
Single molecule conduction of engineered 
cytochrome bonded to metallic electrodes

Eduardo Antonio Della Pia

A thesis submitted to Cardiff University 

for the degree Doctor of Philosophy

School of Physics and Astronomy 

School of Biosciences 

Cardiff University

March 2011



UMI Number: U585471

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Dissertation Publishing

UMI U585471
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



A bstract

Measuring single molecule conductance is a fundamental step in order to realise 
the basic elements of future electronic circuits. This work describes the use of an 
engineered electron transfer protein, cytochrome b5 6 2  (cyt 6 5 6 2 ), as a single molecule 
junction point between a gold surface and a metallic tip through defined thiol-met al 
interactions. Two separate cysteine residues were introduced in the cyt b5 6 2 amino 
acid sequence at strategic positions; the single-molecule conductivity of the two 
double cysteine mutants SH-SA and SH-LA was investigated using atomic force 
microscopy (AFM), scanning tunnelling microscopy (STM), current-volt age (I-V) 
and current-distance (I-z) experiments.

The haem binding properties of the cysteine variants were similar to that of the 
wild-type cyt b^ 2  confirming that the mutations had not altered the protein’s core 
properties. AFM and STM studies revealed that the SH-SA and SH-LA molecules 
bound to gold electrode in defined orientations, dictated by the thiol-pair utilised. 
A strong and stable interaction between the proteins bearing the thiol groups and 
a A u (lll)  surface was achieved, and a single-molecule conductance of ~ 1  nS was 
measured in air. In contrast, the unengineered wild-type cyt 6 5 6 2  bound much less 
robustly to the gold surface and the measured conductance was at least one order 
of magnitude less. Crucially, using electrochemical STM (EC-STM) approaches a 
change in conductance of the cytochrome over different overpotentials was observed, 
demonstrating that the molecule can act as an electrochemical gate. The protein 
became most conducting when the substrate potential was set close to the redox 
potential of the protein. The electrochemical, I-V and I-z STM measurements sug­
gested a two-step model for electron transfer.

This study illustrates the possibility of exploiting a haem binding nrotein directly 
adsorbed onto a conducting surface as a nanoelectronic element and offers mw 
perspectives for future biomolecular electronic circuits.
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A schematic of a single protein (cytochrome 6 5 6 2) covalently bound to a gold surface and a platinum 
STM tip.
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Chapter 1 In t r o d u c t io n

Chapter 1 

Introduction

The purpose of this study is to characterize the conduction properties of two engi­
neered cytochrome ^ 2  (cyt 6 5 6 2 ) adsorbed on A u (lll)  surfaces by scanning probe 
microscopy. The project aim is related to the need of a better understanding of 
the conduction mechanism of organic molecules that has risen during the last two 
decades in the scientific community. The interest in the conductivity of single 
molecules has been stimulated by the possible realization of molecular electronic 
devices [25, 121] and significant steps have been made towards their design and 
fabrication [81, 125].

In particular, strong interest has developed in the nanoscience community in 
exploiting redox metalloproteins for single molecule electronics and nanosensor de­
vices. Proteins such as cytochrome c, azurin and ferritin have been extensively 
studied by theoretical and experimental approaches [3, 35, 38, 39, 94, 136]. These 
self-assembling molecules have evolved over millions of years to optimize molecular 
recognition of redox-active components and tune the redox properties for their bi­
ological function and thus are natural candidates for bioelectronics and biosensors 
elements [58, 59, 60, 61]. The inherent ability to self-assemble coupled with their ca­
pacity to organise and tune redox active components also makes proteins attracti /e 
as a scaffold for single molecule components in nanoelectronics [3, 27, 43, 72, 137]. 
However, the realization of single protein electronic elements seems still to be at the 
early stage. For instance, both suitable and stable anchoring of proteins onto elec­
trodes and efficient electron-transport at the electrode-molecule interface are still 
problems to be solved.

Redox metalloproteins represent about a quarter of the known proteins [3]. These 
biomolecules contain in their active site one or more metal ions that are usually co­
ordinated to the side chains or to the polypeptide backbone. The linked metals 
(cobalt, copper, iron, magnesium, manganese, molybdenum, nickel) are fundamen­
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Chapter 1 I n t r o d u c t io n

tal for biological functions (photosynthesis, respiration, catalytic reactions). As 
their oxidation state can reversibly change they permit the metalloproteins to ex­
change electrons [61]. These metalloproteins can be subdivided into four families 
[3]: cytochromes (containing haem groups), copper binding proteins, iron-sulfur 
complexes, and chlorophyll-based photosynthetic complexes. Specifically some cy­
tochromes (Yeast cytochrome c [21, 22, 42], Horse cytochrome c [10], E. Coli cy­
tochrome c [64], cytochrome C5 5 1  [24]), plastocyanin [6 ] and ferritin [12] have been 
studied and modified in order to better understand the natural electron transfer pro­
cess and to develop new bioelectronic materials. In contrast, to date there have been 
no comprehensive studies about the electronic properties of the 6 -type cytochromes 
although they are particularly interesting for the fundamental understanding of the 
electron transfer process in proteins and for the development of new bioelectronic 
devices. In fact, as these cytochromes do not link covalently the haem prosthestic 
group, it is possible to analyse the role of the redox center in the electron conduction 
mechanism by removing and/or replacing it with other porphyrins modified or con­
taining different metals [115, 126]. Furthermore an extensive study of the electronic 
properties under physiological conditions of a member of the 6 -type cytochrome 
family, such as cyt 6 562, could also help to understand their biological role.

Cyt 6 5 6 2  is a particularly attractive protein for use in nanotechnology as a single 
molecule component. This small, water soluble protein, found in the periplasm of 
the bacterium E. coli, binds non-covalently and modulates the redox properties of 
haem, an iron-containing porphyrin [13, 49, 76, 78, 79]. The protein has a four a- 
helix bundle structure (Figure 1.1) and coordinates to the iron of the haem molecule 
through Methionine 7 and Histidine 102 [13, 69]. The small dimensions, the robust 
structure, the tolerance to engineering [43], the possibility of tuning its redox po­
tential [1 1 2 ] and of coupling the electron transfer properties to secondary processes 
[47, 48, 78, 79, 139] make cyt 6 5 6 2  an ideal candidate for its integration in hybrid 
bio-electronic devices. Furthermore, as it does not contain any cysteine residues, 
thiol chemistry can be precisely defined to allow control over protein orientation on 
a metal substrate through the introduction of cysteine residues at specific points m 
the protein structure.

The physical and chemical adsorption of proteins at metallic surfaces is a com­
plex process and is central for the development of molecular electronic devices. In 
fact, a strong interaction between the adsorbed molecules and metal electrodes is 
of paramount importance to achieve direct electronic communication. Protein ad­
sorption is governed by Van der Waals forces (attractive or repulsive electrostat ic 
interactions, London dispersion forces) and hydrophobic forces and, if uncontrolled,
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Chapter 1 In t r o d u c t io n

typically causes changes of the protein tertiary structure leading to loss of its bio­
logical function [40]. Several immobilization techniques have been developed over 
the past 10 years. Most of them involve the modification of the substrate by the de­
position of organic linkers such as self-assembled monolayers presenting thiol groups 
[24, 51], oxidized single-wall carbon nanotubes [42], charged lipid films and ionic 
species [94]. These methods have been successfully used to deposit proteins on sev­
eral substrates, but they do not allow to control the protein surface orientation. 
Proteins can also be directly deposited on metallic surfaces by using the strong 
thiol-noble metal interaction (binding energy at room temperature in the range of 
85-145 kJ/mol) [38, 95]. The use of naturally occurring linking groups in the protein 
aminoacidic sequence or the introduction of cysteine residues in the protein sequence 
via site-directed mutagenesis enables a more controlled, reliable and “site-specific” 
method to immobilise proteins on metallic substrates. As the physical contact be­
tween the molecule and the substrate surface is minimum, the adsorption-induced 
modifications are minimized too.

Using the “site-specific” technique it has been possible to obtain well defined ar­
rays of proteins and to measure the dimensions of immobilized molecules by scanning 
tunnelling microscopy (STM) and atomic force microscopy (AFM) [38, 41]. Several 
researches have also shown that proteins can be contacted between a nanoelec­
trode and a gold surface enabling measurements of the protein’s electric properties 
[7, 10, 37, 94]. However, even if it has already been shown that the junction contact 
resistance between two electrodes and small organic molecules can be reduced by 
several orders of magnitude by exploiting the strong thiol-noble metal interaction 
[34], the possibility of using two cysteine residues at opposite ends of a protein has 
never been investigated as a means to contact two separate electrodes.

In this project, exploiting the potential offered by site-directed mutagenesis, cyt 
& 5 6 2 has been engineered to contain thiol groups at opposite ends of the molecule 
and to sample two separate orientations: a short axis (SH-SA, sulfhydryl-short axis) 
and a long axis (SH-LA, sulfhydry 1-long axis) (Figure 1.1). Placement of the cys­
teine mutations was chosen so that binding of only one thiol group to one surface 
could be possible as steric hindrance would prevent both thiol groups binding in the 
structured protein; this would leave the second thiol group available to be coupled to 
a second electrode in a defined manner. The two different orientations were chosen 
so that the distances between the redox active haem center and/or the two poten­
tial surfaces could be altered. Given that the iron center is central to the electron 
transfer mechanism proposed for redox molecules, it is critical for any electronic 
applications to investigate the influence of distance to the metallic electrodes on

3



Chapter 1 In t r o d u c t io n

(a) (b)

Figure 1.1: Three-dimensional molecular models of the engineered cyt 6562 (a) SH-SA and (b) 
SH-LA immobilized onto a gold surface and contacted with a gold STM tip. 1'he 
relative positions of the amino acid selected for mutation ((a) 5 and 104 and (b) 21 
and 50) are highlighted as red spheres and the haem center is shown in the stick 
representation and coloured green.

the overall protein’s conductivity. To generate the SH-SA cyt 6 5 6 2  variant, cysteine 
residues were introduced in place of Asp5 and Lysl04. Both these residues are sur­
face exposed on the opposite faces of the long axis of the protein. The targeted 
residues also lie close to the bound haem and it was anticipated that they orientate 
haem plane approximately parallel to that of the surface. The iron center is ex­
pected to be 1 2  A distant from both the two electrodes (Figure 1 .1 (a)). To generate 
the SH-LA cyt 6 5 6 2  variant, cysteine residues were introduced in place of Asp21 and 
Asp50. Both these residues are surface exposed and lie at the extreme points of the 
long axis of the cytochrome. Molecular modelling indicates that SH-LA can anchor 
metallic surfaces with the iron site being 2 0  A and 32 A distant from the electrodes 
(Figure 1.1(b)).

Scanning probe microscopy (SPM) techniques can be used to determine the 
conductance of single molecules [25, 98, 138]. In this study STM has been employed 
to study the electronic properties of cyt 6 5 6 2  adsorbed on A u(lll) electrodes. This 
technique allows to image single molecule adsorbed on a conductive substrate with 
a resolution of less than 0.1 nm. The STM tip can also be placed above an isolated 
molecule and current-voltage (I-V*,) and current-distance (I-z) measurements of it 
can be performed [42, 67, 87, 98, 131].

In this study I have also taken advantage of the potentials offered by electro­
chemistry and electrochemical STM (EC-STM) to display the structure and elec­
tronic properties of cyt 6 5 6 2  immobilized on pristine A u(lll) in a natural, quasi- 
physiological environment. EC-STM is a technique that combines electrochemical 
control and STM high-resolution signatures such as molecular imaging and scanning
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Chapter 1 In t r o d u c t io n

tunnelling spectroscopy (STS) [137]. The possibility of using EC-STM to observe 
single-molecule charge transport was speculated upon in the early 1990s [106]. The 
first experimental demonstration was pioneered by Tao using a system of iron pro­
toporphyrin molecules adsorbed on a highly ordered pyrolytic graphite (HOPG) 
surface, and the redox-tuned resonant tunnelling effect was directly visualized by 
EC-STM imaging [117]. Since then, EC-STM has provided a powerful approach to 
study interfacial electron transfer and molecular conductance of electroactive species 
at the single-molecule level in an electrochemical environment [98, 137]. However, 
most studies have focused on EC-STM and STS measurements of small organic 
molecules in liquid and Azurin has been the only protein extensively studied by 
EC-STM [27, 30].

Another SPM method that has been considered in this research is tapping mode 
AFM (TM-AFM). Although it has a lower spatial resolution than STM, it has 
emerged in the last years as a valid technique for biomolecules imaging studies 
[22, 94]. Thanks to the low force applied to the scanned sample, the AFM tip 
does not deform or denature the protein offering a high vertical resolution (sub- 
Angstroms) [1 2 , 38]. In this project both STM and TM-AFM have been used to 
characterize the adsorption modes and the topographic features of the wild-type and 
of the engineered cysteine mutants cyt 6 5 6 2 .

1.1 D issertation outline

I have carried out the work described in this thesis in the School of Physics and 
Astronomy and in the School of Biosciences at Cardiff University between September 
2007 and March 2011 under the supervision of Dr. Martin Elliott, Dr. Dafydd Jones 
and Dr. Emyr Macdonald. I have also performed all the electrochemical and EC- 
STM measurements of the cyt b^ 2  in the Nano-Kemi Department at the Technical 
University of Denmark (DTU) under the supervision of Dr. Qijin Chi, Dr. Jingdong 
Zhang and Prof. Jens Ulstrup.

The document is organized as follows. The first part of the thesis includes this 
introductory chapter 1 . The second part of the thesis includes chapter 2  and 
3  and presents the proteins synthesis and the experimental setup used for their 
characterization in air. Chapter 2 describes the materials and methods applied for 
the genomic mutation and the protein expression of the wild-type, the single cysteine 
variant D50C and the two double cysteine variants cyt &562. It discusses the results 
concerning the site-directed mutagenesis of the cyt 6 5 6 2  DNA, the expression and 
the purification of the proteins. In the last part of the chapter, the cysteine mutants
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Chapter 1 I n t r o d u c t io n

absorption spectra and the reconstruction of the proteins with haem are presented 
and compared with the ones of the wild-type cyt 6562. Chapter 3 outlines the 
work performed for the design and construction of a home-built STM. It covers 
some background theory necessary to understand the working principle of STM, 
describes the mechanical and electronic design and presents atomic resolution images 
of HOPG and images of A u (lll)  surfaces.

The third part of the thesis includes chapter 4 and 5 and details the experimen­
tal work carried out and the results achieved in the project. Chapter 4 reviews 
some of the protein immobilisation methods and some of the results achieved in 
the characterization of metalloproteins adsorbed on metal electrodes by using SPM 
techniques. It provides a comprehensive characterization of the cyt b5 6 2  by using 
a multitechnique approach based on various SPM experiments (TM-AFM, STM, 
I-V), and I-z) performed in air at room temperature. It presents information not 
only about morphological and electronic properties of the adsorbed molecules, but 
also about the quality and reliability of electrical coupling with the conductive elec­
trodes. Chapter 5 presents the electrochemical and EC-STM investigation of cyt 
6 5 6 2  in buffer solution. It also contains relevant theoretical background of the two- 
step electron transfer model that has been used to explain the tunnelling mechanism 
via the redox center of cyt b5 6 2.

Finally, chapter 6 summarizes the main findings of the the project and suggests 
future research.
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Chapter 2 E x p r e s s io n  a n d  c h a r a c t e r iz a t io n  o f  c y t  5562

Chapter 2

Expression and characterization of
cyt 6562

This chapter describes the techniques applied and the results obtained in the muta­
genesis and expression of cyt b5 6 2  • In the first part of the chapter the materials and 
the methods for the genetic manipulation and the protein production of cyt b5 6 2  are 
reported. Subsequently, the results concerning the site-directed mutagenesis of the 
cyt 6 5 5 2  gene, the expression, the purification and the spectroscopic characterization 
of the wild-type and the cysteine mutants cyt b5 0 2  are presented.

2.1 Introduction

Cyt 6 5 6 2  (Figure 2 .1 ) is a small soluble electron transfer protein (12.3 kDa) of 106 
amino acids isolated from the periplasm of E.coli. Figure 2.2 shows both the nu­
cleotide and amino acid sequences of the protein. Cyt 6 5 6 2  is an electron transfer 
protein but despite being first identified back in 1963 [76], little is still known about 
its biological function; it is believed that its function is to shuttle electrons be­
tween other membrane redox partners [112]. The redox active cofactor haem is 
non-covalently attached to methionine 7 (helix 1) and histidine 102 (helix 4) and 
it is aligned such that the histidine 1 0 2  side is solvent accessible and the methion­
ine 7 face is concealed in the protein hydrophobic core. Structural studies (NMR 
and X-ray crystallography) have shown that upon haem binding the apo-cyt 6 5 0 2  

polypeptide chains (Figure 2.1(b)) undergoes substantial structural changes to a 
four-helix bundle with the helices almost packed antiparallel to each other [49, 50] 
(Figure 2.1(a)). Particularly the N- and C- termini partially unfolded regions form 
helices 1  and 4 creating the hydrophobic haem pocket. Small loops connect the 
helices 1 and 2, and the helices 3 and 4, while a longer loop links the helices 2 and 3

7



Chapter 2 E x p r e s s io n  a n d  c h a r a c t e r iz a t io n  o f  c y t  b562

(a) (b)

Figure 2.1: Structures of (a) apo-cyt 6562 and (b) holo-cyt 6562 (Protein Databank (PDB)). The 
cyt 6562 ribbon structure is coloured red, the haem group is shown in light blue.
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Figure 2.2: The nucleotide and amino acids sequences of cyt 6562 are shown. The nucleotide 
sequence is black numbered, while the amino acid sequence is red numbered.

forming a pocket for the haem positioning [49]. The protein has an overall surface 
charge of -2 at pH 7 and its dimensions are around 5.1 nm x 2.6 nm [103]. The apo- 
form of the cyt 6 5 6 2  has a very low extinction coefficient (e2 8 0nm =  2980 M- 1 cm-1) 
related to the absence of any tryptophan and cysteine residue and to the fact that 
it contains only two tyrosine amino acids [49, 76].

Cyt 6 5 6 2  simple and robust structure and haem-redox properties make it an 
ideal candidate to investigate and exploit the electronic properties of a protein for 
nanoelectronics. Furthermore, cyt 6 5 6 2  does not contain any naturally occurring 
cysteine residues (Figure 2.2), thus enabling the introduction of thiols at positions 
that will allow defined and orientated binding to metal surfaces. In this research 
two cysteine residues are introduced into cyt 6 5 6 2  at defined sequence positions to 
investigate if good electronic coupling between a redox metalloprotein and noble
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metals electrodes can be achieved. The absence of any cysteine residue in the cyt 
6 5 6 2  amino acid sequence enables control of the position of any thiol group introduced 
in the protein structure. Among all the possible double cysteine mutations proposed 
by analysis of the protein’s atomic level 3D structure, two possible configuration of 
the protein with respect to tip and surface were proposed (Figure 1.1). In the 
first design (SH-SA), the plane of the protein-bound haem group lies parallel to the 
surface and the distance between tip and surface is at its shortest (Figure 1 .1 (a)). To 
implement this design, cysteine residues replaced Asp5 (D5C) and Lysl04 (K104C). 
In the second design (SH-LA), the haem plane lies perpendicular to the surface 
and the distance between tip and surface is at its longest (Figure 1 .1 (b)). This 
design is implemented by replacing Asp2 1  and Asp50 with cysteines (D21C and 
D50C, respectively). Control proteins with only one thiol (single cysteine mutant 
D50C) were also prepared and studied. To shed light on the role of the haem (iron 
protoporphyrin IX) in molecular conduction, the apo-cyt 6 5 6 2  wild-type and D50C 
single cysteine mutant were also reconstituted with copper protoporphyrin IX (Gu-
PP) and the redox-inactive zinc protoporphyrin IX (Zn-PP).

2.1.1 Site-directed m utagenesis outline

To generate the cyt b5 6 2  cysteine variants site-directed mutagenesis was performed. 
Site-directed mutagenesis is a molecular biology method that permits the induc­
tion of a mutation in a defined site in a DNA molecule. The technique essentially 
involves the exponential amplification of the original starting gene by polymerase 
chain reaction (PCR) using the mutageneic synthetic oligonucleotide primers.

With regards to this project, the primers reported in Table 2.1 were used to 
change the following codons of the cyt b5Q2 sequence into cysteine codons:

1. aspartate codon at position 50 GAT—>TGT (D50C);

2 . aspartate codon at position 5 GAC—>-TGC and lysine codon at position 104
AAG->TGT (SH-SA);

3. aspartate codon at position 21 GAT—̂ TGT and aspartate codon at position 
50 GAT—»TGT (SH-LA).

The double cysteine mutations were introduced into cyt 6 5 6 2  in a two step process. 
First, either the D5C mutation or D21C mutation was introduced followed by K104C 
or D50C, respectively. An outline of how each individual mutation was introduced 
by a site-directed mutagenesis procedure is detailed as follows.
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The plasmids containing the double mutations were amplified by inverse-PCR 
(I-PCR) using Phusion® high fidelity DNA polymerase. For the first polymerase re­
action the template pWRE9 plasmid and the primers DDJcytbOOl and DDJcytb002 
were used to introduce the mutation GAC—>TGC (D5C) (Figure 2.3). Resultant 
PCR products were stained using ethidium bromide, separated by using agarose 
gel electrophoresis, visualized by using an UV-transilluminator, excised from the 
gel and purified. Then the DNA was phosphorylated, ligated, purified and used 
to transform E.coli DH5a. Some colonies were screened by PCR for the presence 
of the ligated DNA between the N deI and X hol restriction sites of pWRE-9 using 
the primers pET-F and pET-R (Table 2.2) and TAQ  DNA polymerase enzyme. 
The resultant PCR products were separated by using agarose gel electrophoresis, 
visualized by UV light, and, if showing the expected size (~600 bp), excised from 
the gel, purified and sequenced. If the correct DNA mutations were confirmed by 
sequencing, the colony used for PCR screening was inoculated in 5 ml of LB-broth 
supplemented with ampicillin 100 After overnight growth, the DNA plasmid
was extracted and purified by using QIAGEN Plasmid Midi Kit. The plasmid DNA 
was then used as template for a second polymerase reaction with the primers DDJ- 
cytb003 and DDJcytb004. In this way both the mutations (GAC-aTGC (D5C) and 
AAG—>TGT (K104C)) were introduced in the cyt 6 5 6 2  gene.

The same procedure, using the primers DDJcytb005 and DDJcytb006 in the 
first I-PCR and the primers DDJcytb007 and DDJcytb008 in the second I-PCR, 
was applied to amplify a plasmid containing the two mutation GAT—>TGT (D21C) 
and GAT—>TGT (D50C). The primers DDJcytb007 and DDJcytb008 were used in 
a I-PCR to amplify a plasmid containing the single mutation GAT—>TGT (D50C).
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Table 2.1: Oligonucleotide sequences (Operon Biotechnologies, Cologne, Germany) for generating the cyt 6562 cysteine mutants.

Primer name M utation Sequence (5’ to 3’)a Primer pairs6

DDJcytbOOl
DDJcytb002
DDJcytb003
DDJcytb004
DDJcytb005
DDJcytb006
DDJcytb007
DDJcytb008

D5C
D5C

K104C
K104C
D21C
D21C
D50C
D50C

5’-CAGATCTTGAATGCAATATGGAAACCCTCAACGACAAT-3’
3’-CGGCAAACGACGCAGAACTGAATAC-5’

h’-GCCTATCACCAGTGTTATCGTTAACTCG-S’
3’-GTTGCGGGTCGTTTTCAGT-5’

5’-GTGATCGAAAAAGCGTGTAACGCGGCGCAAGTC-3’
3’_TTTTAAATTGTCGTTGAGGGTTTC-5’

5’-CCGCCGAAGCTCGAATGTAAATCACCGGACAGCCCG-3’
S’-CGTTGCTTTTTGCGCATCCAGC-h’

D5C-Sen 
D5C-As 

K104C-Sen 
K KMC-As 
D21C-Sen 
D2lC-As 
D50C-Sen 
D50C-As

“Nucleotides underlined encode the mutations to introduce the thiol pair.
6Sen and As refer to the sense and antisense primer, respectively, th a t comprise the pair
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T able 2.2: Primer sequences for pET-F and pET-R.

Primer Sequence
pET-F 5’-ATGCGTCCGGCGTAGAGGA-3’
pET-R S’-GCTAGTTATTGCTCAGCGGTG-S’

— — — — —  — taacagcaactcccaaaggtataaCGTaagttctagac 
cgctttttcg*tc4cttttaaattgtcgttgagggtttccatattgtcttcaa gatetgcggcaaacgacgcagaactgaataccaacgaggagactgc

cgaaaaagctagtgaaaatttaacagcaactcccaaaggtataacagaagtt ctagacgccgtttgctgcgtcttgacttatggttgctcctctgacg
cggcaaacgacgcagaactgaatac ► pWRE-9

PCR

t
cagatcttgaaTCCaatatggaaaccctcaacgacaat------------------- cataagtcaagacgcagcaaacggc
gtctagaacttACGttatacctttgggagttgctgtta------------------- gtattcagttctgcgtcgtttgccg

Phosphorylation
+

Plasmid circularization 
by ligation

gctttttcgatcacttttaataacagcaactcccaaaggtataaCGTaagttctagaccggcaaacgacgcagaactgaataccaacgaggagactgc 

gcgaaaaagctagtgaaaatttaacagcaactcccaaaggtataaACGaagtt ctagacgccgtttgctgcgtcttgacttatggttgctcctctgacg Mutated
(D5C)

pWRE-9

Figure 2.3: Flow chart of site-directed mutagenesis. The primers are designed to introduce the 
desired m utation (highlighted in capital letters) so that they anneal back to back to 
the plasmid. In the PCR reaction the Phusion™  polymerase extends the primers and 
amplifies the plasmid with the mutation. In this particular example the DDJcytbOQl 
(introducing the D5C mutation) and DDJcytb002 primers are used.
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2.2 M aterials

The materials used in this project and their sources are listed in Table 2.1.

T ab le  2.3: Chemical reagents materials with their suppliers.

Material Supplier

100 bp and 1 kb DNA ladder New England Biolabs, 
Hitchen, Hertfordshire, UK

Ascorbic acid Sigma-Aldrich, Poole, Dorset, UK
Acrylamide /  
bis-Acrylamide (37.5:1)

Melford, Ipswich, Suffolk, UK

Agarose ultra pure Sigma-Aldrich, Poole, Dorset, UK
Ammonium persulphate (APS) Sigma-Aldrich, Poole, Dorset, UK
Ampicillin Melford, Ipswich, Suffolk, UK
/3-Mercaptoethanol Sigma-Aldrich, Poole, Dorset, UK
bromophenol blue Sigma-Aldrich, Poole, Dorset, UK
Copper(II) Protoporphyrin IX Santa Cruz biotechnology, inc., US
Coomassie™ brilliant blue Sigma-Aldrich, Poole, Dorset, UK
Disodium phosphate (Na2 HP0 4 ) Melford, Ipswich, Suffolk, UK
Dithiothreitol (DTT) Melford, Ipswich, Suffolk, UK
dNTP New England Biolabs, 

Hitchen, Hertfordshire, UK
Ethanol Melford, Ipswich, Suffolk, UK
Ethidium bromide Sigma-Aldrich, Poole, Dorset, UK
Ethylenediaminetetraacetic 
acid-disodium salt (EDTA)

Sigma-Aldrich, Poole, Dorset, UK

Glucose Melford, Ipswich, Suffolk, UK
Glycerol Sigma-Aldrich, Poole, Dorset, UK
Glycine Melford, Ipswich, Suffolk, UK
Hemin Sigma-Aldrich, Poole, Dorset, UK
Isopropyl- l-thio-/3- 
D-galactopyranoside (IPTG)

Melford, Ipswich, Suffolk, UK

Isopropanol Melford, Ipswich, Suffolk, UK
LB-Agar Melford, Ipswich, Suffolk, UK
LB-Broth Melford, Ipswich, Suffolk, UK
Magnesiumchloride Melford, Ipswich, Suffolk, UK
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Methanol Melford, Ipswich, Suffolk, UK J
Monosodium phosphate (Nah^PC^) Melford, Ipswich, Suffolk, UK
Peptide marker (2512 Da-16949 Da) GE Healthcare Hertfordshire, UK
Phenylmethylsulfonyl fluoride (PMSF) Melford, Ipswich, Suffolk, UK
Phosphate buffered saline (PBS) Melford, Ipswich, Suffolk, UK
Potassium chloride (KC1) Melford, Ipswich, Suffolk, UK
Potassium hexacyanoferrate(III) Sigma-Aldrich, Poole, Dorset, UK
Protein marker New England Biolabs, 

Hitchen, Hertfordshire, UK
SDS ultra pure Melford, Ipswich, Suffolk, UK
SOB media capsules Melford, Ipswich, Suffolk, UK
Sodium chloride (NaCl) Melford, Ipswich, Suffolk, UK
Sodium hydroxide (NaOH) Melford, Ipswich, Suffolk, UK
Sucrose Melford, Ipswich, Suffolk, UK
TEMED Sigma-Aldrich, Poole, Dorset, UK
Tris( hydroxy methyl) aminomethane 
ultra pure (TRIS)

Melford, Ipswich, Suffolk, UK

Tyrosine Melford, Ipswich, Suffolk, UK
YT media Sigma-Aldrich, Poole, Dorset, UK
Zinc Protoporphyrin IX Santa Cruz biotechnology, inc., US

Enzym es
Gotaq®flexi DNA polymerase Promega, Madison, WI, USA
Phusion®High fidelity 
DNA polymerase

New England Biolabs, 
Hitchen, Hertfordshire, UK

Quick T4 DNA ligase New England Biolabs, 
Hitchen, Hertfordshire, UK

T4 Polynucleotide Kinase New England Biolabs, 
Hitchen, Hertfordshire, UK

K its
Gel extraction kit Qiagen, West Sussex, UK
MinElute Reaction Cleanup kit Qiagen, West Sussex, UK
QIAGEN Plasmid Midi Kit Qiagen, West Sussex, UK

QIAquick PCR Purification Kit Qiagen, West Sussex, UK
Quick ligation kit New England Biolabs,

Hitchen, Hertfordshire, UK j
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2.2.1 R eagents and buffers

The buffers used in this project are listed in Table 2.4.

2.2.2 M edia

All bacteria cell culture media and glassware were autoclaved at 121 °C for 20 
minutes prior to use. Luria-Bertani (LB) broth, supplemented with 100 /zg/ral 
ampicillin if required, was used for all the liquid bacteria cell cultures. LB agar plates 
supplemented with 100 //g/ml ampicillin when required were used for solid medium 
bacteria cultures. LB agar and broth were prepared by dissolving the appropriate 
component powders in distilled water according to manufacturer’s protocol. SOC 
medium was prepared using SOB (Super Optimal Broth) media and 10 mM NaCl,
2.5 mM KC1, 10 mM MgS0 4 , 10 mM MgCl2 and 20 mM glucose.

2.2.3 A ntib iotics

Ampicillin stock solution (100 mg/ml) was prepared in distilled water. After ster­
ilisation by filtering through a 0.22 pun. filter (Fisher scientific, Loughborough, Le­
icestershire, UK), the solution was stored at -20 °C in 1 ml aliquots.

2.2.4 D N A  vector and oligonucleotide primers

The parent plasmid termed pWRE-9 that contains the wild-type gene encoding cyt 
6 5 6 2  was used as template for introducing the required mutations (Figure 2.4). The 
cyt 6 5 6 2  gene was inserted into a pET-22b expression vector using NdeI and X hol 
restriction sites. Expression of the gene is under the control of bacteriophage T7 
promoter and can be induced by the use of sugar analogue Isopropyl-l-thio-/TD- 
galactopyranoside (IPTG). A signal sequence is also present that facilitates export 
of the protein to the periplasmic space of E. coli. The pET-22b plasmid contains 
the gene encoding /3-lactamase which confers resistance to the antibiotic ampicillin.

The mutagenic synthetic oligonucleotides used to introduce the required muta­
tions were designed by Dr. D. Dafydd Jones and have the sequence reported in 
Table 2.1. Table 2.2 shows the pET-F and pET-R sequences, designed to amplify 
DNA within the multiple cloning site of pET22-b vector.

2.2.5 Bacterial cell strain

Sub-cloning was performed with E.coli strain DH5a cells and protein expression 
was performed in E.coli strain BL21 (DE3) cells (Table 2.5).
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Table 2.4: Composition of reagents and buffer.

Buffer Composition
Buffer A 10 mM Sodium Phosphate pH 7, 

50 mM NaCl
De-staining solution 2 0 % (v/v) methanol,

1 0 % (v/v) acetic acid in water
Phusion®polymerase
buffer

10 /il 5 x Phusion®HF Buffer,
20 mM dNTPs, 2.5 /iM primer A,
2.5 fjM primer B, 29.5 pM  H2 0 ,
1 /il pWRE9, 0.5 /il Phusion®hot start 
DNA polymerase

GoTaq®PCR buffer 2  p 1 5x GoTaq®,
10 mM dNTPs, 0.5 /iM pET-F , 
0.5 pM  pET-R, 1.25 mM MgCl2 

0.25 /il H2 0 ,
0.25 /il GoTaq®DNA polymerase 
5.0 /il of template DNA

TAE 40 mM Tris-acetate pH 9.5, 2 mM EDTA
Gel electrophoresis 
loading buffer

40% sucrose,
0 .0 1 % (w/v) bromophenol blue

Lysis buffer 10 mM Tris-HCl pH 8.0, 
20% sucrose, 1 mM EDTA, 
ImM PMSF, ImM DTT, 
1 0 0  /ig/ml lysozyme)

Resolving gel
for SDS-PAGE analysis

18% (w/v) Acrylamide/bis-Acrylamide,
0.375 mM Tris-HCl pH 8 .8 , 0.1% (w/v) SDS, 
0.02% (w/v) TEMED, 0.05% (w/v) APS

SDS running buffer 28.8 g glycine, 8.0 g Tris Base 
in 2 L of distilled water,
SDS added freshly to 0 .1 % (w/v)

SDS sample loading buffer 2% (w/v) SDS, 0.2M Tris-HCL pH 6 .8 , 
0.04% (w/v) bromophenol blue,
8 % (w/v) glycerol, /Tmercaptoethanol 
added freshly to 1 0 % (v/v).

Stacking gel
for SDS-PAGE analysis

5% (w/v) Acrylamide/bis-Acrylamide,
0.65 mM Tris-HCl pH 6 .8 , 0 .2 % (w/v) SDS, 
0.02% (w/v) TEMED, 0.1% (w/v) APS

Staining solution 50% (v/v) methanol,
1 0 % (v/v) acetic acid in water, 
R250 coomassie blue (0.25g/l)
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T7 terminator Xho I

cyt &562 DNA
fl origin

Nde I

T7 promoter

bla coding sequence

lac I

pWRE-9

Figure 2.4: pWRE-9 plasmid circle map. Cyt 6562  DNA (black thin arrow) was inserted in the 
N de  I and X h o l  restriction sites of pET-22b plasmid. The arrow shows the orientation 
of cyt b562.

Table 2.5: Genotype of E.coli strains DH5ct and BL2 1  (DE3).

Strain Genotype
DH5ct F _ , endA l, glnV44, Athi-1, 

recA l, relA l, gyrA96 , deoR, nupG, 
08Od/acZAM15, A(/acZYA-argF)U169, 
hsdR17(r^ m j) , A-

BL21 Gold (DE3) F~, ompT, gal, dcm, Ion, 
h sdS ^rJ  m “ ),
A(DE3), pLysS(cmi?)
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2.3 M olecular biology and recombinant D NA  
m ethods

2.3.1 D N A  purification from bacteria cultures

A transformed bacteria colony was inoculated in 5 ml of LB-broth supplemented 
with ampicillin 100 /ig/ml. After overnight growth (37 °C, 250 rpm), the cells were 
harvested by centrifugation (10 minutes at 4000 x g). DNA plasmids were purified 
from bacteria cells using the QIAfilter Plasmid Midi Kit and stored at -20 °C. 850 
fi\ of the cells grown overnight in LB-broth were mixed with 150 /d of glycerol in 
aseptically conditions and stored at -80 °C.

2.3.2 Agarose gel electrophoresis

DNA analysis was performed using agarose gel electrophoresis. Agarose (1%-1.5% 
w/v) was dissolved in hot TAE buffer (Table 2.4). After cooling the solution, 0.5 
pg/m l of ethidium bromide was added. To separate and visualise DNA samples, they 
were mixed with loading buffer (Table 2.4), fragmented by using electrophoresis in 
TAE buffer at 100 V for 30-45 minutes and visualized using an UV-transilluminator 
(GelDoc-It™ Imaging System, UVP). Approximate molecular weight determination 
and quantification were carried out by comparing DNA bands with molecular size 
standards.

If required, DNA bands were excised from the agarose gel using a sharp scalpel 
and purified using QIAquick gel purification kit (Qiagen, West Sussex, UK).

2.3.3 Preparation of electro-com petent E.coli cells

A method described by Sambrook et al. [105] and modified by Dr. W. Edwards 
was used for the preparation of electro-competent E.coli strains DH5o; and BL-21 
cells. A Beckman Coulter Avanti J-E centrifuge equipped with a JLA-16.250 rotor 
(J-life series rotor, Beckman, High Wycombe, Buckinghamshire, UK) was used for 
cells harvesting.

Cells from a glycerol stock were aseptically streaked onto a LB agar plate and 
incubated overnight at 37 °C. A single colony was used to inoculate 10 ml of LB- 
broth medium and the solution was grown overnight at 37 °C, 250 rpm. The starter 
culture was used to inoculate 2 x 500 ml of LB-broth medium in separate flasks 
and grown at 37 °C while shaking at 250 rpm until the cells reached an optical 
density measured at 600 nm (O.D.600) of 0.6-0.8. The cultures were transferred to
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pre-chilled centrifuge bottles (4 x 250 ml) and stored on wet ice for 15 minutes. The 
cells were then harvested by centrifugation (1500 x g for 20 minutes at 4 °C) and 
the supernatant carefully discarded. The bacterial cell pellet was resuspended in 1 
1 of ice-cold distilled water and centrifuged again (1500 x g for 20 minutes at 4 °C). 
To remove medium contamination from the bacteria cells the following steps were 
repeated three times: supernatant discarding, bacterial cell pellet resuspension in 
0.5 1 of ice-cold distilled water and centrifugation (1500 x g for 20 minutes at 4 °C). 
The cells were then resuspended in 100 ml of ice-cold 10% glycerol and harvested 
by centrifugation (1500 x g for 20 minutes at 4 °C). The supernatant was again 
discarded and the cells resuspended in 1 ml of ice-cold 10% glycerol. In order to 
ensure high transformation efficiency the cells were eventually diluted with ice-cold 
10% glycerol to a concentration between 2-3 x 1010 cells/ml, frozen in liquid nitrogen 
in 40 fA aliquots and stored at -80 °C.

2.3.4 Transformation of E.coli cells using electroporation

Electroporation was used to transform E.coli with the required plasmids. Plasmid 
DNA (10 ng) was added to a 40 fA aliquot of relevant bacteria cells. After mixing, 
the solution was transferred to pre-chilled electroporation cuvettes. The bacteria 
cells/plasmid mixture was pulsed with 2.5 kV using a gene pulser (Bio-Rad, Her- 
tordshire, UK) with a capacitance of 25 fiF (capacitance extender by Bio-Rad) and 
a resistance of 200 Q (pulse controller, Bio-Rad). A time constant of 4.5-4.6 ms 
was monitored for a successful pulse. 460 (A of room temperature SOC was quickly 
added and the solution was incubated at 37 °C for 1 hour. After incubation, 50 fA 
cells were aseptically plated on LB-agar (supplemented with ampicillin 100 /ig/ml if 
required). The rest of the cells were harvested by centrifugation (4000 x g (Heraeus 
Biofuge Pico, DJB Labcare) for 120 s at room temperature), resuspended in 50 fA 
of SOC and aseptically plated on LB-agar. The colony plates were left overnight at 
37 °C.

2.3.5 D N A  amplification by PC R

DNA was amplified by PCR using GoTaq®flexi DNA polymerase in GoTaq®PCR 
buffer (Table 2.4). Amplification was performed using the parameters reported in 
Table 2.6.
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Table 2.6: PC R  cycling conditions using GoTaq®flexi DNA polymerase.

Cycle step Temperature Time Number of cycles
Initial denaturation 95 °C 120 s 1
Denaturation 95 °C 60 s
Annealing 52 °C 30 s 30
Extension 72 °C 180 s
Final extension -4 to 0 O 600 s 1
Holding 10 °c

Table 2.7: PC R  cycling conditions using Phusion®DNA polymerase.

Cycle step Temperature Time Number of cycles
Initial denaturation 98 °C 60 s 1
Denaturation 98 °C 10 s
Annealing -a 0

0 O 30 s 30
Extension 72 °C 180 s
Final extension 72 °C 600 s 1
Holding 10 °C

2.3.6 D N A  am plification by I-PCR

The I-PCR reactions were performed in Phusion®polymerase buffer (Table 2.4) 
with an amount of plasmid template titrated as down as possible (1-10 pM) to 
avoid background transformants after ligation and transformation. Amplification 
was performed using the parameters reported in Table 2.7.

2.3.7 D N A  sequencing

The determination of DNA nucleotide sequences was carried out at the DNA se­
quencing core of the molecular biology unit at Cardiff University using an ABI 
Prism 3100 16 capillary genetic analyser with Big dye terminator version 3.1 cycle 
sequencing kit (ABI, Foster City, California, USA) and pellet paint (Novogen Ltd, 
Windsor, Berkhire, UK) for DNA coprecipitation.

2.3.8 D N A  phosphorylation and ligation

DNA phosphorylation and ligation were carried out using T4 Polynucleotide Kinase 
and Quick T4 DNA ligase in Quick ligation reaction buffer (Table 3.1) according 
to manufacturer instructions. Vector DNA (50 ng) was mixed with 1 pi of T4 
Polynucleotide Kinase (10 units), 10 p\ of Quick ligation reaction buffer and the 
volume was adjusted to 20 pi with H2 O. Then the solution was centrifuged briefly 
and incubated at 37 °C for 30 minutes. Subsequently 1 pi of Quick T4 DNA ligase
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(400 units) was added to the solution that, after brief centrifugation, was incubated 
at room temperature (25 °C) for 30 minutes. Control ligations without the ligase 
enzyme were also carried out, in order to determine the background level from the 
original plasmid.

The enzymes were removed from the plasmid DNA solution using MinElute 
reaction clean up kit.

2.4 Protein expression and analysis m ethods

2.4.1 Recom binant protein expression

The wild-type and the cysteine mutants cyt 6 5 6 2 were expressed in E.coli BL-21 
(DE3) cells. These cells contain the T7 RNA polymerase under the control of the 
lacUV5 operon promoter, and expression can be induced by the addition of IPTG. 
A single colony from a freshly streaked plate was inoculated in 2 x 5 ml LB-Broth 
medium supplemented with 1 0 0  /rg/ml ampicillin and cells were incubated with 
shaking (250 rpm) at 37 °C overnight. The overnight cell cultures were then used 
to inoculate 2 x 500 ml LB-Broth medium supplemented with 100 fig/ml ampicillin 
and grown at 37 °C in shaking flasks (250 rpm). Upon reaching an ODeoo — 0.6-1.0, 
protein expression was induced by adding 1  mM IPTG. Growth was continued for 3 
hours at 37 °C while shaking (250 rpm). Small aliquots ( 1  ml) were taken at interval 
of 1  hour and induction analysed by using SDS-PAGE analysis.

Cells were harvested by centrifugation at 2400 x g for 20 minutes at 4 °C. The 
reddish pellet was resuspended in cold 10 mM Tris-HCl pH 8.0, centrifuged at 2400 
x g for 20 minutes at 4 °C, then resuspended again in cold lysis buffer (Table 2.4) 
and left on ice for 30 minutes. After centrifugation (15000 x g for 10 minutes at 4 
°C) the supernatant contained the cells periplasmic fraction.

2.4.2 Protein purification

Standard techniques to purify the cyt 6 5 6 2  [15, 49] and its mutants were optimized. 
The apo- and holo-protein were purified and separated on a Q-Sepharose (GE health­
care) ion exchange column developed with a linear gradient of 0-500 mM NaCl. 
Fractions containing apo- and holo-protein were concentrated separately through 
ammonium sulphate precipitation. The salt was added to the cytochrome solution 
to a final concentration of 90% saturation while stirring at 4 °C. The solution was left 
stirring overnight at 4 °C to ensure a proper mixing; it was then centrifuged for 30 
minutes at 1 0 0 0 0  x g, the supernatant discarded and the pellet resuspended in 2  ml
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of buffer A (Table 2.4). The protein solution was further purified on a Superdex™ 
75 pg Hiload™  16/60 (GE healthcare) gel filtration column equilibrated in buffer 
A. The purity of the resulting samples was verified through SDS-PAGE analysis. To 
reduce the thiol groups and prevent oligomer formation 1 mM dithiothreitol (DTT) 
was used in all the mutant purification steps. The protein solutions were either used 
immediately or stored at -80 °C.

2.4.3 Sodium  dodecyl sulphate polyacrylamide gel electro­
phoresis (SDS-PAG E)

SDS-PAGE analysis was performed using a mini-PROTEAN 3 electrophoresis sys­
tem (Bio-RAD, Hertfordshire, UK). Resolving and stacking gels were made as shown 
in Table 2.4. Table 2.4 describes also sample and electrolyte buffers, staining and 
de-staining solutions. Gels were usually stained using coomassie blue for at least 1 
hour, destained overnight and visualized.

2.4.4 U ltraviolet-visib le spectroscopy and hemin spectropho- 
tom etric titration

Optical absorbance spectra were recorded at room temperature on a Hewlett- 
Packard 8452A ChemStation diode array spectrophotometer. All the experiments 
were recorded at room tem perature in quartz cuvettes of 1 cm path length. The pro­
tein concentration was spectroscopically determined using an extinction coefficient 
at 280 nm (£2 8 0 ) of 2.98 mM-1cm-1 for the apo-cyt b56 2 , an extinction coefficient 
at 428 nm (5 4 2 s) of 180.1 mM-1cm-1 for the reduced holo-cyt 6562, and an extinc­
tion coefficient at 418 nm (5 4 1 s) of 117.4 mM-1cm-1 for the oxidised holo-cyt b562 
[78]. Protein samples were reduced by addition of fresh ascorbic acid and oxidised 
by addition of fresh potassium hexacyanoferrate(III) (potassium ferricyanide) both 
dissolved in deionized water.

Hemin, Cu-PP and Zn-PP spectrophotometric titration experiments were exe­
cuted with the molecules freshly dissolved in 100 /xl of 1 M NaOH and 900 (A of 
deionized water. The protoporphyrin concentration was quantified using an extinc­
tion coefficient of 58.4 mM-1 cm-1 at 385 nm for hemin [11], 210 mM-1 cm-1 at 386 
nm for Cu-PP [4] and 161 mM-1 cm-1 at 398 nm for Zn-PP [82]. To avoid molecu­
lar aggregation and photodegradation, the oxidizing, reducing and protoporphyrin 
solutions were stored in dark, kept at 4 °C and the solutions were centrifuged prior 
experiments. For stoichiometric titration experiments two solutions were prepared. 
The first one (solution A) contained 20 fiM apo-protein and 20 fiM of oxidizing or
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reducing agent in 10 mM phosphate buffer pH 6.2. The second one was made of 20 
/iM protoporphyrin, 10 /zM oxidizing or reducing agent in 10 mM phosphate buffer 
(solution B). The experiments were performed by recording the spectrum of solution 
A  in a quartz cuvette, then adding increasing aliquots of solution B. After each ad­
dition, the solution was left to equilibrate for 2  minutes, then the spectrum recorded. 
These steps were repeated for solutions containing increasing protoporphyrin con­
centration (from 0 /iM to ~  30 / j M) .  To determine the dissociation constant for the 
cyt 6 5 6 2 -protoporphyrin complex, titration curves were generated by measuring the 
Soret absorbance band as a function of increasing volumes of protoporphyrin stock 
solution. The holo-proteins absorbance at 418 nm, 428 nm, 414 nm and 430 nm 
was monitored for the oxidised hemin, reduced hemin, Cu-PP and Zn-PP titration, 
respectively. Considering a simple thermodynamic equilibrium between a protein 
and its ligand [127], the experimental data could be fitted to the equation:

A F =  | ( [ P ] t +  [L]t +  K d ) -  ^ ( ( [ P ] ( +  [L]( +  ^ ) ) 2 - 4 [ P ] j L ] 1 (2.i)

where C is a a measure of the absorption coefficient, [P]t and [L]t are the protein 
and protoporphyrin total concentrations and Kd is the dissociation constant. The 
total concentration of protein and its ligand can be then obtained considering the 
initial volume ([V]0) and concentration ([P]0) of the protein solution, the concentra­
tion of the protoporphyrin solution ([L]0) and the total volume of the ligand ([V]L) 
added during the experiment:

m  [Plo M o  m  M o  [Ml (22)
1 lt [ M o  +  I M l ’ M o + I M l  ( ' }

All the experimental data were processed by using OriginPro 8 .

2.5 R esults and discussion

2.5.1 Site-directed m utagenesis

The pWRE9 plasmid, containing the cyt &5 6 2 gene, was manipulated using site- 
directed mutagenesis to create single and double cysteine variants of the cyt &562.

The agarose gel electrophoresis analysis (Figure 2.5) of the I-PCR for the am­
plification of the two mutated pWRE9 plasmids showed products of the expected 
molecular size (~  6000 bp).

The mutated plasmids were transformed into E.coli DH5a and grown overnight
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Figure 2.5: Agarose gel electrophoresis analysis of the I-PCR products with pWRE9 plasmid as 
template visualized by UV-transilluminator. Lane 1, 1 Kb marker (0.125 >ug); lane 2, 
D5C mutant; lane 3, SH-SA mutant; lane 4, D50C mutant; lane 5, SH-LA mutant; 
lane 6, 1 Kb marker (0.25 /ig); lane 7, 1 Kb marker (0.5 /j,g).

at 37 °C. Some colonies were screened by PCR for the presence of the ligated DNA 
using the primers pET-F and pET-R and Gotaq®DNA polymerase. The agarose 
gel electrophoresis analysis (Figure 2.6) of these PCR experiments showed products 
of the expected molecular size (~  600 bp). Correct nucleotide sequences of the two 
double mutants were proved by DNA sequencing.

2 .5 .2  P r o t e i n  e x p r e s s i o n  a n d  p u r i f i c a t i o n

Plasmids containing both wild-type and single and double cysteine mutants cyt 
65 6 2  genes were used to individually transform E.coli cells. After cell grown to 
a concentration of 8-10 x 106 cells/ml (corresponding to an O.D.eoo of 0.6-0.8), 
protein overexpression was successfully achieved by the addition of 1 mM IPTG 
to the cells cultures. SDS-PAGE analysis (Figure 2.7, 2.8) of cell aliquots showed 
that proteins of approximately 12 kDa size (corresponding to the cyt b$§2 size) were 
produced after IPTG induction. The cells were harvested and a combination of two 
protocols based on osmotic shock (20 % sucrose) and lysozyme was used to isolate 
the proteins. After removal of insoluble cell debris by centrifugation, SDS-PAGE 
analysis of the resulting supernatant (Figure 2.7, 2.8) revealed that a large fraction 
of the overexpressed proteins was present in the supernatant. It was consequently 
deduced that both the wild-type and the cysteine mutants cyt 6 5 6 2  are soluble.

1 2  3 4 6 7
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Figure 2 .6 : Agarose gel electrophoresis analysis of colony PCR products for each of the cyt 6562 

cysteine mutants visualized by UV-transilluminator. Lane 1, pWRE9 plasmid; lane 
2, D5C m utant pWRE9 plasmid; lane 3, K104C mutant pWRE9 plasmid; lane 4, SH- 
SA mutant pWRE9 plasmid; lane 5, D21C mutant pWRE9 plasmid; lane 6 , D50C 
m utant pWRE9 plasmid; lane 7, SH-LA mutant pWRE9 plasmid; lane 8 , 100 bp 
marker (0.5 pg).

2 3 4 5  6 7 8 9  10

16949

14404

Marker size (Da)

Figure 2.7: SDS/PAGE analysis of the expression and purification procedures for the SH-SA cyt 
6 5 6 2• Lane 1, protein marker; lane 2, peptide marker; lane 3, lysed cells transformed 
with pWRE9 before IPTG induction; lane 4, lysed cells uninduced transformed with 
pET22-b; lane 5, lysed cells transformed with pWRE9 after 3 hours of IPTG induc­
tion; lane 6 , lysed cells transformed with pET22-b after 3 hours of IPTG induction 
(control); lane 7, supernatant following lysis and centrifugation; lane 8 , insoluble 
fraction following lysis and centrifugation; lane 9, elution fraction at 120 mM NaCl 
fraction from the Q-Sepharose column; lane 10, fraction from the gel filtration col­
umn.
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Figure 2.8: SDS/PAGE analysis of the expression and purification procedures for the SH-LA cyt 
&5 6 2 - Lane 1, protein marker; lane 2, peptide marker; lane 3, lysed cells before IPTG 
induction; lane 4, lysed cells after 1 hour of IPTG induction; lane 5, lysed cells after 
2 hours of IPTG induction; lane 6, lysed cells after 3 hours of IPTG induction; lane 
7, lysed cells uninduced; lane 8, supernatant following lysis and centrifugation; lane 
9, insoluble fraction following lysis and centrifugation; lane 10, fraction from the gel 
filtration column.

The wild-type and cysteine variants cyt b562 were successfully purified using 
ion exchange and gel filtration chromatography. The material eluted from the ion 
exchange column at 120 mM NaCl absorbed at 280 nm and the material eluted 
from the column at 200 mM NaCl absorbed at 420 nm. As the SDS-PAGE gels 
indicated that both the materials had an estimated molecular weight similar to that 
expected for cyt 6 5 6 2  (~  12kDa, Figure 2.9) and the apo- and holo-cytochrome have 
a charge difference, it was inferred that the wild-type and cysteine variants apo- and 
holo-cytochrome eluted as two different peaks in the ion exchange chromatograms. 
In particular, the apo-protein eluted at 120 mM NaCl, while the holo-protein eluted 
at 200 mM NaCl. An elution shift among the SH-LA, D50C, wild-type and SH-SA 
proteins was also observed in the ion exchange chromatograms. This is consistent 
with the charge change of the protein due to the mutations (the evaluated pi are: 
SH-LA =  6.15, D50C =  5.69, wild-type =  5.38, SH-SA =  5.36).

The separated apo- and holo-proteins solutions were concentrated by ammonium 
sulphate precipitation. SDS-PAGE gel analysis of the solutions obtained from the 
ammonium sulphate concentration (Figure 2.10), show that a small amount of con­
tamination remains in the sample at molecular sizes corresponding approximatively 
to 30 kDa and TO kDa. The origin of these bands is unknown.

The concentrated protein solutions (~  5 ml) were finally applied to a gel filtration 
column. After this purification step all the different proteins were preser\t as a single
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Figure 2.9: SDS/PAGE analysis of the different elution fractions from the Q-Sepharose column 
of the periplasmic extracts of the wild-type cyt 6562  culture. Lane 1, peptide marker; 
lane 2 , protein marker; lane 3, elution fraction at 80 mM NaCl; lane 4, 100 mM NaCl; 
lane 5, 110 mM NaCl; lane 6 , 120 mM NaCl; lane 7, 130 mM NaCl; lane 8 , 140 mM 
NaCl; lane 9, 160 mM NaCl; lane 10, 180 mM NaCl.

14404
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Figure 2.10: SDS/PAGE analysis of the apo- and holo-proteins from the ammonium sulphate 
precipitation. Lane 1, peptide marker; lane 2, protein marker; lane 5, apo-cyt 6562 

wild-type; lane 6 , apo-cyt 6562  SH-SA; lane 7, apo-cyt 6562 SH-LA mutant; lane 8 , 
holo-cyt £>562 wild-type; lane 9, holo-cyt 6562 SH-SA; lane 10 holo-cyt £>562 SH-LA.
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Figure 2.11: Normalized ultraviolet-visible spectra of 20 juM wild-type (green), SH-SA (red) and 
SH-LA (blue) apo-cyt 6562 in 10 mM phosphate buffer pH 6 .2 .

band on the SDS PAGE gel indicating that no contaminating proteins were present 
in the sample (Figure 2.7, 2.8).

2 .5 .3  U l t r a v io l e t - v i s i b l e  s p e c t r o s c o p y  a n d  h e m in  s p e c t r o p h o -

t o m e t r i c  t i t r a t i o n

To examine if the introduced cysteine residues changed the cyt 6 5 6 2  structure and 
its affinity for haem, the wild-type and the mutants cyt 6 5 6 2  were spectroscopically 
characterised. The absorption properties of the apo- and holo-wild-type cyt 6 5 6 2  are 
in agreement with previous results by Itagaki et al. [49, 76] (Figures 2.11, 2.12(a) 
and 2.12(b)). The cyt 6 5 6 2  cysteine variants have absorbance spectra similar to the 
wild-type protein both in the apo-form (Figure 2.11) and with the haem bound in 
the ferric (Figure 2.12(a)) and in the ferrous states (Figure 2.12(b)). The spectra 
of the apo-proteins show a peak at 278 nm (Figure 2.11). The cysteine variants 
retain the intense Soret band at ~418 nm (oxidised) and ~427 nm (reduced) in the 
holo-protein form. Furthermore, like the wild-type protein, the broad absorbance 
peak at 530-540 nm observed for the oxidised form converts to two distinct peaks 
at 530 and 560 nm in the reduced form. Preservation of the holo-protein spectra 
between the wild-type and the single (Figure 2.13) and double cysteine variants of 
cyt £>562 confirms that the mutations have not altered the manner by which haem 
binds to the protein. The result is especially important for the SH-SA variant as 
the introduced thiol groups (that have the potential to coordinate the metal centre) 
lie close to the residues that normally bind the iron center of haem.

Figure 2.14 shows the UV-visible spectra of Zn-PP, Cu-PP, and wild-type cyt 
6 5 6 2  and D50C single cysteine mutant reconstructed with the zinc and copper proto­
porphyrins in 10 mM phosphate buffer. Upon complex formation (Zn-PP/apo-cyt
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Figure 2 .1 2 : Normalized ultraviolet visible spectra of 20 pM  (a) oxidized and (b) reduced wild- 
type (green), SH-SA (red) and SH-LA (blue) holo-cyt 6562 in 10 mM phosphate 
buffer pH 6.2.
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Figure 2.13: Normalized ultraviolet visible spectra of 20 p.M (a) oxidised and (b) reduced wild- 
type (green) and D50C (blue) holo-cyt 6562 in 10 mM phosphate buffer pH 6.2.
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F ig u re  2.14: Normalized ultraviolet visible spectra of 20 pM  wild-type (green) and 20 pM  D50C 
(blue) cyt 6562  reconstructed with (a) 20 pM  Zn-PP and (b) 20 pM  Cu-PP in 10 
mM phosphate buffer pH 6.2. The red line shows the normalized ultraviolet visible 
spectra of (a) 20 pM  Zn-PP and (b) 20 //M Cu-PP recorded in 10 mM phosphate 
buffer pH 6.2.

6 5 6 2  and Cu-PP/apo-cyt 6 5 6 2 ) a red shift occurs in the Soret band along with mi­
nor changes in the position of the smaller peaks at ~550 nm and ~600 nm. The 
shifts in the Soret bands recorded for both Zn-PP cyt &5 6 2  and Cu-PP cyt 6 5 6 2  are 
very similar to those reported for myoglobin [4, 57] or cytochrome c [52] and could 
indicate that the metal center (Cu or Zn) changes its coordination sphere and the 
metalloporphyins are specifically coordinated to the polypeptide chain as the haem 
in the native proteins.

Addition of Zn-PP and Cu-PP to the apo-form of the single cysteine variant 
D50C resulted in optical characteristics similar to that of the wild-type protein 
reconstructed with the same protoporphyrins (Figure 2.14). The spectra of the 
proteins reconstructed with Zn-PP (Figure 2.14(a)) have peaks at 431 nm (Soret 
band), 558 nm and 592 nm and a broad shoulder at ~360 nm. The spectra of the 
wild-type and D50C cyt fe5 6 2  reconstructed with Cu-PP (Figure 2.14(b)) show peaks 
at 414 nm (Soret band), 537 nm and 579 nm and a shoulder at ~350 nm. The 
similarity of the optical properties of the D50C cysteine mutant and wild-type cyt 
6 5 6 2  reconstructed with Zn-PP and Cu-PP can be indicative of a similar tertiary 
structure of the two proteins. A different coordination of the cyt 6 5 6 2  methionine 
7 and histidine 102 amino acids to the different protoporphyrins might explain the 
shift in the Soret band observed for the haem-cyt &562, the Zn-PP cyt b5 6 2  and the 
Cu-PP cyt 6 5 6 2  •

To investigate if the mutations altered the affinity of oxidised haem for the pro­
tein, a spectroscopic approach was taken to monitor haem binding on titration into 
protein (Figure 2.15(a) and (b)). Reduced haem binds with a very high affinity
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F ig u re  2.16: Spectrophotometric titration of wild-type (green), D50C (blue) apo-cyt 6562 with 
(a) Zn-PP and (b) Cu-PP. The titration experiments were performed using 20 pM  of 
apo-cyt 6562 in 1 ml of 10 mM phosphate buffer pH 6.2 (Vo) with increasing aliquots 
of a 20 pM  porphyrin solution (V l ) (only the solution containing the porphyrin was 
used for the blank experiments, data showed in red). The solid curves are the best 
fit of the experimental data according to 2.2. Error bars are not shown to improve 
the clarity of the figure.

On the other hand, a small excess of metalloporphyrins was necessary to complete 
the formation of the Cu-PP-protein complex (Figure 2.16(b)) suggesting a less tight 
coordination of the copper axial ligands to the polypeptide chain. The Kd values 
for apo-cyt 6 5 6 2  found from the best fit of the experimental data to equation (2 .2 ) 
were 500 ±  80 nM and 100 ±  30 nM for Zn-PP and Cu-PP, respectively. They 
are at least one order of magnitude higher than the Kd values calculated for the 
haem-apo-cyt 6 5 6 2  complex, indicating that the cytochrome affinity for Cu-PP and 
Zn-PP is lower than for hemin perhaps related to a different coordination geometry 
of the metal centres to the protein.

2.6 C onclusions

In this chapter the introduction of cysteine residues by site-directed mutagenesis on 
opposite ends/faces of the cyt 6 5 6 2 , along its long and short axes respectively was 
described (Figure 1.1). Analysis of the UV-visible absorption spectra and hemm 
spectrophotometric titration showed that the introduced cysteine mutations do not 
affect the protein’s tertiary structure and its haem binding properties. Wild-type 
and D50C apo-cyt 6 5 6 2  were reconstructed with Zn-PP and Cu-PP. The absorption 
characteristics of the porphyrin-protein complex indicated a good coordination of 
the zinc and copper axial ligands to the polypetide chain.
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Chapter 3 

H om e-built STM

The scanning tunnelling microscope (STM) was invented in the beginning of 1982 
by Binnig and Rohrer at the IBM  Research Laboratory in Ruschlikon, Switzerland 
[19]. Its importance in explaining the theories of electron transport was soon recog­
nized and the two inventors were awarded the 1986 Noble Prize in Physics. In this 
chapter I  first describe the basic theory of tunnelling and the principle of operation 
of the STM. In the second part of the chapter I  describe the mechanical setup and 
electronics of a low-drift ST M  that I  constructed and show HOPG and A u ( l l l )  STM  
images I  acquired for the system calibration.

3.1 Theory o f tunnelling and STM operating prin­
ciples

According to classical physics, two conductive electrodes separated by an insulator 
form an impenetrable barrier for electrons. However, if the barrier is very thin 
(~1 nm), electrons can tunnel through it and the transmission probability of this 
event can be described by the Schrodinger’s equation [63]. In an STM setup a 
sharp metallic probe (tip) is brought in close proximity (0.5-2.0 nm) to a conductive 
surface (substrate). At such a small distance electrons can tunnel the barrier existing 
between the two electrodes due to overlap of the electron wave functions of the tip 
and substrate. Assuming that the tip and the substrate are ideal conductors, the 
probability ^  of an electron transmission across a square potential barrier is given 
by the solution of the Schrodinger’s equation in 1-D [63]:

^  oc e“K2 (3:1)
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Tip

Sample

Figure 3.1: Schematic diagram of the energy diagram for quantum  tunnelling between two metal­
lic electrodes (sample and tip) placed at a distance d. p,s and p,t are the Fermi energy 
of the sample and the tip, respectively. When the two electrodes are few A apart 
and a bias voltage V& is applied to one electrode in respect to the other, electrons 
can tunnel the barrier.

where the wave number k is related to the energy of the electron and 2  is the length 
of the barrier. If a voltage V& is applied to the tunnelling junction, electrons with 
energy between the Fermi energies of the substrate and the tip are free to tunnel 
into the conduction band of the positive electrode (3.1). At small applied voltages, 
the tunnelling current is proportional to:

I  <x C xVb^ > e - c ^  (3.2)

where C, =  4.74 //A V -1 eV-1/2, C2 =  1.025 A -1 eV-1 2̂ and <j> is the work 
function [110, 122]. The exponential dependence of the tunnelling current with 
distance gives the STM a high vertical resolution (0.1 A). In fact, considering that 
most metals have a work function of ~  5 eV, for a change in tip-substrate separation 
of 1 A, the current changes by an order of magnitude (ex ec2^ ) .

As other types of scanning probe microscope (SPM), the STM tip scans the 
sample surface while maintaining a constant set-point value. In STM the tunnelling 
current is measured as function of the tip-sample position that is controlled by using 
piezoelectric elements and a feedback loop. When operating in constant current 
mode, the input signal of the STM feedback loop is the measured tunnelling current 
that is compared with a preset value (current set-point). The controller applies 
a voltage to the piezoelectric element in order to reduce or increase the distance 
between the tip and the sample depending on whether the measured current is
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smaller or larger than the current set-point.
Since its invention, the STM technique has evolved and it is now a method 

of choice for the characterization of samples at the nanometric scale. STM has 
been used to analyze a variety of materials both conductive and semi-conductive in 
different environments such as ultra-high vacuum, inert atmosphere (N2, Ar), air or 
liquid [128]. Many dynamic processes have been investigated and biomolecules such 
as DNA and proteins have been studied in their natural environment by operating 
STM in liquid. Further improvement to the technique has been achieved thanks to 
the introduction of the substrate potentiostatic control in electrochemical solution. 
The possibility to independently control the bias voltage and the surface electrode 
has allowed new experiments in which classical electrochemical studies are performed 
simultaneously to single molecule STM imaging [107].

Thanks to the dependence of the tunnelling current on the electronic properties 
of the sample and to the high lateral resolution of STM, much more information 
than the simple morphology of the studied surface can be obtained. As an example, 
the density of states or the conductivity of single atoms or molecules have been 
studied by using the I-V scanning tunnelling spectroscopy (STS) technique [120]. 
This field has been deeply investigated and I-V characteristics have been acquired 
in a variety of modes [128]. In simple I-V measurements, after an image is recorded, 
the tip is positioned at a location of interest, the feedback loop turned off and 
the voltage scanned while the tunnelling current is recorded. Another method of 
performing I-V experiments is Current Imaging Tunnelling Spectroscopy (CITS). 
In this mode an image is recorded at a preset voltage and at the same time I-V 
characteristics are measured at every pixel of the image. In this way a 4-D map 
of I-V data as function of position is obtained. The I-V plots obtained in both 
methods can be analysed according to various models and can provide detailed 
information about the electronic features of the sample (band gap, conductivity, 
DOS). However, measurements of a statistically significant number of I-V spectra 
and their correlation with morphological features of the sample can suffer some 
limitations due to the STM lateral and vertical thermal drift. Change in the tip- 
sample distance and/or in their relative position can lead to misinterpretation of 
the data [62]. Reduction of the drift can be achieved by an appropriate choice of 
the mechanical units of the device or by using active compensation [83]. I decided 
to design and build a home-built STM with piezoelectric tubes having a coaxial 
geometry in order to minimize the STM system thermal drift and the problems 
related to it during I-V experiments.
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F ig u re  3.2: (a) Picture an d  (b) schematic design of the STM head and the current to voltage 
converter placed on a stainless steel block. Part of the cables and the STM control 
electronics can  be observed in (a).

3.2 H om e-built STM : design

Figure 3.2 shows a picture and a schematic diagram of the home-built STM. Its 
basic components include a sharp metallic tip, two piezoelectric scanning tubes that 
control the relative lateral and vertical movement of the tip in respect to the sample, 
a glass tube housing the sample holder, a vibration isolation stage and the electronics 
that drives the coarse approach, controls the voltage applied to the piezoelectric 
elements and measures the tunnelling current. Because of its small dimension and 
rigidity, the system has a high resonance frequency and can be operated in a small 
chamber to control the operating humidity and temperature conditions.

3 .2 .1  S T M  h e a d

The home-built STM follows a design reported by Jayadevaiah [77]. The STM 
scan unit head (Figure 3.3(a) and (b)) consists of (1) a sample holder made of 
two stainless steel half cylinders with (2) 8 ball bearings (1 mm diameter) held 
together by (3) a stainless steel spring whose elastic constant can be controlled 
by screwing in or unscrewing (4) a stainless steel screw. (5) a magnet (5 mm 
diameter) glued to the sample holder holds the sample stage allowing a coarse lateral 
adjustment of the scanned area. The sample holder moves horizontally inside (6) a 
pyrex tube of 13.5 mm diameter and 31 mm length. (7) the tip holder (a stainless 
steel syringe needle) is glued to the inner wall of (8) a piezoelectric tube (length 
=  17.0 ± 0 .1  mm, outer diameter =  7.0 ± 0 .1  mm, inner diameter =  5.0 ± 0 .1  
mm) that controls the lateral movement of the tip. (9) a larger piezoelectric tube 
(length = 17.0 ± 0 .1  mm; outer diameter =  13.0 ± 0 .1  mm, inner diameter =  11.0
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± 0 .1  mm) is glued to the pyrex tube and controls the coarse approach and the 
z-scanning direction. The smaller piezoelectric tube has its outer surface sectioned 
into 4 metallized quadrants, while the inner surface and the two sides of the bigger 
piezo tube have a uniform metallized coating (Figure 3.3(c)). Each one of the 
equipotential surfaces is connected to a Teflon insulated cable (0.25 mm diameter) 
by using Acheson Silver DAG 1415M (Agar Scientific). The thin wires are anchored 
to the scanners at two points in order to minimize mechanical vibrations transferred 
to the STM head and the stress applied to the gluing points. Both the piezoelectric 
scanners (BM500, Sensor Technology Limited, Ontario, Canada) are glued to (10) 
a Macor insert screwed to (11) a stainless steel block. The Teflon cables are routed 
to pin connectors housed near the current to voltage amplifier and into a shielded 
box through small holes in the block (Figure 3.2(b)). Flexible coaxial cables, more 
robust and easy to handle, are used to connect the microscope head to the control 
electronics. By using pin connectors the wires can be easily changed and their 
accidental pulling away from the scanners is avoided by their mechanical clamping. 
When required, cyano acrylate glue was used to attach together the STM parts. 
The overall dimensions of the STM head are about 50 mm x 30 mm x 25 mm.

The substrate holder is usually manually placed within ~1 mm from the tip 
and a “stick-slip” mechanism is employed to bring the sample within few angstroms 
from the tip [102]. To move the sample holder towards the tip, a sharp high voltage 
sawtooth waveform is applied to the bigger piezoelectric tube (Figure 3.4). The two 
hemicilinders move relative to their starting position because during the slow rising 
part of the waveform, the sample holder and the glass tube follow the piezoelectric 
contraction. During the fast portion of the sawtooth waveform the sample stage does 
not follow the piezo and the Pyrex holder motion as the inertial force due to the large 
acceleration exceeds the static friction. The size of each step depends on the mass 
of the sample holder, on the elastic constant of the spring, on the voltage applied to 
the piezotube, on the period of the sawtooth, on the operating temperature and on 
the surface materials (the contact area is cleaned by using ethanol). A coarse step 
of ~2 nm (or less depending on the spring elastic constant) can be obtained at room 
temperature by applying a sawtooth signal with amplitude of 120 V and a period 
of 5 [is (Figure 3.4(b)). As the maximum z-elongation of the outer tube is ~100 
nm (tube sensitivity =  1.49 nm/V), at least 40 coarse steps can be made without 
crashing the tip into the surface. In between two coarse steps, the sample is moved 
towards the tip by applying a slow sawtooth signal (~100 /as, Figure 3.4(a)) and, 
if the tunnelling current set-point value is recorded, the approach stopped and the 
feedback turned on. In case the tip-sample distance is too large and no tunnelling
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(c)

F ig u re  3.3: (a) Picture and (b) schematic diagram of the STM head, (c) Schematic diagram of 
the inner piezoelectric scanner showing its outer wall sectioned into four electrodes 
parallel to the tube axis that are used for driving the tip in the X and in the Y 
direction.
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F igure 3.4: (a) Train of sawtooth voltage pulses applied to the piezoelectric tube for the auto­
matic coarse approach. The pulse train  consists of slow sawtooth waveforms (period 
~100 /zs) alternated with fast driving ramps (period ~5 /zs). (b) Detailed plot of the 
driving sawtooth: a linear raise in voltage is followed by a sharp voltage decrease

current is recorded, another train of sawtooth waveforms is applied to the piezo tube 
and the sample moves further towards the tip.

The adopted STM design has several advantages over other setups. The system 
has a very high natural resonance frequency (~kHz) because of its small dimensions, 
and the rigidity of its head makes it less sensitive to mechanical perturbations. Fur­
thermore, the STM head is placed onto a 25-BM-8 Bench Top Vibration Isolation 
Platform (Minus K Technology Inc.) that offers a 0.5 Hz vertical natural frequency 
and allows a very good isolation from the building mechanical vibrations (~20 Hz). 
The transmission of mechanical vibrations through cables is minimized by the em­
ployed wiring scheme. As the sample and the tip are glued to two concentric piezo­
electric tubes, there is very little relative motion between the two parts and the STM 
lateral thermal drift is minimized to few pm per second at room temperature. The 
speed of the coarse approach can be adjusted by simply varying the spring elastic 
constant (with the maximum speed being 0.1 mm per second). The electric noise 
due to high voltages is eliminated because, after the coarse approach is completed, 
the piezoelectric tubes are in their neutral positions and no voltage is applied to 
them.

3.2.2 STM  Electronics

A schematic diagram of the home-built STM control and data acquisition electron­
ics is shown in Figure 3.5. It consists of a computer running the open source DSP 
software GXSM-2 [132], a DAC/ADC Signal Ranger STD board (Soft dB), three 
low-voltage operational amplifiers (AD820) used in a summing-amplifier configura­
tion, five high-voltage amplifiers (OPA445AP) that control the piezoelectric scanners 
and a low-noise current to voltage operational amplifier (OPA111) with a variable 
gain (108-109 V/A). The arrows in Figure 3.5 indicate the direction of the electronic
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F igure 3.5: Schematic diagram of the STM electronics.

signals. For instance, the DSP board converts the analogue voltage from the current- 
voltage amplifier into a digital signal and sends it to the control software. A C + +  
program compares the input signal with a preset value of the tunnelling current 
and calculates the control signal according to the feedback parameters defined by 
the user (i.e. gain of the proportional and integral (P-I) controllers). The feedback 
voltage is fed through a DAC board into the summing amplifiers and then into the 
high-gain amplifiers that drive the piezoelectric tubes. The experimental settings, 
such as the tunnelling current set-point, the bias voltage, the P-I controllers gain, 
the scanning speed and range can be changed by using the software GXSM-2 that 
also generates the topographic images and the I-V characteristics.

The low-noise current-voltage operational amplifier is housed in a shielded box 
next to the STM head in order to minimize the noise due to capacitive coupling 
(Figure 3.2). In order to reduce the vibrational noise, the sample holder is connected 
to the amplifier through a 2 cm long, 50 /am diameter gold wire soldered to a flexible
0.25 pm  diameter coaxial cable. The total length of the wires is kept as small as 
possible in order to prevent loss in the circuit bandwidth due to a large RC time 
constant (i.e. the longer the wire, the higher the capacitance of the line). The
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Frequency (kHz)

Figure 3.6: (a) I-V converter circuit schematics and (b) its Bode diagram (amplifier gain against 
logarithm of frequency).

current to voltage amplifier (Figure 3.6(a)) has a gain that can be varied up to 109 
V/A and it was operated mostly at the maximum gain as currents as small as few 
pA are measured in the I-V experiments. When operating at a gain of 109 V/A, the 
bandwidth of the amplifier is ~1 kHz (Figure 3.6(b)) and the output voltage noise 
is ~5 mV (a 1 Gfi resistance was used for testing purposes).

The Signal Ranger STD board is built around a 100 MHz/100 MIPS TMS320C5402 
digital signal processor and it interfaces with the host PC via USB cable (Figure 
3.7). The eight 16 bit sigma-delta analog outputs are used to drive the piezoelectric 
voltages and to apply the bias voltage to the sample. On the other hand, only one 
of the eight 16 bit sigma-delta analog inputs is used in the experimental setup to 
input the signal from the current to voltage amplifier to the PC. The STD board 
has an output range of ±2.06 V and a maximum input voltage of ±10 V. As the 
performed I-V experiments did not require voltages higher than 1 V or lower than -1 
V, the bias voltage was not amplified helping to reduce the electronic noise applied 
to the tunnelling junction.

The four high-voltage amplifiers (±40 V) (Figure 3.7) drive the inner piezoelectric 
tube. By applying a voltage to the outer wall of one of the outside quadrants of 
the piezo tube relative to the grounded inner part of the tube and a voltage of 
the opposite sign to the opposite quadrant, the scanner bends perpendicularly to 
its axis (Figure 3.3(c)). By simultaneously controlling the voltage applied to the 
four electrodes the tip is laterally moved to raster the sample or to be placed on a 
specific location of the sample surface. As the sensitivity of the inner piezo to lateral 
motion is 7.5 nm/V and the DAC has a resolution of ~61 /iV, the STM maximum 
lateral scan range is ~600 nm and its lateral resolution is ~0.1 A. While the high 
lateral resolution is fundamental for achieving atomic resolution and for performing 
single molecule measurements, a scan range larger than 600 nm was not required for 
the single-molecule experiments performed in this project. Furthermore, the STM 
lateral resolution can be improved by using a lower gain of the amplifier and using
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F ig u re  3.7: Picture of the opened box housing the STM electronics. The Signal Ranger is the 
green board; the other three circuit boards are from left to right the voltage amplifier 
that drives the piezo scanner in the z direction, the voltage amplifiers for driving the 
piezo tubes in the X and Y directions, the summing amplifiers used to offset the 
center of the scanning area.

the summing amplifiers to offset the voltage applied to the scanning tubes. In fact, 
the high-voltage amplifiers have a variable gain (x 0.25, x 2.5, x 25) that is controlled 
by changing the trigger voltage of an integrated AD4111 amplifier. The STM system 
does not have the capacity to perform an x, y coarse motion. However, I found that 
the scan area can be changed by simply withdrawing the sample and approaching 
it again. In fact, while the sample holder slides over the glass tube it also rotates 
and, as its axis is not aligned with the axis of the smaller piezo, a different area of 
the sample is presented to the probing tip.

3.3 P iezoelectric  tu b es calibration and STM  re­

su lts

The sample holder-tip and the piezo coaxial arrangement of the home-built STM 
prevented calibration of the piezoelectric scanners by capacitive or interferomet- 
ric measurements. Therefore, atomic resolution images of highly ordered pyrolytic 
graphite (HOPG) were taken by using mechanically cut platinum-iridium (90% Pt - 
10% Ir) tips 0.25 mm in diameter and used for calibration purposes. STM tips were 
cleaned in ethanol to remove any impurity from the tip apex. Freshly, flat cleaved 
HOPG surfaces were obtained by pressing a piece of tape to the HOPG sample and
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F ig u re  3.8: STM topographic images of HOPG at 21 °C (a) 600 nm x 600 nm and (b) 500 nm 
x 500 nm. Current set-point =  50 pA, bias voltage =  100 mV, scan rate =  7 Hz, 
z-scale=21 A.

peeling away the top layer.
Sharp step edges and atomically flat surfaces can be observed in large area STM 

scans performed in constant-current mode (Figure 3.8). By comparing the distance 
between different graphite planes reported in literature (3.4 A) [17, 18] with the one I 
measured, the piezoelectric tube sensitivity for vertical scanning was evaluated to be 
14.9 A /V . Atomic resolution of HOPG surface was routinely achieved (Figure 3.9). 
Figure 3.9(c) shows a high resolution STM image of HOPG (25 A) and Figure 3.10 
a schematic diagram of the HOPG hexagonal lattice; a good agreement between the 
HOPG lattice spacing and the STM image can be observed. In order to interpret 
the HOPG images, we have to remember that the electrical conductivity of the 
carbon atoms in a graphite crystal lattice changes because neighbor atoms lay in 
two different planes with the carbon atoms of the upper layer (black dots, Figure 
3.10) being more conductive (closer to the tip) than the ones of the lower layer (grey 
dots, Figure 3.10). The piezoelectric sensitivity was calculated to be 75 A /V  in the 
x and y directions by comparing the accepted carbon-carbon distance in HOPG 
(2.46 A) [20] with its measured values. The calculated calibration values of the 
piezoelectric tubes sensitivity well agree with the theoretical sensitivity (16 A /V  in 
the z direction for the bigger piezo tube and 90 A /V  in the x and y direction for 
the smaller piezo tube). Atomic resolution achieved on large scale images (Figure 
3.9(a) and (b)) showed uniform lattice spacing, suggesting that the piezo scanner 
deflection in the x and y direction is equal, and that the two piezo scanners are 
coaxial and thermally matched.

The stability of the STM was also tested on A u (lll)  surfaces (Figure 3.11). The 
images show large and flat gold terraces. With the control electronics switched on 
for more than an hour and the piezoelectric tubes in thermal equilibrium, the lateral 
thermal drift of the tip relative to the sample was measured to be <3 pm/second.
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F ig u re  3.9: STM topographic images of HOPG at 21 °C (b) 10 nm x 10 nm, (b) 5 nm x 5 nm 
and (c) 2.5 nm x 2.5 nm. Current set-point =  50 pA, bias voltage =  100 mV, scan 
rate =  7 Hz, z-scale=5 A. The lattice distance measured in Figure (a), (b) and (c) 
is 0.25 nm and well agrees with the values reported in literature for carbon-carbon 
distance [17].

F ig u re  3.10: Schematic representation of the HOPG lattice showing two graphene planes (black 
and gray dots).
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F ig u re  3.11: STM topographic images of A u (ll l)  at 21 °C (a) 250 nm x 250 nm and (b) 120 
nm x 120 nm. Current set-point =  50 pA, bias voltage =  100 mV, scan rate =  7 
Hz, z-scale =  3.4 nm.

I

2.2nm

(a) (b)

F igu re  3.12: STM images of holo-SH-SA cyt 6562 on A u (ll l)  image acquired (a) before and (b) 
after I-z experiment with a ~120 seconds interval (see chapter 4 for experimental 
details). The images show the STM system low drift in the x and y scanning 
directions (~3 pm per second). The images were acquired at constant It =  50 pA 
and Vfc =  -20 mV (z-range =  0-0.6 nm).

STM images of a cyt 6 5 6 2  protein deposited on an A u (lll)  surface (see Chapter 4 
for more details) taken with a ~120 seconds interval are shown in Figure 3.12(a) 
and (b) and demonstrate that the drift of the system is minimum making it ideal for 
performing I-V and STS measurements on single molecules. The results achieved 
by scanning gold samples and HOPG (atomic resolution) in air at room tempera­
ture confirm the stability of the system and its good isolation from electronic and 
mechanical noise.

□ i2.2nm

3.4 C onclusions

In this chapter I have described the design and the operating principles of an STM 
based on two concentric small piezoelectric tubes. Atomic resolution STM images of 
HOPG confirmed the stability of the system to mechanical vibrations. STM images 
of proteins deposited on A u (lll)  surfaces showed the low lateral drift of the system
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that is fundamental for performing single molecule spectroscopy measurements.
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Chapter 4 

STM  and A FM  characterization of 
cyt &562 in air

The sulfur-gold bond is a widely used approach to realise metal-organic molecule 
contact. However, the possibility of using two thiol groups at opposite ends of a 
protein has never been investigated as a means to contact two separate electrodes. 
In this chapter I  describe the SPM  characterization of the wild-type cyt b5 6 2  and 
of the two cyt b̂ 62 variants SH-SA and SH-LA engineered with pairs of cysteine 
residues. The effect of the thiol group in anchoring the protein to a A u ( l l l )  surface 
is investigated by AFM  and STM  imaging and presented in the first part of the 
chapter. The electronic properties of the studied systems and results of the I- Vb and 
I-z experiments are reported and discussed further.

4.1 Introduction

The idea of using single molecules to realize future electronic devices has led to a 
growing interest over the past few years in the use of organic molecules in electronics 
[55, 125]. Redox active proteins have emerged as candidates for use in nanoelectron­
ics as they are natural electron-transfer components utilised in different processes 
in nature, including energy production and catalysis [39]. Their small dimensions, 
mechanical flexibility, ability to self-assemble and electron transfer and tunable re­
dox properties provide proteins with the significant potential to be incorporated in 
miniaturised organic electronic devices [47, 48, 78, 79]. Furthermore, high-sensitivity 
nano-biosensors, capable of detecting single molecular events by measuring electric 
signals, could be realized for clinical diagnostic applications [23]. It has already 
been demonstrated that the electronic properties and functionality of proteins can 
be tailored by engineering through defined mutagenesis without disrupting their re-
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dox activity [7, 1 0 ]. Given their potential for nanotechnological applications, it is 
important that control can be exerted on binding to conductive surfaces and that 
understanding of the electron transfer properties on coupling to such surfaces is 
achieved [74, 118].

4.1.1 Protein  deposition  on gold substrate

The site-specific deposition of metalloproteins on bare gold surfaces has been achieved 
by chemisorption via:

1 . an exposed cysteine residues of wild-type proteins;

2 . an anchoring group introduced in the protein amino acid sequence by site- 
directed mutagenesis.

For example wild-type azurin containing a disulfide bridge [28, 29, 31, 33] and yeast 
cytochrome c bearing a free cysteine [21, 22, 42, 64, 71] have been directly immobi­
lized on bare gold surfaces. In this case the protein orientation on the substrate can 
not be decided a priori, because it depends on the position of the cysteine residue 
in the wild-type protein. On the other hand, the selection of a pre-determined ori­
entation can be achieved by the introduction of thiol group(s) or disulfide bridge(s) 
by site-directed mutagenesis. Several groups have successfully used this approach to 
immobilize plastocyanin [7, 9], putidaredoxin [97] and cytochrome P4 5 0  monooxyge­
nases [36, 38] on gold electrodes.

As single organic molecule can be detected and studied only if the substrate 
roughness is at least one order of magnitude lower than the protein size (0.5-1 A), 
the choice of the substrate is of primary importance. The A u (lll)  substrate has 
been the first choice for single molecule characterization as it completely fulfills this 
requirement. In fact if gold deposited on glass surface is exposed to a gas flame, or if 
it is evaporated on mica substrate, hundreds of nanometers atomically flat terraces 
may be obtained. Their roughness typically ranges among 0.05 nm and 0.1 nm. In 
metalloproteins studies the freshly prepared A u (lll)  surface is usually incubated 
with the protein solution (concentration in the range 5-100 pM) at 4° C for times 
ranging between 5  minutes and 1 2  hours depending on the desired coverage. After 
the incubation, the samples are rinsed with buffer solution in order to remove any 
unadsorbed material from the substrate [21, 24, 64].
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4.1.2 Scanning probe microscopy imaging of metalloproteins

Proteins have been widely investigated by different approaches including ultravi­
olet, visible and infra-red absorption, Rainan and fluorescence spectroscopy, EX- 
AFS, NMR, XPS, X-Ray and electrons diffraction, electrochemistry, ellipsometry 
and surface plasmon resonance [3]. Even if this great scientific effort has brought a 
deep understanding of the structure and function of metalloproteins, most of these 
techniques relay on the average signal of a large number of molecules. SPM tech­
niques have overcome this limit by permitting the detection and characterization 
of single proteins in real time and even in physiological conditions. Several groups 
have described the successful imaging of proteins by SPM. As reported by Davis 
[38], these studies have included cytochrome c, cytochrome C5 5 1 , phosphorylase b, 
phosphorylase kinase, glucose oxidase, catalase, azurin, haemoglobin, rubredoxin, 
putidaredoxin, metallothionein and cytochrome P^ocam.

Azurin is the most extensively [3, 23, 27, 36, 53, 137] metalloprotein studied by 
SPM methods at a single molecule level. This protein contains an exposed disulfide 
bridge that is suitable for gold anchoring. In the first study of this kind [53], after 
incubation in the protein solution, the A u ( lll)  substrate was found to be covered of 
a globular molecule monolayer of regular size (Figure 4.1(a)). Since these features 
were not observed when the substrate was rinsed in deionised water and imaged 
with the same method (Figure 4.1(b)), the deposited material was deduced to be 
the metalloproteins. At high magnification the azurin monolayer could be well 
resolved with a resolution of 0.1 nm showing 3.5-4 nm diameter in accordance with 
crystallographic values (3.5 nm). These data, as pointed out by the authors, were 
consistent with a non-denaturing immobilization process and SPM imaging.

Successive studies investigated the immobilization of azurin proteins on gold 
surfaces through the introduction of a surface cysteine residue via site-directed mu­
tagenesis [38]. After the incubation of A u (lll)  in the protein solution, well defined 
and stable protein monolayers were observed by both TM-AFM and STM imaging 
(Figure 4.1(c)).

Cytochrome c has also been extensively investigated by SPM methods and it 
has been found that the protein deposits uniformly on gold and stably binds to 
the surface only if a cysteine residue is present in the protein’s aminoacid sequence 
[10]. In fact, while yeast iso-1-cytochrome c adsorbs on A u (lll)  surface through its 
exposed cysteine 102 (Figure 4.2(a)), equine cytochrome c, that does not have any 
surface cysteine, adsorbs on gold surfaces aggregates in clusters [22]. However, if the 
protein sequence is mutated by using site-directed mutagenesis (T 1 0 2 C mutation), 
the protein stably adsorbs on bare A u ( lll)  (Figure 4.2(b)) [10].
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(a) (b) (c)

Figure 4.1: STM images (a) of azurin molecules immobilised on A u (lll)  and (b) of a A u (lll)  
surface in 50 mM ammonium acetate buffer, pH 4.65. Current set point 2 nA, 
bias voltage 240 mV, substrate potential 240 mV vs NHE [53]. (c) STM image of 
engineered azurin molecules immobilised on A u (lll)  in 15 mM potassium phosphate 
buffer, pH 7. Image size is 140 nmx 140 nm [38].

(a) (b)

Figure 4.2: STM images of (a) yeast iso-1-cytochrome c molecules [2 2 ] and (b) T102C equine 
cytochrome c [10] immobilised on A u (lll) .  Current set point 50 pA, bias voltage 0.6 
V.
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It is worth to note that the affinity for gold is not the same for all the metal­
loproteins. For example, while the thiol moiety seems to be fundamental for the 
cytochrome c adsorption on A u (lll) , other proteins like the zinc metallothionein 
from rabbit [37] and the rubredoxin from Clostridium pasteurianum [36] can be 
deposited on a gold surface and imaged by SPM techniques even in absence of an 
anchoring group (metallothionein bears 2 0  cysteine residues all involved in metal 
coordination and rubredoxin does not contain any cysteine). As the absorption of 
proteins and other organic molecules on metallic surfaces is very difficult to pre­
dict as it is influenced by a variety of intermolecular forces (covalent and hydrogen 
bonds, dipole-dipole and Van der Waals interactions) a clear explanation for this 
phenomenon has not been found yet. Therefore, further investigations are critical 
to understand the fundamental features of the protein-metal electrode interactions.

Although the large perspectives offered by the SPM methods, until recently only 
few research group focused their attention on the combination of SPM analysis 
for protein characterization [40]. Most of the research has instead used only one 
kind of analysis that can bring to misinterpret the proteins properties. TM-AFM 
experiments can in fact provide a deep understanding of the proteins height and 
orientation onto the substrate, but are limited by the relatively large size of the tip 
that can broaden the proteins’ lateral dimension. On the other hand, STM imaging 
can depress the proteins changing their height and a high current tunnelling signal 
can be related to metal rich zones. Nevertheless, STM imaging allows a deep insight 
into the proteins lateral dimensions thanks to the small tip size and the related low 
tip convolution. In this study both TM-AFM and STM analysis have been used 
to characterise the morphology properties of single cyt 6 5 6 2  deposited on A u (lll)  
substrate. Furthermore a comparative study of wild-type proteins lacking any gold- 
linking group and the cyt 6 5 6 2  cysteine variants bearing the thiol groups has been 
carried out in order to allow a deeper understanding of the thiol role in anchoring 
proteins to A u (lll)  surfaces.

4.1.3 Scanning probe m easurem ents of single metallopro- 
tein conductance

Electronic properties at the single molecule level can be probed in a variety of ways, 
with conductivity measurements via two electrical contacts being of particular tech­
nological importance [25, 116]. In the last few years techniques have emerged that 
generate two metallic contacts separated by a gap of few nanometers [98]. These 
include electron beam lithography [114], mechanical break junctions [93] and Au 
nanoparticles sandwiches [34, 6 6 ]. Among these techniques, STM based experiments
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have allowed current-voltage (I-V^) [16] and current-distance (I-z) [67, 6 8 ] measure­
ments on single molecules and have been widely used for investigating molecular 
conductance in a variety of systems [98]. In I-Vj, experiments the STM tip is held 
over the top of a molecule which is immobilized on a metallic surface while the volt­
age is ramped and the current is measured. In the I-z method the STM tip is driven 
towards the molecule then slowly retracted while keeping the voltage constant and 
measuring the current flowing between the two electrodes. To date this approach 
has been successfully applied to small organic molecules (alkanedithiols [73], conju­
gated aryl-dithiols [130], porphyrins [108], viologen [8 8 ]), but never to molecules as 
large and complex as proteins.

The conductive properties of single proteins have been mainly characterized by 
I-V5 measurements. The studies by Andolfi et al. on two different poplar plasto- 
cyanin mutants provide an extensive investigation concerning the conductance of a 
metalloprotein [5, 6 , 7, 8 , 9]. In one of the two protein variants a disulfide bridge 
(PCSS) was inserted in the protein sequence, while in the other (PCSH) a residues 
tail (Thr-Cys-Gly) was added as C-terminal extension [6 ]. The I-V& experiments 
performed in air and under nitrogen atmosphere showed a good coupling between 
the mutant proteins and the A u (lll)  surface. The diode-like I-V& curves appeared 
markedly asymmetric for PCSS mutants, almost symmetric for PCSH, whereas the 
tunnelling curves for the bare Au substrate were highly symmetric (Figure 4.3). 
The authors ascribed the rectifying behaviour of the Au/protein/tip junction to the 
presence of the copper redox site involved in the tunnelling mechanism [7]. It was 
also speculated that the different conductivity properties of the two mutants were 
related to the different adsorption modes of the molecules on the gold surface with 
the disulfide group allowing a better contact to the electrode.

The work by Andofi et al. provides the first evidence of good electronic coupling 
between a redox protein and a metallic electrode. However, a more efficient and ef­
fective coupling of the protein with both the metallic electrodes could be achieved by 
insertion of thiol groups at opposite ends of the molecule. In Chapter 2 I described 
the synthesis and purification of the two cyt b5Q2 variants SH-SA and SH-LA with 
double cysteine residues inserted at opposite ends/faces of the cytochrome, along its 
long and short axes respectively (section 2.1). The introduction of thiol-pairs should 
allow the proteins to bind the metallic surface in defined orientations utilising one 
thiol group while retaining desired functions and leaving the second thiol group 
available for potential coupling to the STM tip. UV-Visible absorption and hemin 
titration experiments have demonstrated that the introduced cysteine mutations 
do not affect the protein’s haem binding properties. In this chapter the electronic
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F ig u re  4.3: I-V), curves recorded in ambient conditions (a) 2 2  PCSS molecules (data for each
molecule are averaged over 10 I-Vt sweeps) and A u (lll) ;  (b) 50 different PCSH 
molecules (10 sweeps are averaged for each molecule) and A u (lll) .  The tunnelling 
current and bias voltage set point are 50 pA and 0.180 V (tip positive), respectively

properties of the wild-type, SH-SA and SH-LA cyt 6 5 6 2  adsorbed on A u (lll)  sur­
face investigated in air by a combination of AFM, STM, current-voltage (I-V*,) and 
current-distance (I-z) techniques are reported and discussed.

4.2 Experim ental

4.2.1 Sample preparation

Wild-type, SH-SA and SH-LA cyt b5Q2 proteins used in the experiments were ex­
pressed, purified and analyzed by UV-Visible spectroscopy as described in Chapter

A u ( lll)  bead single crystals electrodes were used to perform AFM and STM 
experiments. The Au substrate showed reconstructions of 1 1 1  orientation and high 
quality terraces (200 nm wide) when imaged using STM in absence of protein sam­
ple (see figure 3.11). The A u (lll)  electrodes were cleaned by electropolishing in 1

8  hours at 880 °C in order to obtain recrystallized terraces [32]. Prior to the pro­
tein deposition, the electrodes were annealed and the A u (lll)  single crystal surface 
was protected with deionized water. The electrodes were subsequently incubated in 
protein solution for times varying from a few minutes to hours with protein con­
centrations determined measuring the absorbance at 280 nm of the apoprotein and 
at 418 nm of the oxidised holoform, using molar absorption coefficients of 3 mM " 1

2 .

M H2 S 0 4  and washed with 0 . 1  M HC1 and water. The samples were annealed for

53



Chapter 4 SPM E X P E R IM E N T S IN A IR

cm-1 and 117 mM-1 cm-1, respectively [103]. For the I-V& and I-z measurements 
the samples were incubated with 5 pM  protein solution (10 mM phosphate buffer 
pH 6.2 and 50 mM NaCl) at room temperature for 5 minutes. Samples were rinsed 
with ultra pure water by Millipore (resistivity 18.2 Mf2 cm) in order to remove the 
weakly bound proteins and the buffer excess, gently dried with a flow of nitrogen 
and then imaged.

4.2.2 SPM  experim ents

AFM and STM studies were conducted in air under ambient conditions. All AFM 
measurements were carried out using a Multimode microscope equipped with a 
Nanoscope III controller (DI Veeco, Santa Barbara, USA) operating in non-contact 
mode with polysilicon probes. Triangular cantilevers were purchased from NT-MDT 
(Moscow, Russia) with a nominal spring constant k =  5.8 N/m and a resonant 
frequency /  =  120 kHz.

STM, I-V), and I-z experiments were performed in air at room temperature using 
the home-built STM described in Chapter 3. The system is equipped with an I-V& 
converter with a sensitivity of 1 nA/V. STM tips used throughout the experiments 
were mechanically cut from Au(99.9%) 0.25 mm diameter wires (Goodfellow, UK). 
STM images were recorded in constant-current mode with scan rates 5-11 times the 
scan size.

The AFM and STM images were post-processed (flattening) and analysed using 
WSxM Scanning Probe Microscopy Software [75].

I-Vf, and I-z measurements were performed after scanning the substrate and 
checking for tip integrity. Once single protein resolution was achieved and thermal 
drift had stabilized (few pm/s), the Au tip was placed above a protein at a tunnelling 
resistance of 2 Gfl (50 pA, 0.1 V with the sample held at a negative potential). In 
the I-Vh experiments the feedback loop was then disengaged and the current was 
recorded with the voltage ramping between -0.75 V and +0.75 V for typically 20 
seconds (10 curves measured per second). In the I-z experiments the tip was moved 
towards the sample by 2 nm. After disengaging the feedback loop, the tip was moved 
away from the sample at a rate of 20 nm /s and the current recorded as function of 
tip distance. In order to be able to perform a meaningful statistical analysis, the 
measurements were performed on a large number of proteins deposited on different 
A u (lll)  surfaces with various Au tips.
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4.3 R esults and discussion

4.3.1 AFM  and STM  imaging

To confirm that the engineered SH-SA and SH-LA variants adsorbed on A u (lll)  
surface in the desired orientations, single molecule analysis by AFM and STM were 
performed. Self-assembled cyt 6 5 6 2  proteins were observed all over the surface in­
dicating that good binding between the molecules and the substrate was achieved 
(Figure 4.4).

As a control, STM imaging of fresh A u (lll)  substrates incubated with 10 mM 
phosphate buffer alone and washed with deionised water was performed over a wide 
range of tunnelling current set-points and bias voltages (figure 3.11). None of the 
features observed when the A u ( lll)  surface was incubated with the proteins were 
observed in the absence of proteins (i.e. bright spots onto the substrate, surface 
roughening). The density of protein displayed on the surface could be tuned from 
a few molecules per hundreds of square nanometer up to full monolayer coverage 
by varying the incubation time (from minutes to several hours) and the protein 
concentration (2 /zM-50 pM). When the A u (lll)  substrates were incubated for 5 min 
with 5 pM  of holo-SH-LA cyt 6 5 6 2 , AFM scans (Figure 4.4(a)) revealed proteins with 
a low surface density homogeneously assembled and robustly bound to the metallic 
surface. When the protein concentration was increased to 20 pM  and incubated 
for an hour, the whole gold surface was covered with a dense and uniform protein 
monolayer (Figure 4.4(b)). Both the SH-LA and SH-SA cyt 6 5 6 2  variants were 
imaged onto the metallic surface upon successive AFM scans, indicating that strong 
binding between the molecules and the gold surface was established. Analysis of high 
resolution AFM images showed that the SH-LA molecules have a circular shape with 
a diameter of about 15 nm (Figure 4.4(a)), while the SH-SA cyt b5 6 2  revealed an 
elliptical shape with a long axis of about 25 nm and a short axis of about 15 nm 
(Figure 4.4(b)). Due to the geometry and relatively large size of the probing tip, 
the proteins’ lateral dimensions evaluated by AFM imaging were at least five times 
higher than the ones revealed by analysis of the atomic resolution 3D structure of cyt 
6 5 6 2 determined by X-Ray diffraction. Nevertheless these results indicate different 
modes of adsorption of the two cyt b̂ 2  variants onto gold substrates.

To study the electronic properties of single cytochrome molecules, a low protein 
density is required. Therefore, low protein concentration solutions (2-5 /zM) of the 
cyt 6 5 6 2  variants were incubated with A u (lll)  substrates for a short time (5 minutes). 
When imaged by STM under a constant current (50 pA), individual molecules of 
wild-type, SH-SA and SH-LA cyt b5G2 could be clearly seen as single bright spots
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(a) (b)

Figure 4.4: AFM images of (a) individual holo-SH-LA cyt 6562 on A u (lll)  (z-range =  0-4.5 nm) 
and (b) a packed monolayer of holo-SH-SA cyt 6562 on A u (lll)  (z-range =  0-5.2 nm).

Figure 4.5: STM images of (a) holo-SH-LA and (b) holo-SH-SA cyt 6562 on A u (ll l)  (I* =  50 
pA; V& =  -20 mV; z-range =  0-1.35 nm).

on the flat gold surface (Figure 4.5(a) and 4.5(b)). High resolution STM images of 
isolated, self-assembled cyt 6 5 6 2  onto the gold substrate were reproducibly obtained. 
This result indicated that physico-chemical binding can be achieved between the 
molecules and the substrate.

Importance of the introduced thiol group is demonstrated as STM observations 
of the wild-type cyt 6 5 6 2  were not as robust as the ones of the cysteine variants and 
the thiol-free proteins were swept away after few scans of the same area (Figure 
4.6). In the first STM scans of wild-type proteins adsorbed onto pristine A u (lll)  
few proteins cover the Au surface (Figure 4.6(a)). Most of the proteins are then 
removed by the tip in successive scans due to tip/sample interactions (Figure 4.6(b) 
and (c)). As no protein agglomerates were found at the edges of the scanned areas, 
the proteins could be adsorbed on the water layer that surrounds the STM tip in 
ambient conditions. In the case of wild-type cyt b562, none of its natural residues 
can act as a linker to the gold substrate and weak physical adsorption appears 
responsible for the protein self-assembly onto A u (lll) . Statistical analysis of the 
STM images showed a large variation of the protein’s dimensions indicating that 
the wild-type proteins did not adsorb in a preferred and oriented manner onto the
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(a) (b) (c)

Figure 4.6: STM images of holo-wild-type cyt 6562 on A u (lll)  (a) 1st scan (z-range =  0-2.7 nm), 
(b) 2nd scan (z-range =  0-2.0 nm), (c) 3rd scan (z-range =  0-1.6 nm). The images 
were acquired at constant It =  0.05 nA and V& =  -20 mV.

(a) (b)

Figure 4.7: STM images of holo-SH-SA cyt 6562 on A u (lll)  (a) 1st scan, (b) 7th scan. The 
images were acquired at constant It =  50 pA and V& =  -20 mV (z-range =  0-1 nm).

metal substrate (Table 4.1). On the other hand, when the cysteine mutant proteins 
self-assemble onto the gold surface, single molecules can be observed (Figure 4.7(a) 
and 4.8(a)) and the same area can be scanned continuously without removing the 
proteins or losing imaging resolution (Figure 4.7(b) and Figure 4.8(b) and (c)). The 
robust and reproducible STM imaging of SH-SA and SH-LA cyt 6 5 6 2  suggested that 
the presence of the thiol groups through the introduced cysteine residues allowed 
the molecules to be bound tightly to the gold surface (Figure 4.7 and 4.8).

Even though robust binding of the cyt 6 5 6 2  variants was achieved, care had to 
be taken when imaging the sample; proteins were swept away when the STM tip 
was too close to the surface, as is the case for high set point currents or very low 
bias potential. The tip then interacted sufficiently strongly with the proteins to 
disrupt them, as can be seen in Figure 4.9. This observation might explain why 
some proteins cannot be imaged using STM techniques [37, 96].

As high quality STM images were obtained for all the proteins adsorbed onto 
A u (lll) , statistical analysis of hundreds of molecule length and height with a res­
olution of 0.5 A could be performed (section 3.3). The sizes were evaluated from
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(a) (b) (c)

Figure 4.8: STM images of holo-SH-LA cyt 6562 on A u (lll)  (a) 1st scan, (b) 5th scan, (c) 10t/l 
scan. The images were acquired at constant It =  0.05 nA and Vb =  -20 mV (z-range 
=  0 - 1  nm).

(d) (e)

Figure 4.9: STM images of holo-SH-SA cyt b562 on A u (lll) . The images were acquired at 
constant It = 0.05 nA and V& =  -20 mV (z-range =  0-2.5 nm) ((a) 1st scan, (b) 2nd 
scan); and at constant It =  6  nA and Vb =  -20 mV ((c) 3rd scan (z-range =  0-1.9 
nm), (d) 4th scan (z-range =  0-2.2 nm), (e) 7th scan (z-range =  0-1.2 nm).
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(a) (b) (c)

Figure 4.10: STM image of (a) holo-D50C cyt 6 5 6 2 , (b) holo-SH-LA cyt 6562 and (c) holo-SH-SA 
cyt 6562 on A u (ll l)  (It =  50 pA; Vb =  -20 mV; z-range =  0-0.6 nm).

cross sectional analysis of single molecules with lateral and vertical size being the 
dimensions at half height of the single profiles (Table 4.1). The cyt 6 5 6 2  crystallo- 
graphic structure can be described as a cylinder 5.1 nm in height and 2.4 nm in 
diameter (Figure 2.1). The STM image of several SH-LA cyt 6 5 6 2  double cysteine 
variants (Figure 4.10(b)) is very similar to that observed for the cyt b562 variant in 
which only Asp50 is mutated to a cysteine (cyt 6 5 6 2  D50C, Figure 4.10(a)). This 
suggests that the double cysteine mutant binds to the gold surface in a similar ori­
entation to the single cysteine variant. In comparison, Figure 4.10(c) presents an 
STM scan of a single SH-SA cyt b5Q2 on A u (lll) . The SH-SA molecules are bigger 
than SH-LA and have an elliptical shape. The protein’s shape as revealed by STM 
and AFM scans was not influenced by the tip scanning direction and both the STM 
and AFM results suggested that the SH-LA and SH-SA molecules bind to gold in 
different orientations. The lateral sizes of SH-LA and SH-SA determined by STM 
were measured to be 2.3 ±  0.6 nm and 5.0 ±  0.6 nm, respectively (Figure 4.11(a)). 
These values agree well with the dimensions suggested by distances determined from 
the atomic structure of cyt 6 5 6 2  and the predicted adsorption modes of the proteins 
onto the gold substrate (Figure 1 .1 ). The lateral size of SH-LA cyt b562 also agrees 
within the error with that measured for cyt b^2 D50C (2.6 ±  0.6 nm). The similar 
lateral dimensions of D50C and SH-LA cyt b562 indicates that just a single cys­
teine is needed to anchor the protein to the Au surface, leaving the other thiol free 
to potentially interact with a second electrode. If the two individual thiol groups 
bound to the surface, the protein would appear on the surface as bright spots with 
dimensions similar to that of the SH-SA molecule as the protein would be anchored 
to the gold surface at both ends. In comparison, the lateral size of the wild-type cyt 
6 5 6 2  was less well defined with relatively high variation (3.8 ± 1 .4  nm). This result 
suggests that the native protein does not bind into an oriented and stable manner 
due to the lack of a specific anchoring group in the protein sequence.
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Figure 4.11: Statistical analysis of wild-type, D50C, holo-SH-LA and holo-SH-SA cyt 6562 

molecules (a) length and (b) height on the A u (ll l)  surface measured in air in 
STM mode. The dimensions were evaluated from cross sectional analysis of 280 
different proteins.

The apparent height of all the proteins onto the gold surface was about 3-4 A 
(Figure 4.11(b), Table 4.1). These dimensions are much smaller than that antici­
pated from analysis of the atomic-level molecular structure of cyt 6 5 6 2 , but this fea­
ture is characteristic of STM imaging of biomolecules adsorbed onto metal surfaces 
[38]. In fact the protein’s energy Fermi level and the one of the underlying surface 
are very different and, as the apparent height of molecules measured in STM imag­
ing is a convolution of electronic and topographic properties, the proteins’ vertical 
dimension deviates from the predicted value. The STM data can be complemented 
with the analysis of the AFM experiments. In fact, even though the lateral reso­
lution achievable with an AFM probe depends on the tip size and it is appreciably 
poorer than that for STM, the protein height can be evaluated with a higher de­
gree of precision. When operating in non-contact mode, the AFM probe tracks the 
surface without mechanically deforming the sample and the protein height observed 
in these experiments was about 2 nm for SH-SA and 4 nm for SH-LA (Figure 4.4), 
close to the crystallographic values.

4 .3 .2  S T M  i m a g in g  f o r  t h e  d e c a y  f a c t o r

STM and its related methods can not just provide an insight into the structure 
of a protein assembled onto metal surfaces with resolution down to the angstrom 
scale, but these non-destructive techniques have now developed to the point where 
electronic properties of single organic molecules can be easily monitored over long
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T able  4.1: Vertical and lateral dimensions for cyt 6562 as evaluated from the mean and the vari­
ance of the histograms presented in 4.11.

Height Length
Holo-wild-type 3.2 ±  0.5 A 3.8 ±  1.4 nm

Holo-D50C 4.0 ±  1.4 A 2 . 6  ±  0 . 6  nm
Holo-SH-LA 4.0 ±  1 . 0  A 2.3 ±  0.6 nm
Holo-SH-SA 3.2 ±  0.5 A 5.0 ±  0.6 nm

time periods in a variety of environments (i.e. vacuum, air, fluid) [37, 64]. In order to 
gain a deeper understanding of the cyt b5 6 2  electron transfer properties, the mutant 
SH-LA was imaged in air at different STM scan parameters (tunnelling current set- 
point and bias voltage). To date several mechanisms like resonant and non-resonant 
tunnelling, electron-hopping and ionic conduction have been proposed to explain the 
current tunnelling through a protein bridged between two contacts [137]. However, 
none of them can fully explain electron flow through organic macromolecules that 
have a very large band gap (5-7 eV) and are insulators from a “classical physical” 
point of view (p=101 6 -101 7 flm). If we assume that in STM experiments only low 
voltages are applied, the junction conductance due to electrons tunnelling through 
a lD-barrier can be described by a simple exponential equation [119, 124]:

I  = h e - ^  (4.1)

where (3 is the tunnelling decay coefficient, L is the barrier width, I  is the measured 
current and Iq is a parameter that varies linearly with V&. The /? factor is a property 
of the barrier medium and the smaller its value, the smaller the decrease in current 
with distance through the gap. As cyt 6 5 6 2  is an electron carrier that transfers 
electrons between other redox centers [54, 100], the /3 decay constant describes its 
efficiency to promote electron tunnelling. Several theoretical studies have attempted 
to calculate this electronic parameter for proteins, but there are very few reports 
that have used an experimental approach to systematically investigate the protein 
/? factor. The value for cyt &5 6 2  SH-LA was measured by imaging the sample at 
different tunnelling current set-points (range 0.05 nA-5 nA) and at a fixed sample 
bias (Vb = - 2 0  mV). The apparent height of the protein is 4.5 ±  0 . 2  A at 0.05 
nA, 4.0 ±  0.15 A at 0.5 nA and 2.5 ±  0 . 1  A at 5 nA with the molecule looking 
“taller” at lower current set-points (Figure 4.12). As the single STM images were 
acquired in constant current mode, the change in contrast indicates that, in order 
to measure large tunnelling currents, the tip had to get close to the sample. The 
protein’s apparent height can be plotted as a function of the current set-point (Figure
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F ig u re  4.12: STM images of holo-SH-LA cyt 6562 on A u (ll l)  at (a) It =  0.05 nA (z-range =  
0-1.2 nm), (b) l t =  0.5 nA (z-range =  0-1.05 nm), (c) It =  5 nA (z-range =  0-0.7 
nm). The images were acquired at constant V& =  -20 mV.

4.13(a)) and, assuming that the tip is in contact with the protein and that the 
tunnelling decay coefficient for vacuum is sufficiently large [89], the /? decay constant 
for the protein estimated using equation (4.1). The proteins show similar variation 
in contrast as a function of set-point with an evaluated ft factor of 1.57 ±  0.25 A ”1. 
Further evidence of the tunnelling mechanism through the SH-LA was also revealed 
in the STM experiments performed at different V& with a constant tunnelling current 
of 50 pA (Figure 4.14). An exponential variation of protein’s height in relation to the 
applied potential was observed, with the protein’s vertical dimension being higher at 
higher bias (Figure 4.13(b)), suggesting that a larger tunnelling probability through 
the molecule was achieved in this state.

The ft factor determined for cyt b5 6 2  is lower than those reported for vacuum or 
air ((3 «  3 A -1) explaining why it appears as a zone of positive contrast on the gold 
surface. The protein has a decay factor consistent with others reported in literature 
for azurin and cytochrome c and evaluated by I-V5 STS techniques (1.4 A [35]) and 
presents electron tunnelling characteristics similar to saturated hydrocarbon chains 
(1 . 2  A [87]) and short peptide molecules (1 . 1  A [129]), suggesting that the tunnelling 
mechanism through the protein in air is off resonance.

4 .3 .3  I-V& m e a s u r e m e n t s

In order to study the electron transfer properties of the wild-type and the two cyt 
& 562 variants self-assembled on A u (lll)  surfaces in different respective orientations 
and the role of the free thiol in enhancing the contact with a second electrode, I -V& 
measurements were performed. Before measuring the I-V& curves, the molecules were 
imaged and checked for integrity comparing their lateral dimensions with that of the 
known molecular structure of cyt 6 5 6 2  (Figure 4.15(a)). When the system lateral 
drift was as little as a few pm per second, the tip was positioned on the center of the
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F ig u re  4.13: Cyt 6562 STM imaging for ft decay factor, (a) Semilogarithmic plot showing the 
change in apparent height as a function of the tunnelling current set-point for three 
different molecules (constant V*, of -20 mV). The solid curves are the best fit of the 
experimental data according to equation (4.1) with ft equal to 1.56 ±  0.23 A -1, 
1.61 ±  0.25 A-1 and 1.53 ±  0 .2 2  A-1 for the black, red and blue curve, respectively. 
The error bars are the measured fluctuations in z-direction over the gold surface 
that decrease as the STM tip is closer to the sample, (b) Semilogarithmic plot 
showing the change in apparent height against the bias voltage for three different 
molecules at a constant It of 50 pA (error baxs are not shown to improve the clarity 
of the figure). The solid curves are the best linear fit of the experimental data.
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F igure  4.14: STM images of holo-SH-LA cyt 6562 on A u (lll)  at (a) V& =  20 mV (z-range = 
0-1.4 nm), (b) V), =  1000 mV (z-range =  0-1.55 nm), (c) Vb =  2000 mV (z-range 
=  0-1.7 nm). The images were acquired at constant It =  50 pA.
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globular structure and the I-V& curves recorded. The home-built STM described 
in Chapter 3 allows to record several hundred curves without re-establishing the 
feedback system. This experimental approach has an advantage over recording I-Vf, 
curves with the feedback restored between successive scans. In the latter case the 
distance between the tip and the sample is restored after each voltage scan and 
intimate contact of the tip with the sample is difficult to achieve. On the other 
hand, in the method I used, the I-Vj, characteristics are recorded out of feedback for 
a relatively long time and the tip can interact with the investigated substrate. At 
the same time, the high stability of the home-built STM in the x and y direction 
ensures that the STM tip is centered on the protein for all the experiment duration 
(Figure 4.15(a) and (b)). The proteins were checked for integrity and stable binding 
after collecting each set of data (Figure 4.15(b)) and the I-Vj, curves considered 
for analysis (Figure 4.16) were only the ones where the proteins’ dimensions were 
not modified by the tip during the experiments. Also from time to time the tip 
crashed onto the sample with the problem evidenced by formation of a large gold 
agglomerate (~400 nm2) on the substrate (Figure 4.15(c)) and in these cases the 
I-Vb curves were also disregarded. The I-Vj, curves were recorded in a low bias range 
(-0.75 V, +0.75 V) and fitted to a third order polynomial function:

I  = AVb + BVb3 (4.2)

where A  is the low bias conductance [5], (i.e. the first derivative of the current 
with respect to voltage near 0 (dl/dVv-*0 )) and B  [V2] is a coefficient that describes 
the non-linearity of the I-V& curve. The I-V& experimental curves were also fitted 
using a second order polynomial term or a higher order polynomial function (5th 
order), but these contributions are not significant at the small voltages used in the 
experiments. By fitting the I-V5 curves with this model, the low bias conductance 
was evaluated and plotted against the number of the corresponding recorded curve. 
Information about any increase or decrease in conductance due to change in tun­
nelling distance or tunnelling barrier could then be measured.

W ith the system out of feedback, the tip drifted either towards or away from the 
sample and in most cases just a slow increase or decrease in current over time was 
observed (Figure 4.17(a)). However, sudden characteristic changes were observed in 
15-20% of the I-Vb traces when probing SH-SA and SH-LA molecules (Figure 4.16(b) 
and (c)). These differences in the I-Vj, curves were revealed by jumps in dI/dV y - + 0  

against scan number and are attributed to the binding of the free thiol to the STM 
tip (Figure 4.17(c), (d) and (e)). The low bias conductance against scan number 
plots obtained for SH-SA (Figure 4.17(c)) and SH-LA (Figure 4.17(d), (e)) showed
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F ig u re  4.15: STM images of holo-SH-SA cyt 6562 on A u (lll)  image acquired (a) before and (b) 
after the I-z experiments (z-range =  0-0.6 nm). The STM system has a very low 
drift (~3 pm per second) in the x and y scanning directions, (c) A u (ll l)  surface 
after the tip has entered into contact with the substrate (z-range =  0-3.2 nm). The 
images were acquired at constant It =  50 pA and V*, =  -20 mV.

jumps of ~ l-3  x 10-5 Go (Go =  77.4 pS). Similar events have been recorded in current 
measured as a function of time (I-t) experiments conducted with alkanedithiols [67] 
and short DNA molecules functionalised with two thiol groups [123]. I-Vf, curves 
were also recorded for the wild-type protein (Figure 4.16(a)). Although jumps in 
conductance were revealed for the native protein (Figure 4.17(b)), they were always 
an order of magnitude lower (~2 x 10-6 Go) than the ones found for the cysteine 
variants, indicating that the junction resistance was higher and a good contact 
between the protein and the electrodes could not be achieved.

The low bias conductance values measured for SH-SA (Figure 4.17(c)) were more 
stable over time than SH-LA with a possible reason being a more robust binding of 
the protein sulfur group to the tip in the former case. In addition, the experiments 
performed on SH-LA (4.17(d) and (e)) showed two values of jumps in conductance 
((1.30 ±  0.05) x 10-6 Go and (2.91 ±  0.11) x 10-6 G0). These two classes of values 
were reproducibly associated with distinct SH-LA proteins adsorbed on the A u (lll)  
surface, providing strong evidence that the two conductance values are related to 
different orientation of the protein with respect to the gold surface resulting from 
immobilization via the thiol at position 21 or 50. The highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) electronic 
levels of the molecule broaden due to the interaction of the redox center with the 
electrodes [101]. Even if both the electrodes are made of gold, the broadening of the 
molecular energy levels at each electrode can differ as a result of the different geom­
etry of the STM tip and the A u (lll)  substrate resulting in an asymmetric coupling 
of the molecule with the electrodes [26, 86]. This is supported by experiments per­
formed with alkanedithiols molecules, where it has been shown that the electronic 
coupling between the molecules and a flat A u (lll)  surface is different to that with
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F ig u re  4.16: I-Vj, curves observed when the gold tip is not and is in “contact” with the (a) wild- 
type, (b) SH-SA and (c) SH-LA protein. The STM feedback system was disengaged 
and the I-Vb characteristics recorded (starting engaging bias of -0.1 V and tunnelling 
current of 50 pA). Only one curve recorded before (grey) and one curve recorded 
after (black) observing a jump in the low bias conductance value are shown for 
clarity.

6 6



Chapter 4 SPM E X P E R IM E N T S IN A IR

a rough gold surface [65, 87, 91]. Others have reported that the electron transfer 
mechanism in redox molecules involves the reduction of the metal center and its 
successive oxidation [101, 137]. The SH-LA protein binding the Au surface through 
the cysteine at position 2 1  has the metal center closer to the scanning tip ( 2 0  A) 
than the protein binding through the cysteine at position 50 (32 A). A closer and 
stronger interaction between the iron site and the tip or between the iron site and 
the substrate could facilitate the electron tunnelling in a specific direction explain­
ing the observed difference in conductance. In the performed experiments it was 
not possible to distinguish which one of the two orientations of the SH-LA molecule 
has the higher conductance value; theoretical modelling of the Au(lll)-protein-gold 
tip junction and I -Vb experiments performed with different substrate-tip metal com­
binations presenting different barrier contacts are required to fully investigate the 
exact electron transfer mechanism.

Recording I-V5 curves repeatedly over time is an evolution of the I-t experiments 
where the current is simply recorded at a fixed bias as function of time [67]. The ex­
perimental setup enabled me not only to monitor jumps in current due to the contact 
between molecule and tip, but also to analyse the conduction mechanism through 
investigation of the I-V5 curves. The I-V5 curves obtained after an observed jump in 
conductance can be compared to that recorded prior to the jump (Figure 4.16 and 
4.18). A remarkable difference was detected between the I-V& curves for wild-type, 
SH-SA and SH-LA cyt b562. In particular, the I-V*, response of the double cysteine 
mutants showed enhanced current values even at low biases that was associated with 
the formation of strong gold-sulfur contacts. A small current was observed for the 
wild-type, consistent with weaker coupling between tip and molecule because of the 
lack of a good anchoring site (Figure 4.16(a) and 4.18).

The third order polynomial function (equation (4.2)) fits well the experimental 
I-Vb curves over the full bias range (inset Figure 4.18). The calculated low bias 
conductance values for SH-SA and for SH-LA ((3.48 ±  0.05) x 10~5Go, (1.95 ±  
0.03) x 10-5Go and (3.57 ±  0.11) x 10_5Go, respectively) are higher than the one 
evaluated for the wild-type cyt b562 ((8.47 ±  0.07) x 10-6Go). The fitting parameter 
B  can be interpreted in a tunnelling barrier model in terms of the ratio between the 
width and the height of the tunnelling barrier (see reference [124] for details) and 
its analysis suggested that the effective barrier height ((p0) for the wild-type protein 
is about two times larger than the one for the double cysteine mutants. This result 
is reasonable as the difference in barrier height can also be evidenced from a visual 
analysis of the I-V& relation (almost linear I-V& for the wild-type and steeper I-V& 
for the cyt 6 5 6 2  variants) and confirms our hypothesis of a good thiol-Au contact for
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F ig u re  4.17: Plots showing the low bias conductance values against number of I-Vj, curve 
recorded, (a) The tip can drift towards or far from the substrate without recording 
any significant change in conductance, (b) Small jumps in conductance are mea­
sured when the STM gold tip approaches the wild-type protein. When the tip binds 
(c) the SH-SA variant or (d, e) the SH-LA molecules a relatively higher jump in 
conductance is recorded. See text for a detailed discussion.
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F ig u re  4.18: I-V*, curves observed after a jum p in conductance value was observed. The STM 
feedback system was disengaged and the I-Vk characteristics recorded (starting en­
gaging bias voltage of -0.1 V and tunnelling current of 50 pA). Only the average of 
the curves recorded after observing a jump in d I /d V y =o value are shown for clarity. 
Inset: fitting curve (line) of the experimental curve (circles) using 4.2. For clarity 
only one experimental sample of every 10 is plotted.

the proteins containing the thiol moieties. Lack of information about the contact 
area for electronic transport between the proteins and the electrodes (different from 
the nominal geometric contact area) does not allow to further analyse and extract 
absolute values for barrier height.

4.3.4 I-z m easurem ents

In the I-z experiments the STM tip is brought into contact with the molecule and 
retracted while a constant voltage is applied and the current flow measured. As the 
tip is driven by the STM piezoelectric actuator, the tip-molecule tunnelling distance 
can be finely monitored and the current through the protein trapped in the junction 
measured as function of the probe traveled space.

In the current against distance traces recorded with the STM tip placed on 
top of SH-SA (Figure 4.19(b)) and SH-LA molecules (Figure 4.19(c) and (d)), an 
exponential decay of the current with distance was initially measured and then 
clear plateaus were observed. The measured current remains fairly constant as 
long as the Au-S bond is not broken, but as soon as the tip is driven too far and 
the contact is broken, the current suddenly drops [67, 68, 129, 130]. As a relatively 
rapid exponential decay of the current within the stretched distance without stepwise 
characteristics was measured for the wild-type protein (Figure 4.19(a)), the plateaus 
in the I-z traces of SH-SA and SH-LA molecules were interpreted as conduction 
through a good electronic contact between the tip and the free thiol of the protein.
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The STM low lateral drift allowed stable and reliable measurements on top of 
single molecules. Having measured a large number of molecular junctions, robust 
statistical analysis could be performed and conductance histograms were calculated 
by dividing the raw current data by the bias voltage for the curves presenting current 
plateaus and converting them to histograms using 10 bins/nS (Figure 4.20 and 4.21). 
The histograms evaluated from I-z traces of wild-type (4.21(a)) did not show any 
significant peaks, while the conductance histograms for SH-SA and SH-LA (Figure 
4.21(b), (c) and (d)) presented several distinct peaks. Small peaks were observed at 
low conductance (~2 x lO-5^ ) ,  but they are not as pronounced as those at ~5 x 
10-5Go and that we used to evaluate the conductance of single proteins. The SH-SA 
variant was found to be more conductive ((6.5 ±  0 .1 ) x 10- 5 Go, Figure 4.21(b)) than 
the SH-LA proteins and this result could be due to the different distance between 
the electrodes and the haem redox center of the two molecules (Figure 1.1). In the 
histogram constructed for SH-LA (Figure 4.20) two clear distinct peaks were revealed 
and, as already noted for the I-Vj, experiments, the two different conductance values 
are related to two separate classes of molecules (indicated with A and B in Figure 
4.19(c) and (d)). The two classes of molecules did not show any significant difference 
in the height or lateral size of the STM scans, but current plateaus at distinct values 
were reproducibly observed. The conductance histograms constructed for the class 
of molecules A (Figure 4.21(c)) and B (Figure 4.21(d)) show well pronounced peaks 
at (3.45 ±  0.05) x 10~5Go and (5.20 ±  0.03) x 10- 5 Go, respectively. The calculated 
conductance values are in good agreement with the low bias conductance found in 
the earlier I-V& experiments involving a nominally static tip. Although they are 
slightly higher, the small difference can be explained considering the different biases 
used for their calculation (the low bias conductance was extrapolated from fitting 
of the I-V), curves near zero bias, while the conductance of the I-z was calculated 
at a potential of -100 mV). From analysis of the I-V5 results we hypothesised that 
different immobilization of SH-LA onto the A u (lll)  surface via one of the two thiols 
of the cysteine residues 21 and 50 resulted in the different low bias conductance 
values detected for the SH-LA molecule. The larger conductivity of one of the two 
configurations could be due to enhanced electron transport through the molecule 
due to the iron center closer to the Au tip or the A u (lll)  substrate or to a more 
efficient electronic contact realised with one of the electrodes (smaller barrier to 
electron conduction). All the observations from the I-z experiments are consistent 
with the I-Vft measurements and support the contention that the surface-exposed 
cysteines represent an ideal way for contacting the protein with metal electrodes.
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F igure  4.19: Conductance against distance curves of (a) wild-type, (b) SH-SA and SH-LA clas­
sified to (c) class A and (d) class B measured in air. Conductance was calculated as 
the ratio between the measured current and the applied voltage (-0.1 V). For clar­
ity the conductance traces are displaced along the x  axis. The I-z curves showed 
in Figure (c) and (d) were recorded on SH-LA molecules deposited onto the same 
region of the A u (lll)  surface (see inset).
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F igure  4.20: Conductance histograms of SH-LA. Conductance was calculated as the ratio be­
tween the measured current and the applied voltage (-0.1 V). The solid lines are 
Gaussian curves fitted to the peaks, and A and B refer to the two classes of molecules 
in the inset of Figure 6(c) and (d).
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4.4 Conclusions

In this chapter I have reported the AFM and STM studies of the electron transfer 
protein cyt 6 5 6 2  performed in air at room temperature. The poor stability of the 
wild-type cyt fr5 6 2 to STM scans and the variation in lateral dimensions indicate 
a poor adsorption of the molecule onto the A u ( lll)  surface. TM-AFM and STM 
imaging of the two cyt 6 5 6 2  variants bearing the thiol groups showed that their self- 
assembly was robust and upon immobilization their tertiary structure was retained. 
The proteins were also able to tolerate both electrical and mechanical stresses due 
to the probe scanning the sample. SH-SA and SH-LA mutated with two cysteines 
at different ends bound to A u ( lll)  with different orientations. The similarity of 
the dimensions revealed by AFM and STM imaging to the size evaluated by X- 
ray structural analysis confirmed that the proteins were immobilized through the 
formation of a single thiol-Au bond.

A tunnelling decay factor (3 of (1.57 ±  0.25) A-1 was revealed for the cytochrome 
by investigating the relationship between the protein’s height and the STM imaging 
current set-points. The measurement of a low beta-decay value demonstrates that 
the protein still retains good electron transfer capacity following adsorption onto a 
gold surface.

The single-molecule conductivity of cyt 6 5 6 2  engineered with pairs of thiol groups 
was also investigated using current-voltage and current-distance experiments. A 
strong and stable protein-gold interaction was achieved, and a single-molecule con­
ductance of ~1 nS was measured for the double cysteine variants. In contrast, the 
unengineered wild-type cyt 6 5 6 2  bound much less robustly to the gold surface and 
the measured conductance was at least one order of magnitude less. The conduc­
tivity of the SH-SA variant was higher than the SH-LA probably due to the shorter 
distance between the Au electrodes and the iron center. Both the I-V{, and I-z ex­
periments performed on the SH-LA molecules revealed two classes of conductance 
values. These results may be related to the different broadening of the molecular 
energy levels at each electrode due to the two possible orientations of the molecule 
in respect to the electrodes and to the different geometry of the STM tip and the 
A u (lll)  substrate.
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Chapter 5 

Electrochem ical, EC-STM , I-V  
and I-z experim ents of cyt 6552 in 
buffer solution

The experiments described in Chapter f  suggest that the tunnelling mechanism through 
the protein in air is off resonance. However, several reports have shown that redox 
protein’s energy levels can be electrochemically aligned with the Fermi levels of the 
STM  tip and the substrate [27, 137]. In this chapter a study of the electron transfer 
properties of the cyt b5Q2 through a combination of electrochemistry, and STM, 7-V& 
and I-z methods in acqueous solution under electrochemical controls is reported.

5.1 Electrochem istry of metalloproteins

Since the late ’70s, electrochemistry has emerged as the method of choice to study 
the relationship between the structure and the electron transfer properties of metal­
loproteins and enzymes. In fact, electrochemical methods can provide information 
about kinetics, stoichiometries and redox potential of the electron-transfer reaction 
between the adsorbate and the electrode [84, 85]. The central pathways for elec­
tron tunnelling within the protein structure can also be investigated by comparing 
the electron-transfer properties of proteins having mutations or deletions of their 
primary structure [56].

Electrochemical studies of metalloproteins have not just led to a deeper under­
standing of biological electron transfer processes as respiration, enzyme electrocatal­
ysis and photosynthesis, but also to the development of biosensors and, in the last 
years, the birth of bio-nanoelectronics. Bare graphite, carbon glassy or metallic 
(platinum, gold) electrodes were used in the early electrochemical experiments and
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proteins in solution were found to irreversibly adsorb on the solid surface in the 
electrochemical solution [46]. However, as most of the proteins denature during the 
chemisorption process due to interaction with a hard surface and do not retain their 
biological functions and redox activity, different immobilization techniques were soon 
developed.

One of the first routes to be explored was to generate biocompatible surfaces for 
protein adsorption [45]. Small organic molecules like alkanethiols and alkaneditbi- 
ols [27], amino-terminated and carboxylate-terminated alkanethiols [99, 139], small 
peptides [14, 95], cysteine and its derivatives [71, 136] were and are still widely 
used to modify electrochemical electrodes by realizing self-assembled monolayers 
(SAMs). All these molecules have common features such as a group (i.e. thiolate) 
that interacts with the electrode surface and a second component that promotes the 
adsorption of the protein while preventing its denaturation and unstable binding to 
the metal electrode.

Even if much research has been directed towards tailoring noble metal surfaces 
for protein physical adsorption and very interesting results have been achieved, fast 
and direct electron transfer between the molecule and the substrate is the main 
challenge that has been addressed in the late electrochemical reports. The irre­
versible denaturation process that occurs when proteins are directly adsorbed onto 
bare metal surfaces can also be avoided by controlling the chemical interaction be­
tween the molecule and the electrode [56]. Particularly the thiol-gold interaction 
can be exploited to assemble organic molecules in a robust and well defined mono­
layer onto noble metal substrates. In recent years several research groups have used 
site-directed mutagenesis techniques to introduce thiol terminating cysteine groups 
at desired positions in the aminoacidic sequence of several proteins [9, 36, 37, 90]. 
Using this approach, the protein can be immobilized onto the gold surface in a 
controlled, well defined orientation.

The development of ultrasensitive tools such as in-situ EC-STM (Figure 5.1) 
and AFM has led to a dramatic improvement over the past decade in the spa­
tial resolution for mapping molecules’ structural and redox properties [107, 113]. 
For small model organic molecules and transition metal complexes, measurements 
of their charge transport have been achieved at the single-molecule level and sev­
eral groups have shown that molecular conductance can be electrochemically gated 
[1, 2, 27, 101, 104, 117, 137]. The energy levels of a molecule located between 
two metallic substrates can be schematically represented as in Figure 5.2(a). The 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) localised electronic levels of the solvated molecule broaden due to
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the interaction of the redox center with the electrodes and the electrolyte and, due 
to phonon-phonon coupling, the energy levels of the molecule fluctuate around their 
average position of a value equal to the reorganization energy A. In an electrochem­
ical environment, the Fermi levels of the two metallic electrodes Eg and E [  (i.e. 
STM substrate and tip) are separated by an energy equal to eVb. The two Fermi 
energies can be shifted in parallel with respect to the reference electrode Fermi level 
by tuning the working (i.e. substrate) electrode potential (Figure 5.1).

Electrons tunnel from the tip to the substrate (or vice-versa depending on the 
applied V&) independently on the relative position of the molecular levels with re­
spect to the Eg and E f  (off-resonant current, Figure 5.2(a)). However the current 
through the junction can be enhanced if the energy levels of the molecule are aligned 
with the electrodes’ Fermi level. When the Fermi level of one of the electrodes (i.e. 
tip in Figure 5.2(b)) is brought close to the LUMO energy and the molecular en­
ergy level decreases its energy due to reorganization energy fluctuations, electrons 
can transfer to the vacant orbitals of the molecule (I). At this stage three models 
have been proposed to explain the electron transfer mechanism across the second 
redox molecule-metal (i.e. substrate in in Figure 5.2(b)) junction [3]. (1) If the elec­
tron tunnels without molecular orbitals relaxations, the mechanism is referred to as 
resonant tunnelling [106]. (2) In case the molecule is weakly coupled to both the 
electrodes (diabatic limit), the reduced level has sufficient time to vibrationally relax 
to the E f  and cause the second electron transfer (complete vibrational relaxation 
[80]). The process is slower than the timescale of the LUMO energy fluctuations 
and the second electron transfer has no memory of the first process and there is no 
coherence between the two steps (noncoherent two-step electron transfer). (3) If the 
molecular redox center is strongly coupled with the electrodes (adiabatic limit), the 
electron can quickly transfer to the tip before the level relaxes completely (nonco­
herent two-step electron transfer with partial vibrational relaxation [134]). As the 
empty LUMO relaxes towards higher energies, another electron can tunnel from the 
negative electrode to the empty molecular orbitals. The electron transfer rate is 
much faster than in the diabatic limit and the cycle can be repeated several times 
before the LUMO relaxes to energy values higher than the electrode Fermi level. A 
number of electrons can tunnel between the two electrodes and the current can be 
strongly enhanced.

5.1.1 The coherent two-step electron transfer model

Considering a strong coupling between the metallic electrodes of the STM tip and 
the A u (lll)  substrate with the molecule, most of the experimental data presented
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Figure 5.1: Schematic diagram of in-situ EC-STM showing (left) the potentiostat that controls 
the substrate working potential relative to a reference electrode and (right) the STM 
electronics that controls the bias applied between the tip and the substrate while 
measuring the tunnelling current (from [137]).
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L U M O
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Figure 5.2: (a) Schematic electronic energy diagram of the two step electron transfer mechanism 
showing the reorganization energy A needed for the LUMO to be aligned with the 
Fermi level of the left electrode, (b) An electron can tunnel from the left electrode 
to the LUMO when the molecular level is aligned with the Fermi energy level of the 
metal (I). After partial vibrational relaxation the electron can tunnel to the Fermi 
level of the right electrode (II).
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in this thesis can be described by a coherent two-step electron transfer mechanism. 
The model was first developed by Kuznetsov, Ulstrup and collaborators (KU model) 
and is now widely used to explain the enhancement in tunnelling current observed 
in EC-STM of redox molecules [80, 134, 137]. It expresses the tunnelling current (I) 
measured in EC-STM experiments as function of the applied bias voltage (14) and 
substrate overpotential (r; = E s — E ° \  where E 0' is the molecule’s redox potential). 
The current density j (E )  tunnelling from the tip to the molecule at the potential E  
is:

j ( E ) = J  /(e)/?(e)z(e, E)d(e) (5.1)

where f(e)  is the Fermi function, p(e) the electronic density of states, and z(e, E)
the current density from an electronic level e. Being e the charge of the electron,
Ac the electronic transmission coefficient and W(e, E) the rate constant for electron 
transfer from the level e, the current density is:

i(e,E) = eAc W(e,E)  (5.2)

The function W (e,E)  depends on the energy of the electronic transition from 
the Fermi level of the metal to the molecule (or from the molecule to the metal) and 
can be written as:

(a.3)

where cue/ /  is the effective vibrational frequency, kp the Boltzmann’s constant and T  
the temperature [133]. Assuming that the electronic range over which the tunnelling 
process proceeds is the one around ep, j (E )  can be approximated as:

j (E )  S3 e K e f f ' - ^ e x p
(A +  eE') 

4A kBT
(5.4)

where a c is the effective electronic transmission coefficient. The number of elec­
trons 7 i, that are transferred in a single transfer process before the reduced or oxidised 
level is trapped, is:

eVh
n w (5.5)

where eV& is the bias applied between the tip and the substrate, and Ae =  1 / ( a c p )  

with ac being the effective electronic transmission coefficient between the electrode 
and the molecule and p the density of states around the Fermi level of the tip or the 
substrate depending on the considered electron transfer [134]. Equation (5.4) can
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be then rewritten in terms of current 7:

I ( E , Vb) = eKp(eVb) ^ ^ e x p
Z7T

(A +  eE)‘ 
4A kBT

(5.6)

Considering the two step electron process described in Figure 5.2, the total cur­
rent tunnelling between the substrate to the tip can be approximated in the low bias 
and overpotential regime by the following equation:

I - _L _L
1 ~  Ts + h

(5.7)

where It and Is  are the currents from the tip to the molecule and from the molecule 
to the substrate, respectively.

M 7?: H) =  eKSps {eVb)Û - e x p
Z7T

( \  + e£rj + e i \Vb\y 
AXkBT

Is(r),Vb) =  eKTpT(eVb)L̂ - e x p
Z7T

( A - e ^ - e 7 N  + e |H |) ! 
4:XkBT

(5.8)

(5.9)

Here £ 7 7  and 'yVb indicate the effective electrode potentials applied to the molecular 
reactive center due to the overpotential 77 and the bias voltage Vb. Assuming that:

1 . the second electron transfer proceeds in the fully adiabatic limit ( ac =  1 ) ;

2. the two electrodes have a similar density of states near the Fermi level p; 

the expression for the current (5.7) can be transformed to:

1 (77, Vb) =  eKp(eVb)Uef f  
2ir

exp
(A +  e£ ? 7  +  ey |V&|)J

+  exp

4A kBT

{ X - e £ r i - e j \V b \  + e\Vb\y 
4A kBT

(5.10)

As it will be shown in section 5.3.2, the KU model describes quantitatively the 
STM and l-Vb experimental data recorded in liquid under electrostatic control. The 
other two models describing the two electron transfer process were also taken into 
account for interpreting my experimental results. However, the resonant tunnelling 
mechanism predicts a maximum in the enhanced tunnelling current at an overpo­
tential corresponding to the reorganization energy (that has typical values ranging
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between 0.1 eV and 0.5 eV [27]) and I measured the maximum values of tunnelling 
current both in the EC-STM imaging and in the I-V& measurements of the cyt 6 5 5 2  

at overpotential values close to 0 V (section 5.3.3.1). In the diabatic limit a very 
small enhancement of the current at 77 =  0  is predicted, while the data recorded 
for the double cysteine m utant proteins at 77 =  0  show a conductivity two orders of 
magnitude higher than the ones with the system off-resonance.

In order to fully characterize the electron transfer properties of the cyt 6 5 6 2 , the 
single and double cysteine mutants proteins were adsorbed on bare A u (lll)  sub­
strates and their redox properties investigated by various electrochemical means. 
To compare the engineered proteins and the wild-type protein’s redox properties, 
the non-mutated protein was adsorbed on A u ( lll)  electrodes modified with amino- 
terminated alkanethiols and electrochemical measurements were performed. The 
D50C single cysteine mutants reconstructed with Zn-PP and Cu-PP was also ad­
sorbed on pristine A u ( lll)  electrodes and investigated by cyclic voltammetry to 
study how the iron center affects the electron transfer mechanism of cyt b5 6 2 - Elec­
trochemical gating of the D50C, SH-SA and SH-LA cysteine mutants was investi­
gated at a single molecule level by using three different STM techniques, namely 
imaging, I -Vb and I-z measurements.

5.2 Experim ental section

5.2.1 Preparation of protein monolayers

A u (lll)  bead single crystals electrodes used in both electrochemical and STM exper­
iments were home-made from polycrystalline gold wires (99.99% in purity, Good- 
fellow) by using a method described by Clavilier et al. [32]. The quality of the 
electrodes was checked by voltammetry and electrochemical STM imaging (Figure
5.3). The A u (lll)  electrodes were electropolished in 1 M H2 SO4  and washed with 
0.1 M HC1 and water, then annealed for 8  hours at 880 °C [32, 70]. Prior the pro­
tein deposition the electrodes were annealed with a H2 flame and the A u (lll)  single 
crystal surface was protected with hydrogen saturated water. The electrodes were 
subsequently incubated in 20-50 pM  protein solution at 4 °C overnight. Prior the 
experiments the electrodes were rinsed with deionized water in order to remove the 
non-chemically adsorbed molecules. The proteins were checked for stability measur­
ing the UV-Vis spectra before and after the incubation.

For the electrochemical studies of the wild-type protein deposited on modified 
electrode, the A u (lll)  crystals were fist incubated for 24 hours at room temperature 
in ethanol (99.99%, Sigma-Aldrich) containing 1 mM amino-terminated alkanethi-
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40nm

F ig u re  5.3: EC-STM image of A u ( l l l )  surfaces obtained under electrochemical environments 
(10 mM phosphate buffer, pH 6.2). Working electrode potential -0.10 V vs SCE, 
tunnelling current 35 pA, bias voltage -0.4 V.

ols (NH2 (CH2 )nSH with n = 2 , 6 , 1 1 ), then rinsed in ethanol to remove physically 
adsorbed molecules, washed in deionized water and incubated overnight in 50 pM 
protein solution at 4 °C. Cysteamine (NH2 -C2), 6 -amino-l-hexanethiol hydrochlo­
ride (NH2 -C6 ) and 1 1 -amino-1 -undecanethiol hydrochloride (NH2 -C11) were all pur­
chased from Dojindo Molecular Technologies and used without further purification.

5 .2 .2  E l e c t r o c h e m i c a l  m e a s u r e m e n t s

All measurements were carried out using an Autolab system (Eco Chemie, Nether­
lands) controlled by a general purpose electrochemical system software at room tem­
perature (23 ±  2  °C). A three-electrode system, consisting of a platinum coiled wire 
as counter electrode (CE), a freshly-prepared reversible hydrogen electrode (RHE) 
as reference electrode (RE) and a A u(lll)-based  working electrode (WE), was used 
with the WE in a hanging-meniscus configuration. The RHE was checked against 
a saturated calomel electrode (SCE) after each measurement. All electrode poten­
tials are reported vs SCE. Purified argon (Chrompack, 5 N) was applied to purge 
dioxygen from electrolyte solutions before the measurements, and the gas stream 
maintained over the solution during the measurements. The sample was allowed to 
equilibrate in the phosphate buffer (PB) solution for 5 minutes. The buffer used was 
the same as the one to store the proteins (10 mM PB pH 6.2). Scanning rates were 
in the range 0.05 V /s - 100 V /s, depending on the analyzed protein monolayer, and 
the potential window was from -0.3 V to + 0.2 V vs SCE. All glassware was boiled in 
nitric acid solution (2 0 %) and washed with deionized water prior the experiments.
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5.2.3 E C -ST M , I-V& and I-z m easurem ents

STM measurements were performed using a PicoSPM system (Molecular Imaging 
Co., USA) equipped with a bipotentiostat for potential control of both the substrate 
and the tip. Electrochemical control was conducted in a home-designed cell with 
a three-electrode system similar to normal electrochemical measurements. Counter 
and reference electrodes were both platinum wire gauze. The reference potential 
was measured versus SCE in the end of each experiment. All the experiments 
were carried out in a special designed Argon chamber. The tips were prepared 
from tungsten or/and  Platinum /Iridium  (90%-10%) wires (0.25 mm in diameter) 
by electrochemical etching and insulated with Apiezon wax to eliminate or reduce 
Faradaic currents to 5 pA or better. STM imaging was carried out in the constant- 
current mode under an Argon atmosphere. The STM scanner was calibrated by 
using the A u ( l ll )  reconstrution lines (Figure 5.3).

Before starting the I-V& and I-z experiments, the substrate was imaged and the 
tip checked for integrity. After achieving molecular resolution and when the system 
lateral drift was as low as few pm /s, the STM tip was placed on top of a single 
molecule at a current set-point of 35 pA and a voltage bias of -100 mV. In the I-V& 
experiments, the STM feedback loop was disengaged and the bias voltage ramped 
within the range ±0.2 V in 0.1 second (400 steps). After each measurement the feed­
back was turned on and the current voltage amplifier allowed to stabilize for 1 0 0  fis 
before recording another I-V^ characteristic. The substrate potential was changed 
over a range of 0.7 V in 50 mV steps and at least one hundred I-V& characteristics 
were recorded for each potential. The sample was imaged after varying the working 
potential in order to check for protein stability and drift. In the I-z experiments the 
tip was linearly moved towards the sample in order to realize mechanical contact 
with the protein. The tip  was then moved out of contact and the current measured 
as function of tip travelled distance (driving rate 40 nm /s). The working electrode 
potential was changed so th a t the proteins were in the fully reduced, at the equilib­
rium redox potential and in the fully oxidised state. Five hundred I-z traces were 
recorded at each overpotential and, before varying the working potential, the sample 
was imaged to check for protein stability and system lateral drift.

5.2.4 D ata A nalysis

Autolab software was used to analyze electrochemical data. In situ STM images 
were post-processed (flattening) and analyzed using WSxM software. I-V& and I-z 
data were analyzed using OriginPro 8.0. In order to analyze the I-z curves and
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obtain the conductance histograms, the raw selected data were divided by the bias 
voltage and converted to histograms using 1  bin/nS.

5.3 R esults and discussion

5.3.1 Long-range interfacial ET revealed by electrochem ­
istry

5.3 .1 . 1  A po- and h o lo -w ild -typ e and cystein e m utants cyt 6 5 6 2  adsorbed  
on bare A u ( l l l )

Reproducible and stable electrochemical signals were achieved for holo-D50C, holo- 
SH-SA and holo-SH-LA cysteine m utants deposited on single crystal A u (lll) . Fig­
ure 5.4 displays the cyclic staircase voltammetry response of the Au electrode in a 
buffer solution following apo- and holo-cyt 6 5 6 2  cysteine mutants adsorption. The 
voltammograms of the holo-proteins present almost symmetrical oxidation and re­
duction waves of similar magnitude pointing out that the redox molecules undergo 
a facile-chemically reversible electron transfer reaction at gold electrodes. The ca- 
thodic and anodic peaks are associated to the haem redox centre of cyt 6 5 6 2 , accord­
ing to the relation:

CytbsQ2 (Fe2+)ads ^  C y tb ^ 2 {Fe3+)ads +  e (5-11)

No Faradaic response was observed in any of the cyclic voltammetry control mea­
surements performed with apo-D50C, apo-SH-SA and apo-SH-LA cyt 6 5 6 2  (Figure
5.4). It was noted th a t the capacitive background current of holo-protein mono­
layers was significantly larger than  tha t for apo-protein monolayers. This is most 
likely attributed to structural differences between apo- and holo-cyt b562 (Figure
2.1). The apo-cyt b562 is partially folded and is much less ordered. The hydrophobic 
patches in the polypeptide could thus be exposed partially to the electrolyte solu­
tion to increase surface hydrophobicity of the apo-protein monolayers (i.e. decrease 
system capacitance). As already shown in previous reports [27, 31], hydrophobic 
molecules can cause a decrease in capacitance due to the low dielectric constant at 
the electrode/electrolyte interface.

Cyclic voltammetric experiments were also performed with the holo-wild-type 
cyt 6 5 6 2  adsorbed on bare A u ( l l l )  electrodes in order to examine the role of the 
introduced cysteine (Figure 5.5). No redox signal was observed for the protein even 
at very low scan rates (10 m V s"1). This result can be explained considering the
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F ig u re  5 .4 : Cyclic voltammograms of apo- (gray line) and holo- (black line) (a) D50C, (b) SH-SA 
and (c) SH-LA molecules deposited on A u ( l l l )  recorded at 1 Vs-1 .
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F igure  5.5: Cyclic voltammograms of holo-wild-type (green line), holo-D50C (black line), holo- 
SH-SA (blue line) and holo-SH-LA (red line) cyt 6562 deposited on A u (lll)  recorded 
a t 1 Vs-1 .

less robust interaction between the protein and the gold electrode. In fact, in the 
absence of any surface thiol group, the protein physically adsorbs onto the A u (lll)  
substrate rather than chemically bind to it and electrons cannot transfer from the 
protein to the electrode surface.

The evaluated formal redox potentials (E Q/) of the D50C, SH-SA and SH-LA 
molecules were - 6 6  ±  2 mV, -69 ±  3 mV and - 6 8  ±  2 mV vs SCE, respectively 
(Table 5.1). These values agree well with that for wild-type cyt b5 6 2  determined by 
redox titration [1 1 1 ] and measured by electrochemistry with the protein in homoge­
nous solution [13]. Springs et al. [1 1 2 ] observed that mutations at positions close to 
the haem microenvironment (R98, R106) strongly influenced the protein’s reduction 
potential. Contrarily my experiments pointed out that the cysteine surface mod­
ifications did not change dramatically the redox properties of cyt b$Q2 even if the 
substitutions are at positions close to the haem binding pocket (D5C, D50C and 
K104C). These results are a further confirmation that the introduction of cysteine 
for other residues in the protein aminoacid sequence has not disrupted the pro­
tein tertiary configuration and that the molecules adsorption onto bare gold surface 
occurs without functional perturbation of their natural structure.

The midpoint redox potential of the cyt 6 5 6 2  cysteine mutants was also inves­
tigated in buffers with different pH (pH range = 6 .0-7.2). The results from the 
experiments reveal that the solution pH has little effect on the redox potential of 
the molecule in disagreement with Baker’s results [13] that reported a change in the 
protein’s redox potential from 220 mV vs SHE at pH =  6.0 to 180 mV vs SHE at 
pH = 7.0 for the wild-type cyt 6 5 6 2  adsorbed onto graphite surfaces modified with 
the hexapeptide KCTCCA. However, the different experimental conditions could 
explain the discrepancy in the results.

The observed linear relationship between the redox peak currents and scan rates
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T ab le  5.1: Electron transfer features of holo-D50C, holo-SH-LA and holo-SH-SA monolayers on 
A u ( l l l ) .

Protein
monolayer

Surface coverage 
( 1 0 1 2 molecules cm-2)

Formal Redox 
potentials 

(mV vs SCE)

Ipa/Ipc Electron transfer 
rate constant 

(s-1)
Holo-D50C 6.43 ±  0.25 - 6 6  ±  2 1 . 0 2  ±  0.06 44.0 ±  5.2
Holo-SH-SA 5.71 ±  0.06 -69 ±  3 1.05 ±  0.06 61.8 ±  2 . 2

Holo-SH-LA 6.26 ±  0 . 2 2 - 6 8  ±  2 0.94 ±  0.08 40.8 ±  7.2

I  *
1
§  0
|
c
g -3

F ig u re  5.6: Cyclic voltam m etry of (a) holo-SH -SA /A u(lll) and (b) holo-SH -LA /A u(lll) in 10 
mM phosphate buffer (pH 6.2) at various scan rates (0.2, 0.3, 0.5, 0.7, 0.8, 1.0 Vs-1 )

(Figure 5.6 and 5.7) is a clear indication of a diffusionless electrochemical electron 
transfer reaction and supports the fact that the redox active proteins are confined to 
the electrode surface. Hypothesizing that the cyt 6 5 6 2  cysteine mutants adsorb on 
the gold surface through a single thiol bonding (section 4.3.1), the estimated surface 
coverage of electroactive protein on the gold surface was (6.43 ±  0.25) x 1012, (5.71 
±  0.06) x 101 2 and (6.26 ±  0.22) x 101 2  molecules per cm2 for D50C, SH-SA and SH- 
LA, respectively (Table 5.1). These values correspond to a submonolayer coverage 
( ~ 1 0 % of the gold surface depending on the molecular dimensions of the proteins) 
and are in agreement with the STM images showing disperse proteins on the A u (lll)  
electrodes (section 5.3.2). The low protein density was required in order to measure 
the electronic properties of single cytochrome molecules. However a higher surface 
coverage could be obtained by using a different method to adsorb proteins onto the 
electrode rather than simple electrode incubation with the proteins solution (i.e. 
electro mediated adsorption).

The well defined cyclic voltammograms are perfectly symmetric at low scan rate 
and they become more and more asymmetrical as the scan rate increases (Figure 
5.8). In particular the separation of anodic and cathodic potentials observed for the
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F ig u re  5.7: Relation between the the anodic (circle dots) and cathodic (square dots) peak cur­
rents and scan rates for (a) holo-D50C, (b) holo-SH-SA and (c) holo-SH-LA. The 
solid lines are linear fit of the experimental data.
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cysteine m utant monolayers increases with the sweep rate indicating that the studied 
electrochemical system is quasi-reversible. If we hypothesize that the examined 
proteins strongly adsorb onto the electrode surface and that the electrochemical 
reaction is entirely confined to the adsorbed molecules, the electron transfer rate 
constant for the proteins can be obtained from the cyclic voltammetry measurements 
using a method developed by Laviron [84, 85].

According to Laviron, the rate transfer constant and the transfer coefficient of 
an electrochemical reaction involving molecules strongly adsorbed onto the elec­
troactive surface can be determined studying the relation between the difference in 
peak potential and the scan rate. In particular if the oxidation reduction reaction 
concerns exclusively the adsorbed molecules (diffusionless system) the peak separa­
tion between anodic and cathodic potentials (AEp)  should increase with increasing 
sweep rate and electron transfer rate constant (ks). If the A Ep  values are smaller 
than 200/n mV (with n being the number of electrons transferred in the redox 
reaction) ks can be evaluated using the equation:

m =  (R T / F ) ( k s/ n v ) (5.12)

where R  is the gas constant (8.314 J mol-1 K-1), T  is the absolute temperature 
(K), F  is the Faraday constant (96485 C mol-1), v is the scan rate (Vs-1) and m  is 
a parameter related to the peak separation that can be evaluated from a plot shown 
in Laviron’s paper [85].

Considering th a t only one electron is transferred in the redox reaction of cyt b ^2 
(equation (5.11)), the proteins’ electron transfer rate constant can be calculated 
precisely using the Laviron’s equation (5.12) (Figure 5.9(a)) which gives a value 
of 44.0 ±  5.2 s-1 , 61.8 =t 2.2 s-1 and 40.8 ±  7.2 s-1 for D50C, SH-SA and SH- 
LA, respectively (Table 5.1). The figures are rather high considering the electron 
transfer distance and indicative of an efficient pathway between the redox center 
and the bare gold electrode surface. These results support the idea that a simple 
cysteine mutation onto the protein surface can well replace the need of biocompatible 
electrodes.

Reductive desorption of the cyt b562 cysteine m utan ts/A u(lll)  and of the wild- 
type cyt &5 6 2 /  Au (111) in 10 mM PB pH 6.2 solutions was also performed (Figure 
5.9(b)). The linear sweep voltammetry experiments showed two reductive desorption 
peaks for the cyt b562 cysteine mutants from the A u (lll)  surface and only one for 
the wild-type cyt &562 in the first scan. The peaks gradually disappeared in the 
following scans. The observed reductive desorption peaks are very close to the 
one reported for cysteine adsorbed on A u ( lll)  (-0.700 ±  0.015 V vs SCE) [135],
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F igure  5.9: (a) Plot of m - 1  versus scan ra te for (green) holo-D50C, (blue) holo-SH-SA and (red) 
holo-SH-LA. The m values were obtained from the peak separations in the cyclic 
voltammograms. The electron transfer rate constants are estimated from the slope 
of the curves fitting the data  according to equation (5.12) (solid lines), (b) Linear 
sweep voltammograms of reductive desorption of of holo-wild-type (green line), holo- 
SH-SA (blue line) and holo-SH-LA (red line) cyt 6562 from A u (ll l)  surfaces in 10 
mM phosphate buffer (pH 6.2). Scan rate 10 mVs-1 .

suggesting that the S-Au bonding was disrupted in the experiments. As the energy 
required for breaking the sulphur-A u(lll) bonding depends on the size of the linked 
molecule, the two reductive peaks observed for the cyt b5 6 2 cysteine mutants can be 
attributed to the DTT molecules desorption (peak at -0.72 ±  0.01 V vs SCE) and to 
the proteins desorption (peak at -0.79 ±  0.01 V vs SCE). The single reductive peak 
observed for the wild-type cyt 6 5 6 2  indicates that just one kind of molecule (DTT) 
is covalently bound to the A u ( lll)  surface.

5 .3 .1.2 W ild -typ e  cy t 6562 d ep o sited  on am ino-alkanethiols m odified A u ( l l l )  
crystals

In order to fully characterize the electron transfer properties of the cyt 6 5 6 2 , cyclic 
voltammetry experiments of the wild-type protein assembled on A u (lll)  substrates 
modified with amino-terminated alkanethiols monolayers were performed. The amino- 
terminated alkanethiols have a hydrophobic alkyl chain and a polar tail group and 
their monolayer can mimic the biological membrane, a natural interface for the 
cytochrome.

Figure 5.10 shows examples of cyclic voltammograms recorded for the holo-wild- 
type/NH 2 (CH2)nSH A u (lll)  electrodes (n =  2, 6 , 11). Well defined redox peaks 
indicate a fast and reversible electron transfer between the protein adsorbed on the 
SAM and the substrate. The amino-terminated mercaptoalkanes monolayers seem 
not only to be responsible for the proteins immobilization and for preventing their
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denaturation at the bare gold surface, but to facilitate the electronic coupling be­
tween the molecules5 redox center and the substrate. Van der Waals interaction 
between the negatively charged protein5s surface and the positively charged mer- 
captoalkanes ending group might be responsible for the protends adsorption on the 
membrane. Notably the voltammograms show a very low background current that 
decreases with increasing SAM length due to the decrease in the monolayer capaci­
tance (Figure 5.10(d)).

The formal redox potential, estimated from cyclic voltammograms, is almost 
independent of the linking molecules. A small negative shift of the potential is 
observed with increasing chain length (2.8 ±  2.7 mV vs SCE, 1.8 ±  1.7 mV vs SCE 
and -16.4 ± 2 .1  mV vs SCE for the holo-wild-type/NH 2 -C 2 , holo-wild-type/NH2 -C6  

and holo-wild-type/NH 2 -C ll ,  respectively). These values are very close to the ones 
recently reported for the wild-type cyt b5 6 2  deposited on silver electrodes modified 
with amino-terminated alkanethiols [139], on hydrophobic surfaces [13, 92] and on 
A u (lll)  surfaces modified with a cationic hexapeptide (KCTCCA) monolayer [95].

The linear increase of the redox peak current with the scan rate (Figure 5.11(a)) 
indicates that the electrochemical electron transfer reaction occurs at the electrode 
surface with an estim ate electroactive protein surface coverage of (3.7 ±  0.2) x 1012, 
(3.5 ±  0.2) x 101 2  and (4.4 ±  0.3) x 101 2  molecules per cm2 on the NH2 -C 2 , NH2 -C6  

and NH2 -C11 monolayers on A u ( l l l ) ,  respectively.
The system is stable and robust enough to acquire cyclic voltammograms at 

high scan rates (>50 Vs-1). The peak divergence increases with the length of the 
mercaptoalkanes chain length in agreement with the data reported for the azurin 
molecule adsorbed 0 1 1  A u ( l l l )  electrodes modified with alkanethiols SAM [27]. The 
separation of the redox peaks increases with the sweep rates (Figure 5.11(b)) indi­
cating that the studied systems are quasi-reversible and the values of the electron 
transfer rate constants calculated by using Laviron5s equation (5.12) are 78 ±  8  s -1, 
63 ±  7 s - 1  and 20 ±  3 s - 1  for the wild-type protein adsorbed on A u ( lll)  electrodes 
modified with NH2 -C2, NH2 -C 6 , NH2 -C11 SAMs, respectively. The evaluated elec­
tron rate constants are of the same order of magnitude than the ones calculated for 
the cysteine mutants proteins adsorbed on bare A u (lll) . The major implication of 
this result is tha t the thiol moieties inserted in the cysteine mutants are as efficient 
as a biomimetic surface in realizing electronic pathways between the protein's redox 
center and the bare gold electrode surface.
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F ig u re  5.10: Cyclic voltammograms of (a) holo-wild-type/NH2-C2  A u (lll)  electrodes, (b) holo- 
wild-type/NH 2 -C 6  A u ( l l l )  electrodes and (c) holo-wild-type/NH2-C2  A u (ll l)  elec­
trodes recorded in 10 mM PB pH 6.2 at different scan rates (0.1 Vs- 1  - 1.0 Vs-1 , 
the higher is the scan rate, the higher is the current density), (d) Cyclic voltam­
mograms of holo-wild-type/NH 2 (CH2)nSH A u (ll l)  electrodes (n =  (black curve) 
2, (blue curve) 6 , (red curve) 11) recorded at 1 Vs-1 .
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F ig u re  5.11: (a) Relation between the anodic (circle dots) and cathodic (square dots) peak cur­
rents and scan rates for (black dots) holo-wild-type/NH2-C2  A u ( ll l)  electrodes, 
(blue dots) holo-wild-type/NH2 -C6  A u ( l l l )  electrodes and (red dots) holo-wild- 
type/N H 2 -C 2  A u ( l l l )  electrodes. The solid lines are linear fit of the experimen­
tal data, (b) Plot of m - 1  versus scan rate for (black dots) holo-wild-type/NH2- 
C2  A u ( l l l )  electrodes, (blue dots) holo-wild-type/NH2-C6  A u (ll l)  electrodes and 
(red dots) holo-wild-type/NH2 -C2  A u ( l l l )  electrodes. The m values were obtained 
from the peak separations in the cyclic voltammograms. The electron transfer rate 
constants are estimated from the slope of the curves (solid lines) fitting the data 
according to equation (5.12). Error bars are not shown for clarity.

5.3.1.3 Cyt 6 5 6 2  Zn-PP and C u-PP D50C cysteine mutant deposited on 
A u ( l l l )  crystals

The apo-cyt 6 5 6 2  D50C cysteine mutant reconstructed with the redox inactive Zn- 
PP was also investigated by cyclic voltammetry. No redox activity was measured for 
the protein adsorbed on a A u ( lll)  surface (Figure 5.12(a)) demonstrating that the 
presence of the haem center is crucial in determining the protein’s electron transfer 
characteristics. The capacitive background current of the Au(lll)-(haem)-holo-cyt 
6 5 6 2  and the A u(lll)-Zn-PP-cyt b562 systems are very similar indicating that the 
protein’s hydrophobic residues are not exposed to the supporting electrolyte. This 
result, in conjunction with the measured UV-Vis spectra (section 2.5.3) supports the 
idea that the cytochrome maintains its folded tertiary structure when reconstructed 
with metal protoporphyrins different from the haem.

The Cu-PP-mutant D50C electrochemistry at gold surface was characterised by 
a stable and reversible response. Direct electron transfer was consistently detected 
by normal cyclic voltammetry, indicating that electronic coupling between the Cu- 
PP center and the electrode is quite effective. Figure 5.12(b) shows an example of 
the reversible cyclic voltammogram recorded for this system. A pair of well-defined 
redox peaks was observed with an equilibrium potential of 205 ±  5 mV vs SCE. 
Cathodic and anodic peaks are not symmetric, suggesting that the protein does not
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F ig u re  5.12: (a) Cyclic voltammograms recorded for cyt 6562 D50C reconstructed with haem 
(black line) and Zn-PP (red line) adsorbed on A u (lll)  in 10 mM phosphate buffer 
pH 6.2. Scan ra te  is 1 Vs-1 , (b) Cyclic voltammetry of D50C cysteine mutants 
reconstructed with Cu-PP and deposited 011 A u (ll l)  in 10 mM phosphate buffer 
pH 6.2 a t 20 mVs-1 .

retain its original conformation upon copper oxidation or that the co-ordination of 
the Cu-PP with the protein’s active site changes upon its oxidation.

The cathodic and anodic peaks are different from the ones determined for the 
Cu-PP in homogeneous solution (Figure 5.13). The calculated E 0' value for the Cu- 
PP is -50 ±  2 mV vs SCE and the cytochrome might be then viewed as a facilitator 
of electron transfer between the redox center and the electrode. The difference of the 
redox potentials and the shift of the Cu-PP absorbance spectra peaks in presence 
of the cyt 6 5 6 2  (section 2.5.3) confirm that the Cu-PP co-ordinate to the D50C 
molecule.

The cathodic and anodic peak currents of the cyclic voltammetry measurements 
are linearly dependent on the scan rate up to 1.5 V/s (Figure 5.14(a)) suggesting that 
the electron transfer process is confined to the surface (i.e. diffusionless system). As 
the cyclic voltammograms look asymmetric, the angular coefficient calculated from 
the linear fitting of the peak current density against scan rate data is different for 
anodic and cathodic current and it is not possible to evaluate the electrode surface 
coverage ((11.4 ±  0.8) x 101 2  molecules per cm2) as accurately as for the haem-D50C 
proteins deposited on A u (lll) .

The electron transfer rate constant was evaluated from the redox peak current 
divergence observed with the sweep rates in the range 5 Vs-1-22 Vs- 1  according to 
the method developed by Laviron (equation (5.12)). The obtained rate of electron 
transfer (13.5 ±  2 . 2  s-1) is quite similar to the one evaluated for the holo-D50C cyt

& 562-
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F ig u re  5.13: (a) Cyclic voltam m etry of Cu-PP in 10 mM PB pH 6.2 at various scan rates (from 
0.1 V s-1 to 0.9 Vs-1 ). For performing the experiment 1 ml of 100 p M  Cu-PP in 0.1 
M NaOH were dissolved in 5 ml of PB. (b) Cyclic voltammetry of D50C cysteine 
m utants reconstructed w ith Cu-PP and deposited on A u ( l l l )  in 10 mM phosphate 
buffer pH 6.2 a t various scan rates (from 0.1 Vs-1 to 0.9 Vs-1 ).

By simply changing the iron redox center to a copper one I have demonstrated 
that while the native haem pocket structure and the electron transfer properties 
of the haem protein are preserved, its redox potential can be positively shifted of 
~270 mV. This result confirms what is observed for natural cytochromes where the 
simple oxidation/reduction of the haem seems to be responsible for the electron 
transfer reaction, and different co-ordination to the metal site, modifications in the 
porphyrin side chains, solvation of the iron center and electrostatic interaction with 
amino acids and other molecules modulate the protein’s redox potential in order to 
facilitate the protein’s electron transfer function [109].

5.3.2 D irect visualization  o f single molecules using STM  
im aging

In-situ STM imaging supports the electrochemical analysis demonstrating that molec­
ular sub-monolayer of holo-D50C, SH-SA and SH-LA cyt b562 were deposited onto 
freshly annealed A u ( l ll )  surfaces (Figure 5.15). Protein monolayers could be ad­
sorbed on the A u ( lll)  surface increasing the protein concentration (~  100 pM) and 
the adsorption time (~  24 hours). Due to the strong A u(lll)-protein  interaction, 
high resolution and robust single-protein STM imaging was achieved under solu­
tion conditions and electrochemical control in constant current mode. Even though 
atomic resolution of the biomolecules could not be achieved due to their flexibility 
and low relative conductance properties, tunnelling imaging provided an insight into 
the electronic properties of the cyt 6 5 6 2  variants.
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F ig u re  5.14: (a) Relation between the anodic (circle dots) and cathodic (square dots) peak cur­
rents and scan rates for D50C reconstructed with Cu-PP. (b) Plot of m -1 versus 
scan rate. The m values were obtained from the peak separations in the cyclic 
voltammograms. The electron transfer rate constant is estimated from the slope of 
the  curve fitting the experimental data  according to equation (5.12) (solid line).

EC-STM measurements of the A u(lll)-w ild-type cyt 6 5 6 2  system did not show 
any molecule binding to the electrode surface (Figure 5.16(a)). These results pro­
vided further evidence to the hypothesis that the cyt 6 5 6 2  cysteine mutants bind to 
the gold surface through their free thiol.

A low coverage was well suited for investigating the proteins electron transfer 
properties at single molecule level and the in-situ EC-STM images of D50C (Figure 
5.16(b)), SH-SA (Figure 5.16(c)) and SH-LA (Figure 5.16(d)), respectively, adsorbed 
monolayers show th a t the proteins are uniformly distributed and cover only 5-10% of 
the gold surface. This result agrees with the surface coverage evaluated from analysis 
of the proteins cyclic voltammograms showing that the immobilized proteins retain 
their electron transfer properties after adsorption on the metallic surface (section
5.3.1).

Analysis of the cross sections of the two cyt b5 6 2 variants gives the height and 
the average lateral size (full width at half maximum) distributions (Figure 5.17). 
Due to the cysteine position and the approximately cylindrical shape of the protein 
(5 . 1  nm long, 2 . 6  nm diameter), the molecular orientation of the cyt 6 5 6 2 cysteine 
variants onto the gold surface is expected to be different. The SH-SA should bind 
to the A u ( lll)  substrate on its long axis and resemble an oval shape when imaged 
whereas the D50C and SH-LA should bind at the tips of the long axis and display a 
circular shape. A small difference in the average lateral dimensions of the cysteine 
variants was evidenced in the in-situ STM imaging, indicating that the proteins 
adsorb in distinct orientations. The lateral sizes are 3.3 ±  0.7 nm for D50C, 4.5 ±  
0.7 nm for SH-SA and 3.2 ±  0.5 nm for SH-LA (Figure 5.17(b)), which are close to
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(c) (d)

F ig u re  5.15: EC-STM images of SH-LA molecules self-assembled on A u (lll)  surfaces obtained in 
liquid environment (10 mM phosphate buffer, pH 6.2). Working electrode potential 
-0.10 V vs SCE, tunnelling current 35 pA, bias voltage -0.4 V. Scan areas: (a) 300 
x 300, (b) 150 x 150, (c) 50 x 50, (d) 25 x 25 nm2.
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(c) (d)

F ig u re  5.16: In-situ  STM images of (a) wild-type, (b) D50C, (c) SH-SA and (d) SH-LA molecules 
self-assembled on A u ( l l l )  surfaces obtained under electrochemical environments 
(10 inM phosphate buffer, pH 6.2). Working electrode potential -0.10 V vs SCE, 
tunnelling current 35 pA, bias voltage -0.4 V.
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F ig u re  5.17: Statistical analysis of holo-D50C, holo-SH-SA and holo-SH-LA cyt 6562 molecules 
(a) length and (b) height on the A u ( l l l )  surface measured in EC-STM mode. The 
dimensions were evaluated from cross sectional analysis of 150 different proteins.

the dimension derived from analysis of the atomic structure of the cytochrome [50] 
and agree within the experimental error with the values determined from statistical 
analysis of the STM experiments performed in air (Table 4.1). Tip convolution and 
the proteins’ flexibility could explain the difference between the apparent lateral size 
of the proteins and the expected dimensions. The apparent height (0.25-0.28 nm) is 
one order of magnitude lower than the expected real height (2.6 nm or 5.1 nm). As 
already observed when imaging the proteins in air (section 4.3.1), the low apparent 
height of the molecules is due to their very low conductivity (10-15-10-18 Sm-1) 
and the STM probe compresses the molecules in order to maintain the tunnelling 
current set-point [23, 35, 38].

An interesting feature that I found is that the proteins form largely ordered 
structures onto high index surfaces like A u ( lll)  steps (Figure 5.18(a)). The proteins 
seem to line up over very large surface areas probably indicating preferred adsorption 
sites on the A u (lll)  surface for the cytochrome mutants (Figure 5.18(b)).

The proteins could also be unfolded by applying high bias voltages (V6 > 1.5 
V) (Figure 5.19(a)) and proteins desorption from the A u (lll)  surface was directly 
observed when the working electrode potential was brought to negative values (< 
-0.8 V vs SCE) (Figure 5.19(b) and (c)). This value is close to the Au-sulphur 
reductive desorption potential indicating that the cysteine mutants proteins bind to
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(a) (b)

F ig u re  5.18: EC-STM images of (a) SH-SA molecules self-assembled on A u ( l l l )  surfaces ob­
tained in 10 mM phosphate buffer pH 6.2 and a cartoon showing the proposed 
alignment of the molecules on the gold steps, (b) SH-LA molecules adsorbed on 
A u ( l l l )  surface. Working electrode potential -0.10 V vs SCE, tunnelling current 
35 pA, bias voltage -0.4 V. Scan area: 100 nm 2
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(a) (b) (c)

F ig u re  5.19: (a) STM image of D50C molecules self-assembled on A u (ll l)  surfaces obtained 
under electrochemical environments (10 mM phosphate buffer, pH 6.2). Working 
electrode potential -0.10 V vs SCE, tunnelling current 35 pA, bias voltage -1.5 V. 
Scan area: 200 x 200 nm 2. (b) and (c) EC-STM images of a A u ( l l l )  surface 
after proteins desorption. The A u ( l l l )  herringbone reconstructions are visible on 
the surface. While scanning the gold surface a change of the reconstruction was 
observed. Working electrode potential -0.80 V vs SCE, tunnelling current 35 pA, 
bias voltage -0.2 V. Scan area: 80 x 80 nm2.

the metal surface through their exposed cysteine residue.

5 .3 .3  E l e c t r o c h e m i c a l  g a t i n g  o f  t h e  c o n d u c t a n c e  o f  s in g le  

c y t  & 562 m o l e c u l e s

5.3.3.1 EC -STM  im aging and I-V& m easurem ents

Transistor-like current modulation is a desirable feature for molecular electronic 
components. Electrochemical gating has been used previously to modulate current 
flow through redox organic molecules and the protein azurin [73, 88]. To charac­
terize the dependence of the electronic properties of the cyt b562 variants on their 
redox potential, protein conductance in electrolytes was measured using STM under 
electrochemical control [44, 137]. Keeping the bias voltage between the tip and the 
substrate constant and adjusting the tip and substrate potentials in parallel, the 
system can operate in a way similar to a conventional field effect transistor (FET). 
Unlike an FET where the gate electrode tunes the current flowing through a chan­
nel by changing the carrier density, in the electrochemical STM the current through 
a single molecule is controlled by the redox state of the molecule [116]. Thus, by 
adjusting substrate potential, the STM tip and substrate Fermi levels can be moved 
relative to the energy levels of the proteins [117].

The effect of electrochemical gating on the SH-SA and SH-LA mutants was ex­
amined both by imaging and l-Vb measurement at various substrate potentials (Es). 
In order to calculate the protein’s redox potential against the platinum reference 
electrodes, cyclic voltammetry measurements were performed before engaging the
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system (Figure 5.20). The STM imaging was first performed with a larger scan area 
such as 150 nm x 150 nm to obtain images of the protein sub-monolayer and then 
focused on a few individual molecules by gradually reducing the scan area. Small 
area scans (e.g. ~50 nm x 50 nm) at a tunnelling current of 35 pA show well- 
resolved single molecules (Figure 5.21). By keeping a constant bias voltage between 
the substrate and the tip, STM imaging started with the substrate potential set 
around the equilibrium redox potential of cyt b5 6 2  (he. zero overpotential). Imaging 
was continued towards either positive or negative overpotentials by adjusting the 
substrate and tip  potentials in parallel (i.e. with fixed bias voltage) and finally re­
turned to the equilibrium potential. As a result, a series of STM images at various 
overpotentials were acquired a t various overpotentials. Figure 5.21 shows some rep­
resentative images of the SH-SA molecules. At a negative overpotential (proteins 
fully reduced) an apparent height of 2.2 ±  0.2 A was observed (Figure 5.21(a) and
(b)). At more positive overpotential values the molecules display a higher apparent 
height (Figure 5.21(c) and (d)). Under positive potentials where the protein is fully 
oxidised, a decrease in apparent height to 2.8 ±  0.2 A was observed (Figure 5.21(e)). 
On returning to the negative overpotentials, the original height was observed.

The experimental observations represented in Figure 5.21 can be well explained 
by a two-step electron transfer mechanism in the STM redox process (Figure 5.22). 
The energy levels of the STM substrate (or working electrode), the STM tip, and 
a redox molecule located in the substrate-tip gap may all be modified by changing 
the substrate potential, but the difference between the substrate and the tip energy 
levels will remain constant if the bias voltage is fixed as the experimental conditions 
applied for Figure 5.21. As a consequence, the redox level is shifted relative to 
the substrate and tip Fermi levels by the overpotential. Furthermore, the redox 
level is strongly coupled to the environment with an initially oxidized (vacant) level 
(LUMO) above the tip Fermi level and an initially reduced (occupied) level (HOMO) 
below the substrate Fermi level, when the bias voltage (V6 =  Et - Es, where Et and 
Es are the potentials applied at the tip and the substrate, respectively) is negative 
as for the present case. Nuclear fluctuations bring initially the redox levels into 
the energy region close to the Fermi level of the electrodes, which in turn induces 
a two-step electron transfer process. At a negative bias voltage, electron transfer 
proceeds first from the tip to the vacant redox level and then from the temporarily 
occupied redox level to the substrate. The tunnelling current is thus gated by the 
molecular redox level position in respect to the metallic Fermi levels, which can be 
displayed directly by the changes in STM contrast. In other words, the contrast 
changes observed is due to the redox-gated tunnelling resonance.
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F ig u re  5.20: Cyclic voltam m ogram  of cyt &562 SH -SA -A u(lll) in 10 mM phosphate buffer (pH 
G.2) recorded in th e  EC-STM  configuration. Scan rate 50 mVs-1 .

Plots of applied overpotential against apparent height (Figure 5.23) display, as 
for the electron transfer properties obtained from cyclic voltammetry measurements 
(Table 5.1), no significant differences between D50C, SH-LA and SH-SA cyt b5 6 2  

variants. The molecular height is clearly tuned by the redox state of the protein, 
with a maximum around the overpotential of -10 to -20 mV, very close to the 
equilibrium redox potential. The contrast decreases upon applying either negative 
or positive overpotentials, with the effects being quite symmetric. The apparent 
contrast enhancement can be up to 2 A, equivalent to an increase in the tunnelling 
current by ca. 1 order of m agnitude assuming that the decay factor of the tunnelling 
current is ~1.0 A '1 (section 3.1). The maximum enhancement (i.e., the on/off ratio) 
is up to a factor of 2-3, which is slightly smaller than that observed for the protein 
azurin (ca. 9) [27] and significantly smaller than that for small molecules such as 
iron porphyrin (ca. 20) [117] or Os-polypyridine complexes [2]. The following factors 
may account for the relatively small apparent enhancement: (a) a relatively large 
bias (e.g., -0.4 V) is needed to obtain molecular resolution STM images for cyt &562 
(Figure 5.21). (b) The tunnelling current needed to be set at a small value (35 pA) 
in comparison with the azurin case where the tunnelling current was set at 100-200 
pA. (c) Because of a larger distance (~20 A), electron transfer between the protein 
and the substrate is much slower (40-60 s-1) than that either for the iron porphyrin 
case where iron porphyrin molecules were in direct contact with the HOPG surface 
and electron transfer was almost completely reversible or for the azurin case where 
the distance between the copper redox center and the gold surface was only 11 A 
leading to an electron transfer rate larger than 500 s-1.

As a comparison, similar STM imaging was performed at a fixed tip potential, 
which means th a t the bias voltage changed with changing the working electrode 
potential. The correlation between the apparent tunnelling contrast and the over-
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F ig u re  5.21: Electrochemical STM images of SH-SA molecules acquired at different overpoten­
tials (77 =  -280 mV(a), 77 =  -200 mV (b), 77 =  -140 mV (c), 77 =  -60 mV(d), 77 =  10 
mV (e)) w ith a constant current mode. Current set-point =  35 pA, \b =  -0.40 V. 
Scan area: 45 nm x 45 nm, z-range =  0-2.0 nm.

•t i p

T ip T ipSubstrateT ip

F ig u re  5.22: Energy diagram  describing the enhancement of tunnelling current according to the 
sequential two step electron transport mechanism (all the energy values are related 
to an arb itrary  reference level). The tip and the substrate Fermi levels (E^p and 
E^u6) are separated by energy equal to eVb kept constant through the experiment 
(eV6= E ^ 6-E £p). The two Fermi energies E^p and E^u6  can be shifted in parallel 
with respect to  the reference Fermi level tuning the substrate electrode potential. 
When the substrate Fermi level is brought close to the protein equilibrium energy, 
electrons tunnel from the tip  to a molecule vacant state (1 ) and, before the level 
relaxes vibrationally below the tip  Fermi energy, electrons transfer to the substrate 
(2). However, for large eVj, the electrons transfer occurs also when the substrate 
potential is brought to more negative or positive values because some protein redox 
states lie between the electrode and tip states. This could explain why just a small 
increase in the tunnelling current can be observed in the investigated potential 
window.
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Figure 5.23: Dependence of apparen t height on working electrode overpotential for (a) D50C,
(b) SH-SA and (c) SH-LA molecules. The experimental data  (square dots) were 
fitted according to  equation (5.10) (solid line). The data  were obtained at fixed 
bias voltage (-0.4 V).
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F ig u re  5 .24: Dependence of apparent height on working potential. The data  were obtained at 
fixed tip  voltage (-0.80 V) and tunnelling current (35 pA) while changing the bias 
voltage (from -0.5 V to -0.80 V). Error bars are not shown for clarity.

potential (Figure 5.24) is largely unchanged across the overpotentials applied under 
such experimental conditions where two external parameters (i.e., the bias voltage 
and substrate potential) are changed simultaneously. As the molecular energy levels 
are mostly located either above or below the tip Fermi level, no significant resonant 
tunnelling is tuned by the substrate potential.

After imaging, the tip  was positioned above a selected protein, the feedback 
loop was disengaged and I-V*, characteristics were recorded by sweeping the bias 
voltage from -0.2 V to 0.2 V. The I-Vf> curves (Figure 5.25) were fitted with a simple 
third order polynomial function (equation (4.2)) and the conductance at zero bias 
was evaluated as a function of overpotential (Figure 5.26). The conductance peaks 
sharply at a substrate potential close to the equilibrium redox potential, where 
the molecular levels are aligned between the tip and substrate Fermi levels. The 
dependence of the conductance from the overpotential is largely similar to that for 
the molecular apparent height (Figure 5.23), but a much larger enhancement by a 
factor of 6 - 8  is observed. The large enhancement in conductivity is probably due 
to the lower bias at which the conductivity was calculated in respect to the bias 
voltage applied in the EC-STM imaging (0.4 V).

The data from the EC-STM imaging and the I-Vf, experiments provide com­
pelling evidence for a two-step electron transfer process mediated by the redox center 
(section 5.1.1), according to the model shown in Figure 5.22. The equation (5.10) is 
in quantitative agreement with the experimental measurements. As the maximum 
current through the molecule was measured at overpotential close to zero, I assumed 
that the redox center experiences all the substrate potential (£ =  1 ) and half of the 
bias voltage ( 7  =  0 .5 ) (the parameters f  and 7  describe the substrate-solution poten­
tial drop and bias voltage drop at the molecule redox center.). The reorganization 
energy can then be determined from a fit to the apparent height against overpoten-
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F ig u re  5.25: Individual I-V& characteristics curves of single (a, b) SH-SA and (c, d) SH-LA 
at various (a, c) positive and (b, d) negative overpotentials. The dashed lines are 
calculated using equation (5.10), which are in good agreement with the experimental 
d a ta  (solid lines).
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F ig u re  5.26: Dependence of molecular conductance a t zero bias on working electrode overpo­
tential for (a) SH-SA and (b) SH-LA. The squares and the error bars indicate the 
average and the standard  deviation of a set of 100 data  and the solid lines are curves 
calculated according to equation (5.10).
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tial data  (Figure 5.23), giving A =  0.12 ±  0.03 eV, A =  0.10 ±  0.03 eV and A =  0.15 
±  0.03 eV for D50C, SH-SA and SH-LA respectively. Using equation (5.10), the 
above fitted values of A and adjusting a single scale factor, the experimental results 
for the I-Vfc curves as a function of overpotential can be reproduced without further 
fitting (Figure 5.25, solid lines). The agreement is excellent suggesting that equa­
tion (5.1) gives a good account of the system dynamics. By using equation (5.10) 
I have also calculated the conductance at zero bias as a function of overpotential 
values (solid lines in Figure 5.26), and again good agreement between theory and 
experiment is achieved for both the protein configurations. The values of A found 
from the fitting of our da ta  are similar to those reported for the protein azurin [27] 
and the resulting accurate description of the experimental data adds considerable 
weight to the accuracy of the two-step electron transfer model.

5.3.3.2 Ind iv idual p rotein  junctions: I-z m easurem ents

Electrochemical gating of the conductance of the cyt &562 cysteine mutants is con­
firmed by I-z experiments performed on single molecules at various electrode poten­
tials [116]. After obtaining single molecule resolution, the STM tip was positioned 
on top of a protein a t a current set-point of 35 pA and a voltage bias of -0.1 V. 
After disengaging the STM feedback system, the tunnelling current was monitored 
as a function of tip  displacement while moving the tip towards and away from the 
protein at fixed tip-substrate bias voltage. In this experimental setup, as the STM 
tip is pulled away from the surface, a single protein spans the gap and, if its free 
thiol binds a tip atom, a plateau of constant current can be measured until contact 
is lost; the current plateau can be used to identify the conductance of the single 
molecule bridging the two metallic contacts [73, 98, 116].

In figures 5.27(a)-(c), the molecular conductance, calculated as the ratio between 
I and Vb, is shown as a function of tip displacement z. Thousands of curves were 
typically collected for D50C, SH-SA and SH-LA molecules, and the resulting con­
ductance values plotted in histogram form (Figures 5.27(d)-(f)). These conductance 
histograms show pronounced peaks at (2.47 d= 0.17) x 10-4 Go for SH-SA and at 
(1.65 ±  0.25) x 10~4 G0 and (2.33 ±  0.17) x 10~4 G0 for SH-LA. As already observed 
in the I-z experiments performed in air (section 4.3.4), the major implication of the 
two conductance peaks for SH-LA is tha t the two different orientations that the 
protein can occupy with respect to the A u ( lll)  surface have different conductivity, 
due to the different distance to the haem center (Figure 1.1). The I-z traces show 
longer plateaus for the low conductance values than for the high conductance values 
(Figure 5.27(b)) perhaps related to a difference of binding of the STM tip to the
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F ig u re  5.27: M easurements of conductance of single cyt 6562 junctions. Individual conductance 
traces obtained in the I-z experiments of (a) SH-SA, (b) SH-LA and (c) D50C single 
cysteine m utant. Figure (b) shows the high (black) and low (gray) conductance 
traces. Conductance histograms constructed from 400 curves and obtained for (d) 
SH-SA, (e) SH-LA and (f) D50C single cysteine mutant at V*, =  -0.4 V and rj =  0.0 
V. The arrows m ark the peak position of the Gaussian fit (not shown for clarity).

molecule in each orientation.
As a control, the tunnelling current was probed against distance for the single 

cysteine mutant cyt b562 D50C (Figure 5.27(c)). No plateaus were observed, thus 
confirming that the presence of an exposed thiol on the protein structure (in addition 
to the thiol for binding on the A u ( lll) )  is essential for the formation of a molecular 
bridge with the STM tip.

Electrochemical gating of the I-z measurements was also examined (Figure 5.28), 
which can be compared with the above results obtained at rj =  0. The histograms 
calculated for the D50C did not show any conductance peak neither at positive and 
negative overpotentials (Figure 5.28(a)). On applying a positive overpotential (0.30 
V), the conductance decreases to (1.45 ±  0.17) x 10-4 Go and (0.73 =t 0.10) x 10 4
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Go for SH-SA and SH-LA, respectively (Figure 5.28(b) and (c)). The conductance 
of SH-SA decreases to (1.86 ±  0.15) x 10- 4  Go at a negative overpotential o f -0.30 V 
(Figure 5.28(b)). At this overpotential, few current plateaus were observed for SH- 
LA molecules, and a very weak conductance peak was detectable in the histogram 
at (1.45 ±  0.25) x 10~ 4 Go (Figure 5.28(c)). The conductance values determined for 
the SH-SA and SH-LA molecules at positive and negative overpotentials are of the 
same order of magnitude than the ones measured in air (section 4 .3 .4 ) providing an 
additional proof to th a t electrons tunnel through the molecule’s redox center and 
the molecule’s conductivity can be enhanced by tuning its energy levels by using an 
electrochemical gate.

The conductance values calculated from the histograms (Figure 5.28) are at least 
one order of magnitude higher than the ones tha t can be evaluated from the I-V& at 
-0.1 V (Figure 5.25) indicating th a t a lower junction resistance is achieved when the 
tip is brought close to the molecule and the protein’s thiol group binds to the top 
electrode. The appearance of clear high-conductance peaks at zero overpotential is 
fully consistent with the previous results from imaging and I-V), experiments. These 
I-z measurements, which are the first to have been performed on single protein 
molecules, therefore provide additional strong underpinning of the STM imaging 
and I-V5 results.

5.4 C onclusions

In this chapter I have shown th a t engineering the electron transfer protein cyt 6 5 6 2  

to incorporate thiol linking groups allows not only the protein molecules to robustly 
self-assemble on a gold surface, but also opens feasible electron transfer pathway be­
tween two metallic electrodes. Electronic communication between the protein and 
a gold electrode can be directly detected by cyclic voltammetry with reasonably 
fast electron transfer rates even over a distance of 20 A. The evaluated electron 
transfer rates are similar to the ones obtained for cyt b562 adsorbed onto A u (lll)  
electrodes modified with amino-alkanethiols linking molecules. Therefore the thiol 
linking group can provide an immobilizing support as effective as a biocompati­
ble coating of electrodes for adsorbing anionic proteins without denaturation. The 
calculated cysteine m utants’ redox potential is the same of the wild-type cyt bm2 
indicating tha t the thiol moieties had no obvious effect on the structure or haem 
binding properties of the protein.

The current through the protein depends on the orientation of the molecule, con­
trolled by the cysteine anchoring sites. Electrochemical STM techniques, including
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the first example of I-z experiments on proteins have demonstrated that the conduc­
tance of the redox protein can be reversibly modulated by electrochemical gating. 
The cyt 6562 cysteine m utants show a higher conductivity when working potentials 
close to the redox potential are applied to the system and the energy levels of the 
molecules are aligned to the substrate and tip Fermi levels. Agreement with the KU 
theoretical model involving a two-step electron transfer mechanism in the adiabatic 
limit is very good, giving realistic physical values.
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C hapter 6 

C onclusions

This chapter summarizes the conclusions of my PhD project and presents recom­
mendations for further work.

6.1 A chievem ents

Exploiting the ability of proteins to function at the single molecule level so as to, 
for example, integrate biomolecules as useful electronic components in solid-state 
devices, remains a significant and im portant challenge. A naturally occurring elec­
tron transfer protein, cytochrome 6562, has been engineered with two thiol groups 
introduced at different positions in the molecular structure to allow stable and ro­
bust binding and good electronic coupling to metallic electrodes in designated and 
defined orientations. Cyt b562 does not naturally contain any cysteine residues so 
thiol groups could be introduced at required positions to define the metal-protein 
interactions. The protein molecular modelling analysis revealed two different config­
urations ideal for the introduction of the cysteine residues. Residue pairs, Asp5 and 
Lysl04 (SH-SA) and Asp21 and Asp50 (SH-LA), located along the short and long 
axes, respectively, of the protein were changed to thiol-containing cysteine residues. 
Residue Asp50 was also modified to cysteine (D50C) in order to study how control 
proteins containing only one thiol would interact with two metallic electrodes.

The cyt b562 gene was manipulated by site-directed mutagenesis and the proteins 
expressed in E.coli were purified according to standard techniques. Introduction of 
cysteines in place of the wild-type residues has no effect on the functionality of 
cyt &562. UV-visible optical absorption spectroscopy results suggested that D50C, 
SH-SA and SH-LA cyt b562 variants retain the spectroscopic properties of the wild- 
type protein; both the haem binding properties and the redox characteristics of the 
cysteine m utants were similar to tha t of the non mutated cytochrome b562.
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Single cysteine m utant D50C and the two double cysteine mutants cyt 6 5 6 2  were 
immobilised on A u ( l l l )  electrodes and their electron transfer properties investi­
gated by cyclic voltammetry. Their robust, quasi-reversible electrochemical reaction 
on pristine Au electrode show th a t the insertion of a thiol group in the protein’s ex­
ternal surface is a suitable mean for protein immobilization on metal surfaces. The 
adsorption of the cysteine m utants cyt b562 on A u ( lll)  through the sulfur-Au bond­
ing was also confirmed by reductive desorption experiments. The wild-type protein 
(no cysteine mutation) and apo-cyt b562 D50C, SH-SA and SH-LA (no haem bound 
to protein) were used as controls and no Faradaic activity was measured indicating 
that the thiol anchoring group and the redox center are fundamental in promoting 
electron transfer at the gold-protein interface.

The voltammetric analysis showed th a t the electrode surface was not fully cov­
ered by electroactive proteins. STM and AFM experiments in air and in-situ EC- 
STM imaging supports the electrochemical analysis demonstrating that molecular 
sub-monolayers of D50C, SH-SA and SH-LA cyt & 5 6 2  were deposited on freshly an­
nealed A u ( lll)  surface.

The proteins deposited directly on single crystal A u ( lll)  electrodes were imaged 
to single molecule resolution and their structure was not significantly perturbed by 
interaction with the A u ( lll)  surface. Stable SPM imaging of the cysteine variants 
showed that they can strongly bind to the gold surface while retaining their tertiary 
structure. The lateral dimensions of D50C, SH-SA and SH-LA were consistent with 
the predicted values for immobilisation via a single thiol and indicated that the 
cysteine variants adsorb on A u ( l ll )  in defined orientations, dictated by the thiol- 
pair utilised. The STM experiments performed on wild-type suggested that none of 
its amino acid could provide a stable binding of the protein to the gold surface and 
after few scans of the same surface in air the molecules were swept away.

Investigation of the protein’s electronic properties by STM imaging revealed that 
molecular heights were strongly dependent on the current set-point value and the 
applied bias voltage. Analysis of the height measurements against the tunnelling 
current revealed a tunnelling decay constant (3 of 1.57 ±  0.25 A-1 , indicating an 
efficient electron transmission through the protein.

The rod-like structure of the cyt b562, containing four a-helices, gives the molecule 
sufficient strength to allow not only repeat STM and AFM scans, but also I-V6 

and I-z measurements without modification of the protein’s structure and electronic 
properties. While STM imaging revealed that the presence of a single thiol in the 
protein is vital for its binding to a metal electrode, the I-V5 and the I-z experi­
ments showed that a second free thiol could provide a good means for enhancing
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the molecule electrical contacts with another metal. A low lateral drift STM was 
designed and built to reliably measure the electronic properties of the proteins at a 
single molecular level. I-V& curves recorded over time indicated that both variants 
were coupled tightly to the electrodes with conduction more efficient than the wild­
ly Pe protein th a t contains no thiol groups. The I-z method, already used to probe 
the conduction of small organic molecules, was applied for the first time to proteins 
and allowed the study of the electronic properties of a single molecule controlling the 
tip-sample distance. The data  obtained from these experiments show that the thiol 
groups could act as good molecular clamps and that the conductivity of the SH-SA 
variant was higher than the SH-LA probably due to the shorter distance between 
the Au electrodes and the iron center.

High-resolution STM imaging of individual D50C, SH-SA and SH-LA molecules 
achieved in a biological-friendly buffer and under electrochemical control demon­
strated that the conductance of the cyt 6 5 6 2  can be reversibly modulated by electro­
chemical gating. I-Vb and I-z experiments, performed for the first time on proteins 
under potentiostatic control, were also used as tools to investigate the electrochemi­
cal gating of cyt 6 5 6 2 conduction. The results indicated a strong increase in conduc­
tance at working potentials close to the equilibrium redox potential of the protein 
due to resonant tunnelling as the redox level of the molecules are aligned to the 
electrodes’ Fermi levels. Agreement with a theoretical model involving a two-step 
electron transfer mechanism is very good, giving realistic physical values.

Although the conduction mechanism of biomolecules is still debated, the rele­
vance of this work is to show for the first time that, if properly engineered, a large 
and structurally complex molecule of significant biological and bionanotechnological 
significance as a metalloprotein can be bridged between two metal electrodes and 
its electronic properties can be probed at a single molecule level. The ability to uti­
lize, measure and modulate the single molecule electron transfer characteristics of 
a protein directly at a metal electrode without linker molecules will further benefit 
the development of bioelectronics.

The work described in this PhD dissertation could be extended in several direc­
tions. A paper has already been published [43] and five other papers based on the 
results of this project have been or will be submitted to high-impact factor journals 
(see Appendix A). STM studies of the SH-SA and SH-LA double cysteine mutants 
under different tem perature and humidity conditions deserve deep investigations in 
order to shed new light on the resonant tunnelling mechanism via the redox center 
of the cytochrome. The influence of the redox center could be also investigated by 
the replacement of the iron atom in the porphyrin ring by other metals. The apo-cyt
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6 5 0 2  has already been reconstructed with Cu-PP and a robust redox voltammetry 
signal has been measured; further investigations by EC-STM imaging at a single 
molecular level could help understanding the role of the redox center in determining 
the metalloprotein’s electrical properties. Further detailed experiments of this na­
ture will enable rigorous testing of theoretical models and investigation of biological 
electron transfer processes at the single molecule level.
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A ppendix  A  

List o f P ublications

1. E. A. D ella  Pia, Q. Chi, D. Jones, J. E. Macdonald, J. Ulstrup , M. Elliott, 
Single-Molecule Mapping of Long-range Electron Transport for a Cytochrome 
6 5 6 2  Variant, Nano Letters, 11,176-182.

2. E. A. D ella  Pia, Q. Chi, D. Jones, J. E. Macdonald, J. Ulstrup , M. Elliott, 
Electrochemical conductance gating for a single engineered redox-protein junc­
tion, submitted to Nature Nanotechnology.

3. E. A. D ella  Pia, M. Elliott, D. Jones, J. E. Macdonald, Engineered cy­
tochrome 6 5 6 2  as a new nanoelectronic element, submitted to Nano Letters.

4. E. A. D ella  Pia, M. Elliott, J. E. Macdonald, D. Jones, Single molecule 
studies of the electron transfer protein cytochrome 6 5 6 2  engineered to contain 
thiol pairs, submitted to ACS Nano.

5. E. A. D ella  P ia, J. E. Macdonald, M. Elliott, Design of a low-drift scan­
ning tunnelling microscope for operation at room temperature, manuscript in 
preparation.

6. E. A. D ella  Pia, Q. Chi, J. E. Macdonald, M. Elliott, D. Jones, J. Ulstrup, 
De-novo design and electrochemical characterization of a copper redox active 
protein, manuscript in preparation.
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