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Abstract

Colloidal suspensions of gold particles of nanometre (nm) sizes are termed gold nanoparticles
(AuNPs). Although stable, AUNPs have been reported to be toxic to E. coli cells by collapsing
the bacterial cell membranes and promoting protein misfolding. An understanding of
biodistribution in drug delivery and the effects AuUNPs have on the function and structure of
proteins such as heat shock proteins is important. Heat shock proteins facilitate protein folding
and are particularly important during cellular stress. At high concentrations, AUNPs are thought
to promote protein aggregation. Heat shock proteins are thought to alleviate cell stress
induced by AuNPs. This study explored the role of heat shock proteins in conferring
cytoprotection to E. coli against the effects of AUNPs. Citrate-AuNPs were synthesized and
their integrity was validated at 520 nm by ultraviolet-visible-near infrared spectroscopy (UV-
Vis-NIR). Crystallinity was confirmed by X-Ray diffraction (XRD), while dynamic light scattering
(DLS) estimated the size distribution at ~13 nm. Furthermore, transmission electron
microscopy (TEM) and scanning electron microscope (SEM) revealed the spherical shape and
crystal lattice surface morphology of citrate-AuNPs respectively. A complementation assay
was conducted using cells deficient of DnaK function (E. coli AdnaK52). E. coli AdnaK52 was
transformed with a recombinant dnaK before examining both DnaK deficient and transformed
cells using TEM. E. coli 0157:H7 was exposed to citrate-AuNPs (0 — 50 pg/ml) and allowed
to grow at 37 °C before protein expression was analysed using electrophoresis followed by
LC-MS analysis. This led to the identification of highly expressed proteins such as Dnak,
GAPDH, ClpX, DnaJ, and GroEL. Subsequent co-affinity assay revealed possible interaction
protein partners of DnaK. These were identified as ClpB, HtpG, GroEL, DnaJ, and SurA
proteins. Furthermore, circular dichroism and fluorescence spectroscopy established that
recombinant DnaK is stable at citrate-AuNPs concentrations less than 10 ug/ml and the
protein was unstable at concentrations beyond 10 pg/ml citrate-AuNPs. In addition, the
ATPase activity of recombinant DnaK increased in the presence of citrate-AuNPs at 2.5 ug/mil.
The ability of DnaK to suppress aggregation of MDH in vitro was abrogated by the presence
of >10 pg/ml citrate-AuNPs. The findings suggest that at low concentrations (<10 pg/ml)
citrate-AuNPs seem to stabilize proteins and similarly at elevated concentrations (>10 ug/ml),
citrate-AuNPs destabilizes protein conformation and function. Altogether the findings suggest
that DnaK in cooperation with its network partners is implicated in E. coli cytoprotection against

citrate-AuNPs toxicity.

Keywords: Gold nanoparticles; cytotoxicity; cell stress; molecular chaperones; DnakK;

interaction partners.

© University of Venda



)
o

&5 ) university of Venda
C

Declarations

I, Lutendo Michael Mathomu hereby declare that the thesis for the Doctor of

Philosophy in Biochemistry degree at the University of Venda, hereby submitted by
me, has not previously been submitted for any degree at this or any other university,
and that it is my work in design and execution and that all reference materials

contained herein have been duly acknowledged.

Sk

Signature (Candidate): ) Date: _ 09/05/2021

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

Dedication

This work is dedicated to my loving and supportive family, my wife Rirhandzu,

my son Maseo and my daughter Asa.

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

Preface

This thesis is comprised of five chapters. The outlines for each chapter are provided

below.

Chapter 1: This is a general introduction encompassing all the background to the
suggested broad aim and specific objectives. It also highlights the problem statement

and spells out the study hypothesis.

Chapter 2: This chapter reports the synthesis and physical characterization of citrate-

AuNPs used in cellular, biochemical and biophysical assays.

Chapter 3: This chapter reports on an investigation of the effects of citrate-AuNPs on
E. coli cells. It also reports on the exploration of the effect of recombinant DnaK in E.
coli cells exposed to citrate-AuNPs by assessing the proteomic expression levels. This
chapter also explores the possible interaction partners of DnaK under citrate-AuNPs
stress.

Chapter 4: This chapter involves the biophysical and functional characterization of
recombinant DnaK in the presence of toxic levels of citrate-AuNPs.

Chapter 5: This chapter encompasses the concluding remarks and future

perspectives from the whole study.
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CHAPTER 1
1. Introduction and Literature Review
1.1. Nanotechnology and Nanobiotechnology

Nanotechnology is coined from a combination of two words, the Greek numerical prefix
“nano” which refers to a billionth, and the term “technology” referring to the applied
science as a craft. It is generally considered to be a study of materials at a size below
0.1 um (Ahmed et al., 2016). Multi-disciplinary fields emerging from nanotechnology
include material science and nanobiotechnology. Nanobiotechnology is a field
converged from the two existing but distant spheres of engineering and molecular
biology, simply from nanotechnology and biology. The potential of nanoparticles (NPs)
to solve biological problems contributed to the emergence of the field of
nanobiotechnology  (Rodriguez-Limas et al., 2013). Developments in
nanobiotechnology have seen an emergence of useful applications in reproductive
healthcare, drug delivery, imaging, diagnosis, and pollution remediation.
Nanobiotechnology and its applications have the potential to improve the quality of life
in that some nanoparticles (NPs) are currently used in cosmetics (Jha et al., 2014), as
antimicrobial agents in water filtration (Planchon et al., 2017), as semiconductors in
electronics (Ceballos-Alcantarilla et al., 2017) and catalysis (Amendola et al., 2020).
Although there are toxicity concerns to humans and animals from certain NPs, some
have the potential to provide opportunities for the development of new materials
towards more reliable and more sensitive analytical and medical systems
(Umamaheswari et al., 2018; Vale et al., 2019).

It is important to understand the interaction and impact of nano-scaled materials with
biological entities to make up for the benefits and limitations (Pajerski, et al., 2019).
Some nanomaterials may be considered safe in “confinement” i.e when not exposed
or reacting with entities in the biological realm. However, upon exposure to humans
and animals by inhalation, oral ingestion, or dermal contact the same particles may
cause cytotoxicity (Yang et al., 2017; Arafa et al., 2020). Several studies were
undertaken to establish the impact of nanomaterials on biological entities including
DNA and proteins (Rim et al., 2013; Li et al., 2017). Detrimental effects of AUNPs on
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biological entities include cell membrane damage caused by NPs to biological
materials (Makumire et al., 2015). Some NPs are toxic while others are not. Hence
NPs now attract attention in disease diagnosis and other medical fields such as drug

discovery and therapy.

1.2. Nanoparticles

NPs are materials at the nanoscale. Due to their small size, NPs are classified together
with nanometer (nm) engineered particles and not with the by-product particles of
processes such as welding fumes (Li et al., 2018). NPs possess a large surface area
to volume ratio which makes them highly chemically reactive. Due to their small size,
NPs can penetrate human and animal cells via cellular junctions and channels (Wang
et al., 2017). They are also able to enter microbial cells (Luo et al., 2016). Their size,
chemical composition, surface structure, solubility, shape, and aggregation properties
determine the physicochemical properties of NPs (Arora et al., 2012; Li et al., 2018).
NPs such as zinc oxide and silver nanoparticles have also been found to possess
antimicrobial properties against certain bacterial strains (Adur et al., 2018) and while
being reportedly inert against other strains (Chakraborty and Biswas, 2020).

The increasing utilization of NPs in electronic and medical manufacturing demands an
assessment of the risks associated with human exposure to the NPs particularly
cytotoxicity (Cui et al., 2012; Arafa et al., 2020) and genotoxicity (Rim et al., 2013;
Makumire et al., 2014). Cytotoxicity and genotoxicity of specific NPs depend on factors
such as concentration, dispersion, and surface functionalization (Cui et al., 2012;
Gagner et al., 2012; Rim et al., 2013). Apart from these factors, NPs could still release
metallic ions into cells to cause notable physiological damage (Rim et al., 2013; Bajaj
et al., 2018).

Classification of nanomaterials is based on the Hall-Petch relation (Naik et al., 2019).
Hall-Petch relation describes the dependence of the modifying stress on the grain size
in a polycrystalline material of the nanoparticle (Andrievski and Glezer, 2009). Glezer
(2011) argued that nanomaterials are being classified incorrectly due to the extended

anomalies detected in any class of nanomaterial in comparison to other nanomaterials.
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In a bid to eliminate the contradictions, a general structural classification of types of
nanomaterials was proposed based on the method of formation, shape, and size.
Examples include liquid crystals, dendrimers, carbon nanotubes and quantum dots,

magnetic and liposomes amongst others.

1.2.1. Liquid crystals nanoparticles

Liquid crystals are materials that are highly ordered with the propensity to self-
assemble (Fig. 1.1; Fang et al., 2014). Classification of liquid crystals is based on their
surface plasmon resonance (SPR) (Umamaheswari et al., 2018). The other property
is a range of colors from brown, orange, red, and purple in an aqueous solution which
makes it easy to distinguish liquid crystal. An absorption peak is generally observed
when the nanomaterial agglomerates and grows from 1 — 100 nm or beyond. This
could also be attributed to the difference in nanomaterial sizes (Priyadarshini and
Pradhan 2017). Liquid crystalline NPs have recently been the easiest to synthesize
and most common to manipulate and use (Umamaheswari et al., 2018; Muniba et al.,
2020). Several pharmaceuticals and cosmetics are made from liquid organic
crystalline materials which are designed to mimic naturally occurring molecules such
as proteins and lipids (Fang et al., 2014). Liquid crystalline nano-materials including
gold nanoparticles are regarded as a safe and specific vehicle of drug delivery. These
are the types of nanoparticles known to target an area of the body where tissues are

inflamed and are capable of detecting tumors (Ayala-Orozco et al., 2014).

BEESEEEEE

Aqueous solution —  Lipid

NPs layer

NPs layer

Figure 1.1. The structure of liquid crystals is highly ordered with surfactant molecules in the hydrophilic

region and the tails immersed in the hydrophobic region (Adapted from Fang et al., 2014).
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1.2.2. Nanotubes

Nanotubes are a form of tubular fullerenes made exclusively of a specific element (Fig.
1.2). Fullerenes are molecular structures like that of graphite, which is composed of
stacked sheets of graphene linked by hexagonal or pentagonal rings (Martin, 2019).
Gold nano-rings make gold nanotubes by simple staking of rings while silver nano-
tubes emanate from the coating of longitudinal material such as silica (Park et al.,
2004). The most novel of nanotubes is carbon nanotubes (CNTs) and due to their
novel properties, they have been studied and applied in various technological fields.
Material sciences and electronics have and continue to study, fabricate and apply
CNTs (Wang et al., 2014; Alim et al., 2018).

Figure 1.2. Schematic indication of carbon nanotubes (CNT) forming multiple fullerenes molecular

structures (Adapted from Alim et al., 2018).

1.2.3. Liposomes

Liposomes are supramolecular assemblies of lipid vesicles polymer nanocontainers
(Fig. 1.3) used largely as a medium for the transportation of drugs in biological body
systems (Blom et al., 2017). In general, liposomes had been reported to be useful in
biophysics and biochemistry as an efficient model system in understanding the
properties of cell membrane and channels; understanding protein function, trafficking
and signaling, and understanding drug and gene delivery (Maleki et al., 2016, Blom et
al.,, 2017). Liposomes degrade within cells once delivery has been successful, a
property that makes them compatible with biological-based applications (Ngweniform
et al., 2009; Yoshizaki et al., 2017; Blom et al., 2017). Although liposomes were the
first synthesized nanoparticles aimed at drug delivery, they were met with a major
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limitation due to the tendency to agglomerate in agueous environments, releasing
contents earlier than targeted. A search for a replacement led to a “green synthesis”,
a much safer methodology yielding liposome-stabilized AuNPs which involved a
simple, rapid, and controlled reaction (Singh et al.,, 2018). The method involved
ascorbic acid as a reducing agent together with a mixture of liposome-based vesicles
and HAuCls (Genc et al., 2011).

N

m— Drug molecule

D

O 2=

Figure 1.3. Schematic representation of a laminar liposome with drug trapped in a central hydrophobic

m</

region and DNA material embedded within a hydrophilic layer to reduce contact with the drug molecule.

Trapped materials are easily transferred to parts of the human body. (Adapted from Blom et al., 2017).

1.2.4. Quantum dots

Quantum dots (QDs) are super small semiconductor nanoparticles with a size range
from 1 — 10 nm. QDs unique properties include greater photostability, brightness, size-
dependent optical properties, and high extinction coefficient (Wang et al., 2017). QDs
can emit light in all colors of the spectrum depending on their size. In their size
analysis, the size of quantum dots decreases as the spectrum gets closer to the blue-
end (~250 nm) and increases as it proceeds to the red end (Fig. 1.4; Adapted from
Samadi-Maybodi, 2021). QDs have unique properties such that they can even be
tuned beyond visible light, infra-red, or the ultra-violet spectrum (Appendix A-1) and
could confine conduction band electrons, valence band holes, or excitons in all three
spatial directions (Murray et al., 2000). QDs are of great value in biotechnology since
traditional dyes are limited with properties such as superior photoluminescence

important in imaging and biosensing (Park et al., 2019; Xue et al., 2020).
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Figure 1.4. Changes in optical properties of nanocrystals quantum dots (QDs) are caused by an
increase or decrease in the size of QDs (Adapted from Samadi-Maybodi, 2021).

1.2.5. Superparamagnetic nanoparticles

Superparamagnetic nanoparticles are an important category of nanoparticles with a
metal oxide core coated by either inorganic or organic materials (Fig. 1.5; Arora et al.,
2012). This category has an important unique property in that their magnetization is
induced and as such, they are attracted to a magnetic field without retaining residual
magnetism. This property makes them unique and attractive for most applications
compared to the rest of the nanoparticles. They have been used in the past in

applications such as drug delivery systems and magnetically assisted transfection of

cells (Schubert et al., 2019).
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Figure 1.5. Schematic demonstration of potential super magnetic nanoparticles attached to a drug

molecule and genetic material through ionic bonds (Adapted from Arora et al., 2012).
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1.2.6. Dendrimers

Dendrimers are branched structures with uniform sizes, radial symmetry and assume
a circular shape in solution (Fig. 1.6; Nemanashi et al., 2018). Dendrimers are built
layer-by-layer from core to periphery by repetitive covalent bond-forming reactions.
The density of the dendrimers increased for every layer formed in each step because
of the geometric growth at each branching point (Chahal et al., 2016).
Functionalization of dendrimers is achieved by choosing the final reagent to enable
the attachment of molecules with different active surface groups (Phillips, 2004).
Dendrimers were an invaluable tool in nanomedicine due to an ability to attach to
several biological molecules including fluorescent dyes, enzyme identification tags,
and other molecules because of the many molecular “primers” present on their
branched surfaces (Chahal et al., 2016).

— Generation
Ga—
— numbers
= Termini
O G30
“—¢& G@2H—-
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O @
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Figure 1.6. Schematic representation of the formation of five generations branched dendrimer.
The initial or first-generation is a core (G-0) of the formed cluster to fifth-generation (G-4) termini which
carries functionality on the surface of the dendrimer. Distances between generations are predetermined

in the synthesis of the dendrimer (Adapted from Nemanashi et al., 2018).

1.3. Coating and functionalization of nanoparticles

NPs are comprised of a core material and a surface modifier. The surface modifier

also referred to as a “capping” or “coating” agent transforms the physicochemical
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properties of the core or naked NP (De Jong, 2008). The surface properties of NPs
play a role in conferring cytotoxicity or cytoprotection. NPs surfaces can be coated
with different materials (Table 1.1). Surface coating of NPs and functional groups (Fig.
1.7) play an important role in determining the characteristics of the NP-protein
interface. The more capping agent (also a reducing salt) used to coat the NP core, the
smaller the NPs synthesized. This phenomenon in gold nanoparticle synthesis was
first discovered in a reducing agent gold nanopatrticles synthesis method by Turkevich
in 1957 which was later refined by Frens in the 1970s (Zabetakis et al., 2012).

HO._O

0 P
=0 HO o

0™ OH Citrate-coated AuNP core

Figure 1.7. Schematic representation of NP core coated with citrate ions (Adapted from Park and
Shumaker-Parry, 2014; Lopes-Rodriguez et al., 2020).

Table 1.1. Different surface coatings of nanoparticles

Surface Coatings Acronym  Functionalization/ Reference Source
Application
1  Polyvinyl Pyrrolidone PVP Enhances van der Waal Park and Shumaker-
(PVP) attractions Parry, 2014
2  Cysteine Cys Biosensing and Priyam et al., 2004; Luthuli
biolabeling etal., 2013
3 Chitosan Chi Enhances interactions Regiel-Futyra et al., 2015;
with serum components Boyles et al., 2015
4 Bovine serum BSA Enhances hydrophobic Klein et al., 2016
albumin (BSA) contacts
5 Citrate Cit Particle stabilization Lopes-Rodriguez et al.,

2020
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1.4. Gold nanoparticles

1.4.1. Gold nanoparticles

There were no modern means of analyzing the size of AUNPs such as transmission
electron microscopy (TEM) in 1857 when gold nanoparticles were first discovered
(Link and EI-Sayed, 2000). Hence, gold nanoparticles (AuNPs) were recognized by
the ruby red color of colloidal gold which emanates from either nucleation or
agglomeration of gold atoms. AuNPs are in the range <100 nm and display unique
optical, electrical and molecular recognition properties. The properties and
applications of AuNPs depend upon their shape and size (Gobin et al., 2007; Cui et
al., 2012). The synthesis of AuNPs of different shapes such as nanospheres (AuNS)
(Martin, 2019) and other geometries such as rod-shaped referred to as nanorods
(AuNR) (Gagner et al.,, 2012), nanocubes (AuNC) (Muniba et al.,, 2018) and
nanooctahedra (AuNO) (Lopes-Rodriguez et al., 2020) has since been reported. In the
visible region, AUNPs possess a high extinction co-efficient making it an ideal color
reporting agent for signaling molecular recognition events such as confirming
interaction with proteins (Espinosa et al., 2016). The color of AUNPs depends on their
sizes (Lopes-Rodriguez et al., 2020). The absorption spectrum of the ruby red citrate-
AuNPs was reported at 519 nm peak from the absorption analysis of citrate-AuNPs

which is known to range between 510 — 530 nm (Makumire et al., 2015).

1.4.2. Synthesis and characterization of gold nanoparticles

Reducing gold salts with a capping and stabilizing agent has been the basis of the
synthesis of AuNPs. Gold salts such as chloroauric acid are commonly used
(Makumire et al., 2015; Lopes-Rodriguez et al., 2020). Basic methods of synthesis are
widely available, they include amongst other methods such as citrate synthesis which
uses trisodium citrate as a reducing and capping agent to the core material (Fig. 1.8;
Bajaj et al., 2020). Modifications to the surface of the AuNPs include varying factors
such as temperature and salt concentration which then result in AuNPs of different
shapes and sizes. The combination of high temperature and citrate salt concentration
results in a narrow range of diameters of the particles largely by limiting the growth of

nanoparticles during the heating in synthesis (Liu et al., 2020). Synthesis of citrate-
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AuNPs is a multiple-step process that begins with the oxidation of citrate yielding
dicarboxy acetone before reduction of chloroauric acid. Chemical reaction steps that
lead to the formation of citrate-AuNPs from tri-sodium citrate and chloroauric acid may
occur in series and parallel (Reactions 1 - 6). The initial oxidation of citrate yielding
dicarboxy acetone may play an important role since dicarboxy acetone is further
converted into acetone at high temperatures in side reactions, and acetone further
reduces auric salt. Reaction 4 indicates the overall stoichiometry of the reduction
reaction. The stoichiometric ratio of citrate to gold required for complete conversion of
auric chloride should be higher than 1.5 (Fig. 1.8; Park and Shumaker-Parry, 2014).
Although further oxidation in side reactions may result in nucleation, further formation

of gold particles with hanging citrate ions is expected (Fig. 1.8; Bajaj et al., 2020).

(A) oxidation of citrate yielding dicarboxy acetone:

CeHsO7

CsH,05 + CO, + HY + 2e- (1)
(B) Reduction of auric salt to aurous salt in solution:

AuCl; + 2Ze-

AuCI + 2CI- (2)
(C) Disproportionation of aurous species to gold atoms and nucleation:

3AuCl 2Au° +AuCl, (3)

(D) Growth by disproportionation on the particle surface and coagulation:
2AuCl, + 3(C,4H,0,)C,H;0; — 2Au® + 3(C,H,0,)CO + 6CI + 3H* + 3CO, (4)
(E) Further oxidation resulting in dicarboxy acetone:
2H,0 + (C,4H,0,)CO — 2Au° + (CH,CH;)CO +2CO, + 2(OH) (5)
(F) Further nucleation and product formation

(CH;CH;)CO + 4AuCl; — 4AuCl + Products (6)

10
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Figure 1.8. Schematic illustration of the binding of hydroxyl and free carboxylate groups of

-2

citrate on the Au surface. Hanging citrate ions could have an impact on the binding of biological and
chemical entities on the citrate-AuNPs. Orange: Representative of the gold surface, Red: Oxygen, Grey:
Carbon, Clear: Hydrogen (Adapted from Park and Shumaker-Parry, 2014; Bajaj et al., 2020).

1.4.3. Toxicity of gold nanoparticles

There have been reports of administration of NPs into animals and humans either
orally or intravenously (Cheng, 2018). Regardless of the utility value of such
administered NPs, there are serious concerns about the effect of NPs during
biodistribution and circulation in the blood stream, their pharmacokinetics, and
excretion from the cell or organism. The major concern remains the possibility of
toxicity to the organism at the sub-cellular level (Klapper et al., 2014) to which the NPs
administered are conjugated. There is consistency in the study of Makumire et al
(2015) and another by Chatterjee et al (2011) which respectively reported cell damage
and elongation to E. coli cells. In addition to the coating agent, NPs surface charge
plays an important role during uptake by cells (Pajerski, et al., 2019). Positively
charged NPs gain more affinity towards the negatively charged residues of the
biological material (Freese et al., 2012). At a cellular level, membrane damage,
cytoplasmic disruption, filamentation, and DNA damage are amongst some of the

defects accounted for by the presence of NPs (Makumire et al., 2015).

1.4.4. Interaction of bacterial cells with gold nanoparticles

Size and surface chemistry of NPs are the two factors regulating bacteria-NPs

interaction, while surface features of the cell membrane equally dominate the bacteria-

11
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NPs interactions (Pajerski, et al., 2019). Lipopolysaccharides dominate the E. coli cell
surface and are likely to determine the initial physical interaction between E. coli cells
and the capping material of AuNPs (Pajerski, et al., 2019). Zinc peroxide, titanium
dioxide (Raliyah and Tarafdar, 2013; Makumire et al., 2014), citrate-AuNPs (Luthuli et
al., 2013; Makumire et al., 2015), iron oxide (Chatterjee et al., 2011; Darwish et al.,
2015) and silver NPs (Ahmed et al., 2016) are examples of NPs which have been
observed to impact on E. coli growth and proteomic function through membrane
disruption in response to stress and protein aggregation (Raliyah and Tarafdar, 2013;
Makumire et al., 2014; 2015). E. coli responds by expressing molecular chaperones
to adapt and survive. Molecular chaperones are proteins that facilitate the proper
folding of other proteins necessary for their proper functioning within cells (Kim et al.,
2013, Bukau et al., 2006). Makumire et al. (2015) observed that citrate-AuNPs are
taken up by E. coli cells. In their observation of the interaction of E. coli cells and
citrate-AuNPs, citrate-AuNPs did not appear to be toxic to E. coli cells. However, when
citrate-AuNPs interacted with E. coli cells deficient of molecular chaperone DnaK
(Bukau and Walker, 1990), cell wall damage was observed indicating cytotoxicity to
compromised cells (Fig. 1.2). E. coli cells have been reported to lack the ability to
adsorb citrate ions across their membrane. Therefore, citrate in their monodispersed
form have been expelled and excluded from adsorbing to E. coli cells (Zhou et al.,
2015). However, citrate-AuNPs enter the E. coli cytosol in the presence of aggregated
forms leading to citrate-AuNPs unpredictable reactivity which then leads to cellular
damage and subsequent cell death. Aggregated citrate-AuUNPs damage the cell
membrane when they forcibly encounter a negatively charged cell wall (Zhou et al.,
2015; Makumire et al., 2015).

1.4.5. Heat shock proteins as molecular chaperones

Molecular chaperones are described as molecules or a group of proteins that assist in
proteostasis (Fernandez et al (2016). Molecular chaperones prevent protein
misfolding and aggregation by way of covering hydrophobic surfaces exposed by
proteins in their nascent state (Bukau et al., 2006; Hartl and Hayer-Hartl, 2009). Heat

shock proteins (Hsps) functioning as molecular chaperones are the key components

12
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responsible for protein folding, assembly, translocation, and degradation under stress
conditions and in many normal cellular processes. Hsps play an indispensable role as
molecular chaperones in the quality control of proteins against potential invaders (Kityk
et al., 2012). E. coli cells subjected to a variety of stresses increase the synthesis of
heat shock proteins. The response is a universal phenomenon occurring in the entire
range from bacterial to human cells. In E. coli, heat shock protein synthesis increases
following changes in temperature shifts from 25 °C to 42 °C and even higher (Bukau
and Walker, 1989.

1.5. E.coli heat shock proteins

A group of molecular chaperones referred to as heat shock proteins is expressed when
exposed to a variety of stress within the cells and are classified by their degree of
homology or molecular masses (Park & Seo, 2015) (Table 4.1).

Table 1.4. Heat shock protein families

Protein Monomer Chaperone Function References
Family  Size/ kDa

Hspl00 80-100 ClpB Unfoldases / disaggregase with Avellaneda et al., 2020
cleavage activity

Hsp90 82-96 HtpG Involved in cell survival and Moran-Luengo et al.,
cell signaling pathways 2018

Hsp70 70 DnaK ATP dependent folding of nascent Bukau and Walker, 1989
peptides

Hsp60 58- 65 GroEL ATP dependent assembly of Bukau et al., 2006

protein complexes to their native

state (foldase)

Hsp40 40 DnalJ Bind and stabilize nascent proteins Mayer et al., 2005;
for refolding (holdase) Kampinga and Graig,
2010

Table legend: Htp- High-temperature protein; DnaJ- Phage lambda replication protein J; DnaK- Phage
lambda replication protein K; ATP- Adenosine triphosphate; Grp- glucose-regulated protein; Hsp- heat-

shock protein; GroEL- Large subunit and phage head E grown protein; Clp- Caseinolytic protease.

13
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1.5.1. Heat shock protein 40

E. coli DnaJ, also called Hsp40 or J-proteins have recently been named J-domain
containing proteins (JDPs) (Kampinga et al., 2018). JDPs are involved in a diversity of
cellular processes as the co-chaperone partners of DnaK (Zzaman et al., 2004) to
bind, stabilize non-native proteins while stimulating the hydrolysis of Hsp70-bound
ATP in the process of refolding (Kampinga et al., 2018). E. coli JDPs can be classified
structurally based on the presence of three typical domains: a J-domain with or without
a conserved tripeptide of HIS, PRO, and ASP (HPD) maotif; the glycine—phenylalanine
(GF) rich region and cysteine-rich region or domain (CRR) (Fig. 1.9 A; Njunge et al.,
2013). With reference to eukaryotic systems, three types of JDPs are known as
recently revised based on the presence and absence of structural features of bacterial
DnaJ. Type | and type Il or class A and class B JPDs are composed of a J-domain at
the N-terminus as in bacterial DnaJ. Type Il or class C has the J-domain appearing
anywhere in the protein. Type | JPDs possess a glycine/phenylalanine (G/F) region
following the J-domain and CRR (Fig. 1.9; Kampinga and Graig, 2010). Type Il DnaJ
contain the J-domain (with HPD motif) and the GF region but lacks the CRR (Fig. 1.9;
Kampinga and Graig, 2010). Type lll is composed of the J-domain with the HPD motif
but lacks both the G/F rich region and the CRR (Fig. 1.3). Type IV contains the J
domain with variable position and lacks the G/F rich region and the CRR (Fig. 1.9;
Craig and Marszalek 2017).

Figure 1. 9: Three types of J-domains. The Hsp40s are grouped into four groups using the

classification system proposed by Sahi et al., (2013) and revised by Kampinga et al., (2018). The Hsp40
domains are J-domain, HPD - His, Pro, and Asp motif, GF rich - glycine—phenylalanine-rich region;

cysteine-rich domain (CRR) and C-terminal region, Adapted from Kampinga et al., 2018.

The J-domain defines the family of DnaJ/Hsp40 proteins and functions independent
of other domains to regulate DnaK ATPase activity. The C-terminus of DnaJ binds

14
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misfolded proteins (Fig. 1.10 A). Although the functions of the G/F region are yet to be
fully established, it has been earlier proposed that the G/F region may be important
for interactions with DnaK. The Cys-repeats zinc finger motif region also functions in
protein folding but without a role in binding stability of polypeptides (Cyr, 2008;
Perales-Calvo et al., 2010).

Although limited to a certain extent in these processes, type | and type Il JPDs function
as a typical molecular chaperone in coordination with other heat shock proteins such
as DnaK and GrpE (Hartl and Hayer-Hartl, 2009). The ATP-dependant chaperone
activity of DnaK is based on its ability to bind short hydrophobic segments of
polypeptides which is regulated by DnaJd (Zzaman et al., 2004). E. coli DnaJ promotes
the binding of DnaK to multiple sites on the peptide in the presence of ATP (Kampinga
et al., 2018).

Figure 1.10. A representation of a structural motifs of E. coli DnaJ. (A) A representative diagram
of the domains of E. coli DnaJ (RSCB PDB: 3Q0OU) where J indicates the J-domain, G/F indicates the
Glycine-Phenyl-rich region, and cysteine repeats are indicated by the four zinc-finger-like motifs labeled
[, 11, I, and IV. (B) A 3D ribbon representation of the E. coli DnaJ with an indication of the C- and the
N- terminus (Adapted from Lo et al., 2003).

1.5.2. Heat shock protein 60/10

Heat shock protein 60 also called GroEL is a double-ring cylinder. GroEL consists of
two heptameric rings of ~57 kDa subunits (cis and trans rings) stacked back-to-back

each consisting of seven rings (Hartl et al., 2011). GroEL partners with a cofactor
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called GroES which is a heptameric ring of about ~10 kDa subunits that cover the ends
of the GroEL cylinder like a lid. Together with other chaperones, the chaperonin GroEL
and GroES are involved in the mediation of protein folding (Hartl et al., 2011). GroEL
has three domains which are an equatorial domain, an apical domain, and an
intermediate hinge domain (Fig. 1.10. The equatorial domain which is also nucleotide-
binding domain includes the ATP/ADP binding site and forms the inter-subunit
connection between the cis and trans rings of GroEL; the apical domain which is a
substrate binding domain forms a ring that has a flexible opening to bind the nascent
polypeptides. GroEL-GroES chaperonin forms part of the chaperone system in E. coli
proteome which functions as an isolated nano-cavity for proteostasis (Hartl and Hayer-
Hartl, 2009). GroES binds to the apical domain of GroEL to form the GroEL-GroES
complex. The intermediate domain forms a flexible hinge to connect the other two
domains, the equatorial and apical domains (Bukau et al., 2006).

(Hinge)

Figure 1.11. A representation of the structure of the GroEL. (A) A chain from the double ring
indicating apical domain (SBD) in blue, intermediate domain (Hinge region) in magenta and equatorial
domain (NBD) in yellow. (B) A double ring functional complex of GroEL indicating a hollow opening.
Adapted from Kelley et al (2015).

In E. coli, GroEL/ES cooperates with the DnaK/DnaJ/GrpE chaperone system to
facilitate the folding of some proteins (Hartl & Hayer-Hartl, 2009). DnaK binds unfolded
proteins and delivers them to GroEL-GroES chaperonin for further folding (Calloni et
al., 2012). Therefore, the presence of DnaK in the cytosol is important since about

10% of cytosolic proteins which interact with GroEL in E. coli proteome are GroEL
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dependent for their proper folding (Gomes et al., 2019). There have been reports of
the upregulation of GroEL in response to stress in the context of absent or mutated
DnaK (Klaper et al., 2014; Makumire et al., 2015). It is, therefore, speculated that
GroEL is upregulated to compensate for the lack of DnakK.

1.5.3. Heat shock protein 70

DnaK is a major molecular chaperone in E. coli (Kityk et al., 2012). A full-length E. coli
DnaK structure in an ATP-bound state has been resolved and is often referred to as
the basis of the information on DnaK/Hsp70 from other organisms (Kityk et al., 2012).
DnaK is composed of an N-terminal 44 kDa Nucleotide-binding domain (NBD) with
ATPase activity, substrate binding domain (SBD), and a C-terminal lid (Fig. 1.12).
These two domains are connected by a highly conserved 7- residue linker region
(Sharma and Masison, 2009). To provide a general explanation of the function of the
DnaK domains (Fig. 1.12A), a nucleotide-binding domain (NBD) binds and hydrolyze
ATP while a substrate-binding domain (SBD) will bind to extended polypeptides. ATP
binding to the NBD promotes polypeptide release and when polypeptide rebinds then
ATP hydrolysis is further stimulated (Kityk et al., 2012). DnaK regulates bacterial
proteostasis. SBD is the site for peptide substrate binding which is divided into SBDa
and SBDI3 subdomains (Bukau et al., 2006; Bertelsen et al., 2009).

Figure 1.12. A representation of the structural motifs of E. coli DnaK. (A) Schematic representation
of domain organization of E. coli DnaK molecular chaperone. NBD represents the nucleotide-binding
domain and SBD represents the substrate-binding domain. The unstructured region indicates the C-
terminal domain that recruits the J-domain of DnaJ. Adapted from Banerjee et al (2015). (B) Schematic
representation of E. coli DnaK 3D structure. Blue indicates the NBD binding sites (N — terminal); cyan
and green indicate SBDR} and SBDa binding sites (C — terminal); Red coiling indicates NBD-SBD linker
(Adapted from Sekhar et al., 2018).

17

© University of Venda



3
o]

&) university of venda
) Creating Future Leaders
C

The greater part of these proteins (>95 %) diminishes in the presence of ATP which
indicated that these proteins interact with DnaK in an ATP-regulated manner.
Consistent with the functional cycle of DnaK (Fig. 1.13), the interaction with GrpE is
also lost in the presence of ATP. Several proteins in the heat shock family are known
to interact with DnaK in the presence of ATP (Section 1.5.2.6) in reversing protein
aggregation (Mogk et al., 2018; Kityk et al., 2012).

1.5.3.1. DnakK chaperone cycle

During its functional cycle (Fig. 1.13), DnaK binds to ATP and in this state, the
chaperone releases the polypeptide substrate (Kityk et al., 2015). In an ATP-controlled
manner, DnaK can bind and release polypeptide substrates, the process which is
dependent on allosteric regulation between DnaK NBD and SBD. SBD inhibits the
ATPase activity of DnaK by interacting with the NBD through a conserved hydrogen
bond network.

DnaJ recruits peptide Peptide substrate

substrate to DnaK 5 - g binding to DnaK 3
- l{“ L} 280 X
: 1:“‘"7'.‘7. @ )
S Wi '

Pi released upon ATP

hydrolysis
Native
‘;5:, substrate
released
2 Lid opens
oy Lid closes,
Substrate
Binding
stabilizes
,a,:/*?

NEF binds
at NBD

Figure 1.13. A representative model for the functional cycle of DnaK. Recruited peptide substrate
is bound to DnaJ and delivered to the SBD of the ATP-bound DnaK. ATP is hydrolyzed and Dnald is

released from the chaperone complex. ADP is bound to DnaK and the lid closes to stabilize the
substrate binding within the SBD (Adapted from Chakafana et al., 2019b).
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The signal transduction pathway that allows bound substrates to trigger ATP
hydrolysis is then defined by the allosteric regulation between SBD and NBD. After
DnaK-bound ATP initiates binding of a polypeptide substrate, the rate of dissociation
of the DnaK-substrate complex is lowered and the binding stability is increased (Mayer
et al., 2005).

DnaK can convert ATP to ADP while either free in solution or bound to DnaJ (section
1.5.1). In the case where DnaJ is in solution with DnaK, DnaK may bind preferentially
to sites localized spatially near DnaJ binding sites (Zhuravleva et al., 2012). The
introduction of GrpE, a nucleotide exchange factor that regulates the efficient
functioning of Hsp70 facilitates the release of ADP from DnaK (Bracher and Verghese,
2015). The next cycle of ATP binding increases significantly the rate of substrate
dissociation from DnaK-substrate complexes and allows scanning to continue for more
association and binding to continue the cycle (Rosam et al., 2018; Mayer & Gierasch,
2018).

1.5.3.2. Nucleotide exchange factors of Hsp70

NEFs act as substrate release factors to Hsp70 (Rosam et al. 2018). Different types
of NEFs cooperate with Hsp70, these include; GroP-like gene E (GrpE) in prokaryotes
(Packschies et al., 1997) and Hsp110/Grp170 in the eukaryotic cytosol. The BAG-type
NEFs in animals are diversified and in contrast to the single GrpE type NEF which is
found in bacteria (Bracher and Verghese, 2015). The functional diversity of NEFs is
crucial for the specialized function of Hsp70s as they determine different substrate
binding time span (Kabani et al., 2008). ATP promotes NEF function (Bracher &
Verghese, 2015). Both under heat stress and normal physiological conditions, GrpE
is active and enables rapid Hsp70 cycling which is needed for the folding of newly
synthesized proteins (Rampelt et al., 2012; Bracher & Verghese, 2015).

1.5.2.4. Hsp90 family

Heat shock protein 90s (Hsp90) includes HtpG in eubacteria. They are a group of ATP-
dependent molecular chaperones involved in a variety of cellular processes including

cell survival and other cell signaling pathways (Moran-Luengo et al., 2019). Hsp90s
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are widespread in eubacteria and eukaryotes. They are the most abundant molecules
in the human cell where they constitute about 2 % of the total cell protein mass (Finka
et al., 2015). As such, Hsp90 has been identified as a drug target in many cellular
disorders and its inhibition could aid the development of anti-viral agents (Lamut et al.,
2020). In S. cerevisiae, at least 10 % of the proteins will require Hsp90 for proper
folding at some stage in proteostasis (Zhao et al., 2005). The Hsp90 family is highly

conserved from eubacteria to eukaryotes (Moran-Luengo et al., 2018).

1.5.2.5. Hspl100 family

Hsp100 is also called Clp (caseinolytic protease) in eubacteria. They are categorized
into CIpA and ClpB with the number 100, representing their average molecular mass
(Deville, 2017). They are a group of molecular chaperones which are primarily involved
in the disassembly of the quaternary structure of polypeptide complexes. Hsp100
plays an important role in thermotolerance and the resolubilization of aggregates
(Deville, 2017). Hsp100 possesses nucleotide-binding domains (NBD1 and NBDZ2;
AAA+ domains) (Nowicki et al., 2011). Hsp100 is involved in an ATP hydrolysis
functional cycle and it is stimulated by substrate binding (Nowicki et al., 2011). The N-
terminus serves as the substrate binding domain (Banerjee et al., 2016). Hsp100
functions in cooperation with Hsp70/Hsp40 to support heat-shock survival. Hsp100
uses energy from ATP to extract single polypeptides from aggregated particles (Wang
et al., 2019). Within the Hsp100/Hsp70/Hsp40 complex, it is thought that Hsp100 is
the first protein to bind to aggregated substrates to pull them out from the aggregated
mesh and expose the hydrophobic patches to enable Hsp70 to bind and allow the

substrate to fold into its native form (Mogk et al., 2018).

1.5.2.6. Association between DnakK, DnaJ, and GrpE

Hsp70 has a low basal ATPase activity in which one mole of ATP gets hydrolyzed by
equimolar Hsp70 in about 25 minutes at 30 °C. The activity is activated by the binding
of a substrate at the Hsp70-SBD (Mayer et al., 2000). Hsp70 is thought to be recruited
by Hsp40 to sites of protein aggregates which enables Hsp70 to disaggregate proteins

(Kampinga et al., 2018). Upon its recruitment to the site or location of aggregates,
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Hsp70 subsequently disentangles the aggregated polypeptides ultimately facilitating
their refolding (Mogk et al., 2018).

1.6. Problem Statement, Hypothesis, Aim, and Objectives
1.6.2. Problem Statement

Gold nanoparticles (AuNPs) play an important role in nanobiotechnology. However,
the interaction of AUNPs with biological materials is not fully understood. Concern in
the field of nanobiotechnology is whether NPs impact negatively on biological systems
due to their highly active surfaces (Matur et al., 2020). It is of great interest to
investigate whether nanoparticles, either acting alone or in conjunction with
chaperones themselves, would improve the efficiency of protein folding (Pajerski, et
al., 2019). Nanoparticles have been reported to play a role in protein refolding. Gold
nanoparticles functionalized with 2-(10-mercaptodecyl) malonic acid played a role in
refolding of a-chymotrypsin, lysozyme, and papain. Consequently, E. coli molecular
chaperones may have a wide range of affinities for AUNPs depending on the size and
charge of the AuNPs (De and Rotello, 2008; Sennuga et al., 2012). It is therefore
envisaged that molecular chaperones have the potential to interact with AUNPs. Under
AuNPs induced stress, E. coli cells have been reported to isolate, group, and
presumably keep AuNPs from causing cell damage (Makumire et al., 2015). However,
mutant E. coli cells with deleted DnaK have been reported to slow down ribosome
biogenesis which may indicate that DnaK is involved in ribosome assembly which is
important for protein synthesis (Maki et al., 2002). Similarly, Makumire et al (2015)
reported that E. coli with deleted DnaK indicated signs of cell damage under stress,
and as such the two reports make DnaK one of the heat shock proteins involved in a
diversity of cellular functions. There is a need to further understand the interactions
between NPs and proteins. Citrate-AuNPs have been shown to possess chaperone-
like properties. It is not fully understood how AuNPs present themselves as molecular
chaperones against their possible biotoxicity on the other hand. For these reasons the

current study seeks to answer the following questions:

¢ What other chaperone partners and co-chaperones of DnaK could be

expressed as a result of citrate-AuNPs upregulated stress?
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e What is the effect of citrate-AuNPs on the structural and functional features

of the DnaK chaperone?

The study seeks to investigate the effects of citrate-AuNPs on the integrity of the model
E. coli proteome towards exploring the role of other chaperone partners and co-
chaperones of DnaK during AuNPs induced cellular stress.

1.6.3. Hypothesis
DnaK functions with other chaperones and co-chaperones in conferring cytoprotection

to E. coli cells in the wake of citrate-AuNPs induced toxicity.

1.6.4. Study Aim
The current study aims to investigate the role of DnaK together with its interaction

partners and co-chaperones to E. coli cells exposed to citrate-AuNPs induced stress.

1.6.5. Study Objectives

1.6.5.1. Synthesis and characterization of citrate-AuNPs
- Experimental approaches
a) Chemical synthesis of citrate-AuNPs was undertaken by the reduction of
chloroauric acid to AuNPs

b) Validation of the citrate-AuNPs was done using UV-vis

Further characterization of citrate-AuNPs was undertaken by DLS, FTIR, SEM, TEM,
and XRD
1.6.5.2. Investigation of the effects of citrate-AuNPs on E. coli cells and
exploring the effect of recombinant DnaK in E. coli cells exposed
to citrate-AuNPs

- Experimental approaches
a) Expression levels of proteomic constituents were assessed in the absence
and presence of citrate-AuNPs and quantitively identify proteins by LC-
MS/MS
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b) Effects of recombinant DnaK in E. coli AdnaK52 cells exposed to citrate-
AuNPs were assessed using TEM

c) Possible interactors of DnaK were investigated with the use of co-affinity
assay and LC-MS/MS respectively

1.6.5.3. Investigation of the effects of citrate-AuNPs on the structural and
functional features of DnaK chaperone system in vitro
- Experimental approaches
a) Recombinant DnaK and DnaJ were expressed and purified using nickel
affinity chromatography
b) The secondary structures of the recombinant DnaK were determined via far-
UV circular dichroism (CD) spectroscopy analysis in the presence and
absence of citrate-AuNPs
c) Tertiary structural conformation of the recombinant DnaK was analyzed by
intrinsic (tryptophan) fluorescence spectroscopy in the presence and
absence of citrate-AuNPs
d) The ATPase activity of the recombinant DnaK was determined using
colorimetric ATP hydrolysis activity assays.
e) MDH aggregation suppression assays were conducted to determine the
suppression of heat-induced aggregation by DnaK and citrate-AuNPs
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CHAPTER 2

2. Synthesis and Characterization of Citrate-Capped Gold Nanoparticles

2.1. INTRODUCTION

Reducing gold salts with a capping or stabilizing agent has been the basis of the
synthesis of gold nanoparticles (AuNPs) since the days of original Faraday
preparations in the 1800s. Except for the preparation to make gold wires using sodium
hydroxide yielding AuNPs (Turkevich et al., 1951), chloroauric acid has had a
monopoly in the preparation of gold colloids (AuNPs in solution) (Pooja et al., 2011).
Traditional methods to prepare AuNPs from chloroauric acid (Refer to Chapter 1,
Table 1.2) were re-examined by Turkevich in 1951, and only the reduction by sodium
citrate resulted in symmetrical size distribution of citrate-coated AuNPs. It is from these
findings that to date sodium citrate reduction of gold salt to form AuNPs is still regarded
as the standard (Muniba et al., 2020; Lopes-Rodriguez et al., 2020). Other methods
of gold salt reduction considered to be efficient include sodium borohydride reduction
(Deraedt et al., 2014). It is from the reduction of gold salt by either sodium citrate or
sodium borohydride that the synthesis of AUNPs with naturally occurring compounds
was established and termed green synthesis. Recently, environmentally friendly
procedures have been developed which rely on the first reduction of gold salt by
sodium citrate or sodium borohydride followed by the addition of any other compound
of interest to form a complex useful for a specific purpose. The above is also seen as
the introduction of a stabilization agent or ligand exchange (Umamaheswari et al.,
2018; Muniba et al., 2020). There are several factors to note when modifications to the
surface of the AUNPs are of importance during synthesis. Factors such as temperature
and reducing salt concentration have been recorded as determinants in some
synthesis procedures. These factors may determine several features and properties
of the particles such as shape, size, and charge (Martin et al., 2010; Gagner et al.,
2011; Singh et al.,, 2018). Amongst several other compounds, 3-butenoic acid is
unable to reduce HAuUCls ions to Au® at room temperature thereby promoting
nucleation and growth. Such compounds require elevated temperatures for reduction
to occur favorably. As the temperature increases, the rate of reaction also increases
(Casado-Rodriguez et al., 2016). It is important to also note that citrate-AuNPs surface
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features are efficiently modifiable to become biocompatible with therapeutic drugs or
macromolecules (Sperling et al., 2008). Although the chemical synthesis of citrate-
AuNPs has been extensively studied, it is important to synthesize and characterize
every batch of citrate-AuNPs to determine the specific physicochemical properties of
the product. Citrate-AuNPs are ascertained using UV-Vis to ensure validity and

dispersion of the particles in solution throughout the study.

2.1.1. Specific Objectives

2.1.1.1. To chemically synthesize gold nanoparticles using sodium citrate
dihydrate

2.1.1.2. To characterize citrate-AuNPs using UV-spectrophotometry, scanning
electron microscopy (SEM), X-ray diffraction (XRD), transmission electron
microscopy (TEM), dynamic light scattering (DLS) and zetasizer

2.1.1.3. To determine chemical functional groups of citrate-AuNPs using fourier

transform infrared spectroscopy (FTIR).

2.2. EXPERIMENTAL PROCEDURES
2.2.1. Materials

Analytical grade reagents such as hydrogen tetracholoroaurate trinydrate (HAuCls-

3H20) (Sigma-Aldrich, 99.99% pure) and trisodium citrate dihydrate (NasCsHs-2H20)
(Sigma-Aldrich, 99.99%) were used to synthesize colloidal AUNPs. All chemicals were
utilized without further purification. The aqueous solutions were prepared using
ultrapure water as a solvent. Strong acid HCI:HNOs (Aqua regia) was prepared

immediately before use (Appendix B-1).

2.2.2. Synthesis of spherical gold nanoparticles
Colloidal citrate-AuNPs were synthesized by the citrate salt reduction method
previously described (Zabetakis et al., 2012) with a slight modification using trisodium
citrate for the reduction in aqueous phase. Briefly, 0.1 mM chloroauric acid solution
was prepared in ultrapure water. Glasswares were cleaned in aqua regia (Appendix
B-1). A 100 ml of chloroauric solution in a three-neck condenser flask with magnetic

stirrer bar, glass condenser, stoppers, and a thermometer were assembled and the
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set-up was brought to boil with stirring at 100 °C. The solution was stirred continuously
for a total of 30 minutes at 100 °C (Fig. 2.1). While the system boils, 1 ml of 0.01 M
trisodium citrate dihydrate was added drop-wise into the stirring solution. Then boiling
and stirring were further continued with a gradual change noticed in the color of the
citrate gold solution being from pale yellow to deep red, then the solution further
refluxed for extra 10 minutes (Zabetakis et al., 2012). The solution was then cooled to
25 °C with continuous stirring. Synthesized citrate gold nanoparticles (citrate-AuNPS)
were then transferred into sterile media bottles and stored at room temperature for

further use.

O O \ HO \H
H,0 ; < ; \
HO | e o
P TN .
Cl—Au 100 °C c ]
cl HCl i o Ao
. : N

H,0 H,0

Figure 2.1. Schematic representation of the general synthetic procedure of citrate-capped gold
nanoparticles. The procedure is performed at high temperatures under reflux action (Compiled from
Zabetakis et al., 2010; PubChem database, 2020).

2.2.3. Determination of formation, validity, and stability of synthesized
AuNPs by UV-Vis
The UV-Vis-NIR Spectrophotometer was used in the validation of the formation of
synthesized citrate-AuNPs. The UV-Vis absorption spectrum of synthesized citrate-
AuNPs was recorded with the use of PerkinElImer UV-VIS-NIR spectrophotometer
Lambda 1050 (PerkinElmer, Germany) in the wavelength ranging from 200 — 800 nm
(Sobczak-Kupiec et al., 2011).
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2.2.4. Determination of functional groups on citrate-AuNPs by FTIR
A Bruker ATR-FTIR spectrometer (Bruker, Germany) was used to establish the
integrity of the citrate-AuNPs in the range of 4000 — 400 cm wavenumbers. A 0.1 mg
of the dried sample was analyzed under the diamond ATR after subtracting values of
the empty sample holder (background values) and values of 1 mM trisodium dihydrate

citrate.

2.2.5. Determination of crystallinity of citrate-AuNPs by XRD

Samples of 2.5 mg/ml citrate-AuNPs were prepared by drying out solvent from the
solution using an evaporator concentrator plus (Eppendorf, Hamburg, Germany) at the
highest speed overnight. For the current study, a Bruker AXS-D8 Advance X-ray
diffractometer of 40 keV and 35 mA was used in the high angle 26 range to scan the
dried citrate-AuNPs sample from 25° to 90° for the structural analysis at 25 °C (Khan
et al., 2017). Bruker AXS-D8 was equipped with a nickel filtered Cu Ka radiation (A =
1.5418 A) at 40 kV, 40 mA at 25 °C. The scan speed and step sizes were 0.5 min!
and 0.01314 respectively. Transmission spectra were recorded for all the samples
including the background which was an empty chamber. The crystallite sizes were
calculated from the Scherrer equation (eq. 2.1) using the diffraction pattern
perpendicular to the (111) plane.

d = KA/Bcos6
d =0.98A/BcosO .........cccviiiiiiiiiini. (eq. 2.1)

Where: d is the mean size of the ordered crystalline domain; K is the dimensionless shape factor, with
a value close to a unit; 4 is the X-ray wavelength, B is the line broadening at half maximum intensity

after subtracting the instrumental baseline broadening in radians; 6 is the Bragg angle in degrees.

2.2.6. Determination of morphology and size by electron microscopy
2.2.6.1. Scanning Electron Microscopy

Characterization with SEM is aimed at determining the morphology of the surface layer
of citrate-AuNPs (Grys et al., 2020). In this study, a Carl Zeiss ultra plus FEG SEM
(Carl Zeiss, Germany) equipped with an Oxford detector (20 KeV) was used at a

voltage of 10 KeV to acquire images from triplicate samples. Citrate-AuNPs were
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dispersed in ultrapure water before drying on a metallic sample holder. Empty grids

were used as controls.

2.2.6.2. Transmission Electron Microscopy

In this study, TEM was performed to estimate the size and to determine morphology
using JEOL JEM-1010 (JEOL, Japan) electron microscope at an accelerating voltage
of 100 KeV, Megaview Ill camera Soft Imaging Systems ITEM software. A drop of the
synthesized sample solution containing 0.025 mg/ml citrate-AuNPs diluted in ultrapure
water was put on a 200 mesh x 125 ym pitch copper grid with amorphous carbon and
kept for 5 minutes at 25 °C to further dry before analysis. An empty copper grid with
amorphous carbon was viewed under the same microscopic conditions to ascertain
non-contamination. Imaging was done at an accelerating voltage of 100 kV, 20 000x
magnification using a Megaview Ill camera and Soft Imaging Systems iTEM software
at a frame size of 550 x 550 nm with 4 s image acquisition time per frame. The original
version of ImageJ software was used to further calculate and validate the size of
particles and the shapes using the images obtained from TEM analysis as input
(Rueden et al., 2017).

2.2.7. Determination of surface charge and validation of size of citrate-
AuNPs
Particle size was measured by dynamic laser scattering (DLS) spectroscopy using a
Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, United Kingdom).
Each of the triplicate samples was measured diluted to 0.025 mg/ml in ultrapure metal-
free water in low volume quartz cuvette (ZEN2112) sample cell holder. Light scattering
was detected at 830 nm with a fixed detection angle of 90° and data were collected in
automatic mode at 25°C using a solvent refractive index of 1.334. The intensity-
weighted mean value was measured as the average of three independent
measurements. The Zeta potential was determined using a Malvern Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, United Kingdom) at pH 6.8 at 25°C. Each
sample was measured diluted to 0.025 mg/ml in ultrapure metal-free water to
determine the Zeta potential. Net surface charge was analyzed by electrophoretic
mobility using the laser doppler velocimetry and data was collected in automatic mode
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at 25°C. The solvent was used as a control for both zetasizer and zeta-potential. Data

were further analyzed using ZetaSizer Nano Software v3.30.

2.3. RESULTS

2.3.1. Sodium citrate salt reduces Au®*ions to Au®in the synthesis of gold
nanoparticles

The synthesis of the uniquely sized and spherical-shaped citrate-AuNPs in this study
was based on the controlled concentration of capping and stabilizing agent. Trisodium
citrate dihydrate (CsHsNasO7.2H20) was successfully utilized as a capping and
stabilizing agent (Muniba et al., 2020; Lopes-Rodriguez et al., 2020). The particles
were spherical shapes in solution and had a size distribution in the range 11 nm to 20
nm (Fig. 2.2C). As expected the production of AUNPs was evident as supported by the
observed color change from a yellowish solution of HAuClas to ruby red or grape-red in
real-time. The fully synthesized -citrate-AuNPs were validated using UV-VIS
immediately after synthesis and a peak was observed at 520 nm and confirmed
annually by monitoring agglomerates and conducting another UV-Vis validation to
monitor any wavelength shift from 520 nm (Molecular Devices, USA). The synthesized
citrate-AuNPs were stable for 36 months (Fig. 2.2D).

UV-Vis absorption spectrum at 520 nm indicates the formation of citrate-AuNPs. The
citrate-AuNPs solution was monitored using UV-VIS throughout the study to validate
stability (Fig. 2.2D) before use in biological assays. A decrease in absorbance for the
first 12 months was attributed to stagnant storage longevity which could cause the
formation of agglomerates at 25 °C. An absorbance intensity decrease of citrate-
AuNPs without a shift in SPR was noted during the period of validation of stability and
therefore particles remain valid for use in assays. The narrow peak at 520 nm (Fig.
2.2A) indicated a narrow size distribution of particles. An actual size distribution
between 2 nm and 25 nm with high distribution at 11 nm of citrate-AuNPs was
observed (Fig. 2.2B) to correlate with the narrow peak of the curve (Fig. 2.2A). The
particles being analyzed were observed (Fig. 2.2C) in an image captured at 100 nm
resolution using the TEM (Fig. 2.3C; Fig. 2.6).
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Figure 2.2. The synthesis of citrate-coated gold nanoparticles (citrate-AuNPs) was validated.
Synthesis of citrate-AuNPs was validated by monitoring a spectrum of 400 nm to 900 nm wavelength.
(A) UV-Vis absorption spectrum of fully synthesized citrate-AuNPs indicating an absorbance maximum
520 nm to validate the crystallinity and purity of fully synthesized citrate-AuNPs. Citrate solution was
measured as a control to indicate the non-absorbance of the capping agent. (B) A histogram indicating
the size distribution of citrate-AuNPs in solution. (C) TEM image of the citrate-AuNPs diluted in solution
for purposes of UV-Vis absorption analysis. (D) Absorbance measure to validate citrate-AuNPs

throughout the study indicating that particles remained stable at 520 nm wavelength.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR) detects possible
dangling functional groups between citrate species and AuNPs

FTIR spectrum of citrate-AuNPs concentrated in ultrapure water and dried at high-
speed vacuum concentrator at 25 °C (Fig. 2.3). The FTIR analysis was conducted for
the determination of functional groups attached to the outer surface of the particles.
The band indicating the prese nce of water molecules and another indicating the
presence of amide groups were observed respectively at 3365.60 and 1636.25

wavenumbers which confirming the presence of hydroxyl and carboxyl groups
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dangling on synthesized citrate-AuNPs. These findings agree with a previous study
which observed that the anions adsorbed on citrate-AuNPs through central
carboxylate groups were probed by the presence of dihydrogen anions and hydrogen
bonding of carboxylic acid groups between adsorbed and dangling citrate anions (Fig.
2.3; Park et al., 2014).

Transmittance [%)]
50 60 70 80 20 100

40

T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 2.3. ATR-FTIR spectrum of synthesized citrate-AuNPs indicated different functional
groups. Synthesis of citrate-AuNPs was monitored by a transmittance spectrum from 4000 cm* to 400
cm ™t wavenumbers. The spectrum of synthesized citrate-AuNPs indicated a pure composition of citrate-
AuNPs in solution due to the bond stretches probed on ionic carboxylic interactions of hydrogen atoms
on citrate ions with a gold core. OPUS software (Bruker, Germany) was used to analyze the distinct
functional groups.

The absence of a distinct band at around 1086 cm™ (arsenate) indicated non-toxicity
of the citrate-AuNPs. The less exposed bands between 1650 cm and 1440 cm™ were
assigned to the C=0 (strong bond) and O-H (medium strength bond) stretches
(carboxylic compound class).
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2.3.3. XRD pattern confirms highly oriented crystallinity rate of citrate-
AuNPs

The XRD patterns of the synthesized and powdered citrate-AuNPs indicated narrow
diffraction peak broadness which is relative and signifies that there are crystalline
particles in the samples analyzed (Fig. 2.4). An increase of theta (degrees) is evidence
of the widening of peaks in XRD experimental analysis. The widening is attributed to
the agglomeration of small individual particles which lead to clusters (Tshemese et al.,
2018). In the current study, the highest peak intensity shows that the preferred growth
is in the first crystallinity phase (111) plane at 25 °C (Fig. 2.3). The diffraction peaks of
the probed crystal phase were indexed to four planes (111), (200), (220), (222) and
(311) in the diffractogram. These are regular repeating atoms of the citrate-AuNPs

forming crystal lattice and are in arbitrary units.
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Figure 2.4. XRD diffractogram determined the basic crystalline nature of citrate-AuNPs. Citrate-
AuNPs were synthesized and immediately dried with a vacuum concentrator before analysis with Bruker
AXS-D8 Advance diffractometer. Particles were changed from in-solution to powder for the powder-
XRD to perform efficiently. X-ray diffractometer was equipped with the copper x-ray source and set at

40 keV, 35 mA, and a high angle 206 range from 25° to 90° at room temperature.
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The crystallite sizes calculated from the Scherrer equation (eq. 2.1) using the
diffraction pattern perpendicular to (111) plane were found to be 13.4 nm on average,
validating the size distribution outcomes from TEM, ImageJ, and DLS analysis of

around 11 nm — 25 nm which will be discussed in sections 2.3.5.

2.3.4. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) based determination of the morphology and size
of the synthesized citrate-AuNPs

SEM image indicated the formation of both spherical and non-spherical shaped
morphology of citrate-AuNPs obtained at 100 °C (Fig. 2.5). Although drying of citrate-
AuNPs at high concentrations was necessary to determine the surface morphology,
SEM images however showed that the dried citrate-AuNPs at high concentrations

formed clusters (agglomerations). Therefore, citrate-AuNPs must remain in solution.

EHT =10.00kV Signal A=InLens Brightness = 49.8% Date :15 Aug 2017
WD=33mm  Mag= 150.00 KX Time :12:47:54

Figure 2.5. SEM image showing surface features of citrate-AuNPs including particle
agglomeration due to concentration and drying. Although complete synthesis of citrate-AuNPs was
already validated by monitoring a spectrum of wavelength, SEM was performed to further validate
surface morphology attributed to the formation of spherical and non-spherical particles. Although

particles agglomerated due to drying, it was noted that particles were predominantly spherical.
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TEM analysis of citrate-AuNPs (Fig. 2.6) indicates that the nanoparticles were fully
synthesized and dispersed in solution with a general spherical shape. The
nanoparticle sizes have a distribution range of about 11 nm to 20 nm, largely

determined by ImageJ software.
T

oG
PS4

20 nm 20 nm

50 nm ’

Figure 2.6. TEM image showing features of citrate-AuNPs dispersed in ultrapure water before
analysis. Samples were dried completely at room temperature before the viewing was done at an
accelerating voltage of 200 keV and images captured digitally using a Megaview Il camera. Images
were then measured using imaging systems iTEM software. TEM was performed to further validate the

morphology of the particles andit was noted that particles were predominantly spherical.

2.3.5. Use of particle size analyzer zetasizer to determine the size and
surface charge of synthesized citrate-AuNPs

Particle size analyser and zetasizer are methods used to measure the size of particles
and charge in submicron levels respectively. Measurements are done by assessing
thermal motion in response to light intensity. A concentration of 2.5 mg/ml of citrate-

AuNPs diluted (1:100) in ultrapure water and analyzed indicated a range of size
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distribution of about 11 nm to 20 nm that agrees with previous studies (Rodriguez et
al., 2018). The synthesis procedure used was targeting about 13 nm size of citrate-
AuNPs and this was achieved (Fig. 2.6; 2.7). Although a different technique of size
analysis was used by Makumire et al (2015), the size range of citrate-AuNPs agrees
in principle. An indication of agglomeration of higher concentration of citrate-AuNPs
was observed with the 500 pg/ml citrate-AuNPs which indicated a much smaller
volume percentage of NPs at 13 nm as compared to much higher dilution of 100 pg/ml
citrate-AuNPs (Fig. 2.7).

10
0 J 100 ug/ml
g 4 - --- 500 ug/ml
7-
X6 -
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=
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Size (d.nm)

Figure 2.7. Size distribution analysis of the citrate-AuNPs dispersed in ultra-pure water was
performed between the minimum and maximum concentration recommended for samples.
Citrate-AuNPs were synthesized and immediately centrifuged and dispersed in ultrapure water before
analysis. A 0.1 mg/mL of each resulting dispersion was transferred to a 1 ml quartz low volume cuvette
and subjected to DLS measurements. DLS measurements show a much wider size distribution from
both dilution concentration and a sizeable distribution was observed from around 5 nm — 30 nm which

is then followed by a non-significant distribution from around 20 nm — 90 nm.

The zeta potentials ({) calculated by measuring the electrophoretic mobility of citrate-
AuNPs as a streaming potential surrounding the electric double layer of oscillating
electric fields indicated a slightly negative charge of the widely distributed (100 %)
citrate-AuNPs in solution (Fig. 2.8). The negative charge of -1.45 mV (Table 2.1; Fig.

2.8) is due to charge stabilization between gold core and citrate ions which also gives
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an advantage to less agglomeration due to electrostatic repulsion of tri-anionic citrate

species hanging or dangling on AuNPs within the solution.

Table 2.1. AuNPs exhibit a slightly negative charge.

Temperature (°C) 25 Zeta Runs 15
Count Rate (kcps) 133.1 Attenuator 10
Cell Description Clear zeta cell
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV) -1.45| Peak1 -1.45 100 3.44
Zeta Deviation (mV) 3.44( Peak2 0 0 0
Conductivity (mS/cm| 0.42| Peak3 0 0 0
600000' ...................... ...................... ......................
500000 ..................... ' .....................
0 400000 . .....................
E : : :
[=] . . .
9 300000 ...................... R L B R R
= : : : :
L] : : : :
— 2000004 R A | R R AR erestiaseciitinciaanan.. :
1000004 o e :
0
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Apparent Zeta Potential (mV)
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Figure 2.8. Zeta potential analysis of citrate capped AuNPs dispersed in ultra-pure water. Citrate-
AuNPs were dispersed in ultrapure water (Dispersant RI, 1.330) before analysis with Zetasizer DLS a
viscosity and dielectric constant of 0.8872 and 78.5 respectively. All 20 zeta runs were performed at

room temperature. All particles indicated a slightly negative average ZP in solution.

2.4, DISCUSSION
This study aimed at synthesizing and characterizing citrate-AuNPs. Apart from UV-Vis
used to validate the synthesis of nanoparticles, other techniques used to analyze
features of the citrate-AuNPs included ATR-FTIR, XRD, SEM, TEM, and DLS.
Controlled synthesis of AUNPs by sodium citrate gave rise to particles of diameter less
than 100 nm exhibiting a surface plasmon resonance (Aspr) between 510 — 530 nm
(Umamaheswari et al., 2018; Luthuli et al., 2014; Ni et al.,, 2019) confirming the

complete reduction of chloroauric gold salt to citrate-AuNPs. It is important to note that
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Aspr has a relation to the resulting diameter of synthesized citrate-AuNPs since
broadening of the Aspr peak is caused due to resulting size increase, agglomeration,
or nucleation of nanoparticles during synthesis. It is also the basic principle behind the
applications of many color-based biosensors (Gonzéalez-Diaz et al., 2008). Notably,
the coating agent trisodium citrate dihydrate herein used and referred to as capping
agent played the role of three agents by reducing Au®* to Au® while capping, stabilizing,
and dispersing the synthesized citrate-AuNPs. The plasmon wavelength (Amax) shows
the size distribution of citrate-AuNPs which was later revealed by analysis with other
techniques. In this study, Amax is approximately at 520 nm and did not give any shift
even after a prolonged shelf-life of 36 months, enabling the study to continue into
subsequent assays with the same batch of nanoparticles. Nucleation and growth of
the particles in solution were not observed, further confirming the integrity of the
particles.

TEM analysis of citrate-AuNPs indicated that NPs were fully synthesized, spherical,
and well dispersed as expected, and that the higher percentage of nanopatrticle sizes
has a distribution range of less than 50 nm. An insignificant quantity of nanopatrticles
around 20 — 90 nm in size distribution can be observed with DLS. The zeta potentials
(¢) were calculated by measuring the electrophoretic mobility of citrate-AuNPs as a
streaming potential surrounding the electric double layer of oscillating electric fields
(Mandiwana et al., 2018). et al., 2018). The small size at around 20 nm and the slightly
negative charge of citrate-AuNPs present a potential to bind or adsorb and enter
positively charged bacterial cell walls. The possibility of entering negatively charged
bacterial cell walls exists in agglomerated forms of citrate-AuNPs which forceably
break cell walls.

Spherical shapes of citrate-AuNPs agglomerated by drying in a concentrator are
observed through SEM analysis of surface morphology (Fig. 2.5). The nanoparticle
shape observed here as spherical has been demonstrated to influence particle uptake
into cells (Makumire et al., 2015). Spherical nanopatrticles are also generally desirable
to produce optimal optical properties for potential absorption into cells. The
synthesized citrate-AuNPs were examined for structure and phase purity by XRD.
Apart from the purity of the sample, XRD also determines the extent of agglomeration
in liquid samples. The XRD patterns of the citrate-AuNPs were recorded in a spectrum

of 20 from 25° to 90°, and the results showed the presence of the five characteristic
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planes (111), (200), (220), (311) and (222) of the spherical citrate-AuNPs. These
results are in line with many other reports (Deregowska et al., 2013) and confirm the
formation of crystalline, non-aggregated citrate-AuNPs (Bharathiraja et al., 2016).
While sharp plane (111) peak at 26 of about 38.81 indicates a highly oriented
crystallinity rate in citrate-AuNPs, it is the best stabilized low energy plane provided
with a high catalytic surface. The particles synthesized demonstrated crystalline
potential to interact and influence living cells as metallic ions carrying materials. This
is a crystalline nature obtained with similar crystallite phases for the different analyses
performed experimentally (Ogundare et al., 2019).

FTIR confirmed the existence of citrate-capped nanoparticles by revealing the
absence and presence of various infrared marker bands. Although amide and O-H
bands could not be distinct due to the formation of stabilization between citrate ions
and gold colloid metallic core, there exist multiple amide stretches (~1500 — 1700 cm-
1) which were expected along with characteristics —CH2 and —CHs groups of citrate
capping and stabilizing agent. The O—H functional groups at 3324.6 cm* observed in
the spectra of both sodium citrate as a control and that of the particles could be
involved in the formation of citrate-AuNPs or to a lesser extent be detected due to the
ultrapure water used as suspension solvent. Similar observations about the distinct
O-H band were reported for the green synthesis of AUNPs (Patil et al., 2018). The
C=0 around the same band is a direct result of dangling carboxyl groups on AuNPs.
The absence of a distinct band at around 1086 cm™ (arsenate) indicated non-toxicity
of the citrate-AuNPs in analysis, which also confirms citrate-AuNPs stable in solution.
vibration between capping citrate ions and gold particle core. Functional groups are
exposed in solution when the adsorbed citrate interacts with each other through
hydrogen bonds between the terminal carboxylic acid groups. Therefore, the existence
of carbon double bond oxygen atoms and carbon single bond hydrogen indicates the
bond stretches representing interactions between citrate ions and gold core. The
citrate chains interact with each other through van der Waals attraction between
directly opposite CH2 groups, the process leads to the formation of a self-assembled
layer of citrate molecules tightly adsorbed to AuNPs crystal surfaces (Fig. 2.3). The
monolayer exposes the dangling citrate species with carboxylic and hydroxyl groups
detected by FTIR.
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CHAPTER 3

3. The effects of citrate-AuNPs in E. coli cells and exploration of their

effects on DnaK structure-function features

3.1. INTRODUCTION

Gold nanoparticles (AuNPs) continue to gain traction in respect to their application in
several biomedical fields. However, their effective usage is impeded by a limited
understanding of their interaction with proteins. It is believed that when AuNPs interact
with proteins to form complexes, AuNPs acquire some biological identity which
cascades down facilitating their recognition by other biological entities (Giri et al.,
2014). No clear evidence of interaction of citrate-AuNPs with E. coli proteomic
constituents containing possible expressed molecular chaperones is available in
literature. Therefore, evaluation of expression levels of E. coli molecular chaperones

such as DnakK, ClpB, DnaJ, and GroEL is important (Gomes et al., 2019).

The action of molecular chaperones in a stressful environment is seen when certain
chaperones are upregulated against some which are down-regulated as an indication
of increased induced oxidative stress (Barreto et al., 2020). Molecular chaperones are
maintained in an appropriate ratio to the level of unfolded polypeptides in the cell. An
increase in unfolded polypeptides triggers over-expression of certain molecular
chaperones such as DnaK (Wang et al., 2018) and GroEL/ES (Bukau et al., 2006).

The presence of AUNPs may induce an overaccumulation of unfolded peptides which
may in turn trigger differential expression of chaperones to enhance stress tolerance.
In the case where AuNPs do not enhance any differential expression of chaperones
and other key enzymes allowing cells to maintain their proteostasis, they are regarded
as stable molecules which could be used in applications such as drug delivery and
imaging without cellular interference (Rodriguez et al., 2014; Fratoddi et al., 2019;
Chatterjee et al., 2020).
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There is a need to distinguish or determine the abundant constituents of the soluble
against the insoluble proteomic constituents in cells since soluble proteins are known

to possess properly folded structures for function.

Mutant E. coli strain devoid of DnaK (MC4100AdnaK52::CmR sidB1) function has
been reported to lose cell viability when exposed to elevated temperatures (Paek and
Walker, 1987). Report of complementary assays conducted in cells expressing
exogenous DnaK and cells deficient in DnaK chaperone (E. coli AdnaK52) exhibited
cellular damage which may have led to protein misfolding and aggregation within E.
coli AdnaK52 (Paek and Walker, 1987). Normal cell growth and cellular division were
observed when a plasmid possessing the dnaK gene was introduced into E. coli
AdnaK52 mutant at 42°C (Paek and Walker, 1987), highlighted the importance of
DnaK in E. coli. The presence and function of other chaperones and co-chaperones
of DnaK have not been thoroughly studied. In this study, citrate-AuNPs were
introduced as cell stressors to ascertain the cellular response through the expression
of molecular chaperones. Although some studies reported toxicity of AUNPs to cells,
DnaK has been reported to function alongside AuNPs to prevent aggregation of non-

native proteins within cells (Makumire et al., 2015; Gomes et al., 2019).

This study explored the role of DnaK and its functional partners in the alleviation of
possible AuNPs induced cellular stress. Quantitative evaluation by LC-MS may
provide a comprehensive insight into the global response of E. coli cells to
nanoparticles, which will aid in elucidating the underlying antibacterial mechanism

involving aggregation of both membrane and cytosolic proteins (Gomes et al., 2019).

3.1.1. Specific Objectives

3.1.1.1. To assess the expression levels of selected proteomic constituents by
E. coli cells in response to AUNPs exposure

3.1.1.2. To investigate the role of DnaK in response to citrate-AuNPs toxicity
using complementation assay

3.1.1.3. To investigate and identify possible interaction partners of DnaK by co-

affinity assay and LC-MS/MS respectively
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3.2. EXPERIMENTAL PROCEDURES
3.2.1. Materials

The E. coli O157:H7 clinical isolate strain was obtained from Prof Samie Amidou’s
bacteriology lab of the University of Venda. E. coli AdnaK52 strain, BB1553 (MC4100
AdnaK52::CmR sidB1) (Georgopoulos et al., 1979) and plasmid pQE30/dnaK
encoding for E. coli DnaK (Shonhai et al., 2005; Makhoba et al., 2016) were used.
Citrate-AuNPs were prepared (Chapter 2, Section 2.1). Other reagents used in this
study are listed in Appendix D-16.

3.2.2. Expression and evaluation of E. coli O157:H7 proteomic constituents

in the presence of citrate-AuNPs cell stressors

The study was conducted to quantitively identify the proteomic constituents of E. coli
0157:H7 which are differentially expressed in the presence of citrate-AuNPs. The
study also investigated the possible interaction of recombinant DnaK with proteomic

constituents of E. coli AdnaK52 exposed to citrate-AuNPs.

In the current study, analysis of proteome E. coli strain O157:H7 when exposed to
varying concentrations of citrate-AuNPs under normal growth conditions (37 °C) was

conducted to determine the expression of select proteins.

E. coli O157:H7 cells were grown as previously described (Houpt et al., 2014;
Stachelska and Charmas, 2018). Briefly, freshly defrosted stock of E. coli O157:H7
cells were plated on double-strength tryptone soy with 0.6 % (w/v) yeast extract (2x
TSBYE) agar under septic conditions and incubated at 37 °C overnight. A single
colony was inoculated in 2x TSBYE broth and incubated at 37 °C overnight with
moderate shaking at 100 rpm. The overnight culture was transferred into fresh 2x
TSBYE broth and was divided into five separate flasks when ODeoo was at 0.6. Citrate-
AuNPs at concentrations 0 — 100 pg/mL (Appendix C-3; Table C-3) were added into
each separate flask. Fresh media (2x TSBYE) with varying doses (0 pg/ml — 100
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pg/ml) of citrate-AuNPs was used as an observation experimental control to monitor
possible contamination and for blanking the growth curve of each growth experiment.
Initially, all concentrations of citrate-AuNPs were suspended in 2x TSBYE broth
without bacterial cultures, incubated at 37 °C with shaking (200 rpm) shaking for five
hours. Each concentration was averaged for an absorbance value at ODeoo. Cultures
with citrate-AuNPs were also incubated at 37 °C with shaking (200 rpm) shaking for a
further five hours before harvesting. Harvested cells were subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis and proteins were
subsequently excised and identified by LC-MS/MS (Section 3.2.3). Expression level
of proteins was analysed with the use of IBM statistical package for social sciences
(SPSS) version 27 statistical analytical tool (https://www.ibm.com/za-
en/analytics/spss-trials). Regression test was performed to determine effect of
continuous variables on another variable while one-way analysis of variance (ANOVA)

was performed to estimate how independent variables affect a dependent variable.

3.2.3. Identification of the interaction partners of DnaK associated with
citrate-AuNPs induced cell stress

To identify proteins interacting with DnaK to confer cytoprotection to E. coli cells under
moderate as well as excessive concentrations of citrate-AuNPs, LC-MS/MS was used.
Mass spectrometric identification of DnaK and its possible interaction partners was
conducted as previously described (Sharma et al., 2017). Briefly, proteins co-eluted
with DnaK were separated on 10 % SDS-PAGE (1D). Proteins on the 1D gel were
Silver stained and imaged with ChemiDoc™ (BioRad, USA) image analyzer (Fig. 3.4).
Protein bands were manually excised and digested with trypsin (Promega, USA)
before identification with LC-MS/MS. Extraction buffer (1:2 (v/iv) 5 % formic
acid/acetonitrile was added to digested peptides, vortexed and incubated for 30
minutes at 37 °C. Extracted peptide samples were then subjected to LC-MS/MS
analysis which was performed on LTQ Orbitrap Velos LC-MS/MS (Thermo Fischer,
UK) connected to an ESI mass spectrometer. The generated MS data were searched
against the E. coli subset of the Uniprot E. coli reviewed cRAP FASTA database
(ftp:/ftp.thegpm.org/fasta/cRAP; 29,023 sequences) by Mascot (Matrix Science,

USA). The Mascot results were further subjected to a subset search by XTandem

42

© University of Venda


ftp://ftp.thegpm.org/fasta/cRAP

)
o

&5 ) university of Venda
C

followed by determination of probability assessments of the peptide assignments and
protein identifications by Scaffold (version 4.10.0, Proteome Software Inc., USA)
(Searle, 2010). The scaffold was used to validate MS/MS- based peptide and protein
identifications. Peptide identifications were accepted if they could be established at
greater than 82.0% probability. Peptide probabilities from MS-Amanda Proteome
Discoverer and Sequest were assigned by the Scaffold Local FDR algorithm. Peptide
probabilities from XTandem were assigned by the Peptide Prophet algorithm
(Mohammed et al., 2016) with Scaffold delta-mass correction. Protein identifications
were accepted if they could be established at greater than 6.0 % probability and
contained at least 3 identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm (Nesvizhskii et al., 2003; Mazur et al., 2011). Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Proteins sharing significant

peptide evidence were grouped into clusters (Moreiras et al., 2018).

3.2.4. Confirmation of the pQE30/dnaK and pQE30 vector plasmid

The integrity of the DNA segment encoding for DnaK (pQE30/dnakK) together with that
of the plasmid pQE30 vector (Makhoba et al.,, 2016; Lebepe et al., 2020) was

confirmed by restriction digest and agarose gel electrophoresis (Appendix C-4, D-10).

3.2.5. Determination of soluble proteomic constituents of E. coli AdnaK52

exposed to citrate-AuNPs stress inducers

Solubility analysis of proteins expressed in E. coli AdnaK52 exposed to citrate-AuNPs
was conducted as previously described (de Marco, 2007; Wang et al., 2018). A
solubility study was performed to ascertain the extent to which cytosolic proteins
remain soluble in the presence of citrate-AuNPs. Cell line E. coli AdnaK52 strain,
BB1553 (MC4100 AdnaK52::CmR sidB1) was transformed with pQE30/dnaK and
pQE30 plasmids (Appendix C-4, E-10). Transformants were then inoculated and
grown in separate double strength yeast tryptone (2x YT) broth (Yeast extract, 1.0 %;
tryptone, 1.6% and sodium chloride, 0.5%) supplemented with 35 pg/ml
chloramphenicol and 100 pg/ml ampicillin and incubated at 30 °C overnight with

43

© University of Venda



)
o

&5 ) university of Venda
C

moderate shaking. Overnight cultures were then upscaled tenfold by transferring into
fresh 2x YT broth and cultures were allowed to grow to mid-log phase (OD600 = 0.6)
at 30 °C. The overexpression of the recombinant DnaK was induced at mid-log phase
with 1 mM IPTG. Cultures were then divided into parts and grown for further 5 hours
until an OD600 = 2.00 (Post induction). Cells were centrifuged at 5000 x g for 15
minutes to harvest and pellets were suspended in TBS buffer (20 mM Tris-HCI, 150
mM NacCl, pH 7.4). Following another centrifugation of pelleted cell suspensions at
5000 xg for 15 minutes, the washed pellets were further suspended in ice-cold (10 %
w/v) TBS buffer with Halt™ protease cocktail inhibitor (0.1 % v/v) The suspension was
then mixed with an equal volume of lysis buffer (20 mM Tris-HCI, 150 mM NacCl, pH
7.4 and 500 pg/ml lysozyme) and immediately incubated on ice for 60 minutes with
agitation. It was then frozen at -80 °C for 60 minutes before thawing. Each culture of
E. coli AdnaK52 was exposed to a citrate-AuNPs concentration ranging from 0 — 50
pg/ml and incubated on ice with agitation for 60 minutes before centrifugation at
12,000 x g for 5 minutes to collect possible soluble proteomic constituents against
insoluble and agglomerated particles. Both pellets and clarified supernatants were
washed with TBS buffer to clear any unbound proteins from citrate-AuNPs and kept
for SDS-PAGE analysis.

3.2.6. Assessment of the role of DnaK in E. coli cells exposed to citrate-
AuNPs
This study sought to validate that the model E. coli AdnaK52 strain cells used with the
synthesized citrate-AuNPs agree with that of previous studies. Bacterial cell
specimens were prepared as previously described (Makumire et al., 2015). Briefly, cell
line E. coli AdnaK52 strain, BB1553 (MC4100 AdnaK52::CmR sidB1) was transformed
with pQE30/dnaK and pQE30 plasmids. Transformants were then inoculated and
grown in separate 2x YT broth as described in section 4.2.5 until the induction of the
overexpression of the recombinant DnaK at mid-log phase with 1 mM IPTG. Cultures
were then divided into parts before the addition of varying concentrations from 0 pg/ml,
2.5 pg/ml, and 50 pg/ml and grown for further 5 hours until an ODsoo reading of 2.00
(Post induction). Cells were then centrifuged and harvested before suspension in
sodium phosphate buffer (100 mM NazHPO4, 100 mM NaH2PO4, pH 7.4). Following
several washes with phosphate buffer, specimens were fixed with 2.5 %
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glutaraldehyde for 4 hours and rinsed several times thereafter. Specimens were then
guenched in 100 mM glycine solution for 20 minutes and subsequently incubated in
200 mM Sucrose solution overnight in the cold. Specimens were then incubated in two
changes of 70 % ethanol for 30 minutes each. Then incubated in a mixture of L.R.
White and 70 % ethanol (2:1). Specimen were kept in the last change of L.R. White
overnight at room temperature before polymerization in 60 °C oven for 48 hours.
Ultrathin sections were cut at 90 nm and collected on nickel grids and allowed to dry
overnight before staining with uranyl acetate and lead citrate. Visualization was
performed using a JEOL JEM-1010 at an accelerating voltage of 200 KeV. A
specimen-embedded nickel grid was kept for 5 minutes at room temperature for further

drying before analysis (Naz et al., 2016).

3.2.7. Identification of the interaction partners of E. coli DnaK

Several protein partners of DnakK, be it direct physical or intermittent interactors within
the E. coli proteome are known (Yu et al., 2010; Calloni et al., 2012). Within E. coli, at
least 300 proteins must interact with the GroEL-ES system to complete their proper
folding (Ami et al., 2013), the role of DnakK, ClpB, DnaJ, NEFs among other molecular
chaperones have been elucidated (Lee et al, 2003; Kityk et al., 2012; Wang et al.,
2013). To assess the effect of citrate-AuNPs on the interaction of recombinant DnaK
with proteome constituents from prey lysates, a pull-down assay on the Ni?*-chelating
column was used to isolate DnaK interaction complexes expressed in prey lysates
(Rodina et al.,, 2011). Here, the identification of several proteomic constituents
interacting with recombinant E. coli DnaK was investigated. A first attempt to modify
and influence the binding of DnaK interaction partners is performed with the addition
of varied citrate-AuNPs concentrations. Both E. coli AdnaK52 transformed with pQE30
and E. coli AdnaK52 transformed with Hise-tagged pQE30/dnaK in previous
experiments (Appendix D-1) were grown in 2x YT broth as previously described
(Makumire et al., 2015). Both cultures were grown to mid-log phase and E. coli
AdnaK52 transformed with pQE30/dnaK culture was induced with 1 mM IPTG while
E. coli AdnaK52 transformed with pQE30 was divided into parts before treatment with
varying concentrations of citrate-AuNPs (0 ug/ml — 100 pg/ml). Both cultures were

further grown for five hours at 30 °C. Co-affinity chromatography was conducted using
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a Thermo Scientific Pierce Protein Interaction kit (Thermo Scientific, USA), with
modifications and an indication of control and experimental for the exposure of cell
lysates to citrate-AuNPs (Table 3.2). Briefly, for preparation of bait protein lysate, 50
mL of E. coli AdnaK52 pQE30/dnaK culture was harvested and suspended in 5 mL of
TBS buffer. Following the centrifugation of cell suspension at 5000 x g for 5 minutes,
the washed pellet was suspended in TBS buffer with Halt™ protease inhibitor cocktail.
The suspension was then mixed with an equal volume of lysis buffer (20 mM Tris-HCI,
150 mM NaCl, 5 % SDS, pH 7.4) and immediately incubated on ice for 60 minutes.
The mixture was then centrifuged at 12,000 x g for 5 minutes to retain the clarified
supernatant lysate. The lysate was kept as bait. For the preparation of prey protein
lysate exposed to varied citrate-AuNPs, 50 mL of E. coli AdnaK52 pQE30 culture was
also harvested and clarified similarly as for the preparation of bait except for 10 mM
imidazole that was added before prey protein capture. The lysate was kept as prey.
For the preparation of affinity beads, each volume of 50 pL of HisPur™ cobalt resin
was washed with 400 uL of the wash buffer (TBS: Lysis buffer (1:1) containing 10 mM
Imidazole and repeated for a total of three washes. Recombinant (His)s-tagged DnaK
lysate was then added to the HisPur cobalt resin and immobilized at 4 °C for at least
an hour before collection of flow-through and subsequent washes to effectively
eliminate nonspecific bindings or interactions. For prey protein capture, a 600 uL of
prepared prey protein lysate was added to the immobilized bait protein and incubated
at 4 °C for 60 minutes with gentle rocking motion on a rotating platform. After collection
of flow-through, the immobilized mixture of protein lysate was washed to a total of
three repeats before bait-prey protein elution. To each column, 250 uL of the elution
buffer (290 mM Imidazole in wash buffer) was added to the spin column and incubated
for 5 minutes with gentle rocking motion on a rotating platform before centrifugation at
1250 x g for 30 seconds to collect the bait-prey protein mixture. SDS-PAGE was
employed for the detection of candidate interacting proteins across all concentrations
of treatment with citrate-AuNPs. SDS-PAGE gels were stained using Pierce® Silver
Stain Kit per manufacturer’s instruction without modification (ThermoScientific, USA,
Appendix C-2). LC-MS was used to identify possible interactors of DnaK (Protocol:
Section 4.2.3).
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Table 3.2. Indication of experimental and controls for co-affinity assay.

Exp/Control Samples IPTG Treatment

Prey Control E. coli AdnaK52 pQE30 X None

Prey Experiment 1 E. coli AdnaK52 pQE30 X 2.5 pg/ml AuNPs
Prey Experiment 2 E. coli AdnaK52 pQE30 X 50 pg/ml AuNPs
Bait E. coli AdnaK52 pQE30/dnaK N None

3.3. RESULTS

3.3.1. Expression of proteomic constituents of E. coli O157:H7 subjected to
citrate-AuNPs induced stress

Bacterial growth assays were conducted to evaluate the effect of citrate-AuNPs on the
growth rate. Bacterial growth assays were complemented by staining and
visualizations of the proteins expressed during the process of cell growth in the
presence of citrate-AuNPs. Using LC-MS, expressed proteins were quantitively

identified and evaluated for the changes thereof.

E. coli O157:H7 strain is known to grow at temperatures between 55 °C and 62 °C at
pH7 and moderately grow at pH4 at the same temperatures (Stachelska, 2015; Suehr
et al., 2020). To this effect, the growth rate of the control (cells exposed to 0 pg/mi
citrate-AuNPs) had a notable difference with that of the growth rate of cells exposed
to 2.5 ug/ml citrate-AuNPs (p < 0.05). Cells exposed to citrate-AuNPs concentrations
above 5 ug/ml up to 50 pg/ml were observed to grow exponentially with a much notable
inhibition (p < 0.01) (Fig. 3.1). Cells exposed to concentrations from 5 pg/ml — 50 pg/ml
citrate-AuNPs were observed to be inhibited at 150 minutes which was half an hour
after exposure to citrate-AuNPs. The growth trend after the inhibition at 150 mins was
exponential for all the cells exposed to citrate-AuNPs at increasing levels of
concentrations. The difference in the growth rate of E. coli O157:H7 in the presence
of 2.5 ug/ml citrate-AuNPs compared to 5 pg/ml — 50 ug/ml citrate-AuNPs was also
notable (p < 0.01). There was no difference noted in the effect of all concentrations

from 5 pg/ml — 50 pg/ml citrate-AuNPs (p > 0.05).
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Figure 3.1. E. coli O157:H7 growth curve in the presence of citrate-AuNPs. The E. coli O157:H7
strain was grown in fresh 2x TSBYE at 37 °C and 200 rpm shaking. The point at 120 mins indicated the
addition of citrate-AuNPs at ODsoo = 0.6. Each concentration of citrate-AuNPs is indicated. Error bars
were generated from data obtained using independent E. coli O157:H7 growth monitoring experiments.

Statistical significance was determined by using regression test.

The growth curve (Fig. 3.1) indicated differences between control cells and the rest of
the cells exposed to varying concentrations of citrate-AuNPs by absorbance values at
time points from 150 mins. Proteome analysis indicated insignificant differences
across all concentrations of citrate-AuNPs visualized by coomassie staining (Fig. 3.2).
None of the highly expressed proteins indicated any upregulation or downregulation
across control and through increasing concentrations of citrate-AuNPs experiments
determined by LC-MS. Citrate-AuNPs were non-toxic to E. coli O157:H7 at any

concentration and given time point during growth rate studies.
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Figure 3.2. Protein expression profiles of E. coli O157:H7 cells subjected to varying
concentrations of citrate-AuNPs on 10 % SDS PAGE indicated non-toxicity and stable proteome
expression. Lane M represents molecular weight marker (PAGE Ruler™in KDa); Lane C represents
control (Cells not exposed to citrate-AuNPs); Lanes 1 — 5 represents proteome expressed after the
exposure of cells to varying and increasing concentrations of citrate-AuNPs (2.5, 5.0, 10, 25 ug/ml - 50
pg/ml). (A) Analysis of the proteome expression of E. coli 0157:H7 after only one hour of incubation at
37 °C. (B) two hours (C) four hours (D) six hours (E) eight hours and (F) twelve hours. Arrows are

indicative of sampled bands of proteins twelve hours.
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To determine either upregulation or downregulation of certain proteins especially
molecular chaperones within E. coli cells exposed to varying concentrations of citrate-
AuNPs, LC-MS/MS analysis of proteins at five hours was performed. Proteins
indicated in arrows were targeted and sampled (Fig. 3.2) for evaluation and analysis
with LC-MS/MS and Scaffold software. Quantitative evaluation of total spectra in
Scaffold software of the targeted molecular chaperones indicated an increase in the
normalized total spectrum (NTS) between control (0 ug/ml citrate-AuNPs) and 2.5
pg/ml citrate-AuNPs (p < 0.05). Total proteomic load or expressed proteins in the
presence of 50 ug/ml citrate-AuNPs was notably higher than expressed in the absence
of citrate-AuNPs (p < 0.01). A protein identified as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was upregulated at normal growth conditions at 37 °C
followed by catalytic protease protein X (ClpX) while Survival Protein A (SurA), DnakK,
and GroEL were the least upregulated at the same control conditions (Sing et al., 2001,
Wu et al., 2012; Table 3.3). Only ClpX and GAPDH were observed to follow a
diminishing trend across an increasing concentration of citrate-AuNPs from 54 NTS
count down to 50 NTS count with the difference of 1 - 2 NTS counts between each
citrate-AuNPs concentration. The latter could suggest that increase in concentration
has a detrimental effect on the expression of ClpX and GAPDH. DnaK, GroEL, and
SurA were observed to increase with an increase of citrate-AuNPs. The difference in
NTS count was observed from 1 — 12 counts with the highest increase being double
of the count observed from control. All proteins analyzed had a 100 % identification
probability and slightly different spectrum percentage coverages from 0.4 % to 1 %
difference. DnaK, GroEL, and SurA are larger than ClpX and GAPDH in molecular
weight (Table 3.3). DnaK, GroEL, and SurA are involved in the biogenesis of proteins
within E. coli cells which might explain their increase in cells exposed to a higher
concentration of citrate-AuNPs. Apart from gene regulation and conversion of
substrates in metabolic reaction within E. coli cells, GAPDH is known to initiate
programmed cell death in cells under stress, the downregulation of GAPDH in
response to the high concentration of citrate-AuNPs could be a result of survival
proteins alleviating cell stress. The Clp class of proteins are ATP-dependent protein
unfoldases known to facilitate specific protein degradation (Singh et al., 2001).
Similarly, the downregulation of ClpX in response to the high concentration of citrate-
AuUNPs could be a result of survival proteins alleviating cell stress.
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Table 3.3. Molecular chaperones and other proteins identified from the growth of E. coli O157:H7
under different concentrations of citrate-AuNPs (0 — 50 pg/ml).
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s
S - |z £ = £ S £ £
9 = £ & e = e < =
s S |3 g g g g g g
P - — Ll — o —_— p— [l — —_
g 2 T | g | & s |8 |8 g |8 |8 |S |& s & |8
5 c =12 |E s |E |8 E |s |E |s |E s [E |&
] 2 5|3 5 g |5 | = g g g 8 g g g g
£ 8 3 (€ |2 (5|1¢/58 |2 |5 |2 [§5 |¢ |5 |¢ |%
;| s15 (e [§le|d |2 |§ e | |2 | |2 |§
z L = 3 =z o z o z o = o z o z o
DnaK POABY9.2 69 100 26 18 25 18 25 20 26 21 26 25
GroEL BYMSV9.1 57 100 27 28 39 28 27 30 28 30 30 30
SurA QI1RGE4.1 47 100 41 10 41 12 40 12 40 12 41 41
ClpX ATZ1J6 1 46 100 8 52 8 51 9 50 8 50 8 84
GAPCH | POASB4.2 36 100 41 52 40 52 40 52 39 52 39 34

E. coli O157:H7 cells exposed to varying concentrations of citrate-AuNPs indicated varying outcomes
in quantitative NTS analysis. Probability identification was done in mass spectrometry and analyzed by
Scaffold software. Statistical significance was determined by using a regression test. Key: NTS —
Normalized Total Spectrum; GREEN — Control; RED — Highest Exposure Outcome.

3.3.2. Assessment of the bacterial/AuNPs interaction

The toxic effect of nanoparticles on Escherichia coli has been demonstrated before to
involve the presence of agglomerating nanoparticles and upregulation of certain
molecular chaperones such as GroEL (Makumire et al., 2015). Analysis of changes to
cells exposed to citrate-AuNPs with the use of TEM will reveal important information
to understand the cell response to citrate-AuNPs (Planchon et al., 2017). Solubility of
the proteome of DnaK defective E. coli BB1553 cells was performed on lysates

harvested at five hours of incubation.
Adaptation to citrate-AuNPs stress may involve upregulation of certain survival
proteins including membrane proteins (Makumire et al., 2015; Planchon et al., 2017).

TEM analysis (Fig. 3.3F) have revealed changes to the membrane of DnaK defective

cells exposed to higher concentrations (50 ug/ml) of citrate-AuNPs. DnaK defective
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cells exposed to lower concentrations (2.5 upg/ml) of citrate-AuNPs indicated the
formation of a bridge-like agglomerated NPs in the middle, while cells were also
observed to elongate which could be a response to the presence of citrate-AuNPs.
Control cells (Fig. 3.3A Fig. 3.3B) were untreated and as such indicated no changes
to the structure. Cells expressing DnaK exposed to higher concentrations of citrate-
AuNPs indicated no damage to the cell wall compared to defective DnaK cells which

indicated cell wall damage at higher concentrations of citrate-AuNPs (Fig. 3.3E).

Figure 3.3. TEM images of E. coli AdnaK52 cells subjected to lower and higher-order citrate-
AuNPs concentrations. (A) Untreated E. coli AdnaK52 cells expressing DnaK, (B) E. coli AdnaK52
cells untreated, (C) E. coli AdnaK52 cells expressing DnaK are subjected to 2.5 pg/ml citrate-AuNPs
indicating largely intact cell, (D) E. coli AdnaK52 cells subjected 2.5 pg/ml citrate-AuNPs indicating the
formation of a bridge with agglomerated particles and largely intact cell, (E) E. coli AdnaK52 cells
expressing DnaK subjected to 50 pg/ml citrate-AuNPs indicating largely intact cell, (F) E. coli AdnakK52
cells subjected 50 pg/ml citrate-AuNPs indicating scattered contents of the cell and distorted cell
membrane.

3.3.3. The DnaK interactome identified in silver-stained SDS-PAGE

Within E. coli, several proteins interact with DnaK, NEFs, ClpB, DnaJ, and GroEL-ES

systems to assume a properly folded state and complete their proper function (Ami et
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al., 2013; Kravats et al., 2016; Wang et al., 2018). In the current study, a co-affinity
assay was employed to identify the possible interaction of recombinant E. coli DnaK
with several other chaperones, co-chaperones, and other role players of the DnaK
chaperones system and confirmed with densitometry. The assay was conducted under
normal physiological conditions (control) and exposure to varying concentrations of
citrate-AuNPs (Fig. 3.4A-B). Exposure to 2.5 ug/ml citrate-AuNPs indicated in the
measure of percentage intensity a much higher value than at 50 ug/ml citrate-AuNPs
as both were compared to control. The eluate complexes (EC, E1, and E2) from co-
affinity assay analyzed using silver stain (Fig. 3.4A) detected protein bands which were
analyzed by LC-MS and identified as DnaK, GroEL, ClpB, DnaJ, and SurA.

Since it is the target bait expected to interact with partners from the prey lysate (Mayer
and Bukau 2005; Kravats et al., 2016), recombinant DnaK from bait whole lysate was
used as a reference (Fig. 3.4B; Fig. 3.4A; Appendix C-6) for quantification of all other
bands in percentage intensity, hence given a value of 1 (One) which is converted to
100 % in interpretation (Fig. 3.4B). The amount of bait recovered was detected and
quantified at a similar level across concentrations of citrate-AuNPs (Fig. 3.4B;
Appendix C-7, C-8). The observed percentage of interacting partners (Fig. 3.4B) in the
targeted quantified band(s) recovered with bait DnaK (Appendix C-8) was marginally
different between control and at concentrations of 2.5 ug/ml) of citrate-AuNPs (p <
0.05). Recovery of DnaK with interacting proteins at higher concentrations (50 ug/ml)
of citrate-AuNPs indicated much lower interacting protein partners (Fig. 3.4B). The
bands were identified in co-elution with DnaK due to their consistency from the control
to the highest concentration of treatment. These were therefore excised and identified
with LC-MS /MS (Table 3.4.; Appendix C-5, C-7).
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Figure 3.4. The interactome of DnaK was recovered under various concentrations of citrate-
AuNPs. (A) An indication of untreated proteins recovered in co-elution with recombinant DnaK in
experimental control eluent (EC) experimental eluent 1 and experimental eluent 2 (E2). (B) A
comparison of the level of proteins co-eluting with recombinant DnaK. Both E1 and E2 indicated binding
of certain target proteins to recombinant DnaK herein identified as ClpB, DnakK, GroEL, SurA, and DnaJ
as later identified as possible recombinant DnaK interactors by LC-MS/MS. Error bars were generated
from three independent experimental values. Statistical significance was determined using regression
test. (* p <0.05, ** p < 0.001). Key: M — Protein marker, P — Prey lysate, IB — Immobilized bait protein.

The tandem mass spectra were searched and identified by Comet for all samples
representing control and varied concentrations of citrate-AuNPs. Preliminary searches
without applying stringent cut-offs identified over 600 proteins. Only six out of six
hundred and thirty-four proteins were highlighted as molecular chaperones or co-
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chaperones of DnaK at 100 % identification probability (Table 3.4). Although DnaK
was used as a known bait protein, it was quantified and observed to increase with an
increase in citrate-AuNPs from 300 NTS counts in control to 1014 NTS counts in 50
pg/ml citrate-AuNPs. Unique peptides increased by a margin of 4 counts from 2.5
pg/ml citrate-AuNPs to 50 pg/ml citrate-AuNPs (p < 0.001) while the count was
marginally different from control to 2.5 pg/ml citrate-AuNPs (p < 0.05). Changes in bait
protein molecule may indicate that the binding of DnaK to citrate-AuNPs was
enhanced with the increase in the concentration of citrate-AuNPs. Quantitative
evaluation of total spectra and percentage coverage in Scaffold software of the
targeted possible interactome of DnaK (Table 3.4) indicated on average a decrease in
NTS count in all proteins except for GroEL which notably increased from 28 NTS
counts in control to 39 NTS counts in 50 ug/ml citrate-AuNPs (p < 0.05). ClpB and
HtpG were observed to have higher NTS counts at 2.5 ug/ml citrate-AuNPs than in
control (p < 0.05) and 50 pg/ml citrate-AuNPs (p < 0.001). DnaJ and SurA had the
least NTS counts with no count at all in 50 pg/ml citrate-AuNPs, indicating no unique
peptides were identified. ldentification probability was at 100 % for all proteins

identified indicating no count of false discovery for any unique peptides.
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Table 3.4. Molecular chaperones identified from the co-elution fractions of recombinant DnakK

lysates exposed to varying concentrations of citrate-AuNPs.

0 pg/ml citrate-AuNPs | 2.5 pg/ml citrate-AuNPs | 50 pg/ml citrate-AuNPs

3 2 2 |2 - 8
S = ) T |5 e Fra 5 g Y
-~ - © © - o © © _— o B © P o
» @ - N1 = ) r o = ) r Q2 = M ®
£ 2 = g e |2 S g g 2 S 2 e |z S
2 E =y a 3 |5 |F | 2 |5 |F a 2 | % =3
<] = [ c Q = c c (8] = c c Q = c
o £ 2 o e |2 |>D o o v |3 0 o | ¥ =
| S5 |B|5 |2 |E lElElc |5 [B|E |®
2 @ S S £1la |2 |& 213 |3 S |£18 |2
= @ Q :E [ -~ ] E @ ~ ] E @ - =
s |8 3 =52 |3 [E=l8 ]2 |3 |5=/5|2 |3
T < = |4 |z |d |22 |& |z |d T4 |z i
1 |Dnak |P0AGY9.2 |69kDa | 100 | 26 [ 390 | 247 | 100 | 19 | 400 | 247 | 100 | 87 | 1014 | 251
2 |GroEL |B7MSV9.1 |57kDa | 100 | 27| 28 | 14 | 100 | 34 | 32 | 16 | 100 | 27| 39 | 17

3 | ClpB P63285.1 96 kDa 100 [ 12 | 10 7 100 | 85| 21 10 100 | 74 | 20 11

4 | HtpG B11ZC1.1 71 kDa 100 5 19 3 100 | 25 | 25 13 100 [ 25 21 11

5 |DnaJ B1XBEO.1 41 kDa 100 [ 30 | 35 11 100 | 29 3 1 100 | O 0 0

6 | SurA Q1RGE4.1 |47 kDa 100 (26 | 9 1 100 | 7.7 ] O 0 100 | O 0 0

* Probability identification was done in mass spectrometry and analysed by Scaffold Q+ software.
Statistical significance was determined by using a regression test. Key: NTS — Normalized Total Spectrum
(Bold).

Proteins with spectral counts less than 5 were filtered and the rest were subjected to
reproducibility testing, whereby 0 pg/ml citrate-AuNPs (control), 2.5 ug/ml citrate-
AuNPs and 50 ug/ml citrate-AuNPs are compared in a Venn diagram for the identified
unique peptides (Fig. 3.5). Further, a comparison of the unique peptides count per
protein may indicate the best discovery rate for each protein. For DnaK, GroEL, HtpG,
and ClpB peptides were fairly distributed between 4 — 13 counts in each overlap but
the same did not apply for SurA. Although at much less count of unique peptides, DnaJ

indicated a fair distribution in all concentrations of citrate-AuNPs (Fig. 3.5).
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Figure 3.5. Proportional Venn diagram demonstrating the overlap of unique peptides of each
interactome of DnaK. Unique peptides representing each heat shock protein involved in the alleviation
of citrate-AuNPs induced stress were identified from the interactome of DnaK exposed to each
concentration of citrate-AuNPs (A — C) and analysed by Scaffold Q+ software. A, 0 ug/ml citrate-AuNPs;
B, 2.5 pg/ml citrate-AuNPs; C, 50 ug/ml citrate-AuNPs.

3.4. DISCUSSION

There are many features by which a protein can be described and identified. These
include expression, localization, interaction, domain structure, modification, and
protein activity. Although proteomic constituents may change even in the slightest
change of cellular environment and stress, a degree of proteomic stability is important
for the survival of the cells. This study mainly investigated the proteomic changes on
E. coli cells and proteins due to the presence of citrate-AuNPs by way of identifying
and quantifying select proteins by LC-MS/MS.

The presence of varying citrate-AuNPs concentrations exposed to E. coli would have
generated distinct proteomic profiles. The growth rate indicated a certain degree of

difference in the growth pattern of the control from those of the experimental, similarly,

the proteomic constituents also indicated changes across varying concentrations of
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citrate-AuNPs as analyzed by LC-MS/MS. There was no obvious identification of
upregulation or downregulation of proteins observed in SDS-PAGE across either time
of incubation or varying concentrations of citrate-AuNPs, therefore proteins which
indicated different expression level from control were targeted for an LC-MS/MS
guantitatively and compared across concentrations of citrate-AuNPs by NTS count
and identified unique peptides. Decreasing NTS counts indicated the downregulation
of proteins in response to the higher concentration of citrate-AuNPs, a phenomenon
previously reported for DnaK, GroEL and SurA in response to heat stress (Kityk et al.,
2015; Wang et al., 2018; Humes et al., 2019). Apart from the soluble DnaK and GroEL
chaperones which had an increase of NTS count with increasing citrate-AuNPs
concentration, a survival chaperone protein (SurA) responsible for the correct folding
and assembly of outer membrane proteins was identified and noted to have diminished
with increasing citrate-AuNPs. Diminishing SurA protein may explain the damage on
the E. coli cell wall exposed to higher concentrations of citrate-AuNPs. The absence
of SurA as a membrane protein would result in a compromised cell wall. DnaK is
known to play a vital role in the protection of cells against stress, SurA is known to
play a vital role in membrane assembly in stable conditions, it can therefore be
postulated that DnaK may interact with SurA to aid protection to the E. coli cell under
stress although such claim remains to be investigated. The presence of SurA as part
of the interactome confirms its role as a molecular chaperone. Another protein highly
expressed was the NAD-dependent glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) at 36 kDa. GAPDH is a known housekeeping protein important for the
glycolysis pathway, but most importantly for the gene regulation and metabolic
function, it performs in different cellular compartments (Henderson et al., 2014). It has
also been noted to be secreted by enteropathogenic E. coli strains such as O157:H7
leading to its involvement in pathogenesis in humans and animals (Egea et al., 2007).
Being a substrate of DnaK, GAPDH is rescued by DnaK in an ATP-dependent manner
(Liu et al., 2005). Therefore, the presence of GAPDH in large quantities could talk to
the much less quantity of DnaK and DnaJ during E. coli cell growth under normal
conditions. The presence of diminishing ClpX could not be linked to citrate-AuNPs but

merely to its role in cell division.
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TEM analysis implicated the presence of heterologously expressed DnaK in the
survival of cells in the presence of citrate-AuNPs in that the cells without functional
DnaK could hardly stay intact in the presence of particles. The observation was that
the cells with functional DnaK survived damage during the internalization of particles
(Makumire et al., 2015). This then validates that wild-type E. coli cells have a natural
cytoprotection against citrate-AuNPs stressors, which then links to the stability of E.

coli O157:H7 proteomic profiles across particle concentrations.

The identification of proteins recovered with recombinant DnaK indicated that certain
interaction partners bind to DnaK depending on the concentration of citrate-AuNPs. It
could either be that proteins were binding to particles and therefore unable to bind to
DnaK or vice versa. A much less number of proteins (Fig. 3.4A) were measured by
densitometric analysis as compared to the rest (Fig. 3.4B, C) indicating lower and
higher concentrations of citrate-AuNPs with much higher sensitivity in densitometric
guantification. The LC-MS/MS analysis of excised bands indicated several molecular
chaperones amongst the many identified proteins (Appendix C-5). There are few
chaperones of interest due to their supposed functional interaction with DnaK in the
alleviation of citrate-AuNPs stress. SurA chaperone protein was highly expressed but
similarly distributed in wild-type E. coli O157:H7 exposed to particles in the previous
section. Although SurA is a survival protein, it is highly unlikely that it functions
alongside DnaK to alleviate stress. In quantification, it completely diminished with the
introduction of concentrations of citrate-AuNPs. Almost similar behaviour is observed
with co-chaperone DnaJ which is also seen to diminish. ClpB, HtpG, and GroEL were
identified and quantified to be much more consistent across the concentrations of
particles. These proteins are known to interact with DnaK during proteostasis in E. coli
cells. It is therefore possible that these proteins remain stable in the presence of
citrate-AuNPs to carry on with their chaperone function unabated. The identification of
proteins whose expression level was altered by citrate-AuNPs treatment using LC-
MS/MS indicated that proteins respond differently to interacting with DnaK after
exposure to citrate-AuNPs.
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CHAPTER 4

4. Biophysical and Biochemical Characterization of Recombinant DnaK

subjected to citrate-AuNPs

4.1. INTRODUCTION

Although DnaK may function alongside DnaJ, the full chaperone machine includes
GrpE with DnaK and DnaJ (Nunes et al., 2015; Mayer et al., 2015). DnaK as an Hsp70
is divided into two major domains, NBD which is a 45 kDa N-terminal binding domain
that exhibits ATPase activity and SBD which is a 25 kDa peptide binding domain.
There is also a short C-terminal domain which is largely known to function by
interacting with partner proteins (Mayer and Bukau, 2005). An ATP-bound DnaK
exhibits a low affinity for its substrates (De Los Rios and Barducci, 2014). DnaK is
regulated by co-chaperones to prevent uncontrolled cycling of random substrates
(Laufen et al.,, 1999). An important co-chaperone to DnaK in ATP hydrolysis
contributing to the survival of the cell is DnaJ, it synergizes with DnaK to assist in the
folding of proteins (Nunes et al., 2015; Kityk et al., 2015). It is generally believed that
the conformational changes of protein alter the function of the protein, hence when
DnaK is in an ATP-bound state is reported to be in an open conformation (Kityk et al.,
2012). During the ongoing conformational changes process, some amino acids tend
to assume a defect mode which may lead to protein dysfunction (Kityk et al., 2012).
There have been reports of an interaction between proteins and bivalent transition
metal ions (Parveen et al., 2016; Chakraborty et al., 2018). Such interaction may
regulate the structure and chaperone function of the protein (Yang et al., 2008). The
interaction of citrate-AuNPs with DnaK and the impact of such interaction on its
secondary and tertiary structure and chaperone function is not yet known. Due to their
high area to size ratio, AUNPs have an advantage over bulk gold metal material when
it comes to binding proteins (Gagner et al., 2013). In the current study, an investigation
was done to gain an insight into the possible interaction of citrate-AuNPs with DnakK.
Subsequently, the impact of the supposed interactions is investigated on the structure

and chaperone function of E. coli DnaK.
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4.1.1. Specific Objectives

4.1.1.1. To investigate the effect of citrate-AuNPs on ATPase activity of
recombinant DnaK aided by co-chaperone Dnal

4.1.1.2. To investigate the effect of citrate-AuNPs on the ability of recombinant
DnaK to suppress aggregation of MDH enzyme in vitro

4.1.1.3. To investigate the effect of citrate-AuNPs on the secondary and tertiary

structure of DnaK by CD spectroscopy and fluorescence spectroscopy

4.2, EXPERIMENTAL PROCEDURES
4.2.1. Materials

The list of reagents used in this study is presented in Appendix D-16. The following
antibodies were used for protein validation by Western blotting (Appendix D-5, D-6)
rabbit raised a-DnaJ antibody and horseradish peroxidase (HRP) conjugated a-rabbit
(Zininga et al., 2015a), mouse raised a-DnaK antibody (Sigma-Aldrich, U.S.A), HRP
conjugated a-mouse secondary antibodies (Sigma-Aldrich, U.S.A) and an HRP-
conjugated a-His antibody (Sigma-Aldrich, U.S.A). The plasmid constructs and
bacterial strains used for confirmation of constructs and recombinant protein

production are listed (Table 4.1).

Table 4.1. List of plasmids and E. coli strains used for protein expression and purification

Construct Description Supplier/Reference
pQE30/Dnal pQE30 encoding DnaJ, Ampicillin resistant Makhoba et al., 2016
pQE30/DnaK pPQE30 encoding E. coli DnaK, Ampicillin resistant Makhoba et al., 2016

E. coli strains (Protein Expression and Purification)

E. coli XL1 Blue recAl endAl gyrA96 thil hsdR17 supE44 relAl lac Thermofischer

(F proAB laclgZzM15 Tn10 (Tetr) Scientific, USA
E. coli IM109 el4— (McrA-) recAl endAl gyrA96 thi-1 hsdR17 (fK  Promega Scientific,
—mK +) supE44 relA1 A(lac-proAB) (F” traD36 proAB USA
laclq ZAM15)
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4.2.2. Expression and purification of DnaK and DnaJ from E. coli XL1 Blue
strain

Plasmid constructs (pQE30/dnaJ and pQE30/dnaK) were transformed (Appendix D-
1) and confirmed by restriction analysis (Appendix D-2, D-3). The restriction fragments
were resolved on 0.8 % agarose gel electrophoresis (Appendix D-4). The recombinant
proteins were expressed in E. coli XL1 Blue cells (Thermofisher Scientific, USA) after
chemically competent E. coli XL1 Blue cells were transformed with respective
constructs coding for DnaJ and DnaK. For the production of both DnaK and DnaJ,
protein expression was conducted as previously described by Zininga et al., 2015a.
Briefly, transformed cells were grown in 2 x YT broth (Yeast extract, 1.0 %; Tryptone,
1.6 % and 0.5 % NaCl) supplemented with 100 pg/ml ampicillin at 37 °C. Induction of
protein expression was initiated by the addition of 1 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG). Expression of proteins was allowed for 5 hrs during
which samples were collected at 1 hr intervals for SDS-PAGE (Appendix C-1) analysis
before protein purification. Proteins were purified using HisPur™ Ni-NTA (Thermo
Scientific, USA) affinity chromatography as previously described (Zininga et al.,
2015a). Purified proteins were dialyzed and stored in dialysis buffer (20 mM Tris-HCI,
pH 7.5, 100 mM NacCl, 5 % (v/v) glycerol, containing 1 mM 2-B-mercaptoethanol and
1 mM PMSF; Appendix D-8) using 30 KDa Amicon® centrifugal filter units per

manufacturer’s protocol (Merck, USA).

4.2.3. Investigation of the effect of citrate-AuNPs on ATPase activity of
recombinant DnaK aided by co-chaperone DnaJ in vitro

The ATPase activity of DnaK together with DnaJ was measured based on the amount
of released inorganic phosphate (Pi), the ATPase activity of DnaK aided by DnaJ and
citrate-AuNPs was determined by performing a colorimetric ATPase activity assay as
previously described with modifications (Palleros et al., 1993; Mabate et al., 2018).
Initially, 2.5 yM DnaK, 1 yuM DnaJ, 1 yM BSA were each and in combination incubated
for 5 hour in ATPase buffer (10 mM HEPES-KOH pH 7.5, 100 mM KCI, 2 mM MgClz,
0.5 mM DTT) with 0 — 1.5 mM ATP concentrations and citrate-AuNPs. Boiled samples
of each protein were used as control and to monitor spontaneous hydrolysis of ATP.

Three independent assay runs were conducted for each recorded outcome per protein
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with citrate-AuNPs. To determine kinetics for the ATPase activity of the batch of
proteins with citrate-AuNPs, Michaelis-Menten plots were generated using GraphPad
Prism 6.05.

4.2.4. Investigation of the effect of citrate-AuNPs on the ability of DnaK aided
by co-chaperone DnaJ to suppress aggregation of MDH enzyme in
vitro

The main objective was to investigate the effect of citrate gold nanoparticles on the
structure and functionality of proteins. The assay was conducted as previously
described (Makumire et al., 2015; Chakraborty et al., 2018) in the presence and
absence of citrate-AuNPs. Briefly, 1 uM of porcine heart MDH (Sigma-Aldrich-Roche,
Darmstadt, German) was suspended in an MDH assay buffer (20 mM Tris, pH 7.4;
100 mM NacCl). Citrate-AuNPs were added to each reaction mix to final concentrations
ranging from 0 — 100 pg/mL. As a positive control, 2 uM of DnaK (Shonhai et al., 2008)
was included in place of citrate-AuNPs. Citrate-AuNPs, DnaJ, and DnaK were added
to separate reactions. The solutions were set in triplicate and incubated at 51 °C for
30 minutes. BSA was used as control. Protein aggregation was monitored based on
the development of turbidity spectrophotometrically at 360 nm. Optical density (OD)
readings were taken every 2 mins at 360 nm using a SpectraMax M3 spectrometer
(Molecular Devices, USA). The resultant absorbance units were then converted to
aggregation percentages relative to the aggregation level of MDH (set at 100 %) and
data was analyzed using GraphPad Prism 6.05 software (San Diego, USA).

4.2.5. Investigation of the effect of citrate-AuNPs on the secondary and
tertiary structure of DnaK by circular dichroism spectroscopy and
fluorescence spectroscopy

Proteins have been reported to change structural conformation and function in
response to metallic NPs binding (Nandi et al., 2018; Chakraborty and Biswas, 2020).
Fluorescence spectroscopic analysis and circular dichroism were used to determine
citrate-AuNPs protein binding dependent conformational changes to DnaK. The
secondary structure of DnaK was determined using far-UV circular dichroism (CD)
spectroscopy. The relative secondary structures and thermal stability of the DnaK
were also determined following a previously described method (Achilonu et al., 2014;

63

© University of Venda



3
o]

&5 ) university of Venda
C

Chakraborty and Biswas, 2020) using a JASCO far-UV J-1500 CD spectrometer
(JASCO Ltd, UK) equipped with a Peltier temperature control system. Briefly, Spectra
measurements were recorded at 100 nm/min scan speed, 1 nm bandwidth and
averaged for 5 accumulations after subtraction of assay buffer (10 mM Tris buffer pH
7.4) baseline measurement. The protein concentration (Appendix D-7) used for all the
measurements was kept at 1 uyM DnaK in assay buffer pre-incubated at room
temperature for 60 minutes. Data deconvolutions of derived spectra to determine
changes in a-helix, B-sheet, B-turn, and unordered regions in DnaK were performed
on the Dichroweb server (http://dichroweb.cryst.bbk.ac.uk) (Lobley et al., 2002). The

relative stability of DnaK in the presence of thermal and chaotropic denaturants was
compared to that of the same protein in the presence of citrate-AuNPs in analysis.
Comparative thermal melts in the presence and absence of citrate-AuNPs were
determined by subjecting the proteins to monotonical temperature increments at a rate
of 0.5 °C per minute from 20 °C — 90 °C and spectra measurements were recorded at
a fixed wavelength of 222 nm as previously described (Nandi et al., 2018; Chakraborty
and Biswas, 2020). The folded state of DnaK was monitored by assessing the molar
residue ellipticity (MRE) at 222 nm (Appendix D-9) in the presence of varying
concentrations (0 — 100 ug/ml) of citrate-AuNPs. The folded state of the proteins
exposed to various urea levels was then calculated as previously described (Zininga
et al., 2015b).

Proteins in assay buffer (20 mM Tris, pH 7.4; 100 mM NaCl, pH 7.4) were added to a
volume of citrate-AuNPs solution to a determined final concentration. The mixture was
equilibrated with shaking at 26 °C for 60 minutes. The tertiary structure of DnaK was
analyzed using intrinsic fluorescence spectroscopic analysis. Tryptophan/tyrosine
fluorescence spectroscopic assays were conducted to monitor changes in the
structure of DnaK in response to the presence of citrate-AuNPs, as previously
described (Chakraborty and Biswas, 2020) with minor modifications. The generated
fluorescence spectra were analyzed after excitation at 280 nm using a JASCO FP-
6300 spectrofluorometer (JASCO International CO., Ltd, UK). The emission spectra
were monitored between 280 to 450 nm with the excitation wavelength of 280 nm at a
scan speed of 500 nm/min. Briefly, DnaK was incubated in assay buffer (20 mM Tris,
pH 7.4; 100 mM NacCl, pH 7.4) for 30 minutes at room temperature in the presence of
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varying concentrations of citrate-AuNPs (0 — 50 ug/ml) before spectral measurements
were taken. Varying concentrations of chaotropic denaturant urea were used in the
place of citrate-AuNPs to determine the effect of positive control in inducing a red or
blue shift conformational changes of the tertiary structure of DnaK (Eftink, 1991).
Spectra used for baseline subtraction and negative controls were taken from readings
of the buffers with citrate-AuNPs (0 — 50 pg/ml).

4.3. RESULTS

4.3.1. Citrate-AuNPs regulate the ATPase activity of recombinant DnaK

aided by its co-chaperone DnaJd in vitro

The pQE30/dnaK and pQE30/dnaJ constructs used in the expression of proteins were
verified by restriction digestion with BamHI, Hindlll, and BamHI, Pstl restriction
enzymes respectively (Appendix D-3 and Appendix D-4). Recombinant DnaK and
DnaJ were successfully expressed and purified as observed with the use of SDS
PAGE and Western blot analysis (Appendix D-11, D-12).

ATPase activity assays were conducted to investigate the effect of the presence of
citrate-AuNPs on the hydrolysis of ATP by DnaK and DnaJ. DnaK exhibited Vmax and
Km values of 24 nmol/min/mg, 85 uM (0.085 mg) while in combination with DnaJ, DnaK
exhibited Vmax and Kn, values of 32 nmol/min/mg and 226 uM (0.266 mg) respectively
(Table 4.1; Fig 4.1). Combination of DnaK and DnaJ required higher concentrations of
ATP to achieve less than double the Vmax of DnaK alone. These findings were

comparable to those observed in a previous study (Lieberk et al., 1991).
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Figure 4.1 Citrate-AuNPs regulate ATPase activity of recombinant DnaK. (A) The ATPase activity
of DnaK with DnaJ agrees with previous studies indicating cooperativity. All controls had a baseline
subtraction of buffer. (B) ATPase activity of DnaK with DnaJd and 2.5 pg/ml citrate-AuNPs exhibited the
highest catalysis. ATPase activity rates were calculated and reported based on catalytic efficiency
(Table 4.2, Fig. 4.2). The assay was carried out in triplicates. At least three independent assays were
conducted using independently purified protein each time.

Several ATPase assays conducted in this study validated that indeed DnaJ protein
(Appendix D-7) stimulated ATPase activity of DnaK. ATPase activities of DnaK with
DnaJ (Fig 4.1A) became the basis for the evaluation of the activities of the same
molecular chaperones in the presence of varying concentrations of citrate-AuNPs
(Appendix D-14). Citrate-AuNPs were validated and found stable in assay buffer

before use (Appendix D-13). It was observed that lower-order concentrations (2.5
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pg/ml) of citrate-AuNPs altered and abrogated the basal ATPase activity of DnaK

measure in catalytic efficiency from 1.9 x 10%* sec/mol™ to 4.2 x 107 sec/mol* (Table
4.2; Fig 4.1A), while higher-order (50 ug/ml) citrate-AuNPs had abrogated the ATPase

activity of the chaperones from 1.9 x 10-%* sec/mol* to 2.1 x 103° sec/mol. DnaK with

citrate-AuNPs had a catalytic efficiency of 3.2 x 10-3° sec/mol* while that of DnaK with

DnaJ and citrate-AuNPs was 2.1 x 1039 sec/mol!. The catalytic efficiency of
DnaK+DnaJd+2.5 ug/ml citrate-AuNPs (p < 0.001) (Fig 4.2; Table 4.2) was increased
by more than half in comparison with that of DnaK (Fig 4.1; Table 4.2).

Table 4.1 Michaelis-Menten kinetics for DnaK+DnaJ+citrate-AuNPs

Vmax Kcat Catalytic efficiency

(nmol/min/mg) Km (M) (mol?) (sec/mol?)
Buffer 1.69E+12 2.05E+27 ND ND
DnaK 24.250 85.060 1.617 1.901E-04
DnaK+DnaJ 32.490 226.500 0.928 4.098E-04
DnaK+AuNPs (2.5 pg/ml) 15.290 142.900 0.612 4.280E-07
DnaK+DnaJ+AuNPs
(2.5 pg/ml) 31.930 89.140 0.912 1.023E-03
DnaK+Boiled DnaJ+AuNPs
(2.5 pg/ml) 19.260 38.960 0.550 1.412E-05
DnaK+AuNPs (50 pug/ml) 1.95E+02 2.37TE+27 7.796 3.287E-30
DnaK+DnaJ+AuNPs
(50 pg/ml) 3.82E+02 5.05E+27 10.920 2.161E-30
DnaK+Boiled DnaJ+AuNPs
(50 pg/ml) 2.33E+02 3.33E+27 6.660 1.999E-30

ND —Not Determined
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Figure 4.2 The combination with Dnad and 2.5 pg/ml citrate-AuNPs increases the ATPase
catalytic efficiency of recombinant DnaK. Catalytic efficiency (sec.mol?) of DnaK, DnaK with co-
chaperone DnaJ and DnaK with citrate-AuNPs were calculated based on Michaelis-Menten turnover
number per concentration of substrate at half maximum velocity (Table 4.2). Error bars were generated
from data obtained from independent catalytic efficiency of DnaK analysis. Statistical significance was

determined using regression test. (* p < 0.01, ** p < 0.001).

4.3.2. Citrate-AuNPs influences the ability of DnaK and co-chaperone Dnal
to suppress aggregation of MDH enzyme in vitro

Malate dehydrogenase (MDH) has been extensively used as an aggregation-prone
protein to demonstrate the aggregation suppression capabilities of DnaK and other
molecular chaperones in the Hsp70 family. Molecular chaperone DnaK was previously
observed to be thermally stable at as high as 48 °C (Makumire et al., 2015; Mabate et
al., 2018), therefore it would be an efficient aggregation suppressant chaperone.
Citrate-AuNPs were also assessed for thermal stability at 48 °C and observed to be
stable (Appendix D-15). MDH aggregated in response to heat stress at 48 °C was
used as a control and reference percentage to which other aggregation measurements
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were then calculated (Fig 4.3). BSA was used as an additional control to validate that
aggregation suppression of MDH quantified at any given time would be due to the
presence of molecular chaperone DnaK or DnaJ (Fig 4.3A). To further validate the
chaperone action of either DnaK, DnaJ, or a combination of DnaK and DnaJ (DnaKJ)
in the current study, an investigation to reverse the heat-induced aggregation of MDH
was successful in the presence of DnaK and measure at 69 % aggregation
suppression, while that of DnaJ only yielded a 2 % aggregation suppression. However,
a combination of DnaK and DnaJ yielded 79 % aggregation suppression which is 10
% higher than that of DnaK on its own (Fig 4.3B-D).
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Figure 4.3. Citrate-AuNPs increases the efficiency of DnaK and DnaJ chaperone functional
association in vitro. Heat-induced aggregation of MDH was investigated at 48 °C. The capability of
DnaK and DnaJ and that of the combination of DnaK and DnaJ to suppress MDH aggregation was
reported. The assay was performed in the absence and presence of 0 — 50 ug/ml citrate-AuNPs. Error
bars were generated from data obtained from independent proteins preparation. Statistical significance
was determined using one-way ANOVA test. (* p < 0.01, ** p < 0.001).
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It was generally observed that DnaK together with co-chaperone DnaJ exhibited
elevated capabilities of suppressing the aggregation of MDH in the presence of 2.5
Mg/ml citrate-AuNPs as compared to when DnaK and DnaJ function invitro to suppress
the aggregation of MDH (Fig 4.3A-D). DnaK individually suppressed the aggregation
of MDH, it was however not significantly aided by citrate-AuNPs in its function. When
DnaJ was tested, the presence of either lower end (2.5 ug/ml) or higher end (50 pg/ml)
citrate-AuNPs significantly increased the aggregation of MDH beyond 100 %. Both
chaperones DnaK and DnaJ were thermally stable in MDH buffer at high temperatures

and so were both lower order and high order citrate-AuNPs individually.

4.3.3. Citrate-AuNPs do not affect the secondary and tertiary structure of
DnaK

The effect of citrate-AuNPs and heat stress on the secondary structure of DnaK was
investigated by conducting circular dichroism (CD) spectrophotometric analysis. The
purified recombinant DnaK (Appendix D-12) was pre-incubated at 26 °C for 60
minutes. The secondary structure of DnaK was initially determined by far-Uv CD
spectroscopy before performing modifications to the assay (Mabate et al., 2018). E.
coli DnaK (POA6Y8) is predominantly alpha helical (a-helical) as observed in prior in
silico predictions using obtained sequence from UniProtKkB database
(https://www.uniprot.org/uniprot/POA6Y8). The respective CD spectra are
characterized by a peak at approximately 195 nm as well as troughs at approximately
208 nm and 220 nm, respectively (Fig 4.5). As such, deconvolutions of the structures
of DnaK using Dichroweb online tools confirmed that DnaK is a-helical (Fig 4.5A; Table
4.3). All the structural values derived upon deconvolution were quality checked with
RMSD values less than 1 which indicated the confidence in data reliability (Table 4.3).
There were no significant differences observed between the secondary structures
analyzed between DnaK with or without citrate-AuNPs concentrations (0 — 50 pg/ml)
and DnaK as a control (Fig 4.5 B1 — B3) (Table 4.3; p > 0.01). It was generally
observed that the secondary structure of DnaK was not perturbed by the presence of
any concentration of citrate-AuNPs (0 — 50 ug/ml). Although a study done on Hsp18
which is a small chaperone indicated perturbation in the structure of the protein
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(Chakraborty and Biswas, 2020), the current study on Hsp70 (DnaK) which is a larger

chaperone indicated little or no perturbation (Fig 4.4).

Recombinant DnaK exhibited thermal tolerance up to temperatures approximating 45
°C where molar ellipticity monitored at 220 nm was observed to indicate loss of alpha-
helical residues (Fig 4.4). The folded fraction assessment of recombinant DnaK protein
showed that more than 60 % of the protein maintained its folded state at 48 °C (Fig.
4.4A). Both DnaK and DnaK in the presence of lower order AuNPs (2.5 pg/ml) were
observed to retain or recover twice as many residues as compared to DnaK in the
presence of higher-order citrate-AuNPs (50 ug/ml) (Fig 4.4 B1 — B3).
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Figure 4.4. Lower order citrate-AuNPs enhances the stability of the secondary structure of DnaK
at higher temperatures than normal functional levels. The secondary structural analysis of Dnak,
(A) at room temperature in the absence and presence of lower and higher order citrate-AuNPs
concentration, (B1) before denaturation and after renaturation, (B2) exposed to 2.5 ug/ml citrate-AuNPs
then denatured and subsequently renatured, (B3) exposed to 50 ug/ml citrate-AuNPs then denatured
and subsequently renatured. All calculations emanated from the Dichroweb tool and IBM statistical

software.
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To validate the recovery of residues after renaturation, a full secondary structural
analysis was conducted and compared before and after exposing DnaK to increasing
and decreasing temperatures in the presence of citrate-AuNPs. Similarly, the lower
order citrate-AuNPs concentration was observed to effectively maintain the alpha-

helical content of the protein at 6 = 220nm (Fig 4.5 A).
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Figure 4.5. Citrate-AuNPs do not perturb the secondary structure of DnaK. The secondary
structural analysis of Dnak, (A) at 20 °C in the absence and presence of lower and higher order citrate-
AuNPs concentrations, (B1) before denaturation at 90 °C and after renaturation by cooling down to 20
°C, (B2) exposed to 2.5 pg/ml citrate-AuNPs then denatured and subsequently renatured, (B3) exposed

to 50 pg/mi citrate-AuNPs then denatured and subsequently renatured. All calculations emanated from

the Dichroweb tool.
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Table 4.3. Comparative secondary structures residue content of DnaK and DnaK exposed to
citrate-AuNPs. Comparative analysis was conducted with the use of regression test and
indicated statistical significance at p < 0.01 between control and each of the citrate-AuNPs.

Combined
o-helices

B-sheets

B-turns

Unordered

Total
Content

RMSD

Dnak

0.438

0.264

0.202

0.054

1

0.455

Dnak + 2.5 pg/ml citrate-AuNPs

0.495

0.232

0.175

0.093

0.895

0.508

Dnak + 50 pg/ml citrate-AuNPs

0.438

0.265

0.243

0.045

0.955

0.531

After observing no effect on the secondary structure of DnaK, change in the tertiary
structure of the DnaK through monitoring of intrinsic fluorescence analyses were
conducted using tryptophan fluorescence spectroscopy. DnaK harbors one tryptophan
(TRP-102) residue located in its NBD. Although tyrosine (TYR) has a quantum yield
similar to that of TRP, the indole group of TRP is considered the dominant source of
excitation at ~280 nm and emission at ~340 - 350 nm in proteins (Teale et al., 1957).
It was observed that DnaK possessed maxima in the range of 340 - 350 nm depending
on external factors such as salt content or temperature, which suggests that the
proteins assumed a folded state in which tryptophan residue is buried within the

hydrophobic region.

To validate that the structural changes to DnaK were possible, conformational
changes on the protein tertiary structure were induced by exposing the protein to
chaotropic denaturant, urea (Fig 4.6B). The protein was incubated with an increasing
concentration of urea (0 — 8 uM) and analyzed. Fluorescence intensity decreased with
a red spectral shift being observed (Fig 4.6B, D). Red spectral shift indicated a tertiary
structural conformational change due to the presence of varying concentrations of

urea. At 4 uM urea, complete perturbation of DnaK was achieved.

Fluorescence spectra of DnaK either in the presence or absence of citrate-AuNPs did
not indicate any changes to the tertiary structure of DnaK as expected of proteins
under modulation by external agents (Fig 4.6 A). This may suggest that the tryptophan
residues in DnaK remained buried within the hydrophobic core and not exposed to the
microenvironment. Hence, fluorescence intensity is quenched from above 400

arbitrary units to less than 100 units without red or blue spectral shift. Fluorescence
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intensity decreased with the increasing citrate-AuNPs, indicating the extent to which
the presence of citrate-AuNPs induces a change in buffer composition (Fig 4.5).
Dehydration of buffer induced quenching of hydrophilic residues of the protein
resulting in decreased relative intensity. Lack of spectral shift is due to TRP hidden in
deep hydrophobic pockets remaining unaffected by either change in buffer
composition or citrate-AuNPs binding. Although there was sufficient quenching of the
protein as seen in the decrease of the fluorescence intensity, the tertiary structure of

DnaK remained intact.
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Figure 4.6. Citrate-AuNPs have no effect on the tertiary structure of DnaK. The stability of DnaK
in the presence of citrate-AuNPs was not affected either at lower order or higher order of AuNPs
concentration. (A) Relative fluorescence intensities of DnaK in the presence of a range of citrate-AuNPs
from 0 — 50 pg/ml. (B) Relative fluorescence intensities of DnaK in the presence of a range of urea
concentration from 0 — 8 M. (C) Wavelength shifts were calculated from the highest fluorescence
intensities of the untreated protein, citrate-AuNPs indicated little to no effect on the wavelength shift of

DnakK. (D) Redshift intensity was determined when DnaK was treated to urea concentrations.
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4.4. DISCUSSION

The current study sought to determine the effect of citrate-AuNPs on functional
features and in modulating the secondary and tertiary structural conformations of
DnaK in vitro. Based on the STRING prediction of the possible interaction partners of
DnaK, DnaJ is a known co-chaperone of DnaK and is also listed among the proteins
with experimental evidence of functional interaction (Kityk et al., 2015). Hence the
inclusion of DnaJ in the biochemical assays. In the presence of citrate-AuNPs, the
function of DnaK together with co-chaperone DnaJ in suppressing aggregation of MDH
was enhanced. Furthermore, DnaJ stimulated more effectively the hydrolysis of ATP
by DnaK in the presence of citrate-AuNPs. As seen in the high catalytic efficiency
exhibited by DnaK and DnaJ in the presence of citrate-AuNPs compared to that of
DnaK and DnaJ on their own in vitro. Although without GrpE, DnaK and DnaJ can
hydrolyze ATP (Kityk et al., 2015). Although according to Nunes and colleagues (2015)
the addition of GrpE to experiments in the presence of DnaJ and DnaK lowers the
fraction of unfolded states of peptides and marginally increases the fraction of folded
and peptides, which is not established in the current study is whether citrate-AuNPs
could replace GrpE in its functional responsibilities in ATP hydrolysis or NPs and GrpE
could completely be independent in function. It is important to note that only lower-
order concentration of NPs in this regard has higher catalytic efficiency as the higher-
order concentration had a detrimental effect on the proteins hindering their normal or
elevated function in the process. Citrate-AuNPs were also unsuccessful in elevating
the ATPase activity of DnaK but instead abrogated it. With the cooperation of
chaperone DnaK and co-chaperone Dnal, citrate-AuNPs also failed to reverse the
aggregation of MDH. On the contrary, it was interesting to note the role of lower order
(2.5 pg/ml) concentrations of citrate-AuNPs in cooperation with co-chaperone Dnald in
stimulating DnaK ATPase activity in vitro. These findings are in support of a previous
proposal by Makumire et al (2015) that citrate-AuNPs at lower concentrations maintain
proper conformation of proteins while at higher concentrations, citrate-AuNPs

agglomerate and lead to protein conformation.
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DnaK did not exhibit any tertiary structural conformational changes in the presence of
citrate-AuNPs but instead remained stable. After observing no spectral shift in
emission maxima of DnaK in the presence and absence of citrate-AuNPs, it was
speculated that the effect citrate-AuNPs have on the protein is quenching of
hydrophobic residues burying tryptophan. Tryptophan residue (W102) in the NBD is
buried within the hydrophobic core and packed against SBDa (Swain et al., 2007), the
presence of citrate-AuNPs created a more hydrophobic tryptophan microenvironment
as the concentration increases which results in quenching of fluorescence intensities.
Citrate-AuNPs do not induce conformational changes in DnakK, therefore DnaK would
be able to function optimally in the presence of citrate-AuNPs. It is not known at this
stage how citrate-AuNPs elevate the ATPase activity of DnaK without modulating
structural changes of the protein.

This study noted that the lower concentration (< 2.5 ug/ml) of citrate-AuNPs had a
stabilizing effect on the secondary structure of DnaK. DnaK treated to high
temperatures in the presence of citrate-AuNPs could retain more of their alpha-helical
content than DnakK alone or DnaK exposed to temperatures above 65 °C. While NPs
seemed to have a stabilizing effect on DnaK secondary structure, chaotropic
denaturants significantly destabilize the structure of DnaK causing a redshift. Findings
from the current study would suggest that the citrate-AuNPs slightly enhances the
stability of DnaK under high temperatures by taking most of the heat to itself while
allowing DnaK to take less heat at the same time (De and Rotello, 2008).

AuNPs are also heat tolerant, which explains the slightly increased tenacity of DnaK

in the presence of citrate-NPs.
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CHAPTER 5
5. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

5.1. CONCLUDING REMARKS

An understanding of every aspect of the triangle protein-nanoparticle-protein
interaction is highly unlikely to be achieved in a short space of time. Nevertheless, it
must start with the prediction of possible interaction of known proteins in the same
system. Here, prediction tools which included the STRING database were instrumental
in giving important details to enable the initial steps into understanding molecular
networks of DnaK interaction partners including the co-chaperone DnaJ and
chaperone GroEL.

Gold nanoparticles continue to gain momentum in biomedical applications. However,
the limited understanding of the interaction with proteins impedes their outright
success in biomedical applications. The size of particles plays a major role in the
determination of surface area to volume ratio, the smaller size of the particles aid
absorption into cells. The crystalline surface curvature also plays a role in the binding
of proteins while influencing structural modifications of proteins. A slightly negative to
neutral charge determined by the zetasizer meant that a fraction of the concentration
of citrate-AuNPs would not be adsorbed or absorbed into cells since repulsion is to be
expected at the negatively charged peptidoglycan membrane layer of E. coli in vivo.
These particles possess less danger to negatively charged DNA material, hence E.
coli continues to grow in the presence of citrate-AuNPs. Due to the slightest charged
capping of the particles, the amino acids such as aspartic acid and glutamic acidare
negatively charged at pH 6.9 — 7.9 and contain acidic side chains that would propagate
non-binding of the protein domains which are dominated by the two amino acids.
Lysine, arginine, and histidine contain basic side chains and is positively charged, as
such would be the target binding residues of the particles on the protein.

This study mainly investigated the proteomic changes on E. coli cells and proteins due
to the presence of citrate-AuNPs by way of identifying and quantifying upregulated
proteins by LC-MS/MS which has not been studied or reported elsewhere currently.

The emergence of SurA which is a survival membrane protein co-eluting with DnaK
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gave a different insight to what was expected from possible interaction partners’
prediction in the previous section. SurA happened to be the only possible interaction
partner identified by LC-MS/MS sharing the hydrophobic transmembrane property
(Appendix A-2) with DnaK while the rest are cytosolic. It is therefore assumed that
DnaK functions alongside SurA in alleviating external stress such as aggregated
citrate-AuNPs forcibly entering cells. The presence of diminishing ClpX could not be
linked to citrate-AuNPs but merely to its role in cell division. GAPDH, a known
enteropathogenic protein is important for the pathogenesis of most E. coli strains but
not known to cooperate with the DnaK chaperone system during cellular stressful
conditions. Therefore, the presence of GAPDH in large quantities could talk to the
much less quantity of DnaK and DnaJd in the wild-type strain of E. coli.

Generally, citrate-AuNPs did not induce conformational changes to DnaK. But it is
important to note that at higher concentrations (> 10 ug/ml citrate-AuNPs), quenching
of the fluorescence intensity might indicate that the microenvironment surrounding
DnaK is dehydrated with the increase of concentration of citrate-AuNPs molecules.
Therefore, the hydrophilic residues are exposed, but most importantly, tryptophan
(102) gets buried even further in a hydrophobic patch resulting in decreased
fluorescence but no conformational change.

The ATPase and the MDH aggregation suppression assays gave an insight into the
functional cooperation between citrate-AuNPs and the DnaK chaperone system. The
overall conclusion from the current study suggests that lower concentrations (<
2.5ug/mil) citrate-AuNPs do not induce changes in structural conformation of DnaK but
instead enhances its functional activity together with co-chaperone DnaJ. AUNPs are
also heat tolerant, which explains the slightly increased tenacity of DnaK in the
presence of metallic NPs. SurA survival protein is likely to encounter citrate-AuNPs
before any other cytosolic molecular chaperones which explains its co-existence with
DnaK in vivo and in vitro almost similarly. Overall, the study demonstrated that at low
concentrations (<10 ug/ml), citrate-AuNPs do not disrupt the structural integrity of
DnaK. Furthermore, low levels of citrate-AuNPs did not disrupt integrity of network
partnerships of DnaK. At higher concentrations (>10 pg/ml), citrate-AuNPs

compromise the structural conformation and integrity of DnaK network partnership.
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Altogether, the findings suggest that at lower concentrations, citrate-AuNPs could be
safely integrated within living systems without destabilizing the structure and function

of proteins.

5.2. FUTURE PERSPECTIVE

It should be noted that techniques such as affinity chromatography used to determine
protein interactions may have limitations as a stand-alone technique. Future studies
should make use of techniques such as immunogold labelling, protein-correlation-
profiling (PCP) in combination with exhaustive qualitative proteomics methods. Stable
isotope labelling of amino acids in cell culture (SILAC) must be considered to identify
protein complexes under native expression conditions and without genetic
manipulation (Carlson et al., 2019). The use of SPR tool will enhance and validate the
outcomes from the use of affinity chromatography in determining interaction of
proteins. After the validation that DnaK and DnaJ co-chaperone are also enhanced by
the presence of citrate-AuNPs without GrpE, it would be interesting to determine
whether AuNPs could act as a NEF in place of GrpE which is the main player in the
continuing life cycle of heat shock proteins. It would be highly recommended that such
a study be designed to determine the extent to which AuNPs could be applied in place
of certain molecular chaperones such ClpB and ClpX which share SBD with GrpE. If
such assumptions could be proven valid, biomedical and therapeutic applications will
be advanced. Generally, the protective efficacy of DnaK towards the cell survivability

in presence of AUNPs against thermal stress should be studied in detail.
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7. APPENDICES

7.1. APPENDICES A

APPENDIX A-1: The absorption spectrum indicating respective wavelength from

ultraviolet, visible and infrared spectrum
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Appendix A-2: Hydropathy and amphipathicity characteristic of DnaK with an

indication of hydrophobic transmembrane section of the sequence
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7.2 APPENDICES B

APPENDIX B-1: Preparation of aqua regia

The molar ratio between concentrated hydrochloric acid and concentrated nitric acid
is HCI:HNOs of 3:1. HCl is about 35 %, while concentrated HNOs is about 65 %. The
volume ratio for preparation of aqua regia is four (4) parts concentrated hydrochloric
acid to one (1) part concentrated nitric acid. Care was taken to add nitric acid to
hydrochloric acid and not the other way around. The resulting solution was a fuming
yellow liquid smelling strongly of chlorine. Leftover of aqua regia was disposed by
pouring it over a large amount of ice and neutralized with a 10 % sodium hydroxide.
The neutralized solution was then safely poured down the drain. Aqua regia was kept
in a cool location and used when it was fresh. Note: Aqua regia must not be stored
stoppered or for an extended length of time, it becomes unstable and pressure build-

up resulting in the container breaking.

7.3. APPENDICES C

APPENDIX C-1. PREPARATION AND ANALYSIS WITH SDS-PAGE

Protein samples were treated by boiling in SDS sample buffer (0.25 % Coomasie
Brilliant blue [R250]; 2 % SDS; 10 % glycerol [v/v]; 100 mM Tris; 1 % B-
mercaptoethanol) in a ratio of 4:1 for 10 minutes at 100 °C. The samples were
analysed using SDS-PAGE by resolving through 12 % acrylamide resolving gel (Table
C-1). This was done by loading the boiled samples in respective wells as well as the
protein molecular marker. The electrophoresis was done at 120 volts and 100 amperes
for 1 hour using the Bio-Rad Mini Protean 4 electrophoresis system (BioRad, U.S.A).

The visualization was done using white light on a ChemiDoc (Bio-Rad, Germany).
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Table C-1. Preparation of SDS-PAGE 12 % resolving gel and 5 % stacking gel

Running Gel ml/Gel Stacking Gel ml/Gel
40 % Bis (mL) 1.5 40 % Bis (mL) 0.25
1.5 M Tris pH 8.8 (mL) 1.25 0.5 M Tris pH 6.8 (mL) 0.25
10 % APS (mL) 0.05 10 % APS (mL) 0.02
10 % SDS (mL) 0.05 10 % SDS (mL) 0.02
TEMED (mL) 0.002 TEMED (mL) 0.002
H20 (mL) 2.15 H20 (mL) 1.46

APPENDIX C-2. SILVER STAINING PROCEDURE

SDS-PAGE gel was washed in ultrapure water for 2 x 5 minutes and fixed in 631
fixation solvent (30 % ethanol: 10 % acetic acid in ultrapure water) for 15 minutes.
After replacing the solution and fixing for another 15 minutes, the gel was washed in
10 % ethanol solution for 5 minutes twice followed by 2x washes in ultrapure water for
5 minutes each. After the gel was sensitized for exactly one minute, it was then washed
with two changes of ultrapure water for a minute each. The gel was then incubated in
stain working solution for 30 minutes. After two changes of ultrapure water washes for
20 seconds each, the developer working solution was added and incubated until
protein bands appear. When the desired band intensity was reached, developer
working solution was replaced with stop solution (5 % acetic acid) for 10 minutes
before replacing with ultra-pure water and image capturing with BioRad Chemidoc
ImagelLab software (BioRad, USA).
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Table C-3. Indication of respective concentrations of citrate-AuNPs used in experimental and control of
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the analysis of effect of citrate-AuNPs on clinical isolate E. coli strain.

Exp/Control E. coli Strain/ Incubation Treatment Incubation
Plasmid Temperature Period
Control E. coli O157:H7 37 °C 0 pg/ml AuNPs 5 hours
Experiment 1 E. coli O157:H7 37 °C 2.5 pg/ml AuNPs | 5 hours
Experiment 2 E. coli O157:H7 37°C 5 pg/ml AuNPs 5 hours
Experiment 3 E. coli O157:H7 37°C 10 pg/ml AuNPs 5 hours
Experiment 4 E. coli O157:H7 37°C 25 pg/ml AuNPs 5 hours
Experiment 5 E. coli O157:H7 37°C 50 ug/ml AuNPs 5 hours

APPENDIX C-4

Confirmation and validation of vector plasmids pQE30/dnaK and pQE30 were done
by agarose gel electrophoresis and mapped out by snapgene™

M 1 2 3 4 fac operator RBS ==

BamHI (149)

10000
8000
6000
5000
4000
3500
3000 pQE30 (3461)
2500
o5 PQE30/Dnak
DnaK (1944)

1500

1000

750

HindIII (2089)

Figure C-4-1. Restriction analysis of pQE30/DnaK plasmid. (A) Agarose gel electrophoresis of
pQE30/DnakK. (B) Plasmid map of pQE30/DnaK showing the BamHI and HindlIl restriction sites: Lane
M, DNA molecular weight maker in bp; Lane 1 represents both linear and circular forms of undigested
pQE30/DnakK plasmid; Lane 2, pQE30/DnakK digested with BamHI; Lane 3, pQE30/DnaK digested with
Hindlll; Lane 4, pQE30/DnaK digested with both BamHI and Hindlll.
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(1) Xhol lac operator
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Figure C-4-2. Restriction analysis of pQE30 plasmid. (A) Agarose gel electrophoresis of pQE30. (B)
Plasmid map of pQE30 showing the Xhol, Pael and Hindlll restriction sites: Lane M, DNA molecular
weight maker in bp; Lane 1 represents both linear and circular forms of undigested pQE30 plasmid;

Lane 2, pQE30 digested with Xhol; Lane 3, pQE30 digested with Pael; Lane 4, pQE30 digested with
Hindlll.
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APPENDIX C-5. REPRESENTATIVE SILVER STAINED SDS-PAGE GELS FROM
BAIT AND PREY LYSATES
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Figure C-5. Investigation of the direct interaction of recombinant DnaK and possible interaction
partners in the presence of citrate-AuNPs using pull down assay. (A) A representation of the pull-
down assay conducted with E. coli recombinant DnaK (Immobilized Bait) lysate and DnaK defective E.
coli lysate untreated, as prey. (B) Assay was conducted with at O pg/ml of citrate-AuNPs (Untreated)
exposed to the prey lysate (C) Assay was conducted with at 2.5 pg/ml of citrate-AuNPs exposed to the
prey lysate (D) Assay was conducted with at 50 pg/ml of citrate-AuNPs exposed to the prey lysate. The
possible captured interactors and controls were analyzed using SDS-PAGE and subsequent silver
staining. Lane M, protein marker; BWL, DnaK Bait Whole Lysate; BFT, DnaK Bait Flow Through; BW,
DnaK Bait Washes; IBR, Immobilized Bait Resin; PREY, DnaK defective E. coli strain Lysate; BPFT,
Bait with Prey Complex Flow Through; BPW, Bait with Prey Complex Washes; IBPR, Immobilized Bait
with Prey Resin; BPE, Bait Prey Complex Eluent.

100

© University of Venda



)
-

w University of Venda

Creating Future Leaders
@)

APPENDIX C-6. A REPRESENTATIVE DENSITOMETRIC QUANTIFICATION OF
PROTEINS
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Figure C-6. A representative densitometric quantification of proteins detected by silver staining
before recovery of recombinant DnaK with possible interaction partners using co-affinity assay.
(A) A representative detection of recombinant DnaK bait protein lysate before immobilization of affinity
resin. Band 1 between 0.25 — 0.50 Rr being of special interest (Expected recombinant DnaK) while
band 2 - 3 being possible recombinant DnaK breakdowns or its endogenous interactors. (B) A
representative detection of DnaK bait protein immobilized on affinity resin. Band 1, 2 and 3 confirms
the proteins bound on resin after extensive wash procedure removing unspecifically bound proteins.
(C) A representative detection of prey proteins from DnaK defective E. coli lysate. All bands considered
to be possible recombinant DnaK interactors. All bands of interest will be identified by LC-MS/MS.
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APPENDIX C-7. MOLECULAR CHAPERONES IDENTIFIED BY LC-MS/MS

Table C-7. Molecular chaperones identified from the co-elution fractions of lysate containing

recombinant DnaK and DnaK defective E. coli lysates exposed to varying concentrations of citrate-

AuNPs. Probability identification was done in mass spectrometry and analysed by Scaffold software.

© University of Venda

Protein Accession Number | Mass | Localization Role/ Process
Name (kDa)
1 | DnaK POA6Y9.2 69 Cytosol Cellular response to
kDa unfolded proteins
2 | GroEL B7MSV9.1 57 Cytosol Protein folding
kDa
3 | ClpB P63285.1 96 Cytosol/ Inner Protein refolding
kDa membrane
4 | DnaJ B1XBEO.1 41 Cytosol/ Inner Co-factor dependent
kDa membrane protein folding
5 | SurA Q1RGE4.1 47 Outer membrane Outer membrane
kDa assembly
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APPENDIX C-8. COMPARISON OF CO-ELUENTS OF DnaK AT DIFFERENT
CONCENTRATIONS OF CITRATE-AuNPS BY LEVEL OF INTENSITY
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Figure C-8. Densitometric quantification of bait-prey interaction complexes recovery from co-
affinity assay by ImageLab software and ChemiDoc™ imaging system. A set of prey proteins lysate
was treated with varied concentration citrate-AuNPs (0 ug/ml, 2.5 pg/ml and 50 pg/ml citrate-AuNPSs).
Both lower order and higher order of citrate-AuNPs concentrations are observed to aid the binding of
proteins herein identified only as Band 2 before identification by LC-MS/MS while only higher order of
citrate-AuNPs is observed to aid the blockage of release of bait-prey interaction. All bands considered

to be possible recombinant DnaK interactors are identified by LC-MS/MS.
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7.4. APPENDICES D

GENERAL EXPERIMENTAL PROCEDURES

D-1. Transformation

Transformation A volume of 2 ul (equivalent to about 10 ng) of plasmid DNA was
added into an aliquot of 100 ul of competent cell. The cells were then incubated on ice
for 30 minutes followed by heat shock at 42 °C for 45 seconds and immediately placed
on ice for 10 minutes. A volume of 900 ul of 2YT broth was added and then incubated
at 37 °C for one hour with gentle agitation. The cells were transferred on 2YT plates

containing the desired antibiotics followed by incubation at 37 °C overnight.

D-2. Plasmid DNA extraction

Plasmid DNA was extracted using Thermo Scientific™ Plasmid Miniprep Kit per the
manufacturer’'s Protocol. Briefly, cells were resuspended, lysed and neutralised by
adding to the pellet 250 pL resuspension solution, vortexed and followed by lysis
solution and 350 pL of neuatralisation solution. All solutions were added followed by
invertion mixing. Supernatant was transferred into spin column and washed with 500
bL wash solution twice. With 50 L elution solution, flow through was collected and
stored as purified DNA.

D-3. Restriction digest analysis

Plasmid DNA was digested using the respective restriction enzymes (BamHI and Kpnl
for LS mutants, and BamHI and Hindlll for wild type versions) following the method
described below. The reagents were set up as follows: Sterile deionized water (16 pl),
10x restriction buffer (2 pl) and DNA (100-200 ng) 2 ul. The reaction was initiated by
addition of two units (2 pl) of restriction enzymes. The restriction was allowed to
proceed for 2-3 hours at 37 °C. The reaction was stopped by addition of 4 ul of 10x
DNA loading buffer (0.25 %) bromophenol blue and 30 % glycerol). The product was
then analyzed by agarose gel electrophoresis.
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D-4. Agarose gel electrophoresis

To prepare 0.8 % (w/v) agarose gel, the required amount of agarose was completely
dissolved in 1x TAE buffer (40 mM, 20 mM acetic acid and 1 mM EDTA) by heating
with frequent agitation. The agarose was then cooled to 55 °C prior to addition of
ethidium bromide (0.5 pg/ml). The agarose gel was allowed to polymerize for 15-30
minutes at room temperature. The gel was placed in the electrophoresis chamber and
covered with 1x TAE buffer. A volume of 4 ul of 10x DNA loading buffer (0.25%
bromophenol blue + 30% glycerol) was added to 20 pl of the sample followed by
loading of the samples into the wells. Electrophoresis was conducted at 100 volts for

one hour. The gel was then visualized Chemidoc Imaging System (BioRad, Germany).

D-5. Western blot analysis

The Whatman filter paper setup and nitrocellulose were immersed in the buffer and
left to equilibrate at 8 °C for 15 minutes. The transfer of the protein on the nitrocellulose
membrane was performed by running at 100 volts for one hour. The membrane was
removed from the sandwich and rinsed using transfer buffer. The blot was stained with
Ponceau stain to determine the success of the transfer followed by visualizing the
band using chemiluminescence. The membrane was blocked in 5 % non-fat milk in
TBS for one hour on a rotary shaker set at 1 rpm. The membrane was washed three
times in TBS-Tween for 10 minutes followed by incubation of the membrane with
primary antibody for one hour. Unbound primary antibody was removed by washing of
the membrane three times using TBS-Tween for 10 minutes each wash. The
membrane was incubated with secondary antibody for one hour followed by washing

of the membrane three times using TBS-Tween.

D-6. Chemiluminescent detection protocol

The Thermo Scientific Pierce ECL Western Blotting Substrate is a highly sensitive non-
radioactive, enhanced luminol-based chemiluminescent substrate for the detection of
horseradish peroxidase (HRP) on immunoblots.

Blot was removed from the transfer apparatus and blocked for 60 minutes at room
temperature (RT) with shaking. Blocking Reagent was removed and primary antibody

was added to working dilution before incubation for for 1 hour at RT with shaking.
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Membrane was washed before incubation with HRP-conjugate working dilution for one
hour at RT with shaking. Step was repeated to remove unbound HRP-conjugate.

Substrate working solution was prepared and incubated with working solution for 1
minute. It was then blotted off bubles in membrane protector before visualisation in

Biorad Chemidoc.

D-7. Quibit protein quantification instructions

Qubite working solution is prepared by diluting the Qubite Protein Reagent 1:200 in
Qubite Protein Buffer. A clean plastic tube is used each time Quibit working solution
(QWS) is prepared. A volume of 190 uL of QWS was added to each of the tubes used
for standards before adding 10 pL of each Qubits standard to the appropriate tube and
mixing by vortex for 2—3 seconds while being careful not to create bubbles. QWS was
added to individual assay tubes so that the final volume in each tube after adding
sample was 200 uL. Each sample was added to the assay tubes containing the correct
volume of QWS, then mixed by vortex for 2 — 3 seconds. The final volume in each tube
was 200 pL. All tubes were allowed to incubate at room temperature for 15 minutes

before pressing “Analyse”.

D-8. List of protein purification buffers

The buffers used for protein purification are listed hereunder.

Equilibration or lysis buffer: 10 mM Tris-HCI, pH 7.5, 300 mM NacCl, 10 mM Imidazole,
1X Sigmafast Protease Inhibitor, 1 mM 2-B-mercaptoethanol and 1 mg/ml lysozyme
Wash buffer I: A modification of equilibration buffer by supplementing imidazole to a
final concentration of 20 mM.

Wash buffer 1l: A modification of equilibration buffer by supplementing imidazole to a
final concentration of 50 mM.

Elution I: A modification of equilibration buffer by supplementing imidazole to a final
concentration of 250 mM.

Elution II: A modification of equilibration buffer by supplementing imidazole to a final

concentration of 500 Mm
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D-9. Determination of CD molar residue ellipticity

The analysis of the CD spectrum is conducted by conversion of ellipticity units from
the CD spectrometer to molar residue ellipticity. This was achieved using the formula
below.

[0]=(100x8)/CMR X I...................cevnennn.. equation 3

Where [0] is molar residue ellipticity (deg.cm2.dmol-1), 100 is a constant converting
path length in meters, O is ellipticity (mdeg), | is cuvette path length, CMR being mean
residue concentration (CMR = c x N, eq. 4). Further, where c is Protein concentration
(mol) and N is number of amino acids on the protein.
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D-10. Confirmation of plasmid constructs by restriction digestion
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Figure D-10. Restriction digestion of pQE30/DnaK and pQE30/DnaJ. (A) pQE30/DnaJ plasmid map
and restriction agarose gel showing the BamHI and Pstl restriction sites. lane M, DNA molecular weight
maker in bp; lane 1, undigested construct; lane 2, pQE30/DnaJ digested with BamHI; lane 3,
pQE30/DnaJ digested with Pstl; lane 4, pQE30/DnaK digested with both BamHI and Pstl (B)
pPQE30/DnakK plasmid map and restriction agarose gel showing the BamHI and Hindlll restriction sites.
lane M, DNA molecular weight maker in bp; lane 1, undigested construct; lane 2, pQE30/DnaK digested
with BamHI; lane 3, pQE30/DnaK digested with Hindlll; lane 4, pQE30/DnakK digested with both BamHI

and Hindlll.
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D-11. Protein over- expression and purification
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Figure D-11. Expression and purification of DnaK and DnaJ confirm the correct molecular
chaperones. DnaK and DnaJ were expressed in E. coli XL1 Blue cells transformed with pQE30/dnaK
and pQE30/dnaJ, respectively as shown in panels (A) and (C). M, Molecular weight marker (kDa), 0 —
5, hourly expression samples collected at pre-incubation and after IPTG induction. Panels (B) — (D)
shows purification of DnaJ and DnaK respectively. WL, Supernatant Whole Lysate; FT, Flow through;
W, Washes; E, Elutions. Lower panels represent the respective immunoblots generated using a-DnaJ
and a-DnaK antibodies.
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D-12. Protein (DnaK) expression and purification
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Figure D-12. Expression and purification of DnaK. DnaK was expressed in E. coli XL1 Blue cells
transformed with pQE30/DnaK (A) SDS-PAGE analysis for the expression of DnaK where M, Molecular
weight marker (kDa), 0 — 5, hourly expression samples collected at pre-incubation and after IPTG
induction. Panel (B) Purification of DnaK. WL, Supernatant Whole Lysate; FT, Flow-through; W,
Washes; E, Elutions. Immunoblots were generated using HRP-a-His antibody.

D-13. Effect of assay buffer composition on nanoparticles
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Figure D-13. Chemical composition of biochemical assay buffers was tested to determine the effect on
citrate-AuNPs. Both ATPase and MDH assay buffers lowered the absorbance intensity and had a
broadening effect on the nanoparticles.
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D-14. ATPase activity of recombinant DnaK is aided by its co-chaperone Dnal

in vitro
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Figure D-14. The citrate-AuNPs regulate ATPase activity of the recombinant DnaK together with co-

chaperone DnaJ.

D-15. Thermal stability of constituents of mdh aggregation suppression assay
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Figure D-15. Aggregation determination of components of MDH aggregation suppression assay. MDH
aggregation level in percentage was regarded as the complete aggregation and used to calculate

aggregation level of all other components.
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D-16. List of reagents and reagent supplier

Acetic acid

Adenosine triphosphate
Ammonium molybdate
Ammonium persulphate
Ampicillin

Bovine serum albumin (BSA)
Chloramphenicol

Coomasie brilliant blue R250
Diethiothreitol

Glacial acetic acid

Glycerol

Glycine

Imidazole
Isopropyl-1-thio-D-galacopyranoside
Lysozyme

Magnesium chloride
Methanol

Monoclonal anti-Hiss-HRP antibodies
Ni-NTA resin

Nitrocellulose membrane
Protein Ladder

Tryptone
Phenylmethylsufonyl fluoride
Polyacrylamide
Polyethylenimine

Ponceau S

Restriction enzymes

Sodium chloride

Sodium dodecyl sulphate
Sodium hydroxide

Tris

Tryptone

Tween 20

Urea

Yeast extract powder
B-mercaptoethanol

© University of Venda

Merck, Germany
Sigma, U.S.A
Merck, Germany
Merck, Germany
Sigma, U.S.A
Sigma, U.S.A
Sigma, U.S.A
Merck, Germany
Sigma, U.S.A
Merck, Germany
Merck, Germany
Merck, Germany
Sigma, U.S.A
Sigma, U.S.A
Merck, Germany
Merck, Germany
Merck, Germany
Sigma, U.S.A

Thermo Scientific, U.S.A

Pierce, U.S.A

Thermo Scientific, U.S.A

Merck, Germany
Sigma, U.S.A
Merck, Germany
Sigma, U.S.A
Sigma, U.S.A

Thermo Scientific, U.S.A

Merck, Germany
Merck, Germany
Merck, Germany
Merck, Germany
Merck, Germany
Merck, Germany
Melford, UK

Merck, Germany
Sigma, U.S.
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