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Abstract

Heavy metals are one of the most harmful pollutants found in our fresh water resources;
threatening human health, infrastructure and the entire eco-system. Amongst other metals
present in water, lead (Pb) has no significance in all forms of life and is toxic even at low
concentrations. Despite several reviews on Pb toxicity, the remediation of Pb ions
[Pb(IN] from water systems is scarce and understudied. This project aimed to design a
novel in vitro Pb-nanobiosorbent utilizing a bacterial metallo-chaperone protein PbrD
derived from Cupriavidus metallidurans CH34. Genetic engineering and molecular
techniques were applied to obtain a purified refolded PbrD fusion protein (rPbrD) from E.
coli; the first for the prokaryotic Pb metallo-chaperone. Western blot and peptide
sequencing confirmed the identity of the recombinant rPbrD. Bioinformatics and circular
dichroism spectra of rPbrD indicated an arrangement of a-helices, antiparallel B-sheets (Trx-
tag), turns and loops which was significantly altered in the presence of Pb(ll). Tryptophan
fluorescence of rPbrD showed significant fluorophore quenching in the presence of Pb(ll)
suggesting intermolecular interactions with an appropriately folded rPbrD protein. The
refolded fusion protein was cross-linked to calcium alginate nanoparticles (rPbrD-CANPS)
for its intended use as a biosorbent. Scanning and transmission electron microscopy (SEM,
TEM) coupled with energy dispersive X-ray spectroscopy (EDS), dynamic light scattering
(DLS) and zeta potential analysis revealed uniformly synthesized, mono-dispersed
nanoparticles displaying a negative surface charge indicative of a stable colloidal system
allowing interactions with Pb(ll). Binding activity of rPbrD, rPbrD-CANPs and their
respective controls were analyzed by quantifying metal uptake using inductively coupled
plasma mass spectroscopy (ICP-MS). At the highest concentration of Pb tested (1 mg/L)
rPbrD biosorbed 99.7 % at a rate of 64 pg/g. Additionally, surface cross-linked rPbrD-
CANPs bisorbed 99.9 % of 100 mg/L Pb(ll) at a rate of 8820 ug/g. The Pb binding ability
by rPbrD and rPbrD-CANPS was indicative of its maintained functionality even at elevated
concentrations of Pb(ll). These results suggest that rPbrD-CANPs could be applied in
the remediation of Pb-contaminated wastewater. As such, treated wastewater could be

recycled for water use in an era where water scarcity is at the forefront of global threats.
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Chapter 1

Introduction

1.1 Background

The constant release of heavy metals (HMs) into the environment threatens all forms of
life (Ayangbenro and Babalola, 2017) and is one of the most common and persistent
pollutants found in freshwater systems around the globe (Fernandez-Luquefi et al.,
2013). Often, HMs such as arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), lead
(Pb), mercury (Hg), nickel (Ni), and zinc (Zn) are deposited into the environment through
anthropogenic activities (Akpor and Muchie, 2010; Gavrilescu, 2004). Additionally, seepage
from acid mine drainage (AMD), mine tailings, rock sediments may also be the
contributing factors (Duruibe et al., 2007). Once metals are released into the
environment they seep into freshwater resources (rivers, dams, lakes, ponds), soil/plants
(fruits and vegetables) and animals (milk, meat) increasing the risk to consumers
(Rajaganapathy et al., 2011). Due to the non-biodegradable nature, metals accumulate in
living organisms and disrupt vital cellular functions leading to organ failure or even death
(Jaishankar et al., 2014; Jarup, 2014). Additional problems encountered with the release
of HMs are damage to water pipelines, ecological and geotechnical system and urban
infrastructure (Report to the Inter- ministerial committee on AMD 2010) which further

plummets the country’s economy.

In South Africa, HM pollution mainly arises from extensive mining activities which begun
over a century ago. Consequently, high concentrations of metals have already seeped
into the environment and still continue to accumulate at present (Mhlongo and Amponsah-
Dacosta, 2016). Due to the health hazards and financial burden associated with HM
pollution, the government enforced strict regulations for mine owners to prevent the
release of metals into the environment (Feris and Kotze, 2014). The first governance law
in the mining sector was established as early as 1956 (Act 27, 1956) towards the
protection of the environment (Wyatt, 2015). Since then considerable precautions have
been practiced towards preventing the release of HMs in the environment, however

vulnerabilities in the system still remain (Oelofse, 2008). The occurrence of Pb in



levels above the safe limit of 0.01 mg/L within South Africa’s freshwater systems (Fatoki et
al., 2002; Nyirenda et al., 2013; Olujimi et al., 2015) is of public health concern as the
metal has no biological significance and is toxic even in low concentrations (Jaishankar
et al., 2014). Considerable numbers of children who were monitored for blood Pb levels in
South Africa had levels which exceed (>10 ug/dl) the safe limits described by international
guidelines (Mathee et al., 2004). However, children are not the only ones susceptible to Pb
toxicity but also healthy individuals who are continuously exposed to the metal. Within the
body Pb is distributed to the brain, liver, kidneys, organs, teeth and bones which affect the
functioning of cardiovascular, renal, reproductive and central nervous systems (Brochin,
2008; Mason et al., 2014). Therefore it is crucial to find a treatment solution to

completely remove or at best reduce toxic metals from polluted water.

To date, both physiochemical (Barakat, 2011; Fu and Wang, 2011; Kurniawan et al., 2006)
and bioremediation (Lovely and Coates, 1997; Park et al., 2010; Wu et al., 2012) strategies
have been developed and are continuously being improved for the recovery of metals from
wastewater. However, bioremediation has been the preferred method as the system
offers an eco-friendly, rapid and efficient approach of recovering HMs at a low process
cost (Alluri et al., 2007). Biological systems are usually sensitive to harsh environments
leading to decreased function and require optimization for efficient remediation. Therefore,
there is a continuous effort in exploring new bioremediation material and improving them

for industrial application.

This study presents a novel approach to metal bioremediation by using a protein based
biosorbent targeted to the uptake of Pb by way of a Pb specific metallo- chaperone.
Cupriavidus metallidurans CH34 contains several metal resistance genes coded on two
megaplasmids and chromosomal genomic islands conferring resistance to at least 20 HMs
(Jarostawiecka and Piotrowska-Seget, 2014; Taghavi et al., 1994). The pbr lead resistance
operon pbrUTRABCD encodes for a number of proteins involved in the uptake, efflux and
accumulation of Pb (Borremans et al., 2001). Amongst the proteins that confer Pb
resistance, PbrD (241 amino acid) is reported to function as a metallo-chaperone that binds
and sequesters Pb(ll) via the Cys-7X-Cys-Cys-7X-Cys-7X-His-14DX-Cys metal binding
motif (Silver and Phung, 2009). The ability to bind and release Pb(ll) was



the basis for selecting the protein as a suitable biosorbent. Additionally, PbrD protein has
no homologues (Taghavi et al., 2009) and has not yet been studied in vitro further

contributing to the novelty of this study.

1.2 Problem Statement

South Africa is a water scarce country. An increase in environmental pollution particularly
AMD, population growth and climate change has resulted in a shortage of clean water
supply (DWA, 2012). It is estimated that over 70 % of the water used in South Africa
comes from freshwater resources (Ochieng et al.,, 2012) which is polluted with HMs
owing largely to AMD. In order to limit the overflow of AMD in freshwater resources
openings of abandoned mines are either capped or sealed. Alternatively, AMD water is
treated with lime and sulfides followed by an ion-exchange procedure to precipitate metals
(Akpor and Muchie, 2010). However, there is a large amount of sludge produced post-
treatment which is often dumped into landfills allowing metals to re-enter into the
environment via soil. Additionally, ion-exchange is not efficient in removing low
concentrations of metals from large volumes of water (Fu and Wang, 2011) and thus
traces of soluble metal still remain in the treated water. Other strategies developed in
South Africa to treat large volume water are based on either active (physicochemical) or
passive (wetlands) treatments (Akcil and Koldas, 2006; Ochieng et al., 2012) which are
further discussed in chapter 2. The main problem associated with HM treatment is the
variable composition and oxidation form of metals that differ based on their geological
locations (Yao et al.,, 2014). Therefore, a single chemical treatment is not efficient to
precipitate all metals present in the effluent. The continuous addition of chemicals in
treatment plants has safety concerns, increases the process cost, and produces secondary
waste (Fu and Wang, 2011). Although, the utilization of biological material is more
plausible than physicochemical treatments some problems encountered with microbial
bioremediation include the requirements to maintain physiological parameters during
biosorbent growth and the impracticality of applying live or dead microbes in water
(Abbas et al.,, 2014; Akpor and Muchie, 2010). Recently, the use of metallo-proteins
engineered onto bacterial strains has been realised as an alternative and efficient treatment
to recover toxic metals (Bondarenko et al., 2008; Liu et al.,, 2011; Valls et al., 2000).
However, introduction of genetic engineered (GE) bacteria has environmental concerns,
particularly the transfer of genetic material to other organisms, and therefore its application is

limited.

To overcome some of the disadvantages of using GE bacteria an alternative strategy of
utilizing the protein itself as a biosorbent was assessed in this study. Additionally, to

address the concerns of the elevated levels of Pb in freshwater systems, a recombinant



Pb specific metallo-chaperone PbrD originating from Cupriavidus metallidurans CH34 was

chosen as a biosorbent for this study.

1.3 Research Aim and Objectives
1.3.1 Aim
The aim of the study was to overexpress and immobilize a functional PbrD protein for

binding of soluble Pb ions under controlled laboratory conditions.

1.3.2 Main Objectives

The purpose of this research was to develop a Pb specific biosorbent that is eco- friendly,
sensitive and efficient for recovering both low and high concentrations of Pb(ll) from
wastewaters. The ability of PbrD metallo-chaperone to bind- accumulate-release the
metal ions was exploited as an innovation for Pb bioremediation. For this, the main

objectives of the study were:

e To overexpress and purify recombinant PbrD from an Escherichia coli expression
system (Chapter 3).

e To evaluate the structural and functional characterization of recombinant PbrD
protein using circular dichroism and tryptophan fluorescence (Chapter 3).

e To verify the Pb binding function of recombinant PbrD protein using inductively
couple plasma mass spectroscopy (Chapter 3).

e To immobilize the recombinant PbrD protein by entrapment in calcium alginate

nanoparticles (Chapter 4).

e To evaluate the structural characterization of rPbrD-CANPs nanobiosorbent using
scanning and transmission electron microscopy coupled with energy dispersive X-
ray spectroscopy, dynamic light scattering and zeta potential (Chapter 4).

e To verify the Pb binding function of the immobilized PbrD protein using inductively
couple plasma mass spectroscopy (Chapter 4).

1.4 Chapter Outline

The thesis is structured as follows:

Chapter 1
This chapter provides an overview of the research background and further discusses the

problem statement leading to the study aim and the specific objectives.



Chapter 2

This chapter was submitted as a review paper to the Mine water and Environment
(2019) and is currently under review. The manuscript entails a comprehensive review of
the literature associated with acid mine drainage and heavy metal pollution in South Africa
with emphasis on Pb as a pollutant. The manuscript further discusses the drawbacks of
current remediation systems in South Africa and paves the way forward by suggesting
the synthesis of an environmental friendly, cost-effective immobilized biosorbent that is
sustainable and efficient for recovering high concentrations of toxic metal ions from South

African wastewater systems.

Chapter 3

This chapter was submitted as a research paper to Protein Expression and Purification
and is available online (DOI: 10.1016/j.pep.2019.02.008). The paper presents the
recombinant synthesis of PbrD and evaluates the structural and functional
characterization of the recombinant metallo-fusion protein through biochemical procedures.
Results from the Pb(Il) binding ability together with the adsorption isotherm calculations
assumes the potential of the biologically functional metallo-fusion protein for future

application in the development of a biosorbent for remediation of Pb(ll) from wastewater.

Chapter 4

This chapter was submitted as a research paper to ACS Omega (2019) and is available
online (DOI: 10.1021/acsomega.9b01624). The paper presents the synthesis,
characterization and evaluation of calcium alginate nanoparticles and surface cross-
linked rPbrD-CANPs as a potential nanobiosorbent for the remediation of Pb(ll). Results
from the characterization, Pb(ll) binding ability and the adsorption isotherm calculation
show the potential for further optimization of the nanobiosorbent for future integration into
membrane filters for water treatment within households and their scale-up into existing

water treatment plants.

Chapter 5

This chapter draws conclusions to the overall research study and discusses the cost,
advantages and drawbacks of the developed nanobiosorbent. Additionally,
recommendations for future work entailing cost reduction, method validation and

environmental application is also discussed.
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Abstract

Metal pollution in the environment and the exploration for plausible treatment solutions is at the forefront
of environmental studies mainly due to the toxicity arising from the ingestion of metals and the financial
burden to treat freshwater resources. In South Africa, mining activities not only largely contribute to the
country’s economy but also constitute one of the primary sources for heavy metal (HM) pollution of the
environment. In order to maintain a steady growth in mining activities as well as sustain drinking water
quality there is an increasing demand to develop an efficient and eco-friendly remediation strategy for
removal of toxic metals from water. The purpose of this review is to provide an overview on acid mine
drainage (AMD) as a source of HM pollution of water in South Africa, and discuss promising
bioremediation strategies thereof with a focus on bacterial based biosorbents. This review further
describes a novel bioremediation strategy, using lead (Pb) as an example, for the removal of metals from
water using a genetically engineered protein based biosorbent which can be immobilized onto

biodegradable calcium alginate nanoparticles for environmental applications.

Key words: Acid mine drainage, bioremediation, heavy metals, lead (Pb), nanoparticles, protein-based

biosorbents

Introduction

South Africa’s rich legacy of mineral resources has and continues to extensively contribute to the
country’s economy. However, excessive mining operations, negligence and mismanagement by mine
owners, improper discharge of mine tailings into landfills and the termination of underground mine water
extraction from abandoned mines has resulted in the production of acid mine drainage (AMD) (Mhlongo
and Amponsah-Dacosta 2016). AMD is formed by the oxidation of mineral pyrite (FeS,) (McCarthy
2011) whereby the release of H" is responsible for the acidic conditions characteristic of AMD and
subsequent solubilization of heavy metals (HMs) present in the AMD.

The types of mineral ores commonly found in South African mines vary according to their geographical

distribution. Subsequently the overall quality of AMD and its impact on the environment is dependent on
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the climate and degree of distribution. For example, the Witwatersrand basin contains large amounts of
gold and coal tailings which are deposited mainly around the Vaal and Olifant river catchment. These
regions are reported to receive high levels of rainfall which oxidizes the exposed pyrite subsequently
contaminating the Vaal and Olifant rivers with AMD (McCarthy 2011) containing elevated concentrations
of lead (Pb), copper (Cu), nickel (Ni), cobalt (Co), zinc (Zn) and uranium (U), amongst others (Durand
2012; Humphries et al. 2017). The Vaal River System meets the water resource needs of 60% of the
national economy and serves approximately 45% of South Africa’s population (Van Wyk et al. 2010). It
supplies water to Eskom’s power stations for electricity production, Sasol petro-chemical plants in Free
State, North-west, Mpumalanga Highveld and Kimberly for petrol, Sappi for paper production and Iscor
near Vanderbijlpark for iron and steel products (Van Wyk et al. 2010). It is also a raw water source for
several informal settlements alongside the river bank. The persistent pollution of such river systems with

AMD is therefore of major concern to both urban (industries) and rural (public health) regions.

In South Africa, the communities that reside in informal settlements around acid mine polluted water
sources use untreated water for domestic and subsistence/homestead farming while their domestic animals
consume the untreated water and graze on contaminated plants. Thus HMs enter the food chain either
directly or indirectly via the consumption of contaminated water, plants, meat or animal by-products (Ali et
al. 2019; Nyirenda et al. 2013; Rajaganapathy et al. 2011). Metal exposure is not only limited to these
communities but may also affect the urban population when they consume contaminated home-grown fruits
and vegetables irrigated with such water and sold as a source of income by local traders (Bvenura and
Afolayan 2012). While certain HMs are required at low concentrations for normal metabolic activities, at
elevated levels they disrupt vital cellular mechanisms leading to organ failure, or carcinogenesis in humans
(Ali et al. 2019; Jarup 2014; Tchounwou et al. 2014). Several case studies in South Africa have
documented the impact of such exposure to HMs (Ali 2010; Bvenura and Afolayan 2012, Masika and Mafu
2004; Olujimi et al. 2015).

The impact of AMD in South Africa has been reviewed extensively (McCarthy, 2011; Mhlongo and
Amponsah-Dacosta 2016; Naidoo, 2017; Ochieng et al. 2010). However, the treatment of AMD and HM
pollution are often reported separately (Feng, 2000; Masindi et al. 2018) with a core focus on
physicochemical and wetland strategies. The purpose of this review is to provide a summary of the current
strategies for the removal of HMs from AMD with a specific focus on biological treatment. Thus far,
biological based biosorbents (discussed below) offer an ecofriendly alternative to chemical treatments.
However, these technologies rarely get commercialized due to variations in remediation efficiencies when
applied under harsh environmental conditions and an increase in treatment cost due to the requirement for

immobilization (Fosso-Kankeu and Mulaba-Bafubiandi 2014). Hence, the search for an “ideal” biosorbent
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product is still a continuing process around the globe with very few commercialized to date. In this review,
we further describe the concept of developing protein based targeted biosorbents for potential use in
wastewater treatment using Pb as a specific example. Lead is the most important toxic element in the
environment (Ali et al. 2019; Wani et al. 2015). While it may not be the most dominant metal found in
AMD in South Africa, it is frequently reported in freshwater systems (Jooste et al. 2015; Malan et al. 2015;
Nyirenda et al. 2013); one of the sources of its exposure in majority of the African countries being mining
activities (WHO 2014). Moreover, China has listed Pb as one of the four highest priority metal pollutants in
its five year plan for comprehensive prevention and control of HM pollution (Fu et al. 2017) further
confirming its significance as a hazardous pollutant. Despite several papers that discuss the health hazards
of Pb exposure (Hess et al. 2013; Mathee et al. 2017; Réllin et al. 2017) the remediation of Pb ions from

water systems in developing countries like South Africa is understudied.

Remediation of HMs in AMD

A number of anthropogenic activities shown in Fig. 1 are known to add to the metal load in the
environment resulting in metal pollution. In South Africa, mining activities form a key contributor to such
HM pollution due to limited efficiency in their removal from large volumes of AMD using current
physicochemical treatment strategies. Trace concentrations of HMs do not present a visible change in
colour or distinctive smell thereby resulting in their unknown consumption either directly or indirectly
with detrimental health impacts. It is therefore imperative to completely remove or substantially reduce

the concentration of HMs in wastewaters like AMD prior to their discharge into the environment.

Short-term management of AMD in South Africa involves first capping or sealing openings in abandoned
mines to prevent the overflow of toxic water. In the event of AMD overflow, the acidic pH of the
contaminated water is neutralized with either limestone, sulfides, soda ash or CO, bubbling to neutralize
the acidic pH and precipitate HMs (Masindi et al. 2017, 2018) followed by ion-exchange for HM removal.
In the case of alkaline mine drainage found in some coal mines, neutralization is not required and metals
(predominantly iron (Fe)) are precipitated by chemical oxidation or as sulfides. In addition to these
solutions, long term goals to prevent, treat and/or limit decant of AMD water and subsequent HM
pollution in South Africa were proposed in an Inter-ministerial committee (IMC) report (2010) and are
briefly summarized in Table 1. An overview of the strengths and weaknesses of remediation
strategies currently developed and/or implemented to treat AMD is provided hereafter with a

distinct focus on the removal of HMs.

Current Physicochemical Strategies for AMD Remediation

The varying composition of AMD makes it almost impossible to utilize a single technique for its treatment.
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The quality of discharged effluent can range from acidic to neutral pH which may contain high or low
concentrations of sulfate and variable forms of HMs (McCarthy 2011). Hence, treatment of AMD focuses
on neutralizing the acidic pH and precipitating the metals. Table 2 lists the different active and passive
technologies developed over time in South Africa used in the treatment of AMD. These technologies are
inherently based on the three most common physicochemical processes used to remediate metals from
water in general: chemical precipitation, reverse osmosis and ion exchange. Other neutralization agents
such as magnesite and bentonite clay are currently under investigation for their application in AMD
pretreatment. However, existing neutralization agents such as lime and caustic soda perform better
(Masindi et al. 2017)

Chemical precipitation is versatile and can be used to treat large volumes of water (Masindi et al. 2017), but
there are several limitations that should be considered during AMD treatment. These include the need for
further coagulation/flocculation of tiny metal flocs, the generation of large volumes of toxic sludge that
require disposal and the dissolution of one metal when adjusting the pH to precipitate another. lon
exchange and reverse osmosis are also limited due to selective removal of pollutants, poor performance
when large volumes are treated and energy requirements (Masindi et al. 2017). Overall, active treatment is
not sensitive or efficient enough to remediate minute concentrations of metals from large volumes of water
(Fu and Wang 2011). The continuous addition of chemicals in treatment plants significantly adds to the
cost and safety concerns. The large quantities of toxic sludge or waste produced post treatment is often
dumped into open pits or landfills, thereby re-contaminating the environment (Fu and Wang 2011).
Additionally, these methods require employing skilled personnel to design and operate the plant. Thus
owing to high operational cost and the final quality of treated water which still contains sulfates and metals,

the active treatment process is considered unsuitable for treating large volumes of AMD water.

Conversely, passive treatment based on the construction of wetlands (CWs), or open pits/ landfills,
diversion of wells or filtering the discharged effluent through permeable reactive barriers (PRBs) (Ochieng
et al. 2010; Shabalala 2013; Sheridan et al. 2013) requires low maintenance and has a low operational cost.
Since the passive system relies on the natural process of using plants and bacteria to take up metals, it is not
always efficient to remediate high concentrations of sulfates and metals as environmental conditions are not
controlled. This is different to the use of biosorbents (discussed further) where the optimal conditions for
maximal uptake of metals are provided externally in a controlled manner. Other limitations of passive
systems include: the availability of land to construct the wetlands, the accumulation of solid residue within
the CW plants, seasonal variations may affect the functionality of the plants and therefore the remediation
performance cannot be predicted.

The limitations experienced with physicochemical treatment of AMD drives the search for new/innovative
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strategies that can either supplement existing treatments or be applied as an alternative treatment to
remediate HMs from such wastewater. The treatment strategy should preferably have a low operational
cost, high efficiency and specificity to remediate high and low concentrations of HMs, allow the

regeneration of the sorbent and be able to recover metal ions post sorption to minimize secondary pollution.

Bioremediation of AMD by Bacteria

Bioremediation utilizes microorganisms that can bind, accumulate and/or detoxify metal ions into a less
toxic form (Gadd and Griffiths 1978). It is regarded as an attractive alternative to physicochemical
processes for AMD treatment due to its innovative, cost effective and environmentally friendly
characteristics (Singh et al. 2011; Vieira and Volesky 2000). Contrary to the toxic effects of AMD
contaminated water or soil on most living organisms, a unique world of microbial life consisting of algae,
bacteria, fungi and yeast was discovered to thrive in these extreme conditions (Panda et al. 2016). This
intrigued many scientists to investigate the ability of such microorganisms to survive and therefore
remediate toxic metal ions in a reproducible manner. The use of bacteria over other microorganisms is
preferable due to their ubiquity, increased metal adsorbent capacities, resistant to various environmental
conditions, their high surface-to-volume ratios (size) and a high content of chemisorption sites in their cell
walls (Fosso-Kankeu and Mulaba-Bafubiandi 2014). For the purpose of this review, a core focus on

bacterial based biosorbents is specified for the remediation of HMs from AMD.

The application of sulfate-reducing bacteria (SRB) has been suggested as an alternative treatment for AMD
(Ayangbenro et al. 2018; Panda et al. 2016). In the presence of organic compounds (as a carbon source) and
anaerobic conditions, SRBs convert sulfates into hydrogen sulfide which reacts with dissolved divalent
metal ions to form insoluble sulfides. The organic compounds are converted to carbonate thereby
increasing the alkalinity of treated effluent (Fu and Wang 2011). Using SRB in sulfidogenic bioreactors to
treat AMD offers several advantages over passive systems with regard to more predictable performance and
control, selectivity of heavy metals and lowered sulfate concentrations in processed water (Panda et al.
2016). However, their application in metal remediation is limited due (1) to the unpredictable function of
SRBs under low pH and high metal concentrations, (2) requires continuous supply of biomass, and (3) the
requirement for alkaline material and organic substrate increase the process cost (Ayangbenro et al. 2018;
Panda et al. 2016).

Other bacterial strains capable of metal biosorption are considered for bioremediation of HMs in AMD.
Table 3 lists some bacterial species that have been recommended for bioremediation of common toxic

metals but is in no way exhaustive.

Bacteria interact with metals in the environment by a number of mechanisms; some of which can be
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exploited for bioremediation of toxic metal ions as seen in Fig. 2. Different bacteria require a different
range of optimum parameters such as pH, temperature, nutritional content etc. in which to function
efficiently. Nonetheless once the optimum conditions are achieved, they make attractive sorbents for

bioremediation of metal ions.

Natural bacterial biosorbents

The biological uptake of metal ions by bacteria can occur via a passive mechanism known as biosorption
which can further be enhanced actively through bioaccumulation. Biosorption is metabolically independent
as it involves the physicochemical interaction between the metal ions and functional groups on the surface
of the bacterial cell (Perpetuo et al. 2011) without the need for cellular energy. Functional groups involved
in the biosorption process include carbonyl, carboxyl, hydroxyl, phosphoric, phenolic, sulfhydryl and
sulfonate, which are present in bacterial cell walls and extracellular polymeric substances (EPS) (Vieira and
Volesky 2000). The interaction of the metal ions with these groups results in their physical adsorption, ion-
exchange, complexation, coordination, electrostatic interaction, chelation and/or precipitation (Atkinson et
al. 1998; Fu and Wang 2011). Additional interactions with cell wall components such as peptidoglycan
layer, teichoic and/or teichuronic acids (Gram positive bacteria) and phospholipids and lipopolysaccharides
(Gram negative bacteria) also play a role in biosorption capacity (Fosso-Kankeu and Mulaba-Bafubiandi
2014).

Further uptake of metal ions can occur in living cells through bioaccumulation enabling remediation of
higher concentrations of metals as they use both extra and intracellular mechanisms to bind metal ions
(Gadd and Griffiths 1978). Bioaccumulation occurs through one of two mechanisms. A chemiosmotic
gradient facilitates the rapid and non-specific transportation of extracellular metal inside the cell without the
need for energy (ATP). However, since there is no control/limit of the type and concentration of the
metals that can move across the cell wall, intracellular accumulation of these metals often leads to cell
death (Spain 2003).0n the other hand, energy driven efflux pumps enable the slower intracellular
accumulation of metal ions circumventing metal toxicity due to accumulation. Intracellular metal ions can
further be remediated by enzymatic detoxification, intracellular sequestration and/or enhanced siderophores
production (Naik and Dubey 2013).

The choice of biosorbent plays a vital role in biosorption capacity owing to factors such as the number of
binding sites in the biosorbent, the accessibility and availability of these sites, the chemical configuration of
the site and affinity and binding strength between metal ion and site (Vieira and Volesky 2000; Wu et al.
2012). The rate of metal uptake is also dependent on the structural difference and oxidation potential of

each metal ion that interacts with the biosorbent together with external factors such as pH, temperature,
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biomass concentration and the presence of other metal ions (Abbas et al. 2014). A detailed summary on the
biosorption of different HMs and their rates of uptake by various bacterial species can be found in
Kanamarlapudi et al. (2018) and Shamim (2018).

The advantages and disadvantages of metal bioremediation over physicochemical treatment are
summarized as follows (Akpor and Muchie 2010; Wu et al. 2012):

Advantages of bioremediation:

1. Moderate capital investment compared to physicochemical treatment.

2. Highly specific to different metal ions allowing targeted treatment of AMD depending on its
composition.
Environmentally friendly as it does not produce toxic sludge waste post treatment.

4. Faster and higher concentration of metal ions are remediated compared to physicochemical
process.

5. Can be applied ex situ or in situ.

6. Some bacteria can detoxify metals making them biologically unavailable thus limiting

contamination to other living organisms.

Disadvantages of bioremediation:

1. Bioremediation capacity is dependent on the availability of suitable growth conditions i.e. the
process requires the continuous monitoring of pH, temperature, nutritional and dissolved
oxygen levels.

2. If bioremediation is to be performed on site, recovery of dead cells will increase the process
time whereas use of live cells may negatively increase the pollution in water bodies.

3. Even though a number of studies have shown impressive bioremediation capacities at bench-
scale, commercialization of this system is hindered due to lack of reproducibility in
remediation efficiency (quantity) due to complex mixtures present in the environment such as
organic and inorganic chemicals, radionuclides and other HMs present in the environment.

4. Seasonal variations may affect the bioremediation capacity when used in situ.

5. Although development of the bioremediation process is simple, industrial implementation of
this strategy requires skilled personnel to design a feasible system that can efficiently treat

contaminated water on a large scale per day (megalitres).

These limitations can be circumvented to some extent with the immobilization of the biosorbent onto a
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solid biopolymeric or polymeric matrix. By immobilizing the biosorbent, its performance is improved due
to increased capacity, improved mechanical strength and resistance to chemicals (Kanamarlapudi et al.
2018). Additionally, the biomass with bound metal ions can be easily separated from the AMD thereby
enabling non-destructive recovery and eradicating any safety concerns. The immaobilization material itself
may also enhance the metal binding capacity (Atkinson et al. 1998). When natural polymers such as
alginate, cellulose, chitosan etc. are used as the immobilization support, the system is entirely
biodegradable preventing secondary pollution. These benefits improve the overall efficiency of
bioremediation of HMs and increase the sustainability of the system as the biosorbent is recovered for

reuse and the metal ions can be recycled back to industry.

The biosorption process can further be improvised by genetic engineering of the bacterial strains to
enhance the metal remediation specificity and capacity and to increase their resistance to ambient
conditions (Vijayaraghavan and Yun 2008) especially given the harsh conditions characteristic of AMD.
Recent advances in the field of molecular biology have enabled the understanding of the interaction
between metal ions and bacteria and the genetic mechanisms involved in metal resistance. Currently,
several kinds of cysteine-rich peptides and proteins such as metallothioneins (MTs) (Bae et al. 2001;
Pazirandeh et al. 1998; Perpetuo et al. 2011; Valls et al. 2000) have been synthesized to bind and
sequester metal ions to biologically inactive forms. The use of genetically engineered (GE) MTs in
bioremediation has resulted in an increase in specificity, affinity and biosorptive capacities, making this a
promising technology for the development of bacterium-based biosorbents (Pazirandeh et al. 1998) that
could be used in the treatment of AMD.

GE bacterial biosorbents

De novo design of incorporating metal resistance genes in bacterial cells to introduce/enhance the
remediation capacity and specificity of bacterial based biosorbents has recently been studied. Thus far a
number of bacterial strains have been genetically engineered with (1) metal uptake regulator genes to
enhance the bioaccumulative properties, (2) metal chelators and (3) metal transporter genes to confer the
cell with detoxification and efflux mechanism, (4) metallo-chaperone genes involved in maintaining cell
homeostasis as well as with (5) genes that enhances the survival of the bacterial strain in biotic or abiotic
stressed conditions (Singh et al. 2011). A few examples of GE bacterial strains that were transformed with

genes involved in metal resistance for Cd, Hg, Ni, Cr, and Zn and As are described in Table 4.

Although construction of GE bacterial biosorbents is at the forefront of innovation in the field of
bioremediation, several concerns with regard to their environmental application have been raised.
Herewith is a summary of the advantages and disadvantages of GE bacterial biosorbents (Perpetuo et al.
2011; Singh et al. 2011).
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Advantages of GE bacterial biosorbents:

1. Molecular biology tools enable the chemical synthesis of specific metal resistance genes and
allows for sequence adaptation of genes and/or metabolic pathways to enhance the biosorbent
properties.

Capable of reducing the bioavailability of pollutants by altering its chemical form/oxidation state.
Enhancement of the monitoring, yield control and efficiency of process.

Allows specific metal remediation from a consortium of metals and complex compounds.

The technique offers low operational cost and high efficiency.

© o~ w D

Provided the GE biosorbent is immobilized onto a solid matrix for recovery post treatment, the

technique is eco-friendly in nature.
Disadvantages of GE bacterial biosorbents:

1. The unpredictability of GE bacteria to retain the inserted genetic material (recombinant
vector, anchored genes, etc.) in a stable manner raises environmental concerns.

2. Transfer of genetic material to indigenous organisms when applied to treat metal pollution in
the environment.

3. Competition of GE bacteria with natural microorganisms for nutrients and other resources

within the environment.

In practice, the following may affect the large scale production of GE biosorbent: Poor growth of the host,

inclusion body (IB) formation, protein inactivity, and even not obtaining any protein at all.

The Occurrence of Pb in South African Water Systems

Access to clean drinking water is essential to all living organisms however, in South Africa two-thirds of
the population depends entirely upon groundwater (which is frequently reported to be contaminated by
AMD and other industrial effluent) for drinking (Edokpayi et al. 2018). High concentrations of Pb have
been detected in South Africa’s river systems (discussed below) and thus people who consume/utilize the
untreated water are at risk of Pb poisoning (and other HMs). In order to improve the access of rural
communities to safe drinking water, a cost effective and practical remediation process needs to be
implemented in order to treat wastewater effluent prior to its release into the environment. Alternatively, a
treatment strategy at the point of use may also be of value to communities who reside in informal

settlements in close proximity to freshwater sources.
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Lead (Pb) Pollution, Toxicity and Remediation

Pb is a mutagenic and teratogenic element that naturally persists in the environment and bioaccumulates in
all living entities (Naik and Dubey 2013). Upon exposure, Pb intoxication affects several vital functions in
the human body with the most severe effect on the central nervous system (CNS), liver, kidneys,
circulatory, reproductive and cardiovascular system, which may lead to coma and death (Jarup 2014;
Mathee et al. 2017). Pb enters into the blood-brain barrier and blocks the N-methyl-D-aspartate receptor
which causes permanent brain damage (Jarup 2014). Additionally, it also affects the cellular and genetic
material by replacing Ca(ll) which is the most abundant and vital metal required for cell regulation.
Intracellularly, Pb binds to calmodulin which alters the protein conformational structure, resulting in either
activation or inactivation of other vital proteins required for cellular processes such as further activating
enzymes, altering membrane permeability, promoting synthesis of certain proteins, stimulating or inhibiting

metabolic pathways, and initiating secretion of hormones and other substances (Brochin et al. 2008).

Pb may also enter soil and water via industrial waste produced from the manufacturing of batteries, paint,
cosmetics, automobile products etc. or alternatively through AMD (Abbas et al. 2014, WHO 2014). A case
study reported by Naicker et al. (2013) showed elevated concentrations of Pb ions (average of four seasonal
variations) in ground (0.484 ppm), surface (0.573 ppm) and seepage (1.170 ppm) water located within the
Witwatersrand region (mining district) in Johannesburg, South Africa. Similarly, Humphries et al. (2017)
reported 60 ppm of Pb in a wetland that receives water from mining, industrial or sewage effluent and 311
mg/kg Pb was found in soil samples polluted with mine tailings in South Africa (Titshall et al. 2013). High
concentrations of HMs are often diluted downstream when discharged into streams, lakes and dams within
the area. However, in South Africa, certain studies have reported Pb concentrations exceeding the safe limit
of 0.01 mg/L Pb as stipulated by the Department of Water Affairs and Forestry (DWAF 1996) in
freshwater resources. These range from 0.004-0.087 mg/L in Western Cape (Olujimi et al. 2015), 0.24-1.11
mg/L in the Eastern Cape (Fatoki et al. 2002) and 0.02-0.03 mg/L in Limpopo (Edokpayi et al. 2018).
Thus, exposure to Pb continues to be a major public health problem and its removal from wastewaters is of
utmost importance. Pb-containing wastewater is commonly treated by physicochemical means before
release into the environment. However, too often treatment is ineffective resulting in higher than acceptable

concentrations being discharged into soil and water.

Despite the concerns of Pb in drinking water only few GE bacteria have been developed to specifically
remediate Pb ions from wastewater. A Pb binding peptide ThrAsnThrLeuSerAsnAsn was anchored onto
the surface of E. coli Top 10 cells and was reported to biosorb 240 umol/g cell of Pb(ll) in solution
(Nguyen et al. 2013). In a separate study by Maruthamuthu et al. (2015) an ompC-lead binding peptide

was expressed on the cell surface of the same bacterial strain which was then reported to biosorb 427
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pmol/g cell of Pb(ll) present in wastewater. However, as previously discussed there are several concerns
around the use of GE based biosorbents. To address some of these concerns, it may be worthwhile pursuing

an alternative strategy to develop GE protein based biosorbents.

Using a GE protein based biosorbent may circumvent the use of live bacterial cells which have the ability
to transfer genetic material to other native microorganisms present in the environment to be treated.
Furthermore, the proteins incorporated into the biosorbent can be selected to target specific metal ions
based on their binding preferences. While there are several bacterial proteins such as smtA and zraP that are
able to bind Pb, they prefer to bind Zn?" because their main function is to transport essential metals such as
Zn** to maintain cell homeostasis. Therefore, targeted removal of Pb would require the development of a
biosorbent with a protein that exhibits high specificity for the metal. Such proteins have been found in the
bacterium Cupriavidus metallidurans CH34 which serves as a model organism to understand the genetic

pathways underlying Pb resistance in bacteria.

Pb Resistance in C. metallidurans CH34

C. metallidurans CH34 (formerly Ralstonia metallidurans and Alcaligenes eutrophus) is resistant to 20
HMs (Taghavi et al. 1994), but is the only bacterial species reported to date to have a dedicated operon to
Pb resistance. Serving as a model organism, it was discovered that full resistance to Pb ions is due to the
combined function of several genes located on both plasmid and chromosomal DNA (Taghavi et al. 1994).
The first defense mechanism to Pb ions is through the transcription of pbrUTRABCD
operon located on the pMOL30 plasmid (Jarostawiecka and Piotrowska-Seget, 2014). In the event of
the cell undergoing a mutation in the plasmid resistance genes or if the cell loses the entire plasmid due
to environmental stressed conditions, the second line defense mechanism transcribes resistance genes
encoded on pbrR2 cadA pbrC2 operon located on CMG-1 (genomic island) on chromosome 1 (Taghavi
et al. 2009) .

When Pb ions are present in the surrounding environment, they may be transported across the cell
membrane into the cytoplasm by PbrT (a protein that consists of a cytochrome domain and
transmembrane metal transport domain) (Borremans et al. 2001). The Pb ions then signal the regulator
protein PbrR to bind to the promoter/operator (P/O) region to initiate transcription of the Pb dependent
pbrUTRABCD operon (shown in Fig. 3). Upon intracellular accumulation of Pb ions they either bind
directly to an integral membrane protein PbrB or to the cysteine rich metallo-chaperone protein PbrD.
PbrB coordinates with the prolipoprotein signal peptidase PbrC to detoxify the Pb ions into an insoluble
form, thus preventing their re-entry into the cell (Taghavi et al. 2009). Additionally, Pb ions bound to
PbrD are shuttled to PbrA (a Pg-type ATPase transporter protein) and eventually transported into the
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periplasm for detoxification by PbrB/C (Borremans et al. 2001).

In the event of a mutation occurring in the PbrT protein, PbrA may function in both influx (uptake) and
efflux (discharge) of Pb ions. However, if a mutation in PbrA occurs, the cell relies on CadA and ZntA
proteins for efflux of Pb ions (Jarostawiecka and Piotrowska-Seget 2014). Should the pbrUTRABCD
operon become inactivated, the chromosomal encoded pbrR2 cadA pbrC2 operon synergistically
transcribes proteins to maintain the reduced concentrations of Pb ions within the cell (Taghavi et al. 2009).

The PbrC, protein is known to compensate for deletions in the pbrA and pbrD genes (Taghavi et al. 2009).

PbrD as a protein based biosorbent

Inactivation of the pbrD gene has been associated with a decrease in the cytoplasmic accumulation of Pb
ions (Taghavi et al. 2009). Since PbrD is a metallo-chaperone, it functions as a “temporary intracellular
metal storage” that can bind-accumulate-release Pb but is not vital for conferring Pb resistance. However,
it does protect the cell against an ineffectual cycle of Pb import and export (energy efficient). There are no
homologs of PbrD (Taghavi et al. 2009) and thus far no other Pb-specific metallo-chaperone has been

reported.

Due to its specificity for Pb and the ability to bind and release the metal ions, PbrD (or other metal
specific metallo-chaperones) could be used in the development of protein biosorbents for the metal
concerned. However, owing to the delicate nature of proteins, an immobilization support would be
required to preserve its structure and functionality in any application, especially within the harsh
conditions characteristic of AMD. The enhanced binding of metal ions usually offered by the support

itself could also be of added benefit.

An example of such a support matrix is calcium alginate (CA) particles which are formed in a three
dimensional network by binding divalent calcium ions to the a-L-guluronic acid (G) polymer of sodium
alginate (SA), forming a cross linked gel. A high content of G polymers may form a stronger, firmer and
more porous gel, making it ideal for the immobilization of DNA and proteins (Paques et al. 2014). Since
SA is a natural polysaccharide derived from brown algae and bacteria, CA particles are biocompatible,
biodegradable, low in cost and nontoxic to living organisms (Paques et al. 2014). Consequently they are
sought after for environmental applications that could especially impact indirectly on human health.
Subhashini et al. (2013) showed that SA beads were able to remediate 62.5 mg/g Pb ions at pH 7 and 35
°C reaching an equilibrium state within 16 hours. These findings support their use as a Pb biosorbent and

the potential to treat and prevent heavy metal intoxications, further emphasizing their biocompatibility.

There are few studies documenting the stability of peptides (Xing et al. 2003) and proteins (Nesamony et



23

al. 2012; Wells and Sheardown 2007) immobilized in/fon CA particles. This evidence and the ability of
CA to adsorb Pb ions make it a favorable support matrix for PbrD. The development of an immobilized
protein biosorbent using PbrD and CA particles further allows the recovery of the metal while enabling
the regeneration of the system for reuse. Such a protein based biosorbent could be implemented in the
targeted bioremediation of Pb from AMD and other industrial wastewaters with the added advantage of

being able to recycle the metal back to industry.

Concluding Remarks

Decanting of AMD from abandoned mines began in South Africa as early as 2001 and still continues to
overflow into natural water sources. Despite the recent changes made in the legislations, regulations and
attitude towards the management of AMD, the ceaseless accumulation and circulation of metals of AMD
origin in the environment will have a long-lasting impact on South Africa’s freshwater systems. Although
several improvements in treatment methods have been developed, the variation in AMD composition from
different geographical locations poses a challenge to find a single, effective, all-in-one treatment strategy.
In this regard, researchers have shifted focus to the development of hybrid treatment systems which
combine physicochemical and biological processes to remove or reduce metal ion concentrations in water
to within recommended safe limits. Natural bacterial biosorbents can be integrated into existing AMD
treatment strategies where they not only increase the remediation efficiency of metals but also reduce the
operational cost. Alternatively, bacterial whole cell or protein based biosorbents can be genetically
engineered with the capability to target specific metal contaminants which may be used in synergy to treat
AMD of varying composition without compromising the efficiency of metal uptake. For example, a
biosorbent comprising a genetically engineered PbrD protein immobilized onto CA nanoparticles can be
used in conjunction with sulfate reducing bacteria to remediate both Pb and sulfates, respectively, from
AMD. While the increase in population, industrialization, climate change and the exploitation of water
use have significantly exhausted the natural water resources, the irresponsible discharge of mine water
contributes greatly to the pollution of the remaining freshwater available for use. Though the prevention of
AMD formation at the source is more desirable in the protection of the environment and especially scarce
freshwater resources, this is not possible. The continuous development of innovative technologies for the
treatment and possible recycling of AMD contaminated water therefore offers a short-term solution to a
worldwide problem. It is envisioned that with more stringent practices during and post mining operations,

metal pollution of AMD origin will eventually decline in freshwater systems.
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Table 1 Immediate and intermediate-long term goals formulated to prevent, treat and monitor AMD
water in South Africa (IMC 2010)

Proposed

Advantage

Disadvantage

Water must be pumped from
Western, Central and Eastern

basins below environmental

Prevent discharge of AMD

into the environment

Pumping is costly

P critical levels

§ Reduce the ingress of water in  Reduce the amount of AMD Could have high

g underground workings water to be pumped and capital costs

% treated, thereby reducing the

® cost in the long term
Treatment of pumped water to Neutralizing the pumped High salinity and
a suitable quality prior to its water will increase the pH, facilities for sludge
discharge into river systems thereby reduce the iron and disposal required

metal content

Establish a multi-institutional Monitoring AMD  will The current
monitoring committee highlight changes in the monitoring
Monitor mine, ground and quality of water that may systems are
surface  waters,  seismic impact on future inadequate to

= activity, geotechnical impacts management strategies assess the extent

g’ and mine residues and  degree of

=

& problems

2 o . : :

S Investigating the Prevent AMD negligence by Higher levies
implementation of an mine owners and recover could lead to
environmental levy by cost of past mining activities increased

operating mines

unemployment of

mine workers




Table 2 Summary of active and passive treatment processes developed to treat AMD water in South Africa

Technique

Principle

Reference

Active Treatment

Passive Treatment

Slurry Precipitation and Recycle Reverse Tubular reverse osmosis to desalinate CaSO, scaling

Osmosis (SPARRO)
SAVMIN
Gypsum cation exchange (GYP-CIX) Process

lon exchange

Alkaline-Barium-Calcium (ABC)

Magnesium-Barium-Alkali (MBA)

BioSURE Process

Construction of Wetlands (CWs)

Permeable Reactive Barriers (PRBS)
Construction of Wetlands (CWs)

Lime, H,SO4and CO, precipitate SO4*

Resin regenerated with H,SO,4 and lime slurry binds
Ca and SO,”. The CaSOy s used as fertilizer

Cation (HNO3) and anion exchange (NHs3) bind U
and SO,%. The eluant is used as fertilizer

ABC neutralizes pH, reduces SO,%and metal load
MBA neutralizes pH, precipitates SO4* and Mg

Sewage sludge binds acidic SO,*

In house CWs amended with charcoal and basic
oxygen furnace remove Fe, SO,* from stimulated
AMD water

Fly ash adsorbs or precipitates Fe, Mn, Mg and SO,*
Sand and clinoptilolite adsorb Fe, Cr, Mg, Ca, Be,
Zn, Co, Ni, Mn and SO,*

Pulles et al. 1992

Smit 1999
Akcil and Koldas 2006

Howard et al. 2009

de Beer et al. 2010

Bologo et al. 2012

Rose 2013

Sheridan et al. 2013

Shabalala 2013
Seadira et al. 2014
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Table 3 Examples of bacteria studied for bioremediation of HMs

Heavy
metal/metalloid

Bacterial based biosorbents

Arsenic (As)

Cadmium (Cd)

Chromium (Cr)

Cobalt (Co)

Lead (Pb)

Mercury (Hg)

Aneurinibacillus aneurinilyticus (Dey et al. 2016), Arthrobacter sp.
(Prasad et al. 2013), Bacillus cereus (Giri et al. 2012)

Aeromonas cavia (Loukidou et al. 2004), Pseudomonas aeruginosa
(Chellaiah, 2018), Klebsiella variicola (Mutiat et al. 2018)

Bacillus thuringiensis (Sahin and Oztiirk 2005), Stenotrophomonas
maltophilia (Baldiris et al. 2018)

Lysinibacillus sphaericus (Pefia-Montenegro et al. 2015), Proteus
vulgaris (Kumar et al. 2016), Pseudomonas halodenitrificans (Ginisty
et al. 1998)
Bacillus cereus (Ray et al. 2006), Corynebacterium glutamicum (Choi
and Yun 2004), Pseudomonas aeruginosa and Pseudomonas
alcaligenes (Kalita and Joshi 2017)
Bacillus licheniformis and Pseudomonas aeruginosa (Kotwal et al.
2018), Brevibacterium casei (Rehman et al. 2007)




Table 4 GE bacterial strains involved in metal remediation

40

Recombinant

strain(s)

Gene (Protein)

Function

Reference

Pseudomonas
fluorescens OS8,
Bacillus subtilis
BR151,
Staphylococcus
aureus RN4220

Escherichia coli
MC1061

Escherichia coli

Escherichia coli

Alcaligenes

eutrophus

Escherichia coli
SE5000

cadR/cadA

(CadR-regulatory
protein/CadA-transporting

ATPase)

ZntR/zntA

(ZntR-zinc regulatory

protein/ZntA-translocating P-

type ATPase)

merR/merB

(MerR-regulatory
protein/MerB-alkyl mercury

lyase)

Mtb

(Mtb-mouse metallothionein)

arsD

(ArsD)
chrBA

(Cr-regulator and transporter)

nixA IMT

(NixA-transporting protein/
Metallothionein)

Transport of Cd, Pb,
Hg and Zn

Transport of Zn, Cd
and Pb

Detoxification of Hg
by cleavage of the

carbon-mercury bond

Engineered onto the
cell surface of
Ralstonia eutropha
CH34 for Cd
resistance
Accumulation of
inorganic As as
As(V) or As(111)

Reduction of Cr®" to
crt

Specific uptake and

accumulation of Ni%

Bondarenko et

al. 2008

Valls et al.
2000

Villadangos et
al. 2014

Srivastava et
al. 2010

Deng et al.
2005
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Chapter 3

Recombinant expression and purification of a functional bacterial
metallo-chaperone PbrD-fusion construct as a potential biosorbent for
Pb(ll)

Keshav, V., Achilonu, 1., Dirr, HW and Kondiah, K.

Protein Expression and Purification, 2019 DOI: 10.1016/j.pep.2019.02.008

This paper describes the synthesis of recombinant rPbrD protein fused to an N-terminal the N-
terminal TrxeTag™, HiseTag® and S®Tag™ for biosorption of Pb(ll) in solution. This is the first
report displaying the in vitro synthesis of a Pb metallo-chaperone in E. coli. Functional
assessment of rPbrD-fusion protein showed potential for the development of a biosorbent for

remediation of Pb(ll) from wastewater.
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ARTICLE INFO ABSTRACT

Keywords: PbrD is a lead (II) binding protein encoded by the pbr lead resistance operon found exclusively in Cupriavidus
Biosorption metallidurans CH34. Its ability to sequester Pb(II) shows potential for it to be developed as a biosorbent for Pb in
Metallo-chaperone the bioremediation of contaminated wastewaters. In this study the pbrD gene from C. metallidurans CH34 was
Pb(I1)

transformed and overexpressed in Escherichia coli BL21 (DE3) using the pET32 Xa/Lic vector. Optimal expression
of recombinant (r)PbrD (~50kDa) was achieved post-induction with IPTG within inclusion bodies (IBs).
Inclusion bodies were solubilised by denaturation and purified by Ni-NTA affinity chromatography. The purified
denatured protein containing the N-terminal Trx-Tag™, His*Tag" and S Tag™ was refolded in vitro via dialysis to a
biologically functional form. Circular dichroism spectra of refolded rPbrD-fusion protein indicated a high degree
of turns, B-sheets and 3o helices content and tryptophan fluorescence showed a structural conformational
change in the presence of Pb(II). Refolded rPbrD-fusion protein bound 99.7% of Pb(II) when mixed with lead
nitrate in ten-fold increasing concentrations. Adsorption isotherms including Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich models were applied to determine the biosorption mechanism. A biologically functional
rPbrD-fusion protein has potential application in the development of a biosorbent for remediation of Pb(II) from

PbrD protein

wastewater.

1. Introduction

Lead (Pb) exposure is responsible for 494 550 deaths annually in
developing countries [1]. Environmental contamination by Pb waste
particularly in low-income countries like South-East Asia and sub Sa-
haran-Africa occurs due to mismanagement of mining and industrial
effluent and the disposal of non-biodegradable electronic waste
(McCarthy, 2011; [2,3]. A number of studies report that the levels of Pb
(ID) in surface and ground water of several areas in South Africa for
example exceed the acceptable safe limit of < 0.01 mg/L in drinking
water [4-9]. Although the concentration of Pb(Il) is usually low in
surface waters, over time they accumulate in the environment and pose
various health risks to the communities who utilize the water without
further purification [4]; Jarup, 2014). The current chemical strategies
applied to treat wastewaters are inefficient at removing minute con-
centrations of Pb(II). In addition the large-scale waste that is produced
post chemical treatment is often dumped into landfills which re-con-
taminate the environment through soil pollution [10]. Bioremediation
of heavy metals like Pb from contaminated water using predominantly
bacterial biosorbents presents an attractive alternative to current

* Corresponding author.
E-mail address: kulsumk@uj.ac.za (K. V).

https://doi.org/10.1016/j.pep.2019.02.008

chemical processes.

Moreover, the use of bacteria genetically engineered (GE) with
metallothionein (MTs) or metallo-chaperones have been studied for the
remediation of specific metal ions. Several studies describing the use of
GE biosorbents for cadmium (Cd) [11-14], mercury (Hg) [13,15,16],
arsenic (As) [17] and Nickel (Ni) [18] have been reported. Despite the
concerns of Pb in drinking water the synthesis of GE bacteria for the
remediation of Pb(II) is scarce. Nguyen and co-workers [19] synthesised
a highly specific Pb binding peptide ThrAsnThrLeuSerAsnAsn anchored
onto the surface of Escherichia coli Top 10 cells via the outer membrane
protein C (OmpC) for the remediation of Pb(II). Their results showed a
rapid biosorption (30 min) of > 80% (240 umol/g cell) Pb(II) in solu-
tion. A dual functional E. coli strain which acts as a biosensor and
biosorbent for Pb(II) was developed by Maruthamuthu and co-workers
(2015). In the presence of environmental Pb(II) the GE strain emits
fluorescence due to the expression of green fluorescent protein (GFP)
under the control of the zraP promoter. Additionally, an ompC-lead
binding peptide (that was cloned downstream of gfp) is expressed on the
cell surface functioning as a metal binding motif for biosorption of Pb
(I). Their results showed that the GE strain biosorbed 85.3%
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(427 pmol/g cell) of Pb(Il) present in wastewater.

Using GE improved bacterial strains for the biosorption of Pb results
in high yield recovery of metal ions at a low cost. However, their im-
plementation is currently hindered due to the risk associated with the
addition of live/dead transgenic bacterial cells into the environment. A
plausible way to circumvent such implications is to use the metal
binding protein itself as a biosorbent when immobilized on a suitable
platform such as biodegradable matrices. Such an approach may further
improve the remediation capacity, sensitivity, affinity, and specificity
of the biosorbent. Here we report the overexpression and purification of
an N-terminal fusion rPbrD, a metallo-chaperone for Pb found ex-
clusively in Cupriavidus metallidurans CH34 [20] and its Pb binding
capacity for future application as a protein based biosorbent.

2. Materials and methods
2.1. Strains, vectors, reagents and media

The pET32Xa/LIC cloning kit containing the expression vector
pET32Xa/LIC and E. coli strain BL21 (DE3), pET32a vector and
BugBuster™ Protein Extraction Reagent were purchased from Novagen
(Madison, USA). The pbrD gene (GenBank accession number CP000354.
2) from C. metallidurans CH34 was synthesised by Genscript (USA).
High-fidelity DNA polymerase ExTaKaRa was purchased from Takara
(Otsu, Japan). Wizard® SV Gel and PCR cleanup system and PureYield™
Plasmid Miniprep System were purchased from Promega (Madison,
USA). Primer synthesis and DNA sequencing were performed by Inqaba
Biotech (Pty) Ltd (Pretoria, South Africa). His-probe (H-3) monoclonal
antibody was purchased from Santa Cruz Biotechnology (Dallas, USA).
Goat anti-Mouse HRP antibody and Clarity™ ECL western blotting
substrate were purchased from Bio-Rad (California, USA). Unless stated
otherwise, all other chemicals and media were of analytical grade and
purchased from Sigma-Aldrich (Missouri, USA).

2.2. Gene amplification and construction of the expression plasmid

The synthesised pbrD gene supplied in the vector pUC57 was used as
a template (1 pg/mL) for PCR amplification. A 50 pL reaction mixture
[1.25 U TaKaRa Ex Taq, 10X Ex Taq Buffer (5puL), 0.2mM of each
dNTP, and 1uM of each forward and reverse primer] was prepared
according to the manufacturer's instructions. The forward primer
PbrDpET32Xa/LICF1 5- GGTATTGAGGGTCGCTTGGCAATTGAG-3’
and reverse primer PbrDpET32Xa/LICR1 5-GGTATTGAGGGTCGCTTG
GCAATTGAG-3’ were designed using PrimerQuest software (Integrated
DNA Technologies Inc., USA) to enable ligation of the full length gene
into pET32 Xa/LIC vector. PCR amplifications were performed in a Bio-
Rad Mycycler™ (Bio-Rad) under the following conditions: 95 °C for
2min (x1 cycle), 95 °C for 30s, 62°C for 30s and 72 °C for 45s (x35
cycles) and 72°C for 7min (x1 cycle). The amplified products were
electrophoresed on a 1.5% (w/v) agarose gel pre-stained with GelRed™
solution (Biotium, USA) and visualised under the ChemiDoc™ MP
imaging system (Bio-Rad) (Fig. S1). The amplified product was gel
purified using the Wizard” SV Gel and PCR cleanup system according to
the manufacturer's instructions without modification. The purity of the
extracted product was assessed on a 1.5% agarose gel and quantified
using the dsDNA broad range assay kit with the Qubit” 2.0 Fluorometer
(Thermo-Fisher Scientific). The purified pbrD gene was ligated into the
PET32 Xa/LIC expression vector following the manufacturer's instruc-
tions to create the recombinant plasmid pET32Xa/LIC-pbrD which
contains a N-terminal Trx-Tag™, His*Tag" and S"Tag™.

2.3. Transformation of E. coli BL21 (DE3)
The recombinant plasmid pET32Xa/LIC-pbrD was used to transform

chemically competent E. coli BL21 (DE3) by heat shock.
Transformants were primarily selected on Luria-Bertani (LB) agar
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plates supplemented with 50 ug/mL ampicillin and further screened for
the pbrD insert by colony PCR. Positive transformants were subse-
quently processed for small scale plasmid isolations using the
PureYield™ Plasmid Miniprep System according to the manufacturer's
instructions. Purified plasmids were sent to Inqaba Biotech (Pty) Ltd
(Pretoria, South Africa) for sequencing with the universal T7 promoter
and terminator primers in order to confirm the orientation and full
length gene sequence of pbrD inserts. The data was analysed in CLC
main workbench 8; sequences were aligned using ClustalOmega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and compared to ex-
isting pbrD sequences available in the Genbank Database (http://www.
ncbi.nlm.nih.gov/). Transformants identified to contain full length pbrD
were selected for downstream application and maintained in glycerol
stocks.

In addition, self-ligated “empty” pET32a plasmid that carries the
same N-terminal Trx-Tag™, His*Tag" and S'Tag™ was transformed into
E. coli BL21 (DE3) cells in a similar manner to serve as a Pb binding
control.

2.4. Overexpression of rPbrD

A recombinant E. coli strain containing the target gene or the control
pET32a vector was grown overnight in LB media supplemented with
50 pg/mL ampicillin (LB/Amp) at 37 °C in an orbital shaker at 250 rpm.
A fresh inoculum was prepared by diluting 3 mL of overnight culture
into 100 mL of LB/Amp media and grown to an optical density (ODggo)
of ~0.5. A fraction of the cells were collected hourly and processed as
“uninduced” cells depicting the control. The remaining cells were in-
duced with a final concentration of 1 mM isopropyl B-b-1-thiogalacto-
pyranoside (IPTG). Both induced and control samples were collected
hourly for the first 5h and after 24 h to determine the optimal time for
expression of recombinant PbrD fused to an N-terminal Trx-Tag™,
His'Tag" and S°Tag™ and herewith referred to as rPbrD. Collected
samples were re-suspended in 5mL 1x BugBuster™ buffer per gram of
wet cell pellet weight. The cell suspension was incubated at room
temperature with gentle agitation (150 rpm) for 20 min to complete cell
lysis. The soluble (SF) and insoluble fractions (IF) were separated by
centrifugation at 16 000 g for 20 min at 4 °C (Heraeus™ Multifuge™ X1R
Centrifuge, Thermo-Fisher scientific). Each fraction was separated and
assessed on a normalised mini protean SDS-PAGE gel prepared with
10% TGX Stain-Free™ FastCast™ Acrylamide Kit (Bio-Rad) and visua-
lised under the ChemiDoc™ MP imaging system. The identity of the
recombinant protein was further confirmed by Western blot using the
His-probe (H-3) monoclonal antibody (1:5000) directed against the N-
terminal 6x-histidine fusion tag and secondary goat anti-Mouse HRP
antibody (1:15000). The antibody bound PVDF membrane was treated
with Clarity™ ECL western blotting substrate and the fluorescence de-
tected under the ChemiDoc™ MP imaging system. To obtain sufficient
protein for purification, expression was scaled up to 1L under the op-
timal conditions selected from the pilot study following the protocol
described. Cells were pelleted by centrifugation at 16 000 g for 10 min
at 4 °C and the resulting pellet was stored at —20 °C until purification.

2.5. Purification of rPbrD by Ni-NTA affinity chromatography

The cell pellet was lysed in 1x BugBuster™ buffer as described above
and the insoluble fraction containing protein inclusion bodies (IBs) was
collected for purification. The IBs were washed twice by re-suspending
the pellet in 10 fold diluted 1x Bugbuster buffer and once with buffer B
(100 mM sodium phosphate, 10 mM Tris-HCl, pH 8). The re-suspended
fractions were centrifuged at 16000 g for 15 min at 4 °C between each
wash and the supernatant was discarded. The washed IBs were solu-
bilised in buffer B containing 8 M urea by centrifugation at 16 000 g for
20min at 4°C. The supernatant containing the solubilised protein
fraction was passed through a 0.45um syringe filter prior to IMAC
purification. Purification was performed using the Akta FPLC (Fast
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performance liquid chromatography) prime plus protein purification
system (GE Healthcare Life Sciences, USA). Clarified supernatant was
loaded onto a HisTrap HP column charged with Ni>* (GE Healthcare
Life Sciences, USA) previously equilibrated with binding buffer [S0 mM
sodium phosphate, 300 mM NaCl, 8 M urea, 5mM imidazole, pH 8].
After loading, the column was washed with 10 column-volumes of wash
buffer [50 mM sodium phosphate, 300 mM NaCl, 8 M urea, 10 mM
imidazole, pH 8], then eluted with elution buffer [50 mM sodium
phosphate, 300 mM NaCl, 8 M urea, 400 mM imidazole, pH 8] at a flow
rate of 4 mL/min. All eluted fractions were collected and analysed by
SDS-PAGE as described previously. All protein quantification was done
using the Qubit™ Protein assay kit with the Qubit” 2.0 Fluorometer
(Thermo-Fisher Scientific).

The fractions containing rPbrD were pooled and refolded by dialysis
in a 3mL, 10K MWCO Slide-A-Lyzer™ Dialysis Cassette (Thermo-Fisher
Scientific, USA). Briefly the dialysis cassette was hydrated in dialysis
buffer (50 mM Tris, 0.5M r-arginine, 6 M urea, 10% (v/v) glycerol,
5mM DTT, pH 8) for ~2min. The eluted fraction (3 mL) was inserted
into the dialysis cassette and the cassette submerged in 3L dialysis
buffer for 4h at room temperature with gentle agitation. The original
buffer was sequentially replaced with 3L dialysis buffer containing
reduced concentrations of urea (4M and 2M) and DTT (3mM and
1 mM) under the same conditions. A final buffer (3L) containing 1 M
urea and 1 mM DTT was used for an overnight dialysis at 4 °C. The
refolded protein was harvested, assessed on a normalised 10% (w/v)
SDS-PAGE gel with densitometric analysis and further confirmed by
Western blot as described above. Additionally, purified refolded protein
was quantified using the Qubit” Protein assay kit with the Qubit” 2.0
Fluorometer (Thermo-Fisher Scientific) and assayed for the presence of
soluble aggregates by absorbance spectroscopy (240-340 nm) and size
exclusion chromatography on HiLoadTM 16/60 SuperdexTM grade
column (GE healthcare). rPbrD was maintained as the fusion protein for
all subsequent experimental work since it was intended for use as a
biosorbent thereby stabilizing the protein itself whilst eliminating ad-
ditional purification steps and cost.

The fusion tag (N-terminal Trx-Tag™, His*Tag and S°Tag™) was
overexpressed in E. coli as a soluble protein and purified under native
conditions using Ni-NTA affinity chromatography (Fig. S2).

2.6. Peptide sequencing by mass spectroscopy

SDS-PAGE analysis of the purified denatured recombinant protein
revealed the presence of the expected ~50kDa PbrD-fusion protein
together with an additional protein of ~32kDa in size. The amino acid
sequences of both proteins were determined by LC-MS/MS (Liquid
chromatography-mass spectroscopy) at the CSIR (Council for Scientific
and Industrial Research, Pretoria, South Africa). For in-gel digestions,
the two protein bands were individually excised from a Coomassie-
stained SDS-PAGE and destained using 50% methanol/50 mM ammo-
nium bicarbonate (NH4HCO3). Following dehydration in 75% acetoni-
trile (ACN) solution, 10 mM DTT and 55 mM iodoacetamide (IAA) in
25 mM NH4HCO; were added. Cleavage of proteins into peptides was
achieved overnight at 37 °C with 0.1 pg/uL tryspin. The peptides were
eluted in a sterile Protein Lo-Bind tube using 50% ACN and 5% formic
acid.

The extracted peptides were ionised by an electrospray ionisation
and the mass of the ions were measured by the ScieX TripleTOF 6600
(SCIEX) coupled to a Dionex Ultimate 3000 UHPLC system (Thermo
Scientific). Data obtained from the LC-MS/MS spectra were analysed
with the Paragon database search algorithm using the ProteinPilot™
Software (SCIEX) [21]. Identification of protein/peptides sequences
was obtained with the protein blast search using the NCBI database
(http://www.ncbi.nlm.nih.gov/). Furthermore, the peptide sequence of
the fusion PbrD protein was used to construct a hypothetical structure
using Phyre2 [22] and PyMol [version 1.7.4, Schrodinger] [23].
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2.7. Circular dichroism (CD)

The secondary structure of rPbrD was evaluated using far-UV cir-
cular dichroism. Spectral measurements of 5uM rPbrD (50 mM Tris-
HCl, 1 mM DTT, pH 8) were obtained using a J-1500 Circular Dichroism
Spectrometer (Jasco Analytical Instruments, Japan) from 200 to
250 nm. Measurements were recorded at 100 nm/min scan speed, 5
accumulations and 1 nm bandwidth. Data obtained from CD measure-
ments (0) were initially corrected for interference from buffer solution,
and thereafter was converted to molar residue ellipticity (Oyrg) using
equation (1) [24].

_ 6(100)
D) (n) ¢

where: 8 = ellipticity (m.deg), ! = path length (cm), ¢ = protein con-
centration (UM), and n = number of amino acid residues.

The CD spectrum data was analysed using BeStSel software avail-
able at http://bestsel.elte.hu/to predict the proportion of secondary
structures in the rPbrD-fusion protein [25,26].

'MRE

2.8. Tryptophan fluorescence

Tryptophan fluorescence of denatured rPbrD and refolded rPbrD
was used to determine if there are any tertiary structural changes in the
presence of 5uM and 500 uM Pb(II). Fluorescence spectra of 5uM de-
natured (50 mM Tris, 0.5 M r-arginine, 8 M urea, 1 mM DTT, pH 8) and
5 uM refolded rPbrD (50 mM Tris, 0.5 M r-arginine, 1 mM DTT, pH 8)
was recorded using a JASCO FP-6300 spectrofluorometer (Jasco
Analytical Instruments, Japan). The emission spectra were recorded
under the following parameters; excitation at 295nm and emission
from 280 to 450 nm, 500 nm/min scan speed, 3 accumulations and
2.5 nm emission bandwidth.

2.9. Pb binding assay (Batch adsorption study)

To determine whether the refolded PbrD-fusion protein was biolo-
gically functional in vitro, 5 uM of protein was incubated with 10-fold
dilutions of Pb(NO3), between 0.005 and 5uM for 30 min at room
temperature under constant agitation (150 rpm). Thereafter the solu-
tion was filtered through a 10K MWCO Amicon” Ultra-15 spin cen-
trifugal filter (Merck, SA) by centrifugation at 5000g for 30 min at 4 °C.
The filtrate was acidified with 1% (v/v) nitric acid and analysed using
the NexION® 300 Induction Coupled Plasma Mass Spectrometer (ICP-
MS) (Perkin Elmer, USA) to measure the concentration of residual un-
bound 2°®Pb. Controls consisting of Pb(NOs), without the protein and
with the fusion tag were prepared and treated under the same condi-
tions for each concentration tested. The experimental data reported is
based on three replicates. The biosorption capacity which is the amount
of sorbed metal (Pb ions) per gram of sorbent (rPbrD) was determined
using equation (2) and the biosorption efficiency (%) was calculated
using equation (3) [27].

_ (Ci - Ce)V
- w

Q. @

C—-C,

Q%:( )xlOO

3
where: Q. = the amount of metal adsorbed from solution by the bio-
sorbent (ug/g), C; = initial metal concentration (ug/L), C, = residual
metal concentration (ug/L), V = solution volume (L), w = amount of
adsorbent in solution (g).

2.10. Adsorption isotherm models

Since, PbrD has not been studied for its metal-binding character-
istics in vitro; no theoretical data is currently available to support the
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Fig. 1. Secondary structure and 3-dimensional model of rPbrD. Secondary structure of rPbrD (UniProt accession: Q1LAL8) protein as predicted by Jpred 4 server [35]
and associated confidence “JNETCONF” (a). Red bars, green arrows, and grey lines represent a-helices, 3-sheets and coils, respectively. Secondary 3-dimensional
structure of rPbrD (b) as predicted by Phyre2 software [22] and PyMol [version 1.7.4, Schrodinger] [23] covering 144 residues modelled at > 90% accuracy.

mechanisms of the proposed sorbent. To further understand the ad-
sorption mechanism; four isotherm models were used to obtain theo-
retical data on the thermodynamics of the biosorption process.

3. Langmuir adsorption isotherm

The Langmuir model is indicative of a complete monolayer forma-
tion of Pb(II) on the surface of the rPbrD protein provided that the
protein contains a finite number of identical sites containing a homo-
genous surface [28]. The linearised equation (4) [29] were used to
calculate the isotherm constants from the plot of 1/Ce vs. 1/Qe.

1_r, 1
Qe Qm QmKLCe (4)

where: Q,,, = maximum adsorption capacity (ug/g) and Ky, = Langmuir
equilibrium constant (ug/L).

4. Freundlich adsorption isotherm

The Freundlich model is indicative of an exponential distribution of
active sites of rPbrD protein and its affinity towards Pb(II). This iso-
therm is suitable for a heterogeneous surface [28]. The empirical
linearised equation (5) [30] was used to calculate the isotherm con-
stants from the plot of log Qe vs. log Ce.

30

log Q. = logKy + lloch
n

5)
where: K¢ = Freundlich adsorption constant (ug/g) and n = adsorption
intensity. The 1/n value is indicative of the adsorption intensity be-
tween rPbrD and Pb(Il). If 1/n < 1 then the adsorption is favourable, if
1/n > 1 then it is a cooperative adsorption, and if 1/n = 0 then it
indicates a more heterogeneous surface.

5. The Temkin adsorption isotherm

The Temkin model gives a more clear indication on the interactions
between rPbrD protein and Pb(II) provided that the very low and high
Pb(II) concentrations are ignored. As Pb(II) bind and cover the surface
of the protein; the heat generated from the molecules would decline
linearly instead of logarithmically [31]. The linearised equation (6)
[32] was used to calculate the thermodynamic parameters from the plot
of Qe vs. In Ce.

RT RT
.= — In(A;) + — In(C,
Q B, n(A) B, n(Ce)

(6)
where: R = Universal gas constant (8.314 J/mol/k), T = absolute
temperature in kelvin (298 K) A, = equilibrium binding constant, and
B = Temkin isotherm constant.
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6. Dubinin-Radushkevich (D-R) isotherm model

The D-R model is used to determine the sorption free energy and to
identify whether the bonding of Pb(Il) to rPbrD protein is a physi-
sorption or chemisorption mechanism [33]. The linearised equations
(7)-(9) [34] were used to calculate the thermodynamic parameters by
plotting In Qe vs &2

E=RTll’l(1 + L)
C,

e @)

In(Q.) = In(Qy) — KadE2 ®
E= !

\2Bpr )

where: ¢ = Polanyi potential, Qs = theoretical saturation capacity (ug/
), K.q = D-R adsorption energy constant (mol?/kJ?), Bpg = isotherm
constant, related to the mean free energy of adsorption.

7. Results and discussion
7.1. Amplification and cloning of the pbrD gene

PCR amplification of the synthesised pbrD gene yielded a single
product of expected size (~ 870 bp) (Fig. S1). The purified PCR product
was treated with T4 DNA polymerase and successfully ligated into the
pET32Xa/LIC vector to construct the recombinant expression vector
PET32 Xa/LIC-pbrD. The expression vector was transformed into E. coli
BL21 (DE3) cells at a transformation efficiency of ~1 X 107 cfu/pL. A
positive transformant carrying recombinant plasmid DNA confirmed to
contain the full length gene sequence of pbrD with no mutational errors
was selected and subsequently used for expression.

The protein sequence of PbrD from C. metallidurans CH34 (290
amino acids) referenced during this study was used to predict its sec-
ondary structure with Jpred 4 server [35] and a 3-dimensional model of
rPbrD (PbrD with N-terminal fusion tag) was constructed with Phyre2
and PyMol [version 1.7.4, Schrodinger] [23] as represented in Fig. 1.
This is the first hypothetical model reported for an N-terminal tagged
PbrD protein in the absence of a known structure for the native protein.

7.2. Expression of PbrD protein

Recombinant PbrD was expressed as a ~50kDa fusion protein
comprising of 32kDa native protein fused to a 17.8 kDa N-terminal
Trx-Tag™, His*Tag" and S°Tag™. Optimal expression was achieved 5h
post induction with a final concentration of 1 mM IPTG (Fig. 2a). Cells
cultured in the absence of IPTG did not show any detectable over-ex-
pressed protein. Various attempts to obtain PbrD in the soluble fraction
including induction at lower temperatures (25 °C, 30 °C), using different
growth medium (Enpresso® B, BioSilta) and solubilisation with 5% so-
dium lauroyl sarcosinate were unsuccessful. The highest expression of
PbrD-fusion protein was consistently found in the insoluble fraction
within IBs (Fig. 2a). The expression of rPbrD protein was further con-
firmed by Western blot using antibodies directed against the N-terminal
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His tag. Protein was again only detected in the insoluble fraction
(Fig. 2b).

7.3. Purification of rPbrD under denaturing conditions

PbrD was purified from washed IBs under denaturing conditions.
Recombinant protein was completely solubilised in buffer B containing
8M urea and loaded onto a Ni affinity column (Fig. 3a). Eluates were
normalised and analysed by SDS-PAGE (Fig. 3b) and the densitometry
analysis showed the fraction to contain < 7% aggregates (most likely,
consisting of protein dimers ~94 kDa and trimers ~ 141 kDa due to the
cysteine rich regions), > 85% full length rPbrD (N-tagged PbrD)
and < 6% of a ~32kDa protein which consistently co-eluted with
rPbrD under several buffer conditions. Both the full length rPbrD and
~32kDa protein were sequenced using mass spectroscopy. The peptide
sequence of the full length rPbrD was confirmed while the sequence of
the ~32kDa protein revealed a truncated form of rPbrD protein with
30% coverage from the N-terminus. The C-terminus of rPbrD contains
the cysteine-rich hypothetical metal binding site which was lacking in
the truncated form and while Pb(II) may also coordinate to nitrogen
donors on the histidine tag, their coordination bond is weak [36].
Eluted protein was refolded by dialysis in buffer containing reduced
concentrations of urea and DTT in the presence of 0.5 M r-arginine. The
presence of arginine in the refolding buffer reduces protein aggregation,
prevents the misfolding of proteins and increases protein recovery.
Since rPbrD is a metallo-chaperone that contains a high proportion of
cysteine residues, DTT was added to prevent disulfide bonds formation
thereby maintaining the cysteine residues in their reduced state during
refolding. Fig. 3b shows rPbrD to be the major constituent of the total
protein in the denatured, purified and refolded fraction; the presence of
soluble aggregates in the refolded protein fraction was eliminated (Figs.
S3 and S4). The refolded fusion protein was subsequently characterized
by CD and tryptophan fluorescence and evaluated for its functionality
using a Pb binding assay.

7.4. Circular dichroism (CD)

Circular dichroism is the absorption of left-handed and right-handed
circularly polarized light used to study the secondary structure of a
protein [24]. The CD spectrum derived using BeStSel for denatured and
refolded rPbrD and refolded rPbrD in the presence of Pb(II) is shown in
Table 1. Regular helices account for 9.6% of the refolded structure
while the f-sheet structure of the Trx protein originating from the fu-
sion tag is also accounted for. Irregular structures, loops and turns
appear to constitute majority of the protein structure. The hypothetical
structure of rPbrD constructed using Phyre2 and PyMol [version 1.7.4,
Schrodinger] and Jpred 4 (Fig. 1a and b) further correlated to the
composition of secondary structure obtained by CD in this study with
some contribution from the N-terminal Trx-Tag™, His*Tag" and S"Tag™
(Fig. S3).

In the presence of 5uM Pb(NO3), Pb(Il), the refolded protein un-
dergoes a major change in the structural conformation by further
adopting left and right twisted antiparallel B-sheets (Table 1). It is

(a) - L2 (b) AN v i - Fig. 2. 10% normalised SDS-PAGE gel (a) and western
M ToO T3 B M blot analysis (b) of small-scale expression of rPbrD. Lane
= T'SF IF: T SF IF Qe SE Bzl SRR f M, Precision Plus Protein™ Unstained Standards (Bio-Rad).
! (a): lanes 1, 2 and 5, total cell fraction (T) of E. coli BL21
T E 3 (DE3) cell lysate at time 0, 3 and 5h, respectively post-in-
50 kDa ‘; 4 § - duction; lanes 3 and 6, soluble fractions (SF) of E. coli BL21
37 kDa €= - - __ -0 rPhrD o o (DE3) cell lysate at time 3 and 5h post-induction with no
- - - . @—>rPbrD evidence of PbrD expression; lanes 4 and 7, insoluble frac-
-— tions (IF) of E. coli BL21 (DE3) cell lysate at time 3 and 5h
. post-induction showing overexpression of PbrD. (b): corre-
—-— -1 2 3 4 5 6 7 =

31

sponding western blot showing bands correlating to the
rPbrD protein on the SDS-PAGE gel.
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Table 1
Secondary structure composition of rPbrD-fusion protein determined from
single-spectrum CD analysis in BeStSel [25,26].

Refolded PbrD
Content (%)

Refolded PbrD
with Pb Content

Denatured PbrD
Content (%)

Secondary structure

(%)
Helix (regular) 0 9.6 3.1
B-sheet (parallel) 0 0 0
B-sheet (antiparalle)’ 0 25 67.5
Turn 30.2 28.4 29.4
Other” 69.8 37 0

@ Right-handed twisted, left handed twisted and relaxed antiparallel B-sheet
structure.

b Composed of 3, helices, bends, m-helices, B-bridges, irregular structures
and loops.

reported that twisted antiparallel (3-sheets increase the stability of a
protein [37]. Since Pb is toxic to cellular organisms, it is probable that
within the native organism PbrD undergoes a structural conformation
upon binding Pb(II) in order to maintain cell homeostasis. The change
in the conformational structure of rPbrD also indirectly confirmed the
ability of the refolded protein to bind Pb(II). Conversely, CD analysis of
denatured rPbrD showed a complete loss of a and f structures with
majority of the protein found as distorted helices, turns, irregular and
random coil structures.

7.5. Tryptophan fluorescence

Tryptophan (Trp) residues in proteins are largely responsible for the
intrinsic fluorescence of proteins at an emission wavelength of
~350nm [38]. Upon denaturation or involvement in ligand binding,
the change in the solvent environment surrounding the Trp residues
may lead to Trp fluorescence quenching which has been used widely to
provide information on the macromolecular structure of proteins.
Within the primary sequence of rPbrD, ten Trp residues are contributed
by the native protein and two from the fusion tag. Based on the hy-
pothetical structure of rPbrD, Trp 32 (from the fusion tag), Trp 264, Trp
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Fig. 3. Elution profile of rPbrD through Ni-NTA IMAC
chromatography. (a) Chromatogram showing elution of
rPbrD (3) from a 5mL HisTrap HP column in binding buffer
(50 mM sodium phosphate, 300 mM NaCl, 8 M urea, 5mM
imidazole, pH 8) and eluted with 350 mM imidazole. (b)
Corresponding 10% SDS-PAGE analysis of normalised frac-
tions collected from the IMAC purification of rPbrD. Lane M
indicates Precision Plus Protein™ Unstained standards (Bio-
Rad). Lane 1 represents the solubilised IBs; Lanes 2, 3 and 4
represents the flow through, wash and elution fractions re-
spectively; Lane 5 represents refolded rPbrD fraction.
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Fig. 5. Pb binding analysis of rPbrD. In the presence of Pb(Il), rPbrD (5uM)
increasingly binds the metal ion until reaching 99% biosorption efficiency at
concentrations higher than 0.5 uM. The fusion tag protein contributed 10-30%
of Pb(II) binding until saturation was achieved at 0.5 pM. Error bars represent
the standard deviation from triplicate treatments.

Table 2

Adsorption isotherm constants for biosorption of Pb(I) with rPbrD.
Langmuir Freundlich
R? Qmax KL R? 1/n n K¢
0.3475 0.36 1.12 0.7733 5.58 0.18 1096.5
Temkin Dubinin-Radushkevich
R2 At Bt R2 Qs Kad E
0.9783 4.15 39.31 0.8382 1628.15 5x1077 1000

353, Trp 357 and Trp 406 are exposed and may be involved in Pb(II)
binding that would result in Trp fluorescence quenching. Therefore,
tryptophan fluorescence was performed on denatured and refolded
rPbrD protein in the presence of 5uM Pb(II) and 500 uM Pb(II).
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Fig. 4. Tryptophan fluorescence of denatured and refolded rPbrD. Fluorescence emission spectra of 5 uM denatured rPbrD (a) and 5 uM refolded rPbrD (b) in the
presence of 5 and 500 uM Pb(II) as Pbl and Pb2, respectively. Spectra were measured from 280 to 450 nm using an excitation wavelength of 295 nm.
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Fig. 6. Plots of the Langmuir (a), Freundlich (b), Temkin (c), and Dubinin-Radushkevich (d) isotherms, respectively. The graphs represent the adsorption

capacity (Qe) of rPbrD versus residual concentrations of Pb(II) in solution.

The maximum fluorescence intensity of refolded rPbrD occurred at
347 nm, whereas the maximum fluorescence intensity of denatured
protein occurred at 385 nm (Fig. 4). The red shift in the emission wa-
velength maxima of the denatured protein suggests the exposure of Trp
residues located within the protein hydrophobic interior to an aqueous
environment. Trp fluorescence was quenched more in the refolded
PbrD-fusion protein than the denatured protein suggesting that Trp
residues on rPbrD protein were within close proximity to polar residues.
The refolded rPbrD protein was further quenched in the presence of 5
and 500 pM Pb(II) as compared to the denatured state where the lower
fluorescence emission was within error and is negligible (Fig. 4a and b).
There were no wavelength shifts in the spectra of the denatured protein
however a slight blue shift was observed in the refolded rPbrD-Pb1 and
rPbrD-Pb2; indicating a decrease in the polarity due to the quenching of
the fluorophore within the protein. These findings suggest that the fu-
sion protein (rPbrD) expressed in this study was able to bind Pb(II) as
Trp fluorescence is known to be quenched upon metal ion binding
[39,40]. These findings further suggest that for Pb-binding to occur,
PbrD-fusion protein must be folded into its native state. This correlates
to the native function of PbrD as a Pb-binding protein.

7.6. Pb binding assay

PbrD is a metallo-chaperone that contains a cysteine rich metal
binding motif along with large numbers of proline and serine residues
which facilitates sequestration of Pb(II) within the cytoplasm of the
bacterial cell [41]. To further confirm that the refolded protein which
included an N-terminal fusion tag would function similarly to native
PbrD, a Pb binding analysis was performed. Histidine is not involved in
Pb(ID) binding [42] while the influence of the S-tag or Trx-tag on Pb(II)
binding has not been reported. However, thioredoxin (Trx) protein is
known to bind to other divalent metal ions such as nickel [Ni(II)] [43],
cadmium [Cd(ID)] [44], copper [Cu(I)] and mercury [Hg(II)] [45]. For
this reason, the fusion tag (N-terminal Trx-Tag™, His*Tag" and S Tag™)
was overexpressed, purified and its contribution to Pb binding was
evaluated. A standard concentration of 5uM of rPbrD protein or fusion
tag protein was incubated separately in the presence of varying con-
centrations of Pb that ranged between 0.005 and 5puM. Fig. 5 shows
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that the fusion tag on its own contributed between 10 and 30% binding
in the presence of 0.005-0.05 pM Pb. This is likely due to the Cys-X-X-
Cys metal-binding motif present at the N-terminal of Trx protein. At
similar concentrations, rPbrD was able to bind more Pb(II) in the range
of 78-97%. Both rPbrD and the fusion tag were saturated at 0.5pM
(99% binding) where a further increase in metal concentration did not
lead to increased binding. Although the fusion tag contributes some
metal binding, it is a relatively small protein (~18kDa) which is
usually unstable for application as a biosorbent. Furthermore, the non-
specificity of the fusion tag for divalent cations would compromise its
activity in natural water systems where a complex mix of metals is
present. The findings indicate that under the conditions used in the
present study rPbrD was able to function and biosorb (99%) Pb(Il) at
concentrations reported to be present in natural water systems com-
monly contaminated with Pb. The specificity and preferential order of
binding metal ions in complex metal systems still needs to be elucidated
for rPbrD. However, PbrD has only been reported to sequester Pb(II)
within C. metallidurans CH34 indicating that rPbrD could be used a Pb-
specific biosorbent.

7.7. Adsorption isotherms

Adsorption isotherms are essential for studying the thermodynamic
properties between the proposed sorbent (rPbrD) and metal ion [Pb(II)]
at equilibrium for downstream optimisation of the adsorption system.
Herewith, we present the Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich adsorption isotherms. The modeling analyses were based
on mathematical calculations (Table 2) by plotting graphs between the
solid-phase (Qe) and its residual concentration (Ce) derived from their
respective equations.

Based on the linear isotherm plots (Fig. 6) the experimental data
exhibited high correlation coefficient values (r? - Table 2) with the
Temkin isotherm exhibiting the highest r? of 0.98. Thereafter, the
correlation coefficient was closest to the D-R isotherm and Freundlich
isotherm which best describes the heterogeneous coverage (unrest-
ricted multilayer formation) of Pb(I) on the surface of rPbrD protein.
The maximum adsorption capacity obtained from Langmuir (Qmax),
Freundlich (K¢ and D-R (Q,) isotherms were 0.35, 1096.5, and
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1628 ng/g respectively. A high adsorption value is indicative of a high
binding capacity [28]. Based on the adsorption values from Freundlich
and D-R isotherm, rPbrD showed a high binding capacity to Pb(IL).
However, a very low binding capacity was observed from the Langmuir
isotherm. With regards to the Freundlich isotherm, the adsorption in-
tensity (1/n) is an indication of the binding strength between rPbrD and
Pb(Il). The exponent, 1/n > 1 was indicative of a cooperative ad-
sorption [46] which is favoured by the multi-layer behavior of ad-
sorption observed in this study. The Temkin isotherm constants (B,) and
equilibrium binding constant (A,) showed low heat of adsorption (4.15
and 39.31 J/mol) which is indicative of a physisorption process [47].
Additionally, the calculated value of E (1 kJ/mol) obtained from the D-
R isotherm is also indicative of a physisorption process [48].

The physisorption process depicts the following conditions of
binding between rPbrD and Pb(II): it does not require activation energy,
it occurs at low temperatures, the attraction between Pb(II) and rPbrD
are based on Van der Waal's forces and hence the binding is reversible
and it forms multi-layer adsorption.

8. Conclusions

Our findings show that PbrD is expressed within inclusion bodies
from E. coli BL21 (DE3) transformed using the constructed plasmid
pET32Xa/LIC-pbrD. Furthermore, purification and refolding of rPbrD
resulted in a fusion protein capable of binding Pb (II) in high con-
centrations. From this study, binding of Pb(II) to rPbrD in vitro most
likely occurred by physisorption and likely follows the D-R isotherm. To
the best of our knowledge, this is the first report on the expression and
purification of a functional fusion PbrD protein using an E. coli ex-
pression system. The ability of the expressed protein to bind Pb(II) in
the presence of concentrations higher than those reported in ground/
surface water in South Africa suggest its potential to be developed into
a biosorbent for the treatment of Pb contaminated water. Future work
would include developing a suitable immobilization strategy to main-
tain the activity of the protein under varying environmental conditions
such as pH and temperature.
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Supplementary Information

Recombinant expression and purification of a functional bacterial metallo-chaperone

PbrD-fusion construct as a potential biosorbent for Pb(ll)
Keshav V, Achilonu I, Dirr HW, and Kondiah K

1. Gene amplification of pbrD from pGEX vector supplied by Genscript (USA).

M 1 2
1350 bp 4

I16.0p 4 -—> ~870 bp
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=

Figure S1 PCR amplification of pbrD gene. A 1.5% (w/v) agarose gel showing: lane M, Quick-

Load® Purple 50 bp DNA Ladder (New England BioLabs® Inc,); lane 1, no template control and
lane 2, amplified pbrD gene approximately 870 bp in size.
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Expression and purification of fusion tag protein (pET32a) in E. coli BL21 (DES3)
cells and its corresponding Western blot confirming the presence of the fusion tag
protein.
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Figure S2 10 % normalized SDS-PAGE gel showing expression of soluble fusion tag protein
(N-terminal TrxsTag™, HiseTag®and S®Tag™) (a) purification of fusion tag through protein Ni-
NTA IMAC chromatography (b) and corresponding Western blot analysis (c) conforming
expression of fusion tag protein. In Figure (a): Lane M, SDS-PAGE Standards Low Range
marker (Bio-Rad). Lanes 1, 2 and 5, total cell fraction (T) of E. coli BL21 (DE3) cell lysate

at time 0, 3 and 5 hours, respectively post-induction; lanes 3 and 6, soluble fractions (SF)

showing overexpression of
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fusion tag protein, and lanes 4 and 7, insoluble fractions (IF) showing low expression of fusion
tag. In Figure (b) and (c): Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad).
Lane 1 represents the soluble protein fraction; Lanes 2, 3 and 4 represents the flow through,
wash and elution fractions respectively. (c) Western blot showing bands correlating to the ~20
kDa protein band on the SDS-PAGE gel in the soluble (lane 1) and eluted fraction (lane 4)
respectively.
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2. Absorbance spectra of refolded rPbrD obtained from JASCO V-630 spectrophotometer
with scan range from 240 to 340 nm.
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Figure S3 Absorbance spectra of refolded rPbrD. The spectra peak at 280 nm is indicative of a

soluble protein sample. A peak between 300-340 nm was not visible indicating the absence of
aggregation.
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Refolded rPbrD analyzed with size exclusion - high performance liquid chromatography
(SE — HPLC).
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Figure S4 SE-HPLC elution profiles were prepared to assess the presence of protein
aggregates in refolded rPbrD. (a) Elution profile of gel filtration standards (GE healthcare)
consisting of conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa),
ribonuclease A (13.7 kDa) and aprotinin (6.5 kDa). (b) Standard curve showing the
retention time of the gel filtration standards and (c) the elution profile of refolded rPbrD
showing peaks at ~10 min (negligible aggregates due to the high content of cysteine
residues) and ~14.75 min (rPbrD). Several peaks observed after 20 mins may represent

possible contamination from the gel standards.
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4, Predictive secondary structure of the fusion tag comprising of N-terminal TrxeTag™,

HiseTag® and S®Tag™.

Figure S5 The hypothetical ribbon structure of fusion tag protein (N-terminal TrxsTag™,
HiseTag® and S®Tag™) constructed using Phyre2 (Kelley and Sternberg, 2009) and PyMol
[version 1.7.4, Schrodinger] (DeLano, 2002). The model was built with 94 % confidence

covering 177 residues and modeled at >90 % accuracy.
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Chapter 4

Recombinant fusion protein PbrD cross-linked to calcium alginate
nanoparticles for Pb remediation

Keshav, V., Franklyn, P and Kondiah, K.

American Chemical Society Omega, 2019 DOI: 10.1021/acsomega.9b01624

This paper reports the synthesis of rPbrD surface-cross-linked onto calcium alginate
nanoparticles (CANPs) for the biosorption of Pb(ll) from aqueous solution. Thus far, there are
no homologs of PbrD and no other bacterial Pb binding metallo- chaperone has been reported
for the remediation of Pb ions from wastewaters. Due to its specificity for Pb and the ability to
bind the metal ions, rPbrD cross-linked onto CANPs could be used as an innovative biosorbent

for Pb bioremediation.

Author contributions: Vidya Keshav contributed towards all the experimental work, data
analysis, data curation, writing of initial drafts and revisions of manuscript. Dr Paul Franklyn
contributed towards co-supervision and guidance on the formulation of nanoparticles. Dr
Kulsum Kondiah contributed towards student supervision, data interpretation, data editing

and proof reading of the manuscript.
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ABSTRACT: Lead (Pb) pollution arising from industrial and mining activities has led to
widespread environmental toxicity, particularly in South Africa. Humans exposed to Pb are
reported to suffer from detrimental health impacts that can lead to fatalities. As such, there is
an urgent need to remediate Pb from the environment. In this study, we propose the use of a
Pb-specific recombinant fusion metalloprotein, rPbrD surface-cross-linked onto calcium
alginate nanoparticles (CANPs) for the biosorption of Pb(II) from aqueous solution. The
prepared biosorbents were characterized using scanning electron microscopy, transmission
electron microscopy, and dynamic light scattering. Their ability to biosorb soluble Pb(II) was
determined by inductively coupled plasma mass spectroscopy and their adsorption
mechanism was described according to the Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich adsorption isotherms. The rate of Pb uptake for bare CANPs and rPbrD-
CANP:s at a concentration of 100 mg/L metal was 3.34 and 8.82 mg/g, respectively, within
30 min. The adsorption data for the bare CANPs best fit the Langmuir isotherm, whereas the

o
U\?@+M+@W o)

(o)

‘ Fomaion

PheD poen

Separeon Detecton

adsorption data for rPbrD-CANPs best fitted the Freundlich isotherm. Based on the sorption intensity (n) and the separation
factor (R, ), both biosorbents represent a favorable adsorption system. These findings suggest that the proposed nanobiosorbent
is a promising candidate for the recovery of Pb ions present in high concentrations such as acid mine drainage or industrial

effluent.

Bl INTRODUCTION

Lead (Pb) toxicity is an environmental concern with a global
impact on public health. Lead poisoning refers to the
accumulation of the metal in the body, over time resulting in
organ dysfunction, especially within the nervous system. It has
caused permanent neurological damage in over 15 million
children from developing countries.' An increase in industri-
alization and urbanization has contributed to copious amounts
of metals like Pb being discharged into natural water resources;
rendering it unfit for human consumption. In South Africa,
40% of the population lives in rural settlements that depend
entirely upon ground and surface water for domestic use.”
However, metal exposure is not only limited to communities in
informal settlements but also the urban population when they
consume the home-grown fruits and vegetables, which are sold
as a source of income.” Several reports highlight the presence
of Pb(II) in South African river systems exceeding the
acceptable limit of 10 pug/L.* Fatoki and co-workers” detected
240—1110 pg/L of Pb(II) in the Umtata River, Eastern Cape,
while in the Western Cape, 30—40 ug/L of Pb(II) was
recorded in Eerste River.® Olujimi and co-workers reported an
annual average of between 17.6 and 52.9 ug/L Pb(Il) in the
river systems of the Western Cape. Although new policies,
regulations, and legislations have been made to control the
decanting of industrial waste, ambiguities in the system still
remain.” Humphries and co-workers’ suggested that although

v ACS Publications  © xxxx American Chemical Society

a natural wetland in the Klip River, Gauteng acts as a sink for s1
metals like Pb (source of contamination—Central Witwaters- s2
rand Basin), increase in contaminated discharge could s3
compromise the wetland, itself becoming a source of metal s4
contamination that would lead to devastating effects on the ss
region’s water supply. Consequently, there is a focus on the s¢
development of effective strategies to remove or reduce the s7
elevated concentrations of Pb(II) from wastewaters. 58

Remediation of Pb(II) from wastewaters using bacterial cells so
has been reviewed extensively'”'' as it offers a cheap 6o
alternative to chemical treatments. Although biosorption may 61
offer high adsorption capacity and short reaction times, the 62
system is inefficient in targeting specific metal ions when 63
present in a complex medium. Peptides targeting specific metal ¢4
ions (biopanning) have been attached to bacterial cells for 6s
Pb(II) remediation.'”"’ However, introducing modified 6s
bacterial cells into water bodies is not yet feasible due to the ¢7
uncertainty around their behavior in the environment. 68

In this study, we report the development of a novel 69
nanobiosorbent that exploits the Pb(II) binding properties of 70
the bacterial protein PbrD. PbrD is a metallochaperone found 71
exclusively in Cupriavidus metallidurans CHs,'" that binds 72
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Figure 1. SEM and corresponding TEM images showing uniformly synthesized, monodispersed spherical CANPs ranging from S to 30 nm (a, c)

and rPbrD-CANPs between 60 and 85 nm (b, d).

73 Pb(Il) intracellularly, thereby reducing the cellular toxic effect
74 of the metal at elevated concentrations.'® A recombinant form
75 of PbrD (rPbrD) was immobilized onto calcium alginate (CA)
76 nanoparticles (CANPs) and assessed for its ability to biosorb
77 Pb(II) in vitro. Calcium alginate nanoparticles afford stability
78 to the biomolecule in terms of temperature and pH,"” "’
79 enhance Pb(Il) remediation,"® ** and are biodegradable.lg’23
80 Herein, we report the use of a synthetic protein-based
81 nanobiosorbent to adsorb Pb(II) at 25 °C. Furthermore, we
82 assess the theoretical adsorption properties of the newly
83 developed nanobiosorbent by the Langmuir, Freundlich,
84 Temkin, and Dubinin—Radushkevich (D—R) isotherms
8s owing to its application to remediate Pb(II) from wastewater.

ss Il RESULTS AND DISCUSSION

87 Characterization of rPbrD-CANPs. Electron Microscopy.
88 Figure 1 shows the morphology and structure of bare CANPs
8o and rPbrD-CANPs. Scanning electron microscopy (SEM)
90 images for CANPs (Figure 1a) and rPbrD-CANPs (Figure 1b)
91 reveal uniformly synthesized, monodispersed particles. Mor-
92 phology of CANPs was of spherical nature, whereas rPbrD-
93 CANPs were amorphous NPs. Transmission electron micros-
94 copy (TEM) micrographs further confirmed the formation of
95 NPs with clear geometric boundaries. Bare CANPs with the

size ranging from S to 30 nm were observed (Figure 1c) while 96
rPbrD-CANPs appeared larger, between 60 and 85 nm in 97
diameter (Figure 1d). The larger diameter of the rPbrD- og
CANPs was expected owing to the extended arm of o9
glutaraldehyde and surface-cross-linked protein. When com- 100
pared to the bare CANPs, rPbrD-CANPs remained in close 101
proximity to each other. This can be attributed to the overall 102
surface charge as well as low particle dispersion from reduced 103
sonication that would otherwise lead to protein degradation. 104

Protein Loading. For the synthesis of the nanobiosorbent, 10s
two strategies used in the immobilization of rPbrD to the as- 106

—

prepared CANPs were evaluated to determine which resulted
in more efficient protein loading. When encapsulated within 10s
the CANPs, 66% of S uM rPbrD protein was loaded. However,
when rPbrD was surface-cross-linked to the CANPs, 72% 110
protein loading efliciency was achieved. The lower loading 111
efficiency could be as a result of smaller pore size within the 112
CANPs, which prevented the entry of rPbrD for binding.”*** 113
When compared to encapsulation, chemical cross-linking has 114
been noted to not only improve thermal stability but also 115
protein loading.” All further characterization of the nano- 116
biosorbent was performed with surface-cross-linked rPbrD- 117
CANPs. 118

—
=3
~

—_
(=3
O

DOI: 10.1021/acsomega.9b01624
ACS Omega XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsomega.9b01624

ACS Omega

60

(@) 5 80

70 A
60 -
50
40 -
30
20 4

Protein loading efficiency (%

5 10 20 40
rPbrD concentration (uM)

Protein loading efficiency (%)

70 A
60 -
50 A
40 -
30 A
20 -
10

18

22 26 30 36

Calcium Chloride concentrations (mM)

Figure 2. Protein loading efficiency (%). Graphs showing protein loading efficiency when different concentrations of rPbrD protein are cross-linked
to CANPs (), and different concentrations of CaCl, are used to vary the size of CANPs cross-linked to S M rPbrD (b).
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Figure 3. Size distributions of bare CANPs (a, b) and rPbrD-CANPs (c, d) showing the formulation of monodispersed particles with a mean
diameter of approximately 12—40 and 50—140 nm, respectively. Error bars represent the standard deviation (SD) from triplicate treatments.

119 To improve the protein loading efficiency on surface-cross-
120 linked CANPs, two additional parameters were assessed: the
121 concentration of rPbrD and size of CANPs. Figure 2a shows
122 that increasing the concentration of rPbrD from S to 40 yuM
123 did not increase loading efficiency. Similar trends were
124 observed when the cellulase enzyme was immobilized onto
125 calcium alginate beads,'” and bovine serum albumin (BSA)
126 was encapsulated in chitosan nanoparticles.'” Both studies
127 reported that an increase in protein concentration decreased
128 the immobilization efficiency. The decrease in loading
129 efficiency may occur due to the exclusion of binding to inner
130 aldehydic groups by proteins diffusing from bulk solutions to
131 the outer aldehydic chains, which are usually the first to be
132 encountered.”® A high protein concentration leads to rapid
133 immobilization resulting in partial or total blockage of the
134 pore. Another contributing factor could be that at higher
135 concentrations, recombinant proteins may precipitate out of
136 solution becoming unavailable for immobilization.

137 In addition, changing the particle size (diameter) may affect
138 the protein loading efficiency. Therefore, S M rPbrD was
139 loaded onto CANPs formed with different concentrations of
140 CaCl,. An increase in CaCl, concentration resulted in a
141 corresponding increase in particle size. However, as the size of
142 CANPs increased, a decrease in the protein loading efficiency
143 was noted (Figure 2b). These findings suggested a reduction in
144 the surface area of NPs and therefore reduced the number of

protein binding sites. Similarly, a decrease in the CANP size
(18 mM CaCl,) slightly reduced the protein loading efficiency.
In this study, CANPs synthesized with 22 mM CacCl, showed
the highest loading efficiency of 74% and hence was
characterized further and used for downstream applications.
The stability of rPbrD cross-linked onto CANPs was
monitored by measuring the protein concentration in the
supernatant of the stored samples over a period of 7 days.
There was no appearance of degeneration or leakage of the
rPbrD protein in the supernatant, indicating the stability of the

system.

Particle Size Distribution and { Potential. Particle size and
surface charge of NPs are two important factors in their
application due to their effect on dissolution. Dynamic light
scattering (DLS) data indicated the particle size distribution of
bare CANPs to be between 12 nm (+1.29) and 44 nm
(£0.46) with an average polydispersity index (PDI) of 0.288
and rPbrD-CANPs to be between 50 nm (+2.57) and 140 nm
(£1.95) with an average PDI of 0.326 (Figure 3a,c, n = 3). The
peak of high intensity shows a relatively narrow size
distribution typical of monodispersed NPs. The DLS data
correlates with the data obtained from SEM images.

The surface charge of NPs determines its ability to interact
with other molecules. In this study, an average ¢ potential of
—26 mV (+0.85) and —31.1 (+0.3) were recorded for bare
CANPs and rPbrD-CANPs, respectively (Figure 4ab, n = 3).
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Figure 4. { potentials of bare CANPs (a) and rPbrD-CANPs (b) indicating the formation of stable NPs.

171 The overall negative surface charge is due to the high content
172 of carboxyl and hydroxyl groups of alginate.”” Immobilization
173 of rPbrD to the surface of the CANPs results in increased
174 particle stability. In addition, an increase in the { potential for
175 tPbrD-CANPs was indicative of the success of protein
176 immobilization by surface-cross-linking. These results suggest
177 a stable colloidal system that would allow interaction with
178 Pb(II) cations.

179 Biosorption Efficiency of rPbrD-CANPs. To determine
180 the biosorption efficiency of the nanobiosorbent, both bare
181 CANPs and rPbrD-CANPs were incubated separately in the
152 presence of increasing concentrations of Pb(II) from 0.001 to
183 100 mg/L. The supernatant was analyzed using inductively
184 coupled plasma mass spectroscopy (ICP-MS) to indirectly
185 detect the amount of bound Pb(II). Additionally, control
186 samples containing the same concentration range of Pb(II)
187 were prepared without the biosorbent and analyzed with ICP-
188 MS. The control showed no change in the concentration of
189 Pb(II). Figure S shows that the biosorption efficiency of

10 - e - 100
A g

5 8 3 .."'..' - 80 E

.
£ 8
e 61 . - 60 B
£ . =
ﬂ o o
- ) L 40 S
= °
3 ]
= 2 20 g
7]
0 2 T g T = T T T 0
0.001 0.01 0.1 1 10 100

Pb Concentration (ppm)
«t==CANPS ==@=PbrD-CANPs -:-A:+ % CANPs --#-: % rPbrD-CANPs

Figure 5. Rate of metal uptake (mg/g) and corresponding
biosorption efficiency (%) of bare CANPs and rPbrD-CANPs in
the presence of increasing concentrations of Pb(II). An increase in the
rate of uptake for both CANPs and rPbrD-CANPs was observed with
an increase in the Pb concentration. The biosorption efficiency for
bare CANPs gradually decreased after 1 mg/L, whereas rPbrD-
CANPs maintained its Pb(II) binding efficiency up to 100 mg/L Pb.
Error bars represent the standard deviation from triplicate treatments.

190 rPbrD-CANPs increased (44—99%) with an increase in Pb(1I)
191 concentration (0.001—100 mg/L). At low concentrations of
192 Pb(11), there is a surplus of active binding sites as the ratio of
193 binding sites to metal concentration is high. These binding
194 sites may include the carboxylate (—COO) and hydroxyl
195 (OH) groups characteristic of CA particles’’ as well as the
196 cysteine residues of the protein rPbrD.'" A similar trend, where
197 biosorption efficiency increased with an increase in the initial

. . . . . 2829
Pb concentration, was noted in other biosorption studies.”™ " 198

This pattern may be attributed to an increased driving force for 199
mass transfer, causing higher collisions between the sorbate 200
and biosorbent,’”’" thereby leading to an enhanced uptake of 201
Pb(II). 202
In addition to the apparent increase in the biosorption 203
efficiency, the rate of Pb uptake for rPbrD-CANPs also 204
significantly increased from 3.82 X 107° to 8.82 mg/g with an 205
increase in the Pb concentration (0.001—100 mg/L). This 206
trend is attributed to the increased electrostatic attractions and 207
mass transfer resistances between the Pb ions and the metal- 208
binding sites.”> However, since this is the first study to report 209
on a nanobiosorbent constructed from a recombinant protein, 210
a true comparison with other reported nanobiosorbents is not 211
possible. 212
Bare CANPs also showed an increase in Pb(II) uptake from 213
0.001 mg/L (74%) to 0.1 mg/L (97%) until saturation was 214
obtained. Thereafter, the biosorption efficiency began to 215
gradually decrease dropping to 37.85% at 100 mg/L Pb(II). 216
The decrease in metal sorption at higher concentrations of Pb 217
is attributed to the fully occupied metal-binding sites, where 218
the biosorbent has reached a state of equilibrium. At this stage, 219
there is constant sorption—desorption of metals ions, and 220
therefore no further decrease in the residual metal concen- 221
tration is observed unless the bound metals are desorbed by a 222
change in solution parameters. This trend is typical of the 223
adsorption Langmuir isotherm where the metals occupy the 224
finite number of vacant adsorption sites in a monolayer 225
formation, i.e., one metal ion per metal-binding site.”” These 226
results are further confirmed with the adsorption isotherm data 227
obtained for CANPs in this study. Similar results were 228
obtained by Khezri and co-workers,'” who showed a 99% 229
adsorption of bare CANPs in the presence of 25 mg/L 230
Pb(NO;), and also discovered that as the initial metal ion 231
concentration increased, the biosorption of Pb(II) decreased 232
owing to the limited number of binding sites on CANPs. 233
As expected, these results showed that both CANPs and 234
rPbrD-CANPs are capable of binding Pb. However, when 235
comparing the rate of uptake between the biosorbents, rPbrD- 236
CANPs significantly biosorbed [Table 1, p < 0.05 analysis of 2371
variance (ANOVA)] more metal per gram of biomass 238
compared to CANPs for all concentrations tested except at 239
0.001 mg/L. The increase in the rate of metal uptake in rPbrD- 240
CANPs is due to the additional metal-binding sites available on 241
rPbrD (cysteine residues) and its hypothesized specificity for 242
binding Pb(II). At the highest concentration of Pb tested (100 243
mg/L), rPbrD-CANPs biosorbed almost all of the metals 244
(99%) at a rate of 8.82 mg/g of nanobiosorbent, whereas 24s
CANPs biosorbed only 38% at a rate of 3.34 mg/g 246
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Table 1. Rate of Pb Uptake between CANPs and rPbrD-CANPs at Different Concentrations of Pb(II) (Single-Factor ANOVA)

Pb conc (mg/L) CANPs (Q,.,) rPbrD-CANPs (Q,,) sum of squared differences (SS)  degrees of freedom (df) F P-value F crit
0.001 0.00006 0.00004 0.0010 1 76.90 0.0009* 7.71
0.01 0.00080 0.00083 0.0016 1 1.12 0.35 7.71
0.1 0.0085 0.0087 0.04 1 15.96 0.02°* 7.71
1 0.08 0.09 12.90 1 17.58 0.014%* 7.71
10 0.79 0.88 8772.53 1 898.37 0.0011%* 18.51
100 3.34 8.82 29915269.38 1 2692.68 0.0004* 18.51

*Signiﬁcant difference p < 0.0S.

247 nanobiosorbent. A significant difference in the rate of Pb
248 uptake between CANPs and rPbrD-CANPs was observed for
249 all concentrations tested, except at a concentration of 0.01 mg/
250 L, where the rate of Pb uptake did not differ significantly
251 (Table 1, p < 0.05 single-factor ANOVA). These findings
252 suggest that while CANPs are able to remove Pb from aqueous
253 solutions when present in low concentrations, adding rPbrD to
254 the CANPs significantly enhances the biosorption efficiency
255 even under high concentrations of the metal. This is ideal not
256 only for South African natural water systems currently
257 contaminated with Pb concentrations ranging from 17 to
258 >1000 pug/L as mentioned earlier but also globally in countries
259 like India, China, Mexico, and Brazil amongst others.*

260 The findings from the present study show that surface-cross-
261 linked rPbrD-CANPs are good nanobiosorbents for Pb(II)
262 that maintain high biosorption efficiency even in the presence
263 of elevated concentrations of the metal. Consequently, the
264 nanobiosorbent would be suitable to recover Pb ions from
265 wastewater.

266 The binding of Pb(II) to rPbrD-CANPs was further
267 confirmed by performing SEM with energy-dispersive X-ray
268 spectroscopy (EDS) analysis on the washed nanobiosorbent
269 pellet before (Figure 6a) and after incubation (Figure 6b) with
270 the metal. The EDS spectra of rPbrD-CANPs post-biosorption
271 showed a strong signal for Pb and weak signals for carbon (C),
272 chloride (Cl), and oxygen (O) elements (Figure 6b). The
273 peaks of Pb originated from the successful binding of Pb(II)
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Figure 6. EDS analysis of rPbrD-CANPs before (a) and after (b) Pb
biosorption.

onto rPbrD-CANPs while those of C, Cl, and O were 274
attributed to the formulation of the CANPs itself. 275

Adsorption Isotherms. Adsorption isotherms were 276
applied to understand the adsorption mechanism and compare 277
the Pb(II) binding properties of rPbrD-CANPs to that of bare 27s
CANPs. For each isotherm, the values of the adsorption 279
parameters and their respective linear regression line (Rz) were 280
calculated from the linear plots (Figure 7) prepared using the 2817
adsorption equilibrium data. The results of the adsorption 282
isotherm values are presented in Table 2.
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Figure 7. Adsorption isotherm plots of Langmuir (a), Freundlich (b),
Temkin, (c) and Dubinin—Radushkevich (d) for Pb(II) adsorption
onto bare CANPs and rPbrD-CANPs.

Based on linear regression, bare CANPs best fit the 284
Langmuir isotherm suggesting a monolayer formation of 285
Pb(II). This indicates that the surface of CANPs contains a 286
finite number of binding sites.'” The theoretical assumption 287
correlates to the experimental data, where bare CANPs 288
eventually reached saturation (at 0.1 mg/L Pb) and no further 259
adsorption could occur. The linear regression data obtained for 290
rPbrD-CANP:s best fit the Freundlich isotherm, suggesting that 291
Pb(1I) binds in a multilayer formation, which is indicative of a 292
nonrestrictive and exponential form of binding. In multilayer 293
adsorption, the number of Pb(II) molecules is not necessarily 294
identical to the exact number of active sites on the adsorbent 295
surface due to the exponential adsorption of Pb ions, which 296
occur due to interaction with other Pb molecules.** As a result, 297
the experimental data showed the complete removal of Pb(II) 298
(100 mg/L) within 30 min when using a concentration of 11 299
g/L of nanobiosorbent (rPbrD-CANPs). Furthermore, adding 300
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Table 2. Adsorption Parameters of the Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich Isotherms
for the Adsorption of Pb(II) onto Bare CANPs and rPbrD-
CANPs

adsorption parameters CANPs rPbrD-CANPs
Experimental Adsorption Capacity
Qunax (mg/g) 3.34 8.82
Langmuir Isotherm
Qe (mg/g) 024 0.13
K. (L/mg) 5.49 7.16
RrR? 0.9539 0.378
Freundlich Isotherm
1/n 0.84 2.06
n 1.19 0.49
K; (mg/g) 1.03 1.01
R? 0.9134 0.8772
Temkin Isotherm
A, (L/mg) 2.18 L1s
B, 9.98 2.55
B (_]/mol) 248.3 972.7
R? 0.7735 0.324
Dubinin—Radushkevich Model
Q, (mg/g) 123.53 598.60
K,q (mol?/k)?) 6x 1077 1% 107°
E (]/mol) 912.87 707.106
R? 0.6412 0.8108

301 rIPbrD to the CANPs enhanced the maximum rate of
302 adsorption of bare CANPs experimentally from 3.34 to 8.82
303 mg/g (rPbrD-CANPs). These findings are also supported by
304 the maximum adsorption data (Q,) obtained from the
30s Dubinin—Radushkevich model with values for bare CANPs
306 of 123.53 mg/g and rPbrD-CANPs of 598.60 mg/g of Pb(1I)/
307 g biosorbent, respectively. The differences between the
308 adsorption capacity of bare CANPs and rPbrD-CANPs may
309 be attributed to the different surface adsorption properties and
310 particle size.””””*® The surface properties of rPbrD-CANPs
311 differ from that of the CANPs due to the addition of rPbrD,
312 which provides additional functional groups (amino acids) to
313 the biosorbent. This changes the overall ionic strength and the
314 surface charge of the biosorbent. Additionally, an increase in
315 the surface area (size) of a particle consequently increases the
316 number of binding sites on the biosorbent, thereby increasing
317 its ability to interact/bind to Pb ions. On the other hand, the
318 hypothesized maximum adsorption capacity values obtained
319 from Langmuir and Freundlich isotherms (g, and Kj) were
320 relatively low (<1 mg/g). Due to the immense differences
321 between the adsorption capacity values for all isotherms, no
322 approximate value can be stated. Based on the Langmuir
323 isotherm, the separation factor (R;) for each Pb(II)
324 concentration used in this study was calculated and shown in
325 Table 3. The Ry values for both bare CANP and rPbrD-
326 CANPs fell in the range 0 > Ry > 1, indicating a favorable
327 adsorption. Based on the Freundlich isotherm, the adsorption
328 intensity (1/n) indicates the binding strength between the
329 biosorbent and Pb(II). The exponent values showed 1/n < 1
330 (0.84) for bare CANPs indicating a normal adsorption,
331 whereas 1/n > 1 (2.06) for rPbrD-CANPs indicating a
332 cooperative adsorption. Normal adsorption is usually favored
333 by monolayer coverage, whereas cooperative adsorption is
334 favored by a multilayer coverage. Furthermore, the n value
335 should lie between 1 and 10, as obtained from the Freundlich

=

—

Table 3. Separation Factor of the Biosorbents Obtained
from the Langmuir Isotherm

initial [Pb(1I)] R, (CANPs) R, (rPbrD-CANPs)
0.001 0.99 0.99
0.01 0.95 0.93
0.1 0.65 0.58
1 0.15 0.12
10 0.02 0.01
100 1.80 x 1073 14 x 1073

data for both sorbents, then the adsorption process is 336
favorable.”> The Temkin isotherm constant B explicitly 337
indicates the maximum binding energy or the heat of 338
adsorption that occurs with the coverage of the nano- 339
biosorbent.*® Based on this data, the values obtained for bare 340
CANPs (2483 J/mol) and rPbrD-CANPs (972.7 J/mol) 341
showed that the adsorption process is exothermic, representing 342
a physical adsorption system. Additionally, the calculated value 343
of E (kJ/mol) obtained from the D—R isotherm was 34
approximately 1 kJ/mol for bare CANPs and rPbrD-CANPs 345
also, indicating a physisorption process.”” However, based on 346
the low linear regression line for rPbrD-CANPs (R* = 0.3) 347
obtained from the Langmuir and Temkin isotherm, no 348
conclusive outcome can be made. Nevertheless, since rPbrD- 349
CANPs indicated a multilayer coverage, and based on the E 350
value from the D—R isotherm, the interaction between Pb(II) 3s1
and the proposed sorbent is most likely through a 3s2
physisorption process. 353

B CONCLUSIONS 354

In this paper, we report the synthesis and characterization of a 3ss
novel recombinant protein-based lead (Pb) biosorbent for 3s6
potential application in wastewater treatment. The metal- 357
lochaperone PbrD was overexpressed and surface-cross-linked 3s8
to CANPs to form spherical, monodispersed particles with an 359
average diameter of 80 nm. The negative surface charge of the 360
nanobiosorbent indicated a stable colloidal system with the 361
ability to bind positively charged Pb(II). Although bare 362
CANPs were able to bind Pb(II), the rPbrD-CANP nano- 363
biosorbent showed enhanced uptake of the metal (99.9%) at a 364
rate of 8.82 mg/g biosorbent even in the presence of elevated 365
concentrations. The adsorption by rPbrD-CANPs best fitted 366
the Freundlich and Dubinin—Radushkevich isotherms indicat- 367
ing that Pb(II) binding occurred by physical sorption in a 36s
multilayer formation. Further development of the nano- 369
biosorbent will include optimizing its performance for real 370
water samples where rPbrD protein is likely to preferentially 371
remediate Pb ions. The nanobiosorbent offers several 372
advantages over traditional biosorbents. It does not produce 373
secondary waste, is biodegradable, and offers increased 374
stability, specificity, sensitivity, and miniaturization of the 375
process. Its incorporation into a small volume portable 376
membrane filter or alternative incorporation into existing 377
wastewater treatment systems could provide a suitable 378
treatment strategy for the recovery of Pb(II) present from 1 379
ug/L to 100 mg/L, which covers the variability of metal 380
concentration in wastewater effluent. 381

B MATERIALS AND METHODS 382

Materials. Sodium alginate (SA, low viscosity grade; 15—25 383
cP, 1% H,0), calcium chloride (CaCl,), glutaraldehyde (70%), 384
and lead nitrate (Pb(NOj;),) were purchased from Sigma- 385
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386 Aldrich (Missouri) and used without further purification. The
387 experimental procedures were performed at ambient temper-
388 ature (~25 °C) unless otherwise stated. All solutions were
389 prepared with distilled water obtained from the Elix Essential
390 Water Purification System (Merck, Germany).

391 Preparation of Recombinant PbrD Protein (rPbrD).
392 The PbrD protein was expressed in Escherichia coli BL21
393 (DE3) cells carrying the constructed vector pPET32Xa/LIC-
394 pbrD. This vector was constructed to carry the full-length pbrD
395 gene fused to an N-terminal Trx-Tag, His-Tag, and STag; the
396 resulting fusion protein is hereafter referred to as rPbrD.
397 Optimal expression of rPbrD (~50 kDa) was achieved at 37
398 °C, S h post-induction with 1 mM isopropyl p-p-1-
399 thiogalactopyranoside. Overexpressed rPbrD was purified by
400 Ni-NTA affinity chromatography under denaturing conditions
401 using 8 M urea. Purified protein (>85%) was eluted in elution
402 buffer (50 mM NaH,PO,, 300 mM NaCl, 8 M urea, 400 mM
403 imidazole, pH 8) and refolded by dialysis into buffer
404 containing reduced concentrations of urea and dithiothreitol
40s (DTT) (50 mM Tris, 0.5 M L-arginine, 1 M urea, 10% (v/v)
406 glycerol, 1 mM DTT, pH 8). The refolded protein was further
407 dialyzed into phosphate-buffered saline buffer [containing 0.5
408 M L-arginine, 1 mM DTT, 10% glycerol (v/v), pH 8] and used
409 for immobilization onto CANPs.

410 Preparation of CANPs. Calcium alginate nanoparticles
411 were synthesized according to the method described by Daemi
412 and Barikani*® with slight modification. A solution of 0.06%
#13 (w/v) SA was prepared in distilled water under constant
414 agitation and heated to 60 °C wuntil the polymer was
415 completely dissolved. Simultaneously, 22 mM CaCl, solution
416 was prepared by dissolving in distilled water and titrated into
417 the SA solution at a flow rate of 0.05 mL/min using a
#18 peristaltic pump (EP-1 Econo Pump, Bio-Rad) under
419 continuous homogenization. The solution was further agitated
420 for 1 h to achieve the complete formation of the NPs. The
421 homogenized solution was centrifuged at 15 000g for 10 min
422 (Heraeus Multifuge XIR Centrifuge, Thermo-Fisher Scien-
#23 tific) to remove impurities. The pellet was reconstituted in 10
424 mL distilled water and pulse-sonicated with three cycles of 15 s
425 each at 50% amplitude (QI2S5 sonicator, Qsonica) for even
426 dispersion of prepared NPs.

427 Preparation of rPbrD-CANPs. Purified rPbrD was either
428 encapsulated within or surface-cross-linked to the CANPs
429 using glutaraldehyde as a cross-linker.

430 Preparation of Encapsulated rPbrD-CANPs. Separate
431 solutions of 0.06% (w/v) SA and 22 mM CaCl, were prepared
432 as described earlier. Glutaraldehyde solution (0.5%) was added
433 to the dissolved SA solution and agitated for 30 min at room
434 temperature. Thereafter, S M rPbrD protein was added to the
435 solution and further agitated for 30 min to allow maximum
436 binding of the protein. To form nanoparticles, prepared CaCl,
437 solution was titrated into the polymer solution containing
438 rPbrD as described earlier and was further agitated for 1 h. The
439 homogenized solution was centrifuged at 15 000g for 10 min to
440 remove impurities, and the supernatant containing unbound
441 protein was quantified to determine protein loading efficiency
442 using the Qubit protein assay kit together with the Qubit
443 quantification platform fluorometer (Thermo Scientific). Pre-
444 diluted bovine serum albumin (BSA) standards were used to
445 calibrate the Qubit fluorometer prior to protein quantification.
446  Preparation of Surface-Cross-Linked rPbrD-CANPs. Cal-
447 cium alginate nanoparticles were prepared as described earlier.
448 Glutaraldehyde solution (0.5%) was added to the prepared

—_

—

CANPs and agitated for 30 min. A final concentration of 5 yuM 449
rPbrD protein was added to the solution and further agitated 4s0
for 30 min. The surface-cross-linked CANPs were purified by 4s1
centrifugation at 15 000g for 10 min, and the protein loading 452
efficiency was determined using the Qubit protein assay kit 453
together with the Qubit Quantification Platform fluorometer 454
(Thermo Scientific) as previously described. The amount of 4ss
protein loaded on surface-cross-linked CANPs was found to be 456
consistently higher in replicate preparations than for 4s7
encapsulated CANPs. Subsequently, further development of 4s8
the nanobiosorbent was based on the surface-cross-linked 4s9
method to prepare rPbrD-CANDPs. 460

Protein Loading Efficiency of rPbrD-CANPs. To obtain 461
maximal protein loading efficiency of rPbrD onto the CANPs, 462
protein concentration and nanoparticle size were varied. 463
Several concentrations of the protein (S, 10, 20, and 40 yM) 464
were surface-cross-linked to the as-prepared CANPs and 465
incubated for 30 min. The solution was centrifuged at 15 466
000g for 10 min, and the concentration of the unbound protein 467
in the supernatant was quantified using the Qubit Quantifica- 468
tion Platform fluorometer (Thermo Scientific) as previously 469
described. Alternatively, CANPs of variable sizes were 470
prepared using different concentrations of CaCl, (18, 26, 30, 471
and 36 mM) with a standard concentration of S yM rPbrD and 472
evaluated for protein loading. All samples were prepared in a 473
minimum of triplicates, and the results reported are 474
representative of the mean + SD. 475

Characterization of CANPs and rPbrD-CANPs. Scan- 476
ning Electron Microscopy (SEM) and Energy-Dispersive X- 477
ray Spectroscopy (EDS). Bare and rPbrD-CANP samples (10 478
uL) were mounted onto a carbon-coated aluminum stub and 479
placed in a desiccator to dry for 24 h. The prepared stubs were 4s0
then sputter-coated twice with carbon and once with gold 4s1
palladium and analyzed using the FEI Nova NanoLab 600 4s2
FEG-SEM/FIB (FEI) operated at 30 kV coupled to the EDS. 483
Samples were prepared in triplicates, and images were recorded 484
in a minimum of triplicates. 485

Transmission Electron Microscopy (TEM). Twenty micro- 486
liters of bare CANPs or rPbrD-CANPs were placed onto a 487
copper mesh grid and dried at room temperature for 24 h. 4ss
TEM measurements were performed on an FEI Tecnai T12 489
instrument (FEI) operating at 120 kV. 490

Particle Size Distribution and { Potential. Dynamic light 491
scattering (DLS) for particle size distribution and ¢ potential 492
measurements was carried out on a Zen 3600 Laser Particle 493
Size Analyzer (Malvern Instruments). Samples were pulse- 494
sonicated at a low amplitude of 15%, and 1 mL sample was 495
transferred into a sterile cuvette for analysis at a wavelength of 496
532 nm. All measurements were performed at 25 °C. For each 497
preparation, an average of three separate measurements was 498
reported, and the results are representative of the mean + SD. 499

Pb Binding Assay with CANPs and rPbrD-CANPs. so0
Biosorption studies were conducted using 11 g/L of CANPs so1
and rPbrD-CANPs, respectively. The biosorbents were s02
incubated separately with increasing concentrations of Pb- 503
(NO,), solution (pH 8) ranging from 0.001 to 100 mg/L for so4
30 min under constant agitation (150 rpm) to facilitate Pb(II) sos
binding. The samples were then centrifuged at 24 000g for 20 sos
min. The supernatant containing unbound Pb(II) was so7
collected, adjusted with 1% nitric acid, and analyzed using an sos
Agilent 7900 induction coupled plasma mass spectrometer 509
(ICP-MS, *®Isotope) (Agilent Technologies, Inc.) at the sio
Council for Scientific and Industrial Research (South Africa) s11
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s12 to indirectly detect the concentration of bound Pb(II).
513 Appropriate controls using Pb(NO;), solutions of similar
s14 concentrations (0.001—100 mg/L) without the addition of
515 nanoparticles were included. The adsorption experiments were
s16 performed in triplicate, and an average of three measurements
s17 are reported. The percentage of Pb removal (biosorption
s18 efficiency) and the adsorption capacity (Q.) (mg/g) were
s19 determined using egs 1 and 2,”® respectively

C - C
biosorption efficiency (%) = [f] X 100
i (1)

520

€

C,— C)V
adsorption capacity (mg/g) = u
521 w 2

522 where C; is the initial metal concentration (mg/L), C, is the
523 residual metal concentration (mg/L), V is the solution volume
s24 (L), and w is the amount of adsorbent in solution (g).

s2s  Statistical Analysis. Statistical hypothesis testing was
526 performed on the biosorption data (rate of metal uptake)
527 using the statistical program R, version 3.4.3. The single-factor
528 ANOVA analysis was used to compare the rate of Pb uptake
529 between CANPs and rPbrD-CANPs for each concentration
530 evaluated in this study. All experiments were performed in
531 triplicate to ensure statistical accuracy. A statistical difference
532 was considered significant when the p-value (a-level) is < 0.05
533 (95% confidence).

s34+ Adsorption Isotherm. Modeling experimental adsorption
s3s data of new biosorbents is essential to provide a proper
536 understanding and interpretation of the adsorption mecha-
537 nisms they follow. Consequently, their commercial potential
s38 and application feasibility” can be evaluated. Therefore, the
s39 four frequently reported adsorption isotherms (Langmuir,
s40 Freundlich, Temkin, and Dubinin—Radushkevich) were used
541 to model the adsorption mechanism of both bare and rPbrD-
s#2 CANPs in the presence of Pb(II) for the purpose of this study.
543 However, it is crucial to apprise that the data obtained from
s44 these isotherms are only theoretical and not experimental and
s45 therefore are purely descriptive and used as a guide for
s46 downstream application.”” The following summarizes the
s47 different adsorption isotherms, linear equations, and adsorp-
548 tion properties, which were applied using the adsorption
549 equilibrium data from the biosorption study.

sso  Langmuir Isotherm. The Langmuir adsorption isotherm
551 was initially developed to study the gas—solid-phase adsorption
ss2 onto activated carbon.”' This isotherm depicts a homogenous
553 sorbent surface containing a limited number of metal-binding
554 sites that are similar in size and shape. If the experimental data
sss best fit the Langmuir isotherm, then the following is predicted:
ss6 Pb(II) forms a monolayer coverage on the surface of CANPs
ss7 or rPbrD-CANPs and no further adsorption occurs. The
ss8 isotherm further predicts the separation factor based on the

—

-

O

—
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ss9 following: if Ry >1 indicates unfavorable adsorption, if Ry = 1
se0 indicates linear adsorption, and if Ry 0 < Ry < 1 then it is
sé1 favorable and if Ry = O then it is an irreversible sorption.

se2  The adsorption parameters (Qu. and K;) and the
s63 separation factor (R;) were determined from the slope and
se4 intercept of the 1/C, versus 1/Q, plot based on the linearized
s6s eqs 3 and 47

S~

1 1 1

_——
566 Qe Qm Q—mKLCe (3)

1

1+ (1 + kG 4) s

where Q, is the amount of Pb adsorbed per gram of the ses
sorbent at equilibrium, Q,,, is the maximum adsorption capacity s69
(mg/g), C, is the initial metal concentration, K is the s70
Langmuir equilibrium constant (mg/L), and R, is the s71
equilibrium/separation factor. 572

Freundlich Isotherm. The Freundlich adsorption isotherm s73
determines the empirical relationship between the amount of 574
gas adsorbed per gram of biosorbent at a specific pressure and 575
temperature.”” This isotherm depicts a heterogeneous sorbent s76
surface that binds metal ions in a nonrestrictive manner until 577
saturation pressure is reached. If the experimental data best fit 578
the Freundlich isotherm, then the following is predicted: 579
Pb(II) forms a multilayer coverage on the surface of CANPs or sso
rPbrD-CANPs indicative of the exponential distribution of ss1
Pb(1I). The isotherm further predicts the adsorption intensity ss2
based on the following: n = 1 indicates a more heterogeneous s83
surface, 1/n < 1 indicates normal adsorption, and 1/n >1 s84
indicates cooperative adsorption. The adsorption parameters sss
(K¢and n) were determined from the slope and intercept of the ss6
log Q. versus log C, plot based on the linearized equation s87
presented as eq 57 588

log Q_ = log K; + 1 log C,
n (8) ss9

where K is the Freundlich adsorption constant (mg/g) relating so
to the bonding energy and n is the adsorption intensity s91
between Pb and sorbent. 592
Temkin Isotherm. The Temkin adsorption model considers 593
the effects of indirect adsorbate—adsorbate interactions during 594
the adsorption process and best fits with a monolayer coverage. 595
Considering only the intermediate ion concentrations, the s96
model assumes that as metal ions bind and cover the surface of 597
the biosorbent, the heat of adsorption would decline linearly s98
rather than logarithmically.*’ If the experimental data best fit 599
the Temkin isotherm, then the following is predicted: a 600
positive B (heat) value would indicate that Pb(II) binds to o1
CANPs or rPbrD-CANPs in an exothermic process, whereas a 602
negative value would indicate an endothermic process. The 603
adsorption parameters (A, and B,) were determined from the 604
slope and intercept of the Q. versus In C, plot based on the 60s
linearized equation as presented in eq 6 and the heat of the 606
adsorption (B) was determined from eq 7° 607

RT RT
Q,=—In(4,) + — In(C)
B, B, (6) os

_RT
B, (7) 609

where R is the Universal gas constant [8.314 J/(mol k)], T is 610
the absolute temperature in kelvin (298 K), A, is the 611
equilibrium binding constant, B, is the Temkin isotherm 612
constant related to the heat of sorption, and B is the constant 613
related to heat of sorption (J/mol). 614

Dubinin—Radushkevich isotherm. The Dubinin—Radush- 615
kevich (D—R) adsorption isotherm is an empirical isotherm 616
which indicates the sorption energy (Bpg) distribution 617
between metal ions and the biosorbent.”* The physisorption 618
prediction best fits a multilayer coverage displaying van der 619
Waals forces of interactions, whereas the chemisorption 620
process best fits monolayer coverage displaying covalent 621

B
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622 bond formation.” If the experimental data best fit the D—R
623 isotherm, then the following is predicted: If a low enthalpy
624 (<20 KJ) is measured, then the nature of bonding between
62s Pb(II) and CANPs or rPbrD-CANPs is a physisorption
626 process. Similarly, a high enthalpy (>200 kJ) would depict a
627 chemisorption process. The adsorption parameters (Q, and
628 K,4) were determined from the slope and intercept of the In Q,
629 versus & plot based on the linearized equation as presented in
630 eqs 8—10%

61 InQ,=InQ — K42 (8)
1
e =RT ln(l + —]
63 Ce )
1

E -
633 Y, 2BDR (10)

634 where ¢ is the Polanyi potential, Q, is the theoretical saturation
635 capacity (mg/g), K,q is the D—R adsorption energy constant
636 (mol*’kJ?), and Bpy is the isotherm constant related to the
637 mean free sorption energy.
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Chapter 5

Conclusions and Direction for Future Research

This chapter presents a general discussion on the findings from chapters 3 and 4 and how
they collectively address the aim of the study. Concluding remarks on the expression and
purification of rPbrD and its Pb binding efficiency, along with the synthesis and cross-
linking of rPbrD to CANPs and its Pb binding efficiency are stated. A basic summary on
the cost of production and the advantages and disadvantages of the developed biosorbent
are outlined with recommendations for future work in method validation and environmental

application.

5.1 Discussion and Conclusions

This research demonstrated the in vitro synthesis of a Pb specific metallo-chaperone protein
PbrD and further investigated its Pb binding function for future application as a biosorbent for
Pb-contaminated wastewater. This is the first published report (Chapter 3) on the expression

and purification of a functional PbrD fusion protein using an E. coli expression system.

For this study pET32 XalLic vector was chosen to facilitate the expression of PbrD, as the
vector system is designed for ligation independent cloning which would ensure the insertion of
pbrD gene in the correct orientation. Additionally the vector contains a thioredoxin tag (109
aa) which is reported to increase the solubility of recombinant proteins expressed in E. coli
and the histidine tag further assists with protein purification and identification by Western
blot using easily available resources. Results from Chapter 3 showed that pbrD gene was
transformed into E. coli BL21 (DE3) cells with high transformation efficiency. Overexpression of
rPbrD in E. coli BL21 (DE3) was successful however, majority of the protein was found in the
insoluble fraction. This is likely to occur under conditions of high level protein expression where
the recombinant protein is rapidly expressed higher than the cellular protein which then

aggregates into inclusion bodies (Singh et al., 2015).

Generally, two strategies are available to recover the recombinant protein from inclusion
bodies; (a) reducing the rate of protein synthesis by changing the expression parameters to
promote solubility or alternatively (b) in vitro denaturing and refolding of the recombinant
protein from inclusion bodies using denaturing reagents (Yamaguchi and Miyazaki, 2014).

Despite several attempts to improve protein solubility (by supplementing the growth media
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(chemical agents), utilizing a commercial kit (EnPresso® B growth system, Sigma), tuning
IPTG concentrations and lowering growth temperatures), majority of the protein was still
expressed in inclusion bodies. Consequently, the recombinant PbrD was recovered from the
inclusion bodies under denaturing conditions as described in Chapter 3. IMAC purification of
denatured PbrD was successfully performed and the purified PbrD protein containing the N-
terminal TrxeTag™, HiseTag® and S®Tag™ (rPbrD) was refolded in vitro by dialysis following
several optimization procedures in the presence of protein stabilizers to increase the final
concentration of soluble protein. The identity of the recombinant rPbrD (~50 kDa) that was
subsequently used to prepare the nanobiosorbent was confirmed by Western blot and peptide
sequencing. One of the downfalls of recombinant proteins is that they are often unstable when
separated from the fusion tag. In order to maintain its stability and to minimize purification and
enrichment costs, the decision was made to retain the fusion tag on PbrD protein for its

intended use as a commercially available biosorbent.

Characterization of a protein is important to understand its physical, chemical and biological
properties. To date, the only literature available on PbrD refers to a probable mechanism of Pb
binding within its host strain C. metallidurans CH34. There is no homolog of PbrD and thus
far no 3D structure of a bacterial Pb metallo- chaperone has been deposited in the protein data
bank (PDB) as it has never been crystallized. Therefore, in this study bioinformatics was
applied to predict the secondary structure of PbrD and rPbrD. Results obtained from JPred 4
server (Drozdetskiy et al., 2015) and Phyre2 and PyMoL software [version 1.7.4, Schrodinger]
(DeLano, 2002) displayed a partially structured protein with some contribution from B-sheet
and helical structure, part of which originated from the fusion tag on rPbrD. This structure
further correlated to CD data analyzed with BeStSel software (Micsonai et al., 2018).
Interestingly, it was observed that in the presence of its ligand Pb(ll), rPbrD assumes a more
ordered structure composed primarily of antiparallel B-sheets. This is in line with the
mechanism of PbrD within C. metallidurans CH34 where Pb(ll) that accumulates
intracellularly is bound by PbrD which acts as a molecular chaperone (Taghavi et al.,
2009). The coupled folding and binding of disordered regions in proteins is characteristic of
molecular switches that adopt an ordered conformation (Sandhu and Dash, 2007) when
molecular recognition, in this case Pb(ll), occurs. The ordered protein then serves as a regulator

of biological function.

To assess whether the recombinant protein had refolded into the appropriate conformation for
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Pb binding to occur, intrinsic fluorescence was applied. It is reported that proteins that contain
aromatic amino acids (cysteine, phenylalanine, tryptophan and tyrosine) act as fluorophores
which facilitate the study of structural changes in the protein conformation and intermolecular
interactions based on the highly sensitive indole chromophore (Chen and Barkley, 1998).
Since, binding of Pb(ll) is known to occur through interactions with three Cys molecules
(Cangelosi et al., 2017) Cys fluorescence of rPbrD in the presence of Pb(ll) would be an
ideal technique to verify its functionality. However, Cys molecules exhibits weak signals and
may produce inaccurate measurements therefore Trp which produces a strong signal when
excited at 295 nm was used to assess the functionality of denatured and refolded rPbrD. Based
on the bioinformatics analysis, rPbrD contains twelve Trp residues of which five are exposed
in its native fold while theoretically all Trp residues should be exposed in the denatured form.
In the presence of Pb(ll), rPbrD quenched the intrinsic fluorescence more than the denatured
sample indicating intermolecular interactions between Pb(ll) and refolded rPbrD. These results
further infer that the refolded rPbrD protein had presumably formed a “correct structural
conformation” (native fold) during the refolding process thus maintaining its functionality to
bind Pb(ll) in vitro.

To further assess the functionality of rPbrD, Pb binding analysis was performed using a
ten-fold increment in the concentration of Pb(Il). As the thioredoxin protein present on the
fusion tag may contribute to Pb binding by means of its metal binding motif (CxxC) (Su et al.,
2007) known to bind Ni(ll), Cd(Il), Cu(ll) and Hg(ll), the fusion tag TrxsTag™, HiseTag® and
S®Tag™ was itself expressed and purified as a soluble protein (~20 kDa) and analyzed as a
control in the Pb binding assay. The findings from the assay revealed that the fusion tag
contributed between 10-30 % of Pb(ll) binding in the absence of other divalent metals whereas
rPbrD was able to bind 78— 99% of Pb(ll). Generally, an increase in metal concentration
past the saturation concentration is known to result in a decrease in the biosorption efficiency
as metal binding sites on the biosorbent are fully occupied. However, rPbrD exhibited a
reverse effect ie. the biosorption efficiency increased with an increase in metal
concentration as indicated by the adsorption isotherm data. Within the native organism low
concentrations of Pb(ll) are removed via the initial efflux mechanisms (PbrA and PbrT)
however, at elevated concentrations, Pb(ll) enters into the cytoplasm and is stored by PbrD
which protects the organism from cellular malfunctioning. In this regard, it is postulated that
the initial concentrations of Pb(ll) used in this study were too low to induce a change in the
structural conformation of the rPbrD and therefore perhaps weakly bound and disassociated

from rPbrD in solution causing the reverse effect. While the fusion tag also contributes to
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the binding of Pb(ll) and could be argued as a suitable biosorbent, the small protein size
(unstable) and its non-specificity to Pb(Il) encumbers its application as a Pb targeted biosorbent.
Although PbrD is reported to preferentially bind Pb(ll) within its native organism, its
specificity and preferential order of binding metal ions in natural water systems still needs to
be elucidated. Nonetheless, these results suggest that the GE protein indeed maintained its

function in vitro and could be used as a Pb-specific biosorbent.

Owing to the delicate nature of proteins the use of a recombinant protein by itself is not
feasible as a biosorbent especially in harsh conditions characteristic of wastewater.
Furthermore recovery of protein-metal complex from treatment sites is unattainable. For these
reasons, CANPs were formulated as a support matrix for rPbrD. The inherent
physicochemical characteristics of several nanomaterial's like CANPs make them suitable for
the support and preservation of the structure and function of biomolecules. Subsequently,
there is a combined sorption effect from PbrD and CANPs for the enhanced uptake of Pb ions

from solution.

Although synthesis of CANPs has been documented, several reaction parameters were
optimized in order to attain suitable particles in terms of size, morphology and distribution for
the immobilization of rPbrD as discussed in the paper presented as Chapter 4. Data obtained
from the comparison of two immobilization strategies (cross-linking and entrapment) showed a
higher protein loading efficiency when rPbrD was surface-cross-linked to the CANPs. A loss
in protein loading efficiency during the entrapment method was perhaps due to the pore
diffusion limitations of rPbrD into the alginate matrix as compared to rPbrD immobilized
externally on the support matrix via the cross-linking method. Characterization of both bare
CANPs and CANPs surface cross linked to rPbrD (CANP-rPbrD) showed the formation of
uniformly synthesized, monodispersed particles with an average diameter of 18 and 80 nm
respectively. However, images obtained from SEM and TEM revealed that bare CANPs were
of spherical nature whereas rPbrD-CANPs were more amorphous NPs perhaps owing to the

structure and direction in which the protein was attached during cross-linking.

It is well reported that the particle size and surface area of the constructed NPs majorly
affects their interaction with the target molecules (Wang et al., 2018). Therefore, to further
assess the relationship between the size of rPbrD-CANPs and maximum protein loading
efficiency different formulations of various particle size and protein concentrations were

evaluated. These results showed that decreasing the size of CANPs increased the surface



72

area for higher protein loading efficiency which was achieved using the lowest concentration of
rPbrD. One of the drawbacks post immobilization of proteins is that the particles may become
unstable and aggregate. Therefore, DLS and zeta potential were applied to verify the particle
distribution and stability of the formulations. A narrow size distribution typical of monodispersed
NPs with a low PDI were observed implying no aggregation in both CANP and rPbrD-
CANP formulations. Additionally, the negative surface charge of the CANP and rPbrD-
CANPs indicated a stable colloidal system with the ability to bind positively charged Pb(ll).
These parameters indicate how the rPbrD-CANP biosorbent would distribute in aqueous
solution, how they would respond and bind to Pb(ll) and further indicate how the metal ions

could be separated from the matrix for further desorption studies.

Another problem often encountered with protein immobilization is that the activity of protein is
reduced or completely lost after their immobilization. To verify whether the activity of rPbrD
was maintained post immobilization, Pb(ll) binding analysis was performed. The binding of
Pb(Il) by bare CANPs was also analyzed since CANPs are known to interact with the metal.
Data from the Pb(Il) binding assay for rPbrD- CANPs showed a similar biosorption trend as
free rPbrD, where the biosorption efficiency increased with an increase in Pb(ll) concentration
until it reached a state of equilibrium (Chapter 4). Similar biosorption trends were observed in
other biosorbent studies where the authors attributed this pattern to an increased driving
force for mass transfer due to the increased sorbate concentration; thereby leading to more
uptake of Pb(Il) at higher concentrations in this study. However as discussed in Chapter
4, this is the first study to report on a biosorbent constructed from a recombinant protein and
therefore a true comparison with other reported biosorbents was not possible. Bare CANPs also
showed an increase in Pb(ll) uptake with increasing metal concentration though the particles
reached saturation at a much lower Pb(ll) concentration when compared to rPbrD-CANPs.
Additionally, rPbrD- CANPs significantly biosorbed more Pb per g biomass (rate of uptake)
compared to CANPs (statistical data shown in Chapter 4). These findings suggest that
although CANPs adsorb Pb(ll), adding rPbrD to the CANPs significantly enhanced the
biosorption efficiency even at elevated metal concentrations as high as 100 mg/L Pb(ll).

When designing a new biosorption system, adsorption isotherms are useful in providing
information on the theoretical sorption mechanism, surface properties and affinity assumptions
that play a key role in its application at industrial or environmental level. Based on the
biosorption data obtained in this study, the Langmuir, Freundlich, Temkin and Dubinin-

Radushkevich adsorption isotherms were employed to describe the relationship between Pb(ll)
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and rPbrD and rPbrD-CANPs (Chapter 4). Modeling of the binding data to these isotherms,
suggest that binding of Pb(ll) to both rPbrD and rPbrD-CANPs occurred as a favourable
physisorption process although binding to rPbrD correlated more to the Temkin model
(r*=0.9783) while binding to rPbrD-CANPs correlated to the Langmuir model (r’=0.9539)
followed closely by the Freundlich model (r?=0.9134).

Stability of biomolecules is a key factor in the production and commercialization of
biosorbents, especially for a protein-based biosorbent. Leakage or degradation of the protein
during storage and application would result in obvious reduced binding rendering the system
substandard. One of the advantages of the immobilization process is that this technique
offers stability of the captured protein (Masalova et al., 2013). When rPbrD-CANPs were stored
at 4° C and monitored for protein loss by measuring the protein concentration in the
supernatant of the stored samples over seven days, no protein leakage was observed. These
results showed that rPbrD was stably cross-linked to CANPs. Additionally, EDS spectra of the
rPbrD-CANPs before and after incubation further displayed the successful binding of Pb(ll).

To conclude, this is the first report on the expression, purification and immobilization of a
functional recombinant PbrD protein. Both rPbrD and rPbrD-CANPs showed the ability to bind
Pb(Il) at concentrations higher than the reported levels in ground/surface water in South Africa

implying its use in the treatment of Pb-rich industrial waste water both locally and globally.

The successful immobilization of rPbrD to CANPs resulted in a novel eco-friendly protein-
based nanosorbent that binds Pb(ll) in an exponential multilayer manner with adsorption
intensity indicative of a cooperative physisorption process. The simplicity of the biosorbent
system would enable easy integration into portable membrane filters for use in domestic

households that rely on naturally sourced water or scale-up for water treatment plants.

5.2  Advantages and Disadvantages of the Protein-based Biosorbent

The following is a summary of the benefits and drawbacks that a protein-based biosorbent
could present in the bioremediation of industrial wastewater.

Advantages:

1) Eco-friendly biosorbent



74

2) Specificity for Pb(Il) remediation

3) Sensitivity in recovering low concentrations of Pb(ll)

4) Increased stability achieved from cross-linking method

5) NPs offer miniaturization of process

6) Inexpensive (after recommended modifications suggested hereafter)
7) Does not produce secondary waste post treatment

8) The overall concept can be applied for targeting other toxic metals

Disadvantages:

1) Based on the sensitive nature of protein, pre-treatment of wastewater such as addition
of lime or limestone may be added to increase the pH of acid mine water prior to
treatment.

2) Environmental factors such as pH, salts, temperature, non-polar solvents etc. may affect
the activity of rPbrD protein. Subsequently, microbial degradation may affect the stability
of the protein. Therefore, the optimum parameters for rPbrD-CANPs to maintain its

Pb(ll) binding activity in real wastewater samples still need to be elucidated.

53 Cost of the Protein-based Biosorbent

One of the major reasons for diversions into bioremediation is the high cost of existing
chemical treatment systems such as ion-exchange resin and activated carbon. In this regard,
several excellent biosorbents have been reported thus far. However, immobilization can
drastically increase the biosorbent cost impeding its commercialization. Fosso-Kankeu and
Mulaba-Bafubiandi (2014) reported that the existing market for new biosorbents materials in
America cost an estimate of 30 million US dollars due to its increasing demand in water

treatment.

Development of a novel biosorbent often requires a high capital cost due to various
uncertainties encountered during the development process. However, once the biosorbent is
developed and demonstrates great biosorption efficiencies, the biosorbent cost may be re-
evaluated for large scale application. The cost involved in developing rPbrD-CANPs biosorbent
for the purpose of the present study is detailed in Table 5.1. The table only provides an
estimate cost for material required to synthesize 1 g/L of rPbrD-CANPs at laboratory scale.
For commercialization, factors such as equipment cost, water and electricity usage etc. would

be incorporated. The recommendations for cost reduction are discussed in section 5.4.
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Table 5.1 Cost estimation for the formulation of 1 g/L rPbrD-CANPs
Preparation of biosorbent Materials Costin ZAR*
Expression culture (1 L) LB Amp broth 55.56
IPTG 200.64
Bugbuster 369.24
Solubilization of IB Buffer A without urea 1.50
Buffer B with urea (~2 mg/mL denatured 3.34
protein)
Purification HisTrap HP column 2502.42
Binding buffer 33.50
Purification buff Wash buffer 33.50
urification butiers Elution buffer 121.00
Dialysis Cassette/tube 309.00
Buffer A 932.33
Buffer B 758.80
Refolding buffers Buffer C 550.01
Buffer D 517.01
Total protein cost ~0.650 mg/mL refolded protein 6387.85
Sodium alginate 0.20
N ficl 200 mL Calcium chloride 38.00
anoparticles (200 mL) Glutaraldehyde 188.00
Total NP cost 200 mL CANPs 226.20
Protein 0.235 mg/mL 2309.45
CANPs 5mL (~1.7 g) 5.66
Consumables Tips, tubes, filters, gloves, ethanol etc. 1723.00
Biosorbent costat 11 g/L rPbrD-CANPs 4038.11
Biosorbent costat 1 g/L rPbrD-CANPs 367.10

*The above cost estimation was calculated based on 2018 pricelist

In summary, to treat 1 L of effluent containing a maximum of 100 mg/L Pb one would require 11
g/L of rPbrD-CANPs to effectively reduce the concentration of Pb which would cost ~R4000.00.
Understandably, this cost appears high compared to other biosorbents however, it should be
taken into account that the cost was calculated for consumables/reagents at lab scale. It can be

assumed that large-scale production of the biosorbent would significantly reduce the cost of the

biosorbent.
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5.4 Recommendations for Future Work
Further development of the biosorbent for industrial applications should take into

consideration the following points.

5.4.1 Improved production

As indicated in Table 5.1, majority of the cost of production was incurred due to the affinity
purification and refolding of rPbrD protein since it was expressed in insoluble form. Large scale
production of rPbrD in soluble form would alleviate these costs making the system more
attractive for commercialization. There are several strategies of improving solubility of
recombinant proteins in E. coli (Gopal and Kumar, 2013; Rosano and Ceccarelli, 2014); some
of which were analyzed to obtain soluble PbrD with little success as described in section 5.1.
Fusion tags are known to increase the solubility of proteins (Terpe, 2003). However, different
fusion tags rescue different proteins and should therefore be tested empirically for each
protein which can take some time. The Expresso® solubility and expression screening system
offered by Lucigen, USA contains seven different cleavable solubility tags. The solubility of
the expressed protein can be rapidly tested with a single PCR amplicon transformed into a
suite of cloning-ready pSol vectors each carrying one of seven fusion tags. Such a system could
prove useful in the rapid evaluation of fusion tags that facilitates solubility of PbrD protein in E.

coli.

5.4.2 Optimization and specificity

Efficient biosorption is dependent on factors such as pH, temperature, contact time,
concentration of biosorbent and the presence of competing cations. A change in pH and
temperature may lead to the alteration of functional groups thereby affecting the surface
charges of the biosorbent, or the alteration of the oxidation state of metals in aqueous solution
(Tasar et al., 2014). For the purpose of this study rPbrD-CANPs were stored at 4 °C. However,
the immobilization strategy was applied to increase the stability of rPbrD-CANPs complex. A
change in temperature may affect the stability of the complex and therefore it will be necessary
to monitor the biosorbent at various temperatures to determine their maximum thermal stability.
A balance between the number of available binding sites and contact time is important to
ensure maximum uptake of metal per g of biosorbent. Therefore it will be necessary to
investigate the effect of each of these parameters on the stability of the proposed biosorbent
and its ability to biosorb Pb. Polluted freshwater generally contains a consortium of metals and
other inorganic material. Since metal binding functional groups are non-specific, other metal

ions could behave in a synergistic or antagonistic manner in the uptake of Pb by rPbrD-CANPs
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and would need to be evaluated. Post-optimization, the activity of the biosorbent in real life
water samples from different locations and during seasonal variations should be assessed.
Additionally, a method validation will be performed to test the sensitivity and efficiency of

rPbrD-CANPs when used in synergy with existing treatment systems.

5.4.3 Regeneration and recycling

For environmental significance it is important that once removed from the water, the metal
bound to the biosorbent is desorbed and recycled back to industry. Additionally, in the
interest of commercialization the biosorbent should be regenerated for several cycles of
application to reduce the process cost (Shaker and Yakout, 2016). The choice of metal
desorbent (acids, complexing agents) should preferably remove all of the bound metals
without compromising the original state or function of the biosorbent (Alluri, et al., 2007). As
previously described protein is sensitive in nature which limits the range of desorbents that can
be used with rPbrD- CANPs. Therefore, a chelating agent like Ethylenediaminetetraacetic
acid (EDTA) which is commonly used with protein can be evaluated for its desorption efficiency
of Pb(ll) from rPbrD-CANPs. Any structural changes of the nanobiosorbent post desorption is
monitored by SEM and CD while the maximum number of cycles for reuse of the biosorbent

will be determined through the Pb binding assay.

5.4.4 Commercialization

A number of factors (from lab to application) are evaluated when considering a technology
for commercialization. Volesky (2007) describes preliminary assessments (competing
technologies, market size, cost evaluation, potential partners) required for evaluating the
economic feasibility of a biosorbent for commercialization. Successful expression of soluble
PbrD and validation of the nanobiosorbent performance with real wastewater samples will be
the first stage towards commercialization. The long term goal of this research is to
incorporate rPbrD-CANPs into a membrane filter for treatment of small water volumes that
address the needs of local communities in South Africa who source their water for domestic

use from natural rivers prone to contamination with industrial effluent.

The present study focused on finding a solution to manage Pb pollution in the South African
context. However, Pb pollution is a global threat; indeed, there has been a recent outcry on
the state of Pb poisoning in America. The application of the protein- based biosorbent described
here is not limited to South Africa but could present as a bioremediation solution globally. For

these reasons a nation phase patent application was filed in South Africa, United States of
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America, Canada and Australia (WO 2017/051370 Al).
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