Biological synthesis of gold nanoparticles by
Thermus scotoductus SA-01

by

Jacqueline van Marwijk

Submitted in fulfilment of the requirements for ttegree

PHILOSOPHIAE DOCTOR

Department of Microbial, Biochemical and Food Biotehnology
Faculty of Natural Sciences
University of the Free State
Bloemfontein

Republic of South Africa

January 2010

Promoter: Prof. E. van Heerden




This thesis is dedicated to my family and the megnudmy father.



ACKNOWLEDGEMENTS

| sincerely wish to express my gratitude to thelofsing persons without who this

dissertation would not be possible:

Prof. E. van Heerden for her invaluable assistawith the final preparation of this

manuscript, as well as for her guidance and englatisnce throughout the project.

Prof. D. Litthauer, Prof J. Albertyn, Dr. L.A. Patand Dr. D.J. Opperman for their helpful

advice during my studies and the preparation af tféanuscript.

All the members of the Department of Microbial, 8emical and Food Biotechnology for
interest shown and support given. Special tharksthe members of the Extreme

Biochemistry group for all that they have done,d&raically as well as socially.

The microscope units at the University of the F&tate, University of Ghent, Nelson
Mandela Metropolitan University and the UniversifyWestern Ontario for their assistance

with data analysis.

Mintek, Project AUTEK, The National Research Fouimia (NRF), The Ernst and Ethel
Eriksen Trust, The World Gold Council, The Oppenteri Memorial Trust and the Vice-

Dean of the Faculty of Natural and Agricultural Swes who supported this research.

And last but not least my family for their sacré; unfailing love and support throughout all

my years of studying.



CONTENTS

LIST OF FIGURES X
LISTS OF TABLES XViii
LIST OF ABBREVIATIONS XixX

CHAPTER 1: LITERATURE REVIEW 1
1.1.  Introduction 1
1.2.  Nanofabrication methods 2
1.3. Nanopatrticle categorising 2

1.3.1. Nanotubes 3
1.3.2.  Nanowires 4
1.3.3. Nanocrystals, clusters and particles 5
1.3.4. Quantum dots S
1.4. Focus areas and applications 7
1.4.1. Security 7
1.4.2. Medical applications 7
1.4.3. Information technologies 9
1.4.4. Energy production and storage 10
1.4.5. Food industry 11
1.4.6. Commercial applications 12
1.5. Production of nanopatrticles 13
1.5.1. Chemical processes 13
1.5.2. Biological processes 14
1.6. References 16

CHAPTER 2: INTRODUCTION TO PRESENT STUDY 23
2.1. Introduction 23
2.2.  The aims of this study were to: 25

2.3. References 26



CHAPTER 3: GOLD REDUCTION AND NANOPARTICLE FORMATIO N BY

BACTERIA ISOLATED FROM SOUTH AFRICAN MINES 29
3.1. Introduction 29
3.1.1. Metal-microbe interactions 29
3.2. Biomineralization processes 30
3.2.1. Geochemistry of gold 32
3.2.2. Microbial interaction with gold 32
3.2.2.1. Bacteria, Actinomycetes and Archaea 33
3.2.2.2. Yeast and Fungi 35
3.3.  Materials and methods 37
3.3.1. Bacterial isolation and enrichment 37
3.3.2. Screening of cultures for gold(lll) accumida and nanoparticle synthesis 38
3.3.3. Assay development 39
3.3.3.1. 5-(2-hydroxy-5-nitrophenylazo)rhodanine 39
3.3.3.2. Association complex formation between Gdihmine and Phloxine 39
3.3.3.3. Ethopropazine hydrochloride method (EPH) 0 4
3.3.4. Electron microscopy techniques 41
3.3.5. Culturing conditions of the chosen isolate 1 4
3.3.5.1. Monitoring growth and gold(lll) reduction 42
3.3.5.2.  Whole cell nanoparticle characterization 2 4
3.3.5.2.1. Effect of growth phase on particle piitun 42
3.3.5.2.2. The effect of pH on particle production 43
3.3.5.2.3. The effect of temperature on partictedpction 43
3.3.5.2.4. The effect of gold(lll) concentration pearticle production 43
3.3.5.2.5. The effect of exposure time on parfcteduction 44
3.4. Results and discussion 44
3.4.1. Screening for gold(lll) reducing and nantipke producing bacteria 44
3.4.2.  Growth and reduction 46
3.4.3. Physico-chemical parameters 49
3.4.3.1. The effect of pH on particle production 49
3.4.3.2. The effect of temperature on particle pobidn 51
3.4.3.3. The effect of gold(lll) concentration carficle production 53
3.4.3.4. The effect of exposure time on particledpiction 56



3.5. Conclusions 58
3.6. References 58

CHAPTER 4: PURIFICATION AND IDENTIFICATION OF THEN ANOPARTICLE

SYNTHESIZING PROTEIN 66
4.1. Introduction 66
4.1.1. Metal reductases 66
4.1.2. Hypothesis of metal nanoparticle synthesis 7
4.1.3. Other enzymatic production of metal nanoglag 68
4.1.3.1. Hydrogenase 68
4.1.3.2. Sulphate reductase 69
4.1.3.3. Glutathione reductase 69
4.2. Materials and methods 71
4.2.1. Microorganism 71
4.2.2. Preparation of subcellular fractions
4.2.3. Protein determination 72
4.2.4. SDS-PAGE analysis 73
4.2.5. Ligquid chromatography 74
4.2.5.1. lon exchange chromatography 74
4.2.5.1.1. Anion exchange 75
4.2.5.1.2. Cation exchange 75
4.2.5.2. Dye-affinity chromatography 76
4.2.5.3. Hydrophobic interaction chromatographyQHI 76
4.2.5.4. Size-exclusion chromatography 76
4.2.6.  Activity determination 77
4.2.6.1. Gold assay 77
4.2.6.2. Nitrate reductase assay 77
4.2.6.3. Adapted gold-nitrate reductase assay
4.2.7. Nanopatrticle characterization using eitledlrfcee extracts or the purified
protein 78
4.2.7.1. Electron microscopy 78
4.2.7.2. The effect of Gold(lIl) concentration aarficle production 78
4.2.7.3. The effect of temperature on particle pobidn 79
4.2.7.4. The effect of pH on particle production

Vi

71

77

79



4.2.7.5. The effect of protein concentration ortipker production 79

4.2.7.6. The effect of exposure time on particledpiction 80
4.2.7.7. The effect of sodium dithionite concemndrabn particle production 80
4.2.8. N-terminal sequencing 80
4.3. Results and discussion 80
4.3.1.  Cellular fractionation 80
4.3.2. Purification strategy 86
4.3.2.1. lon exchange 86
4.3.2.1.1. Anion exchange (Super Q-Toyopearl) 86
4.3.2.1.2. Cation exchange (SP-Toyopearl) 90
4.3.2.2. Dye-affinity chromatography (Blue SepharG$-6B) 91
4.3.2.3. Hydrophobic interaction and size exclusibromatography 92
4.3.3. SDS-PAGE analysis 93
4.3.4. N-terminal sequencing 94
4.3.5. Characterization of the purified protein 96
4.3.5.1. The effect of pH on particle production 96
4.3.5.2. The effect of temperature on particle pobidn 98
4.3.5.3. The effect of gold(lll) concentration carficle production 100
4.3.5.4. The effect of protein concentration ortipker production 102
4.3.5.5. The effect of exposure time on particledpiction 104
4.3.5.6. The effect of sodium dithionite concentraibn particle production 105
4.4. Conclusions 106
4.5. References 107

CHAPTER 5: EXPRESSION AND CHARACTERIZATION OF THE A BC

TRANSPORTER, PEPTIDE-BINDING PROTEIN 112
5.1. Introduction 112
5.1.1. ABC transporters 113
5.1.2. Classification of ABC transporters 115
5.1.2.1. DRI family involved in drug resistance 115
5.1.2.2. ABC-2 nodulation protein and ABC-2 polydaaride exporter families 116
5.1.2.3. The OPN family specific for di- and oliggytides and nickel 116
5.1.2.4. ATP binding protein-dependent transporters 116

5.1.3. Mechanism of ABC transporters 117

Vii



5.2. Materials and methods 119

5.2.1. Bacterial strains, plasmids and culture dants 119
5.2.2.  Genomic DNA isolation 121
5.2.3. Polymerase chain reaction (PCR) 122
5.2.4. Ligations 123
5.2.5. Plasmid propagation and cloning 124
5.2.6. Sequencing 125
5.2.7. Construction of expression plasmids 125
5.2.8. Expression of the ABC protein 126
5.2.9. Purification of the recombinant ABC protein 126
5.2.10. Characterization of recombinant ABC pratein 127
5.2.10.1. Protein concentration 127
5.2.10.2. SDS-PAGE analysis 127
5.2.10.3. The effect of temperature on particledpotion 127
5.2.10.4. The effect of pH on particle production 281
5.2.10.5. The effect of gold(lll) concentration paxticle production 128
5.2.10.6. The effect of protein concentration ortipi@ production 128
5.2.10.7. The effect of exposure time on partictedpction 129
5.2.10.8. The effect of sodium dithionite concetidraon particle production 129
5.2.11. Modelling 129
5.3. Results and discussion 130
5.3.1. DNA isolation 130
5.3.2. Cloning and sequencing of the ABC gene fidrarmus scotoductu$A-01
130
5.3.3. Expression and purification of the recombtr@BC proteins 133
5.3.4. Characterization of the recombinant ABC @irct 136
5.3.4.1. The effect of temperature on particle pobidn 136
5.3.4.2. The effect of pH on particle production 813
5.3.4.3. The effect of gold(lll) and sodium dithi@nconcentration on particle
production 140
5.3.4.4. The effect of exposure time on particledpiction 142
5.3.5. Modelling of the native protein 143
5.4. Conclusions 144

5.5. References 145

viii



SUPLEMENTARY NOTES A: EXPERIMENTAL METHODOLOGY

A.1l. Purification strategies
A.2. Justification of the adapted assay

A.3. References

SUMMARY
OPSOMMING

148

148
153
153

155
157



LIST OF FIGURES

Figure 1.1 TEM images of (A) SWNT (B) bundle of 8Ms and (C) MWNT. (Taken
from GTIR Nanotechnology Lab). 4

Figure 1.2 Quantum dots showing a change in coldtir an increase in size. (Taken

from Aerospace concepts Pty Ltd). 6
Figure 1.3 Equatorial cutaway view of a respirecyfTaken from Freitas, 1998). 8

Figure 1.4 Schematic representation of the assghrof colour bit pairs based on their
frequency of occurrence. (Taken from Tadtaal, 2008). 10

Figure 1.5 Schematic presentation of a PEM fullaggeration. (Taken from Furman’s

Energy Options). 11

Figure 1.6 Electron micrographs of various magsatees. (Taken from Schiler, 1999).
15

Figure 3.1 The diameter of gold nanoparticles deitees the wavelengths of light
absorbed. The colours in this diagram illustrdiis effect. (Taken from Webexhibits
website). 38

Figure 3.2 Standard curve determination of the @h&B assay for gold(lll). Error bars

indicate standard deviations. 40

Figure 3.3 Standard curve determination of the gthpazine hydrochloride assay for

gold(lll). Error bars indicate standard deviations 40

Figure 3.4 Growth curve foFhermus scotoductu&A-01, illustrating correlation between
growth phasex) and activity & ). A-E corresponds to the TEM micrographs in Figure

3.5. Error bars indicate standard deviations lrrevemaller than the symbols used. 47

Figure 3.5 TEM micrographs illustrating the effetigrowth phase (A) 2 (B) 4 (C) 8 (D)
12 and (E) 24h on particle formation using cellslemresting conditions. Scale bars
equal to 1000nm. 48



Figure 3.6 (A) Wavelength scans conducted at 8imafbation in the presence of 2mM
gold(lll) at 65°C with varying pH. <) pH 3.6, &) pH 5.5, &) pH 7.5 and<=) pH
9.5. (B) Wavelength scans conducted over timehenpH 5.5 sample. ={) time Oh,
(==) time 4h, &) time 8h, &=) time 12h and==) time 24h. 50

Figure 3.7 Colour change observed after 8h of iatioh at 65°C in the presence of 2mM
gold(lll). F.Lt.r. pH 3.6; pH 5.5; pH 7.5 and @b. 50

Figure 3.8 TEM micrographs illustrating the effe€pH (A) 3.6 (B) 5.5 (C) 7.5 and (D)
9.5 on particle formation using cells under restounditions. Scale bars equal to
400nm. 51

Figure 3.9 TEM micrographs illustrating the effe€ttemperature (A) 30 (B) 37 (C) 45
(D) 55 and (E) 65°C on patrticle formation usingl€einder resting conditions. Scale

bars equal to 1000nm. 52

Figure 3.10 Wavelength scans conducted with vargalgi(lll) concentrations at 65°C
after 24h incubatiorr=+) 0.5; ) 1; (=) 1.5; (= =) 5 and (=) 7.5mM. 54

Figure 3.11  Colour change observed after 24h ofibaton at 65°C in the presence of
varying gold(lll) concentrations. F.l.t.r. 0.1501; 1.5; 5; 7.5 and 10mM. 54

Figure 3.12 TEM micrographs illustrating the effe€tgold(lll) concentration (A) 0.5 (B)
1(C)15 (D)2 (E)S5 (F) 7.5 and (G) 10mM on padiformation using cells under

resting conditions. Scale bars equal to 1000nm. 55

Figure 3.13 Wavelength scans conducted over timgnenpresence of 2mM gold(lll) at
65°C. &=)0; (=) 1; (=) 2; (=) 4; (==) 12 and =) 24 hours. 56

Figure 3.14 TEM micrographs illustrating the effe€exposure time (A) 1 (B) 2 (C) 4 (D)
12 (E) 24 and (F) 48h on particle formation usiegscunder resting conditions. Scale

bars equal to 400nm. 57

Figure 4.1 Possible mechanisms for bioreductiomaltl ions. Taken from Het al,
2007. 68

Figure 4.2 Synthesis of gold nanopatrticle at theaghione reductase active site. Taken
from Scottet al, 2008. 70

Xi



Figure 4.3 Standard curve for the BCA-protein pssdah BSA as the protein standard
for the eppendorf protocol at (A) 37 and (B) 60°CError bars indicate standard

deviations, but are smaller than the symbols used. 73

Figure 4.4 SDS-PAGE ofhermus scotoductuSA-01 extracted and separated protein
fractions. (M) marker, (1) spheroplasts (2) ceflef extract, (3) soluble fraction and (4)

membrane fraction. 81

Figure 4.5 TEM micrographs of the cell-free extrafter 4h exposure to 2mM gold(lll)
at 65°C, showing nanoparticles. Scale bars araleq200nm. 82

Figure 4.6 TEM micrographs of the soluble fractadter 4h exposure to 2mM gold(lll)
at 65°C, showing nanoparticles. Scale bars aralgqu(A) 2um (B) 500nm and (C)
lum. 83

Figure 4.7 The cell-free exract and the ultrafdtkrsoluble fractions were exposed to
2mM gold(lll) for 24h at 65°C. (A) Blank (B) celkdée extract (C) soluble fraction (D)
fraction containing components <10kDa (E) fractiamontaining components
>10<30kDa (F) fraction containing components <30kidal (G) fraction containing

components >30kDa. All the fractions were dilutedhe original volume to maintain

the protein ratios. 84

Figure 4.8 TEM micrographs showing the effect ofd@id) concentration (A) 2 (B) 5
(C) 10 and (D) 20mM, on nanoparticle formation lre tpresence of cell components

>30kDa. Scale bars in A and D is equal to 5um, ian@ and C equal to 0.2um and
2um, respectively. 85

Figure 4.9 Exposure of the >30kDa fraction to vasigold(lll) concentrations after 24h
at 65°C. (A)0.5(B) 1 (C) 2 (D) 5 (E) 10 and @®mM. 86

Figure 4.10 Elution profile obtained for the purétion step on Super Q-Toyopearl anion
exchange resin. The regions between the arrow#)(&nd (B-B) were pooled

separately for subsequent purificatior=)(Azsoand ) conductivity. 87

Figure 4.11 Visual assay of every third fractiontabtied from the first step of
purification, which had been incubated at 65°C he fpresence of 2mM gold(lll),

Xii



showing a difference in colour between the fractioBlock A corresponds to peak A
(Figure 4.10) and block B corresponds to peak Bufe 4.10). 88

Figure 4.12 (A) and (B) TEM micrograph illustratipgrticle shape and (C) EDS spectrum
for the particles produced by the interacting profeaction obtained after the first step
of purification using the anion exchanger Super Qcale bar equal (A) 100nm and (B)
20pm. 89

Figure 4.13  Elution profile obtained for the puwition steps on SP-Toyopearl cation
exchange resin. The region between the arrows paoted for subsequent purification.
(=) Azgpo and ) conductivity. 90

Figure 4.14  Elution profile obtained for the secagmarification step on SP-Toyopearl
cation exchange resin=() Azso, (=) Nitrate reducing activity ané=¢ ) Au reduction

activity. The region between the arrows were pbdbe subsequent purification. 91

Figure 4.15 Elution profiles obtained from the BlBepharose CL-6B resin when loaded
with (A) SP2P1 and (B) SP2P2—() A and ) nitrate reducing activity. The

region between the arrows were pooled for subsequeiiication. 91

Figure 4.16  Elution profiles obtained from the (Rhenyl and (B) Sephacryl S200HR
resins. £=) Azgoand (=) nitrate reducing activity. (A) The region beewvethe arrows

were pooled for subsequent purification. 92

Figure 4.17 SDS-PAGE analysis of the purificatiteps. Each lane was loaded with 2ug
protein. Lane (1) marker (2) cell-free extract &)luble proteins (4) >30kDa (5)
>10<30kDa (6) <30kDa (7) Super Q-Toyopearl, noweiiatting proteins (8) Super Q-
Toyopearl, interacting proteins (9) Blue SepharG&e6B, SP2P2, interacting proteins
(10) Blue Sepharose CL-6B, SP2P2, non-interactnogems (11) Blue Sepharose CL-
6B, SP2P1, interacting proteins (12) Blue Sepha@ke&B, SP2P1, non-interacting
proteins. 93

Figure 4.18 SDS-PAGE analysis of the pooled activetein peak on the (A) Phenyl-
Toyopearl and (B) Sephacryl S200HR resin. Lanedfjesents the marker. 94

Xiii



Figure 4.19 SDS-PAGE analysis of the protein pedifion the Phenyl-Toyopearl resin
subjected to boiling over time. Lane (1) mark®r 10 (3) 15 (4) 20 (5) 30 and (6) 40

minutes. 95

Figure 4.20 SDS-PAGE analysis of the protein jrdifon the Phenyl-Toyopearl resin
subjected to boiling in the presence and absend2Taf Lane (1) marker (2) +DTT
boil for 5min (3) +DTT boil for 10min (4) +DTT nodiing (5) —DTT boil for 10min
and (6) — DTT no boiling. 95

Figure 4.21 TEM micrographs of the purified protekposed to different pH buffers. (A)
pH3.6, scale bar equalsu®, (B) pH 5.5, scale bar equals 1000nm, (C) enfasye of
B, (D) pH 7.4, scale bar equals 1000nm, (E) enfarge of B (F) pH 9, scale bar equals
1000nm and (G) enlargement of F. 97

Figure 4.22  Photo representing the colour changerebd when the purified protein was
exposed to different pH buffers. (A) pH 3.6, (B) p.5, (C) pH 7.4and (D) pH9. 98

Figure 4.23  Photo representing the colour changerebd when the purified protein was
exposed to different temperatures. (A) 30°C, (BJG (C) 55°C, (D) 65°C and (E)
75°C. 99

Figure 4.24 TEM micrographs of the purified protexposed to different temperatures.
(A) 42°C and (B) 75°C. Scale bars equal to 1000nm. 99

Figure 4.25 TEM micrographs of the purified prote@xposed to varying gold(lll)
concentrations. (A) 0.5mM gold(lll), scale bar alsu1000nm, (B) enlargmente of A,
(C) 5mM gold(lll), scale bar equals 1000nm, (D)agement of C, (E) 20mM gold(lIl),
scale bar equalgi#h and (F) enlargement of E. 101

Figure 4.26  Photo representing the colour changerebd when the purified protein was
exposed to varying gold(lll) concentrations. (AL@M, (B) 0.5mM, (C) 1mM, (D)
2mM, (E) 5mM, (F) 7.5mM and (G) 10mM. 102

Figure 4.27 TEM micrographs of the purified proteexposed to varying protein
concentrations. (A) 20ug.thiand (B) 50pg.mt. Scale bars equal to 1000nm. 103

Xiv



Figure 4.28 Photo representing the colour changerebd when the purified protein was
exposed to varying protein concentrations. (A)d.ép*, (B) 20pg.mt, (C) 50ug.mif,
(D) 75pg.mt* and (E)100pg. . 103

Figure 4.29 TEM micrographs of the purified protexposed to varying incubation times.
(A) 8h and (B) 48h. Scale bars equal to 1000nm. 104

Figure 4.30 Photo representing the colour changerebd when the purified protein was
exposed to varying incubation times. (A) 2h, (B) 4C) 8h, (D) 12h, (E) 24h and (F)
48h. 105

Figure 4.31 TEM micrographs of the purified proteexposed to varying sodium
dithionite concentrations. (A) OuM (B) 50uM and) (0OOpM. Scale bars equal to
1000nm. 106

Figure 5.1 Cell membrane cross section. (Takem @@l Membranes, 2003). 112

Figure 5.2 Crystal structure of the HlyB-NBD H662Amer with bound ATP/MG.
ATP in stick representation and Rggreen spheres) are sandwiched at the interface of
the two HlyB-NBD monomers (shown in light tan amght yellow). N- and C-termini
of the individual monomers are labelled. Consemeddifs are coloured in red, brown
(Q-loop), blue (C-loop or ABC signature motif), neaga (Walker B), black (D-loop),
and green (H-loop) and labeled accordingly. (Tdkem Zaitseveet al, 2005). 114

Figure 5.3 Model of the translocation mechanisna @BP-dependent ABC transporter.
(Taken from Biemans-Oldehinket al, 2006). 118

Figure 5.4 Vector map of pET 22b(+) indicating tmpicillin resistance gene, ColE1l
origin of plasmid replication, lacl coding sequerasel the multiple cloning site under
the T7 promoter. 120

Figure 5.5 Vector map of pET 28b(+) indicating #tenamycin resistance gene, ColE1l
origin of plasmid replication, lacl coding sequerazel the multiple cloning site under
the T7 promoter. Sequence of the pET 28b(+) cpmegion showing the ribosome
binding site and configuration for the N-terminaistiag and thrombin cleavage site
fusion. 121

XV



Figure 5.6 (A) Genomic DNA isolated frofhermus scotoductuSA-01 and (B) the
amplified ABC transporter, peptide-binding protein. 130

Figure 5.7 pGEM-T Easy plasmid containing the ABC gene digestetth EicoR| and

Ndel. Lane 1 represents the marker and lane$2he clones screened for inserts. 131

Figure 5.8 Sequence alignments of the reference AgsDe form the Thermus
scotoductus SA-01 genome database and the cloned ABC gene fDnermus
scotoductusSA-01. 132

Figure 5.9 pET 22b(+) and 28b(+) plasmids contgjnihne ABC gene digested with
EcoRI and Ndel. Lanes 1 and 10 represents theanddnes 2 to 6 the pET 22b(+)-
and lanes 7 to 9 the pET 28b(+) clones screeneidgerts. 331

Figure 5.10 (A and D) Elution profile obtained fraire Sephacryl S200HR resin. (B)
Wavelength scan conducted at 24h of incubatiorhépgresence of 2mM gold(lll) at
65°C, pH 7.4. and (C) Elution profile obtained fraire Metal-affinity resin. =)

Vectors containing the ABC gene aré () the negative control. 134

Figure 5.11 SDS-PAGE analysis of the recombinanCABotein when using the (A) pET
22b(+) and (B) pET 28b(+) vector system. (M) mayK&) negative control at 4h post-
induction, (2) ABC insert at Oh post-induction, 88 C insert at 4h post-induction. 135

Figure 5.12  Photo representing the colour changerebd when the purified recombinant
(A) untagged and (B) His-tagged proteins were eggde different temperatures during
the gold assay. (A) 30°C, (B) 42°C, (C) 55°C, @3yC and (E) 75°C. 137

Figure 5.13  TEM micrographs of the purified reconabrit (A and B) untagged and (C and
D) His-tagged proteins exposed to different temjoees during the gold assay. (A and
C) 42°C and (B and D) 75°. Scale bars equal td3(and D) 1000nm and (C) 2um. 138

Figure 5.14  Photo representing the colour changerebd when the purified recombinant
(A) untagged and (B)His-tagged proteins were expdsdaifferent pH buffers. (A) pH
9, (B) pH 7.4, (C) pH 5.5 and (D) pH 3.6. 139

Figure 5.15 Photo representing the colour changerebd when the purified recombinant

(A) untagged and (B) His-tagged proteins were eggogo varying gold(lll)

XVi



concentrations. (A) 0.1mM, (B) 0.5mM, (C) 1mM, (BnM, (E) 5mM, (F) 7.5mM and
(G) 10mM. 141

Figure 5.16 TEM micrographs of the purified reconarit (A and B) untagged and (C)
His-tagged proteins when exposed 10mM gold(llIB) €énlargement of A. Scale bars
equal (A) 20mm and (C) 1000nm. 142

Figure 5.17  Photo representing the colour changerebd when the purified pET 22b(+)
recombinant protein was exposed to varying incobatimes. (A) 2h, (B) 4h, (C) 8h,
(D) 12h, (E) 24h and (F) 48h. 143

Figure 5.18 (A) Homology model of Thsc-ABC. Thefage exposed disulphide bond
which is hypothesized to be involved in the reductof gold is shown in yellow. (B)

Detail of the environment of the disulphide bond. 144

Figure A.1  Visual assay after 30 minutes incubaab5°C in the presence of 0.1mM
Au(lll) and 0.3mM NADH. (B) is the blank and theumbers corresponds to the
fractions obtained from the SP-Toyopearl columnietu 149

Figure A.2  Elution profile obtained from the Blue@arose CL-6B resin when loaded
with the pooled fraction obtained from the SP-Tagab resin. 151

Figure A.3  SDS-PAGE analysis of the interactingtgiro fractions obtained from the
Blue Sepharose CL-6B resin. Each lane was load#d2mg protein. Lane (1) marker

and (2-7) corresponds to the protein fractionscatdid by the block in Figure A.2. 151

Figure A.4  Elution profile obtained for the Phemgkin when loaded with the SP2P1
fraction. 152

Figure A.5 SDS-PAGE analysis of the interactingtgiro fractions obtained from the
Blue Sepharose CL-6B resin. Each lane was loadéd2ug protein. Lane (1) marker

and (2-8) corresponds to the protein fractionsdaigid by the block in Figure A.2. 152

XVil



LIST OF TABLES

Table 3.1 Microbial isolates screened for the gbitdo reduce gold(lll) and produce

nanoparticles. 37

Table 3.2 Mesophilic bacteria screened for goljiféiduction and nanoparticle formation.

44
Table 3.3 Thermophilic bacteria screened for gdld(feduction and nanoparticle
formation. 45

Table 3.4 Comparison between the capability to pecednanoparticles by mesophilic and

thermophilic bacteria. 46

Table 5.1 Oligonucleotide primers used for PCR &iopation and sequence PCRs. 123

XViii



A
ABC
ATP
BBInternational
BCA
BIM
BLAST
BOB
BSA
CD
CID
cm
CM
CNT
CVvD
DDT
DEAE
DNA
DVD
EDS
EDTA
EM
EPH
FAD

LIST OF ABBREVIATIONS

Absorbance
ATP-binding cassette

Adenosine triphosphate

British Biocell International
Bicinchoninic acid
Biological induced biomineralization
Basic Local Alignment Search Tool
Biological organised biomineralization
Bovine serum albumin

Compact Disc
Combat identification

Centimeter
Carboxylmethyl

Carbon nanotubes
Chemical vapour deposition
Dichlorodiphenyltrichloroethane
Diethylaminoethyl
Deoxyribonucleic acid
Digital Versatile Disc

Energy dispersive spectroscopy
Ethylene diaminetetraacetic acid
Electron microscopy
Ethopropazine hydrochloride

Flavin adenine dinucleotide

XiX



FADH Reduced flavin adenine dinucleotide

FMN Flavin mononucleotide

FSO Physiological salt water

g Gram

g.I* Gram per liter

gDNA Genomic DNA

h Hour

HIC Hydrophobic interaction chromatography
HNAR 5-(2-hydroxy-5-nitrophenylazo)rhodanine
IPTG IsopropyB-D-1-thiogalactopyranoside
kb kilobasepair

kDa kilo Dalton

kv kilo Volt

LB Luria-Bertani

ug Microgram

pg.mrt Microgram per milliliter

ul Microliter

um Micrometer

uM Micromolars

uM.ml™? Micromolar per milliliter

M Molar

MBP Maltose binding protein

mg.mi* Milligram per milliliter

min Minute

mi Milliliter

ml.min™ Milliliter per minute

mm Millimeter



mM
MOPS
Mr
MSD
MWCO
MWNT
NAD*
NADH
NADP*
NADPH
NBD
ng
ng.purt
nm
NMWC
oD
ORF
PAGE
PCR
PEM
ppb
RFLP
RNA
rpm
SBP
SDS

SWNT

Millimolar

3-(N-Morpholino)propanesulfonic acid hemisod salt
Relative molecular mass

Membrane spanning domain

Molecular weight cut-off

Multiwalled nanotubes

Nicotinamide adenine dinucleotide

Reduced nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Reduced nicotinamide adenine dinucleotidesphate
Nucleotide binding domain

Nanogram

Nanogram per microliter

Nanometer

Nominal molecular weight limit

Optical density

Open reading frame

Polyacrylamide gel electrophoresis
Polymerase chain reaction

Proton Exchange Membrane

Parts per billion

Restriction fragment length polymorphisms
Ribonucleic acid

Revolutions per minute

Substrate-binding protein

Sodium Dodecyl Sulphate

Single walled nanotubes

XXi



TE-buffer
TEM
TMD
Tris
TYG

u

UF

US DOE
uv
UV-Vis
Vicm

viv

VLS

wiv

X g

X-Gal

Tris-EDTA buffer

Transmission Electron Microscopy
Transmembrane domain
2-Amino-2-(hydroxymethyl)-1,3-propandiol
Tryptone, yeast extract, glucose
Units

Ultra filtration

United States Department of Energy
Ultraviolet

Ultraviolet —visible

Volts per centimetre

Volume per volume
Vapor-Liquid-Solid

Watt

Weight per volume

Times gravity

Times

5-bromo-4-chloro-3-indolyl-beta-D-galactopposidehosphate

XXil



CHAPTER 1

1. LITERATURE REVIEW

1.1. Introduction

Nanoscience and nanotechnology are fields that apahe possibility of understanding new
and unique phenomena which may lead to novel agdjgits that can be utilized at both the
micro- and macro-scale. Nanoscience involvesarebeto discover new behaviours and
properties of materials with dimensions at the saate (1 — 100nm), while nanotechnology
is the field in which the discoveries made at thaascale are put to work. The applications
of nanotechnology will not only boost the compeétiess of industry but could also create
new products that will make positive changes inlithes of citizens (Bhat, 2003; Booker and
Boysen, 2005; European commission 2004a; NNI, 2@b€go, 2008). On the other hand
nanobiotechnology involves bridging the gap betwemmimate and animate nature, where
researchers learn from biology to create new mmeeescale devices to better understand
life processes at the nanoscale. It thus aimsnaenstanding the basic principles of
biological functional units as well as creatingrertely small elements at nanoscale in a

controlled way with technical materials and intega (Harper, 2003; Hunt, 2004).

The focus on nanoscale sized particles has peaki ilast decade as the properties
of materials at nanoscale can have some unexpditecences from their bulk form. These
differences can be due to an increase in relatiase area and an increase in the dominance
of quantum effects. These changes can cause ttexiats to become harder or lighter or
more durable (Booker and Boysen, 2005; NNI, 2006 8nd Xia, 2002). In some cases,
simply making things smaller changes their opticalkectronic or magnetic properties.
Nanotechnology is not about only shrinking, butalsndamentally changing the internal

structure of compounds.



1.2. Nanofabrication methods

The most commonly used approaches to create ndaasederials can be divided into two
categories: top-down and bottom-up constructionl\{®02006; Johans, 2003; Mijatovet

al., 2005). The bottom-up approach is used to créda@tegs by manipulating atoms or
molecules, while the top-down approaches invohkenta larger objects and making them
smaller and smaller until the required size is gt by using machining and etching

techniques.

The most common method for top-down nanofabricationlithography. This
technology is used to manufacture computer chipb \ariually all other microelectronic
systems. Materials can be reduced to about telometers in scale and can be mass
produced. These processes are very expensivguttifand they require defect-free, flat
surfaces (Whitesides and Love, 2001; Williams adams, 2007).

During bottom-up manufacturing, atoms and molecude#e used to build up
nanostructures by carefully controlled chemicalctiems. Using these manufacturing
methods nanostructures with dimensions between amaw ten nanometers can be made
inexpensively. Two of the most common bottom-upthods are those used to make
nanotubes and quantum dots (Mijatogical, 2005; Whitesides and Love, 2001). Although
these processes are less expensive than the tapmeesses, resulting nanostructures are
randomly positioned unless combined with a top-donathod and is, as yet, not suitable for
nanofluidic devices as their function is more mafian patterning than on dimensions.
Longer, better controlled and interconnected stmest could be achieved by combining top-

down and bottom-up technologies.

1.3. Nanoparticle categorising

Single molecules and endless bulk systems are dutidlg make up nanostructure systems.
Individual nanostructures entail clusters, nanoglad, nanocrystals, quantum dots,
nanowires and nanotubes, while compilations of sanotures involve arrays, assemblies,
and superlattices of individual nanostructures.tirBly new and novel means to investigate

structures and systems form part of the emergielgl fof nanotechnology. In addition to



well-established techniques of crystallography arahsmission electron microscopy and
spectroscopy, the modern methods of scanning paobletunneling spectroscopies and of
extended X-ray adsorption fine structure synchrotradiation spectroscopy have provided
powerful tools for the characterization of nanostinnes (Aitkenet al, 2004; Jortner and

Rao, 2002). A useful basis for characterizing manticles is based on particle morphology

and composition.

1.3.1. Nanotubes

Nanotubes are a particularly novel form of nanaplad that are generating considerable
interest. Carbon nanotubes (CNT) were first isnlaand characterized by lijima in 1991
when he was studying the material deposited orcdlteode during arc-evaporation synthesis
of the fullerenes (Teet al, 2004). CNT are essentially graphite sheet®dollp to form
hollow tubes with diameters ranging from 0.4 to m®0and lengths in the range of several
micrometers to millimeters. Their structure is i&mto fullerene; but while the fullerene's
molecules form a spherical shape, nanotubes aireddgial structures with the ends covered
by half a fullerene molecule. There are two typésarbon nanotubes, namely single- and
multiwalled nanotubes (Figure 1.1). Single wallehotubes (SWNT) consist of a single
layer of carbon atoms that wraps around to forreardess tube which may be open at both
ends or capped at one or both ends. Multiwallesotloes (MWNT) consist of multiple
graphene layers telescoped about one another. sifigée-walled variety has been most
studied in terms of its physical and electricalganies, because its behaviour is more easily
predicted in this form (Theodore and Kunz, 2005;\\2004).

Nanotubes are molecularly perfect, which leads h@irtextraordinary properties,
especially strength and flexibility. They also #xhhigh conductivity, high surface area and
potentially high molecular adsorption capacity. eifhelectrical properties are also very
different and they can be excellent conductors, is@mluctors, as well as insulators
depending on their structure. CNT can be applredeveral probable areas such as energy
storage, molecular electronics, fibres and fabgesalysts as well as in the biomedical field
(Silberglitt, 2004; Theodore and Kunz, 2005).
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Figure 1.1 TEM images of (A) SWNT (B) bundle oN$¥/and (C) MWNT. (Taken from
GTIR Nanotechnology Lab).

Fabrication of nanotubes are not difficult as they found in common environments such as
the flame of a candle, but the difficulty lies iantrolling the size, orientation and structure,

so they can be used for technological tasks. Timhesis of CNT can be performed by

different kinds of techniques, which include ar@pwration, chemical vapour deposition,

laser ablation and sputtering (K6hler and Fritzs@084; Wolf, 2004).

1.3.2. Nanowires

Nanowires are less than 100 nanometers in diaraatecan be as small as three nanometers.
Typically nanowires are more than 1000 times lorthan their diameter and composed of
either metals or semiconductors. Semiconductoowaes are one-dimensional structures,
with unique electrical and optical properties ahdvg promise for use in applications such as
memory devices, transistors, quantum devices, tguvenics, field-emitters, photon
ballistic waveguides and biomolecular nanosendBo®Ker and Boysen, 2005; Takayanagi
et al.,2001).

Nanowires are not observed spontaneously in nauack must be produced in a
laboratory through either suspension or depositiénsuspended nanowire is created in a
vacuum chamber, made by chemically etching a bigges, by blasting a larger wire with

high energy patrticles, or by pushing a nanoprobp’sito the soft surface of a partly melted



metal and pulling it back to get a nanowire. Oa tther hand deposited nanowires are
created using the Vapor-Liquid-Solid (VLS) syntlsesiethod. This technique uses either
ablated particles or a gas as source material. Sthece is exposed to a catalyst and
deposited onto a substrate. This process prodirgetalline nanowires for semiconductor

components (Williams and Adams, 2007).

1.3.3. Nanocrystals, clusters and particles

Nanomaterials with at least one dimensiri00Onm and which are single-crystalline are
often referred to as nanocrystals. They are bigigen molecules, but not as big as bulk
matter. Although nanocrystals’ physical and chenaharacteristics change, one of their big
advantages over larger materials is that their amesurface can be precisely controlled and
properties such as melting point and charge condiyccan be modified (Williams and
Adams, 2007).

Nanoclusters have at least one dimension betweenaad ten nanometers and a
narrow size distribution. They are of particulaterest in materials science, catalysis and
other fields of applied sciences such as nanoelgics. Nanoclusters can be distinguished
from nanoparticles based on size. Nanoclustersistsnof up to several hundred atoms, but
when the number increases td d® more atoms they are called nanoparticles. Werotvay
to differentiate between the two is to look at thproperties. For nanoclusters each
constituting atom can affect the properties in gnisicant and unique fashion, while for
nanoparticles their properties gradually approalcbse of bulk materials or extended

surfaces, i.e. are scalable with size (Bromely, 9200

1.3.4. Quantum dots

Quantum dots are tiny semiconductor nanocrystasgdlow when stimulated by an external
source such as ultraviolet light. The number aneg included in the quantum dot
determines the size, which in turn, determinesctileur of light emitted. Quantum dots are
formed of various materials, currently the most ownly used materials include zinc

sulphide, lead sulphide, cadmium selenide and mgihosphide. When energy is applied to



a quantum dot, electrons are energised and maadigher level. When the electron returns
to its lower and stable state, this additional gpas emitted as light corresponding to a
particular frequency. The frequency or colouright given off is not related to the material

used in the quantum dot, but by the size of thentyuma dot. Large quantum dots produce
light with a long wavelength and small quantum datsduce light with small wavelengths

(Figure 1.2) [Booker and Boysen, 2005; Williams #&athms, 2007].

Quantum dots can be manufactured by a number cepses from colloidal synthesis
to chemical vapour deposition (CVD). The cheapmastl simplest method is benchtop
colloidal synthesis. Electrochemical techniqued &VD can be used to create ordered
arrays of quantum dots on a substrate materiaan@un dots show promise for use in a wide
range of applications from the quantum computerheffuture to medical applications, high

resolution television screens and household lighfBooker and Boysen, 2005).

Figure 1.2 Quantum dots showing a change in colith an increase in size. (Taken

from Aerospace concepts Pty Ltd).



1.4. Focus areas and applications

Nanoscience can infuse virtually all technologisattors. It often merges different areas of
science and benefits from an interdisciplinary apph and is expected to lead to new
innovations. Nanotechnologies are gaining in conecmmkapplication and some sectors that
have been receiving a great deal of attention amdeynto develop and use new applications
for nanostructured materials are the electronicgmatic, optoelectronic, medical, energy,

catalytic and food and environmental sectors (B2@D3; European Commission, 2004b)

1.4.1. Security

Nanotechnology has great importance in the fieldasfurity as it arms the war fighter with
advanced technology to facilitate better force grtion. One of the elements is the ability to
identify friendly combat entities by means of Comlalentification (CID). Warfare results in
unforeseen and unintentional death or injury terfdly personnel which can be eliminated by
the use of CID. CID technologies can be dividetb iseveral groups which include: (a)
Passive signalling devices, such as infrared pamat tape, identification panels and smoke
markers. Infrared paint and tape can be visualmedsing both image intensification and
thermal imaging. The nature of the tape and gaiowides flexibility of application and it is
relatively inexpensive; (b) Active signalling deegwhich emit electromagnetic energy such
as infrared beacons and chemical lights. Chentiglals come in a variety of visible colours
and infrared spectrums, which are visible througghinvision equipment (Nightmarker,
2008); (c) Interrogation / response systems thablenpositive identification through the
process of query and response (Beyal, 2005; Evident Technologies, Inc, 2008).

1.4.2. Medical applications

The intersection of nanotechnology with life sciemichas the potential to revolutionize
medicine and health care. The present era of aahoblogy has reached a stage where
scientists can create programmable and externadiytralable materials and devices
designed to interact with the body at sub-cellldels with a high degree of specificity.

This could be potentially translated into targeteellular and tissue-specific clinical



applications aimed at maximal therapeutic effedth wery limited adverse-effects. Some

examples can be pharmacytes, microbivores, chrooys and respirocytes.

EQUATOR

Figure 1.3 Equatorial cutaway view of a respiraeyiTaken from Freitas, 1998).

For example: Respirocytes are artificial oxygenriees, with a diameter of one micron,
which floats along in the blood stream. These asicopic pressure tanks are made mostly of
carbon atoms arranged as a diamond in a poroicelattucture inside a spherical shell. The
tanks can safely be charged to 1000 atmospherebeapdmped full of oxygen and carbon
dioxide (Figure 1.3). Respirocytes have molecplamps on their surfaces that load and
unload gasses from the pressurized tanks whichldesto deliver 236 times more oxygen to
tissues per unit volume than natural red bloodscgireitas, 1998; Shanthi and Musunuri,
2007).

Primary applications will include transfusable ldagubstitution; partial treatment for
anaemia, lung disorders, enhancement of cardiolasouneurovascular procedures, tumour
therapies and diagnostics; prevention of asphyiéijcial breathing; and a variety of uses in

sports, veterinary, battlefield as well as othersus



1.4.3. Information technologies

Informatics includes hardware, design and modellisgating to large-scale integrated
electronics and, information and communicationfitetogy. Technologies in this area are
at the forefront of nanotechnology’s commercial@at Progressive miniaturization of

materials continues to be the trait of the eledt®nand microelectronics industry.

Techniques such as soft lithography and bottom-ppraaches to produce nanoscale
components by self-assembly could produce cheapeHactive microscale circuits (Taylor,

2002).

In the long term, the realization of molecular dorbolecular nanoelectronics,
spintronics and quantum computing could open up aegnues beyond current computer
technology. A number of applications which ill@# the potential for nanotechnology in
informatics are photonic crystals and photonic gr¢ed circuits, quantum information
processing and quantum structure electronic devidasmicroelectronics applications, the
use of nanoscaled powders of precious metals pFeviignificant advantages during the
production of smaller and smaller electronics dgtecwith decreasing layer thickness, and
such an approach can also reduce the overall cqrisamof precious metals (Theodore and
Kunz, 2005).

A novel way to store information is by using coldithography. Customarily the
binary code (1 and 0) is used for information ggeravhere a transition between 1 and 0 or 0
and 1, define the amount of information that carstoeed and retrieved. This technology is
limited by the fact that a transition cannot représwo bits or more and has led to the search
for alternative methods to store and retrieve imfation. Talla and co-workers (2008)
introduced a new scheme for storage of informatieimg lithography in colour, which is
based on the hypothesis that each imprinted featutelour can represent two or more bits
as opposed to the single bit of conventional methothere are four colours (red, green, blue
and black) that can be used in a coding schemewdan be made more efficient when the
colour coding of bit pairs are incorporated. Tb@n be done by analysing a sequence of
1000 bits for the frequency of occurrence of déferbit pairs, and depending on how the
colours are allotted there can be 24 different nmaggp(Figure 1.4). They also showed that
this technology have superior performance in teahformation storage capacity when

compared to CD and DVD technologies.
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Figure 1.4 Schematic representation of the assegirof colour bit pairs based on their

frequency of occurrence. (Taken from Taital, 2008).

1.4.4. Energy production and storage

As the world’s fossil fuel resources dwindle, preait implementation of alternative energy
systems is becoming increasingly important andctivecerns with climate change have lead
many to look towards the field of nanotechnologytfe potential to deliver new, sustainable
and environmentally friendly methods of providingeegy solutions. Energy saving are
anticipatedvia nanotechnological developments that lead to imguomsulation, transport
and efficient lighting. Energy production and sige can benefit from novel fuel cells or
lightweight nanostructured solids that have theepti&l for efficient hydrogen storage (US
DOE, 2002; Weston and Matcham, 2002).

Fuel cells will most likely be the energy sourcetlod future, for vehicles, local off-
grid power supply, and power sources for small laaddheld electronic devices. Fuel cells
are at the interface between energy and materiatsuse of their advanced materials
requirements and nanomaterials will be importantcatalysts and key components of
hydrogen storage systems. In addition, fuel @aksa clean technology, and the stack design
makes it possible to add extra cells for more povi@ecessary (Bluret al.,2005; US DOE,
2000; Weston and Matcham, 2002).

10
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Figure 1.5 Schematic presentation of a PEM fudll@geration. (Taken from Furman’s

Energy Options).

A fuel cell is an electrochemical conversion devick produces electricity from various
external quantities of fuel and an oxidant. It caitize the hydrogen from any hydrocarbon
fuel - from natural gas to methanol, and even gasollt will produce electricity and heat as
long as hydrogen is supplied. A fuel cell consadt$wo electrodes, an anode and a cathode
electrode sandwiched around an electrolyte. Alystt@auses the hydrogen atoms to split
into protons and electrons (Figure 1.5). The et&xst go through an external circuit, creating
a flow of electricity, while the protons migrateadhigh the electrolyte to the cathode where it
reacts with oxygen, which is fed to the cathodertoduce water and heat (Shuldaal.,
2004; Srinivasan , 2006; US DOE, 2000).

1.4.5. Food industry

Nanotechnology in the food industry can take a remds forms. These include the use of
nanotechnology in packaging materials, farming ficas, food processing and also in the
foods themselves. Nanofood can be described asifioohich nanotechnological techniques

or tools are used during cultivation, productionpgessing or packaging. One vision of

11



nanotechnology is the manipulation of the molecaled atoms of food to design food with
much more capability, lower costs and greater swadity than at present (Traver, 2006).

Applications of nanotechnology to food manufactgrimclude antibacterial work
surfaces, filters that can extract toxins and parigathat provides a better barrier against
contamination, or can signal when its contentssargling, by changing colour. The use of
nanotechnology in food packaging is already a conptaxe reality and can be separated
into two types: active packaging and smart paclqgiActive packaging includes materials
that constantly provide a certain feature like ptog oxygen from spoiling food, while smart
packaging reacts to changes in the environment sscto indicate food spoilage. This
recognition can be through nanosensors which seddgtattaches to any number of food
pathogens. These nanosensors can be detectednigyeither infrared light or magnetic
particles (Doyle, 2006; Covered, 2004). Packagray uses nanotechnology include plastic
beer bottles made with nanocomposite materialstipldilms that increase shelf life and

antimicrobial or antifungal packaging.

1.4.6. Commercial applications

Companies such as British Biocell International [@Brnational), NanoArmor and
PlasmaChem are already selling nano-products withragety of uses in all fields.
BBInternational manufactures and sells gold angesitolloids which are widely regarded
within the Diagnostic and Research industries as'@old Standard", due to their spherical
nature, monodispersity and stringent size spetifica. These properties make the colloids
ideal for use in applications where consistent ehapd scale is vital. They also offer
assistance on several applications such as, adwitiee optimum size of gold colloid to use
in the application of your choice. They help wiltle selection of antibodies for conjugation
and capture of the material, as well as the seleaf an appropriate final storage buffer for

the conjugates (BBl website).
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1.5. Production of nanoparticles

Nanoparticles are very important materials for iempénting nanotechnology in diverse areas
and are abundant in nature as living organismsab@eat a nanoscale. As nanoparticles
exhibit interesting size- and shape-dependent palyand chemical properties, the synthesis
of uniform nanoparticles with controlled sizes astapes is of great importance.
Nanoparticles are the end products of a wide wamétphysical, chemical and biological
processes, some of which are novel and radicafferdnt and others of which are quite
commonplace (Aitken, 2004; Doyle, 2006; Johans,3200Particle production can occur

either as part of the top-down or bottom-up proesss

1.5.1. Chemical processes

The most common approaches to synthesizing nancparare chemical processes based on
transformations in solution. Sol-gel processinyDC plasma or flame spraying synthesis,
laser pyrolysis and atomic or molecular condengadie a few methods used for producing
nanoscaled particles from various materials. Thekemical processes rely on the
availability of appropriate metal-organic molecugsssprecursors (Theodore and Kunz, 2005).
The primary disadvantages of these techniquesigihedperating temperatures and pressures,
use of organic solvents, potential lack of scaigbdnd the limited control over crystalline
dispersion (Mukherjeet al.,2001).

Sol-gel processing is a wet-chemical method andemif from other chemical
processes as nanoscale materials can be synthesiled temperatures in direct contrast to
the competing high temperature methods (Luther,4200heodore and Kunz, 2005).
Precursors used for sol-gel processing can followe of two main routes, namely the
inorganic and metal-organic routes. The inorgamitte uses metal salts in agueous solutions
as raw materials, while the metal-organic routeucedn organic solvents and uses metal
alkoxides as starting materials. The process stmsif sol formation followed by gelling,

shape forming, drying and densification.

In addition to sol-gel processing, CVD has alsorbased to produce nanoparticles
from a variety of materials. During CVD the stagimaterial is vaporized in a reaction

chamber by activating a chemical reaction. Thei@amgasses, containing the desired
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compound flow over the heated surface onto whiehstblid is to be deposited. The heated
surface allows for decomposition of the carriersggsand for the mobility of the deposited
atoms on the surface. This mobility helps to pomda highly ordered crystalline deposit
(Wolf, 2004; Kohler and Fritzsche, 2004).

1.5.2. Biological processes

A variety of starting material has been employed tbe biological production of
nanoparticles using biomass obtained from plants saveral microbial species (Gardea-
Torresdey, 2002 and 2003; Sasttyal., 2003; Shankaet al., 2004; Williamset al., 1996a
and 1996b). Although microorganisms have been usebioremediation technologies
because of their ability to detoxify an environmbyptreduction of the metal, it has only been
of late that they were considered useful as eemdily nanofactories. Many single-celled
organisms can produce mineral structures from smgirgmaterials either intracellularly or
extracellularly. Some examples include the magdaetit bacteria which synthesizes
magnetite or greigite, diatoms which synthesizésesius materials and the S-layer bacteria
which have gypsum and calcium carbonate surfacerdayKlaus-Joergeet al., 2001,
Sarikaya, 1999).

Magnetotactic bacteria synthesize nano-sized magnetystals that are highly
consistent in size and morphology within bactesiécies, each particle is surrounded by a
thin organic membrane and is known as a magnetasdrne formation of magnetosomes is
achieved by a biological mechanism that controls #tcumulation of iron and the
biomineralization of magnetic crystals (BazylinskB99; Matsunagat al., 2007; Schiiler,
1999). Magnetosomes are arranged in one or ma@@s;hwhich confers a magnetic dipole
moment to the organism causing it to align and swalong geomagnetic field lines.
Examples of the morphologies of these particlesshoavn in Figure 1.6. These bacteria use
megnetotaxis to migrate to environments more faafolerto their survival. The synthesis of
magnetic nanoparticles by a biological process @esnadvantages in terms of controlling
crystal growth and structural properties. Thesetiglas could have applications in
immunoassay and receptor binding assays, cell sgpatreatments, and could also be used

as magnetic probes and as drug delivery systems.
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Figure 1.6 Electron micrographs of various magsetmes. (Taken from Schuler, 1999).

In the last decade more microorganisms have beemtifiéd with the ability to produce
inorganic particles. Most of these microorganisuese screened for the ability to produce
metal particles with the noble metals gold (Ahnedal., 2003b and 2003c; Reyes al.,
2009), silver (Ahmactt al, 2003a; Maliszewskat al.2009; Vigneshwaraat al.,2007) and
platinum (Konishiet al.,2007) having received the most attention. Anothetal which has
received attention is cadmium (Ahmetal, 2002; Baiet al.,2009).

From the information supplied in this chaptesitlear that nanoparticles are of great
scientific interest as they bridge the gap betwkelk materials and atomic or molecular
structures. A bulk material has constant physpcaperties regardless of its size, but at the
nanoscale this is often not the case. A varietycledmical and physical procedures is
available for synthesis of metallic nanoparticleldowever, these methods are filled with

many problems including use of toxic solvents, gatien of hazardous by-products, and
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high energy consumption. Accordingly, there iseagential need to develop environmentally
friendly procedures for synthesis of metallic naatiples and a promising approach to

achieve this objective is to exploit the range iofdgical resources available in nature.
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CHAPTER 2

2. INTRODUCTION TO PRESENT STUDY

2.1. Introduction

Nanotechnologists seek to produce and explore fipdications of both novel and some
natural nanomaterials in larger quantities and iwith more consistent size range. The
nanomaterial is then used to develop materialsuB® in new devices, components and
products which will make positive changes in theedi of citizens (Bhat, 2003; Silberglitt,
2004). Numerous techniques are used to fabricHezeht nanomaterials. Nanoparticles can
be produced from larger structures (top-down) bg o$ ultrafine grinders, lasers, and
vaporization followed by cooling. For complex pelgs, nanotechnologists generally prefer
to synthesize nanostructures by a bottom-up apprdgc arranging molecules to form

complex structures with new and useful propertizsye, 2006).

Gold particles at nanoscale have a wide varietysafs since the material properties
thereof differ from that of the bulk form. Thes#fefences can be due to an increase in
relative surface area or in the dominance of quandédfects (Hunt, 2004; Sun and Xia,
2002). The unique properties of gold at nanosealts in the application thereof in diverse
areas such as electronics, catalysis, colours aatings, as well as the biomedical sector
(Corti et al., 2004). The usual strategy to prepare nanopastioleolves the reduction of a
gold salt in solution by various reducing agentthie presence of a stabilizer. Nanoparticles
produced by chemical, biological and physical mdganclude nanocubes, nanorods /

nanowires, nanodisks and nanotriangles / nanoprisms

There are several chemical and physical methodthéoproduction of nanoparticles
(Aitken, 2004; Doyle, 2006; Johans, 2003), buteheme evidence of the harmfulness of these
methods on the environment. There is thus a g@weed to develop clean, non-toxic and
eco-friendly (“green chemistry”) procedures for #ynthesis and assembly of nanopatrticles.
The potential of bio-organisms ranges from simpiekaryotic bacterial cells to eukaryotic

fungi and even live plants. It has been shown tia@ioparticles can be synthesized utilizing
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these biological agents (Ahmaat al., 2003; Armendarizet al, 2004; Bhattacharya and
Gupta, 2005; Sharmet al.,2007).

Microorganisms such as fungi have been found tduyme nanoparticles of different
shapes and sizes, and the microbial interaction mitals also supply eco-friendly methods
for nanoparticle production (Ahmaat al.,2002; Maliszewskat al.,2009; Mukherjeet al.,
2002; Sastnet al.,2003; Vigneshwaraat al, 2007). For tailor-made nanoparticle synthesis,
the possibility of optimizing specific size and pbathereof has been demonstrated.
Temperature, pH or other conditions were varied setific shapes of gold nanoparticles
obtained (Armendariet al., 2004; Gericke and Pinches, 2006; Kaskéfal., 2001). No

reaction has a yet resulted in uniform particlelsgracesses hint towards a degree of control.

Many microorganisms that inhabit the earth's caustl soils bring about several
biochemical and geochemical reactions. They erteourarious metals and metalloids in
their environments which can be enzymatically om-eozymatically concentrated or
dispersed (Ehrlich, 1997). Many of these metals be used by microbes as an energy
source by converting the ions from one electri¢datesto another (Spain, 2003); however
some microbes can reduce metal ions without comserenergy from the reactions
(Summers and Sugarman, 1974). These reductiotioescan then serve as a means to

concentrate metals into what ultimately becomedegosits.

Morphological evidence that bacteria are involwedhie formation of placer gold was
obtained by Watterson (1991). Upon the examinatioplacer gold by means of scanning
electron microscopy mineralized spheres the sizéaufteria were observed. Additional
experimentation by Southam and Beveridge (1994;6198d them to hypothesize that
bacterial organics, mediate the formation of ciis& octahedral gold, as it was found that
sulphur and phosphate were major components ofyttheé minerals examined. In 2006,
Reith and co-workers extracted DNA from gold grain€€omposition of the bacterial
communities located on gold grains indicated a iggecommon to all extracts. This
bacterium was identified aRalstonia metallidurangnd it was shown that this bacterium
could actively precipitate gold and survive in gelthcentrations that is toxic to most other
microorganisms. These findings suggest that masoare involved in the geomicrobial
cycling of gold. Recently more evidence was caddcwhich indicated that microbiota is
actively involved in the cycling of gold in the éronment (Reithet al.,2009). Gold grains

collected from Queensland, Australia, showed thatrabial biomass consisting of carbon,
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nitrogen and oxygen were associated with the gmthg. Associated with the biofilms was
nanoparticulate gold which resembled gold nanogesiproduced in the laboratory when

Cupriavidus metallidurancevas exposed to gold.

In the past decade several research groups haneabteely studying the interaction
of biological biomass with gold, silver and otheetals. Most of the data was obtained by
using intact or cell-free extracts to facilitatetaleeduction and nanoparticle synthesis. Very
few studies have been conducted on purified prstaimd thus little is known about the
biological mechanisms involved in gold(lll) redwatiand metal nanoparticle production, but
speculation about possible mechanisms have beea (Dastanet al., 2005; Heet al., 2007,
Nangiaet al., 2009). Theory centres around the oxido-reductegetions which can either
reduce or oxidize metals depending on whether tamlnacts as electron acceptor or donor.
Kumar and co-workers (2007) showed that a nitra@uctase purified fronfFusarium
oxysporummediated the production of silver nanoparticleewNADPH was added to the
protein mixture. A possible mechanism for gold(lteduction was proposed (H# al.,
2007) which involves the electron shuttling duriagzymatic metal reduction processes
where NADH donates an electron which is used byNA®H-dependent reductase to reduce
gold(lll).

2.2. The aims of this study were to:

1. Screen bacterial isolates for the ability to redugeld(lll) with subsequent

nanoparticle formation.

2. Evaluate the effect of varying physico-chemicalgpaeters on nanoparticle formation

using intact biomass.

3. Purify and identify the protein(s) involved in g@id) reduction and nanoparticle

formation.

4. Characterize the purified protein(s) directly resgible for gold(lll) reduction and
nanoparticle formation by varying the physico-chemhparameters (pH; temperature;

gold salt concentrations; reaction time).

5. Heterologously express the purified protein infesophile Escherichia coli.
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6. Characterize the recombinant proteins with respecgold reducing activity and
nanoparticle formation as well as evaluating tHeatfof environmental parameters
(pH; temperature; gold salt concentrations; reactiime; sodium dithionite

concentrations) on particle formation.
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CHAPTER 3

3. GOLD REDUCTION AND NANOPARTICLE FORMATION BY BACTER IA
ISOLATED FROM SOUTH AFRICAN MINES

3.1. Introduction

Generally speaking, a metal is a material with higfiectivity and conductivity that can
usually be deformed plastically. A metal reflelight like a mirror unless the surface has
been corroded. The term metal also refers to te&liit elements even when these are
combined with other elements to form non-metallienpounds such as salts and oxides.
Metals will display different characteristics dedam@ on various physico-chemical
parameters. Metals can combine in almost any ptigpooffering a vast range of alloys
which generally show all the characteristics of etahand are therefore regarded as metals
(Hillert, 1997).

Microorganisms require certain metallic elements fgrowth and function.
Essentially, they function as catalysts for biocleinreactions; they stabilize proteins and
bacterial cell walls, and serve in maintaining osmbalance (Hughes and Poole, 1991).
These metallic elements include the bulk elemeatagsium and magnesium, as well as the
trace elements such as manganese, iron, copperaathmolybdenum. Even though some
metals are essential trace elements, at high ctratiens most can be toxic to all branches of
life, including microbes, by forming complex compaolg within the cell (Nies, 1999).
Heavy-metal cations, such as #gCdf* and Ad are such toxic complex-formers that they

are too dangerous for any biological function.

3.1.1. Metal-microbe interactions

Since some environments (volcanic soils, deep-seatsy naturally contain high
concentrations of toxic metals, microbes have begosed to such materials long before
mankind began increasing local concentrations tjftomdustrial activity. Microbes have

evolved several mechanisms to tolerate the presehoeetals, i.e. efflux, complexation or
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reduction of metal ions both assimilatory and dislsitory. Because the intake and
subsequent efflux of metal ions by microbes usualktyudes a redox reaction involving the
metal, bacteria that are resistant to, and grownetals also play an important role in the
biogeochemical cycling of those metal ions (Ahmanal, 1994; Ehrlich, 1997; Gadd, 2001;
Spain, 2003).

Microorganisms can reduce a variety of metals italmaic processes that are not related to
metal assimilation by using a variety of proteil®me microorganisms can conserve energy
to support growth by coupling the oxidation of sleprganic acids and alcohols or hydrogen
to the reduction of certain metals (Lovley, 1993;illdms and Silver, 1984).
Microorganisms that use metals as terminal electooeptors, or reduce metals as a
detoxification mechanism play an important rolehia cycling of both organic and inorganic
species in a variety of environments, including aigu sediments, submerged soils and

terrestrial subsurface.

Besides metal reduction reactions microorganisias iiteract with elements in
various other ways which could lead to particlenfation. These particles can either be
associated with the biomass or separate from th@dss. Formation of these products can
be described by biomineralization processes. HEx¢ section will discuss these processes in

more detail.

3.2. Biomineralization processes

Organisms are capable of forming a diverse arragniokerals. When organisms convert a
substance from an organic to an inorganic substatiee process is known as
biomineralization. It is a widespread phenomerand the minerals formed are deposited at
many different locations both inside and outsid¢hefcell (Frankel and Mann, 1994; Weiner
and Lowenstam, 1989). Biomineralization can beadéi@ into two fundamentally different
processes, namely biological induced mineralizati@iM) and biological organized

biomineralization (BOB) [Lowenstam, 1981].

BIM is induced by the organisms as a result oériattion between biologically
produced metabolites and cations in the environmeéut organism thus modifies its local

microenvironment in such a way as to favour mineatibn. Mineral particles without
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unique morphology and with a broad particle sizgriiution are formed as the organism has
no control over the crystallization process as ftilsisan unintentional and uncontrolled
sequences of mineral deposition (Frankel and Bagkij 2003; Lowenstam, 1981; Weiner
and Lowenstam, 1989). During BOB, minerals arevgrin a pre-formed organic structural
framework which allows for greater control over tigcleation and growth of minerals as
opposed to the mineral formed by the BIM pathwayese mineral particles are structurally
well-ordered with a narrow size distribution. dtthought that this process is under metabolic
and genetic control as the intra-vesicular cond#tiare controlled by the organism which
make mineral formation less sensitive to externalirenmental parameters. Minerals
formed at a particular site may have several difiefates. The mineral may be retained in
the same location or transported to other sitese¢ed, dissolved and replaced continuously,
periodically or occasionally (Bazylinski and Frahk@003; Frankel and Mann, 1994;
Lowenstam, 1981; Veis, 2003).

As BOB processes require the cell structure to maiiee the substances, it can be
described as occurring extra-, intra- or interdatly. BOB is characterized as such based on
the location of the mineralization site within thell structure. In extracellular mineralization
a framework is produced by the cell which consisdifferent macromolecules, such as
proteins, polysaccharides or glycoproteins. Thatrim becomes the site of mineralization
(Weiner and Dove, 2003). Intracellular mineraiiaat occurs within sealed membrane-
enclosed compartments (vesicles). These vesides Belected permeability to certain
metals ions and molecules and direct the nucleaifoniominerals within the cell. After
mineralization the vesicles containing the mineedi products may remain inside the cell or
be transported out of the cell or elsewhere inci#le(Mann, 2006; Weiner and Dove, 2003).
The intercellular mineralization process is not eggread and occurs between cells in a
community. During mineralization the cell envelopkethe cells are used as the organic
substrate for nucleation and at first glance thightnappear to be a type of BIM but it has
been shown that the individual organism directsgblymorph and shape of the biomineral
formed (Weiner and Dove, 2003).

Biologically induced and biologically controlled glesition of magnetic iron minerals
by bacteria has been recognized for some time ndwWagnetotactic bacteria contain
intracellular chains of single magnetite crystalsickh are bound to the membrane. The

magnetite crystals are held in place by an elongslteath of organic material and help the
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organism to migrate in a magnetic field (Franked &azylinski, 1994; Schuler, 1999). Non-
magnetotactic dissimilatory iron-reducing and salehreducing bacteria produce magnetite,
siderite, vivianite, and iron-sulfides by BIM prases. These bacteria export ferrous ions
and sulphide ions into the environment inducingftrenation of these minerals (Coketral.,
2006; Frankel and Bazylinski, 2000).

3.2.1. Geochemistry of gold

Gold is one of the rarest elements in the earthistc ranging at about 3-6 ppb and with
concentrations between 5 and 50 ppt in seawateN(Myg, 1994). It is widely distributed
and occurs as nuggets or grains in rocks, in vamsalluvial deposits. It can be found in
nature either as a free metal or in tellurides.ld@e one of the least reactive metals; it is
stable in air under normal conditions, but can backed by and dissolved in alkaline
solutions of sodium cyanide. It can also be disstlin a mixture of acids to from
chloroauric acid (Kerrich, 1999). Chemically gadda transition metal and can form cations
and in its pure state it is a soft, ductile metahproved strength and durability is conveyed
by forming an alloy and it is a good conductor eihand electricity (Butterman and Amey,
2005).

Gold has a variety of applications in various f&lihcluding the biomedical (Del
Campo and Bruce, 2005), electronic (World Gold Gily2009a) and catalytic (World Gold
Council, 2009b) fields. It might be asked why g@dn ideal material for such a variety of
applications. One important material characterigsi its resistance to surface oxidation.
Another factor contributing to the wide array ofpégations is the change in optical
properties from the bulk form to the nanoscalehisTesults is a colour varying from red to

purple depending on the size of the particles (@bral.,2004).

3.2.2. Microbial interaction with gold

Microbial processes influence the mobilization,trlsition and speciation of many metals
and microorganisms which are exposed to pollutemtee environment, such as metal ions,

thus may have the ability to fight that metal ddréReithet al., 2006b). Recent evidence

32



suggests that some dissimilatory metal-reducingaoiganisms careductively precipitate
gold from solution (Kashefiet al., 2001) and it is believed that biological matenehs
involved in the formation of the Precambrian Witeratand deposits in South Africa (Dyer
et al.1988; Hallbaueet al., 1977; Schildlowski, 1965). More investigations ioated that
bacteria were also involved in the formation of #dan placer gold. Microscopic analysis of
Alaskan placer gold showed the presence of micrem&tzed spheroids and these did not
consist of solid gold (Watterson, 1991). Reith aodworkers (2006a) found that genetic
material on gold deposits which confirms the ineshent of microorganisms in gold
deposition processes (placer gold, grains or nsygekthe DNA of 30 different species was
associated with the gold of whicRalstonia metallidurancevas the only species not
observed in the surrounding sdi. metallidurancecan actively precipitate gold and survive
in concentrations that is toxic to most other micganisms. Very little experimentation has
been done on using microorganismsitu for gold immobilization, but several studiesian
vitro immobilization have been published (Southam aneeBdge, 1994 and 1996; Southam
et al.,2000).

3.2.2.1. Bacteria, Actinomycetes and Archaea

Gold recovery from waste products is essentialaddd  a very scares metal. Recovery is
possible by different leaching methods which inelsidreatment with cyanide. If bacteria
with the ability to solubilise gold or with the diby to produce low concentrations of cyanide
can be useth sity, it would lead to gold recovery without pollutiaf the environment with
excess cyanide. One such cyanide-producing banters Chromobacterium violaceum
Faramarzi and co-workers (2004) demonstrated thigyatf C. violaceunto solubilise gold
used in printed circuit boards, while Campbell atwworkers (2001) showed thal.
violaceumwere able to colonize on gold-covered surfacesvaasl able to solubilise gold
from gold ore concentrates, indicating the possjbtb use this bacterium fan situ gold

recovery.

Other than solubilising gold, bacteria and fungn edso selectively accumulate gold
via absorption onto their cell walls or via absa@ptinto the cell itself. These processes may
play an important role in the precipitation of gblg microorganisms (Reith, 2003). Some of

the bacteria, actinomycetes and archaea examinathwid the ability to accumulate gold
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include Bacillus subtilis (Nakajima, 2003; Southam and Beveridge, 19%®Heudomonas
maltophilia (Nakajima, 2003), P. auruginosa (Karthikeyan and Beveridge, 2002),
Rhodococcusp. (Ahmadet al., 2003b), Thermomonosporap. (Ahmadet al., 2003a) and

Shewanella algaéonishiet al.,2006).

There is no clear understanding of the mechanisnwhigh bacteria are able to
precipitate gold. Studies by Lengke and co-work2@96) showed that the cyanobacterium,
Plactonema boryanumreduces gold(lll) stepwise by first forming a gd)dspecies
intermediate on the cell wall, which is then defexsias metallic gold near the cell surfaces
or as a colloidal suspension. Earlier studies byekd and co-worker (1992) suggested that
bioaccumulation of gold iBacillus cereuss dependent on the presence of a proton gradient.
Gold accumulation was only possible in metabolitivaccells, and was dependent on fully

functioning ATPases located in the plasma membrane.

Microbial gold precipitation can be either assasmibtvith the cell or with the external
environment. Prokaryotic gold precipitation usyaltcurs as cell associated processes and
even though extracellular gold precipitation usprgkaryotes is a rare occurrence, some
have been identified with this abilityThermomonosporap. are actinomycetes which have
the ability to produce gold nanoparticles extradaly. WhenThermomonosporap. was
incubated in the presence of aqueous chloroaurts, igold nanoparticles with good
monodispersity were formed in the external medidlevthe cells remained colourless
(Ahmad et al., 2003a). A bacterium which can produce externdtl gamnoparticles is
Pseudomonas aeruginasa Bacterial cell supernatant was exposed to hyahotetra-
chloroaurate and well-dispersed particles with ze siange of 15-30nm were produced
(Husseinyet al.,2007). The effect of pH on the extracellular fatian of gold nanoparticles
has been illustrated by using the bact&fodopseudomonas capsulatd decrease in pH
resulted in the formation of nanoplates in additionthe spherical particles observed at a
higher pH. The nanoplates were predominantly grider in shape (Het al., 2007). An
example of bacteria which have the ability to ppéate gold intracellularly iShewanella
algae Gold was precipitated in the periplasmic spadg when the bacteria were incubated
in the presence of hydrogen, which leads to theragdon that a hydrogenase is involved in
the reduction and subsequent precipitation of gmid (Konishiet al.,2006). After exposure

of the actinomyceteRhodococcusp., to gold ions, gold nanoparticles were obskore the
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cell wall and cytoplasmic membrane. These pagiglere essentially spherical and fairly

monodisperse and had an average size of about (@mmadet al.,2003b).

Metal interaction with microorganisms are not res#d to microorganisms isolated
from metal rich environments as shown by Nair anddPep (2002) when they used
Lactobacillus strains isolated from buttermilk to form gold,veit and gold-silver alloy
particles. These metal particles were synthesimsile the cells after exposure to the
corresponding metal ions. Another means by whideroorganisms can be used to
precipitate gold is to use cell-free extracts @ thicroorganisms. When cell-free extracts
from Rhodopseudomonas capsulatas incubated with varying concentrations of golas
different morphologies of gold nanoparticles weyanfed. Lower concentrations resulted in
the formation of mainly spherical particles, whitégher concentrations resulted in the

formation of nanowires with a network structure @iel.,2008).

3.2.2.2. Yeast and Fungi

As opposed to prokaryotic gold reduction eukaryates precipitate gold both intracellularly
and extracellularly. Fungi secrete many compountgEh may influence the mobility of
metals (Gadd, 1999; Gadd and Sayer, 2000). Yedttsthe ability to interact with gold
include Candida utilis (Savvaidiset al., 1998; Tsuhuta, 2004)Debaryomyces hansenii
(Savvaidiset al., 1998; Tsuhuta, 2004) an8accharomyces cerevisig&aramushka and
Gadd, 1999; Liret al.,2005). Fungi with the ability to interact withlgancludeAspergillus
niger (Gomeset al., 1998; Xieet al., 2007), Fusariumoxysporum (Mukherjeet al., 2002)
andVerticillium sp.(Mukherjeeet al.,2001).

After exposure oiVerticllium sp.to gold ions, particles were observed within the
fungal cells, specifically on the cytoplasmic mear® and mycelia surfaces. No reduction
occurred in the external environment indicatingaoéllular reduction and precipitation of
the gold ions. The particles had an average dmmef about 20nm with good
monodispersity. The particles were mostly sphérna a few triangular and hexagonal
particles were produced (Mukherjet al., 2001). A mycelia-free spent medium of
Aspergillus nigemwas exposed to gold ions and it was found thabpariicles were formed
ranging from polydisperse small spheres to largagtes and hexagons. It was suggested

that the triangles and hexagons were flat and thegle-up 50% of the total particles
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produced. The triangles ranged from 50 to 200nrsize and were approximately 10 to
20nm thick (Xieet al.,2007). Gomes and co-workers (1998) indicatedAhatigermight be
used for the recovery of gold and silver from cygaacontaining solutions as it was possible
for the fungus to accumulate these metals from tiemisi containing high cyanide
concentrations. Fungi such Bssarium oxysporurhave the ability to produce extracellular
gold nanoparticles. When tite oxysporumbiomass was exposed to gold ions the external
solution turned purple while the biomass remainadhanged. The secreted proteins were
purified from solution and it was observed thatNekDH dependent reductase was involved
in the reduction of gold ions and the subsequam&bion of nanoparticles, as in the absence
of NADH no nanoparticles were formed (Mukherggeal.,2002). This fits with the proposed
mechanism by He and co-workers (2007) where thegidpte that a NADH dependent
reductase is involved in the reduction of gold(lll) When the effect of gold on
Saccharomyces cerevisiaggowth was evaluated it was found that an increiasgold
concentration causes a strong inhibitory effecthew gold concentrations increased above
0.2mM no growth occurred (Karamushka and Gadd, 19%%old particles accumulated in
the cell wall when waste biomass was used @tial.,2005) indicating that microorganisms

need not always be metabolically active to redwdd gnd produce nanopatrticles.

These metal-microbe interactions have already fowrd important role in
biotechnological applications. It is only in thestadecade that microorganisms have been

explored as potential biofactories for synthesimetallic nanoparticles (McNulty, 1994).
The aims of this chapter were:

1. Screen bacterial isolates for the ability to redgodd(lll) with subsequent

nanoparticle formation.

2. Evaluate the effect of varying physico-chemicalgpagters on nanoparticle

formation.
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3.3. Materials and methods

3.3.1. Bacterial isolation and enrichment

Most of the bacteria used in this study were isolads part of the Life in Extreme
Environment (NSF LEXEN site) and Research EducafmnUndergraduates (REU site)
projects. These projects have been yielding miatagolates since 1999. The bacteria were
isolated and enriched from soil, biofilm or watangples collected from South African mines
(Table 3.1). The bacteria were cultured in 5mirieat broth (Meat extract 1§ Yeast
extract 2g.1; Peptone 5g1 NaCl 8g.l") tubes at their respective isolation temperatures
ranging from 30 to 65°C. Cultures were incubatedZ4 to 48h where after the biomass
suspensions were plated on nutrient agar platese &ultures were obtained through sub-

culturing on nutrient agar plates.

Pure isolates were stored at -80°C using 15% gby@ex cryoprotectant. The isolates
were revived by inoculating 0.5ml culture into Smiltrient broth and incubating at the

isolation temperature for 24h.

Culture Isolation temperature Origin Clﬁure Isolation temperature QOrigin
Acinetobacte 3C UFS culture collectio UV 33 37 BHP®
Chryseomonas lutec 3C UFS culture collectio UV 35 37 Merriespruit’
Flavobacteriun 3C UFS culture collectio UV 36 37 BHP®
Micrococcus kristina 3C UFS culture collectio uv 37 37 Merriespruit’
Pseudomona

maltophilie 3C UFS culture collectio uv 23 45 BHP®
Pseudomona

alcaligene 3C UFS culture collectio UV 25 45 BHP®
Bacillus brevi 3C UFS culture collectio UV 29 45 BHP®
Erwinia sp 3C UFS culture collectio uv 31 45 BHP®
Staphylococcu

epidermidi: 37 UFS culture collectio uv 32 45 BHP®
Staphylococcu

chromogene 37 UFS culture collectio uv 34 45 BHP®
Bacillus badiu 37 UFS culture collectio uv 38 45 BHP®

UV 20 37 Evander UV 39 45 BHP®

uv 26 37 Merriespruit’ uv 41 45 BHP®

uv 27 37 Merriespruit’ uv 42 45 BHP®

uv 28 37 Merriespruit’ Uv 43 45 BHP®

uv 21 37 Kloof ' uv 44 45 BHP®

uve 37 Evander UV 45 45 BHP®

UV 10 37 Evander UV 46 45 BHP®

uvi1i 37 Evander uv 47 45 BHP®

uv 13 37 Gravelotte” Bacillus stereothermophili 45 UFS culture collectio
uv 14 37 Evander uv 22 45 BHP®

uv1s 37 Gravelotte® w2 55 Gravelotte*
uv 16 37 Evander uve 55 Gravelotte®
uv 17 37 Evander uvs 55 Gravelotte®
uv 18 37 Evander Thermus scotoductt SA-01 65 UFS culture collectic
uv 19 37 Gravelotte®

* Merriespruit and Evander are Harmony Gold Minidgmpany LTD mines * Gravelotte is a Gravelotte Mines Limited mine

" Kloof is a Goldfields Limited mine $ BHP is a BHP Biliton mine
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3.3.2. Screening of cultures for gold(lll) accumulation ard nanoparticle synthesis

Screening was conducted at the respective isoldédimperatures of the individual cultures.
Pure cultures were grown for 24 to 48h in test subentaining 5ml nutrient broth in shake
incubators (200rpm). The biomass was separated tine medium by centrifugation (5000
g; 10min) and washed three times with sterile pHgsjical salt water (FSO; 0.8%). The
biomass was standardized by resuspending the nezby®omass to a final Qg of 1.
Gold(lll) in the form of HAuC} was added to a final concentration of 0.5mM. Thetures
were then incubated at the respective temperatiomesl to 7 days, monitoring gold
nanoparticle accumulation daily. The accumulaama reduction of gold was followed by
visual observation of the mixture turning pink tarple, indicating the formation of gold
nanoparticles and indicate their relative sizeguyfé 3.1) [Webexhibits website; Lazarides
and Schatz, 2000)Viability of the cells was not evaluated but a eohtwvith autoclaved cells
was included. The control sample showed some @ldéduction and particle formation
but significantly less than for the active cellslar specific particles were observed by TEM
analysis.

[
| L s

Figure 3.1  The diameter of gold nanoparticles detiees the wavelengths of light
absorbed. The colours in this diagram illustratast effect. (Taken from Webexhibits
website.

Cultures that displayed positive nanoparticle farorawere subjected to a second round of
screening. Increased gold(lll) concentration wssduto differentiate between efficiency of

the cultures to reduce gold(lll). Cultures werevgn as described above and exposed to 0.5
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and 1mM gold(lll), these concentrations were chasgmost of the experiments conducted
by other groups incubated the biomass in gold@tijcentrations ranging from 0.1 to 1mM
(Ahmadet al.,2003a; Husseingt al.,2007; Heet al.,2008). Colour formation was followed

visually over time.

3.3.3. Assay development

Three colorimetric assays were evaluated for usieiarmining gold(lll) concentrations.

3.3.3.1. 5-(2-hydroxy-5-nitrophenylazo)rhodanine

Zaijun and co-worker§2003) designed and synthesized a reagent thad selgctively bind

to gold(lll) forming a stable yellow complex withaximum absorbance at 480nm. The 5-(2-
hydroxy-5-nitrophenylazo)rhodanine (HNAR) was sysized in our laboratory according to

the methods described by Zaijun and co-workers3p00he reagent (HNAR) however was

not stable and deteriorated rapidly. Several gitento stabilize the complex were

unsuccessful and this assay was discarded.

3.3.3.2. Association complex formation between Gold-Thiaminend Phloxine

Fujita and co-workers (1999) studied the colorimeeteaction of gold(lll) by utilizing an
association complex with an acidic dye and a ligafithe gold(lll) containing sample was
added to a solution containing 0.5% methylcelluldd@®1M thiamine, 0.001M phloxine B
and water. The mixture was incubated at 40°C fomihutes. After incubation, the solution
was cooled for 5 minutes in a water bath and ts®ddance read at 570nm against a reagent
blank. Triplicate values were used to construcstandard curve (Figure 3.2). When
constructing the standard curve with varying gaélyi@oncentrations (0.005 to 0.05mM) it
became increasingly clear that the assay was rmpbdacible as colour formation was
dependent on various factors, including the additoder of the reagents and the degree of

mixing after each addition. Also observed washtieak down of the colour-complex soon
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after formation. The colour-complex was stable dbout 5 minutes and even the reagent

blanks gave significant differences. This assay alzandoned.

0.2

A 570nm

0.1

0.0 T T T
0.00 0.01 0.02 0.03 0.04

Au concentration (mM)

Figure 3.2 Standard curve determination of the Rime B assay for gold(lll). Error

bars indicate standard deviations.

3.3.3.3. Ethopropazine hydrochloride method (EPH)
0.75
0.50
£
<
0.25
0.00 T T T
0.0 0.1 0.2 0.3 0.4
Au (111) mM

Figure 3.3 Standard curve determination of the [ptiopazine hydrochloride assay for

gold(lll). Error bars indicate standard deviations

40



A third assay method was explored (Melwaekial., 2002). This assay is based on the
oxidation of phenothiazines by gold(lll) to givedreadical cations absorbing maximally at
513nm. Two hundred microliter sample was adde80@l 10M phosphoric acid and 800D

distilled water, followed by the addition of 2d00.2% ethopropazine hydrochloride. The
solution was mixed well and the absorbance valua® wead immediately at 513nm against
a reagent blank as the formed complex is only stédr 5 minutes. Triplicate values were
used to construct a standard curve (Figure 3.3)his Tassay was used for further
characterization as it was reproducible, exhibited deviation and could assess gold(lll)

over a wider range than the previously mentionsdyamethods.

3.3.4. Electron microscopy techniques

Samples were prepared for EM analysis by separdtiegbiomass from the liquid by
centrifugation (5000 g, 10min; 4°C). The biomass was washed twice itMOchcodylate
buffer, pH 7.2 and fixed for 1h in 3% glutaraldebysblution, prepared in cacodylate buffer,
pH 7.2. Recovering and washing of the biomass e by centrifugation. For TEM
analysis, the biomass was enrobed in 1% agar ahgddded in a graded acetone-water
series. Infiltration and embedding were accomplishy spurr-epoxy resin, followed by two
changes of spurr. Blocks were polymerised at 765C8h and the embedded material
sectioned with an ultra-microtome, yielding sectiasf approximately 0.08um. Sections
were mounted on copper grids and electron micrdgrapken with either a Philips CM 100
or 200 kV Philips CM 20 TEM (van Wyk and Wingfielti991). TEM analysis of the cell-
free extracts and protein samples were carriedouwarbon coated formvar grids. A drop of
the sample was placed on the grid and removed afteinute using blotting paper and the
grid air-dried before analysis.

3.3.5. Culturing conditions of the chosen isolate

Thermus scotoductu8A-01, a thermophilic bacterium, isolated from amghhGold Ashanti
mine near Carletonville, Republic of South Afrieeas chosen for characterization of gold

reduction and nanopatrticle formation using thedntzlls under resting conditions.
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3.3.5.1. Monitoring growth and gold(lll) reduction

Thermus scotoductuSA-01 was grown from a glycerol stock, plated onto TYG-agar
plates (5g:f tryptone, 3g:t yeast extract, 1g*lglucose and 18g'Ibacteriological agar) and
grown for 24h. A 20-24h old culture was used tepare the pre-inoculum (a loop full of
culture in 50ml TYG in a 250ml Erlen-meyer flaskjdagrown until mid-exponential growth
phase (~8h). The inoculum was also grown to migeeential growth phase (~8h) and was
prepared by adding 10ml of the pre-inoculum to 9OMG (in a 500ml Erlen-meyer flask).
Five millilitres of the inoculum was inoculated an®5ml TYG (in a 500ml Erlen-meyer
flask) for the growth experiments. One millilitamples were withdrawn over time and the

OD was measured at 600nm. Growth studies were idamiplicate.

The gold(lll) reducing capabilities of the cells n@ecorrelated to growth phase. A
flask was sacrificed at each time interval anddiés washed three times and resuspended in
a 1:20 w/v ratio in 50mM sodium acetate buffer, pl (Kaufmann and Lovley, 2001).
Gold(lll) reducing activity of the cells at eacime interval was evaluated by incubating the
washed, resuspended cells at 65°C in the presdngel. The gold(lll) concentrations
were determined at times O and 60 minutes usingefPEd assay method as described in
section 3.3.3.3.

3.3.5.2. Whole cell nanoparticle characterization

Cells were grown as described in section 3.3.5dl.rasuspended in a 1:20 (w/v) ratio after
washing. A 10x dilution of this suspension wasduseevaluate the effect of environmental
parameters on nanoparticle formation under restingditions. Parameters evaluated
included varying the pH, temperature, gold(lll) centration and the exposure time.
Standard incubation conditions were 2mM gold(IgH 5.0 and incubated at 65°C for 24

hours.

3.3.5.2.1. Effect of growth phase on particle production

Biomass recovered at specific time intervals thioagntrifugation was used for determining

the effect of growth phase on particle formatiggold(lll) to a final concentration of 2mM
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was added to the cell suspensions (section 3.8b)reubated at 65°C for 24h. The samples
were prepared for TEM analysis as described ini@e@.3.4. Visual observations was

conducted over time to follow the colour changerfrgellow to blue / pink.

3.3.5.2.2. The effect of pH on particle production

The effect of pH on particle formation was evaldat®y incubating the 10x diluted cell
suspension (section 3.3.5.2) in pH specific buffarsgging from pH 3.6 to 9.5. Usually pH
characterization is conducted using a buffer cacktataining equimolar concentrations of
the components, but the cocktail had a high chdmézhuction rate. Sodium acetate buffer
(50mM) was used for the range below pH 6, 50mM wodphosphate buffer for the neutral
pH range and 50mM borax buffer for the alkaline @ige. Incubation was done at the
isolation temperature of 65°C in the presence oM2gold(lll). Samples were withdrawn
over time and a UV-Vis spectrum (400 — 700nm) whtined using a Beckman DU-800
spectrophotometer, to evaluate the plasmon bamatiagsd with gold nanoparticles. The

24h sample was prepared for TEM analysis as destiibsection 3.3.4.

3.3.5.2.3. The effect of temperature on particle production

A temperature range between 30 and 65°C was chosevaluate the effect of temperature
on particle formation. The cell suspension wasliloated for 24h at the desired temperature
in 50mM sodium acetate buffer, pH 5.0, containingM2 gold(lll). The samples were

prepared for TEM analysis as described in sectiB3 Visual observations was conducted

over time to follow the colour change from yelloavilue / pink.

3.3.5.2.4. The effect of gold(lll) concentration on particle production

Gold(lll) concentrations varying from 0 — 10mM warsed to evaluate the effect thereof on

particle formation. The cell suspension was in¢edbdior 24h in the des

ired gold(lll) concentration in 50mM sodium acetatdfer, pH 5.0. Samples were prepared
for TEM analysis as described in section 3.3.4.U¥-Vis spectrum (400 — 700nm) was
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obtained using a Beckman DU-800 spectrophotometervaluate the plasmon band

associated with gold nanoparticles.

3.3.5.2.5. The effect of exposure time on particle production

The cell suspension was incubated at 65°C in 50nodiusn acetate buffer, pH 5.0,
containing a final gold(lll) concentration of 2mMSamples were withdrawn in hourly
intervals. The cells were prepared for TEM analgs described in section 3.3.4. A UV-Vis
spectrum (400 — 700nm) was obtained using a BeckbBidr800 spectrophotometer to

evaluate the plasmon band associated with goldpaatioles.

3.4. Results and discussion

3.4.1. Screening for gold(lll) reducing and nanoparticle goducing bacteria

Table 3.2 Mesophilic bacteria screened for gold(IHeduction and nanoparticle
formation.

Cultures Temperature Colour change Cultures Temperature Colour change
Acinetobacter 30 no uv 21 37 no
Chryseomonas 30 no uv o 37 no
luteole

Flavobacteriun 30 no uv 10 37 yes
Micrococeus 30 no UV 11 37 no
kristinae

Pseudomonas 30 no UV 13 37 no
maltophilie

Pseudomonas 30 no UV 14 37 no
alcaligene

Bacillus brevi: 30 no uv 15 37 no
Erwinia sp 30 na UV 16 37 na
Staphylococcus 37 no uv 17 37 no
epidermidi

Staphylococcus 37 no uv 18 37 no
chromogene

Bacillus badiu 37 no uv 19 37 yes
UV 20 37 no UV 33 37 no
UV 26 37 no UV 35 37 no
uv 27 37 no uv 36 37 no
uv 28 37 no uv 37 37 no
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Bacteria spanning both the mesophilic and therniicphéinges were screened for the
potential to reduce gold(lll), with subsequent rzamticle formation as described in section
3.3.2. Few of the mesophilic bacteria were capalbleeducing gold(lll) and producing
nanoparticles (Table 3.2), while all but one of thermophilic bacteria were able to produce
nanoparticles (Table 3.3). Particle production wegendent on the organism as the control

reactions showed no colour change.

Table 3.3 Thermophilic bacteria screened for gadlji(reduction and nanoparticle
formation.

Cultures Temperature Colour change Cultures Temperature Colour change
uv 23 45 yes uv 44 45 yes
uv 25 45 yes UV 45 45 yes
uVv 29 45 yes UV 46 45 yes
uv 31 45 yes uv 47 45 yes
uv 32 45 yes Bacillus stereothermophilus 45 yes

uv 34 45 yes uv 22 45 yes
UV 38 45 yes uv 2 55 yes
UV 39 45 yes (UAVAG) 55 yes
uv 41 45 yes uv 8 55 no

uv 42 45 yes Thermus scotoductuSA-01 65 yes

UV 43 45 yes

All the isolates that were able to reduce gold(#id form nanoparticle were subjected to
another round of screening, where the gold(lll) camration was varied. Table 3.4
represents the highest concentration gold(lll) atictv the bacteria could produce
nanoparticles under resting conditions and thelatian time required for particle formation
(colour change from yellow to blue / pink). Onamen the thermophiles out-performed the
mesophiles, by being able to produce nanopartiatesigher gold(lll) concentrations and
over a shorter incubation time. Identification thie isolates by 16S RNA sequencing
indicated that most of the isolates belonged tcBheillus genus. Thermus scotoductuSA-

01 was chosen for further experimentation on tleugads that it is unique to South Africa
and can grow at high temperatures and reduce ¢jpldd produce nanoparticles at a

satisfactory rate. This bacterium can reduce abeurof compounds as electron acceptors
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through the dissimilatory pathway under anaerobitditions and these compounds includes
Fe(lll), Mn(1V), Co(lll)-EDTA, Cr(VI) and U(VI) (Kieftet al.,1999).

Table 3.4 Comparison between the capability to poednanoparticles by mesophilic

and thermophilic bacteria.

+ Poor reduction

Culture Temperature Colour change [Au] (mM)  Time (h)

UV 10 37 + 0.5 168

uv 19 37 +++ 0.5 120

uv 22 45 ++ 0.5 22

uv 23 45 + 0.5 42

UV 25 45 +++ 1 8

UV 29 45 +++ 1 8

uvsi 45 + 1 42 ++ Moderate
uv 32 45 ++ 0.5 22 )
UV 34 45 - 1 22 reduction
UV 38 45 + 0.5 22

uv 39 45 +++ 0.5 22

uv 41 45 + 0.5 22

UV 42 45 +++ 0.5 22

UV 43 45 + 0.5 42

UV 44 45 + 0.5 42

UV 45 45 + 0.5 42

UV 46 45 + 1 22

uv 47 45 + 0.5 42 +++ Good reduction
uv 2 55 ++ 1 21

uv 6 55 + 0.5 50

giefgrl]us scotoductus 65 +++ 05 24

3.4.2. Growth and reduction

The pre-inoculum, inoculum and growth ©hermus scotoductuSA-01 was monitored to
see when the cells reached the mid-exponential eplidisgrowth and is necessary to
standardize the growth procedure. The gold(lIjueng capability of cells in different
growth phases was determined by harvesting cellifatent stages of growth and assessing
their ability to reduce gold(lll) under non-growtbnditions as described in sections 3.3.5.2.1

and 3.3.3.3. It was found that maximum gold(l&#jroval or reduction was reached after 8h
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of growth, which corresponds to the late exponéntearly stationary growth phase (Figure
3.4). This is not surprising as the cells are bm@ieally active and protein synthesis as a

maximum. After 8h the reducing abilities of thdlegradually tapers off, with about 60 to

70% of the gold(lll) remaining.
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Figure 3.4  Growth curve forThermus scotoductusSA-01, illustrating correlation
between growth phasa) and activity @&). A-E corresponds to the TEM micrographs in
Figure 3.5. Error bars indicate standard deviatoobut were smaller than the symbols used.

Shankar and co-workers (2004) indicated that natalimulation may be dependent on the
growth phase of cells. To evaluate the effect mwgh phase on the ability of cells to

accumulate and reduce gold(lll), the biomass wagdséed over time as described in section
3.3.5.2.1 and exposed to 2mM gold(lll) for 24 hoat65°C. TEM analysis (section 3.3.4)
indicated that the nanoparticles produced werecésteal with the biomass (Figure 3.5), it
may be concluded that the cells might have a higlegree of control over the particle

morphology as the BOB pathway of mineralizatioroisserved (Weiner and Dove, 2003;

Bazylinski and Frankel, 2003; Veis, 2003).

The TEM micrographs (Figure 3.5) illustrates th&edence between the particles
produced at each time interval. The growth phaskro effect on the particle shape, but a
decrease in the number of particles produced wasreed with cells harvested in the

stationary phase of growth (Figure 3.5 D and EJhe late-exponential growth phase cells
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formed a high number of particles and were abletoove the majority of the gold(lll) from
solution as illustrated in Figure 3.4. A possiblglanation for this might be that cells in the
exponential phase of growth produces higher amooinfgoteins than the stationary phase

cells, which may be involved in the accumulatiod aaduction of gold(lll).
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Figure 3.5  TEM micrographs illustrating the effaftgrowth phase (A) 2 (B) 4 (C) 8 (D)
12 and (E) 24h on particle formation using cellslanresting conditions. Scale bars equal
to 1000nm.

48



3.4.3. Physico-chemical parameters
3.4.3.1. The effect of pH on particle production

This experiment was conducted as described in@e&i3.5.2.2. Specific care was taken
when choosing the individual buffers, dependingharate of chemical reduction. This type
of characterization is usually done with a cocktaiffer but individual buffer components
gave very little to no reduction, while the cockfaiffer gave a higher chemical reduction

rate.

From literature it is known that gold nanopartickeshibit pink-ruby red colours,
which arises due to excitation of surface plasmibnations in the gold nanoparticles. UV-
Vis spectroscopy can be used to record the supiasenon band of the gold nanoparticles as
described in section 3.3.5.2.2. Wavelength scarnf® samples showed that pH 5.5 was the
first to show changes in the ~540nm range andatiwed at 8h of incubation (Figure 3.6.A).
The surface plasmon band at ~540nm for pH 5.5 dyeadreased in its intensity as a
function of reaction time (Figure 3.6.B). Husseiagd co-workers (2007) found that an
increase in particle size results in a colour dhifin pink to blue due to the surface plasmon
of gold nanoparticles, thus looking at Figure 3 7can be concluded that the particles
produced at lower pH values are larger than pagigiroduced at higher pH values as they
appear to be more blue than pink in colour. Thaswonfirmed with TEM analysis as
described in section 3.3.4. Figure 3.8 A-D illagtis the increase in particle size
corresponding to the decrease in pH, but contrarguggestions by He and co-workers
(2007) that varying the pH, particle sized andrifistion can be controlled, it was found that
although pH has an effect on particle size, distidn and shape could not be controlled at
this level. Also observed in Figure 3.8 A is tloenhation of octahedral gold which points to
mineral diagenesis, while Figure 3.8 C shows imltatar gold reduction which leads to cell

deathversusFigure 3.8 D where immobilization is focused ie ttell envelope.
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Figure 3.6 (A) Wavelength scans conducted at 8imaifbation in the presence of 2mM

gold(lll) at 65°C with varying pH. =) pH 3.6, &) pH 5.5, &) pH 7.5 and =) pH 9.5.
(B) Wavelength scans conducted over time on the.pisample. ==) time Oh, =) time 4h,

(==) time 8h, &) time 12h and==) time 24h.

Figure 3.7 Colour change observed after 8h of iratidn at 65°C in the presence of
2mM gold(lll). F.Ltr. pH 3.6; pH 5.5; pH 7.5 amuH 9.5.
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Figure 3.8  TEM micrographs illustrating the effettpH (A) 3.6 (B) 5.5 (C) 7.5 and (D)
9.5 on particle formation using cells under restoanditions. Scale bars equal to 400nm.

3.4.3.2. The effect of temperature on particle production

The percentage gold(lll) removed Byermus scotoductuSA-01 cells were evaluated by
determining the remaining amount of gold(lll) afterand 8h incubation at the desired
temperature with an initial gold(lll) concentratia@ 2mM using the method described in
section 3.3.5.2.3.
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Figure 3.9  TEM micrographs illustrating the effexfttemperature (A) 30 (B) 37 (C) 45
(D) 55 and (E) 65°C on particle formation usinglsalnder resting conditions. Scale bars
equal to 1000nm.
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A longer incubation time resulted in an increaseéhi@ amount of gold(lll) removed from
solution. An increase in temperature also resultean increase of gold(lll) removal from
solution, with the cells at 65°C removing about 86£the gold(lll), while cells at 30°C only
removed about 30% of the gold(lll). TEM micrografdBection 3.3.4) show that temperature
has an effect on particle formation as shown irufed3.9 A-E. Fewer and smaller particles
are produced at lower temperatures, while the otearticle formation increased with an

increase in temperature. No specific shapes aiel®j mostly the particles are amorphous.

3.4.3.3. The effect of gold(lll) concentration on particle production

Although initial studies followed literature, adapons were made in this study to facilitate a
higher gold(lll) concentration. Incubation of whotell suspensions (section 3.3.5.2.4),
under resting conditions with varying gold(lll) a®ntrations resulted in the formation of
particles both in and out of the nano-range, asbheanbserved in Figure 3.10. A plasmon
band is only associated with particles which fait® the nanometer range. Concentrations
above 5mM gold(lll) gave no characteristic peakhiea ~540nm range (Husseiayal.,2007)
suggesting that the particles produced do notrfahe nanometer range. This was confirmed
by both the colour formation (Figure 3.11) and 1M micrographs (Figure 3.12. A-E). At
concentrations exceeding 5mM patrticles appearptura the cell walls and are released into
the external environment. These particles do aetrsto be associated with a specific cell
component. From this experiment it is clear theg optimum gold(lll) concentration for

whole cell reduction experiments are in the rangfvben 1 and 5mM.

53



Absorbance

0.0 , ,
400 500 600 700

Wavelength (nm)

Figure 3.10 Wavelength scans conducted with vargaolgi(lll) concentrations at 65°C

after 24h incubations(== =) 0.5; (=) 1; (=) 1.5; (= =) 5 and (=) 7.5mM.

Figure 3.11 Colour change observed after 24h otibation at 65°C in the presence of

varying gold(lll) concentrations. F.L.t.r. 0.1;% 1; 1.5; 5; 7.5 and 10mM.
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Figure 3.12 TEM micrographs illustrating the effettgold(lll) concentration (A) 0.5 (B)

1(C)15(D)2(E)5 (F) 7.5 and (G) 10mM on peldi formation using cells under resting
conditions. Scale bars equal to 1000nm.
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3.4.3.4. The effect of exposure time on particle production

The effect of exposure time on particle synthesas wevaluated as described in section
3.3.56.2.5. Smaller particles are produced wherosxe time is limited and it seems as if
particle formation occurs both on the cell wall andhe cytoplasmic regions (Figure 3.14. A
and B). Particles produced on the cell walls migitdue to chemical reduction as the cell
walls contains sugars which has the ability to oedgold(lll) with subsequent nanoparticle
formation (Goleet al.,2001; Panigrahet al., 2004 and 2005). Particles produced inside the
cell might be due to enzymatic reduction of thed@dl) but further experimentation is
needed to elucidate the specific protein/s involiredjold(lll) reduction and nanoparticle
formation. An increase in exposure time led torammease in particle size, suggesting that
initial particles formed acts as nucleation site particle growth (Mikheenket al., 2008;
Tang and Hamley, 2009). Plasmon resonance of #récles can only be noted after

prolonged exposure to the gold ions (Figure 3.13).
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Figure 3.13 Wavelength scans conducted over tim#henpresence of 2mM gold(lll) at
65°C. &) 0; (=) 1; (=) 2; (=) 4; (====) 12 and (=) 24 hours.
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Figure 3.14 TEM micrographs illustrating the effeétexposure time (A) 1 (B) 2 (C) 4 (D)

12 (E) 24 and (F) 48h on particle formation usirgls under resting conditions. Scale bars

equal to 400nm.
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3.5. Conclusions

Comparison of the mesophilic and thermophilic baate abilities to reduce gold(lll) and
produced nanoparticles it can be concluded thathtienophilic bacteria are better equipped
to deal with gold(lll) reduction and nanoparticleoguction. This makes them better
candidates for the industrial production of nantpi®s as they are heat stable, which will
lower production costs as it eliminates the needcfwoling processes. The thermophilic
bacteria could also tolerate higher gold conceioinatand were able to produce nanoparticles

at a rate exceeding that of the mesophilic bacteria

The ability of the chosen bacteriumhermus scotoductuSA-01, to produce gold
nanoparticles was affected by physico-chemicalpatars. A variance in pH affected not
only the size and shape of particles produced Isotthe amount (concentration) of particles
formed per cell. This indicates that changes ia flarameter could play an important role
during optimization of processes controlling peeti morphology, while incubation time
might be used to manipulate the size of the pesiclGold reduction primarily occurred in

the cell envelope which is strong evidence for lal ¢gpecific’ reduction process.

Microorganisms are very complex structures withiaasiety of metabolic functions
which all contribute towards the proper workingloé cell. Many of these activities could be
involved in the reduction of gold(lll) and the foation of nanoparticles, but a better
understanding of the mechanism might be obtain#tkiprotein/s involved in these reactions
are elucidated. The next chapter will discuss phefication and characterisation of a

gold(lll) reducing and nanoparticle producing pmotitom Thermus scotoductuBA-01.
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CHAPTER 4

4, PURIFICATION AND IDENTIFICATION OF THE NANOPARTICLE
SYNTHESIZING PROTEIN

4.1. Introduction

The ability to produce gold nanoparticles with sfiecshapes and controlled sizes could
result in interesting new applications that carepbally be utilised in areas such as optics,
electronics and the biomedical field (Ccetial., 2004). The benefits of using a biological
system include the predictable production of umifanetal nanoparticles due to the highly
structured activities of microbial cells, envirormaly friendly production methods and the
ability to produce nanoparticles with unique shaped composition (Ahmadt al., 2002;
Mukherjeeet al., 2002; Sastryet al.,2003). It is important to gain an understandinghef
mechanism of gold ion accumulation and reductionaomolecular and cellular level.
Identification and analysis of the biopolymers ilweadl in the process could potentially allow
for a process in a cell-free environment, where siE and shape of particles can be
controlled by specific proteins/enzymes (Eteal., 2008). It would also be advantageous
from a process point of view, since it would eliai@ the need to harvest the nanoparticles

formed within the cells, simplifying the processldawering operation costs.

It is important to establish a reliable controll@dotocol for the synthesis of
nanoparticles, as size and shape play a vital iroltheir potential applications. Several
biological systems have been researched to fdeilitaproducing these protocols (Ahmeid
al., 2002; Kumaret al.,, 2007). Several hypotheses have been formulatedit athe
mechanisms involved in nanoparticle synthesis. s&€hare all based on enzymes with metal
reductase (oxidoreduction) abilities (Durtral.,2005; Heet al.,2007).

4.1.1. Metal reductases

Many organisms require metallic elements at lowcenitrations for growth and function but

at high concentrations, these metals become tokieese organisms have developed several
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mechanisms to detoxify their environments when dhesetals exceed the required
concentrations, as well as means to solubiliselul¥® metal compounds occurring in the
natural environment prior to utilization. Utilizah of iron, copper and manganese by
microorganisms are dependent on a change in thencal state (Cranet al., 1985;
Wakatsukiet al., 1988) and valencies of mercury and chromium aangéd by reducing
systems of cells in the process of detoxifying thelves (Horitsiet al., 1983; Tonomuraet
al.,, 1968). Reduction of heavy metals by microorgasismquires appropriate electron
donors produced by specific energy metabolism syste Microorganisms have electron
transport systems in the plasma membrane and réthasg metals in the cell surface layer.
Metal ion reductases are also found in the cytoplasThese metal ion-specific reducing
enzymes require NADH or NADPH as an electron darat FMN or FAD as an electron
carrier component. Oxidoreduction of metals arpdrtant for biological systems for metal-
autoregulation and metal-mediated regulation. dicganism can thus regulate movement
of metals helping them to detoxify the environmastwell as utilizing essential elements
(Wakatsuki, 1995). The prokaryotes include orgasiswith the ability to oxidize
manganese(ll), iron(ll), copper(l) or reduce margga{lV), iron(lll), cobalt(lll) on a large
scale and conserve energy from these reactionsie Snicrobes have the ability to reduce
metal ions such as mercury and silver to their elgal counterparts, but does so without

conserving energy from these reactions (Ehrlic9,7)9

4.1.2. Hypothesis of metal nanoparticle synthesis

The ability of microorganisms to reduce metals pratiuce nanoparticles have led to several
hypotheses about the probable mechanisms involvednétal reduction and particle

formation.

Rhosopseudomonas capsulat@s able to produce gold nanoparticles of varying
shapes and sizes (¢ al.,2007). This bacteria is known to produce co-fatt&DH- and
NADPH-dependent enzymes that may be responsiblehforbioreduction of gold(lll) to
elemental gold with the subsequent production ofoparticles. He and co-workers (2007)
proposed a possible mechanism which is involvetthénelectron shuttling during enzymatic
metal reduction processes (Figure 4.1) where NADRatkes an electron which is used by the

NADH-dependent reductase to reduce gold(lll), hoevethe exact mechanism of electron

67



shuttling and the reduction of gold ions have regrbdiscussed. Other studies also indicated
that NADH- and NADPH-dependent enzymes are imporactors during metal reduction
and nanoparticle formation (Mukherjet al., 2002; Ahmadet al., 2002; Senapatet al.,
2005). The same hypothesis was made about theugirod of silver nanoparticles using
Fusarium oxysporurstrains (Duraret al, 2005). A nitrate-dependent reductase, spetfic
Fusarium oxysporumwas involved in the reduction of silver ions ana thubsequent
production of nanoparticles. This hypothesis wasven when Kumar and co-workers
(2007) illustrated the involvement of aiNADPH-dependent nitrate reductase purified from
Fusarium oxysporumSilver ions were reduced in the presence ofteitreductase leading to
the formation of a stable silver hydrosol.

NADH-Dependant
Reductase

Figure 4.1 Possible mechanisms for bioreductiorgolid ions. Taken from Het al.,
2007.

4.1.3. Other enzymatic production of metal nanoparticles
4.1.3.1. Hydrogenase

Sulphate-reducing bacteria have the ability to cedmetallic ions and the unspecified
periplasmic hydrogenases dDesulfovibrio desulfuricansfacilitate the reduction of
technetium, palladium and uranium (Mikheerdal., 2008). It has been suggested that

metal reductase activity seems to be a commonrieafthydrogenases. Using wild-type and
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hydrogenase-deficienDesulfovibrio fructosivoransstrains, it was shown that palladium
nanoparticles were only found in the regions comtg hydrogenases, suggesting that
hydrogenases act as the nucleation site and ag#isinitial palladium nanoparticle growth
probably by supplying the electrons for palladiveduction. More proof that hydrogenases
are involve in metal reduction was obtained whehydrogenase from a consortium of
sulphate-reducing bacteria was purified. This bgdnase was able to reduce platinum in the

presence of its electron carrier, cytochroméRashamuset al.,2008).

4.1.3.2. Sulphate reductase

Fusarium oxysporuntan be used to produce CdS nanoparticles extréodyluby an
enzymatic process. The partial purification of thrcreted proteins fronfFusarium
oxysporumindicated a possible sulphate-reducing enzyme-bpsszess for the synthesis of
CdS starting from Cd and SQ? ions, a process which required NADH (Ahmedal.,
2002). Extracellular proteins froFusarium oxysporurhas also been used to produce silver
(Ahmadet al.,2003) and gold nanopatrticles (Mukherggeal.,2002).

4.1.3.3. Glutathione reductase

Scott and co-workers (2008) demonstrated that thehamism of glutathione reductase can
be harnessed to produce metallic nanoparticlesita@lione reductase froBscherichia coli

is a flavoenzyme of known structure. It is a homat with 450 amino acid residues (Mr
49560) and one FAD per subunit. It belongs to fimaily of FAD-dependent disulphide
oxido-reductases (Mittl and Schultz, 1994). Thimyene is important in maintaining a
reducing environment within the cell (Akerboaeh al, 1982) and catalyzes the NADPH-
dependent reduction of oxidized glutathime a disulphide exchange reaction involving two
active site cysteine residues. Glutathione redectecepts electrons from reduced NADPH
into the noncovalently bound FAD to give the FADehzyme form. The electrons from
FADH, are then transferred to an internal disulphidedoimnmed between the two cysteine
residues in the active site. The reduced cystehes catalyze the reduction of the oxidized

glutathionevia a disulphide exchange reaction.
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Glutathione reductase catalyzes the NADPH-depdneenction of gold(lll) to form
gold nanoparticles at the active site that aretliggbound through the catalytic cysteines
(Figure 4.2). Scott and co-workers (2008) conadilyddter several independent experiments,
that gold(lll) is reduced at the glutathione birglsite of the glutathione reductase and that
the catalytic cysteines are directly involved ie tteduction. Nanoparticles produced in this
manner had a relatively narrow size distributionreém diameter of 2.13nm) [Scet al.,
2008]. This could be due to a decrease in theafgwld(lll) reduction with an increase in
particle size. The enzymes with fewer atoms oficed gold will preferentially reduce the
remaining gold ions resulting in a rather evenritigtion of nanoparticle size. These

particles separate from the enzyme upon the addifi@ thiol.

Solution

Figure 4.2 Synthesis of gold nanoparticle at thetathione reductase active site. Taken
from Scotet al.,2008.

From the previous chapter is can be concluded Tharmus scotoductuSA-01 has the
ability to reduce gold ions, with the subsequerddpction of nanoparticles. It was also
shown that particle morphology was dependent orsipbychemical parameters such as pH,
temperature and gold ion concentration. Accordmgjterature an oxido-reductase enzyme
is expected to be involved in the reduction of @dldleading to particle formation. This

part of the study was done to:

1. Purify and identify the protein(s) involved in g@id) reduction and nanoparticle

formation.
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2. Characterize the protein(s) directly responsible fgold(lll) reduction and

nanoparticle formation by varying the physico-cheshparameters.

4.2. Materials and methods

4.2.1. Microorganism

Thermus scotoducti®A-01 was cultured as described in section 3.3.5.1

4.2.2. Preparation of subcellular fractions

The supporting skeleton of the bacterial cell wedinsists of a regular polymer, the
peptidoglycan, murein. This macromolecule is aetogolymer made up of chains of
alternating molecules of N-acetylglucosamine (GldlAnd its lactic acid ester, N-acetyl
muramic acid (MurNAc) linked by 1,8-glycosidic bonds. These heteropolymers are
straight chains without branching and form the lbaclke of murein. In gram-negative
bacteria the murein network consists as a singlerla Attached to the outer surface of the
murein skeleton are large quantities of lipoprateilipopolysaccharides and other lipids.
This lipopolysaccharide layer appears to requirkiwa ions to maintain its stability;
removal of the calcium ions by treatments with EDTiBerates the lipopolysaccharides
which make the murein layer accessible to degraddty the enzyme lysozyme. Lysozyme
is an acetyl muramidase that attacks the glycodidicds between the C-1 atom of N-
acetylmuramate and the C-4 atom of N-acetylglucasamLysozyme thus degrades murein
to GIcNAc-MurNAc (Schlegel, 1997). The first stdp,most fractionation methods, is the
removal of the cell wall by treatment with lysozyimehe presence of EDTA.

Subcellular fractions were prepared as describe®dnyfmann and Lovley (2001).
Thermus scotoductuSA-01 was grown as described in section 3.3.5The cells were
resuspended in a 1:20 (w/v) ratio in 50mM sodiuratate buffer, pH 5.0, containing 25%
(w/v) sucrose. To accomplish cell wall lysis, lggme (1mg.nit) was added to the cell
suspension and stirred for 20 minutes. ,-BEBTA was added to a final concentration of
5mM and stirred for another 20 minutes. Finally@®ligwas added to a final concentration of

13mM and the suspension was stirred for anothenid@tes. Separation of the spheroplasts
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from the periplasmic fractions was obtained by cGhmgation (2000@ g 30min; 4°C).
Spheroplasts were resuspended in 50mM sodium adaiéer, pH 5.0.

To obtain the membrane and soluble fractions, #opob adapted from Gaspard and
co-workers (1998) was used. DNase (10pg)mias added to the EDTA-lysozyme-treated
cell suspension, and the cells broken by ultraswaatment. Sonification consisted of cycles
of 60 seconds burst with 30 seconds resting tifftes was done at 75% output and done six
times using a sonifier (Bandelinn Sonopuls) in ee-water bath. The suspension was
centrifuged (4000 g, 10min; 4°C) to remove the cellular debris (pélleThe supernatant
was subjected to ultra-centrifugation, using ani®pt™ L-100 Ultracentrifuge (Beckman
Coultar) (100008 g 90min; 4°C) to separate the soluble proteins €sugtant) and the
membranes (pellet). The pellet was resuspendadLib (w/v) ratio in 50mM sodium acetate
buffer, pH 5.0. All the fractions obtained weresaged for gold reducing activity as
described in section 4.2.6.1.

The soluble fraction offThermus scotoductuSA-01 was separated into different
fractions using an Amicon stirred cell (model 80%@ed with a membrane (Osmonics Ulta
Sep Disc. UF 10 and 30kDa NMWC). The soluble foacivas first filter through a 30kDa
cut-off membrane, and the filtrate, containing comgnts smaller than 30kDa, was kept for
further filtrations, while the retentate, contaigicomponents larger than 30kDa was washed
four times with 50mlI 50mM sodium acetate buffer, pH. The filtrate was then filtered
through a 10kDa cut-off membrane, and the newvafitrcontaining components smaller than
10kDa, was kept for further analysis, while theenghte, containing components sized
between 10 and 30kDa, was washed four times withl ®OmM sodium acetate buffer, pH
5.0. All the fractions obtained were assayed fd@ll) reducing activity as described in
section 4.2.6.1 and subjected to SDS-PAGE and &BMysis as described in sections 4.2.4
and 4.2.7.1.

4.2.3. Protein determination

Protein concentrations were determined using tbiadhoninic acid (BCA) method (Smitt
al., 1985). The Pierce BCA protein assay reagent kghly sensitive reagent for the
spectrophotometric determination of protein conin. The commercially available kit

from Pierce was used according to the manufacturastructions. Standard curves relating
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protein concentration to absorbance at 562nm wamstructed (Figure 4.3). A set of protein
standards was prepared with bovine serum albun®AfB Fifty microliters of each standard

/ unknown sample was pipetted into an eppendotil(8Ddiluent was used for blanks); 1ml
of working reagent was added to each tube and xaxdte Tubes were incubated at either
37°C (Figure 4.3 A) or 60°C for 30 minutes (Figdt8 B) and the absorbance read at 562nm
using a GENESYS 5 (Spectronic) spectrophotomefnotein concentrations between 125
and 1000pg.n could be detected using the incubation at 37°Glewtotein concentrations
between 0 and 250pg.thtould be detected using the 60°C incubation.

15 1.0
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A562nm
Ase2nm
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o
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T T T T
0 500 1000 1500 0 100 200 300

Concentration{g.mr?) Concentration{g.mi?)

Figure 4.3 Standard curve for the BCA-protein gsgath BSA as the protein standard
for the eppendorf protocol at (A) 37 and (B) 60°Error bars indicate standard deviations,

but are smaller than the symbols used.

4.2.4. SDS-PAGE analysis

The homogeneity of the proteins present in eaattifna was determined by electrophoresis
under denaturing conditions or sodium dodecyl satpipolyacrylamide gel electrophoresis
(SDS-PAGE). SDS-PAGE was performed using the “MigBmall” miniature slab gel
electrophoresis unit, SE 200, from Hoefer Scientifistruments. The protocol used was that
described by Laemmli (1970) using a 10% resolviebagmd 4% stacking gel. Precision Plus
Protein Standards (BIO-RAD) was used as molecukight markers in SDS-PAGE, and
proteins were visualized by staining polyacrylamigds with either Coomassie- (Fairbanks
et al.,1971) or silver nitrate (Rabilloud, 1988).
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4.2.5. Liquid chromatography

Purification of the protein(s) involved in nanopelg formation is important to understand
the synthesis mechanism, which could supply a meansanipulate particle characteristics
during synthesis. As co-factor dependency mayu@rfte the ability of the enzyme to
function, an alternative activity was chosen toisasgurification of the gold(lll) reducing
and nanoparticle producing protein. Nitrate redurctwas chosen based on the results
obtained by Kumar co-workers (2007) where it wagwshthat a purified nitrate reductase
from Fusarium oxysporurhad the ability to produce silver nanoparticl&ge supplementary

notes (section A.1).

All chromatography steps were carried out at rocemperature and enzyme
preparations were stored at -20°C without loss aividy. Purification to homogeneity
entailed six chromatography steps: ion-exchange;atfmity, hydrophobic interaction and

size-exclusion chromatography, using the Akta Piifugfication System (GE Health).

425.1. lon exchange chromatography

Different strong and weak ion exchange resins wested for the ability to separate the
gold(lll) reducing proteins from the non-reducingotgins. @ CM-Toyopearl 630
(TosoHaas) and SP-Toyopearl 65{TosoHaas) were chosen for cation exchange, while
DEAE-Toyopearl 650 (TosoHaas) and Super Q-Toyopearl 8%0osoHaas) were chosen
for anion exchange. The resins were washed andlitegted according to the
manufacturer’s instructions. The column was loadeéth protein (1ml) from fractions
>30kDa. The non-interacting compounds were remdyedashing the column with 50mM
sodium acetate buffer, pH 5, for the cation excleangnd 50mM sodium phosphate buffer,
pH 7.4, for the anion exchangers. The columns wieea washed with 0.5M NacCl in the
appropriate buffer followed by washing with 1M Nai@lthe same buffer. All the resulting

fractions were assayed for gold(lll) reducing dieii as described in section 4.2.6.1.
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4.2.5.1.1.  Anion exchange

Super Q-Toyopearl exchange resin column (2.5 x %eas) used as the first purification step.
The resin was washed and equilibrated accordintpegomanufacturer’s instructions with a
flow rate of 5ml.mif. The >30kDa fraction in sodium phosphate buff@mM; pH 7.4)
was loaded onto the column and the proteins thatrizainteraction with the column were
eluted with 50mM sodium phosphate buffer, pH 7Binding proteins were eluted with a
linear gradient of 0 — 0.7M NaCl in the same bufféractions were assayed for nanopatrticle
formation as described in section 4.2.6.1 and #©kTanalysis at 24h as described in section
4.2.7.1, and SDS-PAGE analysis (section 4.2.4).

4.25.1.2. Cation exchange

SP-Toyopearl column (2.5 x 7cm) was used as thenskepurification step. The resin was
washed and equilibrated according to the manufectuinstructions with a flow rate of
5ml.min. The chosen fractions (Figure 4.10 peak A-A)adted from the Super Q column,
were pooled and dialysed against 50mM sodium axdtatfer, pH 5.0. The sample was
loaded onto the column and the proteins that hathteoaction with the column were eluted
with 50mM sodium acetate buffer, pH 5.0. The iattive proteins were eluted with a linear
gradient of 0 — 1M NaCl in the same buffer. Fraasi were assayed for nanoparticle
formation as described in section 4.2.6.1. Thetdtreducing ability was also evaluated as
described in section 4.2.6.2. Samples were prddareTEM analysis at 24h as described in
section 4.2.7.1 and subjected to SDS-PAGE analysidion 4.2.4).

The active fractions were pooled, dialysed agab®hM sodium acetate buffer pH
5.0 and again loaded onto the SP-Toyopearl ionan@h resin. The proteins that had no
interaction with the column was eluted with 50mMlison acetate buffer, pH 5.0. The
interactive proteins were eluted with a linear ggadof 0 — 0.3M NacCl in the same buffer.
Selected fractions were assayed for gold- (sectidn6.1) and nitrate reducing (section
4.2.6.2) activity and subjected to SDS-PAGE analysection 4.2.4).
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4.2.5.2. Dye-affinity chromatography

The active fractions, obtained from the SP-Toyopealumn, were pooled and dialysed
against 50mM sodium phosphate buffer, pH 7.4 arabldd onto a regenerated Blue
Sepharose CL-6B (Sigma-Aldrich) column (1.5 x 13ah) flow rate of 2ml.mih.  The
non-interacting proteins were eluted with 50mM saodiphosphate buffer, pH 7.4, and the
interacting proteins were eluted with a linear ggatiof 0 — 0.6M NacCl in the same buffer.
Selected fractions were assayed for gold- (sectidn6.3) and nitrate reducing (section
4.2.6.2) activity as well as being subjected to SB&E analysis (section 4.2.4).

4.2.5.3. Hydrophobic interaction chromatography (HIC)

The active fractions, obtained from the dye-affiiblumn, were pooled and dialysed against
50mM sodium phosphate buffer, pH 7.4. Ammoniunpkate, to a concentration of 1M,
was added to the protein solution and loaded dreéd?henyl-Toyopearl (TosoHaas) column
(2.5 x 7cm) at a flow rate of 5ml.mitn The interacting proteins were eluted from thgirre
using a 1 — OM (NK)2SO, linear gradient in 50mM sodium phosphate buffdd, p.4.
Selected fractions were assayed for both nitradection 4.2.6.2) and gold(lll) [section

4.2.6.3] reduction as well as being subjected t&-HAGE analysis (section 4.2.4).

4.2.54. Size-exclusion chromatography

The final purification step was size-exclusion c¢haetography. The active fractions,
obtained from the HIC column were pooled, dialyseghinst 50mM sodium phosphate
buffer, pH 7.4 and concentrated to 3ml. The samgls loaded onto the Sephacryl S200HR
(Sigma-Aldrich) column (2.5 x 65cm) after the aduht of ~5% glycerol at a flow rate of
Iml.min®. The proteins were eluted with 50mM sodium phasphbuffer, pH 7.4,
containing 50mM NaCl. The resulting peak was asdawr nitrate- (section 4.2.6.2) and
gold reducing activity (section 4.2.6.1) and sutgddo SDS-PAGE analysis (section 4.2.4).
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4.2.6. Activity determination

The plasmon resonance band associated with thergoidparticles was obtained for each
reaction by collecting a UV-Vis spectrum using aBeaan DU-800 spectrophotometer. This

was done to verify the presence of gold nanopasicl

4.2.6.1. Gold assay

The gold(lll) reducing ability of the protein salms was evaluated by adding 2pul 100mM
gold(lll) to 100ul protein solution and incubatiag65°C for 24h.

4.2.6.2. Nitrate reductase assay

For the assay of nitrate reductase, 100ul sampdeadded to the following reaction mixture:
100ul 50mM sodium phosphate buffer, pH 7.4, 10@00uM sodium nitrate, 100ul 1uM
methyl viologen and 500ul distilled water. Theats@n was started by adding 100ul 46uM
sodium dithionite, dissolved in 100uM sodium hydrngarbonate, to the reaction mixture.
After slowly inverting the mixture it was incubatatl 65°C for 10 minutes, the reaction was
stopped by shaking the tube to oxidize the remgidithionite and reduced methyl viologen.
To determine the nitrite concentration, two partgl% sulfanilamide in 25% HCI solution
was mixed with one part of 0.08% N-1-napthhylethgl@liamine dihydrochloride; 300ul of
this mixture was added to the nitrite containinghpke. After 10 minutes, the absorbance
was read at 540nm against a reagent blank using ENESYS 5 (Spectronic)
spectrophotometer (Showe and DeMoss, 1968). Se®esnentary notes (section A.1).

4.2.6.3. Adapted gold-nitrate reductase assay

To determine if the protein solutions had gold(il®ducing and nanoparticles producing
capabilities, the nitrate reductase assay desciibsdction 4.2.6.2 was modified. Hundred
microliters sample was added to the following resctmixture: 100ul 50mM sodium
phosphate buffer, pH 7.4, 100ul 20uM gold(lI1),0u0 1pM methyl viologen and 500ul
distilled water. The reaction was started by agdiGOul 46uM sodium dithionite, dissolved
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in 100pM sodium hydrogen carbonate, to the reactoixture. After slowly inverting the
mixture it was incubated at 65°C for 24h, the reactvas stopped by shaking the tube to
oxidize the remaining dithionite and reduced methglogen. The formation of a pink to
purple colour indicated gold nanoparticle product{&howe and DeMoss, 1968; Lazarides
and Schatz, 2000). No significant colour change wlzserved for the control reactions.

4.2.7. Nanoparticle characterization using either cell-fre extracts or the purified

protein
4.2.7.1. Electron microscopy

TEM analysis of the cell-free extracts and prosamples were carried out on carbon coated
formvar grids. The samples were washed twice waittl resuspended in distilled water. A
drop of the sample was placed on the grid and rech@fter a minute using blotting paper,
and the grid air-dried before analysis (van Wyk &vidgfield, 1991). Electron micrographs
were taken with either a Philips CM 100 or 200kMliBe CM 20 TEM operating at 60kV.
Elemental analysis on the particles was carried usithg energy dispersive spectroscopy
(EDS) coupled to the 200kV Philips CM 20 TEM. Cavas taken to remove all salts but
some crystals might have been formed thus card¢chias taken not to over interpret results
without EDS results.

4.2.7.2. The effect of Gold(lll) concentration on particle production

The effect of gold(lll) concentration on particlerfnation using cell-free extracts were
evaluated by incubating the extracts in gold(Ibpcentrations varying from 0 — 20mM. The
extracts were incubated for 24h in the desired (fitidconcentration in 50mM sodium
acetate buffer, pH 5.0. The samples were predaretEM analysis as described in section
4.2.7.1.

For the purified protein, the adapted nitrate ctase assay (Section 4.2.6.3) was used
to determine the effect of gold(lll) concentration nanoparticle production. The reactions
containing 100ug.rii protein were incubated at 65°C in 50mM sodium phage buffer, pH
7.4 with gold(lll) concentrations ranging from 018mM for 24 hours. The samples were
prepared for TEM analysis as described in secti@rv4l. A hypothesis of the mechanism of
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gold(lll) reduction was slowly forming by calculag the stoichiometry by converting the
protein, as well as, the gold(lll) concentratioogM values.

4.2.7.3. The effect of temperature on particle production

The effect of temperature on the ability of theifoed protein to produce nanoparticles was
evaluated by using the adapted nitrate reductasayaiSection 4.2.6.3). The reactions
containing 100pg.rifl protein were incubated at temperatures ranginm f8® — 75°C in
50mM sodium phosphate buffer, pH 7.4 with 2mM gblYi{or 24 hours. The samples were
prepared for TEM analysis as described in sectidrv4L.

4.2.7.4. The effect of pH on particle production

The effect of pH on the ability of the purified peo to produce nanoparticles was evaluated
by using the adapted nitrate reductase assay ¢8edtR.6.3). The reactions containing
100pg.mit* protein were incubated at 65°C with 2mM gold(it) pH buffers ranging from
3.6 — 9.5 for 24 hours. The samples were prep@aredEM analysis as described in section
4.2.7.1. Usually pH characterization is conductesing a buffer cocktail containing
equimolar concentrations of the components, buttuktail had a high chemical reduction
rate, thus individual buffers were used. Sodiuratae buffer (50mM) was used for the
range below pH 6, 50mM sodium phosphate buffetferneutral pH range and 50mM borax
buffer for the alkaline pH range.

4.2.7.5. The effect of protein concentration on particle prauction

The effect of protein concentration on the abiliy the purified protein to produce
nanoparticles was evaluated by using the adaptedtenireductase assay (Section 4.2.6.3).
The reactions were incubated at 65°C in 50mM soditwsphate buffer, pH 7.4 with 2mM
gold(lll) containing protein concentrations rangifogm 10 - 100pug.mt for 24 hours. The
samples were prepared for TEM analysis as descnibsection 4.2.7.1. A hypothesis of the
mechanism of gold(lll) reduction was slowly formitgy calculating the stoichiometry by

converting the protein, as well as, the gold(Ibpcentrations tpM values.
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4.2.7.6. The effect of exposure time on particle production

The effect of exposure time on the ability of theifled protein to produce nanoparticles was
evaluated by using the adapted nitrate reductasayaiSection 4.2.6.3). The reactions
containing 100pg.rili protein were incubated for 2 — 48 hours at 65°GOMM sodium
phosphate buffer, pH 7.4 with 2mM gold(lll). Thansples were prepared for TEM analysis
as described in section 4.2.7.1.

4.2.7.7. The effect of sodium dithionite concentration on peicle production

The effect of sodium dithionite concentration oa #bility of the purified protein to produce
nanoparticles was evaluated by using the adaptedtenireductase assay (Section 4.2.6.3).
The reactions containing 100pg:mprotein were incubated at 65°C in sodium phosphate
buffer, pH 7.4 with 2mM gold(lll) for 24 hours. 8i@m dithionite concentrations varied
from 0 — 100pM. The samples were prepared for Ta&Mlysis as described in section
4.2.7.1. Understanding the importance of stoicleisynrelating the protein concentration to

the sodium dithionite concentration was import&ugplementary notes A.2).

4.2.8. N-terminal sequencing

The 4.4mg of the purified protein was freeze daed sent to the Protein Chemistry Facility
of the Centro de Investigaciones Biologicas (CMadrid, Spain). N-terminal sequencing
was performed by automated Edman degradation witi\gplied Biosystems 47 gas-

phase sequencer (Foster City, California).

4.3. Results and discussion

4.3.1. Cellular fractionation

Through fractionation (section 4.2.2) the cells eveeparated into the soluble components
and the membrane fraction. All the resulting fiats were incubated in the presence of

gold(lll) as described in section 4.2.6.1. Theubtd fraction turned purple within 24h,
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which corresponded to the disappearance of the(ljpléfom solution while it took the

membrane fraction 48h to remove the gold(lll). tBwo analysis (section 4.2.4) of these
fractions indicated a difference in protein compoai between the soluble fraction and the
membrane fraction (Figure 4.4), which could expldie difference in the ability of these
fractions to produce nanoparticles and that theghiibe more than one protein present with

the ability to reduce gold(lIl).
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Figure 4.4  SDS-PAGE ofhermus scotoductuSA-01 extracted and separated protein
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fractions. (M) marker, (1) spheroplasts (2) cedld extract, (3) soluble fraction and (4)

membrane fraction.

TEM micrographs taken of the cell-free extract (wec4.2.7.1) after exposure to 2mM
gold(lll) for 4h illustrated the formation of vaus amorphous particles which vary in both
size and shape. Some of the shapes observed @ s Figure 4.5 (A to C), with no

specific shape being prominent. Micrographs (Fegdr6 A to C) of the soluble fraction

illustrated an improvement of particle shape. @Aitgh these particles are still not perfectly
shaped, they are much better developed than thielparobtained for the cell-free extract.
This could be due to the removal of interfering tahces. Initially 4h was chosen as
incubation time for the reduction reactions as bwochange was already visible at this
stage; however further reductions experiments wecelbated for 24h as better colour

development was observed after 24h than after™$o visible are nanoparticles with sheet-
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Figure 4.5  TEM micrographs of the cell-free extraftier 4h exposure to 2mM gold(lll)

at 65°C, showing nanoparticles. Scale bars areaétm200nm.

like morphologies. Gold nanosheets have attrastadh attention because of their unique
optical properties and their potential in gas ses)sm the fabrication of nanodevices and
substrate materials (Let al., 2006; Kim et al., 2004; Shankaet al., 2005). The exact
mechanism of nanosheet formation is not fully usttexd. When Wei and co-worker (2007)
used chitosan to reduce gold ions they found thegnathe gold ions reached supersaturation
they started to nucleate and grow and when thesdrit concentration was favourable the
polar groups adsorbed preferentially on the sitehe{111} planes of the gold nuclei which
leads to preferential growth along the <110> dicgc{Sunet al., 2005). This leads to the
formation of gold nanosheets with triangular, hexs or truncated shapes. When the
chitosan concentrations where too high the growttifterent crystal faces were induced and
they suggested that the formation of large naneplaiere dependent on the chitosan to gold

ion ratio. Similar conclusions were made by Li adworkers (2006) when gold nanosheets
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have been synthesized in large quantities througbl@ion phase process and by Shankar

and co-worker (2005) when gold nanotriangles wgnthesized using lemongrass extract.

Figure 4.6  TEM micrographs of the soluble fractiaiter 4h exposure to 2mM gold(lll)
at 65°C, showing nanoparticles. Scale bars areaétpu(A) 2um (B) 500nm and (C) 1um.

Size fractionation of the soluble fraction resulted fraction containing components larger
than 30kDa, a fraction containing components sizetdlveen 10 and 30kDa and a fraction
containing components smaller than 10kDa. The alisassay (section 4.2.6.1) for
nanoparticles displayed different colours for thésections (Figure 4.7) and it may be
concluded that there is a difference in the sine, possibly the shape, of the nanoparticles
formed (Underwood and Mulvaney, 1994). The fracticontaining components sized
between 10 and 30kDa showed no colour change,atidgc no reduction and nanopatrticle

formation, while the fractions containing comporsestnaller than 10kDa and larger than
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30kDa had different colours ranging from pink torgla. The fraction containing

components larger than 30kDa was concentratedridstio increase the reducing potential,
however to ensure the removal of contaminating amepts, for example remaining organic
acids and carbohydrates which have the ability ¢b @& reducing agents and produce
nanoparticles (Handley, 1989), the fraction wadyded (SnakeSkin 7000 MWCO; Pierce)
with a buffer change overnight against 50mM sodagetate buffer, pH 5.0. This fraction

was used to determine the effect of gold(lll) corication on gold nanoparticle formation as

described in section 4.2.7.2.
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Figure 4.7  The cell-free exract and the ultrafittdr soluble fractions were exposed to
2mM gold(lll) for 24h at 65°C. (A) Blank (B) celkk extract (C) soluble fraction (D)

fraction containing components <10kDa (E) fractimntaining components >10<30kDa (F)
fraction containing components <30kDa and (G) frantcontaining components >30kDa.

All the fractions were diluted to the original vale to maintain the protein ratios.

Representative micrographs (Figure 4.8) taken @dérof exposure to varying gold(lll), as
described in section 4.2.7.2, illustrated thatgh#icles synthesized varied in shape and size.
A mixture of small amorphous particles and nebika-formations were observed for the 2
and 5mM concentrations (Figure 4.8 A). Addition1l® and 20mM gold(lll) resulted in the
presence of very large particles, with definitestajline surfaces (Figure 4.8 B and C).
These particles had better shape definition tharidver concentrations, morphologies were
nanosheet-like, with shapes being mostly triangalad hexagonal. A colour difference
between the different concentrations was also lesiffter incubation as illustrated in Figure
4.9, confirming that colour is indicative of palticsize, with the pinkish colour representing

smaller particles than the purplish colour. Thessults give an indication that gold(lll)
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concentration might be a physico-chemical parameitr the ability to manipulate the size
of the particles produced (Wet al.,2007). Analysis done on the nanosheets formeihglur
extract incubation with 20mM gold(lll) indicatedaihthe nanosheets were crystalline with no
twinning present, and that the herring motif wasstrmrominent. The triangular nanosheets
showing three-fold symmetry were in the {111} otigion (Figure 4.8 C) and dark lines
visible through the crystals are bend contours (Roéz-Gonzalez, 2006).

Figure 4.8  TEM micrographs showing the effect diigd) concentration (A) 2 (B) 5 (C)
10 and (D) 20mM, on nanoparticle formation in theegence of cell components >30kDa.
Scale bars in A and D is equal to 5um, and in B @reual to 0.2um and 2um, respectively.
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Figure 4.9  Exposure of the >30kDa fraction to varsogold(lll) concentrations after 24h
at 65°C. (A)0.5(B) 1 (C)2 (D)5 (E) 10 and ggmM.

4.3.2. Purification strategy

Organic acids and carbohydrates have the abiligctaas reducing agents and produce gold
nanoparticles (Handley, 1989). For this reasonfthetion containing components sized
larger than 30kDa, obtained from the fractionatxperiments (section 4.2.2), was chosen
for further purification and identification of thgold(Ill) reducing and nanoparticle producing
protein.

4.3.2.1. lon exchange

4.3.2.1.1.  Anion exchange (Super Q-Toyopearl)

The elution profile obtained for the first step pérification using Super Q-Toyopearl
(section 4.2.5.1.1) showed several protein peakyu(& 4.10), the Ay readings can be
correlated to protein concentration. There wer@yraoteins not interacting with this resin
(Figure 4.10 peak A-A) and especially since theaetions could also produce nanopatrticles,
these fractions were dialyzed against 50mM sodioetade buffer, pH 5.0, concentrated and
separated using the cation exchanger SP-Toyopstign 4.2.5.1.2). The peak eluting with
the salt gradient (Figure 4.10 peak B-B) displagetivity as illustrated by the colour change
in Figure 4.11 when the fractions were incubatedthe presence of gold(lll) [section
4.2.6.1], indicating that it is possible to separtdte active proteins from each other. The

colour between the different protein peaks alstegtli and might indicate a difference in the
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size of the particles produced (Figure 4.11 blogksand B). Peak C-C (Figure 4.10)

displayed no gold reducing activity and was nofectied to further purification.

Subsequent purification of the pooled interactiragtions (Figure 4.10 peak B-B)
using the HIC column Phenyl-Toyopearl resultedhie loss of the reducing potential of the

proteins and was not subjected to further puriiicat

TEM micrographs of the various pooled fractioneaftach column step showed a
variety in shape and size of the particles formEdjure 4.12 A and B). Micrographs
indicates there is a differences in particle guadihd EDS analysis (Figure 4.12 C) showed
that the particles in Figure 4.12 A consisted dilggnd sodium. Other elements present in
the EDS spectrum can be contributed to the gridchviconsisted of copper, carbon and

oxygen.
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Figure 4.10 Elution profile obtained for the pucifition step on Super Q-Toyopearl anion
exchange resin. The regions between the arrows)(@ad (B-B) were pooled separately for

subsequent purification=¢) Aggpand ) conductivity.

A typical gold nanostructure synthesis processhEasummarized in four steps: (1) Shortly
after the addition of the reducing agent the gdild{s gradually reduced to gold(l). The
yellow colour disappears and a translucent solutemains. (2) When the reduction of

gold(lll) to gold(l) is almost complete, the redioct of gold(l) to gold(0) begins. This causes
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Figure 4.11 Visual assay of every third fractiortashed from the first step of purification,
which had been incubated at 65°C in the presen@ifl gold(lll), showing a difference in
colour between the fractions. Block A correspotalpeak A (Figure 4.10) and block B
corresponds to peak B (Figure 4.10).

a nucleation process in the solution. (3) Nuckewggradually into plates when sufficient
gold(l) ions are present. The stabilising agemachies to the formed plates and directs
crystallization, the solution turns a light oraraggour. (4) In the final stages when almost all
of the gold(l) ions have been consumed, the goftbpkates are formed (Tang and Hamley,
2009). Variations to this process (using differeatiucing agents and combination of
reducing agents and stabilisers) indicated thatréfuicing agents and the stabilisers can
control the crystallization of gold and consequentield special forms of gold crystals.
Using different reducing agents and combinatiomegifucing agents and stabilisers, different
sized and shaped nanoplates were observed. Mdse ahapes observed were derivates of
pseudotrigonal, octahedral gold (diamonds, pemtalgshields, isosceles trapezoids and
rods). Correlating these findings to the partideapes observed for the reduction
experiments using the protein peak B (Figure 4th®)most dominant shapes are diamonds
and the rods (Figure 4.12 A and B) and that théepre acts as reducing / stabilising agents.
Experiments conducted by Kawamura and Nogami (2606yved that different particles are
produced depending on the initial type seed. WA&irgle crystalline and multiple twinned

particles were used as seed particles, nanorods namdbipyramids were produced.
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However, it is very difficult to understand theatbnship between the particle seed and the
resulting nanostructures. During particle grovitte original seed structure may or may not
be maintained, and the stabilising agents may enite the structural morphologies of the

nanostructures (Sex al.,2008).
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Figure 4.12 (A) and (B) TEM micrograph illustratingarticle shape and (C) EDS
spectrum for the particles produced by the intaragprotein fraction obtained after the first

step of purification using the anion exchanger e Scale bar equal (A) 100nm and (B)

20um.
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4.3.2.1.2. Cation exchange (SP-Toyopearl)

Second purification attempt: The non-interacting proteins collected during taeion
purification attempt (Figure 4.10 peak A-A) waspaezd for the next step of purification as
described in section 4.2.5.1.2. The elution peofibtained for the cation purification step
using SP-Toyopearl resin (Figure 4.13), showed re¢y@otein peaks eluted with the salt
gradient. The peak indicated by the space betwezarrows in Figure 4.13 displayed gold
reducing activity but poor resolution. These fiat$ were pooled and subjected to another

cation resin interaction.
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Figure 4.13 Elution profile obtained for the puddition steps on SP-Toyopearl cation
exchange resin. The region between the arrows weoded for subsequent purification.
(=) Aggo and ) conductivity.

The elution profile obtained for the second SP-Tmarl column (Figure 4.14), illustrated
several protein peaks eluting with the stretchédidgsadient. The two protein peaks obtained
between the arrows A (refer to as SP2P1) and Rr(tefas SP2P2) in Figure 4.14 both had
nitrate (section 4.2.6.2) and gold(lll) reducingdon 4.2.6.1) capabilities. The activity
peaks correlated very well with each of the prote@@aks and were pooled separately for

further purification attempts.
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Figure 4.14  Elution profile obtained for the secopdrification step on SP-Toyopearl
cation exchange resin.= ) Asg (= ) Nitrate reducing activity and=¢ ) Au reduction

activity. The region between the arrows were po&e subsequent purification.

4.3.2.2. Dye-affinity chromatography (Blue Sepharose CI-6B)
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Figure 4.15 Elution profiles obtained from the Bl8epharose CL-6B resin when loaded
with (A) SP2P1 and (B) SP2P2=() Apgo and (= ) nitrate reducing activity. The region

between the arrows were pooled for subsequentipatidn.

Subsequent purification of the pooled peaks SP2l1S®P2P2 obtained from the second SP-
Toyopearl step on Blue Sepharose CL-6B (sectiorb2Pshowed pooled SP2P1 mainly did
not interact (Figure 4.15 A), while the pooled SP2id interact with the resin (Figure 4.15
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B). Neither of these peaks showed any gold reduability (section 4.2.6.1) but both had

nitrate reducing activity corresponding to the mggeaks obtained.

4.3.2.3. Hydrophobic interaction and size exclusion chromatgraphy

Separation on HIC of SP2P1 resulted in severakprgieaks with low homogeneity an no
gold(lll) reducing abilities (section A.1). Thetémacting peak (SP2P2), on the other hand,
obtained from the Blue Sepharose CL-6B column, wasd for purification on the
hydrophobic resin (section 4.2.5.3). The HIC paaifion profile showed one major peak and
corresponded to the nitrate reducing activity (Fégd.16 A) obtained as described in section
4.2.6.2). When this peak was loaded onto the iigdtion resin (section 4.2.5.4) only one
peak was observed (Figure 4.15 B). Neither nitrégection 4.2.6.2) nor gold reducing
abilities (section 4.2.6.1) could be observed, hawevhen the adapted gold assay was used
(section 4.2.6.3) a colour change was observedatidg gold(lll) reducing and nanoparticle
formation. This implies that the purified proteim dependent on the electron shuttling

system supplied in the reaction mixture. See smpphtary notes (section A.1).
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Figure 4.16 Elution profiles obtained from the (Rhenyl and (B) Sephacryl S200HR
resins. =) Aggo and () nitrate reducing activity. (A) The region beamethe arrows

were pooled for subsequent purification.

The purified protein was denatured by autoclaving 20 minutes and was assayed for

gold(lll) reducing and nanoparticle producing al@k. The denatured protein showed no
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colour change indicating that the protein needsean its native conformation to facilitate

gold(lIl) reduction and subsequent nanoparticlenation.

4.3.3. SDS-PAGE analysis

SDS-PAGE analysis (section 4.2.4) of the protedietions obtained during the different steps
of purification (sections 4.2.5.1.1 through 4.2)5sfhowed that there is a difference in the
protein profiles and an increase in the homogen#itthe proteins (Figure 4.17 A and B).
Figure 4.18 A shows the protein profile of the mabhctive peak obtained from the Phenyl-
Toyopearl resin and Figure 4.18 B shows the prgpediile for the peak obtained from the
Sephacryl S200HR resin. These results shows tpadtain was purified and that the protein
has gold(lll) reducing and nanoparticle produciagabilities when the modified gold assay

(section 4.2.6.3) was used for activity determonati
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Figure 4.17 SDS-PAGE analysis of the purificatiteps. Each lane was loaded with 2jug
protein. Lane (1) marker (2) cell-free extract (8pluble proteins (4) >30kDa (5)
>10<30kDa (6) <30kDa (7) Super Q-Toyopearl, nonergcting proteins (8) Super Q-
Toyopearl, interacting proteins (9) Blue Sephar@e6B, SP2P2, interacting proteins (10)

Blue Sepharose CL-6B, SP2P2, non-interacting pnst€l1) Blue Sepharose CL-6B, SP2P1,
interacting proteins (12) Blue Sepharose CL-6B, BB hon-interacting proteins.
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Purification fold and yield could not be calculagsithe specific gold reducing activity could
not be determined. The only means of testing #gtincluded visual observations (colour

change) and the recording of the plasmon resorizace.
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Figure 4.18 SDS-PAGE analysis of the pooled acgix@ein peak on the (A) Phenyl-
Toyopearl and (B) Sephacryl S200HR resin. Lanedfjesents the marker.

4.3.4. N-terminal sequencing

In order to identify the protein catalyst the Naemal sequence of the soluble protein was
determined using Edman degradation (section 4.2.B}erminal sequencing requires a
homogenic protein, which was determined by usinG$AGE analysis in conjunction with
coomassie staining. Two bands closely associaidd each other were observed, which
would interfere with the sequencing, thus attempé&se made to separate these bands.
Before loading the SDS-PAGE gel the sample is deadtby boiling the protein sample in
the presence of DTT to facilitate the separatioprofteins based on size. The sample was
boiled over time and loaded onto a 10% SDS-PAGEtgaletermine if the protein was
degraded during the boiling process. It was fotirat the top band decreased in intensity
over time while the bottom band increased in intgr{&igure 4.19), showing that the boiling

process does influence the protein integrity. Tedednine the effect of boiling in the
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Figure 4.19 SDS-PAGE analysis of the protein pedifion the Phenyl-Toyopearl resin
subjected to boiling over time. Lane (1) mark2)y 10 (3) 15 (4) 20 (5) 30 and (6) 40

minutes.
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Figure 4.20 SDS-PAGE analysis of the protein pedifon the Phenyl-Toyopearl resin
subjected to boiling in the presence and absend®Tdf. Lane (1) marker (2) +DTT boil for
5min (3) +DTT boil for 10min (4) +DTT no boiling Y5-DTT boil for 10min and (6) — DTT

no boiling.
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presence and absence of DTT, another gel was runth wprotein
samples denatured under different conditions. dsviound that in the absence of DTT,
boiling had no effect on the protein integrity (&ig 4.20). The N-terminal sequence of the
purified protein was determined as: GPQDNSLVIGASICBI BLASTp results indicated
that only one protein in the database shared thepste amino acids sequence. It was
identified as an ABC transporter, peptide-bindingtein from Thermus thermophilus
(YP_144900).

4.3.5. Characterization of the purified protein

For each of the parameters tested one reactiomorss at the standard incubation conditions
[2mM gold(lll), 24h, 100ug.mt protein, 4.6uM sodium dithionite and 65°C]. Rdet

produced under these conditions are depicted r€&ig.21 D and E.

4.35.1. The effect of pH on patrticle production

The effect of pH on particle formation was evaldads described in section 4.2.7.4. It seems
as if lower pH values are more conducive to prodgecianoplate-like structure with a larger
aspect ratio, while a higher pH results in the fation of more spherical and smaller
particles. This could also be concluded by lookanghe colour change (Figure 4.22), as the
higher pH value buffers had a pinkish colour cqrmsling to the smaller particles
(Underwood and Mulvaney, 1994). Similar resultsravebtained by He and co-workers
(2007), where they show that the starting pH cdwdde an important effect on both the size
and the shape of the gold nanoparticles produdeifferent pH values would regulate the
proton concentration of the buffer and this resultthe control of nanoparticle morphology.
The purified protein has the potential to produadiples with defined edges (Figure 4.21 E),
but optimum conditions have not yet been estaldishéore experimentation is required to

narrow the range of physico-chemical parameters.

Comparing these results to the results obtainedHerwhole cell characterization
(section 3.4.3.1), it was found that in both cafes lower pH buffers resulted in larger

particles than the higher pH buffers. Howevemgshe purified protein, nanosheets instead
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Figure 4.21 TEM micrographs of the purified proteixposed to different pH buffers. (A)
pH3.6, scale bar equalsugh, (B) pH 5.5, scale bar equals 1000nm, (C) enlaget of B,
(D) pH 7.4, scale bar equals 1000nm, (E) enlargen@@nB (F) pH 9, scale bar equals

1000nm and (G) enlargement of F.
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of nanoparticles were observed for the lower pHdraf This indicates that separation of the

proteins from the biomass results in different g/péparticles that can be produced.

Figure 4.22 Photo representing the colour changsenbed when the purified protein was
exposed to different pH buffers. (A) pH 3.6, (B)35, (C) pH 7.4 and (D) pH 9.

4.3.5.2. The effect of temperature on particle production

The effect of temperature on particle formation waaluated as described in section 4.2.7.3.
From the micrographs (Figure 4.24 and Figure 4.2Jarid E) it seems as if a lower
temperature give better shape definition at tlagest The gold assay of the 42°C sample had
a pinkish colour (Figure 4.23) while the higher paratures had a more bluish colour. The
gold assay of the 42°C sample (Figure 4.24 A) pceduarticles with defined edges, while
the gold assay of the 65°C sample (Figure 4.21 @E)nproduced particles which were less
defined but some edges were still visible. It theems as if a lower temperature might be a
contributing factor to produce particles with maofagies other than spherical. The particles
produced at 75°C (Figure 4.24 B) were mostly spla¢riroughly the same size as particles
produced at lower temperatures. Thus tempera@senb effect on the size of the particles
but seems to influence nucleation of the partidesthe nucleation seed plays a role in
determining the end shape of the particle (Kawanam@Nogami, 2009). The data obtained
from the micrographs (Figure 4.24) do not correlatéhe colour production (Figure 4.23),
suggesting that colour alone is not a good measnefor determining the size range of the
particles produced, especially when determiningnoyrin temperature. The colour formation
suggests that the particles produced at high teatymer should be larger than the particles
produced at lower temperatures. The lack of irszaa the size of the particles could be
attributed to a depletion of gold(l) ions neededdarticle growth (Tang and Hamley, 2009).
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Comparing these results to the results obtainedhi® whole cell characterization
(section 3.4.3.2), it was found that in both cabestemperature has no effect on the size of
the particles produced. Purification of the protgdbm the cell indicates that a restriction is
eliminated as the number of particles producedneypurified protein at lower temperatures
is much greater in number than the amount of pastiproduced by the intact cells.
Quantitatiev analysis on particle volumes was rtdeicted, thus a spesific ratio could not
be determined.

.
¥
.
Figure 4.23 Photo representing the colour changseoed when the purified protein was
exposed to different temperatures. (A) 30°C, BYA4 (C) 55°C, (D) 65°C and (E) 75°C.

Figure 4.24 TEM micrographs of the purified proterposed to different temperatures.
(A) 42°C and (B) 75°C. Scale bars equal to 1000nm.

99



4.3.5.3. The effect of gold(lll) concentration on particle production

The effect of gold(lll) concentration on particlerfation was evaluated as described in
section 4.2.7.2. The 0.5mM sample does not havmitie shape and is very small
compared to a higher gold(lll) concentration. T™mM sample had some shape definition
with defined edges (Figure 4.21 D and E), but iasireg the concentration to 5mM (Figure
4.25 C and D) resulted in the loss of the edgestlamgbarticles appear to be larger that those
produced at lower gold(lll) concentrations. Irasi|g the gold(lll) concentration to 10mM
(Figure 4.25 E and F) resulted in the formatiomplatte-like structures, the colour change by
the 10mM gold(Ill) mixture did not turn the custompgpink-purple colour but gold flake
were observed with the naked eye (Figure 4.26)chvitiould be related to the nanoplate
structures formed. A few well defined shapes (Feg25 F; triangles, indicated by the red
arrows) could be observed. These results indidategold(lll) concentration plays both a
role in the shape and the size of the nanostrustpreduced. Similar observations were
made by He and co-workers (2008) when they exposetl-free extract of
Rhodopseudomonas capsuldtavarying gold(lll) concentrations. The stoictmetry was
calculated by converting the protein, as well be,dold(Ill) concentrations @M values. It
was found that the gold ions were always in exceEke greater the ratio the bigger the
particles indicating that the ratio of protein twdjions play a role in the morphology of the
nanoparticles (Kawamura and Nogami, 2009; TangHaualley, 2009). Elemental analysis
was not done on these particles and care needse ttaken on interpreting particle

composition.

Comparing these results to the results obtainedHerwhole cell characterization
(section 3.4.3.3), it was found that in both caaesincrease in gold(lll) concentrations
resulted in multiple nucleation events. Purificatof the gold reducing and nanopatrticle
producing protein resulted in the formation of nglates when 10mM gold(lll) was used,
which differs from that of the particles producedthe intact cells. The particles produced
in the cells, caused the cells to lyse when theyabe to large, thus the cell causes a
restriction to the size of the particles that carpboduced. The purified protein had no such

limits and particles could grow into nanosheets.
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Figure 4.25 TEM micrographs of the purified proteexposed to varying gold(lll)
concentrations. (A) 0.5mM gold(lll), scale bar atgu1000nm, (B) enlargmente of A, (C)
5mM gold(lll), scale bar equals 1000nm, (D) enlargat of C, (E) 20mM gold(lll), scale

bar equals 2m and (F) enlargement of E.
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Figure 4.26 Photo representing the colour changsented when the purified protein was
exposed to varying gold(lll) concentrations. (A)@M, (B) 0.5mM, (C) 1mM, (D) 2mM, (E)
5mM, (F) 7.5mM and (G) 10mM.

4.3.5.4. The effect of protein concentration on particle praluction

The effect of protein concentration on particlenfation was evaluated as described in
section 4.2.7.5. From the micrographs (Figure ¥.@7seems as if a lower protein
concentration is better suited to produced padiaigh shape definition as opposed to higher
protein concentrations were the particles seentsmt@ little to no definition. Also for the
20ug.mi* protein sample (Figure 4.27 A) the particles pamtliappear to be larger than the
particles produced by the 100pg’ngrotein sample (Figure 4.21 D and E) which alseega
few particles with defined edges. The colour cleamdpserved (Figure 4.28) for these
reactions showed that the lower protein concepinathad a slightly more blue tint than the
higher protein concentrations, which correspondshto micrographs (Figure 4.27). This
could be because less proteins means fewer numiesites for gold nanoparticle initiation
which allows for the particles to grow (Mikheeng&bal.,2008; Scotet al.,2008).

Looking at the stoichiometry of protein molecutesgold(lll) concentration, it was
once again seen that the gold(lll) was in excessatier which protein concentration was
used. This corresponds to the reasoning that laehigatio of gold to protein (reductant)
would result in larger particle as all the possibtetein nucleation sites were occupied by a
gold ion (Tang and Hamley, 2009). The excess gmhd can now be used for particle

growth, thus the less nucleation site availableféister particles can grow as there will be
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less competition for the available gold ions toeitiier as part of the nucleation process or as

to help with the grow of the particle.

Figure 4.27 TEM micrographs of the purified protegxposed to varying protein
concentrations. (A) 20pg.thand (B) 50pg.mil. Scale bars equal to 1000nm.

Figure 4.28 Photo representing the colour changsented when the purified protein was
exposed to varying protein concentrations. (A)d.éu?, (B) 20pg.mtf, (C) 50pg.mt, (D)
75ug.mtt and (E)100pg.mi.
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4.3.5.5. The effect of exposure time on particle production

The effect of exposure time on particle formatioaswevaluated as described in section
4.2.7.6. Figure 4.29 shows that particle productieas already visible after 8 hours of

incubation. These particles were roughly the saine as for the 24 (Figure 4.21 D and E)

and 48 hour incubation periods (Figure 4.29 B)idating that exposure time does not really
effect particle size. Similar to the findings famperature (section 4.3.5.2), these results
however are not portrayed in the photos of thewwodthange (Figure 4.30). The photo would

suggest that the particles produced after a lomgetbation period should be larger than the
particles produced at shorter time intervals. ekras as if the particles formed at the 48h
interval were smaller and more spherical than tagigles produced at shorter incubation

time. An explanation for this is still unclear @swould be expected to produce larger

particles as a longer growth period is suppliedhisTcould mean that all the possible

nucleation sites are not occupied and that an @&serén incubation times allows for more of

the sites to be accessed by the gold ions withesatise ions to be used for nucleation
processes instead of for growth agents (Mikheastka.,2008; Tang and Hamley, 2009).

Figure 4.29 TEM micrographs of the purified proteixposed to varying incubation times.
(A) 8h and (B) 48h. Scale bars equal to 1000nm.
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Figure 4.30 Photo representing the colour changsenbed when the purified protein was
exposed to varying incubation times. (A) 2h, (B)(€) 8h, (D) 12h, (E) 24h and (F) 48h.

4.3.5.6. The effect of sodium dithionite concentration on peicle production

The effect of sodium dithionite concentration onrtigle formation was evaluated as
described in section 4.2.7.7. Significant reductad gold(lll) only occurred in the presence
of the protein and then only when sodium dithionvees added to the reduction mixture. See
supplementary notes (section A.2). If the sodiutii@hite concentration is too high (Figure
4.31 B and C) few particles are produced and thwsieh are formed have no definitive
shape - just a big black mass. Sodium dithiongecentration equal to that used for the
nitrate reductase assay described by Showe and &eNIKP68) gave the best particle
production implying that sodium dithionite need et in excess for the disulphide bond to
be reduced and act as nucleation site for gold(@8uction and particle formation. Even
when no dithionite (Figure 4.31 A) was added to teaction mixture a small amount of
reduction still occurred as the particle formed hadshape or clearly defined edges, while
4.6uM dithionite gave particles with defined edgegyure 4.21 D and E). Stoichiometry
calculations revealed that a ratio of protein tdigm dithionite of lower then 1:1 gives the
better results in terms of particle shape. Thegarpeters still need further investigation as
optimum parameters have not been established. iclearnorphology could also be
dependent, not only on the protein to sodium dith@ratio, but also on the ratio of protein,
sodium dithionite and gold(lll). Thus changing yohe parameter at a time might not give
optimum conditions. It is also suggested to teSemnt reducing agents to determine the
effect of reducing agent as well as concentratibnthe particular reducing agent on
nanoparticle synthesis.
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Figure 4.31 TEM micrographs of the purified protexposed to varying sodium dithionite
concentrations. (A) OuM (B) 50uM and (C) 100uMal& bars equal to 1000nm.

4.4. Conclusions

The soluble fraction had better particle formatiban the cell-free extract, which could lead
to the conclusion that interfering substances emeoved during the purification steps. This
might be the first point of optimization. Initidita indicated the possible involvement of a
nitrate reductase-like protein but the N-termireduencing showed that the protein was an

ABC transporter, peptide-binding protein. This wast expected as transporters are not
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oxido-reductases. The ABC transporter, peptidelibmpprotein has a disulphide bond which

leads to a hypothesis involving the reduced stateeodisulphide bridge, thus aiding in the

shuttling of electrons. This is strengthened ke dlddition of sodium dithionite in the assay

mixture which is needed to reduce the sulphideduesi, which are then able to transfer the
electrons to the gold ions, reducing it to elemlegtdd. The protein thus acts as a seeding
point for particle formation. This hypothesis @ewhat confirmed by the data supplied by
Scott and co-workers (2008) where they showed ttiatcatalytic cysteine residues of the

glutathione reductase are directly involved in teduction of gold(lll). Not unlike what is

suggested in the present study.

Characterization of the pure protein show thatpimgsico-chemical parameters play a
role in particle formation. Temperature, protewncentration and exposure time has an
effect on the size of the particles while pH, gbljiand sodium dithionite concentrations
have an effect on the shape as well as on theo§ite particles. Despite these experiments
particles lack monodispersity and no optimum patansecould be concluded. At this stage
the discovery of the protein identity almost comésn the researcher that the physico-
chemical parameters are not the key to control golu and particle production. Further
research is still needed to determine the optinmadditions for gold(lll) reduction and

nanoparticle formation.
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CHAPTER 5

5. EXPRESSION AND CHARACTERIZATION OF THE ABC TRANSPOR TER,
PEPTIDE-BINDING PROTEIN

5.1. Introduction

The membranes of cells are made-up of lipids whimhfer an inherent resistance to a great
majority of hydrophilic solutes required for celltrition as well as resistance towards many
of the waste products and / or toxins that museéXmreted. The membranes contain highly
selective gates that promote the passage of ceraiarials in certain directions and block

others altogether (Mathevet al, 2000). These gates are proteins, which soletiiumis to

catalyze the translocation of substrates throughrtembrane (Figure 5.1).

Transmembrane
proteins Peripheral
--membrane

protein

Phosphaolipid
bilayer

Peripheral membrane
membrane proteins
protein

Figure 5.1 Cell membrane cross section. (Takemf@ell Membranes, 2003).
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Free-living microorganisms often inhibat environftsewhere nutrients are in short supply,
and different species must compete with each offeer the available metabolites.
Accordingly they couple expenditure of metaboliergyy to inward transport of essential
nutrients to achieve intracellular concentrationicent for optimal growth. Furthermore,
the process of eliminating metabolic wastes and tosins such as antibiotics is often
coupled to the expenditure of metabolic energyindication of its importance for survival
(Henderson, 1998; Matheves al, 2000). Solutes can cross the membrane eithpabgive
diffusion, facilitated diffusion or active transpor Active transport processes embrace a
variety of molecular mechanisms, in which energy ymiae derived from light,
oxidoreduction, ATP hydrolysis or pre-existing delgradients. ABC transporters are one
such group of membrane spanning proteins whichiresjthe hydrolysis of ATP to facilitate

transport of a substrate across the membrane.

5.1.1. ABC transporters

ATP binding cassette (ABC) transporters are ubagstmembrane proteins that facilitate
unidirectional substrate translocation across ifhid bilayer by utilizing the energy obtained
from the hydrolysis of ATP and are found in bottkawyotes and prokaryotes. They are
classified as importers and exporters dependinghendirection of translocation of their
substrates, and are very diverse with respectao ffhysiological function and substrate
(Braibantet al., 2000; Locher and Borths, 2004; Saueinal., 1999). Importers are found
exclusively in prokaryotes, while exporters arenfdun both prokaryotes and eukaryotes. As
the main source of ATP is found in the cytosoliving organisms, import is defined as the
transport of a molecule into the cytosol, while @xps the transport of a molecule out of the

cytosol, even if the final location is an intracédlr organelle (Dassa and Bouige, 2001).

ABC transporters are from a large superfamily altrsubunit permeases. A typical
ABC transporter has four domains, consisting of tmarophobic membrane spanning
domains (MSDs) associated with two cytoplasmic eoiitie binding domains (NBDs). The
NBDs of ABC transporters bind ATP and couple ATRitojysis to the transport process.
They are the best conserved domains of the tratesppisharing about 30-40% sequence
homology regardless of their substrate specifioityof their origin (Braibantet al., 2000;
Davidson, 2002; Davidson and Chen, 2004). Threabease highly conserved regions are: (a)
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the Walkeg and Walkes motifs which form an ATP binding pocket, (b) th&@& transporter
family signature, a characteristic pattern locabedween the two Walkgrand Walkes
motifs (about 100 residues downstream of the Walkawtif and 10 residues upstream of the
Walkes motif), (c) and a six amino acid motif located dmiream of the Walkgrmotif
which contains a highly conserved histidine resigkigure 5.2). The transmembran domains
(TMDs) are made-up of two highly hydrophobic prateivhich create a channel that allows
the translocation of the substrate through the mmang and are less conserved than the
NBDs. The MSDs are bundles of four to eightelices that cross the membrane multiple

times in a zig-zag manner (Biemans-Oldehinkel, 2@j&ibantet al.,2000).

[-lnop
_A)=loap
Pro-loap
2 wWalk
n Walker B

Walker A

Figure 5.2 Crystal structure of the HlyB-NBD H66&8#ner with bound ATP/M{. ATP
in stick representation and Mg (green spheres) are sandwiched at the interfacietwo
HlyB-NBD monomers (shown in light tan and lightlge). N- and C-termini of the
individual monomers are labelled. Conserved maiis coloured in red, brown (Q-loop),
blue (C-loop or ABC signature motif), magenta (VéalB), black (D-loop), and green (H-
loop) and labeled accordingly. (Taken from Zaitsetal.,2005).
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5.1.2. Classification of ABC transporters

Most ABC transporters are primary transporters whransport molecules in one direction
over the membrane. Each is specific for a singlssate or group of related substrates that
can range from inorganic ions to sugars and amiidsacomplex polysaccharides and
proteins (Locher and Borths, 2004; Sauehal., 1999). There are two main families,
namely, the exporters (efflux) and the importergtdi4e). Efflux ABC transporters consist of
NDB and MSD components, often fused in one protéimo of these half-transporters will
interact to complete the four-domain structure loé tABC transporter. Exporters are
involved in the export of molecules out of the @fasm. These molecules include peptides,
polysaccharides, proteins and hydrophobic drugke Uptake ABC transporters consist of
three different proteins which function togetheirtgport metabolites into the cell. The three
components are the NDB, the MSD and a periplasoiistsate-binding protein (SBP). The
SBP is found in the periplasm in gram-negative pigfas and is attached to the cytoplasmic
membrane in gram-positive organisms. Importersiavelved in the uptake of a wide
variety of solutes (Braibargt al., 2000; Sauriret al.1999). There are dozens of families
within the ABC superfamily, and transporter progeimave been grouped by a number of
functional criteria, including mechanism (e.g. sodisolute symporters), topology (e.g. 12-
transmembrane helix transporters), intracellulaatmn (e.g. mitochondrial transporters) and

possession of amino acid sequence (e.g. ATP biradingette (ABC) transporters).

5.1.2.1. DRI family involved in drug resistance

This family is comprised of systems similar to tbhthe DRA family, which is characterized
by strong sequence conservation of the ABC suhufiypically organization consists of one
ABC and one or two MSDs. The DRI family systeme &ound in prokaryotes and have
been involved in antibiotic resistance and in ba@aotéin and lantibiotic immunity (Dassa and
Bouige, 2001). The DRI family contains various fauhilies, one of which is the DRB
subfamily which is involved in peptide antibiotiesistance. The branched cyclic dodecyl
peptide bacitracin resistance determinant BcrABCBaerillus licheniformisis the best
characterized system in this subfamily (Podlestkl, 1995). The BcrA protein shares a
high degree of homology with the ATP-binding comgois of the ABC transporter family,

while the BcrB and BcrC genes encodes for hydrohpimteins which may function as the
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TMDs. These genes also confer resistance smherichia coliand it is hypothesized that

antibiotic resistance is due to the active efflixhe drug through the membrane.

5.1.2.2. ABC-2 nodulation protein and ABC-2 polysaccharide gporter families

Members of the ABC-2 nodulation family comprisestieé NODJ nodulation protein which
mediate the export of modified oligosaccharides,ilavhmembers of the ABC-2
polysaccharide exporter family mediate polysaccleagxport. These transporters are only
found in gram-negative bacteria and the proteires raat homologous to any other ABC
transporter families, although their transport natdm is believed to involve bound ATP
and to be similar to that of other ABC transpori@siffith and Sansom, 1998; Reizet al,
1992).

5.1.2.3. The OPN family specific for di- and oligopeptides ad nickel

Members of the OPN family have been found in atlkaryotic genera and are specific for

the uptake of di- and oligopeptides and nickeleyrare characterized by the fact that the two
ABC subunits are encoded by different genes. @kgtide-like transporters have been

implicated in the uptake of a class of opines aghgrocinopines, agropinic and mannopinic
acids (Dassa and Bouige, 2001; Hayraaal.;1993)

5.1.2.4. ATP binding protein-dependent transporters

Although binding protein-dependent transport systeme poorly characterized, the members
of this superfamily are structurally, functionallgnd evolutionary related to each other.
These transporters are found in bacteria, yeassitsp and animals including man, and
include both import and export systems. Althougly aingle system is relatively specific,

different systems handle very different substratbgh can be inorganic ions, amino acids,

sugars, large polysaccharides, or even proteirggifs, 1990).

The ABC-associated binding protein-dependent peptransporter family mediate

the uptake of oligopeptides and are associated tghcytoplasmic elements of the ABC
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superfamily. Proteins in this superfamily use #reergy derived from ATP hydrolysis to
pump substrates across cell membranes. Two cgimptachains containing the ATP
binding domains associates with two transmembraneaths of the ABC-associated binding
protein-dependent peptide transporter family tamnfahe active complex. According to
statistical analysis of multiple amino acid seq@enomparisons, this family is most closely
related to the ABC-associated binding protein-ddpenmaltose transporter family (Higgins,
1990; Griffith and Sansom, 1998).

5.1.3. Mechanism of ABC transporters

The architecture of the two MSDs and the two NB@soss the entire ABC transporter
superfamily are conserved, and thus it could besetgnl to have a common translocation
mechanism for both ABC uptake and efflux systeribe transport cycle is initiated by the
interaction of substrate with the MSDs. Substigiteling causes the transport proteins to
under go a conformational change involving the Ioendf a hinge (NBDs) that joins the two
lobes. This initiates the hydrolysis of ATP. Ttransport proteins take on a more open
conformation in absence of the transported sulesti@td the substrate binding promotes
bending at the hinge and closing the cleft arolmed qubstrate (Davidson and Chen, 2004;
Higgins, 2001). The substrate is transferred feotigh-affinity binding site on one side of
the membrane to a low-affinity binding site on thther side of the membrane. Once the
substrate is released into the environment thespi@m protein must be reset and the binding

sites re-orientated.

The most uncomplicated model of substrate bindimgein-dependent uptake entails
four steps (Figure 5.3). The mechanism will becdbed using the maltose binding
transporter system as it is the most closely rélatethe ABC-associated binding protein-
dependent peptide transporter family (Griffith é8ahsom, 1998). Firstly the maltose binds
to the maltose binding protein (MBP) causing itkase. The maltose containing MBP docks
onto the TMDs and the NBDs are signalled to bindPATThis causes the TMDs to change
conformation from an open to a closed state, exygoan internal sugar-binding site. The
MBP opens and donates the maltose to the sugaimgisde. ATP is hydrolyzed and causes

the dissociation of the NBD dimmers, resultinghe tonformation change of the closed state



to the open state upon release of the substratahiatcytoplasm (Biemans-Oldehinletlal.,
2006; Davidson and Chen, 2004).

(i) Substrate-binding (ii) Docking

@ _iv@

-
T

(iv) Translocation/Resetting (iii) Donation

o

F 3

A0

o
Q} _

l

ADP+Pi
ADP+Pi
Figure 5.3 Model of the translocation mechanisna @BP-dependent ABC transporter.
(Taken from Biemans-Oldehinletlal.,2006).

In the previous chapter a native gold(lll) reducargd nanoparticle producing protein from
Thermus scotoductuSA-01 was purified and characterized. The aimsthid chapter

became:

1. The heterologous expression of the ABC transpgégtide-binding protein
in the mesophile Escherichia coli to confirm gold(lll) reducing and

nanoparticle producing capabilities.
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2. Characterization of the recombinant proteins widspect to the above
mentioned under various changing parameters anstuidy the effects on

nanoparticle dispersity.

5.2.  Materials and methods

5.2.1. Bacterial strains, plasmids and culture conditions

Thermus scotoductuSA-01 was cultured in TYG medium as describeddatisn 3.3.5.1.
Escherichia colstrains TOP10 (Invitrogen) and BL21(DE3) [Lucigevdre used as hosts for
genetic manipulation and expression of proteinpaetively. E. coli strains were grown in
Luria-Bertani (LB) medium (10g’itryptone, 5g: yeast extract and 53.NaCl, pH 7) at
37°C with aeration (200rpm). Kanamycin (@0mr?) or ampicillin (10@g.mI*) were used

as selective pressure when required.

Plasmids pET 22b(+) and pET 28b(+) (Novagen) wesedufor expression of the
proteins inE. coli BL21(DE3). The pET 22b(+) vector are designed fi@ion of target
proteins to signal sequences that facilitates éxjpdo the periplasmic space. Unfused
proteins can also be expressed by cloning inta\itkel site of the vector (Figure 5.4). The
pPET 28b(+) vector are designed for generating tapggeteins fused with cleavable N-
terminal His-tag / T7-tag. Proteins having theitive N-terminus can be produced by using
the Ndel site (Figure 5.5). The vector encodes for a psgaecognition site for the removal
of the N-terminal tag (Novagen, 2002-2003).



HindIII (174)

f1 origin Eco RI (193)

N

- “BamHI (199)

 Ndel (289)

g ﬂf27;
s

| PET-22b(+) R
v 5493 bp | |

/

ORI ColE1

Bglll T7 pramater lac operator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
BspM | IB lead: Msc| Neol
Nde | = pelB leader < BamH| EcoR| Sacl

TATACATATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGGATATCGGAATTAATTCGGATCCGAATTCGAGCTCC
MetLysTyrLeulLeuProThrAlaAloAlaGlylLeulLeuleuleuAlaAlaGInProAlaMetAlgMetAsplleGlylleAsnSerAspProAsnSerSerSer

Eagl Aval* signal peptidase

Sall _Hind Il Notl Xhol His-Tag Bpu1102 1 B
GTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAAC
ValAsplysleuAlaAloAlaleuGluHisHisHisHisHisHisEnd

T7 terminator
TAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Figure 5.4  Vector map of pET 22b(+) indicating thmpicillin resistance geneZolE1l
origin of plasmid replicationlacl coding sequence and the multiple cloning site utite T7

promoter.
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T7+Tag
GCCATATGGCTAGCATGACTGGTGGACAGCAA
rHisMetAlaSerMetThrGlyGlyGInGIn
thrombin
His*Tag

ACCATGGGCAGCAGCCATCATCATCA
MetGlySerSerHisHisHisH

GAGATCCGGCTGCTAACAAAGCCC
sEnd

CTCGAGCACC,
sLeu, alLeuGluHisHisHisHisHisHi
Bpu1102 | T7 terminator
GAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
-—

Figure 5.5  Vector map of pET 28b(+) indicating tkenamycin resistance gen€plE1l
origin of plasmid replicationlacl coding sequence and the multiple cloning site utfue T7
promoter. Sequence of the pET 28b(+) cloning negioowing the ribosome binding site and

configuration for the N-terminal His-tag and thromlzleavage site fusion.

5.2.2. Genomic DNA isolation

Genomic DNA was extracted froffthermus scotoductu$A-01 by the Proteinase K / Phenol
method (Towner, 1991). Cells (0.5g) were washedTirbuffer pH 8 (0.01M Tris
[trishydroxymethylaminomethane] and 1mM EDTA) arahtifuged (3008 g; 5 min; 4°C)
to pellet the cells. The pellet was resuspendegi2zml 50mM Tris-HCI pH 8 with 0.7mM
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sucrose and 6@Dlysozyme (20mg.mt in water), and the suspension was placed on icg fo
minutes. Six hundred microliters EDTA (0.5M) andOgl SDS (10%) was added to the
sample after which it was mixed gently and placediae for 5 minutes. Ten milliliters
digestion buffer (1% SDS, 50mM Tris-HCI pH 8, 0.18DTA, 0.2M NaCl and 0.5mg.ml
Proteinase K) was added and the sample incubataahigit with mild shaking at 55°C. pH
calibrated phenol was added (1x sample volumehéosample and mixed gently for 3h at
room temperature. Centrifugation (480§ at room temperature) was used to separate the
agueous and organic phases. The aqueous phaseansferred to a new tube and 1x sample
volume chloroform:isoamyl alcohol (24:1) was added mixed gently by inverting. The
sample was centrifuged (400@, at room temperature) and the agueous phase dregfto

a new tube. This was placed on ice for 5 minutess &10 (v/v) 5M NaCl added. Ten
milliliters high purity 100% ice cold (-20°C) ethalnvas added, the DNA spooled and placed
in a 1.5ml tube. The spooled DNA was washed twigth 70% ethanol (1ml) and
centrifuged (12 000rpm; 1min; 4°C). The resultDiyA pellet was air dried and dissolved
in 50Qul TE buffer, pH 8, by incubation for 1h at 50°C heTintegrity of the genomic DNA
was assessed by electrophoresis as describedtions&2.3. Sterile reagents and aseptic

techniques were used throughout the procedure.

5.2.3. Polymerase chain reaction (PCR)

The complete ABC gene was amplified by PCR fromogeic DNA. Primers were designed
using the N-terminal sequence and the gene sequétaimed from th&hermus scotoductus
SA-01 genome database (Table 5.1). The genomeseguwfThermus scotoductuSA-01
was completed using a combination of GS20 and Fipogequencing (Gounder, 2009).
PCR reactions were performed in a total reactiolmnae of 5@l using a Thermal Cycler
(PxE 0.2, Thermo electron corporation). Reactiartume contained 5ul of the 10x Super-
Therm reaction buffer, Mggl(2mM), dNTP’s (0.8mM), Super-Therm polymerase (9,5
0.2uM of both the forward (ABC_F_Nde) and reverse (ABC Eco) primers (Table 5.1) and
50ng of template, filled to the reaction volume hwiterile redistilled water. Reaction
conditions consisted of an initial denaturing sa&€@5°C for 5 minutes, followed by 30 cycles
of denaturing at 95°C (30 seconds), annealing &°&3(40 seconds) and elongation at 72°C
(2.5 minutes). A final elongation step of 10 memiat 72°C was added to ensure complete

elongation of amplified product.
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Table 5.1 Oligonucleotide primers used for PCR diicption and sequence PCRs.

Primer Sequence Tm (°C)
ABC_F_Nde 5'- CAT ATGAGA AAA GTA GGC AAG CTG GCT - 3 59.5
ABC R _Eco 5 -GAATTCTTA CTT GAC GGA AAG AGC GTA- 3 57.4
ABC_Int_F 5'- AGG ATG CGG AGAGGC TC - 3 51.9
ABC Int R 5'- CGC TGG ATG TAG TCG TCG - 3' 51.9

Underlined sequences indicate introduced restridites foiNdel andEcoRl

All PCR and DNA products were analyzed with the akagarose gel electrophoresis. All of
the agorose gels consisted of 0.8% agarose in TAEM(0.04M Tris-HCI, 1ImM EDTA pH
8.0 and 0.021mM glacial acetic acid) with 0.6p ¢ mihidium bromide. DNA was separated
within the agarose gels at 5.6V.¢nfor 60 minutes. DNA was visualized under a high
radiation UV source (ChemiDoc XRS Gel Documentatsystem; BioRad Laboratories),
while DNA to be isolated from agarose gels for Hert studies was visualized using a low
radiation UV source (Darkreader), and was isolatsihg the BioFlux BioSpin Gel
Extraction Kit according to manufacturer’s recomuation (Bioer Technology Co., Ltd).
Nucleic acid concentrations were determined using NanoDrof ND-1000

spectrophotometer (NanoDrop Technologies, Inc).

DNA fragment size was estimated based on electregilcanobility relative to that of
the MassRuler DNA Ladder standards (Fermentas) during the sdewtrephoretic run.

5.2.4. Ligations

The ~1.9kb PCR purified product was ligated inte thGEM-T Easy Vector system
(Promega). Protocols for ligations were perforrasdoer manufacturer’s instructions. The
ligation reaction was performed in a total reactrofume of 1@l and consisted of 2x Rapid
Ligation Buffer (5ul), pPGEM®-T Easy vector (2.5ng), PCR productBand T4 DNA Ligase
(0.3 Weiss units) with a 1:1 molar ration of vedtmwert DNA. The ligation reactions were
incubated overnight at 4°C.
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5.2.5. Plasmid propagation and cloning

Competent Escherichia coli TOP10 (Invitrogen) and BL21(DE3) cells were preghr
according to the method described by Hanahan (1@8B)modifications. Flasks containing
Psi broth (5g:t yeast extract, 20¢'ltryptone, 5g:f magnesium sulphate, pH 7.6 with KOH)
were inoculated with 1ml of an overnight culturedagrown at 37°C until an absorbance of
0.6 at 600nm was reached. Cells were placed dioic@ minutes and centrifuged (3606
10min; 4°C) to collect cells. Cells were resuspgzhth 40ml Tfbl buffer (30mM potassium
acetate, 100mM rubidium chloride, 10mM calcium citdle, 15% glycerol, pH 5.8) and
incubated on ice for 15 minutes. Cells were codldcthrough centrifugation (30R0g;
10min; 4°C) and resuspended in 4ml Tfbll buffer M@ MOPS-NaOH, 75mM calcium
chloride, 10mM rubidium chloride, 15% glycerol, p&i5). The cell suspensions were
incubated on ice for 10 minutes, aliquoted and dnapen in liquid nitrogen followed by
storage at -80°C.

The vector of interest / ligated mixture was transfed into competeri. coli TOP10
cells for propagation. A stock (p) of the chemically competei. coli strain was removed
from -80°C and placed on ice to thaw. The ligatiomture was transferred to the competent
cells and the transformation mixture kept on ice 30 minutes after which it was heat
shocked at 42°C for 40 seconds and placed backcerfar 2 minutes. Two hundred
microliters pre-heated (37°C) SOC media (2bdryptone, 5g:f yeast extract, 0.01M NacCl,
2.5mM KCI, 0.01M MgC4, 0.01M MgSQ and 0.02M glucose) was added to the

transformation mixture and incubated at 37°C fomlth gentle shaking.

For the pGEM-T Easy vector various aliquots of the transformaliure was plated
onto LB plates containing ampicillin (0.1mg:M isopropyl p-D-thiogalactoside (IPTG,
0.12mg.mf") and 5-bromo-4-chloro-3-indolyp-D-galactoside (X-Gal, 0.08mg.i)l and
incubated overnight at 37°C to verify DNA ligatiasing blue / white selection. Positive
transformants were inoculated into 5ml LB media taoring 0.1mg.mt ampicillin to
maintain selective pressure and grown for 16h &E37DNA mini-preparations followed the
16h growth of the positive transformants. This wasformed using the BioFlux BioSpin
Plasmid Extraction Kit as per manufacturer’s recandations (Bioer Technology Co., Ltd).
Restriction fragment length polymorphism (RFLP) wased as screening method using

EcoRlandNdelin a double digestion reaction.
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For the pET vectors selective pressure was magddiy using LB plates containing
0.1mg.mf* ampicillin [pET 22b(+)] or 0.03mg.il kanamycin [pET 28b(+)]. Positive
transformants were inoculated into 5ml LB media taoning the required antibiotic to
maintain selective pressure and grown for 16h &E37DNA mini-preparations followed the
16h growth of the positive transformants. This wasformed using the BioFlux BioSpin
Plasmid Extraction Kit as per manufacturer’s recandations (Bioer Technology Co., Ltd).

RFLP was used as screening method uBcmRIandNdelin a double digestion reaction.

5.2.6. Sequencing

In order to confirm the nucleotide composition dietrelevant gene, purified positive
template was used in sequencing reactions. Seimgewes preformed using the ABI PriSm

Big Dye™

Terminator Cycle Sequencing Ready Reaction Kit3W0 or 3.1 (Applied
Biosystems, USA) according to the manufacturersrictions along with the primers listed
in Table 5.1. Approximately 30 — 50% of each segu®y reaction was loaded onto a 4%
acrylamide gel, separated at 1.6kV and data celeah an ABI Prisfi377 DNA Sequencer
(Perkin Elmer Biosystems, USA). The data was amalyusing Sequencing Analysis v. 3.3.
Sequences were assembled using AutoAssembler v.Re@erse complementation and
alignments were performed using DNAssist v. 2.(haljzed sequences were used to search

the Genbank Database.

5.2.7. Construction of expression plasmids

The pGEM-T Easy plasmid containing the desired insert wapagated and the plasmids
double digested usirigcoRlandNdel for ligation into pET 22b(+) and pET 28b(+) sinmlia
digested. The insert and the digested pET 22b{d)p&T 28b(+) vectors were cleaned from
an agarose gel using the the BioFlux BioSpin Getdetion Kit according to manufacturer’s
recommendation (Bioer Technology Co., Ltd). Ligas were performed in a 1:1 molar
ration using 50ng of vector and in a total reactrofume of 20ul overnight at 4°C with T4
DNA Ligase (1.5 Weiss units). The ligation mixtsireere transformed into competdnt
coli TOP10 cells and positive clones were identifiedtigh plasmid isolation and RFLP as

described in section 5.2.5.
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5.2.8. Expression of the ABC protein

The pET 22b(+) / 28b(+) ABC constructs were transied into E. coli BL21(DE3)
competent cells (Lucigen) for expression. Positianes were identified through selection
on LB plates containing 3@.mI* kanamycin or 108y.mI* ampicillin and inoculated into
LB medium also containing the appropriate antibigtiessure. Cells were incubated with
shaking (200rpm) until an Q) of approximately 0.8 — 1 was reached. IPTG watkedds
inducer to a final concentration of 1mM and celtevgn for an additional 4h. Cells were
harvested through centrifugation (580@ 10min) and washed using 50mM sodium

phosphate buffer, pH 7.4.

5.2.9. Purification of the recombinant ABC protein

Harvested cells containing the pET 28b(+) vectoreweesuspended in 20mM sodium
phosphate buffer, pH 7.4, containing 20mM imidazotel 0.5M NaCl. Cells were broken by
ultrasonic treatment for 5 minutes (100W) and ukérocells and debris were removed
through centrifugation (5060g, 10min). The soluble fraction (cytoplasm) was asaped
from the insoluble fraction (membranes) throughagkéntrifugation (1000060g; 90min).

The recombinant ABC protein was purified throughmabilized metal-affinity

chromatography (IMAC) and size exclusion chromadpby.

The soluble fraction was loaded onto a HisTrap FEfuran (5ml, Amersham
Biosciences) and unbound proteins eluted (5mi*nirsing 20mM sodium phosphate buffer,
pH 7.4 containing 20mM imidazole and 0.5M NaCl. uBd proteins were then eluted in the
same buffer using a linear gradient (100ml) of iaziole up to 0.5M. Active fractions were
pooled and concentrated to 3ml using an Amicorresticell through a 30kDa MWCO
membrane (Osmonics Inc.). The 3ml concentratedpEanvas loaded onto a Sephacryl
S200HR column (2.5 x 63cm, Sigma) equilibrated v@@mM sodium phosphate buffer, pH
7.4, containing 50mM NaCl. Proteins were eluteshgishe same buffer at a flow speed of

1ml.min™.

Harvested cells containing the pET 22b(+) vectorewesuspended in 20mM sodium

phosphate buffer, pH 7.4. Cells were broken bgastinic treatment for 5 minutes (100W)
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and unbroken cells and debris were removed thraegirifugation (5000 g, 10min). The
soluble fraction (cytoplasm) was separated fromitiseluble fraction (membranes) through
ultracentrifugation (100000g, 90min). The recombinant ABC protein was puriffeain the
soluble fraction by using heat to denature the themmal stable proteins followed by size

exclusion chromatography.

The soluble fraction was incubate at 70°C for 9Gwtes. The denatured proteins
were separated by centrifugation (120G 30min; 4°C) from the thermal stable proteins
(supernatant). The supernatant was concentrat@ohtaising an Amicon stirrer cell through
a 30kDa MWCO membrane (Osmonics Inc.). The 3mteatrated sample was loaded onto
a Sephacryl S200HR column (2.5 x 63cm, Sigma) dated with 50mM sodium phosphate
buffer, pH 7.4, containing 50mM NaCl. Proteins eetuted using the same buffer at a flow
speed of 1ml.min.

5.2.10.Characterization of recombinant ABC proteins
5.2.10.1. Protein concentration

Protein concentrations were determined as deschibgection 4.2.3.

5.2.10.2. SDS-PAGE analysis

SDS-PAGE analysis was done as described in setid.

5.2.10.3. The effect of temperature on particle production

The effect of temperature on the ability of theifenl protein to produce nanoparticles was
evaluated by using the adapted nitrate reductasayaiSection 4.2.6.3). The reactions
containing 100pg.rii protein for the pET 28b(+) recombinant protein @adg.mI™* for the

PET 22b(+) recombinant protein were incubated miperatures ranging from 30 — 75°C in
50mM sodium phosphate buffer, pH 7.4 with 2mM gblYi{or 24 hours. The samples were

prepared for TEM analysis as described in sectidriy 4L



5.2.10.4. The effect of pH on particle production

The effect of pH on the ability of the purified pg to produce nanoparticles was evaluated
by using the adapted nitrate reductase assay (8edt2.6.3). The reactions containing
100pg.mi* protein for the pET 28b(+) recombinant protein &6dg.mI™* for the pET 22b(+)
recombinant protein were incubated at 65°C with 2gdW(Ill) in pH buffers ranging from
3.6 — 9.5 for 24 hours. The samples were prep@redEM analysis as described in section
4.2.7.1. Usually pH characterization is conductesing a buffer cocktail containing
equimolar concentrations of the components, buttwktail had a high chemical reduction
rate, thus individual buffers were used. Sodiumat@e buffer (50mM) was used for the
range below pH 6, 50mM sodium phosphate buffetferneutral pH range and 50mM borax

buffer for the alkaline pH range.

5.2.10.5. The effect of gold(lll) concentration on particle production

The effect of gold(lll) concentration on the alylibf the purified protein to produce
nanoparticles was evaluated by using the adapteatenireductase assay (Section 4.2.6.3).
The reactions containing 100ug-mprotein for the pET 28b(+) recombinant protein and
20ug.ml* for the pET 22b(+) recombinant protein were indataat 65°C in 50mM sodium
phosphate buffer, pH 7.4 with gold(lll) concentoat ranging from 0 — 10mM for 24 hours.
The samples were prepared for TEM analysis as itbestcin section 4.2.7.1. A hypothesis of
the mechanism was slowly forming by calculating ®teichiometry by converting the

protein, as well as, the gold(lll) concentratioogM values.

5.2.10.6. The effect of protein concentration on particle praluction

The effect of protein concentration on the abilidy the purified protein to produce
nanoparticles was evaluated by using the adaptedtenireductase assay (Section 4.2.6.3).
The reactions were incubated at 65°C in 50mM soditwsphate buffer, pH 7.4 with 2mM
gold(l1l) containing protein concentrations rangifogm 10 - 100pug.mt for 24 hours. The
samples were prepared for TEM analysis as descnibsection 4.2.7.1. A hypothesis of the
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mechanism was slowly forming by calculating thedtmmetry by converting the protein, as

well as, the gold(lll) concentrations i/ values.

5.2.10.7. The effect of exposure time on particle production

The effect of exposure time on the ability of theified protein to produce nanoparticles was
evaluated by using the adapted nitrate reductasayaiSection 4.2.6.3). The reactions
containing 100pg.rifi protein for the pET 28b(+) recombinant protein @dg.mI™* for the

pPET 22b(+) recombinant protein were incubated fer 28 hours at 65°C in 50mM sodium
phosphate buffer, pH 7.4 with 2mM gold(lll). Thansples were prepared for TEM analysis

as described in section 4.2.7.1.

5.2.10.8. The effect of sodium dithionite concentration on peicle production

The effect of sodium dithionite concentration oa #bility of the purified protein to produce
nanoparticles was evaluated by using the adaptedtenireductase assay (Section 4.2.6.3).
The reactions containing 100ug-mprotein for the pET 28b(+) recombinant protein and
20ug.ml* for the pET 22b(+) recombinant protein were indataat 65°C in 50mM sodium
phosphate buffer, pH 7.4 with 2mM gold(lll) for Béurs. Sodium dithionite concentrations
varied from 0 — 100uM. The samples were prepacedTEM analysis as described in
4.2.7.1. It was important to understand the stoioletry relating to the protein concentration

to sodium dithionite concentration.

5.2.11.Modelling

A homology model of the ABC transporter peptidedony protein ofThermus scotoductus
SA-01 (Thsc-ABC) was built using Yasara Structurd\aatif. The template used was the
oligopeptide-binding protein ofhermus thermophilugiB8 (2D5W-B) which has a 90%
identity (95% similarity) with the ABC transportepeptide-binding protein ofhermus
scotoductusSA-01 .



5.3. Results and discussion

5.3.1. DNA isolation

The protein purified in chapter 4 that had the igbito reduce gold(lll) and produce
nanoparticles was identified as an ABC transpogeptide-binding protein. Genomic DNA
(1075ng.uf) was extracted forrThermus scotoductu8A-01 as described in section 5.2.2.
The gDNA isolated was of good quality (A260/A2301:9) and integrity as illustrated in
Figure 5.6 A. The gene was amplified as descrilbedection 5.2.3 for cloning and
expression studies. A band of approximately 1.9 vidis obtained which confirmed
amplification of the ABC protein Figure 5.6 B) [Guder, 2009]. The band was purified

from the gel and stored at -20°C until requireddownstream experiments.

5

Figure 5.6  (A) Genomic DNA isolated frofhermus scotoductuSA-01 and (B) the
amplified ABC transporter, peptide-binding protein.

5.3.2. Cloning and sequencing of the ABC gene frorfthermus scotoductus SA-01

The amplified, gel purified ABC gene was ligatedoithe pGEM-T Easy vector system
(section 5.2.4). The ligation mixture was transfed into theE. coli TOP10 cells and five

clones were selected for plasmid extraction (sechi@.5). RFLP of a double digest with
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EcoRlandNdel confirmed insertion of the cloned gene (Figure.5Sequencing of the insert
(section 5.2.6) showed 100% identity to the refeeegene (Figure 5.8)

Figure 5.7  pGEM-T Easy plasmid containing the ABC gene digested BioRI and

Ndel. Lane 1 represents the marker and lanes 2 te&kbnes screened for inserts.

The pGEM-T Easy insert was removed from the plasmid backhasing a double digest
with EcoRl and Ndel The insert was purified from the gel and ligatatb the double
digested pET vectors and propagated u&ngoli TOP10 cells (section 5.2.7). Five clones
of each plasmid were selected for plasmid extradgection 5.2.5). Clones were grown on
either ampicillin [pET 22b(+)] or kanamycin [pET I28)] containing LB plates overnight
and plasmid extracted. The plasmids were screfadatie insert of the correct size using a
double digest witlEcoRlandNdel (Figure 5.9). One of each correct clone was sediefor

expression studies.
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Figure 5.8 Sequence alignments of the reference g€ form th&hermus scotoductus
SA-01 genome database and the cloned ABC geneTfogrmus scotoductuSA-01.

13z



Figure 5.9 PET 22b(+) and 28b(+) plasmids contamithe ABC gene digested with
EcoRlandNdel. Lanes 1 and 10 represents the marker, lanes@ttee pET 22b(+)- and

lanes 7 to 9 the pET 28b(+) clones screened faerins

5.3.3. Expression and purification of the recombinant ABCproteins

The main aim of chapter 5 was to over-express thaem purified from Thermus
scotoductusSA-01 in chapter 4 for upscale applications anddtermine if the recombinant

proteins have the same gold(lll) reducing and nartage producing capabilities.

The gene sequence was obtained from Thermus scotoductuSA-01 genome
database constructed through pyrosequencing (Gou2@i@9). Reverse and forward primers
were designed using the ORF and restriction site® wncorporated to facilitate cloning of
the gene into the desired plasmids (section 5.2T8g pET 22b(+) and pET 28b(+) plasmids
containing the ABC transporter, peptide-bindingteio was used to over-express the ABC
transporter, peptide-binding protein either withwaithout a N-terminal His-tag (sections
5.2.8 and 5.2.9). His-tag expression was doneidahe purification of the recombinant
protein and to determine whether the His-tag infues the proteins ability to reduce

gold(lll) and produce nanoparticles.
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Figure 5.10 (A and D) Elution profile obtained fraitme Sephacryl S200HR resin. (B)
Wavelength scan conducted at 24h of incubatiorméngresence of 2mM gold(lll) at 65°C,
pH 7.4. and (C) Elution profile obtained from theefdl-affinity resin. 4= ) Vectors
containing the ABC gene ane=() the negative control.

During purification of the recombinant proteinsdisen 5.2.9), SDS-PAGE (section 4.2.4)
was run to indicate which fractions contained tRpressed protein as more than one peak
was observed when the protein fraction was loaded the size-exclusion resin (Figure 5.10
A and D). The SDS-PAGE results also indicated degree of homogeneity of the
recombinant proteins after purification steps (Fég®b.11 A and B). The pET 22b(+)
recombinant protein does not have a His-tag to wtlp purification, thus a heat shock step
was performed before loading of the fraction ot $ize-exclusion resin to remove the non
thermostable proteins. The heat shock step gave ggsults as many proteins were removed
from the solution, but several contaminating prutewere still present (Figure 5.11 A).
After the size-exclusion run (Figure 5.10 A) mork tbe contaminating proteins were
removed and the recombinant protein was close itgdl®mogeneous (Figure 5.11 A). The

negative control (empty plasmid) did not possesahidity to produce nanoparticles as the
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UV-Vis spectra showed no peak in the 540nm ranggu(E 5.10 B). No particles were
produced through chemical reduction when the smistiwere incubated in the presence of
2mM gold(lll) at 65°C for 24 hours (section 4.2)a3 no colour change was observed. On
the other hand the purification of the pET 28b(@gambinant protein was done using the
nickel-affinity resin because the His-tag has dmigy for nickel and can be displaced by
imidazole as they have basically the same functignaup, but imidazole has a higher
affinity for the nickel that the His-tag. Only obénding peak (Figure 5.10 C) was observed
and it was loaded onto the size-exclusion resimetnove the imidazole from the protein
solution and to remove contaminating proteins. rkRdistinct peaks (Figure 5.10 D) were
observed and SDS-PAGE analysis (section 4.2.4) stiadlvan most of the contaminating
proteins were removed and it indicated which of geaks represented the recombinant
protein (Figure 5.11 B).

A M 1 2 3 B M 1 2 3
75 —»
<

50 —

50 —»
37—

37 —»
25 25 —»

Figure 5.11 SDS-PAGE analysis of the recombinan® ABotein when using the (A) pET
22b(+) and (B) pET 28b(+) vector system. (M) mask@d) negative control at 4h post-
induction, (2) ABC insert at Oh post-induction, £C insert at 4h post-induction.
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5.3.4. Characterization of the recombinant ABC proteins

The recombinant proteins were evaluated for thdityalido reduce gold(lll) and produce
nanoparticles by visually following colour formatio(yellow to pinkish-bluish) and by
obtaining UV-vis spectrums to monitor the plasm@&sanance band. The recombinant
proteins were characterized using the same phy$iemical parameters used for
characterizing the native protein. However, whaesm pET 22b(+) recombinant protein was
used at 100pg.mino colour formation and no plasmon resonance barsdobserved for any
of the reactions. A protein range (0 — 100pg)mbas incubated in the presence of 2mM
gold(lll), 4.6uM sodium dithionite for 24h at 65%6 determine if reduction of gold(lll) was
possible when using a lower protein concentratgmtijon 5.2.10.6). Results showed that a
colour change could be observed when protein cdrat@ns were less than 20ugiml It
was thus decided to characterize the pET 22b(+pmbémant protein using a protein
concentration of 20ug.fl The characterization of the pET 28b(+) recomhinmotein was

done using a protein concentration of 100ug.ml

5.3.4.1. The effect of temperature on particle production

The effect of temperature on particle formation wasluated as described in section
5.2.10.3. From the micrographs (Figure 5.13) &edihce in nanoparticle production was
observed between the His-tagged and untagged réesantlproteins when comparing the
lower incubation temperatures. No difference whaseoved for the higher temperatures.
Compared to the particles produced by the natietepr (section 4.3.5.2) the recombinant
proteins had less shape definition at the lowerptmatures but at 65°C the untagged
recombinant protein (Figure 5.13 A and B) had alibatsame degree of shape definition.
Unlike the native protein which produced mainly eptal particles at 75°C the recombinant
proteins produced no shape specific particles.mRtee TEM micrographs (Figure 5.13) and
the visual observations (Figure 5.12) it seemd &sei 65°C temperature range is optimum
for the recombinant proteins to produced shapeifsp@anoparticles. There does not seem
to be a significant difference in the ability ofetlrecombinant proteins to produced
nanoparticles when compared to the native protéienstemperature is the physico-chemical
parameter which is varied. Since the disulphidadbs surface exposed, reduction and

particle formation is not a temperature inducedlivig or stabilization of a transition state.
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Although an increase in temperature might causeemeduced activated species, which in
turn would readily reduce gold(lll) and / or seagnucleation sites.

The His-tagged recombinant protein was not as &ffe@s the native and untagged
recombinant protein in producing shape specificopanticles. This could be the result of the
presence of the N-terminal His-tag which may infiee protein folding and thus the
positioning of the cysteine residues. Also thistgin is expressed in a mesophilic host which
may also influence the folding of the protein (Seppentary notes section A.2). However
further analysis needs to be done before any ctsnbggotheses can be drawn.

Figure 5.12  Photo representing the colour changseoed when the purified recombinant
(A) untagged and (B) His-tagged proteins were eggds different temperatures during the
gold assay. (A) 30°C, (B) 42°C, (C) 55°C, (D) 6%h@ (E) 75°C.



Figure 5.13 TEM micrographs of the purified recomait (A and B) untagged and (C and
D) His-tagged proteins exposed to different tempees during the gold assay. (A and C)
42°C and (B and D) 75°. Scale bars equal to (&n8 D) 1000nm and (C) 2um.

5.3.4.2. The effect of pH on particle production

The effect of pH on particle formation was evaldats described in section 5.2.10.4. Visual
observations (Figure 5.14 A and B) indicated nami$icant difference in gold(lll) reduction

and nanoparticle production ability between theonelsinant proteins. The recombinant
proteins did not posses the ability to producei@as with clear morphologies at the lower
pH ranges as opposed to the native protein (4)3nhich in the low pH ranges is conductive

to the formation of nanoplates / nanowires. Orgairait is seen that the initial pH has an
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effect on the type of particles produced as wasmesl by He and co-workers (2007). The
ability of the recombinant proteins to produce rzarticles at a neutral pH was similar to

that of the native protein as in both cases shppeific particles was observed, although the
particles produced by the His-tagged recombinaotiepr were mostly spherical. An alkaline

pH resulted in the loss of shape which was obseimetthe neutral pH range. At this stage of
characterization is seems as if the presence dflttegminal His-tag has a negative effect on
the ability of the recombinant protein to reduc&@dl) and produce nanoparticles. So even
though the His-tag facilitates the purification the protein it is not conductive to shape

specific particle production.

Figure 5.14 Photo representing the colour changseoed when the purified recombinant
(A) untagged and (B)His-tagged proteins were expasealifferent pH buffers. (A) pH 9, (B)
pH 7.4, (C) pH 5.5 and (D) pH 3.6.



5.3.4.3. The effect of gold(lll) and sodium dithionite concatration on particle

production

The effect of gold(lll) and sodium dithionite comteation on particle formation was
evaluated as described in sections 5.2.10.5 and®& Visual observations (Figure 5.15)
indicated a significant difference between the nelsimant proteins ability to reduce gold(lll)
and produce nanoparticles when gold(lll) concermtnais varied. The untagged recombinant
protein could produce particles in the nanometageaat gold(lll) concentrations less than
5mM while at concentrations greater than 5mM theiglas were outside the range. On the
other hand the His-tagged recombinant protein coulg produce particles which fall into
the nanometer range at gold(lll) concentrationsvbeh 2 and 5mM. The particles produced
at gold(lll) concentrations below 5mM were mostpherical to amorphic, with a few shape
specific particles. This differs greatly from thliata collected for the native protein
experiments (section 4.3.5.3). All three of thetpins gave nanoplate structures when
incubated with 10mM gold(lll) [Figure 5.16]. Itesms as if the presence of the His-tag does
not have any effect on particle production whendbkl(lll) concentration exceeds 10mM.
This could imply that protein morphology and pasitiof the disulphide bond may not play a
significant role in the reduction and particle faton process when gold exceeds the
optimum stoichiometric ratio of protein to goldfli€toncentration. Ongoing studies where
particles are produced using similar techniquesvelono salts present in the samples when

subjected to elemental analysis (M. Erasmus, Msthicly)
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Figure 5.15 Photo representing the colour changsented when the purified recombinant
(A) untagged and (B) His-tagged proteins were eggds varying gold(lll) concentrations.
(A) 0.2mM, (B) 0.5mM, (C) 1mM, (D) 2mM, (E) 5mM) TF5mM and (G) 10mM.

Reduction of gold(lll) only occurred in the presenaf the protein and then only when
sodium dithionite was added to the reduction mixtuDifferent concentrations of sodium
dithionite had no effect on the shape and sizénefdarticles produce. It can be concluded
that sodium dithionite acts only to reduce the Igiside bridge in the protein, which then
supplies an initiation site for gold reduction asubsequent nanoparticle formation. As the
disulphide bond is located on the surface of tlmegin there is no real access restrictions for
the sodium dithionite and gold(lll) to reach theuphide bond and this may not be the area
to manipulate for control over nanopatrticle produtt The influence of temperature, pH and
gold(lll) concentration on particle shape and siaght also be attributed to the particle
growth rate, where slower growth rates yield defirshapes but a too-rapid growth only
leads to amorphous particles — a phenomena ofteouatered in protein crystallisation, as

well as metal crystal growth.
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Figure 5.16 TEM micrographs of the purified recomdnt (A and B) untagged and (C)
His-tagged proteins when exposed 10mM gold(IIB) €nlargement of A. Scale bars equal
(A) 20mm and (C) 1000nm.

5.3.4.4. The effect of exposure time on particle production

The effect of exposure time on particle formatioaswevaluated as described in section
5.2.10.7. As for the native protein (section 43) 5articles could be observed for the
recombinant protein after 8 hours of incubatiorhe3e particles are extremely small and the
visual observations (Figure 5.17 A and B) only aaded a slight change in colour. However,
the results for the 48 hour incubation reaction different than those obtained for the native

protein. The particles were larger and less mapmdse. The optimum exposure time for
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the synthesis of shape specific particles is 24sas no other period resulted in any defined
shapes. None of the incubation times gave anyesbkppcific particles and it seems as if
incubation time can not be used to manipulate skhdpsa using the recombinant proteins but
it can be used to manipulate the size of the pastias an increase in incubation times allows
for longer contact time between the reduced gold Hre seed particles allowing the

nanoparticles to grow (Kawamura and Nogami, 20@grand Hamley, 2009).

Figure 5.17 Photo representing the colour changseobed when the purified pET 22b(+)
recombinant protein was exposed to varying incudmtimes. (A) 2h, (B) 4h, (C) 8h, (D)
12h, (E) 24h and (F) 48h.

5.3.5. Modelling of the native protein

Modelling of the protein showed a disulphide boRidjgre 5.18) which is accessible from the
exterior of the protein, supplying a possible natitan site for gold(lll) reduction and particle
production once the bond has been broken by thiéi@udf a reducing agent such as sodium
dithionite. No other reducing agents were testad \@rying the reducing agent might

increase the efficiency of the protein to act asleation site.
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Figure 5.18 (A) Homology model of Thsc-ABC. Thdase exposed disulphide bond
which is hypothesized to be involved in the reduactif gold is shown in yellow. (B) Detalil
of the environment of the disulphide bond.

5.4. Conclusions

The ABC transporter, peptide-binding proteinTdfermus scotoductu8A-01 can be readily
over-expressed irE. coli as a soluble protein which retain its gold(lll) vethg and
nanoparticle producing capabilities even though goéd(lll) reducing and nanoparticle
producing activity of the recombinant proteins weog similar to that of the native protein’s
activity. The difference in the ability of theseofeins to reduce gold(lll) and produce
nanoparticle might be contributed to miss-foldirigh® recombinant proteins as the purified

ABC transporter, peptide-binding protein is a thepimlic protein which is expressed in a
mesophilic host.

Studies indicated the involvement of the disulghimbnd in gold(lll) reduction and
nanoparticle production similar to that observedrfather literature but it was shown here
that by manipulating the reaction conditions p#&tformation could not be controlled. From
the purification strategies it was clear thEtermus scotoductuSA-01 contains others
proteins with the capability to reduce gold(lll)daproduce nanoparticle. Future studies
might include purification of the other proteinsdetermine whether they are better suited for
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manipulation to produce monodisperse particles.soAliable is the use of site-directed
mutagenesis to remove the cysteine residues ofdisidphide bond thought to be the
reducing and / or nucleation site for gold(lll) vetion and nanoparticle production. This
can be done to evaluate whether the protein walimethe gold(lll) reducing and nanopatrticle

producing ability once there are no cysteine ressdo for a disulphide bond.

The recombinant proteins could possibly be usedupscale production of
nanoparticles once the optimum physico-chemicahpaters are established. Expression of
the recombinant proteins without the leader peptde cleaving of the His-tag might
influence the ability of the protein to produce oparticles as both the leader peptide and the
His-tag may effect the protein folding and thus ¢baeformation of the protein. Thus without
these peptide sequences the conformation mighiolsercto that of the native protein and the
gold(Ill) reducing and nanoparticle producing dbilmight be more similar than the results
obtained in this chapter. As this is all specolaiit would be a viable option to express the
proteins without the leader peptide and to remdwe N-terminal His-tag after purification

and then compare the characterization resultsstoetbults obtained for the native protein.
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SUPPLEMENTARY NOTES A

A. EXPERIMENTAL METHODOLOGY

A.1l. Purification strategies

Initial strategies to purify a gold(lll) reducingné@ nanoparticle producing protein from
Thermus scotoductuSA-01 were derived from the hypotheses made by manad co-
workers (2005), He and co-workers (2007) as welNasgia and co-workers (2009). Their
hypotheses focuses on the involvement of NADH- [dADPH-dependent enzymes in metal
reducing reactions. Some examples of NAD(P)H ddeenreduction of metals include the
reduction of Cr(VI) to Cr(lll) byPseudomonas ambigwz1, where the reduction of one mol
Cr(VI) to Cr(Ill) required the addition of three m&IADH. When NADPH instead of
NADH was used as electron donor the activity of ductase increased 63% (Suzeikal.,
1992). Another example is the reduction of Fe(th) Fe(ll) by the hyperthermophilic
archaeormrchaeoglobus fulgidus This bacterium contains a ferric reductase tisian use
both NADH and NADPH as electron donors for ironueiibn. Kinetic studies on this
enzyme showed that ferric reductase had a slidfiglyer affinity towards NADH as electron
donor (Vadat al.,1999).

Throughout all the purification steps the gold(lileducing and nanoparticle
producing capabilities were evaluated by visuathloiving colour formation (yellow to
pinkish-bluish) and by obtaining UV-vis spectrunither in the absence or presence of co-
factors as described in sections 4.2.6.1 and 3.2.6.

An anion-exchange resin (Super Q-Toyopearl) wasduas first step of the
purification strategy. Here it was found thattbthe interacting and non-interacting protein
fractions showed the ability to synthesize nanaeglad. The interacting fraction was further
subjected to purification on the anion resin witktr@tched gradient to increase the separation
resolution. The protein peaks with reducing calgss were further purified by using the
HIC column Phenyl-Toyopearl. This step resultethimloss of the ability to reduce gold(lll)
and to produce nanoparticles. This approach wasdidned.
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The non-interacting protein fractions, obtaineoirir Super Q-Toyopearl resin, with
gold(lll) reducing abilities were used for the nedrification strategy. As they did not
interact with the anion-exchanger, a cation exchangas chosen as an alternative step of
purification. Here the interacting protein fractsohad the ability to reduce gold(lll). Even
though activity was still observed without the diohi of a co-factor, the reaction time was
longer than previously observed, suggesting thastnod the native co-factors have been
removed. Reactions were supplemented with NADHinrease the rate of gold(lll)
reduction and nanoparticle production as literatsuggested NADH as electron donor
(Mukherjeeet al.,2002; Senapaét al.,2005). It was found that NADH did in fact increds
the reduction rate as a colour change (Figure wds visible after 30 minutes while the
reactions incubated without the addition of NADHIlyorhanged colour after overnight
incubation. These results enhanced the thoughtahaossible NADH-dependent protein
might be involved in the production of gold nandjzdes. The hypotheses of Duran and co-
workers (2005) and He and co-workers (2007) as aglihis data indicated that the use of
the dye-affinity resin, Blue Sepharose CL-6B, wasoation as this resin has the ability to
bind several enzymes including kinases, dehydraggmaand most enzymes requiring

adenylcontaining co-factors (including NAD+ and NRB) [Amersham Biosciences, 2002].

Figure A.1  Visual assay after 30 minutes incuba@m5°C in the presence of 0.1mM
Au(lll) and 0.3mM NADH. (B) is the blank and thembers corresponds to the fractions

obtained from the SP-Toyopearl column elution.

The active fractions obtained from the second S¥spearl resin was pooled and loaded
onto the Blue Sepharose CL-6B resin. Two distpedks were eluted, one associated with

the non-interacting protein fractions and the othath the interacting protein fractions
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(Figure A.2). SDS-PAGE analysis on the interacfingtein peak showed that there is still a
number of proteins present in these fractions ({feigu3). Alternatively the active fractions
obtained from the SP-Toyopearl resin were pooled two separate fractions (SP2P1 and
SP2P2). Each of these fractions was loaded omdBthe Sepharose CL-6B resin. The
SP2P1 eluted mostly in the non-interacting profeaction with various small peaks in the
interacting protein fractions. On the other hand $P2P2 pooled fraction eluted with the
interacting protein fraction indicating that consdive pooling of the fractions might
enhance separation. Neither of these steps rdsultéhe protein fractions which had the
ability to reduce gold(lll) and produce nanopagtcl When these fractions were assayed for
nitrate reducing activity it was found that nitrifgroduction was associated with the
interacting protein peak (SP2P2) and was widelyatet for the SP2P1 fraction. It was
decided to continue downstream purification ushwegyinteracting protein peak obtained from
the Blue Sepharose CL-6B run when the pooled SP2Rfon was used. This was decided
as the non-interacting protein peak obtained fromBlue Sepharose CL-6B run when the
pooled SP2P1 fraction was used were loaded ontditBeresin resulted in several protein
peaks (Figure A.4). SDS analysis showed thatfath® peaks had low homogeneity (Figure
A.5).

The next resin used was the HIC resin Phenyl-Tegdp Only one peak was
observed and was located in the interacting protedntion. SDS analysis indicated a
homogeneous protein but to confirm this a sizewesich chromatography step was included.
The S200HR resin was chosen and SDS analysis noweshtwo closely associated protein
bands. As a homogeneous protein is necessary-ferminal sequencing, a re-evaluation of
the SDS protocol indicated that this step affedtedintegrity of the protein. Now it was
confirmed that the protein was indeed homogenoud @nwas sent for N-terminal
sequencing. Although these fractions did not show gold(lll) reducing capabilities when
using the standard assay method (section 4.2.&ctiyity was observed when the nitrate
reductase assay was adapted (section 4.6.2.3% afhay requires sodium dithionite to work
and implies that the protein needs to be in itziced state to function as a gold reductase.
This could indicate the presence of sulphur comgimmino acids which might be involved
in the reduction process, which was different framblished literature but not to cumbersome
as data published by Scott and co-workers (200&cated the involvement of disulphide

moieties in the reduction of gold(lIl).
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Figure A.2  Elution profile obtained from the BluepBarose CL-6B resin when loaded
with the pooled fraction obtained from the SP-T@arpresin.

W

Figure A3  SDS-PAGE analysis of the interactingtgiro fractions obtained from the
Blue Sepharose CL-6B resin. Each lane was load#d2ug protein. Lane (1) marker and
(2-7) corresponds to the protein fractions indicht® the block in Figure A.2.
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Figure A.4  Elution profile obtained for the Phemgisin when loaded with the SP2P1
fraction.

Figure A5 SDS-PAGE analysis of the interactingtgiro fractions obtained from the
Blue Sepharose CL-6B resin. Each lane was load#d2ug protein. Lane (1) marker and
(2-8) corresponds to the protein fractions indicht®y the block in Figure A.2.
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A.2. Justification of the adapted assay

N-terminal sequencing showed that the purified girotwas not the expected oxido-
reductase. Instead it was identified as an AB@s{parter, peptide-binding protein. This
protein has no cavity for the binding of NAD(P)Huthbt has two cysteine residues which are
involved in the formation of a disulphide bridg8cott and co-workers (2008) demonstrated
that the mechanism of glutathione reductase canh@éemessed to produce metallic
nanoparticles. They concluded, after several iaddpnt experiments, that gold(lll) is
reduced at the glutathione binding site of the ajhibne reductase and that the catalytic

cysteines are directly involved in the reduction.

Our hypothesis is based on the presence of theeingsresidues. The cysteine
residues are reduced by the addition of a reduagemt (sodium dithioninte). These residues
then acts as nucleation site for gold(lll) reductend subsequent particle formation. No

visible reduction (colour change) could be obselwetthie absence of sodium dithionite.
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SUMMARY

The usual strategy to prepare gold nanoparticlgshms the reduction of a gold salt in

solution by various reducing agents in the presefi@estabilizer. These particles are mostly
spherical with poor monodispersity. An alternatimeans is to use biological material to
mediate particle synthesis. Microorganisms sucfuagi have demonstrated the ability to

produce nanoparticles of different shapes and sxending beyond the scope of chemical
means, and the microbial interaction with metalsoasupply eco-friendly methods for

nanoparticle production.

It has been hypothesized that the pretginolved in nanoparticle synthesis require a
co-factor such as NADH / NADPH, as previous studiase indicated that NADH- and

NADPH-dependent enzymes are important factorserbtbsynthesis of metal nanoparticles.

Thermus scotoductuSA-01, a thermophilic bacterium, isolated from AmgloGold
Ashanti mine near Carletonville, Republic of Sodtliica, was used for purification of a
gold(Ill) reducing and nanoparticle synthesizingtpm. This bacteriunmas the ability to
produce gold nanoparticles, and more than one pgtloan be followed to produce these
particles. A protein was purified to homogeneity using a combination of several liquid
chromatography resins. The N-terminal sequencealitaned by using automated Edman
degradation. The protein purified is not a claasaxido-reductase and was identified as an
ABC transporter peptide-binding protein (~70kDa)This discovery shows that gold
nanoparticles can be produced by proteins other tlkedoreductases. The interaction of the
protein extracted and purified froffhermus scotoductuSA-01, as well as the recombinant
proteins, with liquid gold under varying physicoechical conditions have been studied using
TEM, EDS, and by measuring the plasmon resonanee, lba illustrate the effect on particle

morphology and to elucidate the protein mechanism.

The size and the shape of particles could, to &néxbe manipulated by controlling
the environmental parameters. The purified progsiwell as the recombinant proteins was
only able to produce nanoparticles in the presesitsodium dithionite and it is thus
hypothesized that the donation of electreiasthe disulphide bridge in the protein is involved

in the reduction of the gold ions. Even though téeombinant proteins had the ability to
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produce nanoparticles they were not as efficierthasative protein, but when the optimum
parameters for the recombinant proteins are esteddi they could be used in the upscale

production of gold nanoparticles or gold nanosheets

Key words: Metal nanoparticles; gold; biological duetion; ABC transporter;

nanobiotechnology
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OPSOMMING

Die algemeenste strategie vir die voorbereiding manopartikels behels die reduksie uan
opgeloste goudsout deur verskeie reduseermiddelsdien teenwoordigheid varn
stabiliseerder. Hierdie partikels is meestal sfermet lae monodispersiteih Alternatiewe
manier om partikels te vorm is om biologiese matdrie gebruik. Mikro6rganismes, soos
fungi, beskik oor die vermoeé om nanopartikels wvanskillende vorme en groottes te
produseer, wah verbetering is op die gebruik van chemiese metoddierdie mikrobiese
interaksie met metale verskaf odkomgewingsvriendelike metode vir die produksie van

nanopartikels.

Vorige studies het getoon dat NADH- en NAD(P)Hhaxiklike ensieme belangrike
faktore is in die biosintese van metaal nanopdgikeDit het gelei tot die hipotese dat
proteiene wat betrokke is by goud nanopartikelesiih kofaktor soos NADH / NAH(P)H
benodig.

'n Proteien wat in staat is om goud te reduseer ropaatikels te vorm, is gesuiwer
vanuit die termofiele bacteriumThermus scotoductuSA-01. Hierdie bakterium was
geisoleer vanuih AngloGold Ashanti myn naby Carletonville, Repukliean Suid-Afrika en
het die vermoeé om goud nanopartikels te produdmarmeer as een biologiese weg te volg.
Die proteien is gesuiwer deur gebruik te maak Wakombinasie van verskeie vloeistof-
chromatografie harse. Die N-terminale proteiemyeoude is verkry deur gebruik te maak van
Edman degradering. Die gesuiwerde proteien idkiasieke oksido-reduktases nie, maar is
geidentifiseer aa ABC transporter-peptied-bindings proteien (~70kDid)erdie ontdekking
wys dat goud nanopartikels geproduseer kan word aleder proteiene as oksido-reduktases.
TEM, EDS en die meeting van die plasmon resonamsl & gebruik om die effek van
variérende fisiese-chemiese kondisies op partiketfotogie te toon en om die proteien
meganisme op te klaar. Vir die doel is die gesti@egroteien vanuithermus scotoductus

SA-01 asook rekombinante proteiene gebruik.

Die grootte en vorm van die partikels kon totmate gemanipuleer word deur
omgewingsfaktore te beheer. Die gesuiwerde pno@$eok die rekombinante proteiene kon

slegs nanopartikels produseer in die teenwoordighan natriumdithionaat e€n hipotese is



geformuleer dat die disulfied brug in die protelerirokke is by die reduksie van die goud
ione. Alhoewel die rekombinante proteiene oor vBemoeé beskik om nanopartikels te
produseer is dié nie so effektief soos die gesuleegsroteien nie. Indien die optimale
kondisies vir die rekombinante proteiene uitgeklasrd, sal dié waarskynlik in die

grootskaalse produksie van goud nanopartikels ofl gmnoplate gebruik kan word.

Sleutel woorde: Metaal-nanopartikels; biologiesedukesie; ABC transporter; goud;
nanobiotegnologie
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