrogen peroxide molecule creates a
disulfide bond in Prx and two water
molecules as a byproduct; thereafter,
Prx restores its catalytic activity by
reducing the disulfide bond with the aid
of Cysteine-51 from thioredoxin
(Trx).[38]
*Metal binding P + M+x → P-M+X
The overall mechanism of action of
these proteins entails binding free iron
proteins;
(transferrin, ferritin, lactoferrin) or
transferrin,
copper (ceruloplasmin, albumin) to
ferritin,
prevent the Fenton reaction. Most of
lactoferrin,
these proteins are responsible for
ceruloplasmin,
maintaining metal homeostasis, some of
and albumin
which (like ferritin) can cross the Blood
Brain Barrier (BBB).[39]
Methionine
Surface-exposed
methionines
can
undergo a one-electron oxidation by a
radical, creating a sulfur radical cation.
+ ●OH →
+ H2O
The radical cation can undergo a second
one-electron oxidation, creating a
divalent sulfur cation S2+ that reacts
with water to create methionine
+ ●OH→ [R2S+2 + H2O]→
sulfoxide. In turn, the sulfoxide can later
be reduced by methionine sulfoxide
reductase. Alternatively, a radical cation
can undergo a decarboxylation reaction,
causing irreversible protein damage.
●

[35,40]
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Melatonin

Melatonin reacts with the hydroxyl
radical cleaving the indole ring and
creating a ring opening yielding Nacetyl-N-formyl-5methoxykynurenamine. Alternatively,
the radical can form an Oxindole ring by
cleaving a double bond from the indole
ring. The products or metabolites of
melatonin
also
possess
radical
[34]
scavenger abilities.
Uric acid is a mayor antioxidant in
human plasma contributing 24% of the
total antioxidant activity. However, for
uric acid to function optimally, the
presence of vitamin C and thiols is
required, to scavenge peroxynitride
radical.[41]
This pigmented molecule attenuates
oxidative damage by redox cycling with
the help of biliverdin reductase. This
molecule has a conjugated system so
that when a radical cleaves a double
bond from the molecule, the pyrrole
rings are able to create a stable
resonance structure; thereafter, bilirubin
is converted to biliverdin, which is later
reduced to bilirubin by biliverdin
reductase.[42]

Uric Acid

Bilirubin

Just like endogenous antioxidants, exogenous antioxidants can scavenge radicals, inhibit
radical formation (via metal chelation), and inhibit oxidative enzymes.[43] Generally, exogenous
antioxidants have conjugated systems (i.e. aromatic conjugation) with amines or hydroxyl groups
that can help increase their solubility and chelate metal ions. There is a myriad of exogenous
chemicals that act as antioxidants. Examples of commonly known antioxidants include vitamin E
(L-α-tocopherol), vitamin C (ascorbic acid), and vitamin A (β-Carotene).[41,44,45] Figure 2 provides
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a mechanistic example of vitamin C exerting its antioxidant properties. Common motifs of
exogenous antioxidants include aromatic ring structures. These scaffolds are rigid and
hydrophobic in nature, and they function by producing a “stable” (less reactive) radical by
resonance stabilization of the unpaired electron through their pi orbital. To neutralize the stable
radical, another antioxidant or radical must react with the stable radical to form a stable chemical
structure. Many plant-based chemicals (phytochemicals) can function as antioxidants.
Phytochemical antioxidants are classified by their chemical structure, and they can fall into one of
the following categories: carotenoids (lutein), polyphenols (phenolic acids, flavonoids, stilbenes,
coumarins, and tannins), alkaloids, and organosulfur compounds (allyl sulfides). Figure 3 provides
a list of the structural classification of phytochemical antioxidants.

Figure 2. Antioxidant mechanism of vitamin C. The first step involves the ionization of ascorbic acid to
ascorbate. Thereafter, the radical transfer of one electron to form the ascorbate radical. Once the radical is
formed, the ascorbate can ionize a second time to accept another electron form another radical and form
dehydroabscorbate.
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Phytochemicals Classification

Carotenoids
e.g. Lutein and Licopene

Alkaloids
e.g. Bufotein and Nicotine

Phenols

A group of nitrogen containing organic compounds
with indole-, isoquinoline-, pyridine-, and purine like
structure, some alkalods migh have a amine side
chain.
Phenolic acids

Hydrobenzoic Acids
e.g. Vannilic acid

Hydroxycinnaminic Acid
e.g. Feruline

Flavonoids

Anthocyanidins
e.g. Delphinidin

Flavones
e.g. Apigenin

Isoflavonoids
e.g. Genistein

Flavanols
e.g. Epigallocatechin gallate

Flavonols
e.g. Quercetin

Flavanones
e.g. Eriodictyol

Stilbene
e.g. Resveratrol

Coumarins
e.g. Coumarin

Tannins

Hydrolizable tannins
(Contain sugar residues)

Non-hydrolysable oligomeric
(Do not contain sugar residues)

Condensed tannins
(Formed by the condensation of flavan)

Organosulfur

A group of sulfur containing organic compounds
such as: indoles, isothiocyanide, and allylic sulfur
compounds.

Figure 3. Structural examples of phytochemical antioxidants
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Phytochemical antioxidants and ENEAS use different chemical mechanisms to terminate
radicals, depending on their molecular structure. Overall, we can classify their mechanism of
action in three different reactions: Hydrogen atom transfer (HAT), single electron transfer (SET),
and metal chelation.[46,47] In HAT, Figure 4A, the radical homolytically cleaves a hydrogen bond
(usually from a weaken O-H or N-H bond), leaving an unpaired electron in the antioxidant. The
antioxidant can resonance-stabilize the unpaired electron until it reacts with another radical or
antioxidant, terminating the radical reaction.[47] In SET, Figure 4B, the radical abstracts an electron
from an electronegative atom or a conjugated ring, transforming itself into a radical anion. The
radical anion can later be neutralized by another unpaired electron, a mechanism that is favored in
acidic conditions. [47] The first two mechanisms (HAT and SET) create a less reactive radical by
delocalizing the unpaired electron in their structure creating many resonance-stabilized radicals.[48]
In metal chelation, Figure 4C, the antioxidant creates a coordination compound with the metal
atom. This complexation does not allow the oxidation or reduction of the metal atom, hindering
its ability to catalyze radical reactions.[49] These mechanisms are not exclusive to an antioxidant
and in some instances an antioxidant can use either of the aforementioned mechanisms to
neutralize radicals.

A)
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B)

C)

Figure 4. Illustration of an antioxidant reaction mechanism. A) Hydrogen atom transfer (HAT). Reaction
through a hydrogen homolytic cleavage followed by stabilization via hydrogen bond. B) Single electron
transfer (SET). Electron abstraction from the HOMO orbital of the electronegative atom. C) Metal
chelation. Function by the inhibition of metal catalyzed radical reactions.

In addition to the previously mentioned chemical mechanisms of action, antioxidants can
also elicit or suppress biological pathways to ameliorate oxidative stress.[50] An example of an
antioxidant eliciting a biological response is resveratrol, a compound found in red grapes that
inhibits cyclooxygenase activity, exhibits phytoalexin properties, and is also reported to be a nitric
oxide synthase inducer.[49] The flavonoid quercitrin, found in cherries, is another example that
inhibits xanthine oxidase, cyclooxygenase, and lipoxygenase activity.[50] Another way to indirectly
modulate radical production is to inhibit protein aggregation. Protein aggregation, can overwhelm
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the protein degradation machinery, which can interrupt important neurochemical pathways
exacerbating radical production. In some instances, protein aggregates can form fibrils, which are
suspected to be implicated in radical formation. Polyphenolic antioxidants, such as myricetin
(flavonoid) and curcumin (stilbene), disrupt protein aggregation via electrostatic interactions
(strong H-bond acceptors) and hydrophobic interactions (Van Der Waals forces favoring
molecular planarity), creating weaker intermolecular forces that cause disassociation of β-sheets
from fibril aggregates.[51]

1.4 Traditional medicine
The use of plants (natural products) in traditional medicine can be traced back 60,000
years.[52] To date, many people rely on traditional remedies, for example; up to 80% of Ghanaians
and Ethiopians depend on traditional medicine for their main health-care demands, while some
hospitals in China have a section dedicated to traditional Chinese medicine.[52] The biodiversity of
flora in Earth’s ecosystems has permitted the development of various systems of traditional
medicine. Some of the oldest documented systems of traditional medicine include Ayurveda
(Traditional Indian medicine dating back to 4000 B.C.), Unani medicine (Greco-Arabic medicine
dating back 2500 years), and traditional Chinese medicine (dating back more than 2000 years).
Some of the aforementioned remedies have withstood the test of time due to their efficacy in
treating certain illnesses; however, the advent of modern medicine (beginning of the 19th century)
and the development of chemical synthesis have facilitated the creation of pharmacologically
active drugs, which have diminished the use of traditional medicine.[52] One of the main drawbacks
of using traditional medicine is that the bioactive phytochemical concentration varies due to
environmental factors and methodology used to create the remedy. In recent years (over the past
15

50 years), phytochemicals found in traditional medicine have advanced the development of new
drugs in modern medicine, some of which are crucial in today`s health care system.[53] Table 3
provides a list of medications use to date that have been extracted from plants used in traditional
medicine. The isolation and characterization of the bioactive components is critical as their
biological mode of action is dependent on purity and concentration.
Table 3. Examples of phytochemical-derived medicines used as pharmaceuticals in healthcare.

Plant Name

Drug Name

treatment

Vinblastine

Hodgkin’s
Disease

Vincristine

Leukemia

Tubocurarine

Muscle relaxant

Cinchona ledgeriana

Quinine

Anti-malarial

Artemisia annua L.

Artemisinin

Anti-malarial

Catharantus roseus (Rosy
periwinkle)

Catharantus roseus (Rosy
periwinkle)

Chondodendron
tomentosum
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Structure

Papaver somniferum
Morphine

Analgesic

Scopolamine

Motion sickness

Taxol

Ovarian cancer

(Opium poppy)

Hyoscyamus niger

Taxus brevifolia (Pacific
yew)

In the past, traditional medicine stemmed from empirical knowledge that accumulated
through centuries of practice; even though the mechanisms of action or bioactive components were
unknown, the knowledge of their medicinal properties was passed along through generations. We
now have more advanced methods that can identify and isolate the bioactive phytochemical(s)
responsible for the medicinal effect. As the pathogenesis and disease progression of several
illnesses is researched, evidence has shown oxidative stress and radical damage as recurrent factors
in chronic diseases. Thus, a phytochemical antioxidant intervention can be used as a prophylactic
to reduce the incidence of radical damage and prevent or mitigate chronic diseases.

1.5 Exploring phytochemicals as prophylaxis against neurodegeneration
As stated earlier, excessive radical production leads to detrimental health effects, and can
give rise to neuropathies, cancers, respiratory complications, and vascular diseases. Our laboratory
focuses on neurodegenerative disorders, more specifically, AD and PD. These two
neurodegenerative disorders have a pathogenesis that involve radical protein damage and protein
aggregation. In AD and PD, neurodegeneration is progressive and leads to severe disability,
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reduced quality of life, and reduced life expectancy. The incidence of these illnesses increases with
age, increased oxidative stress (mitochondrial dysfunction), neuroinflammation, and iron
homeostatic imbalance. [54] In addition, genetic and environmental factors also contribute to the
progression of both of these diseases.[54] AD symptoms are characterized by defects in cognitive
and psycho-behavioral function due to synaptic impairments in the cerebral cortex, as well as in
certain subcortical regions.[54-57] The pathology of AD includes the formation of neurofibrillary βamyloid fibrils formed from misfolded β-amyloid protein, and neurofibrillary tangles formed from
hyperphosphorylated tau protein. In the case of PD, symptoms are characterized by tremors at rest,
bradykinesia (hypokinesia and akinesia), rigidity, and postural instability.[58] These symptoms are
due to a degeneration of dopaminergic neurons at the basal ganglia and substantia nigra. The
pathology of PD includes protein inclusions called Lewy bodies derived from the aggregation of
α-synuclein. [59-61]
In both diseases, misfolded or damaged proteins do not undergo proteolysis through the
ubiquitin-proteasome system or autophagy-lysosomal degradation. The aggresome is created from
damaged proteins or metastable folding intermediates that capture newly synthesized proteins
containing disordered regions, some of which require chaperones for their native structure
formation.[62] Protein aggregation creates a self-propagating effect which sequesters proteins and
overburden the available chaperone and degradation machineries, generating, in turn, cellular
havoc.[62] Figure 5 provides an illustration of the aggresome process. The cellular cytotoxicity of
the aggregates can further induce mitochondrial disturbances, leading to an increased
inflammation response and free radical production, exacerbating neuronal degeneration.[63,64] As
protein radical damage plays an important role in the pathology of PD and AD, it is important to
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reduce radical damage by increasing the concentration of antioxidants in systemic circulation, and
maintain protein structural integrity and function.

Environmental
Stressors

Radical●

Metal ions
M2+

Protein Dimers

Metastable protein
aggregates

Fibril formation

Chaperons

Misfolded Protein
monomer

Environmental
Stressors

Ubiquitinated protein
Metal ions
M2+
Native protein

Radical●

Proteasome degradation

Figure 5: ROS model of protein fibril formation in AD and Parkinson’s Disease (“PD”). This protein
aggregation can occur when the organism does not engage in prompt/efficient proteolytic degradation
(ubiquitin illustrated here) of misfolded or damaged native proteins. This aggregation is exacerbated by
radical damage, metal ions M2+ (via Fenton reaction), and environmental factors. The aggregate can selfpropagate until a protein fibril is formed; this fibril can be cytotoxic, leading to cell death. Illustrated protein
was made with PDBID: 1XQ8 protein model.

1.6 Hypothesis and objectives
We hypothesize that prophylactic consumption of phytochemical antioxidants can mitigate
oxidative stress, preventing the onset of radical-associated illnesses such as PD and AD. In this
research we will explore new methodologies to test the antioxidant rescue capacity of a select
number of phytochemicals found in traditional remedies. Our objective will be mitigating radicalassociated protein damage, preserving the protein structural integrity and functionality. In our
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second objective, we will target protein aggregation by attempting to defibrillate model protein
aggregates and elucidate the efficacy of phytochemical antioxidants in neurodegenerative
disorders with hallmark protein aggregates such as AD and PD. Lastly, we will seek to increase
the bioavailability of phytochemical antioxidants using protein delivery systems, and propose its
use as a dietary prophylaxis against radical associated illnesses to promote general health.
Three different paradigms were developed to explore the objectives, with each objective
having an individual chapter. Figure 6 depicts a schematic of the research objectives. In chapter
two (Objective 1), we will test the antioxidant capabilities of a select group of phytochemicals
(viz. Ascorbic acid, gallic acid, tanshinone I, tanshinone IIA, brazilin, and ellagic acid) to mitigate
radical protein damage, allowing the protein RNAse A to preserve its structural integrity. The
protein papain will also be subjected to radical damage and antioxidant rescue. This model will
test protein function under radical stress. In chapter three (Objective 2), as protein damage can
lead to fibrilization, we will use lysozyme fibrilization properties to explore the capabilities of
phytochemicals (viz. gallic acid, tanshinone I, tanshinone IIA, brazilin, myricetin, and ellagic acid)
to inhibit protein aggregation and defibrillation. In chapter four (Objective 3), we will seek to
increase oral bioavailability of a select group of phytochemicals by using beta-Lactoglobulin as a
protein delivery system. Binding patterns of protein antioxidant interaction will be studied under
computational methods.
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OBJECTIVE 1

Figure 6. The aim of this research is to prevent the onset of radical-induced illnesses by mitigating radical
damage using phytochemicals found in traditional medicine. In addition, we seek to increase the
bioavailability of these chemicals.

1.7 Selected phytochemicals and their origin
The phytochemicals used in the experiments were selected for their potential to exert
antioxidant or protein aggregation inhibition properties. At the beginning of our study, we used
phytochemicals found in the ethanol leaf extract of Azadirachta Indica, commonly known as neem.
Neem is an evergreen tree that is widely used in traditional Indian medicine (Figure 7A). Virtually
every part of this tree is utilized for the treatment of an ailment.[65] The neem leaf ethanol extract
(NLEE) is of particular interest because phytochemicals in the leaf extract have been reported to
exert antioxidant protection in DNA and red blood cells from reactive oxygen species (ROS),
generated by H2O2-induced lipid peroxidation.[66] In addition the NLEE is known to exert anti21

cancer and anti-tumor properties.[67-69] In a study, the NLEE decreased the tumor size of buccal
pouch carcinogenesis in hamster model, induced by 7,12-dimethylbenz[a]anthracene (DMBA). Its
protective effects are believed to be caused by indirectly modulating BCL-2/BAX apoptotic
proteins through regulating lipid peroxidation, and possibly functioning as an antioxidant.[70] We
started our work with NLEE by separating the phytochemicals via high performance liquid
chromatography and selecting four phytochemicals to study their antioxidant properties. As we
progressed in our study, we managed to partially characterize the four selected phytochemicals by
mass spectroscopy and Infrared spectroscopy. Unfortunately, the databases we utilized were
unable to fully characterize these chemicals based on the information obtained. We could not
establish the chemical structure of the phytochemicals; therefore, we cannot calculate molar
concentrations which are necessary to compare the antioxidant potential of the selected NLEE
phytochemicals to the other antioxidants. Fully characterizing the chemical structure would be an
endeavor our laboratory is inexperience in doing; thus, we decided to abandon our pursuit and use
of the NLEE. Information of the methods and results for the NLEE can be found in Appendix 1.
Two of the employed phytochemicals are flavonoids and structural analogs: tanshinone I
and tanshinone IIA. These molecules are mayor bioactive lipophilic constituents of Salvia
miltiorrhiza, commonly known as red sage. Red sage (Figure 7B) is a deciduous perennial
flowering plant which has characteristic red colored roots. This herb is used in traditional Chinese
medicine and it has been attributed to help with edema, arthritis, and cardiovascular diseases.[71]
This plant is also used clinically to treat and prevent hyperlipidemia, and cerebro-vascular
disease.[72] Tanshinone I and IIA have been evaluated for their antioxidant activity and their
molecules have shown to bind to low density lipoprotein and inhibit lipid peroxidation via radical
scavenging action.[73] In addition, tanshinone I and IIA can inhibit and disaggregate amyloid beta
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fibrils in SH-SY5Y cell lines.[74] Computational studies reveal that disruption of the amyloid fibril
occur via pi-pi orbital interactions weakening the fibril intermolecular forces. The binding site of
the tanshinone molecules is located near the hydrophobic residues Ile31, Met35, and Val39.[74] It
has been demonstrated that tanshinone I selectively suppresses pro-inflammatory responses in
mice model of PD. Factors such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), interleukin1β (IL-1β), and interleukin (IL-6) were suppressed, and nuclear factor kappa b (NF-κB) activation
was inhibited in microglia.[71] Over-activation of these factors lead to excessive radical production
and cytotoxic effects. As for tanshinone IIA, it has demonstrated to have anti-inflammatory activity
in activated RAW 264.7 Cells inhibiting nitric oxide synthase (iNO), tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). [71]
Another one of our chosen phytochemicals is brazilin, which is a major component
extracted from the wood of Caesalpinia sappan, commonly known as red wood. Red wood (Figure
7C) is a leguminous tree with an orange-red hard heartwood (dense inner part of a tree trunk). This
plant has been used in traditional Chinese and Thai medicine to treat diarrhea, dysentery,
tuberculosis, skin infections, cardiovascular disease, and cerebrovascular diseases among
others.[75] Historically, brazilin has been used as a natural red coloring agent. Brazilin’s bioactive
effects include anti-platelet activity, anti-hepatotoxicity, anti-inflammatory, and antioxidant
activities.[76-78] Brazilin displays a similar antioxidant activity than ascorbic acid in a DPPH radical
assay and increases glutathione peroxidase in human epidermal keratinocytes.[79] In addition to its
antioxidant properties,[80] it has been shown to be an effective Zn2+ metal chelator[81] and inhibit
amyloid beta protein fibrilization.[82,83]
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A)

B)

C)

D)

E)

F)

Figure 7. A) Illustration of the neem leaves. B) Illustration of red sage and bioactive chemical derived from
it. C) Illustration of redwood hearthwood and bioactive chemical derived from it. D) Illustration of
blackberries and bioactive chemical derived from it. E) Illustration of kiwi fruit and bioactive chemical
derived from it. F) Illustration of green tea and bioactive chemical derived from it. All images are copyright
free.

To provide a reference to the effectiveness of the previously mentioned phytochemicals,
we are going to use three known antioxidants: ascorbic acid (Vitamin C), [84] gallic acid,[85] and
ellagic acid.[86] Figures D), E), and F) provide examples of where these phytochemicals can be
found. In addition to the antioxidant capacity the phytochemicals, they can also inhibit or
disassemble protein fibril formation.[87-89] Ascorbic acid belongs to the monosaccharide family; it
is a hydrophilic molecule with a single five-member lactone ring with a hydroxylated alkyl chain.
Ascorbic acid is derived from the Latin a scorbutus which refers to “no scurvy”, a disease caused
by deficiency of ascorbic acid. This chemical is ubiquitous to plants as it can be biosynthesized
from D-glucose. Ascorbic acid is widely used in the food industry as a preservative.[90,91] Similarly
to ascorbic acid, gallic acid is a hydrophilic molecule with tree hydroxyl groups; the mayor scaffold
of gallic acid is its aromatic ring. Gallic acid can be found in various fruits and vegetables, for
example in grapes seeds, green tea, gall nuts berries, and mango.[92] Gallic acid’s synthetic
pathway is not fully understood but it is believed to have an origin in the shikimic acid pathway.[93]
Finally, ellagic acid is a polyphenolic antioxidant with hydroxyl groups (four rings with four
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phenols and two lactones); however, opposite to the others, this phytochemical is hydrophobic.
Ellagic acid can be found in nuts and fruits such as strawberries, walnuts, grapes, pecans, kiwis,
and black currants.[94,95] The phytochemical antioxidants that we are going to use as reference were
also selected because they differ in polarity and polyphenol content.
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Chapter 2: Antioxidant phytochemicals mediating protein radical damage
As mentioned in the introduction, radicals can cause damage to biological components
(lipids, nucleic acids, and proteins). This damage causes changes in cellular function creating
havoc in the cellular environment, leading to cell death via necrosis or apoptosis. Radical
production can be exacerbated by environmental factors (xenobiotics and pollution), and if such
production overwhelms the system antioxidant capacity or degradation machinery, there can be an
onset of chronic ailments. We hypothesize that phytochemicals found in traditional medicine can
exert radical scavenging capabilities, mitigating the incidence of free radical associated protein
damage. The objective of this chapter is to investigate the radical scavenging activity of the
selected phytochemicals in the three protein rescue models. In the first experiment, RNAse A
(derived from bovine pancreatic serum) will be reduced and unfolded and, thereafter, the protein
will be oxidized allowing it to slowly fold until the native conformation is achieved; however,
when radicals are introduced, they are going to hinder the folding process, not allowing the native
conformation to form. Figure 8 presents a molecular level illustration of the phytochemical
antioxidants shielding the protein from radical damage and allowing it to fold to its native state. In
this assay, the fraction of reduced and native protein will be monitored via high pressure liquid
chromatography (HPLC). For the second experiment, we used the same target protein and
unfolding/folding paradigm; however, the quantification of the native and reduced protein will be
measured via fluorescence spectroscopy. The first and the second assays are designed to emulate
radical damage onto partially folded proteins or proteins that require a chaperone to reach its native
conformation. These assays have previously been employed in our laboratory to test the chaperone
activity of protein disulfide isomerase under NOX radical stress.[96] The third assay involves the
enzyme papain, a cysteine protease derived from Carica papaya. This enzyme will be subjected
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to radical damage while cleaving a reporter substrate. If the antioxidant intervention is successful,
the enzyme will retain its catalytic activity. The catalytic rate of papain is going to be used to test
the antioxidant potential of each phytochemical. The third assay is designed to emulate cell
oxidative stress on native (fully folded) proteins.

A)

B)

Figure 8. A) Regeneration of RNAse A through the formation of disulfide bonds, with PDI. B)
Regeneration of RNAse A hindered by radical damage. The folding reaction rate will be compromised.

2.1 RNAse A oxidative folding assay
The model protein employed for the first two assays is Ribonuclease A (RNAse A). This
protein has four disulfide bonds that will be reduced and subsequently oxidized to measure the
protein folding rate via spectrophotometry. There is a previously established protocol to measure
protein folding rate used in our laboratory;[96] however, the protocol will be modified to reduce the
analyst error, decrease the assay time, and automate most of the process. In the previous
methodology, the analyst is required to take aliquots every hour and quench the oxidizing of the
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cysteines by lowering the pH thus halting disulfide bond formation. Thereafter, the aliquots would
be passed through a desalting column, and the protein would be collected and stored at -80OC. The
analyst would then thaw the samples and run them through the HPLC. The reduced and the native
protein is given by the integration area of the HPLC Chromatogram. A drawback from manually
desalting is that the eluent collection from the desalting column can be subjective as the elution
times shifts depending on the amount of folded protein; the more the protein is folded, the faster
its elution. Another downside is that the HPLC uses a C18 column with a method duration of 120
minutes per sample. This creates a “bottle neck” requiring the desalting aliquots to be stored at 80⁰C before analysis. In the new method, we aimed for the sample to be aliquoted directly by the
HPLC through the auto-injector unit. Once the sample entered the solvent system, the reaction was
quenched as the eluent is acidified by trifluoro acetic acid and the salts were separated from the
protein via HPLC column. Additionally, we adjusted the HPLC method for a total of one hour per
sample. The second approach we took to measure protein folding was using the protein intrinsic
fluorescence to monitor the amount of folded protein. The calculation of the protein folding rate
in this second approach was done by tracking changes in fluorescence quantum yield. Briefly, the
reduced protein was introduced in the fluorimeter and as the protein folded, some of the aromatic
amino acids exposed to the hydrophilic solvent moved to a hydrophobic environment due to the
protein rearranging into its native structure. This change in polarity triggered a change in
fluorescent quantum yield which is indicative of protein folding.

2.1.1 Materials and methodology for the reduction of RNAse A
The protein used for this experiment was RNAse A from bovine pancreas (lyophilized
powder, Sigma-Aldrich). The reducing agents employed are Guanidinium Hydrochloride
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(molecular biology grade ≥99% pure, Sigma-Aldrich) and Dithiothreitol (DTT-Reduced molecular
biology grade ≥98%, Sigma-Aldrich). The buffer for the experiment was Trizma® base (molecular
biology grade ≥99.8%, Sigma-Aldrich) with EDTA (Ethylenediaminetetraacetic acid, ACS
reagent 99.4-100%, Sigma-Aldrich). The dialysis tubing bags were made from regenerated
cellulose with an 8-10 kDa molecular weight cut off (Biotech spectrum labs, Spectra/Pro). Glacial
acetic acid (Certified ACS grade, Thermo Fisher scientific) was used to maintain a low pH during
dialysis and to protonate cysteines.
Native RNase A was reduced by dissolving 10 mg of protein in 1 mL of 20 mM reduced
dithiothreitol (DTTred), 6 M guanidinium HCl, 100 mM Tris-Base, and 1 mM EDTA at pH 8. The
solution was gently agitated for 2 hours at room temperature. Thereafter, 10 µL of Glacial Acetic
Acid were added to lower the pH of the solution and quench the reduction of DTTred. The reduced
protein solution was transferred to the dialysis tubing and the solution was dialyzed for 4 hours
against 1 liter of a 50 mM (~1%) acetic acid solution at 4ᵒC. The dialysis step was repeated a total
of 4 times, each time transferring the dialysis tubing to a freshly prepared 50 mM (~1%) acetic
acid solution. The dialyzed and reduced RNAse A was stored at 4ᵒC until analysis. We used this
reduction protocol for the HPLC oxidative folding experiment and fluorescent oxidative folding
experiment. The final concentration of RNAse A was determined via molar absorption coefficient
(ε= 8640) at 280 nm. To improve experimental replicability, reduced RNase A samples older than
6 days were discarded.
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2.1.2 Materials and methodology for the HPLC oxidative folding of RNAse A
Trans-4,5-dihydeoxy-1,2-dithiane (DTTox, ≥99% pure, Sigma-Aldrich) was used as an
oxidizing agent to create disulfide bonds in RNase A. The solvents used for the HPLC elution were
Acetonitrile (HPLC grade 99.9% pure Sigma-Aldrich) and Milli Q water (18 MΩ cm-1, Millipore).
The organic acid, trifluoro acetic acid (HPLC grade 99.9% pure Sigma-Aldrich), was used as a
modifier. The chromatography equipment used was the Agilent 1110 HPLC system coupled with
a diode array detector. The HPLC column utilized was the Discovery BIO Wide Pore C18, 10 mm
ID, 25 cm length, 5 µm beat size and 300 Å pore in diameter. The NO● radical initiator used for
this experiment is Tetranitromethane (TNM) (Sigma-Aldrich). The ●OH radical were produced via
Fenton reaction, iron (II) sulfate (≥99% pure, Sigma-Aldrich) reacted with hydrogen peroxide
(30% w/w in water ~9.8 M, Sigma-Aldrich). The iron (II) sulfate solution was acidified with
sulfuric acid (ACS reagent 95.0-98.0%, Sigma-Aldrich). The antioxidants used in the experiment
are the following: gallic acid anhydride (≥99% pure, Sigma-Aldrich), L-ascorbic acid (≥99% pure,
Sigma-Aldrich), ellagic acid (≥99% pure, Sigma-Aldrich), brazilin (≥88% pure MP biomedical),
tanshinone I (≥98% pure, Sigma-Aldrich), and tanshinone IIA (≥98% pure, Sigma-Aldrich).
The order of the reaction is quintessential to ensure reproducibility of the antioxidant
rescue. The reaction was carried in a 1.8 ml glass scintillation vial covered with a Teflon cap. To
determine the standard folding rate (control), 20 µM of reduced RNAse A were added the oxidative
buffer consisting of: 200 mM Tris-HCl, 1mM EDTA and 20mM DTTox at pH 8. The final volume
of the reaction is 1.5 mL. In the next experimental condition, the nitroso radicals (NO●) were
created by dissolving TNM in acetonitrile to reach a final stock concentration of 4 mM. The stock
solution must be prepared right before the experiment, otherwise reproducibility of the assay
decreases. To determine the effect of nitroso radicals on to the folding rate, 20 µM of reduced
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RNAse A are reacted with 10µM of TNM (from stock solution). This reaction mixture was
incubated for 30 minutes at room temperature. After the incubation period, the oxidative buffer
was added for a total volume of 1.5mL. In the next assay, dealing with hydroxyl radicals (●OH), a
stock solution of 4 mM Iron (II) sulfate (FeSO4) acidified with H2SO4 (0.2% v/v) and a 4 mM
stock solution of hydrogen peroxide (H2O2) were used as Fenton reagents. To determine the effect
of hydroxyl radical on the folding rate damage, 20 µM of reduced RNAse A are reacted with 5µM
of acidified FeSO4 solution. This solution was gently mixed by pipette; thereafter, 5µM of H2O2
were added and gently mixed into the solution. This reaction mixture was incubated for 30 minutes
at room temperature. After the incubation period, the oxidative buffer was added for a total volume
of 1.5mL.
All the phytochemicals used for the antioxidant experiments were diluted in methanol to a
stock concentration of 4mM, except for gallic acid and ascorbic acid, which were dissolved in
water to the same stock concentration. To determine the antioxidant rescue capacity of the selected
phytochemicals, 20µM of a phytochemical (i.e. tanshinone I, tanshinone IIA, brazilin, gallic acid,
and ascorbic acid) were mixed with the hydroxyl or nitroso radical. Thereafter, the reaction was
incubated for 30 minutes. The incubation allows the antioxidant to react with the radical. After the
incubation period, 20 µM of reduced RNase A were introduced and incubated for another 30
minutes. After the incubation period transpired, the oxidative buffer was added for a total volume
of 1.5mL. Each experiment was replicated a total of 3 times and the standard deviation of the
sample was used when comparing different experimental trials.
The HPLC instrument auto-injection system collected 125µl aliquots every hour, for a total
of eleven hours. The folding intermediates are monitored at 280 nm. The HPLC used a gradient
elution composed of 18% acetonitrile dissolved in milli Q water with 0.1 % trifluoro acetic acid
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(Solvent A), and pure acetonitrile (solvent B). The HPLC method used was from 0-5 minutes; 1012% Solvent B, from 5-45 minutes; 12-15% Solvent B, from 46 – 50 minutes; 100% Solvent B,
from 50-60 minutes; 100% Solvent A. The flowrate was set to 0.8mL/min. The reduced and the
oxidized fractions of RNAse A were identified based on their retention times. We integrated the
area under the curve for the reduced and folded RNAse A using the Agilent HPLC software. The
percentage of the reduced RNase A was be determined by dividing the reduced protein integration
area over the total integration area of reduced and the fully folded protein chromatographic peaks.
To obtain the folding rate, the natural logarithm of the percentage of reduced protein was plotted
against time. Equation 1 depicts a first order linear equation adjusted to calculate the folding rate
of RNAse A.

𝐿𝑛 (

𝐴
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑜𝑙𝑑𝑒𝑑
) = −𝑘𝑡 = 𝐿𝑛 [
]
𝐴0
(𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑜𝑙𝑑𝑒𝑑 + 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑒𝑑)

Equation 1. Folding rate calculation based on HPLC chromatogram.

In our laboratory, the previously established protocol for the folding of RNAse A[96] used
another protein called human protein disulfide isomerase (PDI). This protein catalyzes disulfide
bonds and helps unfolded proteins reach their native state. PDI severely accelerates the protein
folding process of RNAse A and it is used as the reporter protein of radical damage; more
specifically, if the protein is nitrosylated, the folding rate decreases. PDI can be nitrosylated via
NO radicals, nullifying its catalytic activity and, as a result, increasing protein misfolding and
facilitating aggregation. Of relevance, nitrosylated PDI can be found in abnormally high
concentration in patients with Alzheimer’s disease.[97]
Initially, we used PDI in conjunction with RNAse A for the folding assay; however, as
explained in a later section, we decided to remove PDI from the experimental design. In our
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laboratory, PDI is obtained from bacterial protein expression. First, an ampicillin resistant histidine
tag PDI plasmid is transfected by heat shocking E. Coli BL21 bacterial cells. After a successful
transfection, the bacteria are incubated at 37 ⁰C in LB media with a 1 to 1,000 ampicillin dilution,
from a 100 mg/mL ampicillin stock. The transformed bacteria survives due to the plasmid resistant
gene. The incubation of bacteria proceeds until the optical density of the media reaches a turbidity
of 0.8 absorbance units at 600 nm. After the bacterial growth reaches the optical density, an
inoculation loop is used to spread the bacteria in ampicillin LB agar plate. Subsequently, the plate
is incubated at 37 ⁰C overnight. Bacterial colonies are formed after the incubation, one of which is
selected (monoclonal) and transferred to an ampicillin LB media, where it is incubated at 37 ⁰C
until an optical density of 0.8 absorbance units at 600 nm is reached. Thereafter, 0.1 M of Isopropyl
β-D-1-thiogalactopyranoside (IPTG) is introduced in the LB media to trigger the transcription of
the lac operon receptor and induce protein expression. The bacteria culture is then incubated for 4
hours at 37 ⁰C.
Once the bacteria expresses the protein, to purify PDI from the E. Coli BL21 cells, the
following protocol is employed. First, the cells are centrifuged at 2500 g for 15 minutes, the
supernatant is discarded, and the cells are re-suspended with 10mL of 500 mM NaCl, 10 mM
imidazole, and 200 mM disodium phosphate at pH 7.5. The bacterial solution is then lyzed with a
sonicator. The lysed cells are centrifuged at 2000 g for 10 minutes and the supernatant is passed
through a nickel-agarose column; the remaining pellet is discarded. The protein was separated by
nickel-agarose column chromatography and each elution was collected and analyzed. The column
chromatography was conducted in incremental amounts of histidine. The first elution buffer
consisted of 500 mM NaCl, 200 mM disodium phosphate, and 50 mM histidine at pH 7.5. The
histidine concentration was increased in the elution buffers by increments of 50 mM until a 200
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mM concentration was achieved for a total of 4 elution buffers. The final elution contained 200
mM of histidine, but the pH was lowered to 4 to protonate the remaining histidine’s and elute any
leftover protein. The purification was monitored via molecular weight using a 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). PDI has a molecular weight of
56 Kilodaltons (KDa). Figure 9 provides an illustration of the SDS-PAGE. The most purified
protein fraction was then dialyzed two times against four liters of 0.1% glacial acetic acid for four
hours, each dialysis was carried at 4⁰C. The protein concentration was then quantified via molar
absorption coefficient ε= 47,300.[96]

Figure 9. 12% SDS-PAGE depicting the purification of the 56 KDa protein PDI.

The methodology we used for the assay that included PDI is the following. For the initial
reaction rate (control), 5 µM of purified PDI were mixed with the oxidative buffer followed by the
addition of 20 µM RNAse A. For the radical reactions, 5 µM of purified PDI was mixed with 5
µM of the hydroxyl radical or 10 µM of the nitroso radical, the reaction mixture was then incubated
for 30 minutes. After the incubation period, 20 µM of reduced RNase A and the oxidative buffer
were added and gently mixed. The reaction mixture was then directly analyzed in the HPLC. In
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the antioxidant trial, 20µM of antioxidant were mixed with the hydroxyl or nitroso radical. The
reaction mixture was then incubated for 30 minutes; subsequently, 5 µM of purified PDI were
mixed and incubated for 30 minutes. After the incubation period transpired, 20 µM of reduced
RNase A were introduced and the oxidative buffer added, the reaction was gently mixed, and then
the reaction mixture was directly analyzed in the HPLC. For the PDI folding methodology, the
final volume of all the reaction mixtures was 1.8 mL and the injection volume for the HPLC autoinjection was set to100µL. The HPLC method was the same as described in the RNAse A oxidative
folding. Each experimental trial was monitored for a total of 900 minutes and replicated five times.
The standard deviation for each sample was calculated and used as statistical error.

2.1.3 Results and discussion for the HPLC oxidative folding of RNAse A
In this experiment we expected the folding rate to decrease as radical damage was
introduced; conversely, when the antioxidants were introduced, the folding rate would be restored
closer to that of the original folding rate (control; PDI +RNAse A). However, as mentioned in
section 2.1.2, as we repeated the assay, some problems arose regarding reproducibility and
statistical significance, which will be discussed in the following section. The first physical change
to note is that, after the reaction was completed, we noticed that at the bottom of the scintillation
vial there was a precipitate resembling small white flakes, which could be better appreciated upon
stirring the vial; interestingly, the flakes were more prevalent in the radical reactions. We believe
the small flakes were protein aggregates which were exacerbated by radical damage. We attempted
to quantify the protein aggregates by lyophilizing the reaction vial and weighing the remaining
material; unfortunately, our analytical balance was not able to accurately detect the weight of the
aggregates.
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In Figure 10A, the slopes of the line represent the folding rate of each of the trials. Upon
examination, we can clearly observe overlapping error bars in several data points, rendering the
trials statistically indifferent. A graphical perspective is given in Figure 10B, were the error bars
are easier to note. The data in Figure 10A shows the slope of the line becoming steeper with the
introduction of radicals, which is indicative of radicals accelerating the folding rate, differing from
what we had originally expected. Based on the results, we believe the folding rate increases
because the concentration of unfolded protein decreases due to aggregation of the unfolded RNAse
A. We suspect that radicals have damaged PDI to an extent that PDI becomes a nucleation “seed”
for the aggregation of the unfolded RNAse A, hindering RNase A folding and facilitating
aggregation. This would explain why the reduced fraction is decreasing faster and changing the
percentage of folded protein, hence resulting in a steeper slope when a radical is present.
To correct the problems of reproducibility, we increased the incubation time of PDI; our
reasoning being that, by increasing the incubation time of PDI, we would allow for the radical
reaction to conclude ending the free radicals that might damage RNAse A. The incubation time
with the radical was increased to 1 hour and 2 hours before introducing the oxidative buffer or
RNAse A to the reaction mixture. Unfortunately, the reproducibility was not improved from the
original result.

36

A)

B)

Figure 10. A) First order folding rate depicted by the inclination of the slope per experiment. B) Graphical
form of the folding rate assisted by PDI and radical damage. The nitroso radical damage to the PDI folding
rate is depicted by “TNM” (Tetranitromethane) and the hydroxyl radical is depicted by “Fenton”. In the
RNAse A folding rate bar graph, the results are normalized to that of the folding rate assisted by PDI.

In this experiment, the increase in reaction rate is proportional to an increase in aggregation,
which is also directly linked to radical damage. With this in mind, we began to change the
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concentration of the radical to no avail. The data still had severe reproducibility issues; the
increased radical concentration yielded little to no consistency between trials while a decrease in
radical concentration yielded the same overlapping error bars. In a desperate attempt, we irradiated
the radical-damaged PDI with UV light (245-300 nm) for 20 minutes, so the radical reaction would
conclude, and we filtered the PDI sample with a 0.22-micron filter to remove potential aggregates.
The filtered PDI was then mixed with the radicals and then RNAse A but, to our dismay, this
experiment had worse reproducibility issues. Since we could not obtain a significant difference
between the rate of the radical-damaged PDI and PDI, we did not proceed forward with the
antioxidant testing. Due to the mentioned issues, we decided to remove PDI from the reaction,
focusing only on the folding rate between RNAse A and the radical damaged RNAse A. We
believe that by having less proteins in the reaction mixture, we will be able to have more control
over the variables influencing the folding rate.
As we decided to remove PDI from the reaction mixture, we proceeded with the proposed
methodology from the beginning of chapter 2.1.2. Figure 11A contains the data for the RNAse A
folding experiment. In this experiment, we can observe a clear difference between the folding of
RNAse A and the folding rate of the radical-damaged RNAse A. The data revealed the same trend
from the PDI experiment, in which the folding rate of the radical-damaged protein is faster. Figure
11B offers a graphical illustration of the different folding rates.
Based on the results, Fenton radicals are deemed to be more detrimental to the protein
folding process. We believe the iron in the Fenton chemistry plays an important role in hindering
disulfide-mediated protein folding. This ties in conjunction with finding abnormal levels of metal
ions in neurodegenerative diseases such as Alzheimer’s disease. Unfortunately, when the
antioxidant ellagic acid was introduced to the reaction, it did not create a statistical difference in
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the folding rate when compared to the radical-damaged reaction. Once again, we attempted to
improve the methodology by increasing the radical and antioxidant incubation from 30 minutes to
1 hour. This did not create a significant change in the data. Another attempt was to increase the
concentration of ellagic acid to half of the protein concentration; however, initial trials showed no
promise. We later increased the molar concentration of the ellagic acid to that of the protein. This
data is presented in Figure 11. We decided to keep the concentration of ellagic acid below to that
of the protein because increasing the antioxidant concertation above the protein concentration
would be an unlikely scenario inside the cell. There is also a possibility that the radical-damaged
ellagic acid might bind to key folding motifs impeding the correct folding of the protein.

A)
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Folding Rate

B)

Figure 11. Folding rate of RNAse A. A) The slope of the line represents the folding rate of the reaction. B)
Barr graph representation of the folding rate with RNAse A rate normalized to one. The error bars of both
graphics are based on the standard deviation of the sample.

In the protocol, we subjected the ellagic acid solution (clear initially) to radical damage
with no other buffers or reagents. The ellagic acid solution changed to a yellow color, providing
an indication that a chemical reaction occurs. When the buffer and the other reagents are added,
the yellow color dissipates and the reaction mixture turns translucid. When working with reduced
RNAse A, one should avoid storing the protein at -80⁰C or -20⁰C. Storing this protein at such lower
temperatures creates a higher propensity to aggregate upon thawing.
Although the HPLC methodology resulted more practical and more automated than our
previously established protocol, it did not yield the results that we expected. We believe the
deviation in the results arose from the formation of protein aggregates as the radical damage was
introduced. As previously mentioned, controlling the incubation time and concentration did not
yield a satisfactory result. We will no longer explore the HPLC methodology; however, I believe
that size exclusion chromatography might be a viable alternative to continue this exploration as it
provides a cost effective solvent system that would provide minimum interference with the protein
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structure (due to polarity), in turn allowing for the collection of the folded fraction or aggregate
for further testing. We applied what we learned from the data and proceeded to our second
automated assay using fluorescence spectroscopy.

2.1.4 Materials and methodology for the florescence oxidative folding of RNAse A
In this experiment we seeked to create a robust and reliable antioxidant assay in a protein
folding model to test the potential of a select group of phytochemicals as antioxidants. Based on
the previous experiment, we modified the reaction conditions to better accommodate the
measurement of the folding rate. In the previous HPLC experiment, we discovered that reduced
RNAse A has a propensity to aggregate, and the aggregation is exacerbated by the addition of
radicals. We measured the protein folding rate in solution in real time and tested the antioxidant
rescue on their capacity to inhibit protein aggregation. In this experiment we used TNM as the
source of radical damage because in the previous HPLC folding experiment, TNM was less
detrimental than the Fenton radicals and produced less aggregation. Another modification to the
methodology was the use of a stronger oxidizing agent, which allowed us to complete the folding
reaction in a shorter time span.
In this method we monitored the intrinsic fluorescence of the aromatic amino acids
(tyrosine, phenylalanine, and tryptophan) as the protein folded. Fluorescence occurs when a
molecule or atom absorbs a photon and transitions into an electronic excited state (gaining an
excess of energy). When this molecule or atom transitions back into the ground state, it discards
its excess energy by emitting a lower energy (longer wavelength) photon. The emitted photon
always has a longer wavelength because some of the energy is lost to molecular vibrations. This
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phenomenon is known as the Frank-Condon principle. Fluorescence quenching occurs when a
previously fluorescent molecule or atom no longer emits a photon to discard its excess energy.
This occurs due to intermolecular collisions and vibrations, resulting in vibrational de-excitation.
The fluorescence of the aromatic amino acids exhibit a change in fluoresces intensity depending
on the environment they are exposed to. If the amino acids do not form intermolecular interactions
with their surroundings, they emit a photon (fluorescence); however, if the aromatic amino acids
form intermolecular interactions with their surroundings, they can discard the excess energy as
vibrational de-excitation; hence the change in intrinsic fluorescence when the protein folds.
New chemicals used in this methodology include L-Glutathione oxidized (HPLC grade
≥98%, Sigma-Aldrich) and L-Glucose (≥99%, Sigma-Aldrich). RNase A was unfolded and
reduced by the same method as described in section 2.1.1. The composition of the buffer used to
fold RNAse A consisted of 200mM Trizma-HCl and 1mM EDTA (tris buffer) at a pH of 8.0. The
oxidized glutathione was freshly prepared before the assay and it was added separately in the
reaction mixture. All the reactions had a final volume of 2 milliliters. The fluorescence equipment
used was the DM45 Olis fluorescence spectrometer, equipped with a 75W Xenon arc lamp. The
excitation wavelength was set to 275mn and the fluorescence spectra was monitored at 306 nm,
for a period of 7200 seconds. The emission wavelength of 306 nm arose from dissolving native
RNAse A in tris buffer and scanning for the fluorescence maxima. The temperature and the
photomultiplier were set at 25 ⁰C and 800, respectively.
In the control reaction we monitored the folding rate of RNAse A without radicals or
antioxidants. First, 30µM of reduced RNAse A were pipetted inside a quartz cuvette followed by
the addition of tris buffer and 60 µM of oxidized glutathione (GSSG). The solution was gently
stirred with a Teflon stir bar for 5 minutes. The cuvette was then placed in the fluorimeter and
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incubated for 5 minutes to allow the reaction mixture to reach thermal equilibrium with the
instrument. As for the radical reaction, 30µM of reduced RNAse A were mixed with 15µM of
TNM and the reaction mixture was incubated for 30 minutes. Thereafter, the tris buffer was added,
followed by the addition of 60 µM of GSSG. The solution was gently mixed with a Teflon stir bar
for 5 minutes and the cuvette was then placed in the fluorimeter and incubated for 5 minutes for
the reaction to reach thermal equilibrium. Finally, in the antioxidant methodology, 30µM of
antioxidant were incubated with 15µM of TNM for 30 minutes. Thereafter, 30µM of reduced
RNAse A were introduced in the reaction mixture, and the reaction mixture was incubated for
another 30 minutes. Once the incubation period transpired, the tris buffer was added, followed by
the addition of 60 µM of GSSG. The solution was gently mixed with a Teflon stir bar for 5 minutes
and incubated in the fluorimeter for another 5 minutes.
Initially we performed the experiment with a Teflon stir bar continuously mixing the
solution; however, the dynamic mixture creates problems when the aggregates begin to form, as
they can interfere by scattering light and create inconsistencies in fluorescence spectra, resulting
in low reproducibility. Because of this, the stir bar was removed before the sample was placed in
the fluorometer, which allowed for more consistent readings as any aggregates precipitated out of
solution and did not scatter light, improving the experimental reproducibility. All the reactions
were run in triplicates and the error bars are produced based on the standard deviation of the
sample.
To compare the fluorescence rates across experiments, we normalized the fluorescence
signal dividing the initial value over all succeeding values. The initial value was 1 and the other
values were the fractional decrease or increase of fluorescence intensity. The normalized values
were plotted against the time of the assay, and the slope of the line constitutes the amount of protein
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folded in solution. This simple equation is represented in Equation 2. In this equation, we did not
use the natural logarithm because there is a linear correlation, so the slope of the line represents
the rate of folded protein in solution.
𝐹𝑡
( )⁄𝑇 = −𝜅
𝐹0

Equation 2. “Fo” represents the initial fluorescence value, “Ft” represents the value of the fluorescence at any
subsequent point in time, “T” is time in seconds, and “𝜅" is the amount of folded protein in solution.

2.1.5 Results and discussion for the fluorescent oxidative folding of the RNAse A
This fluorescence assay produced a trend opposite to that of the HPLC experiment. The
data show the radicals having a slower folding rate than the control, and when the antioxidants are
introduced, the folding rate approaches that of the control protein folding rate, unhindered by
radicals. In our experiment, RNAse A displayed a fluorescence spectrum with a maximum
emission peak at 306 nm. This value coincides with previous studies.[98] In the experiment we
observe a reduction in fluorescence intensity as the reaction proceeds forward, as shown in Figure
12A. This phenomenon can be explained from a chemical perspective. As the protein unfolds, it
has no cohesive structure and entropy allows the aromatic amino acids to be solvent-exposed in a
hydrophilic environment; as a result, they can fluoresce. When the protein folds, the aromatic
amino acids are surrounded by other hydrophobic amino acids; as a result, their fluorescence can
be quenched via vibrational de-excitation, thus we observe a fluorescence reduction as the protein
folds.
In Figure 12A, RNAse A has a faster decline in fluorescence intensity while the radical
damage (TNM) shows a slower reduction in fluorescence intensity. It could be possible that the
radicals, in this case NO•, reacted with the protein backbone or an amino acid side chain to produce
a nitric oxide bond, which can increase the solubility of the molecule. In addition, this would hinder
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the protein folding process, hence the retention in fluorescence intensity. There are several
mechanisms by which this reaction could happen. Figure 13 provides two examples of such
reactions.
The antioxidant phytochemical intervention allows the protein to retain a rate like that of
the unhindered RNAse A. Among the phytochemical antioxidants, ascorbic acid seems to be the
most efficient at preventing radical damage, followed by gallic acid, with a greater degree of
uncertainty as seen by the error bars, and brazilin, not statistically different from tanshinone II or
gallic acid. Ascorbic acid and ellagic acid produced the expected results, restoring the folding rate
to 89% compared to the control sample. We can attribute this to their powerful antioxidant
capacity. The phytochemicals under study (i.e. brazilin, tanshinone IIA, and tanshinone I) did not
perform as well as we expected, with tanshinone IIA and tanshinone I only differing 10% and 7%
from the radical damage experiment. Brazilin performed better, differing 22% from the radical
damage experiment. It seems that one key structural component is the hydroxyl (-OH) functional
group linked to the aromatic structure, as the antioxidants performed better in proportion to their OH functional groups conjugating with the aromatic structure. Naturally, with an increase in polar
functional group, polarity is another favorable component to the antioxidant scavenging activity.
Glucose was used as a negative control. Since the molecule is not an antioxidant, we can ascertain
that the recovery in the folding rate is not due to the introduction of an artifact. When glucose was
introduced, the folding rate was like that of the radical-damaged RNAse A as seen in Figure 12B.
We were surprised to find that glucose statistically further hinders the folding rate by 8%. We
attribute this to possible hydrogen bond interactions with the unfolded protein, thus slowing the
rate of the reaction. We believe the glucose molecule functioned well as the negative control and
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gave valuable insight onto possible problems arising from molecules binding or interacting with
the unfolded protein decreasing its folding rate.
Ellagic acid was also used as a phytochemical antioxidant for this study. However, ellagic
acid introduced inner-filter effects increasing the fluorescence intensity, opposite to the other
antioxidant trends. It is known that ellagic acid has fluorescence properties when dissolved in an
aqueous solvent ranging from pH 7 to 10. It has been reported to have an absorption maximum of
356 nm and an emission maxima of 540 nm.[100] Thus, ellagic acid spectra would have not
interfered with the fluorescence spectra of RNAse A. The nitrosylated ellagic acid presented a
visible color change, as previously described in the HPLC result section. This shift (“red shift”)
represents a change in the absorption or emission spectra of the compound, which can interfere
with the fluorescence spectra of RNAse A. In addition, due to the hydrophobic nature of ellagic
acid, it can bind to key hydrophobic motifs, interfering with the protein folding and allowing the
reduced protein to retain its fluorescence. In order to better understand this phenomenon, an
experiment can be devised where the nitrosylated ellagic acid is more carefully analyzed to
determine their degree of interference with the fluorescence of RNAse A. We do not intend to
pursue this study any further, so we have excluded the results from ellagic acid.
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A)

B)

Figure 12. Depiction of folding rates based on fluorescence intensity. A) Fluorescence quenching is
observed as the protein reaches its native conformation. B) Folding rates are based on fluorescence intensity
and are normalized to the folding rate of RNAse A. The error bars are a representation of the standard
deviation of each sample.

The first reaction in Figure 13A illustrates the folding inhibition through the disruption of
important hydrophobic interactions. The reaction mechanism is as follows: the nitric oxide radical
homolytically cleaves a C-H bond from an aromatic amino acid, in this case a tyrosine, to produce
a resonance stabilized tyrosyl radical. This radical can then react with another nitric oxide radical
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to produce a nitrosylated tyrosine. The second reaction mechanism, shown in Figure 13B,
illustrates the inhibition of the oxidative folding mechanism through radical oxidation of the
cysteine bond. The reaction mechanism is as follows: the nitric oxide radical homolytically cleaves
a S-H bond from a cysteine, creating a nitroxyl molecule (this molecule can later donate a proton
to form the nitroxide anion, NO-, and create additional reactions) and a thiyl radical. This radical
can later react with another nitric oxide radical, creating a nitrosylated thiol (S-NO).

A
)

B
)

Figure 13. Radical reaction of amino acids. A) Tyrosine undergoing a homolytic radical reaction, which
creates a stable radical via resonance structures and culminates with another radical attacking to create a
nitroso bond or hydroxyl bond. B) Radical reaction undergone by cysteine. This radical reaction prevents
the creation of disulfide bonds and damages the protein structure. [99]

Even though this fluorescence study produced an antioxidant rescue protein model that
allows us to evaluate the radical scavenging capabilities of most of the phytochemical antioxidants,
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we were unable to ascertain the integrity of the protein and its ability to function. Not satisfied
with this pitfall, we decided to create a more robust assay that would allow us to verify the catalytic
integrity of a protein.

2.2 Oxidative rescue of papain
The objective of this assay was to use the antioxidant capacity of the selected
phytochemicals to rescue the catalytic activity of the cysteine protease papain. The protein papain
is found in the Carica papaya fruit. This protein is more prevalent in the thixotropic fluid (latex)
that is produced when the fruit is mechanically wounded. The latex rapidly coagulates to seal the
wounded area, while the enzyme papain acts as a defense mechanism to protect the host from
pathogens. [101,102]
Papain is a small 23.4 kDa protein consisting of 212 amino acids with three disulfide
bonds.[103] Papain breaks peptide bonds by forming a catalytic triad were the imidazole ring in
histidine-159 deprotonates cysteine-25, becoming a nucleophile and cleaving a carbonyl carbon
from a peptide bond, This creates an acyl enzyme intermediate. The protonated imidazole ring is
deprotonated by the amine from the peptide bond. Finally, the thioester undergoes hydrolysis and
produces a carboxyl acid. Arginine-175 does not directly participate in the catalytic mechanism
but keeps histidine-159 stabilized in the imidazole form.[104] Figure 14 provides an illustration of
the catalytic mechanism.
Papain was the first protease which three-dimensional structure was elucidated by X-ray
crystallography. Because of this, it has been used as the archetype for many cysteine proteases.[105]
The first industrial application of papain was chill proofing (beer clarification). Currently papain
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is used in various industries such as cosmetics, leather, textiles, detergents, food, peptides
production, and pharmaceuticals industries.[106,107] This protein is ideal for our study because its
structure and function are well studied, and it is a resilient protein, as demonstrated by its various
applications.

Figure 14. Reaction mechanism of the catalytic triad of papain. The depicted substrate is a peptide bond.

For this experiment we used BAPNA (Nα-Benzoyl-L-arginine 4-nitroanilide
hydrochloride) as a reporter substrate. When papain cleaves the peptide bond of BAPNA, 4nitroaniline is produced, yielding a color change that can be monitored at 410nm. The amount of
4-nitroaniline in solution is proportional to the catalytic activity of papain. In order to calculate
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catalytic activity of papain, we used Equation 3. This equation is a variation of the first order rate
equation, where the concentration of 4-nitoraniline in solution is calculated by dividing its
absorbance over the molar absorption coefficient at 410 nm (∈410=8800 M1cm-1). To this, we
subtract the total concentration of BAPNA to find the remaining amount of BAPNA in solution.
Finally, to obtain the ratio of 4-nitoaniline to BAPNA, we divide the 4-nitroaniline concentration
over the total BAPNA concentration. Figure 15 provides a depiction of the results based on the
catalytic activity.
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Figure 15. Depiction of papain antioxidant assay as the catalytic activity is affected under various
conditions. A) Control sample, papain and substrate BAPNA is converted to 4-nitroaniline unimpeded. B)
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The radical reaction will slow down the catalytic rate of papain. C) The antioxidant reaction will protect
the catalytic rate of papain.

2.2.1 Materials and methodology for the oxidative rescue of papain
Papain was purified from the Cacarica Papaya crude solid latex powder (Crude powder,
1.5-10 units/mg solid, Sigma-Aldrich). We used papain lyophilized powder (≥10 units/mg protein,
Sigma-Aldrich) as a protein standard to test the purification and function of papain. Ammonium
sulfate (Granular/Certified ACS, ≥99.0 %, Thermo Fisher scientific) was used to make the buffer
in which the crude latex was dissolved. Glacial acetic acid (Certified ACS grade, Thermo Fisher
scientific), methanol (Certified ACS,≥99.8%, Fisher Chemical), Qualitative Cellulose Filter Paper
(CFP4, Whatman), and 8-10 kD molecular weight cut off dialysis bag (Biotech spectrum labs,
Spectra/Pro) were used for the protein purification. For the catalytic assay, we used a buffer
composed of Trizma hydrochloride (Anhydrous, ≥99.0%, Sigma-Aldrich) and EDTA (ACS
reagent 99.4-100%, Sigma-Aldrich). BAPNA (≥98%, Sigma-Aldrich) was used as the reporter
molecule for the enzymatic activity. To calculate the purified protein concentration, we used a
Quick Start™ Bradford 1x Dye Reagent kit from Bio-Rad. The phytochemical antioxidants were
the same as in the RNAse A folding experiment. We used 2.5 mL polystyrene disposable cuvettes
with a 340-800 nm spectral range. The reaction rate was monitored at 410 nm using a Thermo
Spectronic Genesis 20 spectrophotometer.
The crude latex contains large pieces of crystalized latex. The crystals were frozen at -20
⁰C and then ground to a fine powder using a pestle and mortar. The powder was stored at -20⁰C
until further use. In an erlenmeyer flask, 3 grams of the ground powder were dissolved in 10mL
of buffer consisting of 60mM (NH4)2SO4 (~15% W/V) at pH 5. Thereafter, the mixture was stirred
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for 30 minutes at room temperature. The heterogeneous solution was then transferred to a 50 mL
centrifuge tube and centrifuged at 4,000 g for 20 minutes. There were three layers formed after the
solution was centrifuged. The supernatant was filtered through a cellulose filter paper and pipetted
into the dialysis membrane. In a separate analysis, we found that the precipitated pellet does have
papain; however, the supernatant has more papain in solution thus we discarded the precipitate and
only worked with the homogeneous supernatant. The dialysis membrane was placed in a 2-liter
aqueous solution of 0.1% acetic acid (v/v) and supernatant was dialyzed for 4 hours at 4 ⁰C under
constant stirring. The acidified solvent inhibits the catalytic activity of papain. The protein solution
underwent a second dialysis where the dialysis bag was transferred to a 1-liter aqueous solution
consisting of 1 mM of (NH4)2SO4. The second dialysis was run under constant stirring for 4 hours
at 4 ⁰C. During the dialysis, a precipitate was formed inside the bag. When the dialysis was
completed, the solution inside the dialysis bag was transferred to a centrifuge tube where it was
centrifuged at 4,000 g for 20 minutes at 4⁰C. The supernatant once again passed through a cellulose
filter paper. The filtered solution was translucid with a slight yellow hue. The solution was then
stored under at 4⁰C until thermal equilibrium was reached.
To further purify and concentrate papain, cold methanol (4⁰C) was added (dropwise) to the
purified papain solution discussed in the previous paragraph. The solution must be slowly stirred
while methanol is added. Methanol is added until there is a 1:1 ratio (50% v/v) of methanol to
purified papain solution. The aqueous methanol solution was incubated for 20 minutes at -20⁰C to
further precipitate papain. Thereafter, the solution was centrifuged at 4,000 g for 15 minutes at
4⁰C. The supernatant was discarded and the precipitate was rinsed 5 times with 5 mL of Milli Q
water. The final step was to re-suspend the precipitate with 2-3 mL of Milli Q water and aliquot
the purified protein into 200µL samples. The aliquots were kept frozen at -20⁰C until further use.
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The purity of the protein was examined by SDS-PAGE and the enzymatic activity of papain
was tested against the commercially available lyophilized papain sample (standard papain). The
standard papain sample was dissolved in water to make a stock concentration of 5 mg/mL. The
standard papain concentration was diluted to 60µM for the enzymatic assay. The protein
concentration of 60µM was chosen because papain cleaves BAPNA and produces a change in
absorbance units from ~0.1 to ~1.0 in approximately 60 minutes, which is the desired time for the
assay. The buffer used for the catalytic assay is 200mM Trizma HCl with 1mM EDTA at pH 6.5.
The final concentration of BAPNA (dissolved in a 1:1, Water: DMSO solution) in the reaction
solution was 500 µM, and the final volume for the assay was 1.0 mL. The pH of the reaction was
selected for two main reasons; first, because it is the optimal pH for the catalytic activity, and
second, because the Fenton chemistry is pH-dependent, as labile iron (II) precipitates as iron (II)
hydroxide at a basic pH. By maintaining the reaction at pH 6.5, the Fenton reaction can proceed
forward without precipitating the iron.
To establish the catalytic baseline for the purified papain sample, we made a control sample
with the standard papain. In the standard control sample, the standard papain was mixed with
BAPNA in a 2mL Eppendorf

©

centrifugal tube. The reaction order is as follows: the standard

papain was mixed with the reaction buffer (200mM Trizma HCl with 1mM EDTA at pH 6.5);
thereafter, 500 µM of BAPNA were added and gently mixed. This reaction was then incubated for
5 minutes before transferring the reaction mixture into a cuvette for analysis. Based on the results
from the standard protein catalytic activity, we diluted the purified papain sample until the catalytic
activity was similar to that of the standard papain. By this approximation, the final concentration
of purified protein is set to~60µM. In addition to matching the catalytic activity, we also ran a
Bradford assay to calculate the concentration of the purified protein. The catalytic activity was
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replicated tree times and the error bars represent the standard deviation of the sample. The Bradford
assay was only replicated two times.
Before testing the antioxidant rescue capabilities of the phytochemicals, we test for
catalytic inhibition. This is done to account for any decrease in catalytic activity due to
phytochemical binding. For this experiment, we dissolved 30 µM of the phytochemical
(concentration used for the rescue experiment) in the assay buffer (200 mM Trizma HCl with 1mM
EDTA at pH 6.5). Thereafter, ~60 µM of purified papain were added to the reaction mixture. The
phytochemical and papain were incubated for 10 minutes at room temperature and, after the
incubation period, 500 µM of BAPNA were added. Finally, the reaction mixture was incubated
for 5 minutes before the analysis. The final volume of the mixture was 1.0 mL. Each phytochemical
was tested separately, and each experiment was replicated tree times except for the control (papain
+ BAPNA) which was replicated five times. The standard deviation was used to create the error
bars.
The first radical reaction tested was the hydroxyl radical. In the Fenton reaction, 100µL of
the reaction buffer (200mM Trizma HCl with 1mM EDTA at pH 6.5) were added in a 2mL
Eppendorf centrifugal tube. Thereafter, 15 µM of FeSO4 and 15 µM of H2O2 were added, mixed,
and incubated for 30 minutes at room temperature. In this mixture, Fe2+ and H2O2 produced the
hydroxyl radicals (•OH) via the Fenton reaction. It is important for hydrogen peroxide to be freshly
prepared for this reaction. After the incubation period transpired, the rest of the reaction buffer and
60 µM of purified papain were added, mixed, and incubated for 10 minutes. Lastly, 500 µM of
BAPNA were added to the reaction mixture. This reaction was gently mixed and incubated for 5
minutes before being analyzed. Each experiment was replicated tree times and the standard
deviations were used to create the error bars. As noted in the discussion section, we changed the
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Fenton radical concertation from 30 µM to 15 µM (as written above) because the protein damage
proved to be too severe.
A very similar procedure was followed for the nitroso radicals (NO•), produced by mixing
acetonitrile and TNM. The TNM radicals, as demonstrated in the folding assays, do not produce
as much damage as Fenton radicals; therefore, we increased the concentration of TNM to 40 µM.
TNM radicals were freshly prepared and the stock concentration was set to 4mM. We followed
the same protocol as in the Fenton radical damage. Briefly; 100µL of reaction buffer and 40 µM
of TNM were mixed and incubated for 30 minutes. Thereafter, the remaining buffer and 60 µM of
purified papain were mixed and incubated for 10 minutes, before the addition of 500 µM of
BAPNA and a final incubation period of 5 minutes. Each experiment was replicated tree times and
the standard deviation was used to create the error bars.
To test the antioxidant rescue capacity, 100µL of the reaction buffer (200mM Trizma HCl
with 1mM EDTA at pH 6.5) were added mixed with 30 µM of the selected phytochemical (i.e.
Ascorbic acid, gallic acid, tanshinone I, tanshinone IIA, and brazilin). Thereafter, the TNM or the
Fenton radical were introduced and incubated for 30 minutes. Subsequently, the remaining buffer
and 60 µM of purified papain were mixed and incubated for 10 minutes. After the incubation
period, we added 500 µM of BAPNA, followed by a final incubation period of 5 minutes. Each
experiment was replicated three times and the standard deviation was used to create the error bars.
As denoted in the discussion section, we had to adjust the concentration of the phytochemicals
until we settled on 30 µM.
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2.2.2 Results and discussion for the oxidative rescue of papain
In the original papain purification protocol,[108] the two phase extraction required the
addition of 8% polyethylene glycol (PEG-6,000); however, we had to modify the protocol because
the removal of PEG-6,000 proved to be hectic and, if not done properly, it severely decreased the
catalytic activity of the protein. The ion exchange column that was available to us did not create a
meaningful peak resolution for the separation of PEG-6,000 from papain. We attempted to separate
the PEG-6,000 from the protein via dialysis using a 12 KDa membrane; this way the PEG would
be able to diffuse through the membrane while the protein remained in the dialysis bag.
Unfortunately, once the dialysis was completed, the papain produced low catalytic activity,
indicating that PEG was not successfully removed. In order to improve the catalytic activity and
try to separate PEG form the protein, we concentrated the protein using 10,000 KDa MWCO
centrifugal dialysis tubes (Amicon® Ultra-15 Centrifugal Filter Units). This helped increased the
protein concentration, but it proved to be a lengthy process and the centrifugal membranes were
quickly saturated. Due to the complications, we decided to remove PEG-6,000 from the
methodology and to purify the protein with a series of dialysis.
The step that tremendously helped the purification of papain was the protein precipitation
of using an aqueous alcohol mixture. This idea was derived from the resilience of papain to
withstand up to a 70% of an aqueous ethanol solution without permanent damage.[109] After the
purification, the catalytic activity was tested, and the new methodology proven to retain a strong
catalytic activity. Furthermore, after freezing and thawing cycles, the enzymatic activity was
virtually unaffected. When the papain was stored at 4⁰C, the enzymatic activity was noticeably
affected and, if left stored for two weeks at this temperature, the catalytic rate was reduced by
approximately two thirds.
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The molecular weight of our purified protein was compared to that of the standard protein
using a 15% SDS-PAGE. Figure 16A shows the result of the electrophoresis assay. An advantage
of the SDS-PAGE is that we can observe other proteins appearing within the purified protein
solution. Under Coomassie blue stain and silver nitrate stain, we did not find any other proteins
present in the final purified protein solution. Regarding the molecular weight comparison, in
Figure 16A, the purified protein appears at the same level as the molecular weight of the standard
protein. The purified protein has a higher protein concentration in comparison to the 5mg/mL from
the purchased standard. In Figure 16B, we ran a standard protein calibration curve using the
Bradford assay, the red dot represents a dilution of the purified protein. Based on the calibration
curve, the approximate concentration of the purified protein stock solution is 38.36 mg/mL. In
Figure 16C, we can observe the similarities in the catalytic activity of 60µM of the standard papain
against the adjusted dilution (~60µM) of the purified papain. We introduced a blank sample to
account for any degradation of BAPNA during the assay. The error bars in Figure 16C are not
visible due to their small variance. Finally, Figure 16D is a graphical representation of the results
obtained in Figure 16C; when comparing the catalytic activity of both proteins, we found a 98%
similarity in their catalytic rate. Based on these results, we equated a ~60µM concentration for the
purified protein. Overall, both proteins have comparable molecular weights, and their catalytic
activity is very similar.
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Figure 16. Papain purification assays comparing the purity and catalytic activity to that of a commercially
available standard. A) Image of the SDS-PAGE result. B) Graph depicting of the concentration of the
purified papain protein against a Bradford assay. C) 60µM catalytic activity of the standard papain against
the purified papain. D) Graphical depiction of the results in panel C.

The phytochemical antioxidants might bind to the protein in critical locations, affecting
their catalytic activity. Figure 17 provides a bar graph depicting the percent inhibition of each
antioxidant. Sucrose was introduced as a negative control because of its hydrophilic nature and
lack of peptide bonds. The results from Figure 17 indicate that sucrose created no significant
change in the catalytic activity of the protein, while brazilin shows the highest inhibition. Since
brazilin has the highest catalytic inhibition, we can expect brazilin to hinder the catalytic activity
in conjunction with radical damage, not allowing its full antioxidant capabilities to be displayed.
Ascorbic acid produced higher inhibition than we expected. We thought ascorbic acid
would produce a similar inhibition to that of sucrose, as they both are hydrophilic molecules with
similar ring structures. The inhibition of ascorbic acid might arise from its carbonyl carbon and
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alkyl chain, which might be able to percolate inside the protein structure and create electrostatic
interactions that block important protein structures or the protein cavity, hindering its catalytic
activity.
We can observe a similar occurrence to that of ascorbic acid when we analyze the data for
gallic acid. Both molecules are hydrophilic and they have alcohol functional groups. The
difference between their motifs are their cyclic structures; while ascorbic acid has a furan ring and
a short carbon chain, gallic acid has a benzene ring. We believed this inhibition to be related to
hydrogen bonding disruption. In the case of ellagic acid, even though the molecule has prevalent
hydrophobic motifs, the structural rigidity of the molecule (due to the pi bond conjugation) does
not allow the molecule to create important hydrophobic interactions; as a result, its inhibition is
minimal. The blank sample that contains no BAPNA (to ensure no artifacts are interfering with
the assay) did not produce any inhibition.
There is a marked difference between tanshinone I and tanshinone IIA. As seen in the data,
tanshinone I did not inhibit the catalytic activity as much as tanshinone IIA. The chemical
structures between these molecules differ in an extra ring conjugation for tanshinone IIA and an
additional methyl group for tanshinone I. We are unsure as to why tanshinone IIA produced higher
inhibition, but we believe it has to do with their pi ring conjugation. Further studies are needed to
better illustrate the different molecular binding patterns between these two molecules. We are not
going to focus on the binding properties of the molecules, as we just wanted to establish potential
causes for the antioxidant rescue not to function as intended.
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Figure 17. Phytochemical inhibition of papain catalytic activity. Each experiment was run as triplicates
and the error bars represent the standard deviation. The top percentile numbers represent the % inhibition.

Before we begin the discussion of the antioxidant rescue of papain, it is important to note
that the order of the reactants and the incubation time is quintessential for the experiment to
function. If the radical incubation time were too long (>1 hour), the radical reaction would
conclude and the protein would receive minimal damage; therefore, the catalytic activity would
not be greatly affected. If the radical incubation time were too short (i.e. doing the reaction with
no incubation time), the antioxidant would not have sufficient time to exert its antioxidant activity;
therefore, damage to the protein would be too extensive to observe any difference between the
radical-damaged and the antioxidant trial. Another observation to note is that DMSO interferes
with the radical reaction.[110,111] So we dissolved BAPNA in a 1:1 water, DMSO mixture to reduce
solvent effects. It is recommended to dissolve the antioxidants in methanol or water in high
concertation (in this study we use 4mM stock solutions) to avoid solvent effects.
We began the antioxidant assay with a concentration lower than 30 µM for all antioxidants
with the objective to ameliorate the antioxidants’ inhibitory effects. The first antioxidant assay
contained 7.5 µM of antioxidant and 30µM of Fenton radical. Figure 18A depicts the result of this
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experiment. The Fenton radical damage created enough damage to severely hinder the catalytic
activity of papain. The phytochemicals were not able to mitigate such damage. Furthermore, the
data points for the antioxidant rescue are scattered and do not conform a significant slope to
calculate the rate. Based on the previous data, we increased the concentration of the antioxidant to
15 µM while keeping the radical concentration constant. The results of this experiment are
provided in Figure 18B. The increase in the phytochemical concentration improved the slope of
the line and the antioxidants ellagic acid, gallic acid, and ascorbic acid rescued the catalytic rate
of papain; however, the rest of the antioxidants have yet to show an improvement in the restoration
of the catalytic activity. The data from Figures 18A and B do not have error bars, as they
overlapped and the datapoints were not able to be distinguished; each datapoint in the plot is the
average of triplicate runs.

7.5µM Antioxidant : 30 µM Fenton
Radical

Ln (Ao/A)

A)

Time (minutes)
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15µM Antioxidant : 30 µM Fenton
Radical

Ln (Ao/A)

B)

Time (minutes)

Figure 18. Trials adjusting the concentration of radical Fenton chemistry. There are two y-axes to better
illustrate the difference between the phytochemicals. Each experiment was run as triplicates and the error
bars represent the standard deviation. A) Maroon color y-axis is ~100x larger; the maroon color line
correspond to that axis. B) Maroon color y-axis is ~10x larger, the maroon color line correspond to that
axis, this change is in relation to the 50 % increase in phytochemical concentration. The error bars on both
graphs are not depicted as they made the phytochemicals’ markers undistinguishable from one another.

The Fenton radical reaction proved to be more detrimental to the catalytic activity than
anticipated; hence, we decided to decrease the concentration of the Fenton radical to 15 µM and
increase the antioxidant concentration to 30 µM (as described in the methods section). We also ran
a negative control that contained no BAPNA, to monitor background signal noise. The negative
control absorbance fluctuated between 0.001 – 0.005 absorbance units, not affecting the overall
data from the experiment. Lowering the radical concentration improved the catalytic rate (slope of
the line). The data form this experiment can be seen in Figures 19A and B, where we have two yaxes because of the difference in magnitude between the data sets (approximately 10-fold). In
Figure 19A, the rate of the protein function slows down after the first three datapoints (15 minutes).
We believe this could be happening because radicals are still present in the reaction and they are
damaging proteins, or because the radical-damaged proteins are forming intermolecular
interactions with other proteins (initial stages of aggregation) hindering their function.

63

In Figure 19B, the catalytic rate is normalized to that of the control. This graphical
representation presents an easier visualization of the data. The antioxidants: ellagic acid, gallic
acid, and ascorbic were the molecules that significantly restored the catalytic activity of papain.
Due to the overlap in error bars, their antioxidant capacity is statistically like one another.
Tanshinone I, tanshinone IIA, and brazilin, performed poorly with no statistical difference between
them and the Fenton radical papain catalytic rate. In this experiment, only the extensively studied
phytochemical antioxidants rescued the catalytic activity of papain above the radical-damaged
trials. As for the tanshinone molecules (I and IIA), we expected them to perform better due to their
structural motifs that allows for them to chelate iron (preventing the Fenton reaction). Additionally,
their phenol ring can stabilize free radicals by creating resonance stabilized structures. We
expected brazilin to produce a better antioxidant capacity due to the conjugated ring structure;
however, this is not the case at the selected concentrations.

A)
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B)

Figure 19. Data for the Fenton radical reaction, there are two y-axes to better illustrate the difference in the
data regarding the phytochemical intervention and effectiveness. Each experiment was run as triplicates
and the error bars represent the standard deviation. A) The data with the maroon line correspond to the axis
colored in maroon; the maroon slope of the line represents the rate of the catalytic activity. B) The y-axis
in the right side corresponds to the graphs with the spotted patterns. The data presented is normalized to the
rate of the control experiment, which is the papain experiment unhindered by any radicals or
phytochemicals.

In this study, we created a severe radical damage scenario to challenge and test the
capabilities of the phytochemical antioxidants. As proven by the results, only the strong
phytochemical antioxidants were able to protect the protein function from radical damage. The
data represented does not account for the binding inhibition of the phytochemicals; therefore, the
true antioxidant potential might not be appropriately represented for all the phytochemicals. We
did not interpolate the inhibition data and the reaction rate data of the phytochemicals because
their chemical structures are subject to change due to radical damage; hence, they might have a
different inhibition potential. An important observation to note is that ascorbic acid inhibition was
like that of the tanshinone molecules, and the antioxidant activity of ascorbic acid was evident. We
concluded that the tanshinone molecules (I and IIA) and brazilin do not function as strong radical
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scavengers, and that the concentration of the Fenton reaction needs to be further decreased for less
potent antioxidants.
In the second radical assay we used the TNM radicals. As previously evidenced by the
HPLC assay, the TNM radical creates less damage than its Fenton radical counterpart; therefore,
the concentration of the nitroso radical must be increased from 15 µM (concentration used in
Fenton radicals) to 40 µM. The results shown in Figure 20A indicate the catalytic rate of the
antioxidants. Upon closer analysis, we can see the same three antioxidants from the Fenton
experiment (gallic acid, ascorbic acid, and ellagic acid) exert significant radical protection. As for
the tanshinone molecules (I and IIA) and brazilin, they were able to create a small improvement
compared to the antioxidant activity exerted in the Fenton radical damage assay. For this assay we
also used sucrose as a negative control and it performed as expected, giving a similar enzymatic
rate as the radical damage trial.
In this assay, the antioxidant capacity is more evident as ellagic acid rescued ~80% of the
catalytic activity, while gallic acid rescued ~60% and ascorbic acid rescued ~25% of the activity.
Figure 20B provides an easier visualization of the data. The antioxidant activity of tanshinone I,
tanshinone IIA, and brazilin is marginal in both assays (Fenton and TNM radical assays); thus,
their antioxidant scavenging activities are not as prominent, especially when compared to the other
antioxidants. Even if the data from the inhibition study is interpolated with the antioxidant rescue
experiment, the tanshinone molecules (I and IIA) and brazilin are still not potent antioxidants.
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Figure 20. Data for the TNM radical reaction. There are two y-axes to better illustrate the difference in the
data regarding the phytochemical intervention and effectiveness. Each experiment was run as triplicates
and the error bars represent the standard deviation. A) The data with the maroon line correspond to the axis
colored in maroon; the slope of the line represents the rate of the catalytic activity. B) The y-axis in the
right side corresponds to the graphs with the spotted patterns. The data presented is normalized to the rate
of the control experiment, which constitutes papain unhindered by any radicals or phytochemicals.

The reason the Fenton radical reaction is more detrimental to the catalytic activity than the
TNM radical reaction can be explained by looking at the chemical properties of both radicals. The
NO2• radical can stabilize the unpaired electron via resonance delocalization. This radical
stabilization decreases the chemical reactivity. In contrast, the •OH radical cannot delocalize the
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radical electron; thus becoming a more chemically reactive species.[112] The data from the TNM
experiment shows that ellagic acid exerted the best antioxidant protection followed by gallic acid
and ascorbic acid; unfortunately, there was no statistical difference between these three
antioxidants in the Fenton experiment. Based on the results from these experiments, it is reasonable
to argue that an increase in aromatic character, in this case “phenolic character”, leads to better
NO2● radical scavenger capabilities. Interestingly, in theory, brazilin -which has two phenol rings, should have performed better than it did regardless of its inhibitory activity. We can only attribute
its lack in performance to its structure; perhaps its lack in a continuous cyclic conjugate system
allows the free radical to break its structure by creating a ring opening and an allyl radical. A
similar case can be argued for the conjugation and aromatic character of tanshinone I, which has
two phenyl rings that can help delocalize the radical electron, and two ketone groups that may
participate in iron chelation. With these structural features, one could anticipate a high degree in
antioxidant activity, but the data reveals a modest rescue capacity. Tanshinone IIA was selected to
more closely analyze the effect of ring conjugation in correlation to the antioxidant activity of a
molecule. It lacks one phenyl ring in its structure compared to tanshinone I. In this scenario, we
expected tanshinone I to marginally perform better than tanshinone IIA, since it has a greater
resonance stabilization; however, in both experiments (Fenton and TNM) we found no statistical
difference; their antioxidant activity was lackluster.
In this study, we managed to create a new methodology for the purification of the cysteine
proteinase papain. We also created a protein antioxidant rescue model with two different radical
species that allowed us to monitor the integrity of the protein as a function of its catalytic activity.
This assay can also be used to compare the antioxidant rescue capacity of phytochemicals with
different polarities and structural motifs. Pitfalls of this study include that each molecule must be
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accounted for its inhibition potential. We did not want to interpolate the data of catalytic inhibition
to antioxidant potential as we are unable to determine the inhibitory effects of the radical-damaged
phytochemicals. If interpolated, the data would show a positive rescue potential for all
antioxidants, especially for brazilin, as it inhibited papain catalytic activity by half. A way to
supplement this study is to analyze the protein and the radical byproducts after the reaction has
ended, to better understand the antioxidant mechanisms of the phytochemicals.
Unfortunately, the phytochemicals tanshinone I, tanshinone IIA, and brazilin displayed no
significant antioxidant capabilities in the Fenton radical assay, and only marginal antioxidant
rescue capabilities for the TNM radical assay. The most potent antioxidant activity was exerted by
ellagic acid, gallic acid, and ascorbic acid. In terms of the antioxidants’ structures, there seems to
be a delicate balance between resonance stabilization via conjugation (allows the unpaired electron
to “linger” in the structure) and the number of available hydroxyl groups, as these can participate
in hydrogen atom transfer reactions.
When we compare the results from the papain catalytic experiment to the fluorescence
folding experiment, there are some discrepancies in the antioxidant capacity of the
phytochemicals. In the papain catalytic experiment, tanshinone I, tanshinone IIA, and brazilin did
not display a strong antioxidant potential; however, in the fluorescent folding experiment, brazilin
displayed a comparable antioxidant capacity to that of gallic acid. The antioxidant capacity of the
tanshinone molecules was marginal in both studies. The unfortunate disadvantage of the
fluorescent study is that we could not ascertain the structural integrity of the natively folded
protein. In our opinion, the papain experiment provided more reliable data as we could measure
protein functionality as a function of antioxidant rescue.
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Chapter 3: Inhibition of fibril formation
As mentioned in the introduction, radical damage can exacerbate protein misfolding, which
can lead to aggregation and fibrilization, creating cellular havoc. Protein aggregation has been
implicated in a number of neurodegenerative disorders such as PD, AD, and HD.[113-116] Even
though protein aggregation is a hallmark of the aforementioned diseases, and we understand the
overall kinetic mechanism of protein aggregation,[117] there is a gap in our knowledge regarding
the molecular trajectory of the folded state to the terminally misfolded state and the mechanism(s)
by which a pathology is ascertained. In this study, we tested in-silico and in-vitro a selected group
of phytochemicals against hen-egg white lysozyme fibrilization. We then determined which
phytochemical was most efficient at disrupting the fibril formation, while identifying potential
binding sites for their disruption mechanism. Lysozyme is a small 129 amino acid single domain
protein that possesses four disulfide-bonds.[118] The folding pathways of lysozyme have been
studied by many groups and, depending on protein concentration and environmental conditions
(chaotropic agents, pH and temperature), lysozyme can aggregate and form fibrils. [119-122] This
fibril-forming tendency of lysozyme resembles the fibrillary deposition of proteins in humans.
[118,123]

In addition to phytochemical antioxidants preventing radical damage, they are also used to
inhibit protein misfolding.[124-128] The efficacy of phytochemicals to dissociate the aggregate or
inhibit its formation is dependent upon their binding affinity with the proteins, fibrils, or metastable
intermediates. The phytochemicals used in this study have all proven to inhibit or dissociate protein
aggregation, and some have molecular dynamic studies proposing possible mechanism of
inhibition. The phytochemicals used were gallic acid,
brazilin,[132,133] and tanshinone I and IIA.[134-137]
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[128,129]

ellagic acid,

[130]

myricetin,

[131]

3.1 Methodology for fibril aggregation, inhibition and disassociation
3.1.1 Simulated thermal denaturation of lysozyme
The annealing calculations for the denaturation of lysozyme were completed using the
Schrödinger, Desmond Molecular Dynamics System 2018-4 release.[138] The crystal structure of
lysozyme was retrieved from the protein data bank (PDB ID: 254L). Water molecules, ions, and
artefacts were removed from the structure. Thereafter, the system was solvated with 150mM of
NaCl, and eight Cl- counter ions were added to neutralize the protein. The simulation box was
carried in an orthorhombic box with a volume of 245884 Å3. Thermal denaturation was performed
using the OPLS 2005 Force field with a Berendsen barostat (2 ps relaxation time) and thermostat
(1 ps relaxation time), and a coulombic interaction cutoff radius of 9 Å. The annealing calculation
was carried under a canonical NPT ensemble under 1 atmosphere of pressure using periodic
boundary conditions. The system was gradually heated in eight stages from 360 ºK to 500 ºK at a
rate of 20ºK/100ps intervals per stage; at the end, the stages were linearly interpolated. The total
simulation time at 500 ºK was for 30ns with 10ps recording intervals for a total of 1001 frames.
Prior to this calculation, we attempted to denature lysozyme under similar conditions but with a
temperature range from 300 to 370 ºK; however, complete denaturation was not possible under a
50 ns time interval - other studies support this conclusion.[138, 139] To calculate the deviation in the
initial structure and the thermally denatured structure, we used the root-mean-square deviation
(RMSD) score and the template modeling score (TM-Score).[140, 141]

71

3.1.2 Aggregation of the thermally denatured proteins
To simulate the aggregation of lysozyme, we docked two thermally unfolded proteins from
the above study. Such a docking procedure illustrates the early stages of protein aggregation
without using intense computational resources. The active and passive residues of the thermally
unfolded protein were predicted using Consensus Prediction of Interface Residues in Transient
Complexes (CPORT).[142] The aggregate lysosome was produced by docking two denatured
monomers using High Ambiguity Driven protein-protein DOCKing (HADDOCK) Webserver
(2.2). [143, 144] The docking parameters include a distance restraint of 6.5 Å, removal of non-polar
hydrogens, sampling of 1,000 rigid body docking structures, 5 trials of rigid body minimization,
200 semi-flexible structure refinement, and clustering the structures using a fraction of common
contacts of 0.6 Å with a minimum cluster size of 4. The binding constant and amino acid
interactions of the docked protein-protein complex was analyzed by PROtein binDIng enerGY
(PRODIGY) prediction. [145, 146]

3.1.3 Protein-ligand docking
The docking of the selected phytochemicals on a single denatured lysozyme molecule was
completed using AutoDock4.[147] The geometries of the molecules were optimized to a minimum
using Gaussian09.[148] The parameters used were a DFT method with a (B3LYP) 6-31G+ basis set
and a default spin. For the docking parameters, the ligands had the most allowable rotations. The
protein was placed in a grid box with a value of 120 for all dimensions and a spacing of 0.375 Å.
The search parameters were set on the maximum default settings with a total number of evaluations
of 25,000,000. Finally, the Lamarckian Generic Algorithm (4.2) was selected for the calculation.
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The binding energy and the best docking locations were calculated based on the AutoDock4
docking algorithm.[147]

3.1.4 Protein–ligand simulation
The phytochemical with the highest docking score was subjected to molecular dynamics
simulations to identify the prevalent interactions of the molecule with the thermally unfolded
protein(s). The calculation was run as a monomer, a dimer, and a dimer with the docked
phytochemical (based on the previous docking location). The complex was solvated with 150mM
NaCl and the dimer charge was neutralized by adding counter ions. The molecular dynamics
simulation was run with the OPLS 2005 force field under a canonical NPT ensemble and 1
atmosphere of pressure using periodic boundary conditions. The total simulation time was 50ns
with 50ps recording intervals for a total of 1001 frames and 2 fs time steps at a temperature of 310
ºK. The simulation was completed using the Schrödinger (Desmond Molecular Dynamics System)
release 2018-4 [149]

3.1.5 Fluorescence inhibition of lysosome fibrillation
The phytochemical for these studies were the same used in the previous sections; however,
we are substituted ascorbic acid for myricetin (≥96% pure, Sigma-Aldrich) in an attempt to shift
our focus to phenolic molecules. Of interest, there is a paper with similar experimental design but
focused only on ascorbic acid;[150] the fluorescent reporter used for this study is Thioflavin T
(Sigma-Aldrich). Hen-egg white Lysozyme (lyophilized powder, protein ≥90 %, ≥40,000 units/mg
protein, Sigma-Aldrich) aggregates were prepared by dissolving 139µM (2mg/mL) of lysozyme
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in 20Mm KH2PO4 with 3M Guanidine hydrochloride at a pH of 6.3, for a total volume of 1.8mL,
as previously described.[127,151] Phytochemicals were separately dissolved in methanol. Each
phytochemical was added at a concentration of 52.5µM to their respective lysozyme vials. The
solution was incubated for six hours at 50OC at a constant agitation in a 1.8 ml glass scintillation
vial with a Teflon coated cap. After the formation of the fibrils, the samples were thermally
equilibrated to room temperature, followed by the addition of 20 µM Thioflavin T (ThT), which
was incubated for ten minutes prior to the fluorescence study. We monitored the fluorescence at
482 nm and the excitation wavelength used was 440 nm. The experiment was performed in an
OLIS DM45 spectrofluorometer using a 75W Xenon-Arch discharge lamp.

3.1.6 Fluorescence disassociation of lysosome fibrillation
Lysozyme was dissolved in 20 Mm KH2PO4 with 3M Gdn-HCl at a pH of 6.3, with a final
concentration of 139µM. Thereafter, 200µL aliquots were separated in 2mL scintillation glass
vials followed by an 8-hour incubation period at 50oC under constant agitation. Once the
incubation period transpired, 1.8 ml of 50mM sodium phosphate (pH 7.4) was added to each
sample to obtain a total volume of 2mL. To this mixture, 0.1 mM of each phytochemical was
introduced and incubated with the lysozyme fibril for 15 minutes. The final ratio of protein to
antioxidant was 1:7 (0.014 mM: 0.1mM). This 1:7 ratio was selected based on previous
experimental trials which did not produce a clear differentiation of the efficacy of the
phytochemicals. Finally, 20 µM ThT were added to the reaction mixture and incubated for ten
minutes under mild agitation. All ThT fluorescence experiments and measurements were done in
triplicate.
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3.2 Results and discussion for fibril aggregation, inhibition and disassociation
3.2.1 Simulated thermal denaturation of lysozyme
Initially, 50 ns annealing simulation was completed at 380ºK; however, the change in
secondary structure was minimal. To achieve complete denaturation within a short time interval,
the annealing temperature was raised to 500ºK for 30 ns. The template modeling score (TM-Score)
between the native and unfolded structure is 0.2169 with an RMSD of 17.124 Å. Figure 21 depicts
the change in protein conformation as RMSD. Based on these results, the structure we selected to
continue our work involving aggregation was the conformation residing at 22 ns. At this point, the
structure appears to reach a metastable equilibrium.

Unfolded
Native

Figure 21. RMSD plot of simulated annealing of Lysozyme. The blue-ribbon structure is the native
conformation of lysozyme (PDBID:254L) and in red, is thermally unfolded lysozyme.

Our computational calculations attempt to mirror the wet lab experiment by first denaturing
the protein, followed aggregation, and culminating with the interaction analysis of the
phytochemical that most successfully intervenes in the aggregation process. The annealing
successfully unfolded the protein with only two small residual helical motifs remaining in the
metastable conformation. It should be noted that this process differs from that of the fluorescence
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experiment, as we used a mild concentration of chaotropic agent and mild heat to begin the
aggregation process.

3.2.2 Protein-protein docking
The docking of the lysozyme homodimer produced 71 structures in 11 clusters. The
reliability of the cluster was determined by the best High Ambiguity Driven protein-protein
DOCKing (HADDOCK) score. The most reliable dimer was in cluster 1, and the best structure
was determined by the best Z-Score (-2.3). The best docked lysozyme protein interactions are
illustrated in Figure 22. This complex has a binding energy (∆G) of -16.1 kcal/mol with a Kd of
1.6e-12 M at 25ºC. In the lysozyme dimer structure, the amino acids in the first docked lysozyme
protein (chain A) that had the most interactions with the other lysozyme protein (chain B) include
Leu 118, Phe 114, Lys 83, Thr 115, Arg 119, and Leu 121, as for the second lysozyme protein
(chain B) interacting with chain A, the most prominent amino acids are Leu 118, Phe 114, Lys 83
Ser 117, Asn 81 and Trp158. For a detailed list of specific amino acid interactions, refer to
Appendix 2.
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C-TERMINUS

N-TERMINUS

N-TERMINUS

C-TERMINUS

Figure 22. Homodimer complex of denatured lysozyme. Prevalent amino acid interaction from each
protein chain depicted as spheres, blue color depicts the amino acids form chain A (lysozyme 1), magenta
color depicts the amino acids form chain B (lysozyme 2), the N and c- terminuses of the denatured
proteins are depicted by the arrows.

The protein-protein docking calculation simulated the beginnings of the aggregation
process. By simulating the initial stages of aggregation, we maximize those interactions that are
optimal and achieve the most favorable docking confirmation without expending much
computational power. In the protein-protein docking result, most of the dimer interfacial contacts
of the proteins were hydrophobic in nature; however, some charged groups appeared to form
electrostatic interactions while simultaneously significantly contributing to hydrophobic
interactions as well by virtue of their hydrophobic sidechains. These residues included lysine 83,
threonine 115, and arginine 119.

3.2.3 Protein-ligand docking
The molecular docking results and their molecular representations are shown in Table 1
and Figure 23, respectively. Only the best docking conformations and scores for each
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phytochemical are presented. The results indicate that tanshinone IIA has the highest binding
affinity, followed by tanshinone I. Tanshinone IIA differs structurally from tanshinone I by the
additional methyl group and loss of conjugation in the last cyclic ring of the structure. An
observation worth noting is that most of the ligands do not directly interfere with the most
prominent interfacial amino acids, but rather they form hydrophobic interactions near the surface
interfac;; especially tanshinone I and IIA.
Table 4. Interaction of lysozyme with the selected phytochemicals.
Phytochemical

Binding
Energy
(kcal/mol)
-8.80

0.352

Arg 8, Asp 10, Arg 14, Leu 15, Lys 16, Ile 17, Lys 19,
Ser 20, Glu 22, Ala 63, Glu 64, Leu 66, Phe 67, Asn 68,
Gln 69.

Tanshinone I

-8.39

0.710

Arg 8, Asp 10, Arg 14, Leu 15, Lys 16, Ile 17, Lys 19,
Ser 20, Leu 39, Ala 63, Glu 64, Leu 66, Phe 67, Asn 68,
Gln 69.

Brazilin

-7.95

1.48

Leu 7, Arg 8, Ile 9, Arg 14, Phe 67, Asn 68, Gln 69, Asp
70, Val 71, Ala 74, Tyr 88, Arg 96, Ala 97, Ala 98, Leu
99, Ile 100.

Myricetin

-7.82

1.85

Leu 7, Arg 8, Ile9, Asp 10, Arg 14, Lys 16, Phe 67, Asn
68, Gln 69, Asp 70, Ala 74, Tyr 88.

Gallic Acid

-6.57

15.37

Gly 107, Glu 108, Lys 135, Tyr 139, Thr 142, Pro 143,
Asn 144, Arg 145, Ala 146, Lys 147, Arg 148.

Tanshinone
IIA

Kd
µM

Interacting Amino Acids
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A)

B)

C)
)

D)

E)

Figure 23. Blue and magenta ribbons denote the aggregated homodimer structure of lysozyme, white
(hydrophobic) blue (positive) and red (negative) spheres indicate the partial charges and the surface charge
interaction of the dimeric structure. Tanshinone IIA (A), tanshinone I (B), brazilin (C) myricetin I (D) and
gallic acid (E) are represented by the green colored spheres. In tanshinone IIA the protein interaction
spheres were removed to illustrate the location of the docked molecule.

In this docking study, we expected to observe higher binding affinities for conjugated
systems, as previous research determines that conjugated planar systems are effective at hindering
or inhibiting fibril formation. We were intrigued to find a higher docking score for tanshinone IIA
compared to tanshinone I, as we expected the more conjugated system to obtain a higher score.
We attribute this result to the higher degrees of freedom of the tanshinone IIA structure; the hexane
ring in its structure might allow the dimethyl moiety a more favorable conformation to
hydrophobically interact with the unfolded chain. When analyzing the docking interactions of the
molecule, we observe very few molecular side chains interacting in the binding pocket, and most
of the interaction occurs from aliphatic side chains. We have a similar pattern in the molecular
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dynamics in that the only aromatic sidechain hydrophobically interacting with TIIA is Tyrosine
161. Other amino acids such as Lysine 16 and 19 have strong interactions with the benzene and
furan ring, and the hexane ring has interactions with surrounding aliphatic amino acids.

3.2.3 Protein–ligand simulation
To elucidate which amino acids were prevalent in the interaction of tanshinone IIA with
the dimeric structure, we set up a short molecular dynamic simulation. In this simulation, we set
up three different scenarios to discern amino acid binding inhibition mechanism: (i) tanshinone
IIA docked with the unfolded lysosome dimer (LD-TIIA), (ii) tanshinone IIA docked to the
unfolded lysozyme monomer (LM-TIIA), and finally (iii) the lysozyme dimer by itself (LD).
Figure 24 depicts the overall chain displacement of lysozyme (with respect to the initial structure)
as a function of time. Here, the LD possesses a lower change in conformation compared to the
ones interacting with tanshinone IIA, and it reaches a metastable conformation after 5ns. The LDTIIA reaches a metastable energy state at approximately 25ns of the simulation. In comparison,
LM-TIIA did not seem to reach a metastable state, and the divergence relative to LM-TIIA may
increase further if explored over a longer time. The mean of displacement between the two
unfolded lysozyme chains of LD-TIIA is 5.5635 Å with a range from 0 to 6.5235 Å and a standard
deviation of 0.7915 Å. In LM-TIIA, the displacement was 4.64 Å with a range of 0 to 6.748 Å and
a standard deviation of 1.24 Å. Finally, the LD displacement was 4.242 Å with a range that
extended between from 0 to 5.096 Å and a standard deviation of 0.524 Å. In our molecular
simulation, we did not observe any beta sheet secondary structure forming as of 50ns. This
observation suggests that we are in the early stages of aggregation, and the unfolded proteins will
later rearrange to form a stable beta sheet aggregate.
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Figure 24. RMSD plots of TIIA interacting with the unfolded dimer and monomer. In addition, the RMSD
of the Dimer without TIIA is also depicted.

In this short dynamic simulation, the dimer without tanshinone IIA appears to reach an
energetically favored state faster than the dimer or the unfolded monomer bound with tanshinone
IIA. The interfacial contacts between the dimer structure (electrostatic and hydrophobic
interactions) can stabilize each other and begin the formation of a new aggregosome; however, if
tanshinone IIA is bound to a lysozyme molecule, the dimer reduces its interfacial contacts,
increasing the entropy of the system. This is evident with the lysozyme monomer bonded with
tanshinone; the lack of a secondary protein allowed the protein to sample more conformations.
The fluctuations of each amino acid interaction of lysozyme with the tanshinone IIA, and
amino acids involved in secondary structures during the simulation are shown in Figure 25A. The
secondary structures of both lysozyme molecules in LD-TIIA retained 11.5% of helical structure.
LM-TIIA retained 9.44% of its helical structure during the simulation. Finally, in the LD
simulation, the helical structure of chain A is 5.41% while for chain B is 7.64%. The dimer without
tanshinone IIA had a lower percent of helical structure throughout the simulation; thus, the
retention of a helical structure can further impede the hallmark beta sheet aggregation observed in
lysozyme aggregation studies.
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The major amino acid interactions in LD-TIIA chain A with TIIA are Met 1, Glu 5, Arg 8,
Arg 14, Lys 16, Ile 17, and Lys 19, and the minor amino acid interactions are Ile 9, Asn 10, Ser
20, Gly 23, Ile 58, Ala 63, Gln 64, Phe 67, Asn 68, Gln 69, Asp 159, Ala 160, and Trp 161.
Regarding chain B in LD-TIIA, Leu 118 and Phe 114 were the prevalent interactions, and the
minor interactions involved Thr 115 and Arg 119. The major amino acid interactions of LM-TIIA
are Ala 63, Ile 17, Lys 19, Arg 8, and Try 161, and the minor interactions are Met 1, Glu 5, Asp
10, Arg 14, Lys 16,Tyr 18, Glu 22, Ile 58, Thr 59, Asp 61, Glu 64, Leu 66, and Phe 67. Finally, in
LD, the major amino acid interactions for chain A are Met 6, Trp 158, Thr 115, Leu 84, Leu 118,
and Arg 119. As for chain B, the major interactions are Leu 118, Arg 119, Leu 84, Phe 114, and
Trp 158. There do not seem to be many overlapping interactions between the dimer and the dimer
bonded to tanshinone IIA, so this leads us to believe that the disruption created by tanshinone IIA
is due to disruption in weaker parts of the aggregate. In this scenario, it would be easier to disrupt
weaker interactions, which would later cascade into debilitating mayor amino acid interactions,
facilitating the dissociation of the aggregate. As for the monomer and dimer bonded to tanshinone
IIA, the expected result is that there will be overlapping amino acid interactions, but these
interactions are not going to overlap completely as there is another protein interacting with the
molecule.
A)

Chain A

Chain B

B)

Figure 25. A) RMSF of Chains A (red) and B (blue); the green lines denote the TIIA interactions with
chain A, while the blue lines denote the TIIA interactions with chain B. The salmon stripes denote the
secondary structure of chain A, and the light brown stripes denote secondary structure in chain B. B)
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Illustration of the amino acid interactions of chain A with TIIA, chain A denoted by the white colored
amino acid backbone. A contour of the electrostatic charge is provided by a transparent surface overlaying
chain A; chain B is denoted by the blue stick and ball representation.

From the data, it is evident that the major driving force for the tanshinone IIA interaction
with the lysozyme molecule remains the hydrophobic force; however, the recurrent amino acid
interactions were charged amino acids that also participated in ionic interactions, with lysine and
arginine being key players in this dual hydrophobic and ionic interaction. When comparing the
unfolded monomer and the dimer docked with tanshinone IIA, they have several overlapping
amino acid interactions (Met 1, Glu 5, Asn 10, Arg 14, Lys 19, Ile 58, Ala 63, Phe 67, and Trp
161) indicating that, upon binding, the molecule remains in the binding pocket. Ile 17 and Lys 19
are identified as key amino acids in the tanshinone IIA binding.
When comparing the amino acid interactions in the dimer with and without tanshinone IIA,
there are not many prominent amino acid overlaps except for Glu 5 and the proximal Asp 159.
Since the binding pocket is in the vicinity of the dimer interface, the tanshinone IIA impedes the
proper arrangement of the unfolded proteins to form important interactions, which can lead to
aggregation. One caveat of this study is that the simulation had a very short time lapse and only
showed in the initial stages of aggregation, when the beta sheet structure is not yet present or fully
developed.

3.2.4 Inhibition of the lysozyme aggregosome
The computational study predicted which antioxidant was going to be the most effective
and how it might interfere with the inhibition of beta sheet formation. In this wet lab experiment,
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we corroborated the theoretical work with the empirical. In this experiment, Thioflavin T (ThT)
was used as a probe of fibril formation. The results are depicted in Figure 26.

Figure 26. Tht. Fluorescence inhibition of the lysozyme aggresome. The error bars represent the standard
deviation for each sample. The numbers on the top of the bars represent the percent inhibition in
comparison to the control after a 6-hour incubation period. Each antioxidant trial was replicated tree times
and the error bars represent the standard deviation of the sample.

The higher the fluorescence intensity, the more Tht is truncated; thus, the higher the
aggregation. As evidenced by the fluorescence data, tanshinone IIA (TIIA) interfered the most
with the aggregation process. Tanshinone I (TI), myricetin (MYR) and brazilin (BRA) demonstrate
no statistical difference, and gallic acid (GA) was the least effective phytochemical at preventing
aggregation. These results are aligned with those of the computational study. Once again, we
expected the polyphenol systems of TI to be more efficient than TIIA at inhibiting the formation
of the fibril; however, less conjugation has shown to be more effective at inhibiting the fibril
formation. As we compare the structure of gallic acid to that of the other phytochemicals, we
observe that gallic acid has less hydrophobic motifs, reaffirming that hindering hydrophobic
interactions are key to avoid the aggresome process.
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3.2.5 Fluorescence disassociation of lysosome fibrillation
The last study measured the fibril disassociation capacity of each antioxidant to compare
the mechanism of fibril inhibition and disassociation. ThT was used as a reporter of fibril
formation. The data is depicted as a histogram in Figure 27. The data reveal that the trend in
disassociation is different to that of inhibition; this implies that the phytochemicals bind and utilize
different chemical mechanisms. Overall, the fluctuation in the values for the disassociation of the
lysozyme fibril seems to be minimal between the antioxidants where brazilin, gallic acid, and
tanshinone IIA have no statistical difference among themselves, whereas myricetin and tanshinone
I (no statistical difference) have the lowest fluorescence intensity, indicating that these two
phytochemicals are the most efficient at disassociating beta sheets. In this experiment, the planarity
of the molecule helped in the disassociation of the fibril; for example, tanshinone IIA has less ring
conjugation compared to tanshinone I and, as a result, tanshinone IIA displayed higher
fluorescence. We were surprised to observe that gallic acid outperformed brazilin, as the former is
more hydrophobic; however, when analyzing both structures, gallic acid structure is planar due to
the aromatic conjugation of the benzene ring, while brazilin has a ring in the middle of its structure
and, as a result, it cannot intercalate in in the beta sheet structure as efficiently.
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Figure 27. Tht. Fluorescence disassociation of lysozyme aggregates. The error bars represent the standard
deviation for each sample. The numbers on the top of the bars represent the percent inhibition in comparison
to the control after an 8-hour incubation period. Each antioxidant trial was replicated tree times and the
error bars represent the standard deviation of the sample.

In summary, hydrophobic and hydrophobic-charged amino acids are responsible for the
initial aggregation of lysozyme. As for the lack of secondary beta sheet structure in our in-silico
model, we believe that, given a longer time frame, the protein would rearrange into beta sheets
allowing this system to be a good model for beta amyloid research, as previously mentioned. An
interesting result to note is that tanshinone IIA is more effective at hindering aggregation than
tanshinone I, but tanshinone I is more effective at fibril disassociation than tanshinone IIA. The
ThT fluorescence studies agree with our computational findings in that tanshinone IIA functioned
as the best inhibitor out of all the selected phytochemicals. According to our fluorescent data, the
planarity is a quintessential property for effective fibril disassociation.
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Chapter 4: Improving oral bioavailability through protein delivery systems
Our last objective is to increase the bioavailability of the phytochemicals we have used in
our experiments. Bioavailability refers to the ability of a chemical to be absorbed and reach
systemic circulation when consumed orally. The bioavailability of a chemical is quite complex as
it can be affected by the bolus (matrix effects), chemical properties (solubility/ intermolecular
forces), co-administration with drugs, frequency of administration, gender, and genetic profile.[153]
To better illustrate the complexities of the aforementioned concept, we will use β-Carotene as an
example. When the bioavailability of purified β-Carotene is compared to that found in carrots,
there is a 19- 34% absorption difference; when compared to the bioavailable β-Carotene in
broccoli, the difference is 22- 24%; and finally, there is a 2 to 6% absorption difference in βCarotene in green leafy vegetables.[154] The discrepancies in β-Carotene absorption are due to the
intracellular location, fiber content in food, and dietary fat at the moment of ingestion. These
factors affect the crucial micelle formation (commonly composed of free fatty acids , β-Carotene,
monoglycerides, and phospholipids) that is required for β-Carotene to be absorbed.[155] Another
example pertaining to low bioavailability is curcumin. If ingested orally, only ~1% of curcumin
reaches blood circulation, the rest is excreted as urine and fecal matter.[156] Polyphenolic
compounds have also been reported to have low bioavailability; for example, anthocyanins and
ellagitannins have an absorption of 40% and 23% respectively, the rest is secreted as urine.[153]
Protein delivery systems can enhance the bioavailability of a compound by binding the
compound through intermolecular forces. This will create a “protective” layer by which the
compound can travel through the gastro-intestinal (GI) track unaffected, but most importantly, the
absorption profile would be dependent on the protein system rather than the molecule. If the protein
is absorbed by the intestinal microvilli, it can release the antioxidant directly into systemic
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circulation improving the molecules bioavailability. This protein delivery system paradigm can be
employed as a prophylaxis against radical-induced ailments by supplementing antioxidants in
everyday food items.
The absorption of most chemicals that enter the GI track is through the intestines. Briefly,
there are three ways molecules or macromolecular systems can cross the microvilli (Figure 28).
The first one, is through the paracellular transport, where substances cross an epithelium by
passing through the intercellular space between the cells.[157] The second way is via transcellular
transportation (T-cell transport), where the substances travel through the cell, passing through both
the apical membrane (surface of the plasma membrane that faces inward to the lumen) and
basolateral membrane (the surface of the plasma membrane that forms its basal and lateral
surfaces).[158] The third one is via transportation by M cells (Peyer’s Patches) where it transport
antigens from the lumen to cells of the immune system; it also transports soluble macromolecules,
small particles, and entire microorganisms.[159]

Protein bonded
to ligand

Protein Release substrate to
reach blood stream.

Figure 28. Microvilli uptake systems. Our system is going to consist of a protein ligand complex that will
release the antioxidant when it crosses the microvilli.
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The protein that we used in this experiment is β-lactoglobulin (β-lac). This protein is quite
resilient and safe, as it is stable at low pH, highly resistant to proteolytic degradation by stomach
enzymes, non-immunogenic (does not elicit an immune response), biocompatible, and
biodegradable.[69,70] In addition to the aforementioned biological properties, β–lac self-reports its
binding via fluorescence spectroscopy. When a molecule binds to the hydrophobic pocket (beta
barrel) of the protein, the aromatic amino acid tryptophan 19 is displaced from a hydrophilic
environment to a hydrophobic environment; this displacement quenches the intrinsic fluorescence
of the protein. [160] Because there is only one binding pocket for β–lac, most fluorescent quenching
occurs at a 1:1 ratio. This linear relation allows us to more easily calculate and understand the noncovalent interactions and protein saturation concentrations.
Chemically β–lac is a major component of globular proteins found in cow milk. This 18.4
KDa protein has a hydrophobic antiparallel beta barrel with a 3-turn helix on the outer surface.
The beta barrel structural motif serves as the protein main binding location, as demonstrated by
previous studies.[162-164] Figure 29 illustrates the experimental procedure that we employed for this
experiment.

Figure 29. Phytochemical antioxidant binding inside the calix of beta-lactoglobulin. The compounds would
be titrated to the protein solution decreasing its fluorescence intensity, and the change in fluorescence would
correlate to its binding capacity.
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In addition to the fluorescence binding assay, we are also going to explore in-silico methods
to elucidate key interactions in the protein-ligand complex. Computational methods have allowed
the solution to complex quantum mechanical calculations that accurately predict the energy and
behavior of a particle. Calculating the behavior of atoms in macromolecular system requires
intense computational power and time. To reduce the computational demand, the use of empirical
data combined with mathematical approximations (i.e. Born–Oppenheimer approximation) was
used to produce reliable data that emulate wet lab experiments. The molecular docking of some
phytochemicals in β–lac has already been elucidated, for example, rutin,[165] osthole,[166] citric
acid, and gallic acid.[167] For this study, we will focus our attention on the phytochemicals which
binding properties have yet to be elucidated.

4.1 Methodology for the in-vitro and in-silico binding
4.1.1 Methodology for the binding of the phytochemical antioxidants
For this experiment we used an OLIS DM-45 spectrofluorometer. The excitation
wavelength was 280 nm, and the fluorescence emission was monitored from 300 nm to 400 nm
with a photomultiplier voltage set at 800 and a 25⁰C temperature. The wavelength used to perform
the Kd (disassociation constant) calculations was set to 310nm. β-Lac (95% pure, Sigma-Aldrich).
The source of the antioxidant phytochemicals was the same as described in the previous chapters.
All antioxidants were dissolved in a 1:1 DMSO water mixture except gallic acid and ascorbic acid,
which were just dissolved in water. For the computational calculations, the Schrödinger maestro
ligand docking software was used. [149]
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It is necessary to delipidate β-Lac to remove any fatty acids that might interfere with the
binding sites. In a 20mL Erlenmeyer flask, 50 mg of protein were dissolved in 10mL of 50mM
sodium acetate buffer at pH 5.0. The low pH protonates the fatty acids and reduces electrostatic
interactions. Once the protein is dissolved, 25mg of activated carbon were added under constant
stirring using a Teflon stir bar for 30 minutes at room temperature. Some of the carbon binds to
the protein, which is where most of the protein is lost in the methodology. Thereafter, the protein
was centrifuged for 15 minutes at 4000 g; the supernatant was filtered with a 0.22-micron PVDF
membrane (Thermo Fisher Scientific) syringe filter. The concentration of the protein was
determined using the molar absorption coefficient at 280nm (∈=17600 M-1 • cm-1).[168] The final
protein concentration was adjusted to 10 µM by adding a 50mM Trizma, 1mM EDTA buffer at
pH 7. We selected 10 µM to avoid protein dimerization.[164]
The fluorescence titration was carried in a 3 mL quartz cuvette. The initial titration volume
was set to 2.5 mL with an initial protein concertation of 10 µM. The baseline for every experiment
was determined by performing a fluorescence scan of the protein from 300 nm to 400 nm before
the addition of the antioxidant. The protein solution was continually stirred during the titration,
and a one-minute equilibration period was given to each titration aliquot. Each antioxidant was
titrated to 50 µM, unless saturation occurred first. Each fluorescent experiment was run as
triplicates and each datapoint is the result of triple scans that were automatically averaged. Each
antioxidant was titrated 5 µL at a time from a 4 mM stock concentration.
The binding curve was made by plotting the protein-ligand concentration ([PL] determined by the quantum yield) against the total ligand concentration; the software Origin 2018
was used to calculate the Kd value using the equation 4A. In order to determine the amount of
protein-ligand concentration, we used Equation 4B, which determines the amount of protein ligand
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concentration [PL] based on quantum yield (φ). Equation 4C was used to determiner Lfree. This
equation only works if there is only one binding site, which is the case for β-Lac.
A)

𝑘𝑑 =

[𝑃𝑓𝑟𝑒𝑒] [𝐿𝑓𝑟𝑒𝑒]
𝑃𝐿

B)

[PL] = (

𝜑0 −𝜑𝑛
𝜑𝑛

C)

)

𝐿𝑓𝑟𝑒𝑒 = [𝑃𝐿] − 𝐿𝑡𝑜𝑡

Eq. 4

4.1.2 Methodology for in-silico binding phytochemical antioxidants
The software utilized for all the in-silico calculations was Schrödinger Maestro 2018-4
software (Maestro, Schrödinger, LLC, New York, NY, 2020). The structure of β-lac was obtained
from the protein data bank (PDBID: 3NPO). The structures of the ligands were downloaded from
the U.S. National Center for Biotechnology Information, also known as PubChem®. First we
prepared the protein by assigning bond orders, creating disulfide bonds, adding hydrogens, and
removing water molecules beyond 5Å (outside the range of a hydrogen bond). Thereafter, we used
PROPKA at pH 7 and sample water orientations to optimize hydrogen bond assignment. Finally,
energy of the protein was minimized using OPLS3e (optimized potentials for liquid simulations
2005) force field by setting a constraint of 0.30 Å root-mean-square deviation (RMSD). The
phytochemicals antioxidants were also optimized using the OPLS3e force field, and ionized at pH
7 with the help of the Epik module available in Schrödinger Maestro LigPrep.
The protein was placed in a receptor grid orthorhombic cell. The docking of the
phytochemicals was done using Glide (software package included in Maestro Schrödinger), which
is an empirical scoring function that approximates the ligand binding free energy. This docking
function is based on electrostatic interactions, Van der Waals forces, and internal ligand strain,
among other parameters that are not fully disclosed.[169-171] Extra precision (XP) was used for each
docking calculation; the scaling factor and partial charge cutoff were set at 0.80 and 0.15,
respectively. Additionally, the planarity of the ring structure was enhanced, the ligands were set
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as flexible, and hydrogen bonds were accounted for. At the end of the docking, a post-docking
optimization is performed for all protein-ligand complexes. Among the available docking
conformations, we only reported the ones that generated the best docking scores for each
phytochemical.

4.2 Results and discussion for the in-vitro and in-silico phytochemical binding
4.2.1 Results and discussion for fluorescence binding
The binding curves of β-Lac with the respective antioxidants are represented in Figure 30; their
corresponding kd values are listed in the graph. The smaller the value for the disassociation
constant (kd), the stronger the intermolecular forces in the binding pocket. In this experiment,
tanshinone IIA produced the highest binding affinity followed by its proximal chemical analog
tanshinone I, and then by ellagic acid. Ascorbic acid and gallic acid did not produced a binding
curve at a 50 µM concentration; the graphs are not depicted as they did not have a slope. We
expected this result since the binding pocket of the protein is designed to accommodate molecules
that have a hydrophobic chemical structure. Brazilin, similarly to ascorbic acid and gallic acid,
produced a linear graph instead of the hyperbolic curve. We expected this molecule to have higher
binding affinity than ascorbic acid and gallic acid but, as of 50 µM concentration, there was a very
weak or transient interaction between the protein and the molecule.
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Kd (μM)= 3.007 ± 0.654

Kd (μM)= 4.3304 ± 0.245

Kd (μM)= 4.046 ± 0.518

Figure 30. Binding curves and kd values of beta-lactoglobulin with the corresponding phytochemical.
Gallic acid, ascorbic acid, and brazilin did not produce a binding curve. Each antioxidant trial was replicated
tree times and the error bars represent the standard deviation of the sample.

4.2.2 Results and discussion for computational docking methods
We expected to obtain similar results from the computational experiment; however, we
encountered some discrepancies. The overall result from the computational experiment agreed
with our initial conjecture. An increase in the hydrophobicity of the phytochemical leads to an
increased affinity and thus, stronger binding to β-Lac. The best binding location, amino acid
interactions, and docking scores for each of the phytochemicals are illustrated in Table 5. If we
take a closer look at all the three-dimensional renderings of the protein-phytochemical complex, it
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is noticeable that all the phytochemicals have a favorable binding affinity to the calix of the protein.
This is a reassuring result from the computational data, as the protein is designed to transport fatty
acids by binding to this location.
Brazilin produced the highest docking score; however, the docking data for brazilin does
not agree with the fluorescence experiment. When analyzing the amino acid interactions between
ellagic acid (second highest binding affinity) and brazilin, we can observe that there are various
similarities in the amino acid interactions; however, brazilin has more hydrophobic amino acid
interactions (VAL 43, ALA 73, ALA 86, and PHE 105) than ellagic acid. In turn, ellagic acid has
two more charged amino acid interactions (GLU 108 and ASN 109). These two charged
interactions might hold the key to the discrepancy in the fluorescence experiment.
The discrepancy in brazilin (computational vs fluorescence) could be a result of brazilin
not fully displacing the amino acid Tryptophan 19, resulting in poor fluorescent quenching.
Another possibility is that brazilin possesses a higher entropy and, even though it can form more
hydrophobic interactions, it can lose those interactions by molecular motions and kinetic
instability. An additional experiment can be conducted to better understand what occurs in this
scenario, perhaps using a fluorescent reporter such as 8-anilino-1-naphthalenesulfonic acid (ANS)
instead of a protein can shed more light to this conundrum. To entertain the previous idea, one can
calculate the kd for ANS and β-Lac. Thereafter, brazilin would be titrated displacing ANS from
the β-Lac complex. This displacement will allow us to calculate a new (Kd2) which should be an
approximation of the Kd for brazilin. We will not pursue the experiment, as brazilin did not
perform well as an antioxidant in the previous experiments; therefore, it would be more effective
to test for other antioxidants that perform better as radical scavengers. In the case of ellagic acid,
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the results of the fluorescent experiment and computational data agree with each other, and this
molecule would be a prime candidate for this delivery system.
The computational results for the tanshinone molecules agree with the fluorescence
experiment. Tanshinone I obtained a higher docking score than tanshinone IIA. As we closely
analyze the amino acid interactions, we can observe that both molecules interact with the same
amino acids in the calix; however, it is evident that an increase in aromatic character (P orbital
electron delocalization through the structure) creates more favorable hydrophobic interactions.
This observation agrees with the other results since ellagic acid has higher structural conjugation,
and it obtained a higher docking score than tanshinone I; interestingly, tanshinone I has two
additional hydrophobic interactions (LEU 117 and ALA 118). Being that aromaticity is favorable,
we then asked ourselves: Why does ellagic acid have a lower docking score than brazilin? And as
we compared the optimized three-dimensional structures of the phytochemicals, we observed that
ellagic acid, tanshinone I, and tanshinone IIA are planar structures, while brazilin has a “kink” in
the middle of its structure between the cyclopentane and oxacyclohexane. This kink is beneficial
in creating additional hydrophobic interactions that might produce a higher docking score, but it
introduces more entropy in the protein-ligand system.
Finally, the results for gallic acid and ascorbic acid were as expected, agreeing with the
fluorescent experiments. The reason for their low binding score was their polar nature which
limited their interactions with the binding pocket. It is important to note that the amino acid
interactions are not limited only to the side chain, but the phytochemicals can also interact with
the amino acid backbone (peptide bond); that is why ascorbic acid forms interactions with
hydrophilic amino acids.
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Table 5. Docking calculation scores and illustration of docking location of each antioxidant. Blue amino
acids are positively charged, orange amino acids are polar, and red amino acids are negatively charged.
phytoch
emical

Protein –Ligand Illustration

Glide
XP
Score

Brazilin

-7.343

Ellagic
Acid

-6.819

Tanshin
one I

-5.940

Tanshin
one IIA

-5.385

Amino Acid
interaction
PRO 38, LEU 39, VAL
41, VAL 43, ILE 56,
LEU 58, LYS 60, GLU
62, LYS 69, ILE 71,
ALA 73, ILE 84, ALA
86, ASN 90, VAL 92,
PHE 105, MET 107.

LEU 31, PRO 38, LEU
39, VAL 41, ILE 56,
LEU 58, LYS 60, LYS
69, ILE 71, ILE 84,
ASN 90, LYS 91, VAL
92, MET 107, GLU
108, ASN 109.

LEU 31, PRO 38 , LEU
39, VAL 41, LEU 58,
LYS 60, LYS 69, ILE
71, ILE 84, ASN 88,
ASN 90, LYS 91, VAL
92, MET 107, GLU
108, ASN 109, SER
116, LEU 117, ALA
118.

LEU 31, PRO 38, LEU
39, VAL 41, LEU 58,
LYS 60, LYS 69, ILE
71, ILE 84, ASN 88,
ASN 90, LYS 91, VAL
92, MET 107, GLU
108, ASN 109, SER
116, LEU 117, ALA
118.
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AA interaction map

Gallic
Acid

-4.965

Ascorbic
Acid

-4.160

LEU 31, LEU 39, ILE
84, ASN 88, ASN 90,
MET 107, GLU 108,
ASN 109, GLN 115,
SER 116, LEU 117,
ALA 118.

PRO 38, LEU 39, ARG
40, VAL 41, LEU 58,
LYS 60, ILE 71, ILE
84, ASN 90, LYS 91,
VAL 92, MET 107,
GLU 108, ASN 109,
LEU 117, ALA 118.

The most important amino acids that contributed to the binding off all the selected
phytochemicals include LEU 39, ILE 84, ASN 90, and MET 107. Most notably, these amino acids
possess hydrophobic side chains, except for ASN 90. Other common hydrophobic amino acid
interactions were VAL 41, LEU 58, LYS 60, ILE 71, and VAL 92. Finally, in terms of charged
amino acids, GLU 108 and ASN 109 were common across most phytochemicals. When comparing
this data to the previous computational β-Lac studies (osthole, rutin, citric acid, and gallic acid)
we find a recurrence in some of the amino acids, mainly LEU 39, VAL 41, VAL 43, LEU 58, LYS
60, GLU 62, ALA 73, ILE 84, ASN 90, GLU 108 ASN 109, and GLN 115.
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Chapter 5: Conclusion
In summary, we failed to create a comprehensive HPLC automated antioxidant protein
folding rescue model. The main pitfall of the protein folding assay is not being able to statistically
differentiate a radical damaged protein from an antioxidant rescued protein. This was especially
prominent when using the Fenton reaction. Using the data from the HPLC experiment, we created
an automated fluorescence spectroscopy experiment that allowed us to quantify the antioxidant
capacity of the phytochemicals. For this experiment, we only used NO● radicals (at half the
concentration from the phytochemicals) as they were less detrimental to the protein folding assay.
The result from the fluorescence assay yielded a decrease in fluorescence intensity as protein
folded. When radical damage was introduced, the protein folding was hindered and the aromatic
amino acids remained solvent-exposed, thus having little to no change in fluorescence intensity.
In the fluorescence assay, all the phytochemicals rescued the protein from radical damage, with
the most effective recoveries attributed to gallic acid and ascorbic acid. Unfortunately, ellagic acid
was excluded from the results as it created an artifact (increased in fluorescence intensity) that
would not allow us to properly quantify the protein rescue. Regarding the protein folding rescue
models, one caveat that needs to be addressed is that we were unable to confirm the native structure
or the functionality of the protein after the protein folded.
To assess the functionality of a protein subjected to radical damage and antioxidant rescue,
we created the papain catalytic rescue assay. In the assay, papain proved to be resilient to withstand
●

OH radical damage and withstand a higher concentration of NO● radicals compared to the

fluorescent assay. In this catalytic rescue rate experiment, gallic acid, ellagic acid, and ascorbic
acid managed to rescue the functionality of the protein from ●OH and NO● damage. Brazilin,
tanshinone I, and tanshinone IIA did not rescue the catalytic rate of papain for the ●OH radical
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antioxidant intervention, and regarding the NO● radical antioxidant intervention, these
phytochemicals marginally rescued papain catalytic activity.
In the lysozyme protein aggregation experiment, we compared the aggregation inhibition
and anti-fibrilization properties of a select group of phytochemicals. We also investigated the
molecular mechanism by which the aggregation and phytochemicals’ inhibition function via
computational methods. The lysozyme fibrilization methodology was already well established. As
for the computational methodology, open sourced software was used to create the dimeric structure
that represented the initiation of the aggregosome, this helped us bind and analyze possible
mechanisms of inhibition. Our results reveal that tanshinone IIA was the most effective
phytochemical at inhibiting the fibril formation in-silico and in the wet-lab experiment.
Tanshinone I was the most effective phytochemical at disassembling an already formed aggregate.
As expected, the prominent amino acids involved in aggregation of lysozyme are hydrophobic
amino acids with a few charged side chains; ASN 81, LEU 118, PHE 114, LYS 83, SER 117, THR
115, ARG 119, and LEU 121. One interesting finding is that tanshinone IIA did not directly
interfere with the prominent interfacial amino acids of the aggregate, but rather weakened the
overall structure of the dimer by binding to a proximal site that allows for structural changes to
weaken the aggregate.
In our last experiment, we used β-lactoglobulin to increase the bioavailability of the
phytochemicals used in the previous studies. According to the computational study, βlactoglobulin’s main binding location was inside the calix; therefore, the hydrophobic
phytochemicals produced stronger binding affinities. The same trend can be seen in the
fluorescence binding experiment. There was one conflict between the computational study and the
fluorescent study; brazilin produced the most binding interactions in the computational study, but
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it did not produce a binding curve in the fluorescence experiment. We are unsure as to why this
happened, but we believe that the structure of brazilin has higher degrees of freedom, increasing
the molecular motions that weakens the intermolecular forces involved in binding. The most
common amino acids involved in the binding were LEU 39, VAL 41, VAL 43, LEU 58, LYS 60,
GLU 62, ALA 73, ILE 84, ASN 90, GLU 108, ASN 109, and GLN 115. Our data indicate that βlactoglobulin could increase the bioavailability of our hydrophobic phytochemicals.
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Appendix 1: Ethanol phytochemical extraction of neem leaves
The dried neem leaves were commercially obtained from a local retail store (RV Grocery,
El Paso, Tx). The leaves were grinded with a pestle and passed through grids to obtain a fine
powder, which was then dissolved in ethanol and left stirring for 12 hours at 4ᵒC. The solution was
centrifuged, decanted, and finally passed through a 0.22-micron filter to remove any large particles
that could damage certain equipment. Isolation of phytochemicals from the ethanolic extract is
performed utilizing an Agilent 1100 HPLC (High Performance Liquid Chromatography) with a
UV-Vis variable wavelength detector. Acetonitrile (ACN), trifluoroacetic acid (TFA), and the
discovery column were purchased form Sigma-Aldrich (St. Louis, MO). The column utilized was
a Discovery BIO Wide Pore C18, 10 mm ID, 25 cm length, 5 µm beat size and 300 Å pore
diameters. The solvent system consisted of a gradient elution. The solvent composition was type
1 Milli Q water acidified with 0.09% TFA (solvent A), and HPLC grade ACN acidified with
0.006% TFA (solvent B). All the isolated fractions were purified by HPLC, and lyophilized.
Additionally, the purity of each compound was further assessed by HPLC, and if the compounds
were pure, they were stored at -20oC until the day of the analysis. To obtain structural data from
our isolated fractions and identify the phytochemicals mass spectrometry and infrared
spectroscopy was used. For the mass spectrometry analysis, we utilized the JEOL AccuTOFtm
Mass spec. The ionization method of choice is electron spray ionization (ESI) and the analyses
were carried under negative and positive ESI modes. The mass detector is a time of flight. The
solvent at which the samples were best ionized in the positive mode was 0.5% formic acid
dissolved in a 1:1 solution of methanol : ACN; as for the negative mode, we utilized 1% formic
acid dissolved in a 1:1 solution of water : ACN. For the Infrared Spectroscopy (IR) we utilized a
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thermo scientific instrument. Our samples were dissolved in HPLC grade methanol prior to the
analyses.
The first data obtained is the UV-visible spectrum of neem leaves ethanol extract (NLEE).
Figure 1A illustrates the mayor absorption profile of the whole extract. The most prominent
absorption is in the 356 nm. The HPLC analysis is carried under this wavelength.

Figure 1A. Uv-vis spectra of the ethanolic neem leaf extract.

The chromatogram provided in figure 2A depicts the most intense peaks from the NLEE,
we strategically selected the four peaks that are highlighted in the illustration and named them as
phytochemical 1-4 (P1-4). The names of the peaks are systematic; as such, phytochemical 1 (P1)
is highlighted in red, phytochemical 2 (P2) in white, phytochemical 3 (P3) in green, and
phytochemical 4 (P4) in purple. Since structure elucidation is not our main objective, we will not
fully elucidate structure and stereochemistry, but only attempt to obtain more information about
the compounds. For further studies, the purity of the compounds is essential; figure 3A provides
chromatograms to illustrate the purity of the compounds. All the compounds we lyophilize and
stored at -80ᵒC.
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Figure 2A. Chromatogram from the ethanol neem leaf analysis and selected compounds.

Phytochemical 1

Phytochemical 2

Phytochemical 3

Phytochemical 4

Figure 3A. Chromatograms indicating the purity of the isolated products for subsequent assays.

The first data presented for partial structure elucidation is the mass spectra illustrated in
figure 4A. As shown in the mass spectrum, all the base peaks shown in the mass spectra presented
an isotopic distribution for a molecule with a single change. The peaks were analyzed in the
positive and negative mode of the ESI, and the data suggested there is a better ionization of the
compounds in the positive mode. Table 1A provides a simplified summary of the results. We
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observed that the selected compounds have a large mass, consistent with what one would expect
form an antioxidant structure with a conjugated system.

Figure 4A. ESI (+) Mass spectra of the isolated products.

Table 1A. Correlation between selected peaks and their molecular weight determined by mass spectrometry .

In order to determine functional groups in the phytochemical structure infrared
spectroscopy was used, figure 5A provides an IR spectrum of the phytochemical 1. Only one IR
is shown because all of the IRs for the other peaks was very similar in nature, the differences were
in the fingerprint region of the IR. Based on the IR spectra the compounds have hydroxyl, and
carbonyl groups; additionally, the finger print region of the spectra reveals that the compounds
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have unsaturated pi bonds, possibly containing conjugated systems. It is possible that these
compounds might have iron chelating capabilities due to the hydroxyl and carbonyl peaks.

Figure 5A. Example IR of the isolated compounds.
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Appendix 2: Interfacial contacts of the unfolded lysozyme dimeric structure
ICs at the interface:
Chain A
GLY 77
MET 1
TRP 158
ASN 163
TRP 158
LEU 118
LYS 19
LEU 118
LYS 19
MET 120
ASN 163
PHE 114
ARG 119
VAL 87
ASN 2
SER 20
LEU 118
LEU 7
ARG 80
PHE 114
LEU 121
MET 6
LYS 83
ASP 159
PRO 86
SER 20
PRO 86
LYS 85
VAL 87
ARG 8
LYS 83
THR 21
ILE 3
GLY 156
GLY 156
GLN 123
GLU 5
ASN 81

Chain B
LEU 118
PHE 114
PHE 153
THR 109
TRP 158
GLY 77
THR 115
ARG 80
ASN 116
THR 21
VAL 111
GLU 5
LYS 19
LYS 83
PHE 114
MET 120
SER 20
SER 117
LEU 118
THR 157
ILE 78
PHE 4
LYS 124
PHE 114
PRO 86
LEU 118
LEU 84
PRO 86
LYS 85
LEU 118
TYR 88
ARG 119
PHE 114
GLY 156
TRP 158
LYS 83
LEU 118
SER 117

SER
ASN
GLU
THR
LEU
MET
LEU
THR
THR
LEU
VAL
ARG
SER
ASN
THR
GLU
MET
PHE
ILE
SER
ARG
LYS
LEU
ARG
MET
ILE
GLU
ASP
THR
ASN
ASP
LEU
PHE
ASP
LYS
GLN
THR
MET
ALA
ASN

117
163
5
157
84
1
121
157
155
121
87
119
117
116
115
5
120
114
3
117
119
85
118
8
6
9
64
159
21
81
159
118
114
10
85
122
115
6
82
163

ARG
GLY
SER
TRP
VAL
THR
ALA
THR
THR
LYS
LEU
TYR
ASN
ASP
TYR
THR
SER
PHE
MET
GLU
ARG
LEU
ASN
SER
SER
LEU
THR
ALA
LEU
LEU
ASN
THR
MET
LEU
VAL
ASN
ASP
PHE
LEU
PHE
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8
110
117
158
87
115
82
155
157
83
84
161
81
159
161
115
20
4
6
5
80
84
81
117
117
118
115
112
118
121
116
21
6
118
87
81
159
114
121
153

MET
LYS
PHE
PHE
THR
MET
LYS
TRP
PHE
THR
TRP
ASN
ARG
LYS
LEU
PHE
THR
ARG
LEU
THR
PHE
TYR
LEU
ARG
ALA
LEU
LEU
LYS
ASP
MET
GLU
SER
TYR
ARG
ARG
GLY
LYS
THR
SER
ARG

120
83
153
114
157
6
147
158
153
115
158
81
80
124
164
114
21
80
84
115
153
18
84
8
82
121
121
83
159
120
11
20
161
125
119
110
83
115
117
119

ARG
ARG
ASN
PHE
THR
ILE
ASN
THR
TRP
GLU
THR
LEU
MET
LYS
LYS
ASP
MET
SER
LYS
LYS
LEU
ARG
PRO
THR
VAL
ARG
ASN
TRP
GLY
ASN
LEU
ARG
ARG
LYS
TYR
TYR
VAL
MET
MET
ASN

80
125
163
114
157
3
163
157
158
64
152
118
120
83
147
159
120
117
85
19
164
119
86
115
87
80
81
126
113
81
118
119
119
83
18
161
87
1
6
81

TYR
THR
LEU
THR
ILE
GLY
GLU
LYS
TRP
LYS
LEU
ASN
THR
ARG

88
152
118
115
9
156
5
19
158
19
118
163
157
119

LYS
TRP
GLU
ARG
SER
THR
PHE
LEU
GLY
ARG
ASP
LYS
PHE
SER

83
158
5
8
117
157
114
118
156
119
10
147
114
20

LYS
PHE
LYS
GLY
PRO
PHE
PHE
LEU
LEU
LEU
PRO
LEU
THR
THR

16
114
83
113
86
4
114
121
118
118
86
118
115
155

LEU
MET
PRO
ASP
LYS
MET
ASN
LEU
ARG
ILE
LYS
ILE
GLU
TRP

125

118
1
86
159
83
6
2
79
8
78
85
9
5
158

PHE
GLU
ARG
ASP
LYS
PHE
THR
ARG
SER
TRP
LYS
LYS
THR

4
22
119
159
83
114
115
80
117
126
85
83
157

PHE
LEU
THR
THR
GLN
ILE
ALA
LEU
LEU
LYS
LYS
LEU
GLY

114
118
21
115
123
3
160
121
7
83
85
121
156
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